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Abstract/Kurzzusammenfassung

Abstract

Modern medicine made great leaps in curing many diseases with tailor-made molecules over the
past decades. However, many diseases are incurable because there are no effective drugs
available or resistance against known therapeutic agents occurred. Therefore, alternative
signaling pathways must be investigated for medicinal purposes. One of those pathways is the
ubiquitin proteasomal system, which is mainly involved in protein homeostasis through the
ubiquitination of substrates and coordinates various other functions throughout the cell.
Significantly the deubiquitinases (DUBSs) are essential regulators within this system. They are a
specialized class of proteases that can cleave ubiquitin from its substrates. This enzymatic activity
has a significant influence on the signal transduction within the cell, and dysregulation triggers
many diseases. However, the understanding regarding their substrates, cellular localization, their
involvement in cellular signaling and structural features remains limited for most of the DUBs.
Despite the importance of the DUBs in disease development, only a handful of inhibitors are
known, whereas most are not biologically characterized or show a poor specificity profile. This
highlights the need for tools to enhance the understanding of DUBs and the ubiquitin proteasomal

system in general to pave the path for future drug development.

This thesis describes the discovery, chemical synthesis and biological evaluation of such tool
compounds for investigating DUBs in a living environment. To accomplish this, literature-known
compounds were resynthesized to introduce alkyne tags to utilize their use as activity-based
probes in cell-based systems. Chemical synthesis led to the small molecule probes MS023 and
MSO037.

The biological evaluation of a broader in-house synthesized chemical probe library for DUBs
yielded the chemogenomic pair of probes GK13S and GK16S as tool compounds for the
investigation of DUBs. To use the probes for cellular activity-based protein profiling (ABPP),
optimal conditions for the copper-catalyzed azide-alkyne cycloaddition (CUAAC) were screened
and established. These “click” conditions were applied to proteomics-based target validation
experiments to identify UCHL1 as the DUB, bound by GK13S. UCHL1, associated with various
cancers and neurological disorders, is one of the most studied DUBs in the literature, yet only few
of its substrates are known. GK13S displayed exquisite inhibition parameters towards
endogenous UCHL1 in vitro and in different cellular settings. Mutations of UCHL1 confirmed the
covalent modification by the probe at the catalytic cysteine. GK13S was further used to show that

the inhibition of UCHL1 in human glioblastoma cells reduced mono ubiquitin availability. Digestion

Vi
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of the proteome and subsequent mass spectrometry-assisted analysis of the same cell line after

treatment with GK13S revealed reduced protein levels of Racl and HtrA2, among others.

The biological evaluation of CG306 and CG341, improved versions of GK13S, demonstrated in-
family specificity for UCHL1 and discriminated major off-targets, bound by GK13S. In-Gel
fluorescence and target validation experiments confirmed the complete and specific modification
of the DUB in vitro and in cellular systems. Furthermore, also the treatment with CG306 confirmed

the reduction of mono-Ub after the inhibition of endogenous UCHL1 in glioblastoma cells.

To investigate DUBs beyond inhibition of their catalytic activity, proteolysis targeting chimeras
(PROTACS) against USP7 were synthesized and characterized in a cellular setting. XL188, a
literature-known inhibitor, was used to target USP7. Others can use those tool compounds to
assess the behavior of an organism, not only following the inhibition of a DUB but also after its
degradation. That might lead to hints about relevant non-catalytic functions of DUBs that would
be otherwise overshadowed by only inhibiting the enzyme. The IC50 value for the inhibition of
USP7 by the PROTACSs, was in a similar range to that of the parent inhibitor XL188.Treatment

with the molecules resulted in reduced levels of USP7 in HEK293 cells.

The small molecule tools described, evaluated and characterized within this thesis should bolster

the work of other researchers to enhance the understanding of DUBs in living systems.

Kurzzusammenfassung

Die moderne Medizin hat in den letzten Jahrzehnten groRe Fortschritte bei der Heilung vieler
Krankheiten mit speziell entwickelten Medikamenten, basierend auf kleinen Molekilen, gemacht.
Viele andere Krankheiten sind jedoch weiterhin nicht behandelbar, da die Verflugbarkeit von
wirksamen Medikamenten fehlt, oder Resistenzen gegen bekannte Therapeutika aufgetreten
sind. Daher miissen stets alternative Signalwege fir therapeutische Zwecke ausfindig gemacht
und untersucht werden. Einer dieser Signalwege ist das Ubiquitin-Proteasom-System, welches
hauptséchlich an der Qualitatssicherung von Proteinen durch die Ubiquitinierung und den Abbau
dieser beteiligt ist. Dartber hinaus koordiniert es aber auch verschiedenste andere Funktionen
innerhalb der Zelle. Insbesondere die Deubiquitinasen (DUBSs) sind wichtige regulatorische
Enzyme innerhalb dieses Systems. Sie stellen eine spezialisierte Klasse von Proteasen dar, die
in der Lage sind Ubiquitin von ihren Substraten abzuspalten. Die enzymatische Aktivitat hat einen

grol3en Einfluss auf die Signaltransduktion innerhalb der Zelle, und eine Dysregulation ist der

Vil
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Ausléser fur eine Vielzahl von Krankheiten. Die meisten DUBs sind jedoch hinsichtlich ihrer
Substrate, ihrer zellularen Lokalisierung, ihrer genauen Beteiligung an der zellularen
Signalubertragung und ihrer strukturellen Merkmale noch nicht ausreichend untersucht. Trotz der
Bedeutung der DUBs bei der Entstehung von Krankheiten sind nur eine Handvoll Inhibitoren
bekannt, wahrend die meisten von ihnen nicht biologisch charakterisiert sind oder ein schlechtes
Spezifitatsprofil aufweisen. Deshalb ist es von auRRerster Wichtigkeit, molekulare Werkzeuge zu
etablieren, um das Verstandnis von DUBs und Ubiquitin-Proteasom-System insgesamt zu

foérdern, um so den Weg fir die zuklnftige Entwicklung von Medikamenten zu ebnen.

Die vorliegende Arbeit beschreibt die Entdeckung, die chemische Synthese und die biologische
Testung solcher molekularen Werkzeuge zur Untersuchung von DUBs in einer lebenden
Umgebung. Zu diesem Zweck wurden literaturbekannte Verbindungen resynthetisiert und mit
Alkin-Tags versehen, um ihre Verwendung als aktivitatsbasierte Sonden in zellbasierten
Systemen zu ermoglichen. Die chemische Synthese fiihrte zu den kleinen Molekiilsonden MS023
und MS037.

Die biologische Auswertung einer breiteren, intern synthetisierten chemischen Sondenbibliothek
fur DUBs resultierte in dem chemogenomische Sondenpaar GK13S und GK16S als
Modelverbindungen fir die Untersuchung von DUBs. Um die Sonden fur das zellulare
aktivitatsbasierte Proteinprofiling (ABPP) zu verwenden, wurden optimale Bedingungen fir die
kupferkatalysierte Azid-Alkin-Cycloaddition (CuAAC) untersucht und erarbeitet. Diese "Klick"-
Bedingungen wurden fir Massenspektrometrisch gestiitzte Validierungsexperimente genutzt, um
UCHL1 als DUB zu identifizieren, die von GK13S gebunden wird. UCHL1, ein Protein das mit
verschiedenen Krebsarten und neurologischen Erkrankungen in Verbindung gebracht wird, ist
eine der am meisten untersuchtesten DUBs in der Literatur. Dennoch sind nur wenige Substrate
von UCHL1 bekannt. GK13S weil3t sowohl in vitro als auch in verschiedenen Zelllinien eine
vollstandige kovalente Inhibition von endogenem UCHL1 auf. Mutationen von UCHL1 bestéatigten
die kovalente Modifikation durch die Sonde am katalytischen Cystein. Mit GK13S konnte
bewiesen werden, dass die Hemmung von UCHL1 in menschlichen Glioblastomazellen zu einer
verringerten Verfligbarkeit von Monoubiquitin innerhalb der Zellen fihrt. Die Verdauung des
Proteoms und die anschlieRende massenspektrometrische Analyse derselben Zelllinie nach

Behandlung mit der Sonde, resultierte in einem verringerten Gehalt der Proteine Racl und HtrA2.

Die biologische Auswertung der kleinen Molekil Sonden CG306 und CG341, welche eine
verbesserte Version von GK13S darstellen, zeigten eine Spezifitat fir UCHL1 innerhalb der DUB

Familie und binden nicht an ,Off-Targets", die von GK13S gebunden werden. In-Gel-Fluoreszenz-

Vil



Abstract/Kurzzusammenfassung

und Verdragungsexperimente mit Ub-Sonden, bestéatigten die vollstandige und spezifische
Modifikation des DUB in vitro und in zellularen Systemen. Daruber hinaus bewies auch die
Behandlung mit CG306 die Verringerung von Mono-Ub nach der Hemmung von endogenem
UCHL1 in Glioblastomzellen.

Um DUBs Uuber die Hemmung ihrer katalytischen Aktivitat hinaus zu untersuchen, wurden
Proteolysis-Targeting-Chimeras (PROTACS) gegen die DUB USP7 auf der Grundlage des in der
Literatur beschriebenen Deubiquitinase Inhibitors XL188 synthetisiert und in einer zellularen
Umgebung charakterisiert. Diese Verbindungen kénnen als Werkzeuge verwendet werden, um
das Verhalten eines Organismus nicht nur nach der Hemmung einer DUB, sondern auch nach
deren Abbau zu untersuchen. Dies kann Hinweise auf relevante und nicht-katalytische
Funktionen von DUBs liefern. Diese Interaktionen konnten andernfalls durch die alleinige
Hemmung des Enzyms unentdeckt bleiben. Der ICso-Wert fiir die Hemmung von USP7 durch die
PROTACs lag in einem ahnlichen Bereich wie der des Vorlaufer Inhibitors XL188. Die
Behandlung mit den Molekdlen fuhrte zu einer Verringerung der USP7-Konzentration in HEK293-

Zellen.

Die in dieser Arbeit beschriebenen, evaluierten und charakterisierten kleinen Molekule sollten die
Arbeit anderer Forscher unterstiitzen, um das Verstandnis von DUBs in lebenden Systemen zu

verbessern.
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1. Introduction

1.1 The ubiquitin-proteasome system

Cells are constantly pressured to react to altered extra- and intracellular circumstances to sustain
protein homeostasis.! To respond to such changes, cellular proteins are in a dynamic state of
turnover.? The degradation of a protein is dependent on various factors such as dysfunctions,
external stimuli, or the half-life.®! The underlying mechanisms for protein turnover must be highly
selective since a wide variety of cellular signaling pathways is regulated via protein degradation.®
In eukaryotic cells, this regulatory challenge is broadly achieved by two major processes: the
ubiquitin-proteasome system (UPS) (Fig. 1 A) and autophagy. Autophagy describes a degradative
mechanism in which the lysosome digests cellular components.® Among other, the UPS accounts
for the cleavage of proteins that contain biosynthetic errors or are misfolded.® Impairments within
the UPS are connected to critical diseases such as cancer, cardiovascular diseases and
neurodegenerative disorders among others.[! The significant similarity of both systems is the use

of ubiquitination as a linkage-specific degron signal.®®!

The highly conserved small protein and post-translational modifier (PTM) ubiquitin (Ub) comprises
76 amino acids and a mass of 8.5 kDa. It was the pioneering work of Avram Hershok, Irwin A.
Rose, Aaron Ciechanover (all awarded the Nobel Prize for the discovery of ubiquitin-mediated
protein degradation) and coworkers who postulated that the consumption of adenosine
triphosphate (ATP) is needed for the modification of a proteolytic substrate with ubiquitin.[®! The
ubiquitin is covalently bound to a substrate protein through an isopeptide bond, linking its C-
terminal carboxylic acid to a lysine's amino group.® The transfer of ubiquitin to its intracellular
substrate is a stepwise process which utilizes three different enzyme classes (Fig. 1B). First, an
activating enzyme (E1) attaches to the ubiquitin under the consumption of ATP, and the release
of adenosine monophosphate (AMP). An E2 enzyme binds to the activated ubiquitin~E1, which
is then transferred to the E2's active cysteine through a transacylation reaction, forming a thioester
linkage. Next, the E2 enzyme enters a complex with a ubiquitin-ligase (E3). Depending on the
subfamily of the E3, the Ub is either transferred directly-(RING/RING-like E3s), or temporarily to

the ligase (HECT E3s) and finally to the amino group of the substrate’s lysine residue.*%
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Fig. 1 | The ubiquitin-proteasome system and the ubiquitin- conjugation machinery. a) Schematic illustration of

the ubiquitin-proteasome system. A substrate gets ubiquitinated via E1, E2 and E3 enzymes. As more ubiquitins are
added, they form chains known as polyubiquitin. Those chains are recognized by the proteasome, leading to proteolytic
digestion of the substrate. DUBs tightly regulate the system through deubiquitination. These enzymes are able to cleave
off mono Ub, whole chains or trim those to a desired number of ubiquitin moieties. b) Schematic illustration of the
ubiquitin conjugation machinery. The E1 enzyme activates Ub in an ATP-dependent manner. Ub is transferred to the
E2 enzyme. Based on the E3, the Ub is transferred directly (RING/RING-like E3) or in a two-step process (HECT E3)
to the substrate.[62 1]

Mono ubiquitination can work as a signal for the ubiquitination machinery to add additional Ubs
to the substrate. Polyubiquitin chains are formed as a result of this process. This macromolecular
sequence is an important recognition feature for proteasomal degradation.*? Recent studies
show that ubiquitination is also involved in various non-degradative signaling pathways, such as
cell cycle regulation, differentiation and development, modulation of the cell surface, DNA damage

repair and many more.3!

Polyubiquitinated substrates are channeled through Ub-binding proteins to the (26S-)
proteasome. This complex is an ATP-dependent barrel-shaped protease with a total mass of 2.5
MDa. It comprises the catalytic 20S core (700 kDa) and up to two 19S regulatory particles (900
kDa) mounted at each end of the core particle.!¥ Since its three active sites are buried within the

core, only unfolded substrates can enter the proteasome to get proteolyzed. In this way, a layer

2
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of specificity is added to the complex. Once a protein enters the proteasome, its faith is dedicated
to degradation and the process cannot be reversed. This ensures that no partially unfolded
proteins interfere with normal cellular processes.'® The Ub is recycled in its functional form and

the originated amino acids or peptides are spliced into other biological proceedings.™¢

Even though Ub is covalently fused to its substrates, which get rapidly proteolyzed once
polyubiquitinated, the Ub itself is a long-lasting protein in vivo. The reason for this is the
occurrence of different ubiquitination states since the ubiquitylation of substrates can be
reversed.' The enzymes that can cleave the isopeptide bond between Ub and another Ub or
the substrate protein are called deubiquitinases (DUBs). They are the counterparts of the E3
ligases and play essential roles in removing mono- and polyubiquitin chains to maintain the
available Ub pool and regulate the UPS.I*¥ DUBs are specialized hydrolases, whereas most carry
a catalytic cysteine in their enzymatic center. Several DUBs are located at the proteasome and
contribute significantly to ubiquitin recycling during the degradation process. Others have been
associated with different biological processes, including transcriptional regulation via histone

deubiquitination, cell growth and differentiation among them.*%

1.2 The ubiquitin code and Ubls

Ubiquitination is a specialized way for cells to encode information about a substrate’s process or
development. Substrates are modified with a single Ub at a defined site, such as the histone H2B
at lysine120. This monoubiquitylation has a massive influence on the histone’s role in chromatin
accessibility, which is important for transcriptional elongation, the DNA damage response and
cellular proliferation.?® Other substrates get multimonoubiquitylated at various lysine residues
present at the substrates surface, as in the case of the epidermal growth factor receptor
(EGFR).2Y (Multi-)Monoubiquitylation can already contain various informations important for
different biological pathways. However, because Ub itself can be further modified with other
ubiquitin or ubiquitin-like entities, this system creates myriad distinct signals and possible cellular
responses. It is therefore termed “the ubiquitin code” (Fig. 2). This code is not fully deciphered up

to today.

The amino acid sequence of ubiquitin features eight modification sites to build up chains (Fig 2A,
C). These are seven lysines (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, Lys63) and the N-terminal
methionine (Met1).?? Chains formed at these residues can have a length ranging from two to

more than ten ubiquitin moieties. Furthermore, ubiquitin chains can have different topologies,
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mithopogy degradation, mithopogy Whnt/B-catenin Post-Golgi degradation
Wnt/B-catenin signaling trafficking
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Fig. 2 | The ubiquitin code. a) Crystal structure of ubiquitin (red) with the seven lysines (orange) and one methionine
(green) for chain elongation highlighted (PDB: 1ubq). The blue sphere represents the atom where the isopeptide bonds
with the next Ub form. b) Schematic illustration of ubiquitylation topologies. ¢) Schematic illustration of the eight different

polyubiquitin linkage types. Below are listed examples of signaling pathways in those chains play important roles. 24

which can control their substrates’ stability, activity, interaction properties or localization of their
substrates (Fig. 2B).?® In homotypic chains, all ubiquitins are fused via the same lysine-, or as in
linear chains via the same methionine residue during elongation. This topology is well studied for
Lys11-, Lys48- and Lys63 chains (Fig. 2B, C). Whereas homogenic Lys11 chains play essential
roles in the cell cycle regulation and Lys48 chains are unavoidable for proteasomal and lysosomal
degradation.”® Lys63 conjugates promote DNA damage repair and regulate protein
localization.?? J. R. Morris and coworkers could prove that the BRAC1/BARD1 complex is vital
for elongating homotypic lysine 6 Ub chains, which also transduce essential information for the
DNA damage response pathway.?®) Whereas Lys27 chains are important for that pathway too.?"]
Later publications suggest that both chain types also play a significant role in PARKIN-mediated

mitophagy.?® Both Lys29 and Lys33 chains are signals for immunogenic pathways, while the
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former chain type also mediates Wnt/B-catenin signaling.?® Furthermore, Lys 33 chains are also

used for Post-Golgi trafficking.B%

Heterotypic chains consist of Ubs linked through different residues and are further divided into
mixed and branched chains. Mixed chains are produced if the ubiquitins are modified at
alternating residues, but each Ub is only modified with one other Ub. This feature is essential for
protein trafficking among others.®Y Branched chains are another topology that occurs when a
single Ub is modified by two other Ubs at different residues (Fig. 2B). Although less is known
about this topology than about its homotypic orthologues, recent studies unveiled that branched
chains represent a significant fraction among all Ub chain. Ranging from 5-20 % depending on
cell type and measurement used for the investigation.®? The physiological roles of chains
containing Lys11/Lys48, Lys29/Lys48 or Lys48/Lys63 linkages are deciphered. Some of these
functions are cell cycle and protein quality control functions and are used as an enhanced signal
for degradation.®3 Other branches have been verified in vitro or in cells, but their functions remain

to be investigated. However, others are unknown to exist in a cellular setting.

Polyubiquitin chains can be further decorated with non-Ub post-translational modifications, adding
another layer of complexity to the ubiquitin code. The two most common post-translational
modifications (PTMs) are phosphorylation and acetylation. With the increasing precision of mass
spectrometry techniques and the growing availability of datasets, it is now possible to identify up
to nine potential phosphorylation sites on each ubiquitin (Ub). Revision of available datasets
highlights that six out of seven lysine residues can be acetylated.®* Another class of modifications
closely related to Ub, are the Ubiquitin like modifiers (Ubl). Those small proteins are similar to
ubiquitin regarding their substrate proteins, structure and biochemical behavior. They are
covalently bound to a lysine residue through their own dedicated ligase cascade. In total eight Ubl
families are known: small ubiquitin like modifier (SUMO), neural precursor cell-expressed

developmentally down-regulated protein 8 (NEDDS), interferon-stimulated gene 15 (ISG15),

autophagy-related protein (ATG12), human leukocyte antigen F-associated transcript 10
(FAT10), ubiquitin-fold modifier 1 (UFM1), fau and its ubiquitin-like domain (FUBI) and ubiquitin-
related modifier 1 (URM1). The better understood are SUMO, NEDD8 and ISG15. Those three
can occur directly linked to a substrate or within a heterotypic polyubiquitin chain, altering the

informational output a homotypic ubiquitin chain would have.

Effector proteins (readers) consisting of ubiquitin-binding domains (UBD) can attach to all those

modifications and translate the ubiquitin code into specific actions. Whereas some bind
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unspecifically, there are also several mechanisms for binding to a specific chain sequence. Some
readers contain several UBDs to exploit the distance between Ub molecules depending on the
linkage type.B® Others are using the chain’s flexibility to distinguish between different chains,
because some linkage types are more compact and therefore, some UBD-containing proteins can

slot between two Ubs to interact with different patches of the Ubs surface.B”

1.5 Deubiquitinases - The erasers of the code

Deubiquitinase activity is another important regulator of protein homeostasis and the UPS. DUBS,
which possess a specialized hydrolase activity, can cleave the peptide- or isopeptide bond at the
C-terminal glycine of Ubs. In eukaryotes, the central role of DUB activity is the maintenance of
the ubiquitin pool, from which the writer enzymes can draw to target other proteins for degradation
or signaling.®® Three fundamental processes achieve this. First, Ub is encoded by four genes
(UBA52, RPS27A, UBB, UBC), as a linear chain of multiple ubiquitin or as a ribosomal fusion
protein.% DUBs cleave these precursor proteins and convert Ub into its mature form. The most
active DUBs acting on Ub precursors are UCHL3, USP9x, USP5 and USP7.4% Secondly, DUBs
can remove whole ubiquitin chains from substrate proteins to stabilize them and therefore rescue
them from proteasomal or lysosomal degradation. Even though proteins were not rescued and
classified for degradation, some DUBs are associated with the proteasome to recycle the Ub
shortly before the digestion of the substrate. DUBs directly interact with the proteasome are
RNP11, USP14 and UCHL5.#Y Thirdly, DUB activity plays a crucial role in trimming ubiquitin
modifications. Thereby, they regulate several critical cellular processes, including the cell cycle,
growth factor signaling, inflammation, DNA damage repair and apoptosis, among others (Fig. 3B).
All of these processes need rapid and dynamic adaptations due to shifts in the surrounding

environment, handled through the fast editing of Ub chains by DUBs./?

In humans, around 100 of these specialized enzymes are identified, which can be divided into
seven structurally distinct families based on the architecture of their catalytic pockets.“3! Those
are the ubiquitin C-terminal hydrolases (UCHSs), ubiquitin specific proteases (USPs), Machado-
Josephin domain proteases (MJDs), ovarian tumor proteases (OTUs), motif interacting with Ub-
containing novel DUB family (MINDY), zinc-finger-containing Ub peptidase (ZUP1) and the
Jab1/Mov34/MPN+ protease (JAMM) (Fig. 3A).“4 With over 50 members, the USPs present the

largest superfamily.
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Fig. 3 | DUB families and their cellular functions. a) DUB phylogenetic tree. Based on the sequence similarity of
their catalytic centers, DUBs are divided into seven distinct families: USPs, MINDYs, ZUP1, OTUs, JAMMs, MJDs and
UCHs. Phylogenetic tree was adapted from N. J. Schauer et. al.l**l b) schematic illustration of the interplay of DUBs in

various important cellular pathways.“¢!

Most of the DUBs are cysteine proteases determined by their characteristic catalytic triad.*> The
cascade is located in the catalytic center of the protein. Most commonly it consists of three amino
acids, cysteine (Cys), histidine (His) and aspartic acid (Asp), that are responsible for the catalytic
activity (Fig 4A). In this covalent catalysis, the thiol of the cysteine works as a nucleophile. Both
the aspartic acid and the histidine’s functional groups increase the thiol's reactivity. The histidine
acts as a base to polarize and stabilize the cysteine. The aspartic acid stabilizes the base. The
activated thiol attacks the carbonyl carbon of the isopeptide bond between Ub and the substrate.
This results in a tetrahedral intermediate and a negatively charged carbonyl oxygen.*” The
oxyanion hole compromises this charge. The oxyanion hole is a cavity found within the active site
of the DUB and stabilizes transition state negative charges on deprotonated oxygens or alkoxides.
It typically consists of backbone amides or positively charged residues. Stabilizing the
intermediate lowers the activation energy and therefore favors the catalysis.“®! The free lysine
residue of the substrate is released and an acyl-enzyme intermediate is formed. In a hydrolysis
reaction, the thioester forms an additional tetrahedral intermediate, which resolves by releasing
the distal Ub with its free C-terminus and the thiol of the DUB, ready for another catalytic cycle."!

The only non-cysteine protease DUB family discovered so far are the



Introduction

a Cysteinproteases (USP, MINDY, ZUP1, OTU, MJD, UCH)

>0 Substrate

o . Release

Nucleophilic attack Tetrahedral intermediate Acyl-enzyme
intermediate

Release

@—OH * -0
A o

Deacylation Tetrahedral intermediate

b Metalloproteases (JAMM) O
c-0~
oI HaNT
cN cN
@ % - @ >N5 Release Release
>0 -~ HS>, ~0_
=

A
{4
HO O
) OH

> Zn?*

His His Asp
A |

Fig. 4 | The catalytic mechanisms of DUBs. a)  Schematic representation of the catalytic mechanism of cysteine
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molecules are blue and non-covalent interactions are indicated by yellow dashed lines. The deprotonated thiol group
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intermediate. The Ub is released by the attack of a water molecule, also recovering the triad’s original state. b)
Schematic illustration of the catalytic mechanism of metallo DUBs. The active site with amino acid residues important

for catalysis and coordination of the zinc ion is depicted in cyan. The hydroxyl group of the water molecule coordinating
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the zinc ion acts as a nucleophile attacking the carbonyl carbon of the isopeptide bond. A tetrahedral intermediate is

formed, which upon collapsing, releases the Ub and the substrate (here, the distal Ub from an Ub dimer).[47a

JAMMSs. They belong to the metalloproteases. A zinc ion is coordinated by water, two His and
one Asp in the catalytic center (Fig. 4B). Upon binding to a substrate, a nearby glutamine (Glu)
abstracts a proton from the coordinating water molecule. The hydroxy ion attacks the substrate’s
carbonyl carbon. The resulting tetrahedral intermediate collapses and leaves the free lysine

residue of the substrate. The hydroxy group replaces the COOH group at the distal Ub.[47a

Most of the DUBs are active enzymes, but eleven are considered to be inactive. These DUBs are
classified as pseudoenzymes. They are particularly abundant among the JAMMs, with five out of
12 members identified as pseudoenzymes.*® Nevertheless, do they interfere in signaling
pathways via protein-protein interactions. Many DUBs throughout all families are conserved from
yeast to humans. One exception is the MJD family.”¥ The molecular weight of DUBs drastically
differs. This is because DUBs possess various structural elements besides the catalytic center to
present binding sides for protein-protein interactions, recognize substrates or ubiquitin moieties,

and regulate enzyme kinetics.[*4

The specific selection of their substrates and the type of ubiquitin(chain) is regulated by various
mechanisms. Homogenic Ubiquitin- and Ub/Ubl mixed chains are distinguished via different
surface properties. Each modifier is recognized through a primary binding site. It is called the S1
site. Crystallization efforts revealed two surface patches of ubiquitin, with which the DUB interacts
in its S1-binding site. Those regions are the Isoleucin(lle)44 and lle36 patches. Except NEDDS,
Ubl’s share little sequence similarity with Ub in this regions and thus discriminated by Ub-DUBs.5%
Deubiquitination can either occur by binding of the DUB directly to the substrate or to the Ub-
chain. The latter is made possible by additional protein interaction domains, inside or outside the
catalytic pocket.*’® These domains recruit single protein substrates to the enzyme, enabling a
DUB to regulate a specific signaling pathway. The DUBs following this binding mechanism cleave
Ub chains regardless of their linkage type.®Y! Conversely, DUBs that target their substrates via
the Ub-chain are often linkage specific. A prominent example is OTULIN, which exclusively
cleaves Metl chains.®? A unique feature of those DUBs is the arrangement of their ubiquitin-
interacting motifs (UIM), which determines if a chain is cleaved from within (endo-cleavage) or
from the distal- or proximal site (exo-cleavage). Endo-cleavage provides an efficient method to
remove a chain (partly) from a substrate, but the chain needs to be further processed by other
DUBs to regenerate the monoUb pool. Exo-cleavage results directly in monoUb, but the same

DUB must work multiple times on the substrate. Another type of substrate specificity lies in the
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Ub chain length since some DUBs prefer longer chains.3 The kind of cleavage processed highly

depends on the DUB family and the linkage type.*

As various cellular processes depend on specific and individual DUBs, they also rely on the
intrinsic regulation of their activity.* In general, DUBs antagonize Ub writer enzymes and their
relative abundance and activity can be understood as a switch, keeping each other in balance.b4
Nevertheless, like most proteins, DUBs can be regulated by fundamental mechanisms: PTMs,
allosteric interactions, regulation of the individual abundance by altered gene expression and
subcellular localization. In response to environmental stress factors or metabolic needs, PTMs on
DUBs can act as a switch to shut them down rapidly or to bolster their activity. Covalent
modifications such as phosphorylation, ubiquitylation or SUMOylation can appear on DUBs."
Those modifications do not only act as a degradation signal. Ubiquitylation of ATXN3 activates its
catalytic activity, whereas SUMOylation of USP25 prevents the interaction with its substrates
thereby inhibiting its activity.®®! Most of the DUBs possess an autodeubiquitinase activity to
remove the regulation.®” Many DUBs need to interact with other proteins to access additional
ubiquitin-bindings domains for efficient hydrolase activity. Therefore, these UIMs containing
interactors might directly regulate DUBs.I*®! AMSH gets activated by the interaction with the UIM-
containing signal transducing adaptor molecule 2 (STAM2).5° The allosteric binding of Ub to the
N-terminal ZnF-domain of USP5 results in a conformational change leading to increased catalytic
activity of the DUB.® Protein-DUB interactions can also inhibit activity, which is the case for
UCHLS5 by association with the INO80 chromatin-remodeling complex.®* Subcellular localization
is another crucial pillar of DUB regulation since it determines the array of available substrates for
a given DUB. A prominent example is USP30, one of the few DUBs with a transmembrane domain
to localize to mitochondria.®? S. Urbé et al. used GFP-tagged DUBs to determine the distribution
of cytosolic deubiquitinases and the ones that co-localize at cell organelles.®® Several DUBs
accumulate to the nucleus to regulate its functions and structure (Fig. 5). Others are associated
with microtubules and the plasma membrane. A unique role is attributed to USP19, which can be

localized to the ER or cytosol, depending on its splicing variant.64

To understand the impact of a specific DUB on an essential signaling pathways, it is important to
consider its individual abundance. With mass spectrometry measurements becoming more
accurate regarding resolution, the global copy number of single proteins is estimated more
precisely.® Linkage-specific DUBs like OTULIN (Metl), Cezanne (Lys11) and OTUB1 (Lys48)

show higher copy numbers per cell than others. It is hypothesized that these DUBs have
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housekeeping functions and are intended to prevent the accumulation of a particular chain type,

while some rarer forms play more specialist role.[®!
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Fig. 5 | Cellular localization of DUBs.  Schematic depiction of the subcellular localization of exemplary DUBs in a

eukaryotic cell.[*?]

1.6 UCHL1 — much studied, but far from understood

The UCH family consists of four members: BAP1, UCHL5, UCHL3, and UCHL1, ranked by their
molecular weight (MW). With a MW of ~25 kilodalton (kDa) and a length of 223 amino acids,
UCHL1, also known as neuron-specific protein PGP9.5, is the smallest member of the family.6¢!
Although the UCHs and the USPs have a similar 3D structure and their catalytic center, both
feature a catalytic triad, they differ in the amino acid sequence of their catalytic pocket. The
catalytic Cys of the UCHs is embedded into a narrow cleft on the protein’s surface, restricting the
substrate availability and increasing specificity.”! Another structural feature that all members of
the family share is the so-called crossover loop. This loop covers the catalytic cleft and further
restricts the access of substrates. Also, this structural element varies in size depending on the
family member. UCHL1 has the smallest crossover loop, which results in the lowest accessibility
to the catalytic pocket.[”) Furthermore, the catalytic center’'s polypeptide backbone of UCHL1,
comprising five crossings forming a “Gordian” knot, the most complicated eukaryotic protein
structure discovered. The basic 3D structure of UCHL1 is composed of two a-helices, covering
a conserved and densely packed hydrophobic core of multiple B-strands.®® The catalytic triad
comprises Cys90, His161 and Aspl76 (Fig. 6). Mutation of any of these residues abolishes

catalytic activity.[’”
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Fig. 6 | Structural characteristics of the DUB UCHL1.  Overview of the structural elements of UCHL1 (PDB: 2ETL).
The catalytic triad is composed of Cys90, His161 and Asp176 (red sticks). The hydrophobic core consists of several 3-
strands (orange), covered by a-helices (light green). The crossover loop (blue) restricts the accessibility to the catalytic

pocket and therefore generates substrate specificity.

Even though UCHLL1 is one of the most studied DUBs, it's full substrate spectrum remains far
from understood.["¥ It is a single-domain protein, which can hydrolyse small Ub derivatives in vitro
but fails to process diUb or longer Ub chains. It has been structurally rationalized that the activity
of UCHL1 is limited to small Ub conjugates because of its crossover loop.["? Early works suggest
the cleavage of short ubiquitylated peptides as the preferred substrates of UCHL1 to maintain the
free Ub-pool.”¥ In contrast, Y. Liu and coworkers found that homodimeric UCHL1 is not only
capable of hydrolysing Ub-derivatives but also exhibits an E3-ligase activity by catalyzing the
formation of Lys48 linked poly Ub chains on a-synuclein.[”® Later, another group used the same
approach but failed to reproduce the suggested ligase activity. Their results show that UCHL1
has no ligase activity, and did not ubiquitylate a-synuclein.[? Further investigations are needed

to clarify UCHL1’s function.

The DUB is highly abundant in brain tissues, making up to 5 % of the soluble neuronal proteins.
It is also expressed at much lower levels in the testis, gonads and other clonal cell culture
models."® Surprisingly, UCHL1 is detectable in tumor cells derived from tissue samples that do
not express UCHLL in their healthy population. Those include pancreatic, colorectal and invasive
breast cancer.[”® The role of UCHL1 in cancer is multifaceted and highly dependent on the cancer
entity. There are studies that show an oncogenic role.[’ Others are proposing a tumor suppressor

activity.’® In colorectal cancer, UCHL1 is associated with the B-catenin/TCF signaling pathway

12



Introduction

and the promotion of tumor malignancy by removing Ub from B-catenin.”® Recent studies suggest
emerging evidence for the participation of UCHL1 in the most aggressive forms of breast cancer
(estrogen receptor (ER)- or triple-negative breast cancers (TNBC)), through the regulation of the
ER and the interplay in the transforming growth factor B (TGF-B) pathway.®? Furthermore,
hypoxia-inducible factor 1 (HIF-1) is a significant driver for breast and lung cancer tumor
metastases. UCHL1 was identified as an essential upstream activator of HIF-1 by deubiquitinating

its a-subunit and therefore promotes tumor metastases.®!

Besides the link to cancer, UCHL1 dysregulation is associated with neurodegenerative diseases,
such as Parkinson’s disease (PD), Alzheimer's disease (AD) and brain injury among them.2 One
of the main reasons for the development of AD is the aggregation of 3-amyloid peptides. This 39-
43 amino acid long fragment is produced from larger precursors by the protease BACE1.53 Zhang
and coworkers report that the inhibition of UCHL1 significantly increased BACEL1 expression and
therefore increased the total concentration of B-amyloid aggregates. On the other hand,
overexpression of UCHL1 resulted in decreased aggregates and delayed AD progression.®
There are two UCHL1 polymorphisms identified, which are linked to the progression of PD. The
193M mutation increases PD risk, whereas the S18Y polymorphism reduces the susceptibility to
PD and other neurodegenerative diseases.” In vitro analysis of the 193M variant revealed
decreased catalytic activity and a lower stability than the wild type.® The overexpression of 193M
UCHL1 in mice led to common physiological phenotypes of PD and the degeneration of
dopaminergic neurons.® Another polymorphism in the UCHL1 gene leads to an E7A mutation,
which decreases the DUBs catalytic activity and manifests in progressive early-onset

neurodegeneration.’

Furthermore, the disfunction of UCHLL1 is linked to various other phenotypes in brain tissue. The
central nervous system of gracile axonal dystrophy (gad) mice exhibits impaired ubiquitination of
dystrophic axons and a reduced free monoubiquitin pool. The gad mutation resulted from an in-
frame deletion, including exons 7 and 8 of the UCHL1 gene, and as a consequence, the loss of
42 amino acids along with the catalytic His161.7 Furthermore, the S-nitrosylation on Cys152
results in the structural instability of UCHL1 and promotes the co-aggregation with a-synuclein in
Lewy bodies.® Another PTM of UCHLL1 is the farnesylation of Cys220, which is reported to
enhance the binding of UCHL1 to the endoplasmic reticulum and increases a-synuclein
neurotoxicity. Other studies prove that the farnesylation at Cys220 is unnecessary to recruit
UCHL1 to membranes in general, as a C220S mutant did not reduce the total amount of UCHL1

in the membrane fraction. 88!
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In addition, UCHL1 is connected to various other functions with metabolism, oxidative stress and
autophagy among others.”> 8 The connection of UCHL1 to a myriad of diseases and many
different functions makes it an attractive therapeutic target, but after years of studies, its exact

function or direct substrates remain to be disentangled.

