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Abstract 

Highly enriched in neurons, the DUB UCHL1 accounts for up to 2% of the total soluble protein 

in the human brain. Loss of UCHL1 is associated with neurodegenerative diseases, and its 

dysregulation contributes to the promotion of cancer metastasis and invasive behaviour. 

Despite its multiple associations with diseases and disease-related pathways, the precise 

functions of UCHL1 remain poorly understood. A comprehensive understanding of the role of 

UCHL1 in these pathways is currently hampered by an insufficiently defined set of UCHL1 

substrate proteins and a lack of suitable pharmacological tools to specifically inhibit UCHL1 

activity. Efforts to improve the specificity and efficacy of DUB inhibitors face significant 

challenges due to limited structural information about inhibitor:DUB complexes. 

This dissertation reports on the design, synthesis and target validation of an activity-based 

probe library derived from putative covalent DUB inhibitors. This led to the discovery of a 

chemogenomic pair of 3-carboxy-cyanopyrrolidine-based compounds GK13S and GK16S that 

enable the selective investigation of UCHL1 activity in a cellular setting. Detailed biochemical 

characterisation of the lead probe GK13S revealed nanomolar and stereoselective binding to 

UCHL1. The crystal structure of UCHL1 in complex with GK13S bound to the catalytic cysteine 

revealed that the enzyme is trapped in a hybrid conformation between apo- and ubiquitin-

bound states, explaining its exquisite UCHL1 specificity relative to other members of the UCH 

family. Consistent with neural tissue from UCHL1 mutant mice, inhibition of UCHL1 in 

glioblastoma but not epithelial cells resulted in a probe-dependent decrease in mono-Ubiquitin 

levels. In vitro analyses of GK13S and GK16S in combination with activity-based protein 

profiling revealed PARK7 as a major off-target protein of 3-carboxy-cyanopyrrolidines. A 

crystal structure of PARK7 in co-complex with the minimal probe GK16S revealed differences 

in the binding site compared to UCHL1. Based on these findings, repeated cycles of chemical 

synthesis as well as