1.7 Deubiquitinases in a therapeutic context

Since many DUBSs regulate various important signaling pathways, UCHLL1 is not the only one
studied in a disease-related context. Besides UCHL1, many other DUBs emerged a
therapeutically targets of neurological disorders. Among those are USP15, USP30, USP33,
USP35 and USP8.°® Most of them inhibit parkin-dependent mitophagy by deubiquitinating
mitochondrial-relevant proteins. This leads to mitochondrial dysfunction and finally
neurodegeneration.®¥ With 17.8 million deaths in 2017, cardiovascular diseases remain one of
the most common cause of death worldwide.? It was demonstrated, that DUBs significantly
impact vascular diseases, such as atherosclerosis, aortic aneurysm, angiogenesis and
hypertension.®¥ Since the success of the broadly acting proteasome inhibitor bortezomib in
clinical trials, used to treat myeloid cell leukemia and refractory multiple myelomas, the UPS and
DUBs have become attractive targets in the search for novel cancer therapies.®* Several DUBs
have been associated with tumorigenesis, highlighting their role as oncogenes and tumor
suppressors. Genetically altered versions of USP4, USP7, USP6, USP15, USP16, USP28 and
USP46 were identified as oncogenes, whereas CYLD, A20 and BAP1 were reported to act as
tumor suppressors.'® %! |n addition, the altered activity of DUBs was identified in commonly

mutated cancer pathways such as p53, NF-kB, RTKs, Wnt and TGF-B signaling.®

Especially the tumor suppressor p53 is of great interest in the context of the influence of DUBs
on cancer. To date, eleven DUBs have been associated with its regulation.®”’ Next-generation
sequencing (NGS) revealed that p53 mutations are the most frequent genetic alteration in cancer.
The unique mode of p53 inactivation in cancer makes it an attractive target and the reactivation
by stabilizing its folding with small molecules appears feasible. However, the fact that p53 is a
transcriptional factor and has been classified as “undruggable” calls for alternative treatment
strategies.®® In this context, the p53/MDM2/USP7 axis is of special interest. MDM2 is an E3-
ligase directly acting on p53 and marking it for degradation. USP7, on the other hand,
deubiquitinates MDM2 and stabilizes it. With the inhibition of USP7, MDM2 is no longer
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Table 1 | Potent and selective DUB inhibitors.  The literature known compounds show excellent inhibition and
selectivity against the deubiquitinases USP7, USP9x, USP25, USP28 and USP30.

deubiquitinated and destabilized, USP7 therefore indirectly stabilizing p53 in a cancer-relevant

setting. This makes the inhibition of USP7 a novel strategy in cancer treatment.[®

Beginning in late 2019, the COVID-19 pandemic caused devastating damage to the world-wide

health system. By the middle of 2020, 12 million infections and over half a million deaths were
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confirmed.® The novel SARS-CoV-2 coronavirus causes severe acute respiratory syndrome
and the options for antiviral treatments remain scarce. The early sequencing of the SARS-CoV-2
genome and the comparisons to other coronaviruses (MERS-CoV and SARS-CoV-1) allowed the
identification of the cysteine protease PLpro.%Y Its proteolytic activity is essential for the virus
replication cycle. In addition, its protease activity can further remove Ub and ISG15 from its host
targets to circumvent antiviral immunity. Inhibition of this viral deubiquitinase represents another
promising strategy for the clinical intervention of SARS-CoV-2 infections.['%?Although there is
evidence that the dysregulation of many DUBSs is significantly involved in the onset of humanity’s
deadliest diseases, only a few selective and potent inhibitors exist to date (Table 1). Those include
USP7, USP9x, USP25, USP28 and USP30.[07-109

Due to its indirect stabilization of p53, the inhibition of USP7 is of special interest. Some of the
earliest molecules targeting USP7 are the compounds HBX41108 and P22077. Both were
optimized from hits found in screening campaigns.*% Later studies revealed that the compounds
were not USP7 specific, but rather bound various additional other proteins including different
DUBs.'Y In 2017 and 2018, screening efforts resulted in three potent and selective inhibitors
against USP7 (Table 1).129%105 AJl compounds bind non-covalently near the catalytic center of
USP7 and abolish its deubiquitinating activity. The molecules share a hydroxy-piperidine binding
element and show potencies in the low hanomolar range. The treatment of different cancer related
cell lines with the compounds resulted in increased p53 protein levels, correlating with the
decrease of MDM2. Furthermore, treatment with FT671 led to degradation of N-myc in
neuroblastoma cells. In addition, the compound was used to prove that USP7 is a stabilizing part
of a demethylase complex. USP7 inhibition by FT671 resulted in the degradation of E3 ligase
UHRF1 and the DNA methylase DNMTL1. Both proteins are involved in the same methylase
complex as USP7.['%1 In 2020 P. R. Leger et al. published a highly and extremely selective USP7
inhibitor based on a novel thienopyridine scaffold, which demonstrated the suppression of tumor

growth in xenograft studies.[*°!

A. Clancy et al. report a potent and selective inhibitor for USP9x based on a pyrrolopyrrol scaffold
(Table 1). FT709 was hit optimized from a high-throughput screen of a diverse collection of
140000 compounds. The compounds show specificity for USP9X among all DUBs, with an ICxso
of 0.5 uM and approx. 5 uM in MCF7 cell lysates and intact MCF7 cells, respectively. By the use
of FT709 the authors were able to prove that the E3-ligases Makorin 2 and ZNF598 belong to the
substrate spectrum of USP9x. Inhibition of the DUB resulted in reduced levels of the ligases and

ribosomal stalling.*%”
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The compound AZ1 exhibits a dual inhibition towards the evolutionarily closely related DUBs
USP25 and USP28 (Table 1). The compound has an ICs value of 0.7 pM and 0.6 uM against
USP25 and USP28 respectively. USP28 stabilizes c-Myc, yet another oncogene. Consequently,
treatment of several colon cancer cell lines with the compound led to the inhibition of USP28 and
to reduced levels of the c-Myc oncoprotein. The authors were able to prove that the inhibitor AZ1
could be used to induce concentration and time dependent cell cycle perturbations and cell death,

having an antiproliferative effect on cancer cells.[*8!

A. F. Kluge et al. reported a selective and potent USP30 inhibitor based on a naphthalene-
sulfonamide scaffold. A HTS campaign identified compounds with a racemic phenylalanine core
scaffold as USP30 inhibitors. A dedicated SAR study revealed, that the three hydrogens at the
nitrogens are essential, since methylation of any of these nitrogens led to drastic drop in USP30
inhibition. Furthermore, the sulfonamide region seemed restrictive regarding tolerated
substations. Introducing an additional methylene between the sulfonamide and the phenyl ring
resulted in complete loss of inhibition. Electron withdrawing groups at the phenyl ring are preferred
over electron donating groups. Chemical optimizations yielded the highly selective USP30
inhibitor MF-094 with an ICsp value of 0.12 puM. The compound increases and accelerates

mitophagy and ubiquitination of mitochondrial-associated proteins.[o%!

1.8 Tools to study deubiquitinases

The dysregulation of DUBs is implicated in several human diseases, with cancer, neurological
disorders and autoimmune disorders among them.®? This highlights the importance of DUBs as
promising drug targets. However, there are no approved drugs based on DUB inhibitors so far.
This is due to the poor selectivity profile of a wide range of small molecule DUB inhibitors and the
poor understanding of basic DUB biology regarding substrates, interaction partners and the
cellular mechanism in which these enzymes are involved. In order to overcome these hurdles,
tool molecules that function in a complex cellular environment are needed.**® Recently, several
of those tool molecules have been developed to accelerate the understanding of DUB biology.
These chemical biology tools can generally be divided into three categories: Ub-based probes,

small molecule-based probes and bifunctional molecules (Fig 7 A-C).

The Ub- and small molecule-based probes can be further summarized as activity-based probes

(ABP). These chemical tools are frequently used to profile the enzymatic activity of a given protein
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in vivo and in vitro by mimicking the substrate. Instead of being processed, the ABP covalently

attaches to the catalytic center via an enzyme-catalyzed reaction.*'4

There are a lot of well-established methods to measure protein abundance. However, some
proteins are expressed in an inactive state and therefore, protein abundance does not necessarily
correlate with activity. Since ABPs do not react with inactive enzymes, the probe labeling indirectly
measures catalytic activity.* In order to react with their targets, the probes require a nucleophilic
amino acid residue in the catalytic center. ABPs are particularly suitable for studying enzymes
with a catalytic cysteine, threonine or serine in their active site. Classic activity-based probes

consist of three components:

I) A reactive group also, called the warhead. In the case of enzymes with active site nucleophiles,
an electrophilic moiety is used.*¥! Other probes can target metalloproteases and utilize
polydentate ligands as their reactive group.!” The choice of the warhead structure heavily
influences both the reactivity and the selectivity of the probe.*'4l Depending on the warhead, the
probe can mechanistically react with a nucleophilic residue via a direct addition (1,2-addition), a

conjugate addition (1,4-addition) or a nucleophilic substitution.*18!

II) The recognition element is the ABP’s core structure and is highly important for the specific
targeting of probe towards the protein of interest (POI). This may be a small molecule inhibitor

(as used for the small-molecule based probes), a short peptide or a full-length protein.

llI) A reporter tag for detection and isolation of the bound protein is the third component of the
ABP. Whereas a fluorophore as a reporter tag can be used for sensitive visualization, affinity
labels such as biotin or a peptide epitope are utilized to enrich the probe from complex protein
mixtures. In addition, a small biorthogonal group, such as an alkyne or azide, can be used to
incorporate the reporter after the initial binding of the probe. This process, often called “two-step”
labeling, can be advantageous when larger reporter groups might interfere with the probe’s
physiochemical properties, reactivity or selectivity.!*®! Since most of the DUBs are cysteine
proteases, activity-based probes equipped with a Cys-modifying electrophile have been proven
successfully to be powerful tools to shed light on the activity and selectivity of DUB inhibitors and

to determine the enzymatic activity and physiological roles of these specialized hydrolases.*4
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Fig. 7 | Tools to study deubiquitinases. a-c) ~ Schematic overview of the different chemical biology tools. a) Ub-based
probes, b) small molecule-based probes, c¢) bifunctional molecules. d) Structural depiction of commonly used

electrophilic moieties for activity-based probes. e) Advantages and disadvantages of the individual tools.

1.8.1 Ubiquitin-based probes

Ubiquitin-based probes represent a unique form of ABPs that specifically target deubiquitinases
since ubiquitin is used as the recognition element. The first covalent probes used for DUB
targeting used full-length Ub with the C-terminal glycine (Gly76) replaced for an electrophile.*?"
Ub-aldehyde (Ub-Al) and Ub-nitrile (Ub-CN) were critical early tools for the mechanistic
investigation of deubiquitinases.*?!! The Ub-Al probe was used to solve the first crystal structure
of a DUB in co-complex with Ub. The structure revealed significant conformational changes of the
DUB upon Ub binding.*?? However, the covalent bond of both probes are reversible under certain
conditions.'? This restriction was overcome by using a C-terminal vinyl methyl sulfone as the
warhead. The resulting Ub-vinyl methyl sulfone (Ub-VS) probe covalently modified UCH and USP
DUBs under reducing conditions and was used to detect those enzymes in cell lysates due to an
HA-tag on the probe.™?* Since then, various C-terminal electrophiles have been exploited for the
use as Ub probes (Fig. 7 D), with Ub-VS, Ub-vinyl methyl ester (Ub-VME) and Ub-propargyl
amides (Ub-PA) being the most common ones. Later, the recognition element was extended to
di-ubiquitin to improve the understanding of the linkage specificity of DUBs and their interaction

with substrates. 12!

One way to generate Ub probes is the expression of an Ub precursor, which reacts with
2-mercaptoethane sulfonate sodium (Mesna) in a transthioesterification to an Ub-Mesha species.
This molecule contains a highly reactive thioester bond. Ub-Mesna reacts with the free amine of
the warhead molecule in a nucleophilic addition to form the final probe. Because Ub-Mesna is
easy to express in high amounts and the subsequent reaction is optimized for most warheads,
the Ub-probes are available to investigate a variety of DUBs.*?¢l Using ubiquitin as a recognition
element for probes allows the exquisite covalent modification and detection of DUBs in complex
mixtures. However, it is not easy to address individual DUBs with Ub probes, as ubiquitin is the
preferred substrate of these hydrolases. In addition, the scope of application is limited to cell
lysates as the size of the Ub recognition element precludes membrane permeability.[*4
Consequently, the cell lysis leads to a dilution of cytoplasmic and nuclear proteins and a
dissolution of the cellular organization and localization. This ultimately results in the dissociation

of protein-protein interactions, which might be necessary for DUB activity and the dysregulation
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of the ubiquitin plexus.’?” To address those vulnerabilities, small molecule-based probes are

used and investigated.

1.8.2 Small molecules-based probes
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Fig. 8 | Activity-based protein profiling. a) Schematic workflow of the two-step labeling activity-based protein

profiling. Intact cells are treated with a probe, followed by lysis. In a labeling reaction, the reporter is installed. In case
a fluorophore is used, modified targets can be visualized. In the case of biotin as a reporter, covalent-bound proteins
can be enriched, digested and analyzed via mass spectrometry-based techniques. b) Overview of recently published
small-molecule based probes for investigating UCHL1.[129 All three structures share a cyanopyrrolidine moiety as their

warhead (blue) and an alkyne or azide handle (green) to further install a reporter group.

Small molecule-based probes present another form of ABPs, utilizing warheads similar to those
used for Ub-probes. They differ in their recognition element, based on known DUB inhibitors.
Therefore, small molecule-based probes have a much smaller MW, leading to increased
membrane permeability compared to their Ub counterpart.?8! Small molecule probes bearing a
reporter group such as biotin, a fluorophore or an alkyne moiety can be employed to activity-

based protein profiling (ABPP) methods. ABPP describes a powerful strategy to study enzymes
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in complex proteomes. Those experiments include the monitoring of a specific enzymatic activity,
the characterization of protein functions, the identification of up- and down-regulated proteins in
disease states and the evaluation of newly synthesized inhibitors in cell cultures and living
organisms.[*3% First, a given proteome is treated with the APB, whereas the probe covalently
modifies the protein of interest. In a direct approach, the POI can be visualized by using
fluorophors as a reporter group after lysis or homogenization of the cells or tissue. In a two-step
approach, the reporter is installed via a labeling reaction. Several bioorthogonal reactions have
been established. The most commonly used is the copper-catalyzed 1,3-cyclo-addition.[*34
Furthermore, using a biotin entity allows the isolation of modified targets on a streptavidin matrix
for subsequent mass spectrometry analysis. This sheds light on the entire target spectrum a small
molecule inhibitor might bind to (Fig. 8 A).[*%2

The first small molecule-based probe designed to target DUBs was found in 2016 by J. Ward and
coworkers. The underlying inhibitor used as a recognition element was found in a high-throughput
screening (HTS) campaign. The probe is based on a chloroacetylpyrrole scaffold and shows
potent activity against 12 DUBs in living U20S cells.*® Recently, the Buhrlage lab utilized a DUB-
focused covalent library for activity-based protein profiling to identify selective hits against 23
endogenous DUBs spanning four subfamilies. Followed by hit optimization, the authors presented
a small molecule-based probe for the understudied DUB VCPIP1 with nanomolar potency and in-
family selectivity.!'% In the last years, tremendous progress in small-molecule based probe
discovery for UCHL1 was achieved, with several groups publishing potent molecules for cellular

investigation of this DUB in live cells and zebrafish embryos (Fig. 8 B).[?°

1.8.3 Bifunctional molecules

A small molecule is often thought to be an inhibitor. However, beyond inhibition, some compounds
can enhance the activity of their target, dictate novel functions or induce non-endogenous protein-
protein interactions.3¥ If a molecule promotes the formation of new multiprotein complexes by
binding at the protein-protein interface, it is called a “molecular glue”."3! Traditional small
molecule inhibitors bind to well-defined active- or allosteric pockets, where they are in direct
competition with substrates, ligands or other allosteric modulators. In contrast, molecular glues
do not require a well-defined binding pocket or catalytic activity of their target as they serve as an

interface between two proteins.’*® A specialized version of molecular glues are bifunctional
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Fig. 9 | Proteolysis targeting chimeras (PROTACs). a  Schematic overview of the PROTAC strategy. The PROTAC
molecule aligns the POI in close proximity to an E3-ligase. As a result, the protein of interest gets ubiquitinated and
marked for degradation. The ubiquitinated protein gets channeled to the proteasome, where it gets digested. Since the
PROTAC molecule is not affected by the proteasome, it is available for another labeling cycle. b Molecular structures
of common PROTAC features. The right linker length is essential for successful degradation. Linkers most commonly
consists of alkyl chains or repeating polyethylene glycol (PEG) units (top). The most established E3-ligands are binders
for the E3-ligases cereblon (CRBN) (bottom left) and the Von-Hippel-Lindau (VHL) ligase (bottom right).

molecules. A famous example of such molecules is the proteolysis-targeting chimeras
(PROTACS). Heterobifunctional PROTACs consist of two small molecules connected via a
chemical linker, independently binding to a POI and an E3 ligase.**" Therefore, the compound
stabilizes a ternary complex between those proteins, resulting in the subsequent
polyubiquitination of the POI due to the close proximity to the E3 ligase. Followed by the shuttling
to the proteasome, where the POI gets degraded (Fig. 9 A). Most commonly, two E3-ligases are
targeted for the PROTAC strategy. The labs of Crews and Ciulli made major contributions in
identifying and developing potent small molecules binding to the Von-Hippel-Lindau (VHL) E3
ligase (Fig. 9 B).1*® The other E3-ligase that is hijacked for the PROTAC approach is cereblon
(CRBN). This ligase is potently bound by thalidomide and its analogs (Fig. 9 B).**°! Another less
targeted E3-ligase, but with high-affinity ligands available, is MDM2.124% Despite those, finding
new potent E3-ligase binding molecules has been challenging. However, intense research efforts

are made to expand the E3-ligase toolbox.4
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The overall degradation activity of a PROTAC does not rely on the potency of its ligands alone,
but rather on the optimal formation of the ternary complex between the two proteins.'#? The
properties of the PROTAC linker are crucial to verify optimal protein-protein interaction. Those
parameters are: Its chemical composition, length, hydrophobicity and rigidity of the linker, which

can heavily influence the molecules binding kinetics, potency and selectivity.!*4%

As bifunctional molecules have been proven to address proteins that lack well-defined binding
pockets and are therefore classified as “undruggable” with conventional small molecule inhibitors,
the PROTAC strategy gained substantial therapeutic interest over the recent years, with the first
molecules advancing to clinical trials.** In addition, PROTACs allow the investigation of non-
enzymatic effects of their targets on cellular pathways. These effects depend on the interaction
of the POI with other proteins or substrates. Whereas the probes mentioned above are limited to
only study the catalytic activity of their respective targets. The rapid depletion of the targets allows
the investigations of proteins with slow turnover rates and avoids unwanted adaption events in
comparison to RNA-based or genome editing tools.**® Furthermore, non-covalent PROTAC
molecules are not affected by the proteasome. As a result, the same molecule catalyzes several
cycles of bridging the POI to the E3-ligase. Therefore, low molecule concentrations often yield

high cellular and in vivo efficacy.!*4¢l

It was not before 2022 that two groups almost simultaneously published the first-in-class PROTAC
molecules to target a DUB for degradation.*4”) Both molecules consist of well-established, potent
and selective USP7 binders to target the POI. These binders are connected to a ligand for
attaching to the E3 ligase cereblon (CRBN). Y. Pei et al. identified a PEG3 unit as their preferred
linker, whereas A. Murgai et al. utilized a short alkyl chain. Both groups report a sufficient

degradation of USP7 and antiproliferative effects in both p53 wild-type and mutant cancer cells.

In contrast to PROTACS, another class of heterobifunctional molecules was introduced in 2022,
termed deubiquitinase-targeting chimeras (DUBTACSs).[*¥ This compound class includes a ligand
to target an allosteric non-catalytic site at a DUB to recruit it in its active form. This recruiter is
connected to another ligand independently binding the POI. The targeted protein gets stabilized
due to deubiquitination, whereas it would be degraded otherwise in a ubiquitin-dependent
manner. Henning et. al. introduced a ligand that is binding to the non-catalytic Cys23 of the Lys48-
ubiquitin specific DUB OTUBL. They linked the molecule to lumacraftor, a drug critical for the
treatment of cystic fibrosis and binding to the APhenylalanin(Phe)508-cystic fibrosis

transmembrane conductance regulator (CFTR). The treatment with the DUBTAC results in
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robustly stabilized protein levels of APhe508-CFTR. This led to improved chloride channel

conductance in a disease-relevant cellular model.
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2. Motivation and Aims

The complex network of interactions that deubiquitinases are involved in has not been fully
elucidated yet. As a result, there exists a lack of understanding the interplay of DUBs in cellular
systems. In addition, the number of small molecule inhibitors for the specific targeting of DUBs
remains low. This is due to three primary reasons: A limited number of DUB inhibitors that can be
used as tool compounds has been reported. Most of them are published in patent literature and
lack selectivity profiling or a general cellular characterization. Secondly, only a tiny subset of
DUBs is well described regarding their cellular functions, behavior in pathological states or
targetability by small molecule inhibitors. Thirdly, the genetic manipulation of DUBs can cause
uncontrollable side effects because the RNA knockdown/out of proteins is a relatively slow
process compared to direct inhibition of the DUB of interest. Further studies are required to
understand how DUBs impact specific cellular pathways and what are their critical roles,
particularly in disease states at the protein and genetic levels. To overcome this hurdle, new,
potent and specific tool compounds for investigating DUBs in a cellular environment must be

developed.

The aim of this thesis is the discovery, synthesis and evaluation of such probe compounds. This

goal was accomplished by a top-down approach, further divided into four sub-objectives:

I) To enable the investigation of DUBs, the design and synthesis of small molecule probe
compounds based on literature know DUB inhibitors will be performed. The probes will consist of
an electrophilic warhead for the covalent modification of their targets and an alkyne moiety to use
them in a two-step ABPP approach. Suitable exit vectors, for the attachment of the alkyne moiety

will be identified. To obtain those molecules, synthesis will be planned and optimized.

II) The small molecule probes derived from 1) are tested in a complex proteome for their ability to
covalently modify DUBs. Promising hit molecules are selected and the modified DUB(s) are
identified via proteomics based ABPP. These probes are then characterized in a cellular setting
for their potency and specificity against the identified DUB(s). To accomplish this, several

chemical biology and cellular assays have to be developed and established.
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[II) The most specific small molecule probes of 1) will be used as tool compounds to investigate
phenotypes resulting from inhibition of the targeted DUB in different cell lines. Furthermore, the
compounds will be used in different cellular assays to elucidate the substrate spectrum of the
DUB

IV) To be able to observe changes in a proteome not only after the inhibition of DUBs but after
their depletion, PROTAC molecules will be synthesized. These compounds will be either based
on the characterized probes obtained from 1) & Ill) or from other non-covalent and specific
inhibitors derived from the literature. The synthesized molecules will be characterized for the

induced degradation of DUBs in cellular systems.
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3. Results

3.1 Synthesis of a focused deubiquitinase probe lib rary

This chapter describes the chemical synthesis and analysis of a DUB probe library derived from
literature known inhibitors (Aim I). This includes the synthesis of the parent inhibitors and the
associated alkyne-tagged derivatives thereof. In addition, a set of probes with a minimalistic
binding scaffold were synthesized as control compounds. These molecules were mandatory for

the further investigation of DUBs in a cellular context.

3.1.1 Finding suitable molecular scaffolds for prob e design

When the project was started in 2019, only very few small molecules targeting deubiquitinases
were published in the academic literature. The proper molecular scaffolds suitable for probe
design were primarily derived from patent literature. The research was based on the following
criteria: The molecular scaffold had to be described to address at least one DUB, consist of an
electrophilic warhead for the covalent modification of the DUB of interest and had to present
suitable regions to install an alkyne handle for the attachment of a reporter (Fig. 10A). Surprisingly,
the literature search revealed that most molecules described for the covalent attachment to DUBs
feature a nitrile functionality as their warhead. The nitrile group reacts with the catalytic cysteine
of the DUB in a nucleophilic addition (Ax) to form a thioimidate adduct (Fig. 10B). Since the main
scaffolds of the inhibitors were diverse in their structures, no direct similarities could be identified
that would favor binding to a DUB. At this early stage, no DUB was prioritized for investigation,
therefore the different scaffolds should be used to investigate which DUBs could be targeted.
Nevertheless, the main scaffold should provide a certain selectivity within the DUB family to

establish different probes, each targeting another DUB.
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Fig. 10 | Starting point for the design of a DUB-focused pro be library. a) Structures of patent-derived small
molecule inhibitors described to target different DUBs. All structures consist of a nitrile as the electrophilic warhead for
covalent modification of their target (blue). The red circle highlights possible sites to install the alkyne handle
synthetically. b) Depiction of the nucleophilic addition of the thiol group (yellow) from catalytic cysteine with the

electrophilic nitrile group (blue) of the compound.

Potencies between 10 nM and 10 uM were reported for the selected inhibitors. Structure-activity
relationships (SAR) for some molecules provided insight into the correct placement of the alkyne
handle without losing too much of the compound’s activity. As a starting point, seven inhibitors
with aliphatic nitriles, aryl nitriles and cyanamides were chosen, to target various DUBs from the
USP and UCH family. Compound 1 was published in a patent by Novartis in 2010. The molecule
is described as a USP2 and/or UCHL3 inhibitor for treating proliferative diseases such as

cancer.* GSK found molecule 2 in a screening campaign against USP20 and reported an ICs
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value of 160 nM.!° Cyanopyrrolidines 3, 4, 5 all come from a patent submitted by Mission
Therapeutics and were described to have utilities in various therapeutic areas, including cancer
and diseases associated with mitochondrial dysfunction.**Y Compound 6 displays a derivative of
the inhibitor WP1130. This USP9x inhibitor was originally identified by the Donato group, which
screened for a Janus kinase 2 (JAK2) inhibitor. Later, it turned out that the molecule was not
binding to JAK2, but to a deubiquitinase, which is capable of modulating the kinases
ubiquitination.*>? Hybrigenics described compound 7 as one of many from a series of fused tri-
and tetra-cyclic molecules inhibiting USP8 in a wide range of disease models.**¥ For the insertion
of the alkyne group, easily accessible functional groups were selected, which can be modified by

simple chemical reactions, such as amide coupling or nucleophilic substitution.

This collection of molecules, described for targeting DUBs worked as the foundation for small
molecule probe synthesis. In addition, suitable exit vectors for the attachment of the alkyne moiety

were identified and considered during synthesis planning.

3.1.2 Synthesis of an aliphatic nitrile probe

b
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Scheme 1 | Synthesis of probe MS037. a) butyryl chloride, TfOH b) propargyl bromide, K2COs ¢) PPhs, DIAD d)
NaBH3CN, ammonium acetate e) cyanoacetic acid, HATU, HOAt, DIPEA f) 6-bromo-2-pyridinecarboxaldehyd, B-
alanine.
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The probe MS037 is based on compound 6 and features a nitrile near a Michael acceptor. The
exact role of either of these electrophiles in the covalent reaction with the target protein remains
unknown. The retrosynthetic planning of MS037 foresaw the early introduction of the alkyne
functionality into the left part of the molecule to avoid unnecessary protection of the free amine at
the piperazine (Scheme 1). Similarly, a left part was synthesized, which was subsequently
connected to the right part via a propane ether linkage. A bromopyridine is bridged through the
aliphatic nitrile and the amidic Michael acceptor and represents the most eastern part of the final

probe.

First, molecule 8 is acylated by using butyryl chloride and triflic acid in a Friedel-Crafts reaction
(Scheme 2). The strong acid reacts with the acyl halide to form a triflate anhydride, a potent
acylating agent. The formed acylium cation reacts in an electrophilic aromatic substitution with 8.
The aromatic ring interacts with the electrophile to form a 7zcomplex. This favors the formation of
a positively charged and delocalized arene o-complex. Aromaticity is reestablished under the
collapse of the o-complex and through the capturing of a proton by the trifluormethane sulfonate.
The hydroxy group's positive mesomeric (+M)-effect increases the electron density in the aromatic

system and directs the electrophilic attack of the anhydride to the para-position.

(e}
C|)J\/\ 0
TfOH
- —>
HO 0°C->rt,1h,92 % HO
8 9

Scheme 2 | Representation of 9, starting from 8.  Molecule 9 was synthesized in a Friedel-Crafts acylation from

molecule 8 using butyryl chloride and triflic acid.

Analogous molecule 10 is alkylated in a Sn2 reaction. The nucleophilic nitrogen of the piperazine
attacks the a-carbon of the alkyl halide (Scheme 3). At the same time, the bromo species is
released. The base deprotonates the amine, which leads to the formation of product 11. The
reaction proceeded with a low yield of 25 %, as the product was difficult to purify due to the high
polarity of the secondary amines of the piperazine. For the yield determination, only pure fractions
were included, whereas many fractions with a low purity of the target structure were discarded.

Impurities were detected as unreacted starting material 10.

31



Results

/\ Br
KzCOs, acetone
HN : N
O“ rt, on, 25 % ) ///\ K/)“
~"0H ~"0H

10 1"

Scheme 3 | Representation of 11, starting from 10.  Molecule 10 was alkylated in a nucleophilic substitution reaction
to yield 11.

Molecule 12 was obtained by linking 9 and 11 in a Mitsunobu reaction (Scheme 4). In the first
step, the triphenylphosphine nucleophilic attacks the diisopropyl azodicarboxylate (DIAD) to yield
a betaine intermediate. The so-formed negatively charged nitrogen of the hydrazine deprotonates
the hydroxy group of phenol 9. The triphenyl phosphine forms an oxyphosphonium intermediate
with alcohol 11 and the DIAD is released. The attack of the deprotonated phenol upon the
oxyphosphonium intermediate results in the collapse of this species and yields the desired
product 12 and triphenylphosphine oxide. A yield of 70 % was achieved as difficulties during the
purification arose, as the emerging triphenylphosphine oxide was challenging to separate and the

repeated chromatographic purification steps resulted in the loss of the product.
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Scheme 4 | Representation of 12, starting from 9 and 11.  Molecules 9 and 11 are linked together via a Mitsunobu

reaction.

To have another site for further modifications available, the ketone of 12 was reduced to a primary
amine, which was then acylated to introduce the nitrile warhead of the probe (Scheme 5). In the
first step, the ammonium acetate acts as a nitrogen donor. The ketone reacts with the amine of
the ammonium acetate to form a hemiaminal species, which collapses under the condensation of
water to form an iminium ion. The mild reducing agent transfers the chemoselective hydride to
the iminium ion, yielding the primary amine 13. For the N-acylation of 13, [O-(7-Azabenzotriazol-
1-yD)-N,N,N’,N'-tetramethyluronium-hexafluorphosphat] (HATU) was used as the coupling reagent
to prevent occurring acid-base reactions, which would inhibit the formation of the desired product.
First, the base deprotonates the cyanoacetic acid. The so-formed carboxylate anion attacks the
electron-deficient carbon atom at the urea moiety of HATU. The HATU collapses under the

release of a 1-hydroxy-7-azabenzotriazole (HOAt) anion. The HOAt anion reacts with the
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carboxylic acid to form an activated ester species. In a final step, the amine reacts with the

activated ester to yield a stable amide bond and the desired product 14.

Q NaBH:CN, MeOH HATU, HOAt, DIPEA, DMF o
CHsCOONHa4 cyanoactic acid
/\N /@)K/\ —) /\N/ﬁ NH, /\N ”)‘7
K,N\/\O 40°C,69h K/N\/\O t4h > K/N\/\o I
12 13 14 N

Scheme 5 | Two-step reaction to obtain molecule 14 from 12. The mild reagent sodium cyanoborohydride reduced
the ketone of 12 to obtain a primary amine for further modification. The amine was then coupled to cyanoacetic acid to

introduce the nitrile warhead to the probe.

The low yield of 15 % over two steps may depend on several factors: First, the iminium species,
in the reductive amination, was only allowed a very short period of time to form by the direct
addition of the reducing agent. Indeed, mass spectrometry or other analytical methods could not
verify the total conversion of the starting material to the iminium species. Letting the acetate and
the ketone 12 stir for several hours could have been critical. Furthermore, the formed water was
not removed from the reaction, which might have inactivated the ammonium cyanoborohydride.
In addition, the cyanoacetic acid features a very acidic C-H bond at the a-carbon, which might
react with the nitrile group of another cyanoacetic acid molecule or the alkyne moiety of 13,

resulting in unwanted side products.

The 6-bromo-2-pyridinecarboxaldehyd was introduced via a Knoevenagel condensation to obtain
the final probe MS037 (Scheme 6). The F-alanine catalyzes the removal of the acidic proton from
the a-carbon of the cyan acetamide of 14. The resulting carbanion acts as a nucleophile and
attacks the carbonyl carbon of the aldehyde, whereas an alcohol is formed as an intermediate.

Water condensation yield the unsaturated Michael acceptor and the final aliphatic probe MS037.

(o] O
B-alanine, H-O/EtOH N Br
&/\Nﬁ N / > ///\N/\ N y N
K/ H I, oN, 48 % H |
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Scheme 6 | Representation of the final probe MS037, starting from 14. The Michael acceptor and the eastern part

of the final probe were introduced via a Knoevenagel condensation.
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3.1.3 Synthesis of aryl nitrile probes

The probe MS023 was derived from 2,3-dicyanopyrazine inhibitors, such as molecule 7, designed
to target USP7 and USP8. The selectivity towards USP8 was achieved by introducing an alkylated
oxime moiety, which represents the only exit vector for the attachment of the alkyne tag available
without major changes of the core scaffold. The cyanopyrazine is functionalized with two nitrile
groups and the exact covalent mechanism remains unknown. The first step in the synthetic design
was the construction of the tricyclic indenopyrazine. Analogously, a hydroxylamine was
generated, which is connected to the alkyne via an alkyl chain. Lastly, the hydroxylamine was
exchanged with the ketone to form an oxime and to yield the probe MS037. The probe was

isolated as an E/Z-isomeric mixture because of the free rotatability of the C=N bond.
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Scheme 7 | Synthesis of probe MS023. a) 2,3-diaminosuccinonitrile, EtOH, AcOH b) PPhs, DIAD, THF ¢) 1) N2Hs4 O
H20, EtOH 2) HCI in Et20 d) pyridine, molecular sieve

First, ninhydrin 15 forms the heterocyclic indenopyrazine 16 in a condensation reaction with 2,3-
diaminosuccinonitrile (DAMN). Ninhydrin exists in equilibrium with the triketone indane-1,2,3-
trione, which is susceptible to reactions with nucleophiles. The acidic environment favors the
protonation of the carbonyl groups, resulting in the formation of a partially positively charged
carbonyl carbon and a hydroxy group. The primary amine of the DAMN acts as a nucleophile and
attacks the carbon to form a C-N bond at the carbonyl. Further protonation at the hydroxy group
yield the condensation of water and the formation of a Schiff base. Another nucleophilic attack at
a second carbonyl carbon and subsequent condensation of water results in the formation of the
tricyclic core scaffold 16, equipped with two nitrile groups as warheads. Many by-products were
formed because of the uncontrolled reaction between the DAMN and ninhydrin. The reaction of
two DAMN molecules with ninhydrin prevented pyrazine formation. Two ninhydrins can get linked

by one DAMN molecule, resulting in further by-products. Therefore, only a low yield of 23 % of
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the desired product was achieved. Due to the fast feasibility, the low effort and the low cost of the

starting materials, the reaction was not further optimized.
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Scheme 8 | Representation of 16, starting from 15.  Molecule 16 is obtained in a condensation reaction of ninhydrin
with DAMN.

The hydroxylamine, which is later used to connect the alkyne tag to the probe core scaffold via
an alkyl chain, was generated in a two-step approach (Scheme 9). First, the hydroxy group of 17
was reacted with N-hydroxy phthalimide to introduce the masked nitrogen. Triphenylphosphine
was used to form a betaine intermediate from DIAD. This species reacts with the hydroxy group
of 17 under the generation of an alcohol-triphosphonium-ion. The nucleophilic attack of the N-
hydroxy phthalimide on the alcohol results in the displacement of triphenylphosphine oxide and
the formation of the desired N-alkoxyphtalimide 18. The subsequent hydrazinolysis of 18 followed
by an acidic workup, yields the desired hydroxylamine 19 as an HCI salt. The lone pair of the
hydrazine’s nitrogen nucleophilic attacks the carbonyl carbon of 18. Another nucleophilic attack
of the free amine of the hydrazine to the second carbonyl resolves in the formation of
phthalhydrazide and the displacement of the desired hydroxylamine 19. The increased kinetic

due to the a-effect of the hydrazine favors the formation of the thermodynamically favored product.
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Scheme 9 | Representation of 19, starting from 17.  The activation of pentynol with N-hydroxy phthalimide and the

subsequent hydrazinolysis results in the generation of hydroxylamine 19.

The ketoxime, linking the alkyne tag to the recognition element of the probe, was built up by the
condensation of the ketone 16 with hydroxylamine 19 (Scheme 10). The reaction was initiated by
a nucleophilic attack of the hydroxylamine to the carboxyl carbon. Reprotonation yielded a N-
hydroxy hemiaminal. Proton transfer resulted in the elimination of the former carboxy group as
water, yielding a carbenium ion. This was mesomerically stabilized through an N-hydroxyiminium

ion. Deprotonation resulted in the formation of the desired oxime MS023. Molecular sieves were

35



Results

used to prevent hydrolysis of the resulting oxime by the attack of water released during the
reaction. Despite the separability of both isomers on a HPLC prep column, an equilibrium of both
isomers was established again after a short period of time since the E-isomer can transfer into

the Z-isomer and vice versa due to the free rotability of the C=N bond.
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Scheme 10 | Representation of the final probe MS037.  The oxime, which links the alkyne tag to the probe's core

scaffold, was generated via a condensation reaction, yielding the probe MS023 as an E/Z isomeric mixture.

The aryl nitrile probes CG017 and CG041 were synthesized by Dr. Christian Grethe, and their
chemical synthesis is discussed in detail elsewhere.'>¥ In brief, CG017 was started from 4-
bromobenzyl amine. The primary amine was protected with di-tert butyl dicarbonate (Boc:0) to
prevent unwanted side reactions. Next, a phenol was introduced as a boronic acid via palladium-
catalyzed Suzuki coupling, whereas the halide of the Boc-protected bromobenzyl amine served
as the leaving group. The resulting biphenyl core acts as the recognition element of the final
probe. The hydroxy group of the phenol is further modified with 2,4-chloropyrimidine in a
nucleophilic aromatic substitution. The nitrile warhead was installed at the chloropyrimidine
through another nucleophilic aromatic substitution, using the chloro-substituent in 2-position as
the leaving group. The alkyne tag was introduced through an amide coupling to yield the final

probe CGO017 (Supplementary Scheme 1).

CGO041 was synthesized starting from Boc-protected 4-bromoethyl aniline, which is transformed
into a phosphonate intermediate in a Michaelis-Arbuzov reaction using triethyl phosphite. The
Horner-Wadsworth-Emmons reaction was used to link the phosphonate intermediate and a
benzaldehyde through an E-alkene. The resulting molecule presents the recognition element of
the probe CGO041. The cyanoindole warhead was accessed through the nucleophilic aromatic
substitution with malononitrile and a reductive workup. An amide coupling was used to install the

alkyne reporter and to obtain the final probe CG041 (Supplementary Scheme 2).
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3.1.4 Synthesis of cyanopyrrolidine probes

The synthesis of the cyanopyrrolidine probes GK13S, CG173, CGO50R was carried out by Dr.
Christian Grethe with the help of MSc. Gian Kipka. These probes are fundamental for this work
and their chemical design is described briefly: The probes GK13S and CG173 are based on the
compounds 3 and 4, which are patented as UCHLL1 inhibitors. CGO50R is based on compound 6,
described to target USP30. The molecules contain a cyanopyrrolidine moiety, which could
function as a milder warhead regarding reactivity and lead to less off targets compared to more
reactive covalently modifying groups. At the other end, the structures of 4 and 5 contain a
pyrrolopyridine and a pyrazole, in which various nitrogens were identified that could point out of
the catalytic pocket and be solvent exposed to attach the alkyne handle to further install the
reporter group. The structure of 3 includes a methoxyethyl group, which is connected via an amide
bond with the core scaffold to increase the inhibitor's solubility. The same amide bond was
exploited to install the alkyne at the final probe. The synthesis of GK13S starts with the N-nitration
of 3-nitroimidazole, which further reacts with 4-aminobenzoate to yield a biarylic methyl ester. The
nitro group is then reduced to the primary amine using palladium, which is then coupled to the
enantiomerically pure (S)-1-N-boc-pyrrolodine-3-carboxylic acid. The methoxy ester was
deprotected and the alkyl chain with the terminal alkyne was introduced via amide coupling. The
warhead was finalized by deprotecting the pyrrolidine and a subsequent reaction with cyanic
bromide to yield the final probe GK13S (Supplementary Scheme 3). The minimal probe GK16S,
the parent inhibitor and other derivatives of GK13S were prepared following a similar synthesis

strategy, which is discussed in detail elsewhere.[*>

The core scaffold of the probe CGO50R was generated by conjugating a 1-boc-pyrazole-4-boronic
acid pinacol ester to methyl-4-bromo-2-fluorobenzoate in a Suzuki coupling. After deprotecting
the pyrazole under acidic conditions, the so-formed free amine is alkylated with propargyl bromide
to introduce the alkyne handle. Base-mediated deprotection yields a free carboxylic acid,
available for amide coupling to install the enantiomerically pure (R)-1-boc-3-aminopyrrolidine. The
cyanopyrrolidine warhead is finalized by acidic deprotection and reaction with cyanic bromide
(Supplementary Scheme 4). While the probes GK13S and CG50 feature a cyanopyrrolidine as
their warhead, the structures contain opposing stereochemistry and reversed connectivity of the
heterocycles and the benzene. These design choices should address different DUBs despite the

same warhead.

The boc-protected pyrrolidine of the probe CG173 was installed at the bromoindoline core scaffold

via amide coupling. Following the transformation of the halide to a boronic acid pinacol ester for
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the introduction of the southern part of the core scaffold via Suzuki coupling. The alkyne handle
was attached to the secondary amine of the pyrrolopyridine as a propargyl residue. Subsequently,
the pyrrolidine was deprotected under acidic conditions and reacted with cyanic bromide to

generate the cyanopyrrolidine warhead and to obtain the final probe CG173.

3.2 Biological characterization of tool compounds t 0 study

deubiquitinases

This chapter describes the biochemical and cellular investigation of the synthesized probes (Aim
II). This includes the general evaluation of the probe library for binding in a lysis-based DUB
profiling assay. Probes targeting at least one DUB were further characterized regarding their

target spectrum, potency, specificity and mechanism of binding in an in vitro and cellular setting.

3.2.1 Evaluation of activity-based probe library id  entifies GK13S as a specific DUB
binder

Since most of the parent inhibitors were poorly characterized with regard to their mode of inhibition
and target spectrum, an in vitro assay was carried out to ensure that the alkyne-tagged versions
of these compounds (Fig. 11 A) could be attached to the reporter group and that they were able
to modify their described DUB covalently. The probe CG50R was used as a model compound to
find suitable conditions for follow-up experiments. Since CG50R was described to bind to USP30,
the catalytic domain of this enzyme was used in this test experiment. The covalent modification
was analyzed by LCMS. The spectrum recorded from the probe/DUB complex shows a mass shift
that corresponds precisely to the molecular weight of the probe, proving that covalent modification
with the molecules is detectable (Fig 11 B). A gel-based assay was executed to provide
information on whether the covalent bond between compound and protein is also stable in buffer
medium and whether the reporter group could subsequently be linked to the bound probe (Fig.
11 C). The biorthogonal copper-catalyzed azide-alkyne cycloaddition (CUAAC) was used to link
the alkyne of the probe with the azide of the reporter group. Cu(l) ions were utilized as the catalytic
species. The Cu(l) catalysis accelerates the reaction to as much as 10’ times faster than the

uncatalyzed reaction at ambient temperature.** The Cu(l) was generated
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Fig. 11 | DUB profiling with synthesized probe library. a) Selected probes for characterizing DUB binding in a
complex proteome. The possible warhead moiety for the covalent modification of their targets is highlighted in blue.
The alkyne moiety for the biorthogonal functionalization is colored green. DUBs the parent inhibitors are reported to
bind to are annotated left. b) Covalent modification of the catalytic domain of USP30 was demonstrated using CG50R
as a model compound. ¢) The catalytic domain of USP30 can be fluorescently labeled and visualized using CG50R. d)
Schematic workflow to identify covalently bound DUBs by the probes. A complex proteome was either incubated with
a Ub-VS probe followed by small molecule probe treatment (left path) or treated with the probe only (right path). The
band disappears on the lanes incubated with the Ub-VS first, indicating a modified DUB. e€) DUB profiling in HEK293
cell lysates treated with indicated compounds (1 pM, 1 h). Lysates were preincubated with Ub-Vs where shown. The

black arrow hints that a Ub-VS competitive protein target is also modified by activity-based probes GK13S and CG173

in situ by the reduction of copper(ll) sulfate pentahydrate (CuSOa4x 5 H>O) with sodium ascorbate.
To inhibit the disproportionation of the Cu(l) species, specialized ligands are used for stabilization.
The first applied ligand was Tris((1-benzyl-4-triazolyl)methyl)amine (TBTA). However, TBTA is
poorly soluble in water, so that available ligands were improved for better biocompatibility. Since
in the present work, the CUAAC was mainly performed in aqueous buffers, 2-(4-((Bis((1-(tert-
butyl)-1H-1,2,3-triazol-4-yl)methyl)amino)methyl)-1H-1,2,3-triazol-1-yl)acetic acid (BTTAA) was
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the Cu stabilizing ligand of choice, due to its improved solubility compared to TBTA. A fluorophore-
azide reporter was used for the visualization of bound proteins. Indeed, a fluorescence band
appeared only on the lane where the catalytic domain of USP30 was treated with the probe
CGH50R (Fig 11C, left image, last lane). This demonstrates the ability of CG50R to form a covalent
conjugate with the catalytic domain of USP30. In addition, the alkyne functionality of the probe is
generally amenable to the cycloaddition with the reporter azides under the tested conditions. No
band appeared on the lanes treated with the DMSO, excluding the non-specific labeling of the
catalytic domain of USP30 not modified with the probe and proves the biocompatibility of the
CuAAC. In the coomassie gel, a slight upshift of the band is observable, where the sample was
treated with the small molecule probe (Fig 11C, right image, last lane). This small size shift results
from the covalent modification with the probe and the conjugation with the reporter group,
corroborating a full conversion of the CuAAC. It was unlikely that this shift was due to the
modification with the probe alone, as the mass of the compound was too small to cause a visible
shift. The successful establishment of the CuACC act as a basis for the coming up ABPP

experiments.

To follow up with the complete library to characterize the small molecule probes for the covalent
modification of DUBs and other cellular proteins unbiasedly, a ubiquitin probe competition
experiment was performed (Fig 11 D, E). A whole proteome lysate, generated from HEK293 cells,
was split up. One half was treated with the small molecule probe library, modifying DUBs and
other non-DUBs they bind to. The other half was preincubated with an Ub-VS suicide probe,
binding covalently and unspecific to all DUBs in a given proteome. The same samples were
treated with the small molecule probes afterward. In those samples, the small molecule probes
were unable to bind to a DUB since the Ub-probe blocked the binding site. All molecules are fused
to the fluorophore reporter to visualize all protein-probe conjugates. Comparison of Ub-VS treated
and Ub-VS non-treated samples reveals covalent modification of a DUB by the small molecule
probe because the fluorescent band visualizing the deubiquitinase disappears only where the
samples were preincubated with the Ub-VS probe. This pattern is remarkably observable for a
DUB of approx. 30 kDa in the samples treated with the cyanopyrrolidine probes GK13S and to a
lesser extent, with CG173. These findings elevated those probes to candidates for in-depth
characterization and tools to study the bound deubiquitinase (Fig 11 E). Other probes (CG017,
CG041) failed to modify any proteins or were incompatible with the CuAAC due to steric hindrance
upon binding to their protein targets, making the alkyne less available for the cycloaddition. The
small molecule probes CG50R, MS037 and MS023 showed many fluorescently labeled proteins

within the HEK293 proteome. However, the pattern suggesting the covalent modification of a DUB

40



Results

by these probes was not detectable. Treatment with MS023 resulted in an intense fluorescence
signal at approx. 55 kDa, suggesting the modification of non-DUB protein, which might be relevant
in other experimental settings. Even though the binding of CG50R to the purified catalytic domain
of USP30 was confirmed, no binding to USP30 with the probe was detectable in a complex
proteome. However, in a later assay, focusing on detecting USP30 with small molecule probes in
a living environment, the binding of CG50R to the DUB was established and visualized (see Fig.
30 E). In the underlying assay, the targeted DUBs may be too low abundant and the fluorescence

of other non-DUB proteins obscures their detection.[*5¢!

Collectively, the established assay for testing the probe library for DUB modification resulted in
the identification of a bound DUB by the probe GK13S. A similar pattern, suggesting the
modification of a DUB, was visible for the probe CG173, but also the fluorescence background
resulting from bound off-targets were much higher compared to GK13S. Other probes did bound
to a lot of non-DUB proteins but did not show the desired pattern that suggested the covalent
modification of a DUB. Still other did not show any fluorescence bands, suggesting that either no
protein was modified by the probe or the CUAAC failed. Reasons for this could be inaccessibility

of the alkyne at the probe or the conditions used did not lead to a sufficient reaction.

As the small molecule probe GK13S showed the most promising fluorescence pattern for
covalently modifying a DUB, the following characterization was focused on this probe. To
establish a stable CUAAC for all advanced ABPP experiments a dedicated click reagent screening
was carried out (Supplementary Fig. 1). This was to find the best possible conditions first with
purified protein, to then transfer them to a cellular context. Since the parent inhibitor of GK13S
was described to inhibit UCHL1, purified UCHL1 was used in all test experiments. Initially, 1 mM
CuS0O4 x5 H,0, 1 mM BTTAA, 5 mM sodium ascorbate and 10 uM fluorophore azide were used
as a standard condition. Based on this standard condition, the concentration of one reagent per
sample was varied. To cover a range of concentrations, each reagent was used in five times
higher (H, high) and five times lower (L, low) concentrations compared to the standard
concentration (Supplementary Fig. 1 A). In addition, TCEP, TBTA and a rhodamine azide were
tested as alternatives for sodium ascorbate, BTTA and the TAMRA fluorophore, respectively. The
CuAAC with purified UCHL1 under standard conditions resulted in a double band after the
fluorescence readout. By using a lowered copper concentration, the equilibrium was shifted to the
upper band. Increased copper concentration might damage or attach to the protein, affecting its
running behavior in the gel and causing multiple fluorescence bands to appear. An increased

BTTAA as well as an increased azide concentration resulted in increased fluorescence intensity.
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Changing the sodium ascorbate concentration did not appear to affect the reaction. Using TCEP
as a reducing agent does not result in any fluorescence and therefore was not used for further
experiments. Also, the use of TBTA as an alternative ligand, as well as the rhodamine fluorophore
had no positive effect on the reaction. The testing of different conditions resulted in increased
fluorescence intensity compared to the standard when 5 mM BTTAA and 100 pM of the azide
were used. In addition, lowering the copper concentration to 0.2 mM resulted in the disappearance

of two fluorescently labeled UCHL1 species.

These data led to a second round of optimization comparing the best conditions of each reagent
from the first round (Supplementary Fig. 1 B, C). This optimization established the use of 5 mM
BTTAA, 0.2 mM CuSO. x 5 H,O, 100 uM TAMRA/BiIotin azide, 5 mM sodium ascorbate as the
improved conditions for the CUAAC with purified UCHL1. Next, these conditions were used to link
GK13S to the reporter after it bound to endogenous UCHL1 in a cellular setting (Supplementary
Fig. 1 D). However, the high concentration of the fluorophore azide resulted in unspecific
modification of proteins within the cell lysate. This observation led to a third round of optimization
on the CUAAC in cell lysates. Initially, different azide and copper concentrations were investigated
in the background of constant BTTAA and sodium ascorbate concentrations (Supplementary Fig.
1 E, F). It was found that a low copper concentration was not sufficient to link bound GK13S to
the reporter, as the copper may have been quenched by components in the cell lysate. Azide
concentrations up to 40 uM could be applied without excessive occurrence of non-specific
labeling. However, since concentrations above 20 uM did not further increase the fluorescence
intensity of the UCHL1 band, an azide concentration of 10 — 20 uM was chosen for further
experiments. In the further course of the project, the CUAAC was further investigated in the

context of small molecule probes (see Fig. 28 B, C).

Collectively, a screen for improved reagent conditions in the CUAAC resulted in the use of 5 mM
BTTAA, 0.2 mM CuSOs4 x 5 H,0, 100 uM TAMRA/Biotin azide and 5 mM sodium ascorbate for
linking the reporter to GK13S bound to purified UCHLL1. Since those conditions led to unspecific
labeling in cell lysates, the conditions were adjusted. Optimizations in HEK293 lysates led to
improved reagent concentrations of 5 mM BTTAA, 1 mM CuSO4 x 5 H,0O, 10-20 pM TAMRA/Biotin
azide, and 5 mM sodium ascorbate for attaching the reporter to GK13S modified UCHL1 in

complex protein mixtures via the CUAAC.

Furthermore, the covalent modification of UCHL1 by the probes GK13S and the successful
CUuAAC under the established conditions were investigated in more detail via intact mass

spectrometry (Fig 12A). This reporter group allows the side-by-side fluorescent visualization and
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the enrichment of probe-bound proteins. At a concentration of 10 pM, GK13S almost completely
modifies UCHL1 after one hour of incubation time. After two hours, 100 % of the purified UCHL1
is bound by the probe (Fig. 12A, bottom spectrum). Also, the CuUAAC with the TAMRA/Biotin
reporter shows full conversion. The formation of copper adducts during the measurement leads
to a broadening of the peak and results in deviations from the calculated mass of the complex.
However, the absence of unmodified or the GK13S bound species demonstrates the successful
and biorthogonal course of the reaction. In addition, these data suggest that a suitable position

for the attachment of the alkyne group was identified.

To further investigate the ability of GK13S and CG173 to covalently modify UCHL1 in complex
protein mixtures, cell lysates from other cell lines were incubated with the probes (Fig. 12B).
Samples generated from PC-3 cells, a cell line endogenously expressing UCHL1, showed a
prominent fluorescent band upon compound treatment of the same height as seen before in
HEK?293 cells. Upon pretreatment with the Ub-VS probe, the band disappears, indicating that a
DUB was covalently modified. Cell lysates generated from MCF-7 and HelLa cells, both cell lines
which are known to have a shallow UCHL1 expression level®”, lacking the band of approx. 30
kDa. This corroborates that the deubiquitinase bound by GK13S and CG173 is indeed UCHLL1.

Despite the presence of a large number of other active DUBs in the sampled cell lysates™®¢], no
other ubiquitin-competitive bands were observed. Other non-ubiquitin competitive bands
indicating non-DUB targets that were covalently modified by the cyanopyrrolidine probes.
Whereas the most prominent one appeared just below the DUB target. Since this band gets more
intense in the absence of UCHLL, it is reasonable to assume first the DUB target and then the

unknown non-DUB target was modified less abundantly by the probes.

Taken together, the pattern of protein targets is similar throughout all tested cell lines for both
compounds, but the fluorescence ratio for the DUB-probe competitive signal is stronger for the
probe GK13S. From here on, the research was focused on the small molecule-based probe
GK13S to characterize it as a tool compound to study the DUB UCHL1.
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Fig. 12 | GK13S shows a stable modification of UCHL1.a) The small molecule-based probe GK13S was incubated
with the purified DUB UCHL1 and conjugate formation was read out via intact mass (left panel). The shift in molecular
mass indicates the covalent modification with the compound (middle spectrum). The second shift proves the successful
cycloaddition and the linkage of the reporter with the probe (bottom spectrum). UCHL1 and the molecular structures of
GK13S and the used reporter are shown schematically (right panel) b) The binding of the probe to UCHL1 was tested
in cell lysates generated from three different cell lines. The black arrow indicates the height of the UCHL1 band. MCF-
7 and HelLa cells were known not to express UCHLL1.
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3.2.2 Cellular characterization yields a pair of ch  emogenomic probes for UCHL1

After confirming the covalent modification of a DUB by GK13S, a set of control compounds were
included for further characterization of the probe. Those compounds were synthesized by Dr.
Christian Grethe with the help of MSc. Gian Kipka (Fig. 13 A). This includes an inactive control
compound that lacks the nitrile warhead at the pyrrolidine. As a result, this compound can not
modify any of its targets covalently. Additionally, probe GK16S was synthesized. GK16S
represents a minimalistic version of GK13S, lacking the central recognition element but still
consisting of the cyanopyrrolidine warhead and the alkyne moiety. This class of probes was
termed “minimal probes”. GK16S acts as a control compound to distinguish between targets that
were covalently engaged by the reactivity of the cyanopyrrolidine warhead alone and targets that
interact with the recognition element non-covalently and then are modified by the nitrile group of
the warhead. Since the structures contain a chiral center at the cyanopyrrolidine, the S- and the
R-stereoisomer were prepared. Thus, the influence of the chiral center on the potency of the

molecules could be investigated.

In order to find a suitable compound concentration needed for sufficient inhibition, cell lysates
were treated with the probes and their derivatives in various concentrations (Supplementary
Fig. 2). This was followed up by activity-based protein profiling in intact cells to investigate the cell
permeability and the specificity of the probes at different concentrations (Fig. 13 B). The cells
were incubated for 24 h after which all probe modified proteins were visualized through TAMRA
fluorescence. As expected, the control probes GK12S and GK12R failed to modify any proteins
in a complex environment by lacking the electrophilic warhead. A slight fluorescent background
is visible due to the non-specific attachment of the fluorophore to highly abundant proteins rather
than the modification with the control compounds (Supplementary Fig. 2, Fig. 13 B). Only the
probe GK13S shows a concentration-dependent band at approx. 30 kDa. Visible at 0.1 pM
exclusively for GK13S, it was also visible at higher concentrations for the other probes.
Corroborating that the modification with GK13S was much better tolerated than with the
stereoisomer GK13R and that the choice of the chiral center influenced the probes potency
towards this protein. The same effect was observable for the epimers GK16S and GK16R,
because at a concentration of 1 pM, the modification with the S-isomer results in a more intense

fluorescence intensity than with the R-isomer. The intensity of this band in samples
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Fig. 13 | Cellular characterization of pair of chemogenomic probes. a) Overview of synthesized GK13S derivatives
for cellular characterization. Schematic representation of the parent inhibitor, consisting of the recognition element
(grey) and the warhead (blue) only, the activity-based probe bearing an additional alkyne moiety (green), the inactive
control probe lacking the warhead and the minimal probe lacking the recognition element (upper panel). Molecular
structures of each derivative in the S-conformation (middle panel) and the R-configuration (lower panel). b) Activity-
based profiling in intact HEK293 (24 h treatment) cells visualize the specificity and the reactivity of the probes GK13
and Gk16 within a complex proteome. ¢) Counter assay to verify the binding of GK13S to a DUB in intact cells. HEK293
cells were treated with indicated compounds (24 h), lysed and treated with an Ub-VS probe. A decrease in band
intensity indicates probe binding to a DUB. d) GK13S and GK16S present a set of chemogenomic pair of probes.

Schematic Venn diagram describes the pool of proteins in complex mixtures to which both probes bind.

treated with the minimal probe GK16S appears much weaker than GK13S, indicating that the
recognition element positively influences the binding of the probe to the protein. Just below this
band appears another band of a low molecular protein modified by all compounds. Already
observable in the DUB profiling assay (Fig. 12 E), this band represents a non-DUB off target. This
protein is modified with GK13S at 1 uM less potent than the upper band. The bands indicate only
a slight stereo preference of the R- of the S-isomere. The minimal probe, in contrast, shows a
more potent binding, resulting in increased fluorescence intensity of the lower band. Furthermore,

the band intensity highlights a clear stereo preference of the R-isomer over the S-isomer of GK16.
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A protein between 55 — 70 kDa represents another non-DUB off-target, covalently modified by all

probes.

To confirm the fluorescent band of approx. 30 kDa belongs to the DUB targeted by GK13S in the
DUB profiling assay, a counter screen was carried out (Fig. 13C). In this assay, intact HEK293
cells were treated with the S-isomers of the probes, which appeared to be more potent against
the DUB of interest. The cells were lysed and the proteome was incubated with an HA-Ub-VS
probes, binding to the catalytic center of all active cysteine DUBs within the complex mixture that
was not occupied by any of the probes. Anti-HA western blotting revealed the concentration-
dependent signal decrease for a DUB of approx. 30 kDa (the band appears at ~40 kDa, which is
the DUB’s molecular weight, plus the HA-Ub-VS), only for samples that were treated with the
probe GK13S. This decrease was not observable for any other DUB, visualized in this assay.
Interestingly, treatment with the minimal probe GK16S results in no decrease of the band
corresponding to the DUB of interest. Taken together, GK13S covalently modifies a DUB in a
living environment. GK16S is not binding to this DUB but modifies all off-targets bound by GK13S.
This highlights the importance of using a pair of chemogenomic probes for the specific
investigation of a non-overlapping target to distinguish between phenotypes that result from
inhibiting the protein of interest or an off-target (Fig. 13D). The term “chemogenomic” describes
well-defined tool compounds, that can be used to assign specific phenotypes to their target

proteins upon inhibition.*%%

To identify the modified DUB and to corroborate that the minimal probe GK16S has the same
target spectrum except the DUB of interest as GK13S, a proteomics-based target identification
for both probes was carried out. Intact cells were treated with the alkyne-tagged probes. After
covalent modification of their targets, the cells were lysed and a biotin azide was fused to the
alkyne handle via the CuAAC. These protein-probe-biotin conjugates were separated from the
remaining proteome by the enrichment on streptavidin beads. All targets got digested on the
beads and subsequently identified via liquid chromatography-mass spectrometry (Fig. 14 A). As
already speculated, treatment with 5 uM GK13S results in the identification of the DUB UCHL1
being the most enriched protein. Around 3000 times (logarithmic enrichment factor of 11.5) more
UCHL1 was captured in the GK13S samples compared to the DMSO treated samples (Fig. 14
B). This is consistent with the band intensity at approx. 30 kDa from the previous experiments
(see Fig. 11 E and 13 B).

The enrichment with 5 uM of the probe results in the enrichment of two major off-targets: PARK7

and C21orf33. PARKY, also known as DJ1 is a multifunctional protein with a molecular weight of

47



Results

20 kDa. It is described to play an important role in cell protection against oxidative stress.®°! The
loss of function of the PARK7 gene results in early-onset PD. The exact role ascribed to DJ-1 in
PD patients is unknown, but the connection to this disease demonstrates its relevance as a

therapeutic target.'*Y The structure includes an active site with a catalytic dyad,
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Fig. 14 | Proteomics-based ABPP reveals UCHL1 as the DUB tar get of GK13S. a) Schematic procedure of the
proteomics-based ABPP. Intact cells get treated with the probe, the cells get lysed and the biotin handle was installed
via CUAAC. Covalently modified proteins were captured on streptavidin beads. The enriched proteins were digested
and the resulting peptides were subsequently analyzed by mass spectrometry. b, ¢) Target spectrum of indicated
probes visualized as volcano plots. The x-axis indicates the relative label-free abundance ratio (fold change) of proteins
between compound-treated samples and the DMSO control (b, c)) or the minimal probe GK16S (c)), right panel.

consisting of Cys106 and His126. PARK?7 displays a low glyoxalase- and a deglycase activity.[162
The PARK7 homolog C210rf33 also annotated as GATD3, is a 28 kDa protein that serves as a
mitochondrial glutamine amidotransferase.l*%3 Other prominent enriched off-targets include
several aldehyde dehydrogenases and the omega-amidase NIT2. Since all of these proteins
feature catalytic cysteines, it is not surprising that they were addressed by the electrophilic
warhead of the probes and thus enriched on the beads. The family of the aldehyde
dehydrogenases includes several members that have a mass above 55 kDa and could thus be

assigned to the band fade band between 55-70 kDa, visible for both probes (see Fig. 13 B).
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Furthermore, a large number of proteins were enriched less abundantly, which is consistent with
the slight fluorescent smear, observable in previous experiments with GK13S at higher
concentrations (see Fig. 13 B). This number of proteins drastically decreased when the probe
was used at a lower concentration, highlighting the importance to find the appropriate
concentration window (Fig. 14 C). At a concentration of 1 pM, UCHLL1 still belongs to the most
abundantly enriched proteins of GK13S (enrichment factor ~8). However, the off-targets
mentioned above were also still covalently modified at this lower concentration. The major off-
targets, PARK7 and C21orf33 present a high enrichment factor of 6-8. Importantly, all non-DUB
off-targets, but not the DUB UCHL1, were also prominently enriched by the minimal probe.
Subtraction of the spectra of both probes at 1 uM leaves the DUB UCHL1 as the only significant
enriched protein (Fig 14 C, right plot). This finding strongly supports the hypothesis to use GK13S
and GK16S, as a pair of chemogenomic probes to enable the specific investigation of the UCHL1
in a living environment to distinguish between phenotypes that result from inhibiting either the
DUB or one or more of the non-DUB targets. The stereocisomer GK13R also enriches the off-
targets PARK7, C210rf33, NIT2 and several aldehyde dehydrogenases with an equal potency as
GK13S. However, the volcano plot also shows that UCHL1 is significantly less enriched. Thus,
highlighting once again the importance of the stereocenter of the probe to modify the DUB of

interest (Supplementary Fig. 3 A).

Collectively, the DUB bound by the probe GK13S, but not by GK16S was identified as UCHL1.
Treatment with GK13S at a concentration of 5 uM, resulted in UCHL1 being the most enriched
protein, but also various other non-DUB proteins were isolated. This number drastically decreased
when the concentration was lowered. Treatment with GK16S resulted in a similar target spectrum
and subtraction of the fold change values (GK13S-GK16S) resulted in UCHL1 being the only
protein significantly enriched with GK13S. The proteomics based ABPP revealed the target
spectrum of both probes, identified the bound DUB as UCHL1 and demonstrated that the click
can be utilized to introduce a biotin moiety for the enrichment of DUBs with the probes.
Furthermore, this experiment corroborated the finding, that both probes can be used as a
chemogenomic pair of probes, which is of immense value for the specific study of UCHL1 in order

to precisely trace possible phenotypes after inhibition to the modified DUB.

A genetic knockdown (kd) of UCHL1 and PARKY7 in HEK293 cells validated the results from the
proteomics-based target identification. RNA interference was used to determine which
fluorescence band corresponds to which protein found by mass spectrometry (Fig. 15A).

Knockdown of UCHL1 resulted in decreased fluorescence intensity of the upper band where
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Fig. 15 | Genetic perturbation to validate the results of th e proteomics-based ABPP. a) siRNA knockdown of
UCHL1 and PARK7 in HEK293 cells. Cells were treated with indicated compounds to unravel that UCHL1 corresponds
to the upper and PARK?Y to the lower fluorescence signal. b,c) Overexpression (OEXx) of a catalytic inactive C90A Flag-
UCHL1 mutant (b)), a catalytic inactive C106A Flag-PARK7 mutant (c)) and the wild type of both proteins uncovers the
probe modification sites for the proteins.

samples were treated with GK13S. Therefore, the upper band can likely be assigned to UCHL1.
Even though the western blot proves the complete depletion of UCHL1, a fluorescence signal on
the height of UCHL1 is still visible. Since C210rf33, the second major off-target of the probes, has
a similar molecular weight as UCHL1, both proteins likely run on the same height. Therefore, the
misleading fluorescence signal corresponds to modified C21orf33 rather than UCHLL. This
hypothesis is supported by the presence of a weak upper band in samples treated with GK16R
that does not change in intensity upon the depletion of UCHL1. As labeling with the R-isomer of
the minimal probe resulted in a stronger fluorescence signal of the lower band, it was used in this
experiment (see Fig. 13B). The kd of PARKY resulted in a decrease of the lower bands after the

labeling with both probes, clarifying that this band corresponds to the protein.

To elucidate if the catalytic cysteines are the covalent modification sites of both proteins, a wild
type and a catalytic cysteine deficient mutant (C90A for UCHL1 and C106A for PARKY) were
overexpressed in HEK293 cells (Fig. 15 B, C). In the case of UCHL1, Cys152, located at the
cross-over loop, presents another reactive site the probe might covalently modify. This cysteine
functions as a reactive oxygen species (ROS) scavenger, protecting the catalytic cysteine from
oxidation.*®4 Overexpression of the catalytic inactive mutant abolished the fluorescence signal,
whereas the overexpression of the wild type resulted in a strong fluorescence band. This
confirmed the catalytic cysteine of UCHLL1 as the labeling site of GK13S. The DUB is not only
labeled but also inhibited in its catalytic activity by the probe. The R-isomer shows a comparable

trend, although the fluorescence band for the wild type is weaker due to the lower potency of the
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probe (Fig. 15 B). The minimal probes show only weak binding to the over-expressed wild-type
construct, affirming the weak potency towards UCHL1. However, overexpression of the wild-type
PARKY, but not the catalytic inactive mutant, led to covalent modification of all probes. This not
only confirms the catalytic cysteine as the covalent modification site, but also the acceptance of
warheads with five-membered ring systems within the catalytic pocket, irrespective of their stereo

configuration.

3.2.3 GK13S shows exquisite binding parameters for UCHL1

Now that mass spectrometry-based proteomics aided the identification of the modified DUB as
UCHLL1 and the cellular targets of GK13S were known, the specificity and the binding affinity of
the probe for UCHL1 was investigated in more detail. Those in vitro experiments were carried out
with recombinant proteins. To determine concentrations at which the S-isomer of GK13 shows
superior binding to UCHL1 over the R-isomer, intact mass spectrometry was used. Furthermore,
the concentration window that results in binding to the pronounced off-target PARK?7 was
investigated for both isomers of the probes and the minimal probes (Fig. 16). At a lower
concentration of 1 uM the more potent S-isomer is still modifying UCHL1, resulting in a mass shift
compared to the DMSO spectrum, which corresponds to the exact molecular weight of the probe.
At the same concentration, the R-isomer does not show this characteristic mass shift. Therefore,
it can be assumed that the R-isomer is not inhibiting UCHL1 at 1 uM (Fig 16A). The intact mass
also shows that the incubation of the probe with the protein results in a complex following a 1:1
stoichiometry. This, together with the results from the overexpression of the inactive mutants,
corroborates that GK13S exclusively reacts with the catalytic Cys90. At higher concentrations (10
HM), no stereo preference for the covalent modification is observed since both GK13 isomers

show complete modification of UCHL1 and PARK7 in a 1:1 complex.
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Fig. 16 | GK13S shows superior binding towards UCHL1 at 1 uM . a) Intact protein mass spectra of the probes
GK13S and GK13R incubated with recombinant UCHL1. The S-isomer shows potent binding at 1 uM, whereas the R-
isomer does not. b) Intact protein mass spectra of both GK13 isomers and the minimal probe GK16S at 10 uM were
incubated with recombinant UCHL1 and PARKY. Higher concentrations resulted in the modification of UCHL1 by both
GK13 isomers but not by the minimal probe GK16S. The molecular structures of used probes are shown on the left.
Data was recorded and analyzed by Dr. Christian Grethe.

However, even at high concentrations, the minimal probe GK16S does not bind to recombinant
UCHL1 but is still active against the major off-target protein PARK7 (Fig. 16B). Incubation with
the stereoisomers of the inactive probe analog GK12 did not result resulted in a mass shift for
either UCHL1 or PARKY (Supplementary Fig. 4). Highlighting the use of these analogues as
control compounds and the need of electrophilic warheads to probe for deubiquitinases. Together,
GK13S and GK16S can be used as a pair of chemogenomic probes to covalently modify the DUB
UCHL1 and discriminate off-targets such as PARK7 up to a concentration of 10 uM. To exploit
the stereo preference of the S-configuration towards UCHL1, a probe concentration of 1 uM

should be used.

To understand the probe’s inhibitory potency, several in vitro experiments were carried out by Dr.
Christian Grethe. A Ub-rhodamine cleavage assay was performed to determine the potency of

the parent molecule Cpd158, the probe GK13S, the minimal probe GK16S, the inactive control
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Fig. 17 | GK13S potently binds UCHL1 in vitro and in cells. All In vitro assays were performed by Dr. Christian
Grethel’>¥ a) A Ub-rhodamine cleavage assay was carried out to determine the inhibitory potencies from all probes
and corresponding analogs. b) Kinetic assay to determine the kobs/[I] value for GK13S covalently modifying UCHL1 at
indicated concentrations. DMSO and a blank well were used as controls. The rate constant kobs Was determined from
the upper plot. To obtain kobs/[l] value, the rate constant was plotted against the used probe concentrations and
calculated from the resulting slope. c¢) Thermal shift assay to demonstrate the melting temperature (Tm) of UCHL1
preincubated with the indicated compounds. e) Cellular Ub-probe competition assay demonstrates UCHL1 target

engagement by the probes in a complex environment. Data was recorded and analyzed by Dr. Christian Grethe.

compound GK12S and their respective stereoisomeric counterparts against UCHL1 (Fig. 17 A).
In this assay, a ubiquitin is conjugated to a rhodamine-glycine fluorophore at its C-terminus (Ub-
Rh). This macromolecule mimics a substrate, which was recognized by deubiquitinases. The
enzyme cleaves the amide bond between the rhodamine-glycine and the C-terminus of ubiquitin,
generating free ubiquitin and rhodamine-glycine. While the Ub-Rh is non-fluorescent, the cleaved
and de-quenched version exhibits intense fluorescence at 485 nm. %! Catalytic active DUBs show
a massive increase in fluorescence intensity over time, whereas inhibition results in low

fluorescence intensity.

The obtained I1Cso values for the parent inhibitor (129 + 68 nM) and the probe GK13S (50 * 15

nM) indicate a comparable potency of both compounds. Furthermore, this data proves that the
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decoration of the structure with the alkyne tag does not interfere with the potency of the probe.
The measurement with GK13R results in an ICsovalue (2094 + 164 nM) that demonstrates approx.
40 times worse inhibition of UCHL1 compared to the S-configuration. Using either the minimal
probes GK16S/R or the inactive control probes GK12S/R in this assay resulted in no quantifiable
inhibition of UCHL1 (>100 pM). This demonstrates the need for a recognition element within the

probes to enable sufficient binding towards UCHL1 for covalent modification.

As the binding behavior of covalent compounds is described more accurately by the time-
independent kinetic parameter kops/[l], an assay was carried out to determine the Kops/[l] for GK13S
and GK13R (Fig. 17 B and Supplementary Fig. 5). The rate constant kos was determined by
incubating UCHL1 with the probe at a variety of concentrations without preincubation. The rate
constant was calculated from the resulting graph and plotted against the inhibitor concentration
to determine the kinetic parameter kobs/[1]. This parameter describes the inactivation efficiency (M-
1s1) of a given covalent inhibitor. The resulting value of 681 + 99 Ms! describes a rather slow
inactivation efficiency, consistent with the comparatively weak electrophilicity of the
cyanopyrrolidine warhead. However, the S-configuration shows an approx. 40 times more efficient

inactivation of UCHL1 compared to the R-isomer.

To test whether a binding by the probe results in enhanced UCHL1 stability and therefore
increases its melting temperature (Tm), a thermal shift assay (TSA) was carried out (Fig. 17 C).
In this assay, samples with recombinant UCHL1, either treated with the compounds or DMSO as
a control, were heated up until the protein unfolded. The fluorescent dye SYPRO orange was
used for detection, which binds nonspecifically to hydrophobic surfaces. Its fluorescence emission
was highly quenched by water. Upon unfolding, the dye attaches to the hydrophobic center parts
of the protein, resulting in an increased fluorescence emission by excluding water. The so-
calculated T describes the midway point of the stability curve. The parent inhibitor, as well as
GK13S, led to the stability of UCHL1 by increasing its melting temperature by approx. 6 °C.
GK13S showed the same stabilization at a concentration of 1.25 pM, as well as at a concentration
of 5 uM. Incubation with GK13R, on the other hand, only resulted in a slight increase in melting
temperature of 2 °C at the highest concentration of 5 puM. Since the increase in the melting
temperature does not change over the selected concentration window, it can be assumed that
GK13S completely modified the used UCHL1, even at a concentration of 1.25 yuM. In line with the
results from the Ub-Rh cleavage assay, incubation with the sterecisomers of the minimal probe

and the inactive control probe does not result in stabilization of UCHL1.
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In order to test whether the findings of the in vitro experiments are translatable to a complex
proteome, the degree of UCHL1 inhibition was investigated in a living environment via the Ub-VS
target engagement assay (Fig. 17 D). HEK293 cells were treated with different probe
concentrations for 24 h, lysed and incubated with the Ub-VS suicide probe. The Ub-VS probe
covalently modifies the catalytic cysteine of all UCHL1 that was not already occupied by the small
molecule-based probes. That results in the upshift of the UCHL1 band of approx. 8 kDa, which
corresponds to the molecular weight of Ub. Cells treated with 5 and 10 uM of GK13S show
complete inhibition of endogenous UCHL1, as no upshift of the corresponding band was visible.
Even at 1 uM an almost complete inhibition of the DUB can be observed. The R-configuration
does not show complete inhibition at the highest concentration of 10 uM and close to no
occupation of the catalytic cysteine at 1 uM. Consistent with the findings from the in vitro assays,
the minimal probes GK16S and GK16R showed no response in competition with the Ub-VS probe
for binding to UCHL1.

Nevertheless, the cellular potency of GK13S does not coincide with the 1Cso value determined in
vitro. This could be mainly because other factors, such as off-target binding and cell permeability,
have to be considered in a complex environment. It also proves that other data besides the ICso
value, should be examined to evaluate covalent compounds. In addition, the specificity window
of the probe GK13S vs. the minimal probe GK16S largely differs from what was observed in vitro
(50 nM vs. >100 uM) and in cells. Even though the Ub-VS probe outcompetes GK16S in the
cellular target engagement assay (Fig. 17 D), binding of the minimal probe leads to the pull down
of a small fraction of cellular UCHLL1 in the proteomics-based ABPP (Fig. 14 C). Since covalent
compounds react with their targets in a time-dependent manner, it is not surprising that GK16S
also bound a small amount of UCHL1 in cellular experiments. The samples in these experiments
were incubated significantly longer (24 h) than in the in vitro assays (1 h). However, based on the
proteomics data, UCHLL1 is 32-fold more enriched with GK13S than with the minimal probe.
Furthermore, the fraction of UCHL1 bound by GK16S represents only a small part of the total
amount of the protein in the cell. This is why complete inhibition of the enzyme by GK16S can not
be assumed, but explains the rather reduced specificity window of GK13S vs. GK16S in a cellular
context. In contrast, the data suggest that the same specificity window is very narrow for GK13S
vs. GK13R since inhibition of UCHL1 with GK13R is observable even in the target engagement

assay at 1 — 5 uM concentrations.
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Taken together the findings from the in vitro evaluation, as well as the cellular characterization
corroborates the use of the minimal probe, but not the stereoisomer GK13R, as a suitable

chemogenomic control to disentangle phenotypes resulting from the specific inhibition of UCHL1.

3.2.4 Crystal structure reveals hybrid conformation of UCHL1 after modification
with GK13S

As the potent inhibition of UCHL1 by GK13S was verified in vitro and in a cellular context, a more
in-depth focus was put on the exact binding mode between the probe and the deubiquitinase (Fig
18). For that purpose, the crystal structure of UCHLL1 in co-complex with GK13S was solved by
Dr. Christian Grethe and the detailed procedure can be found elsewhere.*>¥ The co-complex was
solved with an approach where all surface lysine residues were methylated. This increased the
overall hydrophobicity of the protein since various soaking efforts in different buffers and additives
failed to obtain compound containing crystals. Methylation led to conditions where the crystal
structure was solved to 2.24 A resolution with a comprehensible density of the small-molecule
probe. The co-complex confirms the binding of the cyanopyrrolidine warhead of GK13S to the
catalytic Cys90 of UCHL1, forming an isothiourea bond. The small molecule probe disrupts the
interaction with ubiquitin and inhibits the catalytic activity of UCHL1 by binding through a narrow
cleft that leads to the active center. This is normally used to channel the C-terminal end of Ub to
the catalytic triad of the deubiquitinase (Fig. 18 A-C). After covalent modification, the isothiourea
bond is stabilized by the oxyanion hole, formed by the amino acid side chains of GIn84 and Gly87.
The covalent bond was further stabilized by a hydrogen bond between the catalytic His161 and
the compound (Fig 18 D). Similar to the C-terminal end of Ub, the amide of GK13S, which linked
the cyanopyrrolidine to the imidazole core, interacts with the backbone of Phel60 and Met6 via
hydrogen bonding. The nitrogen of the imidazole ring was stabilized by lle8, a residue that
coordinates Ub after binding to UCHL1 (Fig 18 E, F). Superposition of the GK13S and Ub-VME
bound structures shows that the C-terminal end of Ub and GK13S present hydrogen acceptors

and donors at a similar position to interact with UCHL1. This favors a comparable geometry of
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of UCHLL1. Different residues of the GK13S-bound structure show an orientation corresponding to either the apo- or
the Ub-VME bound structure and are labelled accordingly. i) 2D illustration of the most critical interactions between
GK13S and UCHLL. j) Schematic overview of residues and protein features that undergo structural changes upon the
binding of GK13S, inducing the hybrid conformation of UCHL1. k) Cellular validation of residues involved in the
interaction with GK13S. HEK293 cells were used to overexpress indicated Flag-UCHL1 constructs, which bear
mutations in the GK13S binding site.

both ligands upon binding to the DUB. The phenyl ring of GK13S acts as a hydrophobic interactor,
which is otherwise represented by the side chain of leucine (Leu) 73 of Ub and recognized by
Phel60 of UCHL1 (Fig. 18 G). At first glance, the compound-bound structure appears to have
many structural similarities with the Ub-bound structure. Clear differences become apparent,
however, when the focus is on the binding site of the compound. The residues of Phel62, lle8
and Leu52 of the GK13S bound co-complex structurally align analogous to the same residues in
the apo UCHLZ1 structure. Those side chains formed a hydrophobic pocket, which stabilized the
pyrrolidine of GK13S. The residues of His161 and Phel160, and the B-sheets 5 and 2 adjust to a
conformation observable in the Ub-bound structure. Only those conformations allow the
interaction of the phenyl ring in GK13S with Phe160. The co-complex structure demonstrates that
UCHL1 adopts a hybrid conformation after modification with GK13S, which includes structural
changes of the apo and the Ub-bound state (Fig. 18 H). Only this hybrid conformation of UCHL1
was able to stabilize GK13S in its binding pocket, otherwise lle8 in the Ub-bound state would
sterically clash with the imidazole of the compound. On the other hand, the distance of Phel60
in the apo form would be too far to enable sufficient 11 stacking with the phenyl ring of GK13S
(Fig. 18 1, J).

To confirm that the same amino acid residues also involved in essential interactions with the
compound in a living environment, various UCHL1 constructs with mutations in the GK13S
binding site were overexpressed in HEK293 cells (Fig. 18 K). After incubation with the probe and
subsequent attachment of the reporter, the fluorophore intensity was read out to visualize the
impact of the indicated mutation on the binding of GK13S. The mutant of the catalytic cysteine
was used as a positive control. The mutation of the His161 results in dealignment of the catalytic
triad and therefore also abolishes binding of the compound. Mutation of lle8 does not destabilize
the binding of GK13S to UCHL1, since the interactions with Leu52 and Phel160 compensate the
loss. Mutations of either Leu52 or Phel60 resulted in a drastic decrease in the binding efficiency,
thus highlighting the importance of the hydrophobic environment around the phenyl ring of
GK13S. Double mutants of all the aforementioned amino acids led to a massive decrease in

fluorescence signal and therefore, compound binding. Collectively, GK13S binds UCHL1 through
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a small cleft, which is normally occupied by the C-terminal peptide (LRGG) of the natural substrate
ubiquitin. Upon binding, the compound forces UCHL1 in a hybrid conformation, in resulting
structural changes of key amino acids that arise partly from the apo- and partly from the Ub-bound
state of UCHL1. Leu52 and Phel60 form a hydrophobic pocket around the phenyl ring of GK13S,

which is important for stabilizing the compound inside the binding site.
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Fig. 19 | Structural basis for the specific in-class inhibit ion of UCHL1. a) Schematic overview of the domain
architecture of all UCH family members b) Ub-Rh cleavage assay with the purified catalytic domains of enzymes of the
UCH family, preincubated with GK13S for 1 h. c) Alignment of the apo UCHLS3 structure (yellow, PDB: 1UCH) with the
Gk13S bound UCHL1 structure (blue, PDB: 7ZM0) and close-up of the probes binding pocket. Highlighted amino acid
residues are shown as sticks. d) Superposition of the apo UCHL3 and UCHL3 (green) in the Ub-VME (light orange)
bound state (PDB: 1XD3). This structure was used as a proxy to illustrate the UCHL3 binding site. The C-terminal of
Ub is shown and conformational changes upon binding are indicated with black arrows. e) Flag-UCHL3 constructs
bearing indicated mutations were overexpressed in HEK293 cells. Introduced mutations should mimic the GK13S
binding site derived from the UCHL1 structure.

Next, the in-class selectivity of the probe was investigated in more detail (Fig. 19). UCHL1 belongs
to the UCH family, which comprises three other members: the closest homolog UCHL3, the
proteasome associated UCHL5 and the tumor suppressor BAP1. The structure of all family
members contains the characteristic UCH domain, varying in length across the different DUBs.
UCHLS5 and BAP1 also feature a C-terminal extension involved in regulatory functions (Fig. 19 A).
To test the potency of GK13S against the other family members, a Ub-Rh cleavage assay with

the purified catalytic domains of the induvial DUBs was carried out (Fig. 19 B). GK13S shows
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specific binding only to UCHL1 (catalytic domain: 87 nM), whereas the ICso value for all other
family members was determined to be over 10 pM. This results in a minimum specificity window
for the binding of GK13S to UCHL1 compared to the other family members of approx. 115-fold.
To explain this structurally, the co-complex of UCHL3 with Ub-VME (PDB: 1XD3), and apo UCHL3
(PDB: 1UCH) were used for comparison. The superposition of these structures revealed that not
only the apo form of UCHL3 but also the Ub-bound state varies in conformations, especially in
their N-terminal region compared to UCHLL1. A closer look at the superposition of the GK13S/Ub
binding site, displays that Leu9 in apo UCHL3 (Met6 in UCHL1) would sterically clash with the
compound (Fig 19 C, D). Even more striking is the lack of the hydrophobic pocket present in
UCHL1, which explains the weak binding of the probe to UCHL3. Mainly, Alall and Leul66 in
UCHL3 (lle8 and Phel60 in UCHL1) present another microenvironment within the binding site,
which does not promote the stabilization of GK13S. This led to the hypothesis that the interactions
in the hydrophobic pocket formed from the residues of Phel60 and lle8, among others were
fundamental residues for the binding of GK13S to UCHLL. To test this, several Flag-UCHL3
mutants bearing the critical amino acids identified from the UCHL1 binding site were
overexpressed in HEK293 cells and treated with the probe. Compound binding to any of the
mutants was verified via InGel fluorescence in an ABPP approach (Fig. 19 E). A negligible low
fluorescence signal compared to the signal from UCHL1 is also evident from the binding of the
probe to the wild type of UCHL3. Mutation of the catalytic cysteine abolishes the signal, proving
that the catalytic cysteine also functions in UCHL3 as an anchor point for covalent modification
by the probe. Introducing either the isoleucine in position 11 or the phenylalanine in position 168
only increases the fluorescence signal and therefore, binding of GK13S slightly. Only the
positioning of both residues drastically increases the fluorescence intensity on the height of
UCHLZ3 after incubation with the probe. This corroborates the need for a hydrophobic environment
within the binding surface of UCH proteins for the binding of small molecules with a recognition
element based on GK13S. Furthermore, this structural analysis explains the in-class specificity
of GK13S for UCHL1.
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3.2.5 GK13S and GK16S as tools to unravel UCHL1 sub  strates

With the binding mode of the small molecule probe GK13S towards UCHL1 understood, the third
objective (Aim III) was tackled. This part includes identifying possible interaction partners and
substrates of UCHL1, as well as characterizing phenotypes after the inhibition of the DUB using

the chemogenomic pair of probes GK13S and GK16S.

3.2.5.1 Inhibition of UCHLL1 in glioblastoma cellsr  esults in reduced mono ubiquitin levels

As dysregulation of UCHL1 is associated with neurological diseases, human glioblastoma cells
U-87 MG were chosen as a model cell line to screen for interaction partners of UCHLL or
phenotypes occurring after its inhibition.[*%! In addition, U-87 MG cells were selected due to their
high expression level of UCHL1 in brain tissue.'®*” To ensure the successful and non-toxic
inhibition of UCHL1 by the probe in the model cell line, validation experiments were performed
first (Fig. 20, Supplementary Fig. 6). To demonstrate the use of GK13S and GK16S as a
chemogenomic pair of probes, covalently bound probes were visualized via in gel fluorescence in
an ABPP approach (Fig. 20 A). At concentrations of 1 and 5 uM GK13S shows a similar binding
pattern as observed in HEK293 cells (compare with Fig. 13 B). The most prominent and
concentration-dependent band in samples treated with GK13S appears on a height of approx. 28
kDa. Based on the previous characterization, this band was assigned to UCHL1. This assignment
was supported by the faint appearance of the same band in samples treated with 5 pM of the
minimal probe. Just below the UCHL1 band, another fluorescence band appears after the
treatment with GK13S and GK16S, which corresponds to PARK7. Based on the proteomics
analysis of modified proteins in HEK293 cells (Fig. 14 C), the bands below 70 kDa correlate most
likely to modified aldehyde dehydrogenases. This demonstrates the utility of the probes as a pair
of chemogenomic probes in U-87 MG cells. Furthermore, the data proves that the binding
behavior of the probes does not fundamentally change across different cell lines. In addition, the
isatin O-acyl oxime LDN-57444, described as a potent UCHL1 inhibitor, was characterized in U-
87 MG cells to use it as a positive control potentially.*¢8! Even though it is widely used in the
cellular and in vivo examination of UCHL1, its overall activity could not be confirmed recently.[*?%
1299] Since it lacked an alkyne handle, its target spectrum in a cellular context could not be verified
via in-gel fluorescence. The cellular inhibition of UCHL1 by GK13S was verified via a target
engagement assay (Fig. 20 C). Incubation with the HA-Ub-VS probes revealed that only GK13S
covalently modifies UCHLL1 in U-87 MG cells. Even after one hour of incubation, a concentration

of 5 uM is sufficient to inactivate most of the endogenous UCHL1. Treatment for 24 hours results
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in complete inhibition at 5 uM of the probe. Neither GK16S nor LDN-57444 could outcompete the
ubiquitin suicide probe for UCHL1 binding. To exclude cellular toxicity of the probes, cells were
stained with propidium iodide (Pl) and analyzed via microscopy after compound treatment
(Supplementary Fig. 6). Both GK13S and the minimal probe GK16S did not show any cellular

toxicity after 72 hours of incubation and a concentration up to 5 uM.
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Fig. 20 | GK13S covalently modifies UCHL1 in human glioblast ~ oma cell line U-87 MG, leading to reduced mono

Ub levels. a) Activity-based protein profiling in glioblastoma cells to visualize UCHL1 binding. U-87 MG cells were
treated with indicated compounds and concentrations. The cells were harvested and the reporter fluorophore was
attached via CuAAC. b) Molecular structure of the small molecule inhibitor LDN-57444. c) Analysis of successful
inhibition of endogenous UCHL1 in U-87 MG cells. The proteome was incubated with a HA-Ub-VS suicide probe after
the cellular treatment with the indicated compounds. Target engagement was verified via western blot analysis. d)
Western blot analysis of mono ubiquitin levels in U-87 MG cells after the treatment with indicated probes in an
unmanipulated or UCHL3 knockdown background. e) Quantification of mono-ubiquitin intensity on western blots shown
in d). Values correspond to the mean of four or six individual experiments for control or UCHL3 knockdown, respectively
(ns, not significant). Experiments for detecting changes in the mono-Ub pool were carried out with the help of MSc. Kai

Gallant.

Mutations of the UCHL1 gene in mice led to gracile axonal dystrophy.%? In addition, reduced
mono ubiquitin levels in mice brain tissues are another phenotype associated with the
dysregulation of UCHL1.7% An opposite effect was observed by the overexpression of UCHL1 in
the monkey cell line COS-7.274 Since this phenotype has so far only been shown by genetic
manipulation of UCHL1, the small molecule-based probes GK13S and GK16S were used as a

chemogenomic pair to stimulate the reduction of the mono-Ub level in human glioblastoma cells
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(Fig. 20 D, E). To rule out the possibility that the phenotype was a rather slow process, U-87 MG
cells were treated with the compounds over 48 h. To ensure the full inhibition of newly synthesized
UCHL1 over a long period, the cell medium was supplemented with fresh compound every 24 h.
During cell lysis, chloroacetamide (CAA) was used to inactivate all endogenous DUBs, which
could counteract the inhibition of UCHL1. Western blot analysis of mono ubiquitin levels revealed
that the free mono Ub pool is indeed reduced after the treatment of U-87 MG cells with GK13S
but not with the minimal probe GK16S. To exclude the involvement of other family members of
the UCH family, the same conditions were studied in a UCHL3 knockdown background. In this
environment, the same degree of reduction on the mono Ub level was only observed when cells
were treated with GK13S. This corroborates the presumed non-redundant functions of UCHL1
and UCHL3.72 Further cellular characterization of GK13S and GK16S validated its functionality
in human glioblastoma cells. In addition, the probes were used to copy a phenotype upon the
inhibition of UCHLL1 in U-87 MG that had previously only been shown with genetic alterations in
mice. Furthermore, these findings prove that a chemogenomic pair of small molecule-based

probes is suitable for investigating DUBs in a complex environment.

Next, the phenotype was validated by the posttranscriptional perturbation of UCHLL in
glioblastoma cells (Fig. 21 A, B). Si-RNA-mediated depletion of UCHL1 in U-87 MG cells was
used to disentangle if the mono ubiquitin is still bound to substrate proteins or larger Ub
aggregates due to the missing deubiquitinase activity of UCHL1. U-87 MG cells were lysed and
treated with various exogenous DUBs to rescue the phenotype after the knockdown of UCHL1
(Fig 21 C, D). In order to cleave the Ub-conjugates that may have formed from the inhibition of
UCHL1 and thus equalize the free mono Ub pool, DUBs with different chain specificities were
selected. OTUB1 mediates the specific deubiquitination of Lys48-linked polyubiquitin chains,
whereas AMSH shows specific recognition of Lys63 chains.'’® This covered the two most
common linkage types and might shed light on the possibly chain specificity of UCHL1. To cover
the condensation of the global ubiquitome bound to substrates, the DUB USP2 was used. The
addition of hydroxylamine should condensate possible ubiquitin molecules bound to the hydroxy

group of serine or threonine residues, but does not cleave those linked via an isopeptide bond.

Unfortunately, neither the addition of hydroxylamine nor any of the exogenous DUBs could
equalize the free mono-Ub pool. Interestingly, OTUB1 cleaved most of the visualized Ub-
conjugates, even though annotated to be specific for Lys48 polyubiquitin chains. As expected,
USP2 condensed all ubiquitinated species in the high molecular weight range. However, even

after the cleavage of those species, the free mono Ub pool is still reduced by almost 50 % in the
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UCHL1 knockdown fraction compared to the scrambled control. In samples treated with OTUB1
and AMSH, a slight equalization of the mono ubiquitin level is observable. However, this
fluctuation could be due to the non-natural environment after cell lysis, as the DUBs continue to
cleave polyubiquitin conjugates. Nevertheless, the released ubiquitin is not used for further

conjugation to other substrates and is thus mistakenly added to the free mono-Ub pool.
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Fig. 21 | Various DUBs are insufficient in rescuing the redu ced mono-Ub pool after UCHL1 knockdown. a)  si-
RNA-mediated knockdown of UCHL1 reduces mono ubiquitin levels in human U-87 MG cells. b) Quantification of mono-
ubiquitin intensity on western blots shown in a). ¢) Rescue experiment to equalize the mono ubiquitin pool after
depletion of UCHL1 or the incubation with a scrambled si-RNA (scr). U-87 MG cells were lysed and treated with
indicated DUBs after the knockdown of UCHL1 and levels of mono ubiquitin were subsequently analyzed via western

blotting. d) Quantification of mono-ubiquitin intensity on western blots shown in c).

The tubulin bands from samples treated with hydroxylamine appeared faint, resulting from an
technical error were no reducing agent was added to the LDS-sample buffer prior to the SDS-
PAGE.Collectively, the inhibition by the probes GK13S and GK16S and the knockdown confirms
the UCHL1 dependent maintenance of the free mono-Ub pool in human glioblastoma cells.
Catalytic inactivation of the DUB led to the loss of free mono-Ub inside the cell. However, the
mono-Ub that was reduced from the pool was most likely not only conjugated to protein substrates
or polyubiquitin chains since the addition of endogenous DUBs could not equalize the amount of
missing mono-Ub by trimming down higher molecular Ub-conjugates. The fact that even after the
addition of USP2, the ubiquitin pool was not equalized suggests that inhibition of UCHL1 may not
only affect the free-mono Ub pool but the entire free Ub-pool. The missing ubiquitin molecules

seem to be irreversibly lost, but further experiments are needed to support this hypothesis.
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3.2.5.2 Whole proteome digestion revealed reduced R ACL1 protein levels after GK13S cell
treatment

UCHLL1 is associated with many regulatory functions in different signaling pathways, but its
verified protein substrates remain scarce.”™ To elucidate possible interaction partners of UCHL1
a proteomics-based whole proteome digestion approach of the human glioblastoma cell line U-
87 MG was carried out (Fig. 22). This experiment was based on the fact that UCHL1 stabilizes its
protein substrates by removing ubiquitin from them, which would otherwise result in their
degradation by the proteasome. If UCHL1 was inhibited by the small molecule probe GK13S, the
deubiquitinase activity is no longer present, inevitably leading to the degradation of the protein
substrates. This leads to a decreased substrate level within the cell, which can be analyzed via
digestion and measurement of the entire proteome using mass spectrometric methods (Fig. 22
A). The inhibition of UCHL1 could also trigger other signaling pathways so that some proteins
might be upregulated indirectly. The absolute protein levels of the probe-treated samples were
compared with a DMSO control to get a general overview of the changes in the proteome. A
comparison between the sample treated with GK13S and the one treated with the minimal probe
GK16S provides information about which changes in the proteome result from the inhibited
activity of UCHL1 and which are due to the modification of other off-target proteins. Due to the
covalent nature of GK13S, UCHLL1 is irreversibly inactivated, so that even proteins with a low
turnover rate were degraded. As an additional control, the changes in the absolute protein levels
were quantified upon the knockdown of UCHL1 in U-87 MG cells (Fig. 22 B, Supplementary
Fig. 7).

After label-free quantification, the levels of 21 proteins were significantly changed (fold change of
<-1.5for decreased levels, > 1.5 for increased levels) compared to the scrambled control. Those
proteins were clustered by classes using the online classification system Protein ANalysis
THrough Evolutionary Relationships (PANTHER).74 The hits whose levels were altered belong
to various different protein classes and a clear connection between the knockdown of UCHL1 and
the altered level of a specific protein class is not apparent. Proteins, whose levels were decreased
led to division into the following classes: structural proteins (TTN), metabolic interconversion
enzymes (RABGGTB, COX20), adaptor proteins (CD81) and transporter proteins (ATP6AP1).
Those with elevated levels involve RNA metabolism proteins (SRSF5, RBM17, LEMD3) and
membrane trafficking proteins (SDCBP, CADPS). Protein classes that include both decreased

and increased levels were protein modifying enzymes (HtrA2, CDK2) and cytoskeletal proteins
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Fig. 22 | Cellular treatment with GK13S results in reduced |  evels of RAC1 and other important regulators. a)

Schematic overview of the proteomics-based whole proteome digestion workflow. In a normal cell state, DUBs stabilize
their substrates via their deubiquitinase activity. The inhibition of UCHL1 by GK13S results in the ubiquitination of the
DUBs substrates and the subsequent degradation by the proteasome. This results in an overall reduced substrate
level. The whole proteome was measured by mass spectrometry and changes in protein levels are analyzed to find
UCHL1 substrates. b) Abundance of proteins that either decreased or increased after the knock down of UCHL1 in U-
87 MG cell are visualized as a volcano plot. The x-axis indicates the relative label-free abundance ration (fold change)
of proteins between the UCHL1 knockdown sample and the scrambled control. ¢) Abundance of proteins that either
decreased or increased after the treatment of U-87 MG cells with GK13S (left plot) or GK16S (middle plot) are visualized
as a volcano plot. The x-axis indicates the relative label-free abundance ratio (fold change) of proteins between
compound-treated samples and the DMSO control (left and middle plot) or the minimal probe GK16S (right plot). d)
Western blot analysis of RAC1 protein levels after treatment of U87-MG cells with GK13S. e) Quantification of RAC1

band intensity of western blots shown in d). Values correspond to the mean of two individual experiments
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(TUBAL3, MYL9, NUDCD2). Some others were not annotated to any protein class (TAX1BP3,
RRP8, FKBP2, GOLM1, SPRYD4) (Supplementary Fig. 7). The UCHL1 protein level was
decreased approx. 3-fold (fold change of 1.5) due to the knockdown. The protein most abundantly
destabilized in the UCHL1 knockdown background is titin (decreased protein level of approx. 21-
fold compared to the scrambled control). It is the critical component of cardiac and skeletal
muscles, controlling the correct assembly and function of this tissue.”® The calcium-dependent
secretion activator 1 (CADPS) level was significantly upregulated upon knockdown of UCHL1
(increased protein level of approx. 128-fold compared to the scrambled control). CADPS or
CAPSL1 is involved in the calcium-dependent exocytosis of vesicles that are important transporting
of neurotransmitters and neuropeptides.i*’®! Of particular note is the altered protein level of HtrA2
(approx. 4.5-fold decreased level compared to the scrambled control). HtrA2 belongs to the serine
protease family and is involved in initiating apoptosis by either direct binding and inhibition of
BIRC proteins or through protease activity-dependent mechanisms. Under normal conditions the
enzyme is localized at the mitochondria, but in response to various cellular stresses, HtrA2 is
recruited to the cytosol.l'’” Furthermore, the gene coding for HtrA2 was suspected to belong to a
group of genes responsible for the development of Parkinson’s disease. The gene alias is
PARK11 (genes of UCHL1 and DJ1 belonging to the same group, termed PARK5 and PARK?Y,
respectively).'’® Besides the link to PD, HtrA2 interacts with UCHL1 under apoptotic
conditions.*”” In addition, the overall protein level of HtrA2 was also decreased upon the inhibition
of UCHL1 by GK13S (approx. 6.5-fold decreased in comparison with the GK16S treated
proteome), but not in the cells treated with the minimal probe GK16S (Fig. 22 C).

Comparison of altered protein levels in a UCHL1 knock down background and the compound-
treated samples revealed that HtrA2 was the only protein whose levels significantly changed upon
both manipulations, indicating a strong UCHL1 dependency (Supplementary Fig. 8). As in the
UCHL1 knockdown sample, the treatment with neither GK13S nor GK16S led to the reduction of
a specific class of proteins (Supplementary Fig. 9). The incubation of the cells with the small
molecule probes instead resulted in the alteration of protein levels from various families. Among
the proteins with reduced levels were metabolite interconversion enzymes (SMPD1, VKORC1),
a carrier protein (DBI), small GTPases (RAB27A, Racl) and protein modifying enzymes (HtrA2,
TP53RK). The hits that show an increased protein level belong to the transporter (RFT1) and
cytoskeletal (KIF21A, WDR54) class of proteins.

Significantly Racl was destabilized after the inhibition of UCHL1 by GK13S (approx. 9-fold
decreased in comparison with the GK16S treated proteome) (Fig. 22 C). Racl belongs to the Rho
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family of small GTPases, which regulate key interactions in the cytoskeleton and gene expression
pathways. Its correct function is necessary in various cellular downstream functions, all central
for normal cell physiology.!”® Deregulation of Rac1 activity can have a tremendous impact on the
cellular state and lead to various diseases with cancer, cardiovascular diseases,
neurodegenerative disorders and pathological inflammatory responses, among them.l*8% To
confirm the observed effects, the band intensity of Racl and HtrA2 on western blots after the
inhibition of UCHL1 by GK13S was analysed (Fig. 22 D, E). In order to map a more significant
time window, the cells were incubated with the probe for up to 72 h. The western blot analysis of
Racl levels revealed a slight reduction at 24 h after the treatment with GK13S. At 48 h the Racl
level further decreased until, after 72 h, a rebound of the protein level was observed. The recovery
of Racl could be triggered by other deubiquitinases that stabilized the protein. Analysis of HtrA2
protein levels showed only minimal changes in protein levels after the treatment with GK13S over

time, so western blot could not confirm the effect that occurred after digestion of the proteome.

Collectively, a proteomics-based whole proteome digestion approach of human glioblastoma cells
treated with the small molecule probe GK13S and the corresponding minimal probe GK16S
revealed two possible substrates of UCHL1. Both the small GPTase Racl and the serine protease
HtrA2, also suspected of being involved in the development of PD, showed altered protein levels
after the inhibition of UCHL1 with the probe GK13S, but not with the minimal probe GK16S. A
connection between UCHL1 and mitochondrial HtrA2 in a PD- and a non-PD background was
also drawn by others.'’” 181 The reduced levels of HtrA2 were also verified with the si-RNA
mediated knock down of UCHLL1 in the same cell line after whole proteome digestion. However,
verifying reduced protein levels of Racl and HtrA2 after the treatment with GK13S by western
blot analysis did not lead conclusive results. Further experiments are necessary to identify the

mentioned proteins as substrates of UCHL1 and to clarify mechanistic relationships.

3.2.6 Utilizing an inactive UCHL1 mutant for substr  ate trapping

The proteomic-based whole proteome approach only reveals changes in total protein levels that
were dependent on a deubiquitinase activity involved in manipulating a degradation signal. Many
deubiquitinases are not only involved in stabilizing their substrates since different ubiquitin linkage
types can trigger different cellular events other than being a signal for protein degradation.
Furthermore, UCHL1 could transmit signals via protein-protein interactions (PPI). These types of

interaction partners could also not be detected with the method described in 3.2.5.2. Therefore,
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Fig. 23 | Utilizing a catalytic inactive UCHL1 variant fors  ubstrate trapping. a) Schematic overview of the UCHL1
substrate trapping strategy. Intact cells were treated with GK13S to abolish the catalytic activity of endogenous UCHL1.
A catalytic inactive and GFP-tagged UCHL1 mutant (C90A) was overexpressed. This UCHL1 variant was used as a
bait to fish for ubiquitinated substrates. The GFP-tag was used as a pull-down handle to isolate the bound substrates.
b) Silver stain analysis of GFP pull-down fractions. Indicated proteins were used as baits. Samples were incubated with
the probe GK13S where indicated.

a substrate trapping approach was carried out to identify possible UCHL1 substrates in an
unbiased manner (Fig 23). In order to fully inhibit endogenous UCHL1 and to enrich for
ubiquitinated substrates of the DUB, intact cells were treated with the probe GK13S. An inactive
mutant was introduced via overexpression to exploit UCHL1 as a bait for substrate trapping. In
this construct, the catalytic Cys90 was mutated to an alanine. This mutation abolishes the catalytic
efficiency. However, the DUB was still able to bind to ubiquitin. The approach was published for
other DUBSs recently and the authors suggest that an active site alanine mutation enhances the
enzyme’s affinity for ubiquitin.*®? The exogenous UCHL1 variant was further tagged with GFP to
utilize anti-GFP beads in a pull-down strategy to isolate the bound substrates (Fig 23 A). Two bait
variants were introduced to allow the interaction of possible substrates with either the N- or C-
terminus of UCHL1. One bearing the GFP tag N-terminal, the other at the C-terminus. The pull
downed proteins were analyzed via silver staining to visualize low-abundant species.
Unfortunately, the most abundant bands after the pull-down, corresponded to the bait proteins
(lane 5-8) or the GFP alone, which was used as negative control (lane 2-3) (Fig. 23 B). A weak
band above the UCHL1 mutants was visible, which could correspond to the ubiquitinated forms
of the baits. It was reported that UCHLL is regulated via mono ubiquitination and thus also
possesses an auto-deubiquitinase activity.[*8% The catalytic inactive mutant cannot deubiquitinate
itself, resulting in the stable mono ubiquitination and upshift of the bait proteins. The authors
suggest further that the mono ubiquitination near the catalytic center prevents UCHL1 from

binding to other ubiquitinated substrates. This, and the fact that the interaction of other proteins
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with UCHL1 was not stable enough to isolate them as a complex, could explain why no other

bands were visible on the gel.

3.3 Structural improvement of GK13S towards selecti  ve UCHL1 probes

In an effort to characterize the in-family specificity of GK13S an in vitro DUB screen was carried
out. GK13S was screened against 55 purified DUBSs, including representatives of all families
except the ZUP1s (Fig. 24).1® The screen revealed reduced activity of UCHL1 of over 90 % after
the incubation with the probe. However, treatment with the probe also resulted in a >70 %
decrease in activity of the DUBs USP9X/Y, USP30, USP45, and JOSD2. All of these DUBs are
cysteine proteases, which makes a covalent modification of the catalytic cysteine of these
enzymes by GK13S likely. Chemical variation of the warhead of GK13S was a promising starting
point to optimize the probe for increased target specificity within the DUB family towards UCHLL1.
Furthermore, efforts in the chemical variation of the warhead structure should result in the

discrimination of the most potent off-target PARK?Y.

GK13S (5 pM) USP UCH oTU Ataxin/JAMM/MINDY

A20
JOSD2
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BT T % DuB activity

100 80 60 40 20 O

Fig. 24 | Screening of GK13S against 55 purified DUBs.  In vitro DUB screening to determine the in-family specificity
of the probe GK13S. Incubation of 55 purified DUBs from various families with GK13S at 5 pM, revealed the modification
of five other DUBs besides UCHL1. The remaining DUB activity is highlighted with a color gradient ranging from dark
blue (full activity, no inhibition) to dark red (no activity, full inhibition). The screen was carried out as a paid service at

the MRC protein phosphorylation and ubiquitylation unit at the University of Dundee.

3.3.1 N-cyanopyrrolidines with more complex decorations

The crystal structure of UCHL1 in co-complex with GK13S (Fig. 18) showed that there was
additional space available where the warhead interacts with the protein that GK13S does not
structurally occupy. More complex decorations on the five-membered ring of the cyanopyrrolidine
should occupy this extra space in the catalytic pocket of UCHL1 and lead to discrimination of
binding to other DUBs as well as PARKY (Fig. 25). These decorations included modifications with
a methoxyethyl- (CG287) and a methoxymethyl (CG385) group in the 5 and 4
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Fig. 25 | Characterization of modified N-cyanopyrrolidine wa rheads. a) Molecular structures of the probes CG287,
CG385 and CG390. The recognition element was kept from GK13S, but the 5-membered ring of the warhead was
further modified with more complex decorations to target an additional space in the catalytic pocket of UCHL1. b)
Modification of purified UCHL1 and PARK7 with indicated compounds measured by intact protein mass. Covalent
binding to UCHL1 or PARKY results in a mass shift corresponding to the mass of the used compounds. All spectra
were recorded and analyzed by Dr. Christian Grethe. ¢, d) Activity-based protein profiling with the indicated compounds
to visualize their target spectrum in either cell lysates (c)) or intact HEK293 cells (d)) via InGel fluorescence. e, f)
Covalent modification of UCHL1 by the indicated compounds in either cell lysates (e)) or HEK293 cells was verified via
a target engagement assay. Cell lysates or intact cells were first treated with the compounds and then with a HA-Ub-
VS probe. Binding of the Ub-probe resulted in an upshift of the protein band in the gel, if the small molecule compound

did not occupy the Ub binding site during the first incubation step.
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positions on the pyrrolidine ring. Modification with a methyl group in the 2 position further resulted
in the diastereomer CG390 (Fig. 25 A). All molecules displayed under section 3.8 were
synthesized by Dr. Christian Grethe and a detailed chemical analysis can be found elsewhere.*54
The core recognition element of GK13S was not changed further, since the possible interactions
with the binding pocket of UCHL1 were well covered by the current structure and further
interactions in this area, which would led to enhanced specificity, were not to be expected by a

chemical variation of the core element of the probe.

Intact protein mass spectrometry was used to test whether the new cyanopyrrolidines were still
able to covalently modify UCHLL1. In addition, purified PARK7 was used to determine if a variation
of the warhead structure could result in reduced binding to the off-target (Fig. 25 B). Incubation
with the diastereomer CG287 showed no binding, neither to UCHL1 nor to PARK?7, verifying that
the proteins did not tolerate decorations in the 4-position of the cyanopyrrolidine. In contrast,
treatment with CG385, bearing a methoxymethyl group in 5-position, resulted in complete
modification of both proteins, proving that decorations at the 5-position are generally tolerated,
but do not lead to the discrimination of PARK7 binding. Only CG390 showed total modification of
UCHL1, but a reduced binding of the purified PARKY. This confirmed that a chemical optimization

of the warhead structure could result in a probe with enhanced specificity towards UCHLL1.

To corroborate this finding in a cellular setting, intact HEK293 cells and lysates thereof were
treated with the compounds. After the treatment, the alkyne handle of the probes was used to
install the rhodamine fluorophore to visualize the covalently modified proteins (Fig. 25 C, D). As
expected, no fluorescence bands were visible on the height of UCHL1 and PARKY for cell lysate
samples that were incubated with CG287. Faint bands were observable that prove minimal
modification of UCHL1 and PARK7 in HEK293 cells. Treatment of lysates as well as intact cells
with CG385 results in a similar target spectrum to that of GK13S. However, the higher
fluorescence background and the fainter bands between 26 — 34 kDa, for the sample incubated
with CG385, indicated that the warhead of this probe was more reactive against various off-targets
but less reactive against the major targets (UCHL1, PARK7) of GK13S. Incubation with CG390
showed sufficient binding of UCHL1 but less intense fluorescence compared to GK13S.
Nevertheless, only a faint band corresponding to PARK7 was observable in lysate-treated and
intact cell treated samples. The degree of covalent modification of UCHL1 by the probes in cellular
systems was tested by a target engagement assay using a HA-Ub-VS as a suicide probe (Fig. 25
E, F). The data is consistent with what was observed for the intact protein mass experiments. In

cell lysates, CG287 is outcompeted by the Ub-probe completely and by treating intact cells, only
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a fragile band was visible. CG385 and CG390 showed proper modification of UCHLL1 in intact
HEK293 cells. A faint upshifted band is observable where cells were incubated with CG390,
corresponding to not completely modified UCHL1 after 24 h of incubation. Cell lysate-treated
samples showed more prominent bands of compound unmodified UCHL1 in samples treated with
CG385 and CG390, whereas GK13S showed complete modification in cell lysates after 4 h of
incubation. This highlights that decorations on the cyanopyrrolidine ring led to slower binding
kinetics towards UCHL1.

Taken together, the probe CG390, bearing a methyl group in 2 position of the cyanopyrrolidine,
confirmed that chemical variations of the warhead were utilized to reduce the binding to off-targets
in vitro and in a cellular setting. However, the probe was still binding to PARK7 to some extent
and reacted much slower with UCHL1 than GK13S.

3.3.2 Warhead optimization led to N-cyanopiperazine probes with enhanced
specificity

Another approach to tackle the structural optimization to occupy additional space in the UCHL1
binding pocket to improve probe specificity was to expand the warhead’s ring size. Synthetic
efforts yielded the molecules CG305 and CG322, featuring the GK13S recognition element but
consisting of 6-membered N-cyanopiperidine warheads (Fig. 26 A). CG305 represents the S-
isomer and the cyanopiperidine at CG322 was installed in R-configuration to test whether the
same stereo preference for UCHLL1 also applies after a ring expansion of the warhead. Both
molecules were tested for the covalent modification of purified UCHLL1 via intact protein mass
spectrometry (Fig 26 B). Incubation with the S-isomer CG305 showed almost complete (83 %)
modification of expressed UCHL1, whereas no binding to UCHL1 was verified with the R-isomer
CG322. This proves that the stereo preference of the S-isomer over the R-isomer was intact, even
though the ring system of the warhead was expanded. Nevertheless, CG305 was losing potency
to UCHL1 compared to the lead probe GK13S. Interestingly, using cyanopiperidines as warhead

structures resulted in the discrimination of PARK7 as an off-target.

Motivated by this finding, a series of 6-membered warheads with different heteroatoms and
decorations on the ring system was synthesized (Fig. 26 C). This yielded the probes CG337,
bearing a cyanomorpholine as a warhead and CG341, CG306, and CG386, which feature
cyanopiperazines with different modifications as their electrophilic binding element. Since the

clear preference for the S-configuration was already established, only this isomer of each probe
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Fig. 26 | 6-membered warhead structures discriminate PARK7 a s an off-target. a) Molecular structures of the
recognition element based on GK13S (left), and the cyanopiperidine precursor warheads in S-configuration (middle)
and in R-configuration (right). b) Intact protein mass spectra verify binding of indicated probes to purified UCHL1 and
PARK?Y. All spectra where recorded by Dr. Christian Grethe. c) Series of further modified 6-membered warheads.
Molecular are ordered by increasing complexity. d) Summary of covalent modification of UCHL1 or PARK7 with
indicated probes in %. Modification is by a color gradient ranging from white (no modification) to dark blue (complete
modification of UCHL1) or dark green (complete inhibition of PARK7).

was synthesized and biologically characterized. First, for covalent binding to purified UCHL1 and
PARKY via intact protein mass spectrometry (Fig. 26 D, Supplementary Fig. 10). All of the tested
6-membered warheads showed no binding to PARKY. This established the use of 6-membered
cyano warheads as a general probe feature to discriminate the binding to PARKY. Using the
cyanomorpholine, and the acylated form of the cyanopiperazine as a warhead results in drastic
loss of covalent modification of UCHL1l. Probes were the secondary nitrogen of the

cyanopiperazine was alkylated, however, demonstrated complete modification of UCHLL1.
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selected cyanopiperazine probes CG341 and CG306 (left panel) and their corresponding minimal probes (right panel).

Next, to test whether this binding behavior is also stable in a cellular setting, HEK293 cells were
incubated with various 6-membered warhead probes at different concentrations (Fig. 27 and
Supplementary Data 11). Only probes that did not bind to PARK?7 in the previous experiment were
selected for this advanced testing. Surprisingly, treatment with the 6-membered warhead probes
at a concentration of 5 uM and subsequent attachment of the fluorophore reporter via CuAAC
resulted in a very poor overall fluorescence intensity compared to the proteome that was treated
with GK13S (Fig. 27 A). No clear band is recognizable at the height of PARK7 for any of the 6-
membered warhead probes. However, only a fragile band was visible on the height of UCHL1,
whereas CG337, followed by CG306, showed the most labeling of the DUB based on
fluorescence intensity among all 6-membered warhead probes tested. A similar result is visible
when treating the cells with 1 uM of each compound (Supplementary Fig. 11 A). The target
engagement in HEK293 cells confirmed comparable binding behavior, as observed with the intact
protein mass spectrometry (Fig. 26 D). The in vitro inactive probe CG322, equipped with a
cyanopiperidine in the R-configuration, also showed no modification of UCHL1 in a cellular setting.
Treatment with the corresponding S-isomer confirmed more than 50 % covalent modification but
no complete inhibition of the available UCHL1. As observed earlier, the cyanomorpholine probe
CG337 revealed less than 50 % covalent modification of the endogenous UCHL1 in HEK293
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cells. Only using the cyanopiperazine probes CG341 and CG306 resulted in sufficient covalent
modification of endogenous UCHLL1 in a living environment. Even though only CG306 proved
complete modification, comparable to the lead probe GK13S (Fig. 27B). CG306 is decorated with
a longer N-alkyl chain on the piperazine, resulting in an improved membrane permeability
compared to CG341, which could explain this different binding behavior. This hypothesis was
further corroborated when HEK293 cell lysates were treated with CG341 and CG306 (Fig. 27 C).
In cell lysates, an enhanced modification of UCHLL1 is observed with CG341 likely due to its higher
hydrophilicity and increased water solubility than CG306. Similar trends were evident when cells
were treated with the identical probes at a concentration of 1 UM (Supplementary Fig. 11 B, C).
Due to its in vitro and cellular binding profile, only the cyanopiperazine probes CG341 and CG306
were chosen for further characterization. To further adapt the approach of the chemogenomic pair
of probes, successfully established with GK13S and GK16S, the corresponding minimal probes
of CG341 and CG306 were synthesized and tested in HEK293 cell lysates (Fig. 27 C, D). As
expected, the 6-membered electrophilic cyanopiperazine warhead alone was insufficient to

covalently modify the catalytic cysteine of UCHLL.

Collectively, the N-cyanopiperazine probes CG341 and CG306 show the complete covalent
modification of UCHL1 in vitro and in intact HEK293 cells but do not bind to PARK7. However,
the in-gel fluorescence is drastically reduced compared to samples treated with GK13S, even
though the compounds fully modify UCHLL. In addition, the minimal probes CG374 and CG375
were tested in a cellular setting to use them together with CG341 and CG306 as pairs of

chemogenomic probes.

3.3.3 Copper-catalyzed cycloaddition reverses coval  ent modification with CG341
and CG306

The fluorescence readout after the cellular treatment with CG306 and CG341 resulted in a weak
intensity compared to GK13S (Fig. 27 A). However, the target engagement suggested full labeling
of UCHL1 with the probes (Fig. 27 B, C). Therefore, further experiments were carried out to clarify
this dichotomy (Fig. 28). Cells were treated with the compounds and lysed to confirm that the
probes were stable under lysis conditions. The covalent modification of endogenous UCHL1 in
the lysis buffer was monitored by incubating with an Ub-VS probe at different time points (Fig. 28
A). If the probes presented a covalent reversible binding behavior, the Ub-probe could occupy the

binding pocket, resulting in an upshift of the UCHL1 band on the western blot. All tested probes
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were stable for up to six hours (a timeframe in which experiments were carried out, and lysates

never stored longer) in the lysis buffer, irreversibly modifying endogenous UCHLL1.

Next, the reversible character of CG341 and CG306 in a CUAAC background was investigated.
Different conditions for the CUAAC were screened with GK13S as a model compound to establish
optimized parameters for improved UCHL1 fluorescence intensity (Fig. 28 B). Besides band
intensity, the small upshift, triggered by the attachment of the large reporter group (approx. 1.2
kDa) of UCHL1 during western blot analysis, was used to verify click efficiency. Overall, 30 — 60
minutes incubation with the CuAAC reagents was sufficient to completely convert compound
bound UCHL1 into the reporter labelled species. Using Tris((1-hydroxy-propyl-1H-1,2,3-triazol-4-
yl)methyl)amine (THPTA) results in less intense fluorescence intensity, compared to using BTTAA
as the ligand. Whereas using a premixture of all reagents in combination with THPTA results in
no labeling. Decreasing the copper concentration results in a drastic loss of the fluorescence
signal. The same outcome was observed if the environment during the CUAAC was acidified (pH
2 —6). Incubation time of 1 hour and final concentrations of 1 mM CuSOs, 12.5 uM azide-reporter,
5 mM BTTAA and 15 mM sodium ascorbate as a reducing agent resulted in complete labeling of

endogenous UCHL1, using GK13S as the alkyne source.

Although the CuAAC efficiency for GK13S was increased, the optimized conditions resulted in
low in-gel fluorescence intensity when samples were incubated with CG341 and CG306.
Therefore, the CuAAC for 5-membred warhead and for 6-membered warhead probes was
monitored via intact protein mass spectrometry (Fig. 28 C). The modification of purified UCHL1
with both probe classes was completely established after one hour of incubation. However, the
compound bound UCHL1 was only converted to the reporter labeled species when covalently
modified with the 5-membered cyanopyrrolidine probe but not with the 6-membered
cyanopiperazine probe. Once incubated with the CUAAC reagents, the modification with CG341
was reversed, resulting in free UCHL1 with an intact thiol in the catalytic center and the free probe
modified with the TAMRA/biotin reporter group (Supplementary Fig. 12). This proves that a
linkage of CG341 with the reporter group within the CUAAC was possible. However, this species
was not stable under the present conditions. The influence of the individual reagents as well as
other parameters such as the unfolding of UCHL1 were investigated in further experiments (Fig.
29). Both GK13S and CG341 were incubated with purified UCHL1 and then either diluted in a
6 M guanidinium hydrochloride buffer or heated for 20 minutes at 95 °C. Both conditions favor the
unfolding of the protein (Fig. 29 A). Interestingly, after unfolding of UCHL1, with guanidinium
hydrochloride, the modification with GK13S was stable whereas the binding of CG341 was
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Fig. 29 | Copper ions reverse modification with CG341. a) Intact protein mass spectrometry was used to determine
the causes of the dissociation of CG341 during CUAAC. GK13S and CG341 were incubated with purified UCHL1, then
diluted in 6 M guanidinium hydrochloride, or boiled for 20 minutes. The resulting spectra prove the loss of modification
with CG341 after unfolding of UCHL1. b) The influence of the individual reagents used in the CUAAC was analyzed.
Spectra highlight that exposition of UCHLL1 to copper ions results in the dissociation of CG341 c) Intact protein mass
spectrometry proves that loss of the modification with 6-membered warhead probes is a general feature of this class of
compounds when used in the CUAAC.

drastically reduced. The effect of heat caused the dissociation of both probes equally.
Investigation of the individual reagents used in the CuAAC revealed that the modification of

UCHL1 with CG341 was reversed as soon as the DUB-probe complex was exposed to copper
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ions (Fig. 29 B, spectra 1.1 — 1.3). The binding was further disrupted in the presence of sodium
ascorbate, which reduces the copper (Il) to copper (1) ions (spectrum 1.2). If no copper was used,
the modification with the probe was stable in the presence of all other reagents (spectrum 1.4).
Different molecules were tested for their CUAAC efficiency to confirm that the probe modification
of UCHL1 was reversed upon unfolding also when other 6-membered warhead compounds were
used (Fig. 29 C). In addition, CG383, the non-alkyne derivative of CG341, was tested to determine
the influence of the triazole formed in the CUAAC on the dissociation of the probe. The dissociation
of CG385 from UCHL1 upon exposure to the CUAAC reagents proves that the forming triazole is
not influencing the loss of the modification. Loss of modification was also observed for the
molecules CG306 and the N-cyanopiperidine CG305, proving that the dissociation is not specific

for one probe but instead a general weakness of 6-membered warhead probes.

Collectively, biochemical analysis of CG306 and CG341 confirmed a stable modification of
UCHL1 for up to six hours after cell lysis. However, the unfolding of UCHL1, either by copper ions
or guanidinium hydrochloride, promotes the dissociation of the probes. This is not only the case
for CG341 and CG306 but appeared to be a general characteristic of the 6-membered warhead
probes. In contrast, the treatment with the 5-membered probe GK13S resulted in a stable

modification even upon unfolding of UCHL1.

3.3.4 N-cyanopiperazine probes usable for the speci  fic investigation of UCHL1

To carry out a small molecule target competition assay, for the further characterization of CG306
and CG341, non-alkyne derivatives (CG382 and CG383, respectively) were used (Fig. 30 A).
Those probes were used for a cellular competition assay, which was independent of the
fluorescence intensity of the 6-membered warhead probes (Fig. 30 B). Intact HEK293 cells were
treated first with the non-alkyne version of GK13S, GK16S, CG341 and CG306, followed by a
second incubation of all cell samples with the probe GK13S. Evaluation after cell lysis and CUAAC
led to fluorescently labeled proteins through modification of GK13S, only where the non-alkyne
derivatives did not inhibit a binding. CG118, the non-alkyne derivative of GK13S, was expected
to bind to UCHL1 and PARK7 among other proteins, resulting in reduced fluorescence intensity
after the treatment with GK13S. In contrast, CG382 and CG383 were supposed to bind only to
UCHL1, but not PARK7. CG370S, the non-alkyne derivative of the minimal probe GK16S, was
used as a control for the complete modification of PARK7. Even though the fluorescence intensity
for UCHL1 was drastically reduced when preincubating cells with CG118, CG382 and CG383,

the fluorescence band of PARK7 was still clearly visible.
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Fig. 30 | CG341 and GC306 are specific probes for the study  of UCHLL in a cellular context. a ) Molecular
structures of non-alkyne derivatives CG118, CG383, CG382 and CG370S. b) Cellular small molecule competition
assay. Intact HEK293 cells were pretreated with the indicated non-alkyne versions of established small molecule
probes, followed by a treatment of the same cells with GK13S. Fluorescence readout revealed which proteins GK13S
could modify and which binding sites were occupied by the non-alkyne derivatives. c) Gel-based pull-down with the
indicated probes and subsequent western blot analysis of pull-downed proteins. d) In vitro DUB screening with the N-
cyanopiperazine probe CG341 reveals in-family specificity for covalent modification of UCHL1. The screen was carried
out as a paid service at the MRC protein phosphorylation and ubiquitylation unit at the University of Dundee. e) Cellular
target engagement assay proves covalent binding of CG341 and CG306 to UCHL1 but not USP30 in a complex

proteome. f) Treatment of human glioblastoma cells with CG341, CG306, GK13S and the respective minimal probes
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to induce UCHL1-dependent reduction of the mono-Ub pool. g) Quantification of mono-Ub band intensity of western

blots shown in f).

This may be because the potency of CG118 was not sufficient to fully modify cellular PARK?Y.
Thus, the remaining protein was labeled by GK13S. Only CG370S potently modified PARK?Y,
which led to decreased fluorescence intensity after the labeling with GK13S. Comparing the
pretreatment with CG382 and CG383, the intensity of the UCHL1 band decreased where the non-
alkyne derivative of CG306 was used. This corroborates the enhanced potency of CG306 over
CG341 in living cells. The prominent bands below UCHL1 proved the discrimination of CG341
and CG306 for PARK7 binding. Since it was not excluded that the cyanopiperazine probes also
modify a small proportion of cellular PARK7, a gel-based pull-down was performed (Fig. 30 C).
Western blot analysis of the corresponding pull-down fractions confirmed that only UCHL1 was
isolated, but not PARK7, when CG341 and CG306 were used. The promising specificity profile of
the cyanopiperazine probes led to a second DUB selectivity screening with CG341 (Fig. 30 D). At
a concentration of 15 uM, UCHL1 was the only DUB sufficiently (>90 %) inhibited by the probe.
This confirmed that variation of the warhead structure could result in a small molecule probe with
in-family specificity, even though the compound was bound to the ubiquitin-binding site of a DUB.
The screen showed that USP30 was weakly bound by the probe (approx. < 40 % inhibition,
second most binding within the DUB family).

To confirm in-family specificity of CG341 and CG306 in a cellular setting, a target engagement
assay against USP30 was carried out (Fig. 30 E). HEK293 cells were treated with the indicated
probes, lysed and incubated with an Ub-VS probe. CGO085, a confirmed USP30 inhibitor, was
used as a control compound. The resulting western blot analysis proved that the N-
cyanopiperazine probes discriminated USP30 binding but potently modified UCHL1 in a living
environment. N-cyanopyrrolidine GK13S, on the other hand, showed covalent modification of both
USP30 and UCHL1. Next, the probes were applied to human glioblastoma cells to confirm the

reduction of the free mono-Ub pool upon specific inhibition of UCHL1 (Fig. 30 F, G).

Treatment with the more cell-permeable cyanopiperazine probe CG306 (compared to CG341),
resulted in a similar reduction of free mono-Ub (approx. 20 % at 1 uM compound concentration)
as observable after the treatment with GK13S (in this assay, compare with 5 uM treatment GK13S
Fig. 20 D). Treatment with CG341 resulted in reduction of approx. 10 % of the mono Ub-pool
compared to the DMSO control. However, also the treatment with the corresponding minimal
probes, which did not bound to UCHL1 (Fig. 27 C), showed a similar reduction of the mono Ub-

pool. For this reason, and also because CG341 does not show complete modification of UCHL1
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in intact cells, the reduction of the free mono-Ub pool after treatment with CG341 should be
viewed critically. Nevertheless, this highlights the use of the small molecule probe CG306 as an

important tool for investigating endogenous UCHLL1 in a cellular setting.

Taken together, the 6-membered warhead cyanopiperazine probes showed exquisite in-family
specificity for UCHL1 in a dedicated DUB screen and discriminated the major off-target PARK7
that was potently modified by the forerunner probe GK13S. The screen also suggested weak
modification of USP30 by CG306 and CG341, but this was not confirmed in a cellular target
engagement assay. Furthermore, the probe CG306 was used to inhibit UCHL1 in U-87 cells,
which led to reduced mono-Ub levels similar to the treatment with GK13S. Many questions remain
unanswered about the substrate spectrum and the mechanistic relationship between UCHL1 and
the free mono-ubiquitin pool. However, the biochemically characterized probes CG306, CG341
and GK13S, and their corresponding minimal probes, can be used in future experiments to make

decisive contributions to answering these questions.

3.4 PROTAC tool compounds for the degradation of DU  Bs

PROTACSs are bifunctional molecules that consists of a binder for the protein of interest and a
recruiter for an E3-ligase connected by a linker. These molecules are used to induce the specific
degradation of the protein of interest. The PROTACS designed to target DUBs, can be utilized as
tool compounds to investigate phenotypes or general changes in global protein levels not only
after the inhibition but after the induced degradation of the DUB of interest (Aim V).

3.4.1 Identification and synthesis of suitable USP7 binder for PROTAC generation

PROTAC development requires potent and selective binders to the protein of interest. Even
though inhibitors are available that fulfill those criteria, it does not make them suitable molecules
for PROTAC design. The compounds need to provide an exit vector for the attachment of the
linker to connect the inhibitor to the E3-ligase binder. Furthermore, the exit vector should be
solvent-exposed and the linker attachment should not interfere with the inhibitor's potency and

selectivity.

In 2020, when this work was executed, mainly four USP7 inhibitors were published that provided
the right potency and selectivity suitable for PROTAC design (Fig 31 A). Compound 41 was

characterized with an excellent potency, but based on a complex synthesis strategy, it had no
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obvious exit vector in its structure. The other three inhibitors all indicated a promising exit vector
at the western end of the molecular structures. This was confirmed by the published structures of
the inhibitors in co-complex with USP7, where the attachment sites for linkers were all solvent-
exposed (Fig 31 B, C). The synthesis strategy for the inhibitor XL188 appeared most feasible as
the quinazolinone core scaffold was the fastest to build up. Therefore, the inhibitor XL188 was
chosen as a starting point for PROTAC development for the targeted degradation of USP7. The
synthesis of the selected USP7 ligand starts with 4-nitro anthranillic acid, which reacts in a
condensation reaction to yield the bicyclic nitroguinazolinone. Simultaneously, a boc-protected
piperidone was used to generate a highly reactive epoxide, which is conjugated to the
guinazolinone to obtain the centric scaffold of the ligand. The eastern part of the molecule is
introduced by a chiral phenylbutanoic acid and coupled to the core scaffold via the secondary
nitrogen of the piperidone. The (R)-stereoisomer is crucial for the inhibitors binding capacity since

it appears to be 100-fold more potent than the (S)-sterecisomer. %%
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inhibitors suitable for PROTAC design. The red circle indicates solvent-exposed positions and was accessible for the
chemical modification to install the linker. b) Overview of the crystal structure (PDB: 5VS6) of the inhibitor XL188 non-
covalently bound to the catalytic center of USP7. ¢) Zoom in to the catalytic pocket occupied by XL188: the eastern
part of the molecule is buried in the catalytic cleft, whereas the piperazine moiety is fully solvent exposed.

The nitro group of the quinazolinone was reduced to introduce the western part. The
corresponding primary amine was conjugated with a short linker to introduce the piperazine. The
original synthesis of XL188 involves the attachment of a methyl piperazine as a solubility group.
For the design of the PROTAC, an N-Boc-protected piperazine was chosen, which could be

further modified with the linker after deprotection (Scheme 11).

85



Results

o) o)
[eadF U ve,
O,N NH, O,N Nig
20 21 Q OH

° @
o} O,N i N\r(o

O,N N/) /\O’Y\Q »5

e OH o OH
0 o . OO
HoN N N : Br/\)LN N/) N ,
o H I
27 28

h

o)
XL188: R = methyl OH
PROTACs: R = linker~E3 ligand o) )N/\O
(\N/\)Lu N N :
N o *
R -~ 29

Scheme 11 | Synthesis route of the USP7 binder XL188 and deriv  atives thereof for generating PROTACS. a)
Formamide b) NaH, TMSOI c¢) Cs2C0Osd) 10 % TFA in DCM e) (R)-Phenylbutyric acid, HATU, EtsN f) Fe, HCI g) 3-
Bromopropionyl chloride, EtsN h) methyl piperazine, EtsN

A Niementowski reaction prepared quinazolinone 21 from anthranilic acid 20 and formamide
(Scheme 12). The first step of this cyclization involves the nucleophilic addition of the nitrogen of
the anthranilic acid to the carbonyl group of the formamide. Relocation of electrons results in the
release of ammoniac, which attacks the carbonyl group of the anthranilic acid. An endothermic
reaction leads to the condensation of water and an amide bond was formed. Another nucleophilic
attack of the amidic nitrogen on the opposing carbonyl group results in cyclization and the release

of a second water molecule yields the quinazolinone 21.
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Scheme 12 | Representation of 21. A Niementowski condensation yields the quinazolinone 21 from nitroanthranilic

acid 20 and formamide.

Simultaneously epoxide 22 was prepared in a Johnson-Corey-Chaykovsky reaction (Scheme 13).
The dimethyloxosulfonium methylide is used as a methylene-transfer reagent and was generated
by the reaction of trimethylsulfoxonium iodide (TMSOI) with sodium hydride, which abstracts a
proton from the methyl group. The ylide reacts in a nucleophilic addition with the carbonyl group
of the piperidone 22. Because the sulfonium cation functions as a good nucleofuge, the negatively

charged oxygen of the carbonyl group can attack the methyl group to yield the epoxide.

o 0
NaH, TMSOI, DMSO
® > Eﬁ

N J< 0°C-65°C, 98 % N J<
o o
22 23

Scheme 13 |Representation of 23. The precursor epoxide 23 was prepared in a Johnson-Corey-Chaykovsky reaction.

The base-catalyzed ring opening of the epoxide enables the linkage of 21 and 23 (Scheme 14).
Under basic conditions, the attack of the secondary nitrogen of 21 with the epoxide is shaped by
steric repulsions. This favors the reaction with the less substituted CP-atom of the epoxide,
following a Sn2 mechanism.*®® The resulting alkoxide is subsequently protonated to form
molecule 21. The tertiary hydroxy group has a decisive influence on the potency of the inhibitor.
It forms hydrogen bonds with the carboxylic group of Asp295 as well as the nitrogen of the peptide
backbone of valine (Val) 296.

0
o Ej o} o
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Scheme 14 | Representation of 24. The core scaffold 24 was generated via a base-catalyzed epoxide ring opening.

The reaction resulted in a yield of 46 %. Reactant 23 could have been contaminated by DMSO
residues from the previous reaction, that were difficult to separate. This hypothesis was

corroborated by the observation of unreacted 21 in the LC-spectrum.
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The piperidine was decarboxylated under acidic conditions to make the secondary nitrogen
accessible for further modifications (Scheme 15). The eastern part of XL188 is composed of (R)-
phenylbutyric acid, which points into the catalytic pocket of USP7 and is involved in various crucial
interactions: The phenyl ring is stabilized by hydrophobic interactions with the aromatic systems
of tyrosine (Tyr) 514, His456, Phe409 and the aliphatic chains of Lys420 and arginine (Arg) 408.
The methyl group at C® to the phenyl ring is involved in multiple van der Waals interactions with
the backbone of asparagine (Asn) 460, among others. In addition, the connection of the acid with
the piperidine via an amide bond is important since the oxygen of the carbonyl group interacts
with Tyr495 as a proton acceptor.®l HATU was used as a coupling reagent to convert the acid
into the activated uranium salt intermediate. This intermediate facilitates the nucleophilic attack

of the nitrogen and collapses to release the amide 26 and a triazolopyridinol as a by-product.

o) 1.10 % TFAin DCM

OH 2. (R)-Phenylbutyric acid, % OH
/CﬁL)N/\b HATU, Et:N, DCM ) /@:IL)N/\D
= N__O
o -
26

1. RT, 2 h, quant.
2.RT,5h,79%
24

Scheme 15 | Representation of 26. The eastern part of XL188 was introduced via acetylation of piperidines secondary

amine

To prepare an aniline at the quinazolinone to attach the E3-binder/linker conjugate, the nitro group
was converted via the Béchamp reduction (Scheme 16). Acid catalysis triggers the electron
transfer from the iron to the nitro group of 26, resulting in its protonation and the condensation of
water. The so-formed nitroso group gets hydrated at the double bond, which condenses another
water molecule. An electron transfer leads to the accumulation of a negative charge at the
nitrogen. As a result, another proton was bound to form the primary amine 27. Throughout this
process, the iron scavenges several hydroxy ions, forming iron hydroxide. The hydroxide was
released and recovered as water, leaving the iron as an iron oxide by-product. Also other reducing
agents, such as palladium on charcoal and tin(ll)chloride, were applied in test reactions. However,

only the use of iron led to sufficient yields of the desired product.
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Scheme 16 | Representation of 27. The nitro group of 26 is transferred to the corresponding primary amine 27 via a

Béchamp reduction.
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The solvent-exposed piperazine moiety was attached to the core scaffold 27 via a short propionyl
linker. The linker was introduced as a highly reactive acyl chloride (Scheme 17). The base was
used to activate the carbonyl group in a nucleophilic catalysis mechanism. The amine of the base
attacks the carbonyl bond upon which a tetrahedral intermediate was formed. The displacement
of the halide results in the formation of a quaternary acyl ammonium salt, which was more
susceptible to react with the aniline of the core scaffold.[*! To prevent unwanted reactions with

the alkyl bromide, the reaction was constantly kept at -20 °C.

O
OH 0 OH
/@\)‘\N/\b Bromopropionyl chloride, EtsN, DCM) o /©\)LN/\©
HoN N/) N _ -20°C, 3 h, quant. Br/\)LN N/) N _
0 H H o) H
27 28

Scheme 17 | Representation of 28. The alkyl bromide to further attach the E3-binder/linker conjugate was installed

via an amide bond with the highly reactive bromopropionyl chloride.

3.4.2 Design and synthesis of PROTACs targeting USP 7

To exploit the ubiquitination machinery, two recruiters for the E3-ligases CRBN and Von-Hippel-
Lindau were used for PROTAC design. The synthetic strategy for the CRBN binder pomalidomide
was adapted from the literature and the yield of all intermediates was in agreement with published

procedures (Scheme 18).1187

Y

29 30 31 32

Scheme 18 | Synthesis and functionalization of the CRBN binder . &) a-aminoglutarimide hydrochloride, NaOAc,
HOAc, b) Pd/C, Hz c) 1. 3-bromopropionyl chloride, DMAP; 2. Boc-piperazine, Et3N; 3. 20 % TFA in DCM

In brief, the synthesis of the piperazine functionalized pomalidomide 32 was started from a
condensation reaction of the nitro phthalic anhydride 29 with alpha-aminoglutarimide to obtain 30.
Palladium on charcoal under a hydrogen atmosphere was used to reduce the nitro group of 30 to
an aniline to obtain the thalidomide analog pomalidomide 31. In order to introduce the symmetric
spacer between the CRBN binder and XL188 a short propionyl linker was installed via amide

coupling. A boc-protected piperazine was attached to bridge the E3-binder to the USP7 inhibitor
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in a final nucleophilic substitution. The boc group was deprotected, which vyielded the

functionalized CRBN recruiter 32.

The VHL-binder was commercially available and only functionalized with a short spacer for
attachment to the USP7 inhibitor XL188 (Scheme 19).

33 34 H

Scheme 19 | Last step functionalization of VHL-ligand 31. a) 1. 3-(4-(tert-butoxycarbonyl)piperazin-1-yl)propanoic
acid, DIPEA, HATU; 2. 20 % TFA in DCM.

The symmetric spacer was attached to the eastern end of the VHL-ligand via amide coupling and
subsequently deprotected to generate a free amine that was linked to XL188. There are various
exit vectors described for the design of VHL recruiting PROTACSs. Depending on the chosen exit
vector, the ternary complex between the E3-ligase, the PROTAC molecule and the POI can vary
and therefore, promote or inhibit the transfer of the ubiquitin. Attaching a spacer at the eastern
primary amine of the structure was the most used exit vector (87 % of all VHL recruiting PROTACs
published). It was therefore chosen for this first generation of USP7 PROTACs. 18l

Lastly, the USP7 inhibitor and the E3-ligase binder were combined via a nucleophilic substitution.
This resulted in the generation of CRBN recruiting PROTACs MS062, MS064 (Scheme 20) and
the VHL recruiting PROTAC MS067 (Scheme 21).
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Scheme 20 | Coupling of the CRBN recruiter to XL188 yielded PR OTAC MS064. The USP7 inhibitor 28 was coupled

to 32 via a nucleophilic substitution.
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MSO064 bears the more potent USP7 binder with the methyl group in R-configuration, but MS062,
the racemic derivative, was synthesized according to the same synthetic strategy. Both molecules
were obtained in low yield. LC-MS analysis of both crude products revealed major side products,
which were not further identified, but side reactions with the pomalidomide in DMF were recently
investigated.[*8% However, the small amount of both PROTACs obtained after HPLC purification
was sufficient for biological testing. Nevertheless, the synthesis strategy should be optimized for
future reactions. Since there was evidence via LC-MS, that the bromide of 28 was eliminated
during the reaction through an Els mechanism, an alternative linking strategy should be
considered. The elimination resulted in the formation of alkene at molecule 28, which did not react
to form the desired product. To prevent the elimination, a screening of the reagents, especially of
the solvent and the base, should be carried out. Furthermore, boc-protected 3-(piperidin-4-
yl)propanoic acid could be fused to 27 by amide coupling. The piperidine is then deprotected and
linked to the E3- recruiter. This strategy would involve the linkage of the DUB binder and the E3-
binder in a different order and therefore circumvent any eliminations occurred in the original
synthesis strategy. Alternatively, the linker consisting of the piperazine connected to an alkyl
spacer at both ends could be synthesized analogous to the DUB binder and the E3-recruiting
molecule. The standalone linker is then attached to the CRBN binder and XL188 in a last step.

This would allow multiple molecules to be synthesized in parallel.

O J@\* 0
s HN N/\)L J
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HN \)L
34 28 /l\ MS067

Scheme 21 | Coupling of the VHL recruiter to XL188 yielded PRO  TAC MS067. The USP7 inhibitor 28 was coupled

to 34 via a nucleophilic substitution.

VHL recruiting PROTAC MS67 was synthesized using a similar strategy to MS062.

3.4.3 Biochemical evaluation of synthesized PROTACs reveals potent binding and
degradation of USP7 in HEK293 cells

To confirm that the synthesized PROTACSs (Fig. 32 A, B) were still able to bind to USP7 and were
not sterically hindered by the E3-ligase binder, a Ub-Rh cleavage assay was executed (Fig 32 C).

The determined ICsq indicated whether the PROTACS' potency was in a similar range to the parent
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inhibitor XL188. For that purpose, purified USP7 was preincubated with all synthesized PROTAC
molecules for one hour and subsequently tested for deubiquitinase activity with and ubiquitin
rhodamine fluorophore. For comparability of potencies, the parent inhibitor XL188 and the
racemic analogon were also tested. For both parent inhibitors and VHL-recruiting PROTAC
MS067, comparable potencies in the sub-micro molar range were determined. This confirms that

adding an E3-ligase binder at the structure of XL188 does not interfere with its inhibition of USP7.
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Fig. 32 | Synthesized PROTACs showed potent binding and indu Molecular
structure of CRBN recruiting PROTAC MS064. MS062 represents the racemic analogon thereof. b) Molecular structure
of VHL-recruiting PROTAC MS067. c) PROTACs were tested for USP7 inhibition in an in vitro Ub-Rh cleavage assay.

USP7 was preincubated with indicated compounds for 1 h. ICsp values were determined from three independent

ced degradation of cellular USP7. a)

experiments for all compounds. d) Cellular characterization of induced degradation by indicated compounds in a
concentration-dependent manner. Protein levels were analyzed via western blot. e) Quantification of USP7 band

intensity from western blots depicted in d). All levels were normalized to a-tubulin levels.

Furthermore, this corroborates that a suitable exit vector for the attachment of a linker was
identified in the structure of XL188, which does not result in a steric clash with the protein surface
of USP7. Incubation of USP7 with the CRBN recruiting PROTAC MS064 led to approx. 6-fold

lower potency compared to the parent inhibitor and approx. 3.5-fold lower potency compared to
the VHL-recruiting PROTAC. This might result from the poor solubility of the pomalidomide in an
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aqueous environment.% Even though the ICso value of the racemic analogon of MS064 was 15-
fold higher than the racemic XL188, all PORTACs showed potent inhibition of USP7 in vitro.

To investigate if the PROTACs induce the specific degradation of USP7 in cellular context,
HEK293 cells were treated with the compounds in a concentration-dependent manner for 24 h
(Fig. 32 D). The abundance of endogenous USP7 was analyzed by western blotting and
normalized to endogenous a-tubulin. XL188, and the recruiter molecules for both E3-ligases were
used as controls to confirm that the induced degradation of USP7 is not dependent on any of the
molecules alone. Treatment of the cells with MS067 led to a degradation of endogenous USP7 at
all concentrations. This shows that the molecules could penetrate the cell membrane and were
able to reach USP7 inside the cell. Treatment with 0.1 uM resulted in the reduction of USP7 by
approx. 20 %, whereas a concentration of 1 uM led to reduced USP7 levels of approx. 30 %. This
confirmed that treatment with the VHL-recruiting PROTAC MS067 can induce the reduction of
endogenous USP7 levels in a concentration-dependent manner. Only a concentration of 10 uM
resulted in less degradation of USP7 than with a 10-fold lower concentration of the PROTAC.
Since this concentration corresponds to 40 times the ICso value of MS067, its very likely that a
Hook effect occurred, which inhibited the degradation of USP7. The hook effect describes the
cellular concentration of a PROTAC, at which the molecules saturate the binding site either at the
E3-ligase or the POI. This auto-inhibits the formation of the ternary complex and results in
unproductive binary complexes.*®¥ The racemic derivative of the CRBN recruiting PORTAC
MS062 shows no degradation at a concentration of 1 uM or lower. Treatment with 10 uM of
MS062 resulted in the degradation of >60 % of endogenous USP7. Recruiting CRBN resulted in
an increased degradation of cellular USP7, albeit at higher concentrations of the PROTAC. Since
the racemic version of the CRBN recruiting PROTAC was used, it is likely that treatment with
MS064, the PROTAC with XL188 in the R-configuration, induces the degradation of USP7 at

much lower cellular concentrations.

Collectively, the successful synthesis of two PROTACSs consisting of different E3-recruiters was
shown. The PROTACs were based on the literature known inhibitor XL188, whose crystal
structure in co-complex with USP7 was used to identify a possible exit vector for the attachment
of a linker. Biochemical and cellular characterization of the PROTACs showed potent inhibition of
purified USP7 and degradation of the endogenous protein in a living environment. This proves
that the chosen linker was sufficient initializing the ternary complex and that USP7 was

susceptible to induced degradation by PROTACSs.
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3.4.4 Transformation of GK13S into bifunctional mol  ecule to degrade UCHL1
Motivated by the results of the USP7 PROTACSs, the copper-catalyzed azide-alkyne cycloaddition
was used to install an E3-ligase binder at the alkyne-bearing probe GK13S. This resulted in the
synthesis of bifunctional molecules targeting UCHL1 for degradation. For that purpose, the
already synthesized CRBN- and VHL-binder were equipped with an azide moiety. To install the
alkyl linker with the terminal azide functionality by amide coupling, a tert-butyl protected glycinate
spacer was added to the pomalidomide derivative 32 via nucleophilic aromatic substitution (SyAr)
reaction. After deprotection of the ester, the carboxyl group was exploited for amide coupling to
obtain the azide-modified CRBN binder 34 (Scheme 22).

N 8 N > N
o o o]
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36 MS099
Scheme 22 | Synthesis of azide functionalized CRBN-binder. a) tert-butyl glycinate, DIPEA b) 1. 20 % TFA in DCM,
2. 3-azidopropan-1-amine, HATU, DIPEA
Due the free carboxylic acid, a direct coupling of the azide alkyl chain to the VHL-binder was

possible (Scheme 23). A slightly longer alkyl chain was used to ensure comparability of the linker
length between the VHL- and CRBN recruiter.

HO
33 MS107

Scheme 23 | Synthesis of azide functionalized VHL-binder. a) 6-azidohexanoic acid, HATU, DIPEA

Since the small molecule probe GK13S was already equipped with an alkyne functionality, the
E3-ligase recruiter was conjugated in a final synthesis step via copper-catalyzed alkyne-azide
cycloaddition (Scheme 24). The Cu (Il) was reduced by sodium ascorbate to the reactive Cu(l).
The proposed mechanism involves the addition of one copper ion to the alkyne via a o-complex,
resulting in the formation of a copper-acetylide intermediate. Next, a second copper ion is

recruited to form the catalytically active complex. The azide is coordinated to the r=bound copper
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complex. This complex collapses under the stepwise formation of the triazole moiety.°? TBTA
was used as a ligand to prevent the disproportionation of Cu(l) ions. A mixture of tert-butanol and
water was necessary to solve the copper source and the reducing agent in the aqueous phase,
but also to solve the other reagents in the organic phase. The reaction successfully conjugated

the probe with the E3-ligase binder, usable for biological evaluation (Fig. 33 A).

3
/) —NH 4/ NH
(6] N \)‘ sodium ascorbate, H
TBTA, CuSOu * 5 Hz0,
MS099 O, {BuOH:H:0 N
+ HN 18 h, RT HN RN
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lw 5 o GK13S
S HN N
N = 3 MS102: R = CRBN-binder (34), 17 %
HN MS109: R = VHL-binder (35), 21 %

HO
MS107

Scheme 24 | Synthesis of PROTACs MS102 and MS109. Copper-catalyzed cycloaddition was utilized to conjugate
GK13S with CRBN and VHL-recruiter.

To test whether the PROTACs MS102 and MS109 could bind to UCHL1, a target engagement
assay in HEK293 cell lysates was performed. The lysate was treated with the compounds at
different concentrations to detect a concentration range suitable for UCHL1 modification (1 h). All
samples were incubated with a HA-Ub-VS probe and analyzed for UCHL1 band upshifts by
western blot, indicating no compound binding (Fig. 33 B). The probe GK13S was used as a control
to confirm the covalent binding at UCHL1. MS107 and MS099, the azide-conjugated E3-recruiter
for the respective PROTACS, were used as controls to confirm that binding the E3-ligase alone
does not result in the degradation of UCHL1. As expected, the incubation with GK13S led to
complete modification of UCHL1 and no upshift of the corresponding band. Treatment with the
E3-binder-azide conjugates MS099 and MS107 resulted in no modification of UCHL1. The VHL-
recruiting PROTAC MS109 showed binding of UCHL1 in a concentration range from 2.5 to 10 uM
concentration. Whereas only at 10 uM the available UCHL1 was almost wholly modified. At 5 uM
more than 50 % of the endogenous UCHL1 was bound. The CRBN-recruiting PROTAC showed
more potent binding than MS109, with concentrations of 5-10 uM entirely modifying UCHL1 from
HEK293 lysates. Concentrations as low as 625 nM resulted in partial modification and 1.25 uM in

binding of approx. 50 % of the present UCHLL. To test the degradation efficiency of both
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Fig. 33 | PROTACs MS102 and MS109 show binding towards UCHL1  but lack membrane permeability. a)
Schematic representation of a PROTAC molecule with E3-binder (light blue), linker (curved line), and DUB binder
(orange) (top left corner) and the molecular structures of the UCHL1 targeting PROTACs MS102 and MS109. b) UCHL1
engagement assay in HEK293 cell lysates. Cells were treated with the indicated compounds for 1 h, following the
incubation with a HA-Ub-VS probe. All samples were analyzed by western blot analysis. ¢, d) UCHL1 degradation
assay in intact HEK293 cells. Cells were incubated with MS102 (c)) or MS109 (d)) for 24 h with indicated concentrations,
harvested and subsequently analyzed by western blotting. ) UCHLL1 target engagement assay in intact HEK293 cells.
Cells were treated with MS109 for 24 h, lysed and treated with a HA-Ub-VS probe. Samples were analyzed by western
blotting.

PROTACS, intact HEK293 cells were treated for 24 h. A range between 0.1 — 10 pM was chosen
to observe a compound concentration-dependent degradation. After the incubation period, the
cells were harvested and UCHL1 levels were subsequently analyzed for induced degradation
(Fig. 33 C, D). Unfortunately, the treatment with either MS102 or MS109 resulted in no changes
of the endogenous UCHL1 levels at any concentration. Since only two PROTACS design to target
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UCHL1 with slight linker variation were tested, the composition of the linker might not be sufficient
to induce a stable ternary complex. Another critical parameter is the cell membrane permeability,
as many PROTACSs fail to pass this barrier due to their molecular size and multiple hydrogen bond
donors.'* To test whether MS109 could pass the cell membrane to reach UCHL1, HEK293 cells
were treated with the PROTAC (Fig. 33 E). Following incubation with the HA-Ub-VS probe
revealed no labeling of cellular UCHL1 with the PROTAC at concentrations up to 10 pM.

Taken together, the copper-catalyzed 1,3-cycloaddition was successfully employed to conjugate
binders for the E3-ligases CRBN and VHL to the characterized UCHL1 probe GK13S. Biological
evaluation in HEK293 cell lysates confirmed stable binding of the PROTACSs to UCHL1 in the low
micromolar range. However, treatment of intact cells resulted in no degradation of cellular UCHL1
due to cell membrane permeability issues of the molecules. This was conformed with a target
engagement assay in intact cells so that a synthetic revision of the molecules is necessary to

enable the degradation of cellular UCHLL1.
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4. Discussion and Conclusion

Ubiquitylation as a post translational modifier for signal transduction is used in most pathways
throughout the cell.™® The specific reversal of various ubiquitin species is a fundamental
regulatory switch executed by deubiquitinases. The dysregulation of DUBs results in many
specific diseases, with cancer, cardiovascular diseases and neurological disorders among
them.['*? This protein class represents an important target for therapeutic applications, due to the
association of DUBs with this diseases. However, not many DUBs where exploited for drug
discovery approaches, due to the overall insufficient understanding of their substrate spectrum,

localization and interaction partners in different signaling pathways.*%*

This thesis described the synthesis of a dedicated library of small molecules targeting
deubiquitinases. These compounds were further equipped with electrophilic warheads to utilize
them as probes for the covalent modification of DUBs. The future use of the fully characterized
probes should work as a foundation to enhance the understanding about this enzyme class in
regards to the above-mentioned points. Most probes of the library presented in this thesis,
contained a nitrile or cyanopyrrolidine as their electrophilic moiety, a feature that was commonly
described in the patent literature for the covalent modification of DUBs. However, a recent
publication by the Buhrlage lab suggests that small molecule probes bearing different electrophilic
moieties show the ability to selectively target different DUBs.*'®l Using chloroacetamide as the
warhead structure resulted in the covalent modification of various USP DUBSs that were not bound
with any other electrophilic warheads. Furthermore, only the use of acrylamides and sulfonamides

as a warhead resulted in the modification of USP15 and USP22 respectively.!*!

The here described library consisted of seven compounds derived from literature known inhibitors
against DUBSs suitable for the use as probes. This compound collection was assembled as a prove
of concept to use small molecule probes for the cellular investigation of DUBs. The introduction
of the alkyne at specially identified sites within the molecule made proteomics based ABPP in
intact cell and other cellular assays possible. The ABP library represents an extension of the
toolbox to study deubiquitinases. They can be used complementary to Ub based probes, with
which cellular experiments are difficult to realize. However, the attachment of the alkyne at
specific areas within the molecule made rapid derivatization of the core scaffold and thus

expansion of the library difficult to achieve. To circumvent this limitation, improved synthesis
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strategies are required, which involves the preparation of building block suitable for several
probes. To accomplish this, the warhead and the moiety bearing the alkyne tag have to be
synthesized separately from the core scaffold of the final probe. If the warhead and the alkyne
structure are connected with the core scaffold as a final synthesis step the high throughput
screening for potent core scaffolds against different DUBs is possible. The best core scaffolds
would be selected to allow the rapid buildup of small molecule probe libraries. Taken together,
the variation of the electrophilic warhead structure and the ease of the chemical synthesis of the
compounds are important considerations for the future assembly of small molecule probe libraries

for the investigation of DUBs.

The biochemical evaluation of the probe library resulted in the identification of the 3-carboxy-N-
cyanopyrrolidine probe GK13S covalently modifying the DUB UCHLL1 in vitro as well as in different
cellular systems. For the other synthesized probes, no clear binding to a DUB in a complex
proteome was observed. The synthesized probes were tested in a DUB profiling assay. This
assay presents a rapid and powerful approach which utilizes the use of Ub-suicide probes to
detect for probe binding in cell lysates. However, the assay is limited for the detection of low
abundant DUBs that are easily overshadowed by higher abundant proteins with a similar
molecular weight. This may have resulted in some of the probes tested being classified as
unusable, although low abundant DUBs may have been modified. Work of the Ovaa lab suggest
the enrichment of a DUBtome from a complex mixture by the use disulfide Ub-Probes, from which
the release under mild reducing condition is possible.[*%! In isolation, the binding behaviors of the
small molecule probes to the DUBs of interest can be investigated in more detail. This would
circumvent the obstacles of off-target fluorescence caused by the binding of the probes to non-
DUBSs, otherwise not allowing the detection of low abundant DUBs with the presented assay from

a complex proteome.

UCHL1, a DUB that is predominantly expressed in neurons, is associated with cancer and
neurological disorders such as Parkinson’s disease. Its catalytic center is covered by the so called
cross over loop, a structural feature that restricts larger substrates from binding to the catalytic
cleft. Its substrate spectrum remained therefore elusive.l” The activity of UCHL1 is regulated by
conformational plasticity. In the inactive apo form, the catalytic triad is unaligned, which abolishes
any catalytic activity. The binding of ubiquitin results in a conformational change, which aligns the
catalytic triad, widens the cleft leading to the catalytic cysteine and stabilizes the Ub C-terminal
LRGG peptide for cleavage.® The covalent modification with the probe GK13S, locks UCHL1 in

a hybrid conformation, with some amino acid residues displaying conformations found in the apo
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structure and some adopt conformations from the ubiquitin bound state. The structure of GK13S
adopts a similar orientation as the C-terminal peptide of ubiquitin, through key hydrogen bonding
and hydrophobic interactions. Interestingly, its specificity for UCHL1 over most other DUBSs results
from alignment of its pyrrolidine in a pocket that only forms in the apo state of UCHL1. Other
working groups have reported DUB inhibitors exclusively stabilizing their targets in either the
active or the inactive forms.[%* 1% The co-complex structure of UCHL1 with GK13S highlights
that the newly observed hybrid conformation can lock deubiquitinases in an inhibited state
induced by small molecule binding. This finding can add another layer of specific inhibition of
DUBs with small molecules. The principle can be adapted by compounds binding to other DUBs
by exploiting their conformational flexibilities. Furthermore, the crystal structure, solved by Dr.
Christian Grethe, was the first of UCHL1 solved in co-complex with a small molecule probe and
enabled important insights into the binding behavior of GK13S. The structure allows conclusions
about the covalent modification of the catalytic cysteine and highlights important interactions sites
between the molecule’s recognition element and the protein. In addition, the structure provides a
conclusive explanation for the preference of the S-isomer over the R-configuration of GK13S.
Those insights will pave the way for the rational synthesis of UCHL1 inhibitors with enhanced

potency and selectivity profiles.

The covalent modification of UCHL1 with GK13S was confirmed via the pull down of the DUB in
an activity-based protein profiling approach. This target validation highlighted PARK7 (DJ-1) as
the major off-target of the probe GK13S. Other off-targets were identified as C210rf33, a PARK7
family associated protein, as well as the proteins ISOC1, NIT2 and different aldehyde
dehydrogenases. Most of these off-target proteins feature a catalytic cysteine and a covalent
modification of them were also confirmed by others in target validation experiments using
cyanopyrrolidine based probes.[t2% 12%. 1971 Ag 3 control, the minimal probe GK16S was
synthesized. This probe lacks the specificity element, consisting of a direct conjugation of the
alkyne handle to the cyanopyrollidine warhead. The enrichment of UCHL1 was drastically reduced
when GK16S was used. Besides UCHL1, GK16S showed a similar off-target spectrum as
GK13S. This finding was further corroborated in vitro by determining the 1C50 value of >100 pM
for the binding of GK16S to UCHL1. In addition, cellular investigation confirmed no covalent
modification of endogenous UCHL1 with GK16S. Biochemical evaluation of both probes showed
major differences in potency towards UCHL1, which allowed to apply the probes in a
concentration range were GK13S, but not GK16S was able to bind UCHL1 and both probes
modified the same off-target spectrum. By binding to the same off-targets but not UCHL1, GK16S

can be utilized to distinguish between phenotypes that result from the inhibition of UCHL1 and
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vice versa. This resulted in the use of GK13S and GK16S as chemogenomic pair of probes for

the specific investigation of UCHLL.

Target identification experiments with GK13R resulted in drastically decreased enrichment of
UCHL1 compared to the S-configuration. Nevertheless, only the treatment of a complex proteome
with GK13R, resulted in the weak isolation of USP10 (Supplementary Fig 3 B), another DUB not
identified in the original DUB profiling assay. This highlights that warheads in different stereo
configurations can influence the DUB target spectrum of a probe. Furthermore, GK13R presents
a starting point for the design and synthesis of small molecule probes for USP10. Further
investigation such as target engagement assay are necessary that prove that GK13R is able to

covalently modify USP10 in cellular setting.

Even though UCHLL1 is one of the most studied DUBs in scientific literaturel!®, the phenotypes
resulting from the interactions of UCHLL1 in various signaling pathways, as well as its role in
associated diseases are controversial.”Y One reason for this may be the use of the small molecule
LDN-57444, which is often incorrectly utilized as a specific UCHL1 inhibitor.**® The experiments
presented in this thesis, in agreement with data from others,*??®! suggest that LDN-57444 is not

sufficiently characterized to allow the specific study of UCHL1 in a cellular environment.

UCHL1 is an extremely abundant protein in the brain, where it is estimated to count for 1-5 % of
the total soluble neuronal protein.l”® Genetic deletions or engineered alterations of UCHL1 in mice
highlighted important functions of the DUB in neurodegeneration and maintenance of the free
mono-Ub pool.B”: 200 Stabilization of mono-Ub by UCHL1 was previously investigated in the
context of a monkey cell.*83 Curious, if a similar phenotype is observable in a human cell line the
chemogenomic pair of GK13S and GK16S was used to reconstitute this effect in glioblastoma
cell line U-87 MG. The data presented in this thesis suggests the reduction of free mono-Ub after
the inhibition of UCHL1 by GK13S. This does not only demonstrate the utility of GK13S and
GK16S as a chemogenomic pair of probes, but also establishes the U-87 MG cell line for the
study of effects on the mono-Ub pool associated with UCHLL1. To further understand the source
of the disturbance of the mono-Ub pool a rescue experiment was performed. This involved the
addition of different DUBs to replenish the mono-Ub pool, in case the lost mono Ub was
conjugated to other substrates. Even though exogenous DUBs with and without different linkage
specificities were used, the mono-Ub pool could not be adjusted to samples in which the
endogenous UCHL1 was not inhibited. Further experiments are needed to clarify the cause of

this irreversible loss of mono-Ub.
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GK13S was further used to inhibit endogenous UCHL1, to employ an exogenous catalytic inactive
UCHL1 mutant for the pull down of substrates and interaction partners. Unfortunately, no proteins
were isolated. Besides the points made in the results section variation of the isolation tag could
lead to improved outcomes. Since GFP is a rather large tag, that could clash with the interaction
or binding of possible substrate, smaller tags like FLAG, biotin or HA could be utilized. Cross-
linkers could be employed to stabilize the weak interaction between UCHL1 and other interactors.
To distinguish between substrates that bind to the catalytic pocket and interactors that bind on
the surface of the protein, cross-linking groups could either attached at UCHL1 directly or fused
to GK13S (Fig. 34).

(photo)chemically

(photo)chemically
induced

induced

L d: () Affinity-ta cross-linker
e Y \ UCHL1 i a protein-substrate protein-interactor
N cross-linker tagged
O Ubiquitin probe

Fig. 34 | Utilizing cross-linkers to stabilize interaction b etween UCHL1 and other proteins. a) A cross-linking
group is directly attached to the DUB to stabilize interactions with a substrate. b) A crosslinker modified probe derivative

is used to capture non-catalytic interaction partners of UCHL1. Both complexes are enriched via an affinity tag.

In an approach to identify changes on a proteome wide level upon the inhibition of UCHL1 with
GK13S in human glioblastoma cells, a proteomics based whole proteome digest was carried out.
This was based on the hypothesis that under normal conditions UCHL1 stabilizes its substrates
by deubiquitination. Inhibition of UCHL1 led to destabilization and thus to reduced levels of these
substrates. Changes were detected with mass spectrometry assisted methods on a proteome
wide scale. Evaluation revealed decreased levels of the small Rho-GTPase Racl and the serine
protease HtrA2 among others. Especially the destabilization of Racl is from therapeutically
interest, since the overexpression of the GTPase is implicated in different types of cancer.?° To
corroborate this finding decreasing levels of Racl were verified via western blot analysis. After 24
hours of treatment with GK13S, the level of Racl is slightly decreased. After 48 hours, the
decrease continues to increase again after 72 hours. At this point, other DUBs may compensate
for the loss of UCHL1 activity. More data remains to corroborate the association between
inhibition of UCHL1 and the loss of Racl and to shed light on the mechanism the DUB might
involved in. However, especially the indirect destabilization of RAC1 by inhibiting UCHL1 opens
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new therapeutic opportunities to interfere with an otherwise undruggable class of proteins that
play major roles in various diseases. Unfortunately, it was not possible to confirm reduced HtrA2
levels after the inhibition of UCHL1 with GK13S via western blotting. Since HtrA2 is located to the
mitochondrial membrane under normal cellular conditions and is only released to the cytosol
under apoptotic conditions, reduced levels of HtrA2 after inhibition of UCHL1 might become more
distinct in different cellular states.*8a Under normal conditions the change in protein level might

be too sensitive to be quantified via western blotting.

Surprisingly, an in vitro DUB profiling with GK13S revealed the covalent modification of five other
DUBs besides UCHL1, which were not identified in the original cellular DUB profiling (Fig. 11 E).
One reason for this could be the low abundance of the DUBs in the lysate, which were therefore
not detectable. Furthermore, the fluorescence bands from other modified off-target proteins with
similar might have overshadowed them. The screening carried out at MRC Protein
Phosphorylation and Ubiquitylation unit, used only the purified catalytic domain for some DUBs.
GK13S might have a better accessibility to the amino acid residue the probe reacted with, when
only the structure of the catalytic center rather than the full-length protein is present. In addition,
other reasons might be that some DUBs were not transferred to the soluble protein fraction due
to insufficient lysis conditions, which came therefore not in contact with the probe in the lysis-

based assay.

Nevertheless, the in vitro targeting of other DUBs by GK13S resulted in the chemical optimization
of the probe with the aim to reach in-DUB family specificity and to discriminate the most abundant
off-target PARKY. Further evaluations of the crystal structure of UCHL1 in co-complex with
GK13S, demonstrated unoccupied space in the binding pocket of UCHLL1. This led to optimization
efforts, involving the synthesis of different variations of the warhead structure. Cyanopyrrolidines
with decorations in 2-position of the ring system, already resulted in decreased modifications of
PARKY7, but also in decreased potency against UCHL1 compared to GK13S. Structural
improvement and biological characterization resulted in the 6-membered cyanopiperazine probes
CG306 and CG341. Both were covalently modifying UCHL1, but no other DUBs or PARKY7. These
probes show comparable potencies towards UCHL1, but an increased specificity profile
compared to GK13S. This not only confirmed the rational that occupying additional space in the
catalytic pocket of UCHL1 led to increased specificity of the probe over other off-targets. But also,
that the specific targeting of DUBs with small molecules was possible, even though the molecule
binds to the ubiquitin binding site, a structural feature that is contained in all DUBs. The probes

feature a N-alkylation at the warhead, whereas CG341 is methylated and CG306 contains a pentyl

103



Discussion and Conclusion

chain at the piperazine. Interestingly, the methylated probe presents a more potent modification
of UCHLL1 in cell lysates due to its better solubility in aqueous media, whereas the pentylated
probe demonstrates an enhanced membrane permeability, resulting in increased covalent

modification of UCHLL1 in intact cells.

Target engagement assays in vitro and in intact cells with CG341 and CG306 at 5 M, confirmed
full covalent modification of endogenous UCHL1, comparable to the results observed with
GK13S. But even though the DUB was fully modified, the fluorescence intensity or the enrichment
of UCHL1 after attaching the reporter group via CUAAC remained low. Extensive investigation
demonstrated, that the covalent bond formed between the probes and the DUBs was stable under
lysis conditions for several hours, but upon addition of the CUAAC reagents the modification with
CG341 and CG306, but not with GK13S was abolished. Screening the reagent spectrum made it
most likely that the addition of Cu ions led to the unfolding of UCHL1 and the destabilization of
the cyanopiperazine probes. Addition of sodium ascorbate enhances this effect even further. The
use of CG306 and CG341 for ABPP is therefore limited.

To circumvent this limitation, CG341 and CG306 could pre-clicked and incubated with the cells in
a copper free environment. But whether the molecules are able to pass the cell membrane in this
state remains questionable. The strain-promoted azide-alkyne cycloaddition (SPAAC)
demonstates another possibility to utilize the probes in ABPP experiments. The SPAAC,
developed by Bertozzi and coworkers, presents a copper-free version of the CUAAC. Instead of
using Cu(l) ions to activate the alkyne, a strained cyclooctyne is used. The ring strain destabilizes
the alkyne, increasing the reaction force to proceed the [3+2] cycloaddition with the azide. This
allows not only the attachment of the reporter after lysis, but in intact cells cells under physiological
conditions.?°2 However, further synthetic effort is needed to replace the alkyne with a cyclooctyne.
The full target spectrum of the cyanopiperazines should be elucidated in regards to fully
characterized the synthesized probes. A chemical optimization of the probes, which results in the

availability for target ID experiments is therefore inevitable.

In order to investigate phenotypes that were enabled by interaction of UCHL1 with other
macromolecules, but not by its catalytic activity, PROTACs based on GK13S were synthesized.
The PROTACSs are designed to promote the degradation of cellular UCHL1, which is no longer
available for non-catalytic interactions. Since the probe GK13S already contained an azide, the
CuAAC was used to enable the rapid linkage with azide conjugated E3-recruiters. However,
biological evaluation showed that although the PROTACSs were able to bind endogenous UCHL1,

they were unable to penetrate the cell membrane due to their size and the triazole moiety. For
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the application of UCHL1 PROTACs based on GK13S, utilization of the SPAAC would be
advantageous to introduce the E3-binder. With this method, GK13S alone is used completely
modify UCHL1, so that in a second step the E3-binder is conjugated via SPAAC in a living
environment. Furthermore, the cyanopiperazine probes CG341 and CG306 could be converted
into specific UCHL1 PROTACSs. The reversibility after unfolding of UCHL could be exploited. Thus,
the molecules would be released from the DUB upon unfolding at the proteasome. This would

release the PROTACSs for another modification cycle.

That the induced degradation of DUBs is possible was demonstrated by the design, synthesis
and biological characterization of PROTACSs targeting USP7. USP7 is a well-studied DUB and
therapeutically interesting in the context of the p53/MDM2 axis. Just recently two other groups
published PROTACSs against USP7 that are structurally similar to the molecules presented in this
thesis.[4”l Both PROTACs consist of a pomalidomide analogon to recruit CRBN to USP7. This
corroborates the finding, that recruiting CRBN results in increased degradation of USP7 when
treated with MS062 at higher concentrations, compared to recruiting VHL. The here presented
USP7 PROTAC molecules work as chemical tool compounds for the investigation of USP7 in
cellular settings and with further improvement, present a promising strategy to intervene with p53

in cancer relevant settings.

The tool compounds described in this thesis will help to elucidate and understand the
mechanisms, interaction partners and substrates of deubiquitinases. Furthermore, they will serve
as a basis for developing and improving active compounds for the targeting of DUBs in order to

make this important class of proteins accessible for therapeutically interventions.
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5. Methods

Parts of the methods described below were already been published as excerpts or in their

entirety.[2%%)

5.1 Biology

5.1.1Biochemical assays
Cloning and constructs

Human UCHL1 (uniprot: P09936, residues: 1-223) and PARK7 (uniprot: Q99497, residues: 1-
189) sequences were cloned from cDNA templates for bacterial expression into the pOPIN-B
vector (for UCHL1 and PARKY, N-terminal Hise-3C-tag, an additional GS linker was used for
UCHL1) and into the pOPIN-E vector for mammalian cell transfection (with an N-terminal Flag-
GS tag and no C-terminal tag) using the In-Fusion HD Cloning Kit (Takara Clonetech). Site-
directed mutagenesis was carried out by splicing-by-overlap extension PCR using Phusion

Polymerase (New England BioLabs).

Protein expression and purification

For bacterial expression of proteins, Rosetta2(DE3) pLacl cells were transformed with the
respective vector. Overnight cultures were diluted 1:100 into 2xTY medium, and suitable
antibiotics were added to the medium. Then cultures were grown shaking at 37 °C. As soon as a
Asoo Of 0.8 was reached, cultures were cooled to 18 °C, isopropyl-1-thio-3-D-galactopyranoside
(IPTG) was added (0.5 mM final concentration) and cultures were grown overnight. Cells were
harvested by centrifugation and stored at -80 °C. The pellets were thawed, resuspended in lysis
buffer (50 mM HzNaPO,4, 300 mM NacCl, 20 mM imidazole, pH 8.0, supplemented with lysozyme
and DNAse) and lysed by sonication on ice for 5 min. The cell debris was cleared by centrifugation
at 22000xg for 30 min at 4 °C and sterile filtered. The clear lysate was then passed through a
5 mL HisTrap column (GE Healthcare), preequilibrated with buffer A (50 mM H>NaPO., 300 mM
NaCl, 20 mM imidazole, pH 8.0), using an AKTA Pure System (GE Healthcare). The protein was
then eluted into buffer B (50 mM H>NaPO., 300 mM NacCl, 500 mM imidazole, pH 8.0). Protein

containing fractions were pooled and concentrated. For UCHL1 and PARK7, GST-3C protease
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was added and the sample was dialyzed into buffer C (20 mM Tris pH 8.0, 100 mM NaCl, 4 mM
DTT) overnight. These proteins were further purified by size exclusion chromatography using a
HiLoad 16/600 Superdex 75 pg column (GE Healthcare) with buffer C. PARK7 was dialyzed
subsequently into buffer D (20 mM KH»PO4 pH 7.0 and 5 mM DTT). Dialysed samples were
passed through a pre-equilibrated HisTrap column and the eluate was diluted into low salt buffer
(25 mM Tris pH 8.5, 50 mM NaCl, 4 mM DTT). These proteins were further purified by anion
exchange chromatography on a ResQ column (GE Healthcare) by elution into high salt buffer (25
mM Tris pH 8.5, 500 mM NacCl, 4 mM DTT) over 20 column volumes. Pure protein containing
fractions were collected, concentrated and buffer exchanged into buffer C + 5% glycerol. The final

protein concentrations were measured by UV absorbance on a Nanodrop 2000.

Intact protein mass spectrometry

Recombinant protein was diluted to a final concentration of 3 pM in PBS (1.8 mM KH2PO4, 10 mM
Na:POs4 pH 7.4, 137 mM NacCl, 2.7 mM KCI) and treated with either DMSO or compound. The
compound was diluted from a 10 mM stock to a final concentration of 10 uM. The protein
compound mixtures were allowed to incubate for 1 h at room temperature. In case CUAAC was
carried out, CuSO; - 5 H.O (1 mM), BTTAA (5 mM), 5/6-TAMRA-Azide-Biotin (20 uM) (Jena
Bioscience), and sodium ascorbate (5 mM, all final concentrations) was added and incubated for
1 at RT and protected from light. The samples were either run through a MassPrep Online
Desalting 2.1x10 mm cartridge (Waters, flow rate 0.5 mL/min, runtime 7.00 min, column
temperature 30 °C) or an AdvanceBio DesaltingRP 2.1x12.5 mm cartridge (Agilent, flow rate
0.4 mL/min, runtime 6 min, column temperature 32 °C) with solvents A = HPLC-grade H,O + 0.1%
formic acid and solvent B = HPLC-grade acetonitrile + 0.1% formic acid as mobile phases. A
gradient from 20-90% solvent B (MassPrep Online Desalting cartridge) or 5-95% solvent B
(AdvancedBio DesaltingRP) was programmed. The samples were either analyzed on a Velos Pro
Dual-Pressure Linear lon Trap mass spectrometer (ThermoFisher), equipped with an
electrospray ion source in positive mode (capillary voltage 5 kV, desolvation gas flow 40 L/min,
temperature 275 °C) or on an Agilent 1260 Il Infinity system (Agilent), equipped with an
electrospray ion source in positive mode (capillary voltage 4 kV, desolvation gas flow 80 L/min,

temperature 350 °C). Spectra were deconvoluted with ProMass (Enovatia).
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Fluorescence labeling of USP30 in vitro

Either the compound (from 10 mM stock) or DMSO was diluted to a final concentration of 10 uM
in PBS buffer. Purified USP30 (residues 64-502) (3 uM final conc.) was added to each sample
and incubated for 1 h at RT. Then CuSO;4 - 5 H,O (0.25 mM), BTTAA (1 mM), Rh-azide (20 puM)
and sodium ascorbate (5 mM, all final concentrations) were added to each sample and incubated
for 1 h protected from light. The click reaction was quenched by the addition of 4 x LDS-sample
buffer. Samples were resolved by SDS-PAGE using a 4-12% Bis-Tris gel (Invitrogen, NUPAGE)
with MES SDS running buffer for 50 min at 180 V. Fluorescence was read out using the Alexa488
(Aexrem 490/525 nm, for Rhodamine) channel on a ChemiDoc MP Imaging System (BioRad).

Ub-Rhodamine assay

Reactions were performed in black 384 well low volume non-binding surface plates (Greiner
784900) in a final volume of 20 pL. USP7 was diluted in reaction buffer H (20 mM Hepes pH 8.0,
50 mM NacCl, 0.05 mg/ml BSA) to a 4x stock (75 nM final concentration). DUBs were mixed in a
1:1 ratio with 4x PROTACSs dissolved in reaction buffer (final DMSO concentration: 0.1-1%). To
each well was added 10 pL of DUB-compound solution in triplicates, followed by 1 h incubation
time. Reactions were initiated by the addition of 10 uL Ub-Rhodamine 110 (Biomol, final
concentration: 50 nM, diluted into reaction buffer supplemented with 5 mM DTT) and fluorescence
(excitation = 492 nm, emission = 525) was read on a Tecan Spark plate reader for 1 h in 1.5 min

intervals at room temperature. Biochemical ICso values were calculated using GraphPad Prism.

Reversibility measurements of N-cyanopiperazine pro bes

Purified UCHL1 was diluted in HEPES buffer (20 mM HEPES pH 8.0, 50 mM NacCl) to 10 uM (2x
stock). Indicated compounds were diluted to 40 uM (2x stock) in HEPES buffer. 100 uL of the
UCHL1 stock was incubated with 100 pL of each compound or DMSO for 1 h at RT. Then, 10 uL
of each UCHL1/compounds solution were incubated in 90 pL of indicated buffers for 1 h at RT.
For testing the reversibility upon addition of click reagents, 80 pL of the UCHL1/compound
solution were incubated with 5 puL of each click reagent in different compositions and incubated
for 1 h at RT protected from light. Samples were analyzed via intact mass spectrometry as

described above.
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5.1.2 Cellular assays

Cell culture

Cell lines were obtained from the American Type Culture Collection (ATCC) or the Leibniz Institute
DSMzZ-German Collection of Microorganisms and Cell Cultures GmbH. All cell lines were
cultivated in a humidified incubator at 37 °C and 5% CO,. HEK293, HeLa, MCF-7 and U-87 MG
cells were cultivated in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and 2% penicillin-streptomycin. PC-3 cells were cultivated in F-12K Nut
Mix media supplemented with 10% FBS and 2% penicillin-streptomycin. Cells were tested

negative for mycoplasma contamination.

Transfection

For overexpression, HEK293 cells (7x10°) were seeded in six-well plates and cultivated for 24 h.
200 pL OPTI-MEM medium was mixed with PEI transfecting reagent (Polysciences)and the
vectors and preincubated for 15 minutes. Cells were then transfected with vectors and incubated
for 24 h. Following the treatment with either compounds or DMSO in fresh media for an additional
24 h, cells were processed as described below. All sSiRNA (scrambled: SiGENOME Non-Targeting
SiRNA Control Pools, D-001206-13-05; UCHL1 smart pool: SIGENOME Human UCHL1 siRNA,
M-004309-00-0005; PARK7 smart pool: SiIGENOME Human PARK7 siRNA, M-005984-00-0005;
UCHL3 smart pool: SiGENOME Human UCHL3 siRNA, M-006059-02-0005) were obtained from
Dharmacon. Cells were seeded as described above. 2 pL of 10 uM siRNA was diluted in 100 pL
OPTI-MEM medium. Additionally, 6 uL RNAIMAX (Thermo Fisher) were diluted with 100 puL OPTI-
MEM medium. Both solutions were combined, incubated for 5 min, and added dropwise to the
cells. 24 h after transfection, cells were treated with the compounds or DMSO in fresh media for

24 h. Cells were subsequently processed as described below.

DUB profiling for synthesized small molecule probe library

HEK 293 cells (4x10°) were seeded in 10 cm dishes and grown to 90% confluency. The medium
was aspirated, cells were washed with ice-cold PBS, treated with 600 uL ABP lysis buffer (1%
(v/v) IGEPAL, 50 mM Tris, 150 mM NaCl, 5% glycerol, pH 8, cOmplete protease inhibitor cocktail)
and incubated on ice for 15 min. The lysed cells were scrapped off the dish and the cell debris
were removed by centrifugation. Total protein concentration was determined via a Bradford assay

and the cell lysate was diluted to a protein concentration of 2-4 mg/mL with ABP lysis buffer, split
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in half, and one half treated with HA-Ub-VS (1 uM final concentration, 37°C, 30 min). Compounds
were diluted to a 2x concentration in PBS buffer from a 10 mM stock in DMSO (final concentration:
1 uM). Then each compound dilution or a DMSO dilution was mixed with cell lysate and incubated
for one hour at room temperature. Afterwards 1 pL of each click reagent (final concentration of
0.5 mM CuSOs-5 H,O, 1 mM BTTAA, 4 uM 5/6-TAMRA-Azide-Biotin (Jena Bioscience), 5 mM
sodium ascorbate, each from 100x stocks) were added to each sample, followed by an incubation
period of one hour at room temperature with protection from light. Samples were resolved by
SDS-PAGE using a 4-12% Bis-Tris gel (Invitrogen, NUPAGE) with MES SDS running buffer for
50 min at 180 V. Fluorescence was read out using the Alexa564 (Aexem 520-545/577-613 nm, for
TAMRA) and Alexa680 (Aexem 650-675/700-730 nm, for the PageRuler Prestained NIR Protein
Ladder (Thermo Scientific)) channels on a ChemiDoc MP Imaging System (BioRad).

Cellular activity-based protein profiling

Cells (7x10°) were seeded in six well plates and cultivated for 24 h or 48 h. Cells were then
incubated in fresh DMEM supplemented with compound or DMSO for 24 h. The cells were
washed with ice-cold PBS and harvested in 150 pL (experiments with U-87 MG cells) or 200 pL
ABP lysis buffer as described above. The cell lysate was diluted to a protein concentration of
2 mg/mL with ABP lysis buffer. 1 pL of each click reagent (final concentration of 1 mM CuSO4-5
H,O, 5 mM BTTAA, 10 uM 5/6-TAMRA-Azide-Biotin (Jena Bioscience), 5 mM sodium ascorbate,
each from 100x stocks) were added to each sample, followed by an incubation period of one hour
at room temperature and protected from light. Samples were separated by SDS-PAGE and

analyzed for fluorescent protein-compound conjugates as described above.

Western Blotting

Proteins were transferred to a polyvinylidene fluoride (PVDF) or nitrocellulose membrane using a
Trans-Blot Turbo system (BioRad, 1.3 A, 25 V, 10 min). The membranes were blocked with 5%
(m/v) nonfat milk in PBS-T buffer and incubated with indicated primary antibodies (anti-UCHL1,
1:1000, Cell Signaling, D3T2E; anti-PARK7, 1:1000, Cell Signaling, D29E5; anti-Tubulin, 1:4000,
Sigma, T6199; anti-Hemagglutinin, 1:1000, BioLegend, 16B12; anti-flag, 1:2000, Sigma, F3165;
anti-Ubiquitin, 1:1000, Cell Signaling, P4D1; anti-Ubiquitin, 1:300, Santa Cruz, P4D1, sc-8017;
anti-UCHL3, 1:1000, Proteintech, 12384-1-AP, anti-USP30, Sigma Aldrich, HPA016952, 1:1000,
anti-Racl 1:1000, Millipore, 05-389, anti-HtrA2 1:1000, Proteintech, 15775-1-AP, anti-USP7,
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1:1000, Abcam, ab190183) over night. Then the membranes were incubated with the respective
secondary antibody (anti-mouse,1:5000, Sigma, NXA931; anti-rabbit, 1:5000, Sigma, GENA934)
coupled to horseradish peroxidase. The chemiluminescent reaction was initiated using a Clarity
Western ECL substrate (BioRad) and images were taken on a ChemiDoc MP Imaging System
(BioRad).

Cellular Ub-probe competition

Cells were cultured, treated with compound, and lysed as described above. The total protein
concentration was adjusted to 2 mg/ml by diluting each sample with ABP lysis buffer. A final
concentration of 1 uM HA-Ub-VS probe was added, followed by an incubation for 10 min (All
experiments with N-cyanopiperazine warhead probes) or 30 min (All other experiments) at 37 °C.
The labelling reaction was quenched by the addition of 4x LDS sample buffer. The samples were

separated via SDS-PAGE and further analyzed via western blotting as described above.

Identification of probe-labelled proteins with mass spectrometry

Cells were cultured, treated with compound, and lysed as described above. The cell lysate was
diluted to a protein concentration of 2 mg/mL with ABP lysis buffer. 1 puL of each click reagent
(see above) were added to each sample, followed by an incubation period of one hour at room
temperature with protection from light. The sample volume was adjusted to 1000 pL with PBS and
30 pL of a NeutrAvidin (ThermoFisher) bead slurry (prewashed 3x with PBS) were added to each
sample. The samples were incubated for one hour to overnight on a rotator at 15 rpm at 4 °C.
Beads were pelleted by centrifugation, the supernatant was discarded, and the beads were
washed six times (1x with ¥2x lysis buffer, followed by five washes with PBS). After removing the
washing solution completely, the beads were subjected to reduction with dithiothreitol (1 mM),
alkylation with chloroacetamide (5 mM) and on-bead digestion with first LysC (Serva Biotech, 1 h,
37 °C) followed by trypsin (Sigma Aldrich, 1 h, overnight). Tryptic peptides were desalted with
C18 StageTips and analyzed by nano-HPLC-MS/MS. An Ultimate 3000 RSLC nano-HPLC
system and a Hybrid-Orbitrap mass spectrometer (Q Exactive Plus) equipped with a nano-spray
source (ThermoFisher Scientific) was used. The protein fragments were enriched on a C18
PepMap 100 column (5 um, 100 A, 300 um ID * 5 mm, Dionex) using 0.1% TFA, at a flow rate of
30 pL/min, for 5 min and separated on a C18 PepMap 100 column (3 pm, 100 A, 75 pm ID *

50 cm) using a linear gradient (5-30% ACN/H20 + 0.1% formic acid over 90 min) with a flow rate
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of 300 nL/min. The nano-HPLC apparatus was coupled online with the mass spectrometer using
a standard coated Pico Tip emitter (ID 20 um, Tip-ID 10 uM, New Objective). Signals in the mass
range of m/z 300 to 1650 were acquired at a resolution of 70,000 for full scan, followed by ten
high-energy collision-dissociation (HCD) MS/MS scans of the most intense at least doubly
charged ions at a resolution of 17,500. Proteins were relatively quantified by using MaxQuant2®4
v.2.0.3.1, including the Andromeda search algorithm and searching the Homo sapiens reference
proteome of the UniProt database. Briefly, an MS/MS ion search was performed for enzymatic
trypsin cleavage, allowing two missed cleavages. Carbamidomethylation was set as a fixed
protein modification, and oxidation of methionine and acetylation of the N-terminus were set as
variable modifications. The mass accuracy was set to 20 parts per million (ppm) for the first
search, and to 4.5 ppm for the second search. The false discovery rates for peptide and protein
identification were set to 0.01. Only proteins for which at least two peptides were quantified were
chosen for further validation. Relative quantification of proteins was performed by using the label-
free quantification algorithm implemented in MaxQuant. Statistical data analysis of pulldown
samples was performed using Perseus?® v.1.6.15.0 including proteins which were identified in
at least four of the five biological replicates which were used per condition. Label-free
guantification (LFQ) intensities were log-transformed (log2); replicate samples were grouped
together. Pairwise comparisons of groups were performed separately. Missing values were
imputed using small normally distributed values (width 0.3, down shift 1.8) and a two-sided t-test
(s0=5, FDR=0.001) was performed. Enrichment numbers of different proteins are difficult to
compare as some (e.g. UCHL1) were measured in the DMSO control samples (owing e.g. to high
abundance in proteome) while for others the enrichment number is a result of the imputation as
the protein was not quantified in the control condition. The three enriched proteins for GK13S
(UCHL1, PARKY and C210rf33) were observed not only in the shown experiment with biological

replicates, but also in two other fully independent experiments.

Quantification of monoubiquitin levels in U-87 MG ¢ ells

U-87 MG cells (5x10°/ well) were seeded in six well plates and cultivated for 8 h. Cells were
transfected with siRNA as described above. On the next day, cells were cultured in fresh media
supplemented with either compounds (final conc. 5 uM) or DMSO, where indicated, for further
48 h. The media was replaced with fresh medium supplemented with compounds (final conc.
5 uM) or DMSO every 24 h. Cells were washed with ice cold PBS (1x) and lysed for 15 min at
4 °C in 100-200 pL ABP lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5% (w/v) glycerol, 1%
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(v/v) IGEPAL, cOmplete protease inhibitor cocktail supplemented with 2 mM EDTA, 10 mM
chloroacetamide (CAA). Lysed cells were scrapped off the dish, cleared by centrifugation and the
protein concentration was determined via a Bradford assay. The cell lysate was diluted to a protein
concentration of 1.3-2.0 mg/mL with ABP lysis buffer. Proteins were separated via SDS-PAGE
and analyzed via western blot as described above. Densitometric quantification of bands was
carried out using ImageJ (version 1.530). Monoubiquitin band intensities were first normalized to
a-tubulin and subsequently normalized to the intensities of monoubiquitin bands in the sample

treated with DMSO or siScr (where no DMSO was used) which was set to ‘1.

Rescue of mono-Ub levels

U-87 MG cells (4x10°/ well) were seeded in six well plates and cultivated for 8 h. Cells were
transfected with siRNA as described above. On the next day, cells were cultured in fresh media
for further 48 h. Cells were washed with ice cold PBS (1x) and lysed for 15 min at 4 °C in 100-
200 pL ABP lysis buffer (50 mM Tris pH 7.5, 150 mM NacCl, 5% (w/v) glycerol, 1% (v/v) IGEPAL,
cOmplete protease inhibitor cocktail, 10 mM chloroacetamide (CAA), NO EDTA was added. Cells
were harvested as described above. The total protein concentration in each sample was adjusted
to 2 mg/mL. CAA was quenched by the addition of DDT (20 mM) and indicated DUBs (2 uM final
concentration) or hydroxylamine were added to the lysate and incubated for 1 h at 4 °C. Proteins
were separated via SDS-PAGE and analyzed via western blot as described above. Densitometric

guantification of bands was done as described above.

Proteomics based whole proteome digestion

U-87 MG cells (5 x 10° / well) were seeded in six well plates and cultivated for 24 h. Cells were
treated with either the indicated compounds (2 uM final concentration) or DMSO and incubated
for 48 h. The medium was replaced every 24 h with fresh medium supplemented with compound
(2 uM final concentration) or DMSO. The cells were washed with ice cold PBS and stored at -80
°C until sample preparation. The sample preparation, LC-MS/MS measurements and data
processsing were done at the Analytics Core Facility Essen (ACE). The SP3 bead capture and
digestion of the proteome was done according to a recently published SP3 protocol.?%! A volume
that includes a total amount of 15 ug protein per sample was taken up in 100 pL SP3 lysis buffer
(5 % (w/v) SDS, 10 mM TCEP, 40 mM chloroacetamide, 200 mM HEPES pH 8) and heated for 5

min at 90 °C. After cooling the samples to room temperature, a mixture of 150 ug each hydrophilic
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and hydrophobic SeraMag Speed Beads (Cytiva) were added to the lysate (bead to protein ratio
10:1). One volume EtOH (100 %, v/v) was added to the suspension and incubated for 20 min, 24
°C, 1200 rpm (Thermomixer, Eppendorf). The beads were collected on a magnet and washed
with EtOH (80 %, v/v, 4x). The beads were taken in a 25 mM ammoniumbicarbonate solution
supplemented with 1 pg trypsin and sonicated for 5 min at 37 °C. Samples were incubated
overnight, 37 °C, 1300 rpm (Thermomix). The trypsin was quenched by adding concentrated
formic acid (FA, final conc. 1 % v/v). The beads were collected on a magnet and the supernatant
was collected in a fresh Eppendorf cup. The samples were desalted via C18 StageTip desalting
according to a procedure described previously.?°7l After elution the samples were dried in a
vacuum concentrator (Eppendorf) and the peptides were taken up in 0.1 % FA solution (10 L)
which was completely used for LC-MS/MS measurements. MS Experiments were performed on
an Orbitrap Fusion LUMOS instrument (Thermo) coupled to an EASY-nLC 1200 ultra-
performance liquid chromatography (UPLC) system (Thermo). The UPLC was operated in the
one-column mode. The analytical column was a fused silica capillary (75 um x 41 cm) with an
integrated fritted emitter (CoAnn Technologies) packed in-house with Kinetex 1.7 um C18-XB
core shell beads (Phenomenex). The analytical column was encased by a column oven (Sonation
PRSO-V2) and attached to a nanospray flex ion source (Thermo). The column oven temperature
was set to 50 °C during sample loading and data acquisition. The LC was equipped with two
mobile phases: solvent A (0.2% FA, 2% Acetonitrile, ACN, 97.8% H,O) and solvent B (0.2% FA,
80% ACN, 19.8% H,0). All solvents were of UPLC grade (Honeywell). Peptides were directly
loaded onto the analytical column with a flow rate of 0.4 — 0.6 pL/min. Peptides were subsequently
separated on the analytical column by running a 105 min gradient of solvent A and solvent B (start
with 3% B; gradient 3% to 9% B for 6:30 min; gradient 9% to 30% B for 62:30 min; gradient 30%
to 50% B for 24:00 min; 50% to 100% B for 2:30 min; 100% for 9:30 min) at a flow rate of 300
nl/min. The mass spectrometer was controlled by the Orbitrap Fusion Lumos Tune Application
(version 3.3.2782.28) and operated using the Xcalibur software (version 4.3.73.11). The mass
spectrometer was set in the positive ion mode. The ionization potential (spray voltage) was set to
2.5 kV. Source fragmentation was turned off. Precursor ion scanning was performed in the
Orbitrap analyzer (FT; fourier transform mass spectrometer) in the scan range of m/z 375-1500
and at a resolution of 240000 with the internal lock mass option turned on (lock mass was
445.120025 m/z, polysiloxane) AGC (automatic gain control) was set to “standard” and acquisition
time to “auto”. Product ion spectra were recorded in a data dependent fashion in the IT (ion trap)
in a variable scan range (“auto”) and at “rapid” scan rate. Peptides were analyzed using a “top

speed” regime (repeating cycle of full precursor ion scan (AGC target “standard”; acquisition time
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“auto”) followed by dependent MS2 scans for 3 seconds (minimum intensity threshold 4x103). The
MS2 precursor ions were isolated using the quadrupole (isolation window 1.6 m/z) and
fragmentation was achieved by stepped Higher-energy C-trap dissociation (SHCD) (normalized
collision mode set to “stepped” and normalized collision energy set to “27, 32, 40%"). During MS2
data acquisition dynamic ion exclusion was set to 60 seconds with mass tolerance + 10 ppm. Only
charge states between 2-7 were considered for fragmentation. RAW spectra were submitted to
an Andromeda®® search in MaxQuant (v2.0.3.0)2% using the default settings. The MS/MS
spectra data were searched against the Uniprot H. sapiens reference database. All searches
included a contaminants database search. Enzyme specificity was set to “Trypsin/P” with two
missed cleavages allowed. The instrument type in Andromeda searches was set to Orbitrap and
the precursor mass tolerance was set to £ 20 ppm (first search) and + 4.5 ppm (main search).
The MS/MS match tolerance was set to + 0.5 Da. Minimum peptide length was 7 aa. For protein
guantification unique and razor peptides were allowed. Modified peptides were allowed for
guantification. The minimum score for modified peptides was 40. Label-free protein quantification
was switched on, and unique and razor peptides were considered for quantification with a
minimum ratio count of 2. Retention times were recalibrated based on the built-in nonlinear time-
rescaling algorithm. MS/MS identifications were transferred between LC-MS/MS runs with the
“match between runs” option in which the maximal match time window was set to 0.7 min and the
alignment time window set to 20 min. The quantification is based on the “value at maximum” of
the extracted ion current. At least two quantitation events were required for a quantifiable protein.
Further analysis and filtering of the results was done in Perseus?®® v1.6.10.0. For quantification
related biological replicates were combined to categorical groups. Only those proteins that were
found in at least one categorical group in a minimum of 3 out of 4 biological replicates were
investigated. Comparison of protein group quantities (relative quantification) between different

MS runs is based solely on the LFQ’s as calculated by MaxQuant, MaxLFQ algorithm.

Quantification of Racl and HtrA2 levels in U-87 MG  cells

U-87 MG cells (7x10°/ well) were seeded in six well plates and cultivated for 24 h. The medium
was aspirated and replaced with fresh medium supplemented with either GK13S or DMSO (5 uM
final concentration) and incubated for 24-72 h. The medium was replaced every 24 h for fresh
medium supplemented with the probe or DMSO. Cells were lysed and harvested as described
above. The cell lysate was diluted to a protein concentration of 3.0 mg/mL with ABP lysis buffer.

Proteins were separated via SDS-PAGE and analyzed via western blot as described above.
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Densitometric quantification of bands was carried out using ImageJ (version 1.530). Racl and
HtrA2 band intensities were first normalized to a-tubulin and subsequently normalized to the

intensities of Racl and HtrA2 bands in the sample treated with DMSO which was set to ‘1’.

Substrate trapping

HEK?293 cells (6x10°/ well) were seeded in six well plates and cultivated for 24 h. The medium
was aspirated and replaced with fresh medium supplemented with either GK13S or DMSO (5 uM
final concentration) and incubated for 4 h. GFP alone or GFP-tagged UCHL1 versions were
overexpressed as described above. The medium was replaced ever 24 h with fresh medium
supplemented with GK13S or DMSO and cell were cultivated for 48 h. Cells were harvested as
described above. Cell lysates were diluted to a total protein concentration of 2 mg/mL. Each
sample was further diluted in dilution buffer (10 mM Tris pH 7.5, 150 mM NacCl, 0.5 mM EDTA) to
0.5 mg/mL total protein concentration. GFP-Trap® Agarose bead (chromotek) were equilibrated
according to the user manual. 25 pL of bead slurry was added to each sample and rotated for 1
h at 4 °C. Beads were sedimented by centrifugation and the supernatant was aspirated. Beads
were washed in wash buffer (50 mM Tris pH 8.0, 150 mM NacCl, 0.1 % (v/v) IGEPAL) (500 pL,
3x). Beads were boiled for 5 min at 95 °C in 4 x LDS sample buffer. Eluted proteins were
separated via SDS-PAGE as described above. To visualize trapped proteins, gels were silver

stained using a kit (BioRad) and following the user instructions.

Target engagement in cell lysates

Cells were seeded in 10 cm dishes and cultured to 90 % confluency. Cells were harvested and
lysed as described above. Lysates were treated with the compounds and incubated for 1 h or 4 h
(all experiments with N-cyanopiperazine warhead probes). Then, all samples were incubated with
the HA-Ub-VS probes as described above. The reaction with the Ub-probe was quenched by the
addition of 4xLDS-sample buffer. Proteins were separated via SDS-PAGE and analyzed via

western blot as described above.

Non-alkyne compound competition

HEK?293 cells (6x10°%well) were seeded in 6-well plates and cultured for 24 h. Cells were treated

with the indicated non-alkyne derivatives or DMSO and incubated for 24 h. The same cells were
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then treated with either GK13S or DMSO and incubated for 24 h. Cells were lysed and harvested
as described above. The CuUAAC was initiated following the procedure described above. Proteins
were separated via SDS-PAGE and the fluorescence was read out using the Alexa564 (Aex/em
520-545/577-613 nm, for TAMRA) and Alexa680 (Aex/em 650-675/700-730 nm, for the
PageRuler Prestained NIR Protein Ladder (Thermo Scientific)) channels on a ChemiDoc MP

Imaging System (Bio-Rad).

Gel-based pull-down assay

HEK?293 cells (6x10°%well) were cultured and treated with indicated compounds as described
above. Cells were lysed for 15 min, 4 °C with HEPES based ABP lysis buffer (150 uL) (50 mM
HEPES pH 8.0, 150 mM NacCl, 5 % (v/v) Gylcerol, 1 % (v/v) IGEPAL + 1 x PIC). Lysate was
harvested by scraping and cell remnants were removed by centrifugation at 14 000 rpm, 15 min,
4 °C. The total protein concentration was determined via Bradford assay and 400 uL of each
sample was diluted to 4 mg/mL with ABP lysis buffer. The copper-catalyzed alkyne-azide
cycloaddition was initiated by adding 952 pL PBS, 8 pL Biotin/TAMRA-PEG6-azide (12.5 pM final
conc., from 100 x stock in water), 80 pL BTTAA (5 mM final conc., from 20 x stock in water), 80
pL CuSO4 x 5 H20 (1 pM final conc., from 20 x stock in water), 80 puL sodium ascorbate (15 mM
final concentration, from 20 x stock) were added to each sample and incubated for 60 min at room
temperature, protected from light. NeutrAvidin agarose beads were washed with ice cold PBS (3
x 1 mL, 0.5 g, 1 min) and 60 pL of bead slurry was added to 100 puL of each sample. Samples
were incubated on a rotator at 10 °C, 15 rpm, overnight. The supernatant was aspirated and the
Proteins were eluted in 50 pL LDS-sample buffer at 95 °C for 10 minutes. Proteins were separated

via SDS-PAGE and further analysed by western blotting.

Lysate compound reversibility

HEK?293 cells (3 x 10°/ well) were cultured, treated with indicated compound and harvested as
described above. The lysate was diluted to a total protein concentration of 2 mg/mL. The lysate
was incubated on ice and a sample for HA-Ub-VS treatment was taken at the indicated time

points. Proteins were separated via SDS-PAGE and further analyzed via western blotting.
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Induced degradation of DUBs

HEK293 cells (7 x 10°) were cultured for 48 h. Cells were either treated with the PROTACs or
controls compounds at indicated concentrations for 24 h. The cells were harvested and lysed as
described above. Total protein concentration was adjusted to 2 mg/mL and proteins were
separated via SDS-PAGE. Samples were further analyzed via western blotting for either
decreased USP7 or UCHL1 band intensity. In case of USP7, band intensities were first
normalized to a-tubulin and subsequently normalized to the intensities of USP7 bands in the

sample treated with DMSO which was set to ‘1.

5.2 Chemical synthesis

Chemicals and solvents were used without further purification, and purchased from companies
such as Acros, Activate Scientific, Alfa Aesar, Fluorchem, Merck, Novabiochem, Roth, Sigma-
Aldrich, TCIl and VWR. Solvents used for all synthetic steps were named as follows. EA: ethyl
acetate, DCM: dichloromethane, MeOH: methanol, PE: petroleum ether, CH: cyclohexane, DMF:
dimethylformamide, THF: tetrahydrofuran, ACN: acetonitrile, H.O: water, EtOH: ethanol. Thin-
layer chromatography was carried out using silica gel aluminum plates (silica gel 60 F254, Merck).
The detection was carried out using UV light (A = 254/366 nm) and potassium permanganate or
ninhydrin solution as staining reagents. For purification via column chromatography, silica gel 60
(60A, 0.035-0.070 mm, Sigma Aldrich) was used. Automated column chromatographic
purification was carried out on a Pure C-850 FlashPrep system or a Pure-C-810 Flash system
(Buchi). For preparative HPLC, an 1260/1290 Infinity Il series system (Agilent Technologies) with
a VP125/21 Nucleodur C18 Gravity column (5 pm, Macherey Nagel) was used. For low resolution
LC-MS analysis, a 1200 series HPLC system (Agilent Technologies) with a ZORBAX Eclipse XDB
column (C18 80 A; 4.6 x 150 mm; 5 um) was used. High resolution mass spectrometry (HRMS)
was carried out with an LTQ Orbitrap (Thermo Fisher). NMR spectra were recorded on the
following devices (all from Bruker): AV 400 Avance |ll HD (400 MHz for *H and 101 MHz for *C-
NMR), AV 500 Avance Il HD (500 MHz for H and 125 MHz for 1*C-NMR), AV 600 Avance Il HD
(600 MHz for 'H and 151 MHz for *C NMR) and AV 700 Avance Il HD (700 MHz for *H and 176
MHz for 13C NMR). The chemical shifts of all spectra are specified in ppm. The coupling constants
J are given in Hertz (Hz). Peaks are referenced to used deuterated solvent (DMSO-de: & = 2.50
ppm / 39.52 ppm; CDCls: & = 7.26 ppm / 77.16 ppm; MeOH-d4: d = 4.87 ppm / 49.15 ppm). The
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multiplicities of the signals in the *H spectra are abbreviated as follows. s (singlet), d (doublet), dd
(doublet of doublets), t (triplet), td (triplet of doublets), g (quartet), m (multiplet) and b (broad).

5.2.1 Preparation of probe molecules MS037 and MS02 3
1-(4-Hydroxyphenyl)butan-1-one (9, MS005)

o}

Noas

Phenol (500 mg, 5.31 mmol, 1.0 eq) was dissolved in neat triflic acid (TfOH, 4 mL) at O °C. The
solution was stirred for 10 min. Butyryl chloride (550 pL, 5.31 mmol, 1.0 eq) was added dropwise
at 0°C. The ice bath was removed, and the reaction mixture was stirred for 1 h at room
temperature. The reaction mixture was then poured into cold H,O and extracted with EA
(3x10 mL). The organic layers were combined and washed with aq. 1 M HCI solution (1x10 mL),
sat. NaHCO3 (1x10 mL) and brine (1x10 mL). The organic phase was dried over MgSO, and the
solvent was evaporated under reduced pressure. The crude product was purified by column
chromatography (0-40% EA in PE) to yield MS05 (800 mg, 4.87 mmol, 92%) as a white solid.

IH NMR (600 MHz, DMSO-de) & (ppm) = 10.30 (s, 1H), 7.87-7.82 (m, 2H), 6.87-6.82 (m, 2H), 2.88
(t, J = 7.2 Hz, 2H), 1.61 (h, J = 7.3 Hz, 2H), 0.92 (t, J = 7.4 Hz, 3H).

13C NMR (151 MHz, DMSO-ds) & (ppm) = 198.11, 161.85, 130.39, 128.42, 115.17, 39.52, 17.54,
13.73.

LC-MS m/z for C10H1302" ([M+H]") calculated: 165.08, found: 165.10.

2-(4-(Prop-2-yn-1-yl)piperazin-1-yl)ethan-1-ol (11, MS006)
z

N

K/N\/\OH

2-(Piperazin-1-yl)ethan-1-ol (50 mg, 0.38 mmol, 1.0 eq) was dissolved in acetone (2 mL). K.CO3
(52 mg, 0.38 mmol, 1.0 eq) was added and the reaction mixture was cooled to 0 °C. Propargyl
bromide (32 pL, 0.38 mmol, 1.0 eq) was dissolved in acetone (2 mL) and added dropwise to the
reaction mixture. The ice bath was removed, and the reaction mixture was allowed to stir overnight

at room temperature. The solvent was evaporated under reduced pressure. The crude product
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was purified by column chromatography (aluminum oxide, 0-10% MeOH in DCM) without

aqueous work up, to yield MS06 (16.4 mg, 0.1 mmol, 25%) as a light-yellow solid.

IH NMR (400 MHz, DMSO-ds) & (ppm) = 4.35 (t, J = 5.4 Hz, 1H), 3.47 (td, J = 6.3, 5.3 Hz, 2H),
3.22 (d, J = 2.4 Hz, 2H), 3.12 (t, J = 2.4 Hz, 1H), 2.48-2.30 (m, 10H).

13C NMR (101 MHz, DMSO-de) & (ppm) = 79.45, 75.57, 60.23, 58.55, 53.03, 51.15, 46.00.

HRMS m/z for CgH17NO* ([M+H]") calculated: 169.1335, found: 169.1333.

1-(4-(2-(4-(Prop-2-yn-1-yl)piperazin-1-yl)ethoxy)ph  enyl)butan-1-one (12, MS016)

O

2-(4-(Prop-2-yn-1-yl)piperazin-1-yl)ethan-1-ol (214 mq, 1.27 mmol, 1.0 eq), 1-(4-
hydroxyphenyl)butan-1-one (209 mg, 1.27 mmol, 1.0eq) and triphenylphosphine (PPhs)
(400 mg, 1.53 mmol, 1.2 eq) were dissolved in anhydrous THF (5 mL) under argon atmosphere.
The mixture was cooled to O °C. Diisopropyl azodicarboxylate (DIAD) (400 pL, 2.04 mmol, 1.6 eq)
was dissolved in anhydrous THF (7.5 mL) and added dropwise to the reaction mixture. The
solution was stirred for 10 min at O °C. The ice bath was removed, and the reaction was allowed
to stir for 18 h at room temperature. The solvent was evaporated under reduced pressure. The
resulting residue was washed with brine (1x20 mL). The aqueous phase was extracted with EA
(3x20 mL). The crude product was purified by column chromatography (0-40% EA in PE and O-
10% MeOH in DCM) to obtain MS16 (279 mg, 0.89 mmol, 70%) as a white solid.

IH NMR (400 MHz, CDCls) & (ppm) = 7.95 (d, J = 8.9 Hz, 2H), 6.92 (d, J = 8.9 Hz, 2H), 4.50-4.41
(m, 2H), 3.72 (d, J = 2.6 Hz, 2H), 3.69-3.39 (m, 10H), 2.90 (t, J = 7.3 Hz, 2H), 2.59 (t, J = 2.5 Hz,
1H), 1.75 (h, J = 7.4 Hz, 2H), 1.00 (t, J = 7.4 Hz, 3H).

13C NMR (101 MHz, CDCls) & (ppm) = 199.23, 160.64, 131.70, 130.65, 114.30, 78.85, 72.46,
62.88, 56.15, 50.75, 48.09, 46.03, 40.45, 18.06, 14.03.

HRMS m/z for C19H27N202* ([IM+H]*") calculated: 315.2067, found: 315.2069.
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1-(4-(2-(4-(Prop-2-yn-1-yl)piperazin-1-yl)ethoxy)ph  enyl)butan-1-amine (13, MS024)

Z TN NH,

N\/\O
1-(4-(2-(4-(Prop-2-yn-1-yl)piperazin-1-yl)ethoxy)phenyl)butan-1-one (588 mg, 1.87 mmol, 1.0 eq)
was dissolved in MeOH (20 mL) and ammonium acetate (4.325 g, 56.10 mmol, 30.0 eq) was
added. The flask was charged with argon and a 1 M solution of NaBHsCN in dry THF (9 mL,
9.35 mmol, 5.0 eq) was added dropwise to the reaction mixture at room temperature. The mixture
was heated to 40 °C and allowed to stir for 69 h. Thereafter the reaction was cooled to room
temperature and diluted with EA (30 mL). The mixture was then washed with sat. NaHCO3
solution (2 x 20 mL) and brine (1 x 20 mL). The agueous phases were combined, and the pH was
adjusted to 10 using ag. 2 M NaOH solution. Then the aqueous phase was extracted with EA (1
x 30 mL). The organic phases were combined, dried over MgSO. and the solvent was evaporated
under reduced pressure. The crude product was isolated as a sticky yellow oil and was used for

the next reaction without further purification.

IH NMR (500 MHz, DMSO-dg) & (ppm) = 8.07 (s, 2H), 7.35 (d, J = 8.7 Hz, 2H), 7.00 (d, J = 8.8
Hz, 2H), 4.16 (dd, J = 9.4, 5.6 Hz, 1H), 4.07 (t, J = 5.8 Hz, 2H), 4.03 (q, J = 7.1 Hz, 2H), 3.24 (d,
J=2.4Hz, 2H), 3.15 (t, J = 2.4 Hz, 1H), 2.68 (t, J = 5.4 Hz, 4H), 2.45 (s, 4H), 1.84-1.67 (m, 2H),
1.23 (s, 2H), 0.84 (t, J = 7.4 Hz, 3H).

13C NMR (126 MHz, DMSO-ds) & (ppm) = 158.65, 131.55, 128.75, 114.70, 79.43, 75.72, 65.62,
59.79, 56.49, 53.65, 52.94, 45.99, 40.11, 39.85, 18.44, 14.11.

LC-MS m/z for C19H30N3O™ ([M+H]") calculated: 316.2383, found: 316.2385.

2-Cyano- N-(1-(4-(2-(4-(prop-2-yn-1-yl)piperazin-1-yl)ethoxy) phenyl)butyl)-acetamide (14,
MSO035)

(o}

/\
O ST)

121



Methods

Cyanoacetic acid (95 mg, 1.12 mmol, 1.0 eq) was dissolved in dry DMF (2 mL) to which HATU
(425 mg, 1.12 mmol, 1.0 eq) and HOAt (152 mg, 1.12 mmol, 1.0 eq) were added. The mixture
was stirred for 30 min at room temperature, then cooled to 0 °C. 1-(4-(2-(4-(Prop-2-yn-1-
yl)piperazin-1-yl)ethoxy)phenyl)butan-1-amine (353 mg, 1.12 mmol, 1 eq) was dissolved in dry
DMF (2 mL) and added dropwise to the ice cold reaction mixture, followed by addition of DIPEA
(419 L, 2.46 mmol, 2.2 eq). The ice bath was removed, and the reaction was allowed to stir for
4 h at room temperature. Afterwards the reaction mixture was diluted with EA (10 mL) and washed
with sat. NaHCOs; solution (2x10 mL) and brine (1x10 mL). The organic phase was dried over
MgSO, and the solvent was evaporated under reduced pressure. The crude product was purified
by column chromatography (0 — 15 % MeOH in DCM) to yield MS35 (68 mg, 0.18 mmol, 15%

over two steps) as a sticky yellow oil.

IH NMR (500 MHz, DMSO-ds) & (ppm) = 8.58 (d, J = 8.3 Hz, 1H), 7.19 (d, J = 8.7 Hz, 2H), 6.89
(d, J = 8.7 Hz, 2H), 4.69 (q, J = 8.2 Hz, 1H), 4.07 (t, 2H), 3.71-3.57 (m, 2H), 3.27 (s, 2H), 3.18 (s,
1H), 2.63 (dt, J = 3.6, 1.8 Hz, 2H), 2.53-2.45 (m, 8H), 1.60 (dddd, J = 22.5, 15.5, 8.7, 5.0 Hz, 2H),
1.25 (ddd, J = 19.6, 15.4, 7.0 Hz, 2H), 0.85 (t, J = 7.4 Hz, 3H).

13C NMR (126 MHz, DMSO-ds) & (ppm) = 161.26, 157.25, 135.16, 127.57, 116.31, 114.30, 75.90,
54.95, 52.72, 52.30, 45.86, 38.23, 25.37, 19.08, 13.59.

HRMS m/z for C22H31N4O2" ([M+H]") calculated: 383.2442, found: 383.2443.

(E)-3-(6-Bromopyridin-2-yl)-2-cyano-N-(1-(4-(2-(4-(pr  op-2-yn-1-yl)piperazin-1-
yl)ethoxy)phenyl)butyl)acrylamide (MS037)

e}
N._ B
N\/\O |N| Pz

2-Cyano-N-(1-(4-(2-(4-(prop-2-yn-1-yl)piperazin-1-yl)ethoxy)phenyl)butyl)acetamide (58 mg,
0.15 mmol, 1.0 eq) was dissolved in EtOH (99%, absolute). Beta-alanine (203 mg, 2.27 mmol,
15 eq) and ddH»O (2 mL) were added, followed by 6-bromo-2-pyridinecarboxaldehyde (113 mg,
0.61 mmol, 4 eq). The reaction mixture was stirred for 18 h at room temperature. Afterwards the
reaction mixture was diluted with EA (6 mL) and washed with sat. NaHCO3 solution (2x10 mL)
and brine (1x10 mL). The organic phase was dried over MgSO4 and the solvent was evaporated

under reduced pressure. The crude product was isolated as a crystalline yellow solid. The crude
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material was further purified by preparative HPLC (gradient B) to obtain MS37 (40 mg, 0.07 mmol,
48%) as a pale-yellow TFA salt. Synthesis route of probe MS037 was based on patent
WO2015054555A1.

IH NMR (500 MHz, CDCls) & (ppm) = 8.15 (s, 1H), 7.70 — 7.62 (m, 1H), 7.61 — 7.52 (m, 2H), 7.26
(d, J = 8.6 Hz, 2H), 6.89 — 6.81 (m, 2H), 4.98 (q, J = 7.5 Hz, 1H), 4.40 — 4.22 (m, 2H), 3.81 — 3.74
(M, 2H), 3.70 (s, 4H), 3.57 — 3.47 (m, 6H), 2.62 (s, 1H), 1.94 — 1.76 (m, 2H), 1.44 — 1.17 (m, 2H),
0.94 (t, J = 7.4 Hz, 3H).

13C NMR (126 MHz, CDCls) & (ppm) = 162.00 (g, J = 38.3 Hz), 158.97, 156.49, 150.88, 148.50,
142.51, 139.35, 135.39, 130.87, 128.20, 125.81, 115.85, 115.79 (d, J = 288.0 Hz), 114.82,
109.35, 79.45, 71.69, 62.49, 56.15, 54.26, 50.27, 47.81, 45.89, 38.02, 19.52, 13.80.

HRMS m/z for C2sH33BrNsO2" ([M+H]") calculated: 550.1812, found: 550.1823.

9-0Ox0-9H-indenol[1,2- b]pyrazine-2,3-dicarbonitrile (16, MS003)

Ninhydrin (100 mg, 0.56 mmol, 1.0 eq) and diaminomaleonitrile (DAMN) (30 mg, 0.5 eq,
0.28 mmol) were dissolved in anhydrous EtOH (5 mL) and acetic acid (0.5 mL) was added. The
mixture was stirred for 2 h at room temperature. The precipitated solid was filtered and washed
with cold EtOH, to obtain MS03 (30 mg, 0.13 mmol, 23%) as a yellow solid. The product was used

for the following reactions without further purification.

IH NMR (400 MHz, DMSO-de) & (ppm) = 8.11 (d, J = 7.5 Hz, 1H), 8.00-7.89 (m, 2H), 7.82 (td, J
=7.5, 1.1 Hz, 1H).

13C NMR (176 MHz, DMSO-de) 5 (ppm) = 186.49, 160.75, 150.86, 138.58, 137.83, 136.29,
135.29, 134.57, 132.44, 125.55, 124.11, 114.83.

LC-MS m/z for C13HsN4O* ([M+H]*) calculated: 233.04, found: 233.00.
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2-(Pent-4-yn-1-yloxy)isoindoline-1,3-dione (18, MSO  15)

S0y
0

4-Pentyn-1-ol (55 uL, 0.59 mmol, 1.0 eq), N-hydroxyphthalimide (116 mg, 0.71 mmol, 1.2 eq) and
triphenylphosphine (PPhs) (203 mg, 0.77 mmol, 1.3 eq) were dissolved in anhydrous THF (2 mL)
under argon atmosphere. The mixture was then cooled to 0 °C. Diisopropyl azodicarboxylate
(DIAD) (187 pL, 0.95 mmol, 1.6 eq) was dissolved in anhydrous THF (2 mL) and added dropwise.
The reaction mixture was stirred for 10 min at 0 °C, until complete dissolution. The ice bath was
removed, and the reaction was allowed to stir overnight at room temperature. The solvent was
evaporated under reduced pressure. The crude product was purified by column chromatography
(0-40% EA in PE) to obtain MS15 (127 mg, 0.55 mmol, 93%) as a pale-yellow solid.

IH NMR (700 MHz, DMSO-de) & (ppm) = 7.86 (s, 4H), 4.21 (t, J = 6.3 Hz, 2H), 2.81 (t, J = 2.7 Hz,
1H), 2.39 (td, J = 7.2, 2.6 Hz, 2H), 1.85 (p, J = 6.7 Hz, 2H).

13C NMR (176 MHz, DMSO-ds) & (ppm) = 163.34, 134.77, 128.61, 123.23, 83.53, 76.34, 71.63,
26.91, 14.24.

LC-MS m/z for C13H12NO3" ([M+H]") calculated: 230.07, found: 230.10.

O-(Pent-4-yn-1-yl)hydroxylamine hydrochloride (19, M  S020)
N
\\/\/O‘NH2

2-(Pent-4-yn-1-yloxy)isoindoline-1,3-dione (300 mg, 1.31 mmol, 1.0 eq) was dissolved in
anhydrous EtOH (10 mL). Hydrazine hydrate (63 uL, 1.96 mmol, 1.5 eq) was added, the reaction
mixture was heated to reflux and stirred for 3 h. The reaction was quenched by adding a solution
of sat. NaHCOs;. The aqueous phase was extracted with DCM (3x10 mL). The combined organic
layers were washed with brine and dried over Na.SO.. The solvent was removed under reduced
pressure. The resulting slurry was dissolved in 2 N HCI in Et;O (2 mL) and the solvent was

removed in vacuo. The formed precipitate was washed with cold Et,O and collected by vacuum
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filtration to yield MS20 (59 mg, 0.60 mmol, 45%) as a white solid. The product was used for the

next reaction without further purification.

IH NMR (500 MHz, DMSO-dg) & (ppm) = 11.05 (s, 2H), 4.07 (t, J = 6.4 Hz, 2H), 2.88 (t, J = 2.7
Hz, 1H), 2.24 (td, J = 7.2, 2.7 Hz, 2H), 1.78 (p, J = 6.8 Hz, 2H).

13C NMR (126 MHz, DMSO-dg) & (ppm) = 83.76, 73.16, 72.40, 26.73, 14.70.

LC-MS m/z for CsH1oNO* ([M+H]*) calculated: 100.07, found: 100.07.

9-((Pent-4-yn-1-yloxy)imino)-9 H-indeno[1,2- b]pyrazine-2,3-dicarbonitrile (MS023)

//N //N
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9-0Ox0-9H-indeno[1,2-b]pyrazine-2,3-dicarbonitrile (30 mg, 0.13 mmol, 1.0 eq) was dissolved in
pyridine (5 mL). The mixture was cooled to 0°C and O-(pent-4-yn-1-yl)hydroxylamine
hydrochloride (53 mg, 0.39 mmol, 3.0 eq) was added. The reaction mixture was warmed to room
temperature and molecular sieves (3 A) were added. The reaction mixture was heated to 60 °C
and stirred for 2 h. Afterwards the mixture was cooled to room temperature and the pyridine was
evaporated under reduced pressure. The residue was dissolved in sat. agq. NH4Cl (10 mL) solution
and the aqueous phase was extracted with EA (3x10 mL). The organic layers were combined,
dried over Na,SO4 and the solvent was evaporated under reduced pressure. The crude product
was purified by preparative HPLC (Gradient A) to obtain MS23 (11 mg, 0.04 mmol, 27%, anti/syn-

mixture) as a pale-yellow solid.

IH NMR (500 MHz, DMSO-ds) & (ppm) = 8.42 (d, J = 7.0 Hz, 1H), 8.22 (d, J = 6.9 Hz, 1H), 8.12
(d, J = 7.1 Hz, 1H), 7.97 (d, J = 7.3 Hz, 1H), 7.92-7.80 (m, 2H), 7.80-7.70 (m, 2H), 4.67 (t, J = 6.3
Hz, 2H), 4.61 (t, J = 6.4 Hz, 2H), 2.87 (t, J = 2.6 Hz, 1H), 2.85 (t, J = 2.6 Hz, 1H), 2.43 - 2.37 (m,
2H), 2.37-2.33 (m, 2H), 2.10-2.03 (m, 2H), 2.02-1.96 (m, 2H).

13C NMR (126 MHz, DMSO-ds) & (ppm) = 155.70, 155.09, 151.28, 145.93, 145.33, 145.20,
136.72, 134.58, 134.16, 133.77, 133.18, 132.77, 132.38, 132.28, 131.99, 131.68, 131.01, 130.71,
128.79, 123.53, 123.48, 121.83, 114.80, 114.67, 114.54, 83.57, 83.53, 76.37, 75.95, 71.99, 71.86,
39.85, 27.90, 27.69, 14.53, 14.27.

HRMS m/z for C1sH12NsO* ([M+H]*) calculated: 314.1036, found: 314.1034.
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5.2.2 Preparation of UCHL1 PROTACs
tert-butyl (2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoind  olin-4-yl)glycinate (36, MS095)

HN
e
(0)
N
&o
(0)
Y
O
2-(2,6-Dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3-dione (550 mg, 2.0 mmol, 1.0 eq.) and tert-
butyl glycinate (272 pL, 2.0 mmol, 1.0 eq.) were dissolved in dry DMSO (20 mL). DIPEA (677 pL,
4.0 mmol, 2.0 eq.) was added and the reaction mixture was allowed to stir for 18 h at 90 °C. The
reaction was diluted with ethyl acetate (10 mL), washed with water (10 mL) and brine (10 mL) and

dried over Na SO.. The crude product was purified by column chromatography (normal phase 50
% EA in DCM), to yield the title compound (504 mg, 1.3 mmol, 65 %) as a yellow oil.

'H NMR (500 MHz, DMSO-ds) & (ppm) = 11.12 (s, 1H), 7.79 (d, J = 7.3 Hz, 1H), 7.61 — 7.56 (m,
1H), 6.97 (d, J = 8.6 Hz, 1H), 5.07 (dd, J = 12.8, 5.4 Hz, 1H), 4.09 (d, J = 6.0 Hz, 2H), 2.89 (ddd,
J=17.1,13.9, 5.4 Hz, 2H), 2.05 (ddd, J = 13.0, 7.6, 2.2 Hz, 2H), 1.43 (s, 9H).

13C NMR (126 MHz, DMSO) & (ppm) = 173.33, 170.55, 170.18, 169.73, 146.34, 136.61, 132.47,
118.22,111.67, 110.20, 81.75, 60.25, 44.89, 31.44, 28.19, 21.24.

LC-MS m/z for C1gH21N30OsNa* ([M+Na]*) calculated: 410.1, found: 410.0.

N-(3-azidopropyl)-2-((2-(2,6-dioxopiperidin-3-yl)-1,  3-dioxoisoindolin-4-yl)amino)acetamide
(MS099)
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MSO095 (504 mg, 1.3 mmol, 1.0 eq.) was dissolved in DCM (20 mL) supplemented with 20 % TFA.
The reaction mixture was allowed to stir for 2 h at RT. After full conversion the solvent was
evaporated under reduced pressure. This intermediate was used for the next reaction step without
further purification.

Deprotected MS095 (80 mg, 0.24 mmol, 1.2 eq) was dissolved in dry DMF (1 mL). DIPEA (136 pL,
0.8 mmol, 4.0 eq.) and HATU (152 mg, 0.4 mmol, 2.0 eq.) were added. The mixture was allowed
to stir for 10 minutes at RT. 3-Azidopropan-1-amine (20 mg, 0.2 mmol, 1.0 eq.) was dissolved in
dry DMF (1 mL) and added dropwise to the reaction. The mixture was allowed to stir for 4 h at
RT. The reaction was diluted with EA (20 mL), washed with brine (3 x 20 mL) and dried over
MgSO.,. The crude product was purified via column chromatography (normal phase, 0 — 20 %
MeOH in DCM) and afterwards by preparative chromatography (reversed phase, 20 — 90 % ACN
in H20). This resulted in the title compound (18 mg, 0.04 mmol, 22 %) as a yellow solid.

!H NMR (700 MHz, Chloroform-d) & (ppm) = 8.07 (s, 1H), 7.60 — 7.53 (m, 1H), 7.25 (s, 1H), 6.82
(d, J =8.4 Hz, 1H), 4.94 (dd, J =12.6, 5.4 Hz, 1H), 3.97 (d, J = 6.1 Hz, 2H), 3.51 — 3.48 (m, 1H),
3.37 (dt, J=7.9, 6.8 Hz, 2H), 2.94 — 2.72 (m, 4H), 1.99 — 1.94 (m, 1H), 1.77 (p, J = 6.7 Hz, 2H).

13C NMR (151 MHz, Chloroform-d) & (ppm) = 170.89, 169.51, 169.20, 168.31, 167.38, 145.98,
136.84, 132.69, 117.10, 113.89, 112.14, 49.60, 47.44, 43.45, 37.45, 31.64, 28.87, 22.93.

LC-MS m/z for C1gH20N7Os* ([M+H]") calculated: 414.2, found: 414.0.

(3S)-1-Cyano-N-(1-(4-((3-(1-(3-(2-((2-(2,6-dioxopiperi din-3-yl)-1,3-dioxoisoindolin-4-
yl)amino)acetamido)propyl)-1 H-1,2,3-triazol-4-yl)propyl)carbamoyl)phenyl)-1  H-imidazol-4-
yh)pyrrolidine-3-carboxamide (MS102)
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GK13S (5.7 mg, 14.51 ymol, 1.0 eq.) was dissolved in THF (500 uL). TBTA (1.5 mg, 2.90 umol,
0.2 eq.), CuSO4x 5 H,0 (0.72 mg, 2.90 umol, 0.2 eq.), MS099 (6 mg, 14.51 umol, 1.0 eq.) and
sodium ascorbate (8.6 mg, 43.54 umol, 3.0 eq.) were added to the solution. A few drops of water
were added to the mixture and the reaction was stirred for 16 h at RT under argon atmosphere.

The reaction was diluted with EA (5 mL) and washed with brine (3 x 5 mL). The organic phase
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was dried over MgSO4 and the solvent was evaporated under reduced pressure. The crude
product was purified by flash chromatography (normal phase, 0 — 20 % MeOH in DCM), which

resulted in the title compound (2 mg, 2.49 umol, 17 %) as a white solid.

HRMS m/z for C3sH42N1307* ([M+H]") calculated: 804.3324, found: 804.3336

(2S,4R)-1-((S)-2-(6-azidohexanamido)-3,3-dimethylbutanoyl)-4-hyd  roxy-N-(4-(4-
methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (MS107)

6-azidohexanoic acid (15 mg, 0.10 mmol, 1.5 eq.) was dissolved in DCM (1 mL). DIPEA (44 pL,
0.26 mmol, 4.0 eq.) and HATU (49 mg, 0.13 mmol, 2.0 eq.) were added and the mixture was
allowed to stir for 10 min at RT. The VHL-ligand (30 mg, 0.06 mmol, 1.0 eq.) was added and the
reaction was further stirred for 4 h at RT. The reaction was diluted with DCM (10 mL) and washed
with a sat. aq. NH4Cl-solution (2 x 10 mL). The organic phase was dried over MgSO. and the
solvent was evaporated under reduced pressure. The crude product was purified by flash
chromatography (normal phase, 0 — 20 % MeOH in DCM), which resulted in the title compound
(18 mg, 0.03 mmol, 49 %) as a white solid.

HRMS m/z for C2sHaoN704S* ((M+H]") calculated: 570.2857, found: 570.2853

(2S,4R)-1-((S)-2-(6-(4-(3-(4-(4-((S)-1-cyanopyrrolidine-3-carboxamido)-1  H-imidazol-1-
yhbenzamido)propyl)-1 H-1,2,3-triazol-1-yl)hexanamido)-3,3-dimethylbutanoy  1)-4-hydroxy-
N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carb ~ oxamide (MS109)

Y
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CuSO4x 5 H20 (3.2 mg, 13 pumol, 0.85 eq.) and sodium ascorbate (9 mg, 46.10 umol, 3.0 eq.)
were dissolved in H,O (1 mL). The mixture was flushed with argon and stirred for 10 minutes at
RT. GK13S (6 mg, 7.68 pmol, 1.0 eq.) and MS107 (9.6 mg, 15.37 umol, 1.1 eq.) were dissolved
in DMF (1 mL) and added to the aqueous solution. The reaction was stirred over night at RT. The
reaction was diluted with EA (5 mL) and washed with brine (3 x 5 mL). The organic phase was
dried over MgSO. and the solvent was evaporated under reduced pressure. The crude product
was purified by flash chromatography (normal phase, 0 — 20 % MeOH in DCM), which resulted in
the title compound (3.1 mg, 3.25 pumol, 21 %) as a white solid.

HRMS m/z for C49Hs2N1306S™ ([M+H]") calculated: 960.4661, found: 960.4692

5.2.3 Preparation of USP7 PROTACs

The following section describes the chemical synthesis of PROTACS to target and degrade the
DUB USP7, which are based on the chiral USP7 Inhibitor XL188. The procedures described in
the following yielded the enantiomerically pure compounds, but the racemic counterparts were
prepared using the same synthetic strategy as described below. XL188 and precoursers were

synthesized according to the literature.*%!

7-Nitroquinazolin-4-one (21, MS041)

O,N N

2-amino-4-nitrobenzoic acid (1.8 g, 10.0 mmol, 1.0 eq.) was dissolved in neat formamide. The
mixture was heated to 150 °C and stirred for 15 h. The reaction was cooled to rt. The precipitate
was filtered and washed with cold ddH-O. The product (1.7 g, 9.1 mmol, 92 %) was dried under

reduced pressure and used for the next reaction without further purification.

'H NMR (500 MHz, DMSO-d6) & (ppm) = 12.67 (s, 1H), 8.37 (d, J = 2.2 Hz, 1H), 8.35 - 8.31 (m,
1H), 8.28 - 8.22 (m, 2H).

13C NMR (126 MHz, DMSO-d6) & (ppm) = 159.89, 151.09, 149.18, 147.79, 128.24, 127.02,
122.26, 120.42.

LC-MS m/z for CgHeN3O3" ([M+H]") calculated: 192.0, found: 192.1.
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tert-Butyl 1-oxa-6-azaspiro[2.5]octane-6-carboxylate (2 3, MS042)

)
N

Ao
Sodium hydride (804 mg, 20.1 mmol, 1.1 eq, 60 % dispersion on mineral oil) was suspended in
dry DMSO (40 mL) under argon atmosphere. Trimethylsulfoxonium iodide (TMSOI) (4.4 g,
20.1 mmol, 1.1 eq.) was added portion wise at rt. The suspension was allowed to stir for 40 min
at rt. Then 1-Boc-4-piperidone (3.6 g, 18.3 mmol, 1.0 eqg.) was added potion wise to the reaction
and stirred for 1 h at rt. Then the reaction was heated to 65 °C and stirred for 1 h. The mixture
was poured on ice cold water (100 mL). The aqueous phase was extracted with EA (3 x 50 mL)
The organic phases were combined and washed with brined (1 x 50 mL). The organic phase was
dried over MgSO. and the solvent was evaporated under reduced pressure. This resulted in an
oil, which was further dissolved in H.O (5 mL) and lyophilized overnight. The title compound (3.85
g, 18.05 mmol, 98 %) was isolated as pale yellow oil. The product was used for the next reaction

without further purification.

H NMR (500 MHz, DMSO-d6) d (ppm) = 3.50 (ddd, J = 12.8, 6.4, 4.3 Hz, 2H), 3.36 (dd, J = 15.3,
6.2 Hz, 2H), 2.65 (s, 2H), 1.64 (ddd, J = 12.9, 8.4, 4.3 Hz, 2H), 1.40 (s, 11H).

13C NMR (126 MHz, DMSO) 5 (ppm) = 153.86, 78.86, 56.92, 52.83, 32.53, 28.08.

LC-MS m/z for C7H12NOs* ([M-t-butyl+H]*) calculated: 158.1, found: 158.1.

tert-Butyl 4-hydroxy-4-((7-nitro-4-oxoquinazolin-3-  yl)methyl)piperidine-1-carboxylate (24,
MS043)

D OH
o
O.N N /\Q \g/o\f/

MS041 (1.52 g, 8.0 mmol, 1.0 eq.) was dissolved in dry DMF (10 mL). MS042 (1.87 g, 8.8 mmol,
1.1 eq.) and Cs,CO3(7.8 g, 23.9 mmol, 3.0 eq.) were added to the solution. The reaction mixture
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was heated to 80 °C and allowed to stir for 16 h. The reaction was cooled to rt and diluted with
EA (3 x 15 mL). The organic phases were combined and washed with brine (1 x15 mL). The
organic phase was dried over MgSO, and the solvent was evaporated under reduced pressure.
The crude product was purified by column chromatography (normal phase 40 — 100 % EA in PE,
reversed phase 5 — 95 % ACN in H20 + 0.1 % TFA), to yield MS043 (1.2 g, 2.87 mmol, 36 %) as

a pale-yellow solid.

'H NMR (400 MHz, DMSO-dg) d (ppm) = 8.43 — 8.39 (m, 2H), 8.38 (s, 1H), 8.26 (dd, J = 8.8, 2.2
Hz, 1H), 4.94 (s, 1H), 4.03 (s, 2H), 3.66 (d, J = 12.8 Hz, 4H), 1.50 (td, J = 11.9, 11.4, 3.8 Hz, 4H),
1.39 (s, 9H).

13C NMR (126 MHz, DMSO) & (ppm) = 160.36, 154.29, 151.65, 151.53, 148.73, 129.19, 126.28,
122.65, 121.03, 79.01, 69.68, 54.56, 34.78, 28.55.

LC-MS m/z for CigH24N4OsNa* ([M+Na]*) calculated: 427.2, found: 427.1.

(R)-3-((4-Hydroxy-1-(3-phenylbutanoyl)piperidin-4-yl)  methyl)-7-nitroquinazolin-4( 3H)-one
(26, MS045)

Q OH
N
osz /\OY\-/Q
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MS043 (668 mg, 1.65 mmol, 1.0 eq.) was dissolved in DCM (8 mL) supplemented with TFA (2
mL). The reaction was allowed to stir for 2 h at RT. The reaction was diluted with DCM (10 mL)
and the solvent was evaporated under reduced pressure. The residue was taken up in ddH,0O (10
mL). The aqueous phase was lyophilized to obtain the Boc-deprotected intermediate of MS043.

This intermediate was used for the next reaction without further purification.

(R)-3-Phenylbutyric acid (472 mg, 2.87 mmol, 1.2 eq.) was dissolved in anhydrous DMF (3 mL).
HATU (1.8 g, 4.8 mmol, 2.0 eq.) and EtsN (1.7 mL, 12.0 mmol, 5.0 eq.) was added to the reaction
and allowed to stir for 10 min at rt. Boc-deprotected MS043 (1 g, 2.39 mmol, 2.39 mmol, 1.0 eq.)
was dissolved in anhydrous DMF (3.3 mL) and EtzN (1 mL, 7.2 mmol, 3.0 eq.) was added. Both
solutions were combined and further stirred for 5 h at RT. The reaction mixture was diluted with
EA (15 mL) and washed with brine (3 x 15 mL). The org. phase was dried over MgSO, and the

solvent was evaporated under reduced pressure. The crude product was further purified via
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column chromatography (normal phase 0 — 20 % MeOH in DCM). This resulted in the title

compound as a pale orange solid (851 mg, 1.89 mmol, 78 % over two steps).

H NMR (500 MHz, DMSO-ds) d (ppm) = 8.45 — 8.33 (m, 3H), 8.27 (dd, J = 8.8, 2.1 Hz, 1H), 7.32
—7.10 (m, 5H), 4.97 (d, J =5.6 Hz, 1H), 4.11 — 3.90 (m, 4H), 3.26 — 3.11 (m, 2H), 2.65 — 2.55 (m,
2H), 1.99 (s, 1H), 1.50 — 1.22 (m, 4H), 1.20 (d, J = 6.9 Hz, 3H).

13C NMR (126 MHz, DMSO) & (ppm) = 169.60, 160.35, 151.53, 148.72, 147.17, 147.05, 129.18,
128.71, 128.67, 127.41, 127.37, 126.47, 126.28, 122.65, 121.05, 69.75, 60.24, 54.57, 41.50,
37.36, 36.47, 35.36, 22.36, 14.56.

LC-MS m/z for C24H27N4Os* ([M+H]") calculated: 451.2, found: 451.2.

(R)-7-Amino-3-((4-hydroxy-1-(3-phenylbutanoyl)piperid  in-4-yl)methyl)quinazolin-4( 3H)-
one (27, MS047)

9 OH
N
O -

MS045 (200 mg, 0.44 mmol, 1.0 eq.) was dissolved in an EtOH/H,O mixture (4:1, 4 + 1 mL) and
1 % (v/v) conc. HCI (50 uL) was added. Iron powder (248 mg, 4.44 mmol, 10.0 eqg.) was added in
portion to the solution. The reaction was allowed to stir at 80 °C (reflux) for 1 h. The iron powder
was removed via filtration through Celite545®. The solvent was evaporated under reduced
pressure and the crude product was further purified via column chromatography (normal phase,
0 — 20 % MeOH in DCM) to obtain the title compound (153 mg, 0.36 mmol, 82 %).

'H NMR (700 MHz, DMSO-dg) & (ppm) = 11.95 (s, 3H), 8.02 (d, J = 18.9 Hz, 1H), 7.79 (d, J = 8.6
Hz, 1H), 7.25 - 7.23 (m, 2H), 7.17 - 7.12 (m, 1H), 6.72 (dd, J = 8.7, 2.2 Hz, 1H), 6.61 (d, J = 2.2
Hz, 1H), 6.09 (s, 1H), 5.75 (s, 1H), 4.88 (d, J = 9.5 Hz, 1H), 4.04 — 3.93 (m, 2H), 3.87 — 3.60 (m,
4H), 3.25-3.14 (m, 2H), 1.91 (s, 1H), 1.42 — 1.22 (m, 4H), 1.19 (dd, J = 6.9, 3.3 Hz, 3H).

13C NMR (176 MHz, DMSO) d (ppm) = 172.47, 169.56, 160.75, 154.81, 150.48, 149.19, 149.17,
147.17, 147.05, 128.68, 128.66, 128.07, 127.36, 126.43, 126.38, 115.43, 107.24, 69.78, 53.69,
41.58, 37.44, 36.68, 22.37, 21.55.

LC-MS m/z for C24H29N4O3* ([M+H]") calculated: 421.2, found: 421.2.
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(R)-3-Bromo- N-(3-((4-hydroxy-1-(3-phenylbutanoyl)piperidin-4-yl)  methyl)-4-oxo-3,4-
dihydroquinazolin-7-yl)propanamide (28, MS057)

Q OH
O N
Br/\)LH/CEINL/) AO‘W(\_/@
O =

MS047 (220 mg, 0.52 mmol, 1.0 eq.) was dissolved in DCM (10 mL). The mixture was cooled to
-20 °C and EtsN (145 puL, 1.05 mmol, 2.0 eq.) was added. 3-bromopropionyl chloride (83 L,
0.78 mmol, 1.5 eq.) was dissolved in DCM (2.5 mL) and added dropwise to the reaction mixture
under argon atmosphere. The reaction was allowed to stir for 3 h at 0 °C. The reaction was
guenched by adding a few drops of water. The solvent was evaporated under reduced pressure
to obtain MS057 (quant. yield) as a crude, which was used for the step without further purification.
H NMR (600 MHz, DMSO-dg) & (ppm) = 10.52 (s, 1H), 8.19 (d, J = 15.8 Hz, 1H), 8.09 (d, J = 8.7
Hz, 1H), 8.04 (d, J = 1.9 Hz, 1H), 7.25 (d, J = 5.3 Hz, 5H), 7.14 (dqg, J = 6.4, 3.9, 3.0 Hz, 1H), 4.93
(d,J=7.7 Hz, 1H), 4.02 (d, J = 13.8 Hz, 2H), 3.95 — 3.87 (m, 2H), 3.76 (t, J = 6.4 Hz, 2H), 3.68 —
3.59 (m, 1H), 3.04 (t, J = 6.4 Hz, 2H), 2.90 — 2.83 (m, 2H), 1.37 — 1.22 (m, 4H), 1.20 (d, J = 2.6
Hz, 3H).

13C NMR (151 MHz, DMSO) d (ppm) = 169.59, 169.56, 160.61, 149.92, 149.46, 147.16, 144.48,
128.69, 128.66, 127.81, 127.38, 127.36, 126.44, 118.81, 118.54, 117.24, 115.36, 69.78, 54.04,
46.20, 41.55, 37.41, 36.70, 35.38, 34.82, 29.34, 22.55.

LC-MS m/z for C27H32BrN4+O4" ([M+H]") calculated: 555.2, found: 555.1.

1-(4-Nitro-1,3-dioxo-2,3-dihydro-1H-inden-2-yl)dihy  dropyrimidine-2,4(1 H,3H)-dione (30,
CERO1)

a-Aminoglutarimide hydrochloride (384 mg, 2.3 mmol, 0.9 eq.) was dissolved in glacial acetic acid
(7 mL). Anhydrous sodium acetate (195 mg, 2.3 mmol, 0.9 eq.) and 3-nitrophthalic anhydride

(500 mg, 2.6 mmol, 1.0 eq.) were added lot wise to the reaction mixture at RT. The reaction was
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heated to 120 °C and allowed to stir for 18 h. After completion the reaction was cooled to 60 °C
and the solvent was reduced under reduced pressure. The residue was dissolved in ddH,O (12
mL) and stirred for 1 h at RT. The precipitate was filtered and washed with cold ddH»O (2 x 12 mL).
The product was dried to obtain the title compound as a pale purple solid (620 mg, 2.0 mmol,
79 %)

'H NMR (400 MHz, DMSO-ds) d (ppm) = 11.16 (s, 1H), 8.35 (dd, J = 8.1, 0.8 Hz, 2H), 8.24 (d, J
= 7.3 Hz, 1H), 8.12 (t, J = 7.8 Hz, 1H), 5.20 (dd, J = 12.9, 5.4 Hz, 1H), 2.89 (ddd, J = 17.2, 13.9,
5.4 Hz, 1H), 2.67 — 2.51 (m, 2H), 2.08 (dtd, J = 13.0, 5.3, 2.3 Hz, 2H).

13C NMR (126 MHz, DMSO) d (ppm) = 173.18, 169.96, 165.65, 162.99, 144.91, 137.28, 133.47,
129.34, 127.77, 123.02, 49.89, 31.33, 22.19.

LC-MS m/z for C13H10N3O6" ([M+H]") calculated: 304.1, found: 304.1.

1-(4-Amino-1,3-dioxo-2,3-dihydro-1H-inden-2-yl)diny  dropyrimidine-2,4(1 H,3H)-dione (31,
CERO02)

CERO1 (1 g, 3.3 mmol, 1.0 eq.) was dissolved in DMF (20 mL). Palladium on charcoal (200 mg)
and a few drops of water were added to the solution under H, atmosphere. The reaction was
allowed to stir for 24 h at RT. The palladium was filtered off through Celite545®. Cold ddH20 was
added to the organic phase and the precipitated product was collected by filtration and dried under
vacuum to obtain the title compound as a yellow solid (825 mg, 3.0 mmol, 92 %).

'H NMR (500 MHz, DMSO-ds) d (ppm) = 11.17 (s, 1H), 7.96 (td, J = 8.3, 4.5 Hz, 1H), 7.80 (d, J =
7.3 Hz, 1H), 7.75 (t, J = 8.8 Hz, 1H), 5.17 (dd, J = 13.0, 5.4 Hz, 1H), 2.66 — 2.46 (m, 4H).

13C NMR (126 MHz, DMSO) & (ppm) = 173.23, 170.18, 166.57, 164.44, 158.31, 156.23, 138.57,
133.91, 123.41, 120.54, 49.53, 31.36, 22.30.

LC-MS m/z for C13H12N304" ([M+H]") calculated: 274.1, found: 274.1.

134



Methods

tert-Butyl 4-(3-((2-(2,4-dioxotetrahydropyrimidin-1(2  H)-yl)-1,3-dioxo-2,3-dihydro-1 H-inden-
4-yl)amino)-3-oxopropyl)piperazine-1-carboxylate (3 2, MS060)

o]

YO
CERO02 (400 mg, 1.46 mmol, 1.0 eq.) and DMAP (18 mg, 0.14 mmol, 0.1 eq) was dissolved in dry
THF under argon atmosphere. 3-Bromopropionyl chloride (186 pL, 1.76 mmol, 1.2 eq) was
dissolved in dry THF (5 mL) and added dropwise too the reaction mixture under argon
atmosphere. The reaction was allowed to stir at 65 °C for 4 h. The reaction was quenched by
adding a few drops of water. The solvent was evaporated under reduced pressure. The crude
product was used for the next step without further purification.
The crude product of the previous step (600 mg, 1.47 mmol, 1.0 eq.) was dissolved in dry DMF
(20 mL). Boc-piperazine (355 mg, 1.91 mmol, 1.3 eq) and EtsN (407 pL, 2.94 mmol, 2.0 eq.) were
added to the mixture. The solution was allowed to stir for 3 h at 60 °C. The reaction mixture was
diluted with EA (15 mL) and washed with a sat. NH4ClI solution (1 x 30 mL). The aqueous phase
was extracted with EA (3 x 15 mL). The organic phases were combined and the solvent was
evaporated under reduced pressure. The crude product was further purified via column
chromatography (normal phase, 0 — 20 % MeOH in DCM) to obtain the title compound as a pale-
yellow solid (663 mg, 1.29 mmol, 88 % over two steps).
'H NMR (700 MHz, DMSO-ds) & (ppm) = 11.14 (s, 1H), 10.36 (s, 1H), 8.55 (d, J = 8.4 Hz, 1H),
7.85-7.80 (m, 1H), 7.61 (d, J = 7.2 Hz, 1H), 5.14 (dd, J = 12.9, 5.5 Hz, 1H), 3.34 (d, J = 23.6 Hz,
6H), 2.94 — 2.60 (m, 6H), 2.42 (s, 4H), 1.39 (s, 9H).
13C NMR (176 MHz, DMSO) d (ppm) = 173.21, 171.80, 170.30, 167.92, 167.19, 154.30, 136.91,
136.47, 132.02, 126.97, 118.70, 117.33, 79.20, 53.70, 52.73, 49.37, 34.18, 31.42, 28.54, 22.44.
LC-MS m/z for C2sH32NsO7* ([M+H]") calculated: 514.2, found: 514.2.
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N-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4  -yl)-3-(4-(3-((3-((4-hydroxy-1-(( R)-3-
phenylbutanoyl)piperidin-4-yl)methyl)-4-oxo-3,4-dih ydroquinazolin-7-yl)amino)-3-
oxopropyl)piperazin-1-yl)propanamide (MS064)

(@)

NH
o}
N O
O
NH

o
MS060 (663 mg, 1.29 mmol, 1.0 eq.) was dissolved in DCM (7 mL) supplemented with TFA
(1.4 mL). The reaction mixture was stirred for 3 h at RT. The reaction was diluted with DCM
(10 mL) and the solvent was evaporated under reduced pressure. The residue was diluted in
water and lyophilized overnight, which resulted in the title compound as off white solid (TFA salt,
985 mg, 1.54 mmol, quant.). This intermediate was used for the next reaction step without further
purification.

The deprotected MS060 (60 mg, 0.11 mmol, 1.0 eq.) and MS057 (70 mg, 0.13 mmol, 1.1 eq.)
were dissolved in dry DMF. Cs,CO3 (148 mg, 0.46 mmol, 4.0 eq.) was added to the mixture and
the solution was allowed to stir for overnight at 80 °C. The solvent was reduced under reduced
pressure. The residue was taken up in water and lyophilized overnight. The crude product was
purified by preparative chromatography (reversed phase, 20 — 90 % ACN in H;O) to obtain the
titte compound (11 mg, 10 pumol, 11 %).

HRMS m/z for C47Hs54NgOg*([M+H]*) calculated: 888.4039, found: 888.4052

136



Methods

N-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4  -yl)-3-(4-(3-((3-((4-hydroxy-1-(3-
phenylbutanoyl)piperidin-4-yl)methyl)-4-oxo-3,4-dih ydroquinazolin-7-yl)amino)-3-
oxopropyl)piperazin-1-yl)propenamide (MS062)

N

NH
o
EN O
O
dNH
@]
MS062 represents the racemate of MS064 and was synthesized and purified similarly as
described above. In brief, deprotected MS060 (130 mg, 0.25 mmol, 1.0 eqg.) and MS055 (150 mg,
0.27 mmol, 1.1 eq) were dissolved in dry DMF (5 mL). Cs,CO3 (321 mg, 0.99 mmol, 4.0 eq.) was
added to the mixture and the solution was allowed to stir for overnight at 80 °C. Purification

resulted in the title compound (2.8 mg, 2.51 umol, 1 %) as a white solid.
HRMS m/z for C47Hs4NoOg*([M+H]*) calculated: 888.4039, found: 888.4058

tert-butyl 4-(3-((( S)-1-((2R,4R)-4-hydroxy-2-((4-(4-methylthiazol-5-
yhbenzyl)carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl-1 ~ -oxobutan-2-yl)amino)-3-
oxopropyl)piperazine-1-carboxylate (34, MS065)

N\;< >
Le l-iNocik\)<

N
EHJ

3-(4-(tert-butoxycarbonyl)piperazin-1-yl)propanoic acid (28 mg, 0.11 mmol, 1.0 eq.) and the VHL-
ligand (50 mg, 0.11 mmol, 1.0 eq.) were dissolved in dry DMF (3 mL) and DIPEA (66 pL,
0.39 mmol, 3.6 eg.) was added. The reaction mixture was cooled to 0 °C and HATU (81 mg,
0.21 mmol, 2.0 eq.) was added. The reaction was allowed to stir for 4 h at RT. After complete
conversion the reaction mixture was diluted with sat. ag. HCO3; solution (15 mL) and extracted
with DCM (3 x 15 mL). The organic phases were combined, dried over MgSQO. and the solvent
was evaporated under reduced pressure. The crude product was purified via column
chromatography (normal phase, 0 — 20 % MeOH in DCM). This resulted in the title compound
(55 mg, 0.08 mmol, 77 %) as a pale-yellow solid.
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!H NMR (600 MHz, DMSO-dg) d (ppm) = 8.97 (s, 1H), 8.61 — 8.49 (m, 2H), 8.20 (d, J = 9.1 Hz,
1H), 7.95 (s, 1H), 7.43 (d, J = 8.3 Hz, 2H), 5.75 (s, 1H), 4.55 (d, J = 9.5 Hz, 1H), 4.44 (dt, J = 16.2,
7.3 Hz, 2H), 4.35 (s, 1H), 4.20 (dd, J = 16.0, 5.4 Hz, 1H), 3.69 — 3.56 (m, 2H), 3.29 (s, 4H), 2.60
(dd, 3 =13.0, 4.9 Hz, 2H), 2.43 (s, 3H), 2.42 — 2.36 (m, 2H), 2.35 — 2.22 (m, 4H), 2.06 — 1.87 (m,
2H), 1.34 (s, 9H), 0.94 (s, 9H).

13C NMR (151 MHz, DMSO) d (ppm) = 172.44, 171.26, 170.11, 154.21, 151.87, 148.16, 139.96,
131.64, 130.10, 129.06, 127.82, 79.22, 69.36, 59.18, 56.93, 56.63, 54.32, 36.00, 32.66, 28.46,
26.82, 16.38.

LC-MS m/z for CasHs1NeOeS™ ([M+H]*) calculated: 671.4, found: 671.4.

(2S,4R)-4-Hydroxy-1-(( S)-2-(3-(4-(3-((3-((4-hydroxy-1-(( R)-3-phenylbutanoyl)piperidin-4-
yl)methyl)-4-oxo-3,4-dihydroquinazolin-7-yl)amino)-  3-oxopropyl)piperazin-1-
yl)propanamido)-3,3-dimethylbutanoyl)-  N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-
carboxamide (MS067)

Q OH
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MS065 (55 mg, 0.08, 1.0 eq.) was dissolved in DCM (3 mL) supplemented with 20 % TFA. The

reaction mixture was allowed to stir for 2 h at RT. After full conversion the reaction was diluted

with DCM (15 mL) and the solvent was evaporated under reduced pressure. The residue was

taken up in H20 (2 mL) and lyophilized overnight. This intermediate was used for the next reaction

step without further purification.

Deprotected MS065 (55 mg, 0.07 mmol, 1.0 eq.) was dissolved in dry DMF (2.5 mL) and Cs,COs3

(179 mg, 0.55 mmol, 8.0 eq.) was added to the solution. MS057 (46 mg, 0.08 mmol 1.2 eq.) was

added the reaction was allowed to stir for 3 days at 60 °C. The crude product was purified by

preparative chromatography (reversed phase, 20 — 90 % ACN in H,O). This resulted in the title

compound (20 mg, 0.02 mmol, 23 %)

HRMS m/z for CsgH74aN100sS?* ([M+2H]?*) calculated: 523.2700, found: 523.2696
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6. Supplementary Data

Synthesis of CG017
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CG017
Supplementary Scheme 1 | Synthesis of CG017. a) Boc20, DMAP, THF, rt b) (3-hydroxyphenyl)boronic acid, super

stable Pd(0), DMF:H20 =5:1, 90 °C, 6 h c¢) 2,4-dichloropyrimidine, K2CQOz, DMF, rf, 20 h d) Zn(CN)z, Pd[(PPh)s]4, DMF,
KW, 130 °C, 20 mine) 1. 20 % TFA in DCM, rt, 4 h; 2. pent-4-ynoic acid, EDC-HCL, DIPEA, DCM, rt, 2 h

Synthesis of CG041

N
N
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H H O H O NH,
N N N
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C :
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CG041

Supplementary Scheme 2 | Synthesis of CG041. a) 1. 4-chloro-3-nitrobenzaldehyde, POEts, 130 °C, 1 h; 2. NaH,
DMF, 0 °C, oN b) 1. Malononitrile, K2COs, DMF, 50 °C, oN; 2. Na2S203, DMF, 110 °C, 15 min ¢) 1. 20 % TFA in DCM,
rt, 2 h; 2. pent-4-ynoic acid, EDC-HCL, DIPEA, DCM, rt, 4 h
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Synthesis of GK12S/R and GK13S/R

NO, NO, NO, NH,

z 7 HJ\Q z ”)n \OJ\Q
NN NN NN
= o
HN—%T) HNA%S\, HN—%)
N\\\N NH “Boc

GK13R/S GK12R/S

Supplementary Scheme 3 | Synthesis of GK12S/R and GK13S/R. a) HNOs, Acz20, AcOH, rt, 5 h b) methyl 4-
aminobenzoate, MeOH:H20 (1:1), rt, 2 d ¢) Pd/C, Hz, EtOH, H20, rt, 2 h d) (S/R)-1-(tert-butoxycarbonyl)pyrrolidine-3-
carboxylic acid, HATU, DIPEA, DCM, rt, 4h e) 1. LiOH, MeOH, rt, 30 h; 2. pent-4-yn-1-amine, HATU, DIPEA, DCM, rt,
1h;3.20% TFAiIn DCM, rt, 1 h f) BrCN, K2COs/DIPEA, DCM/DMF, 0 °C ->rt, 2 h

Synthesis of CGO50R
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Supplementary Scheme 4 | Synthesis of CGO50R. a) (1-(tert-butoxycarbonyl)-1H-pyrazol-4-yl)boronic acid,
Pd(PPhz)s4, Na2CO3, Dioxane:H20 = 5:1, 90 °C, oN b) 3-bromoprop-1-yne, K2COs, acetone, rt, oN c) 1. LiOH, MeOH,
rt, oN; 2. tert-butyl (R)-3-aminopyrrolidine-1-carboxylate, HATU, DIPEA, DMF, rt, oN; 3. 10 % TFA in DCM, rt, 4 h d)
BrCN, K2CO3, THF, rt, 2 h
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Supplementary Figure 1
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Supplementary Fig. 1 | Screening of reagent concentration led to improved CuAAC conditions. a) Initial CUAAC
screen, where each reagent was tested in a high concentration (5 x higher than the standard concentration) and in a
lower concentration (5 x lower than the standard concentration) on purified UCHL1 after the modification with GK13S.
Additional reagents tested are TCEP, TBTA and a rhodamine azide. Concentrations of 1 mM CuSO4 x 5 H20, 1 mM
BTTAA, 5 mM sodium ascorbate and 10 uM fluorophore azide were used as a standard. Numbers correspond to the
condition used on each lane are shown on the right. b) Second round of CUAAC optimization with purified UCHLL1.
Conditions are shown below the gel. When a reagent is not listed, it refers to the standard concentration (only variations
are listed). ¢) Summary of conditions in the CuAAC in the presence of purified UCHL1 resulting in enhanced
fluorescence intensity compared to the standard conditions. Conditions for each lane are shown on the right with
variations highlighted in red. Optimization resulted in 0.2 MM CuSO4 x 5 H20, 5 mM BTTAA, 5 mM sodium ascorbate
and 100 pM fluorophore azide, being improved reagent concentrations to label UCHL1 modified with GK13S with the
reporter. d) Optimized reagent concentration for purified UCHL1, resulted in non-specific labeling in cell lasted. e, f)
Testing different reagent concentration in HEK293 cell lysates led to the identification of CUAAC conditions to label
endogenous UCHL1 in complex protein mixtures. 5 mM BTTAA, 1 mM CuSO4 x 5 H20, 5 mM sodium ascorbate and

10 — 20 uM puM fluorophore azide resulted in sufficient signal to noise ratio.

Supplementary Figure 2
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Supplementary Fig. 2 | Lysates treated with GK13S and analogs. HEK293 cell lysates were treated with the probes
GK13S/R, the minimal probes GK16S/R and the negative control probes GK12S/R in a concentration dependent
manner (0.01 — 10 pM). Afterward a rhodamine fluorophore was attached via CUAAC and in-gel fluorescence was read

out.
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Supplementary Figure 3
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Supplementary Fig. 3

| GK13R enriches UCHLL1 less frequent than GK13S. a)

Fold change log,(GK13S / GK13R)

Target spectrum of GK13R at 1 uM

visualized as volcano plots. The x-axis indicates the relative label-free abundance ratio (fold change) of proteins

between compound-treated samples and the DMSO control or compound treated samples. b) Target spectrum of

GK13R at 5 uM. USP10 is abundantly enriched.
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Supplementary Figure 4
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| Intact protein mass spectra of the probes GK12S/R
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and GK16R. Intact protein mass

spectra of the probes GK12S/S and GK16R incubated with recombinant UCHL1. No covalent of purified UCHL1 was

recorded. The molecular structures of used probes are shown on the left.
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Supplementary Fig. 5 | Kinetic assay to determine the
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GK13R (uM)

Kobs/[1] value for GK13R. DMSO and a blank well were used

as controls. The rate constant kobs was determined from the upper plot. To obtain the value for kobs/[l], the rate constant

was plotted against the used probe concentrations and calculated from the resulting slope.
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Supplementary Figure 6

-

DMSO GK138 GK16S STS

Pl
200 pm
= . E W3 SN\ | S OH ==

Supplementary Fig. 6 | Compounds show no toxicity upon treatment of U-87 MG treatment. Microscopy image
of U-87 MG cells that were treated with the indicated compounds (1.25 puM) for 72 h. Staurosporin (STS) was used as
a control. Effects on the cell growth and viability were analyzed via confluency (bright-field, BF) and apoptosis

U-87 MG

(propidium iodide staining, PI). All microscopy images were recorded by Dr. Rachel O'Dea.
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Supplementary Figure 7
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Supplementary Fig. 7 | Clustering of proteins with increased or decreased levels after knockdown of UCHLL1.
Identified proteins with altered levels after the knockdown of UCHL1 in U-87 MG cells, were clustered by their protein
class using the webtool PANTHER.[274
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Supplementary Figure 8

UCHLA1 kd/scr GK13S/GK16S

Supplementary Fig. 8 | HtrA2 protein level was altered in the UCHL1 kd an d GK13S treated samples. Venn
diagram lists all proteins with altered protein levels identified after digestion of the whole proteome of U87-MG cells.
HtrA2 was the only overlapping protein identified with altered levels in the UCHL1 knockdown samples and the GK13S

treated samples.
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Supplementary Figure 9
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Supplementary Fig. 9 | Clustering of proteins with increased or decreased levels after treatment with GK13S.
Identified proteins with altered levels after the treatment of U-87 MG cells with Gk13S, were clustered by their protein
class using the webtool PANTHER.[274
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Either purified UCHL1 or PARK7 was incubated with the indicated N-cyanopiperazine probes and subsequently

measured on the LC/MS to test for covalent modification of the proteins. DMSO and GK13S were used as controls.
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Supplementary Fig. 12 | Mass spectrum of CG341 and UCHL1 after addition of
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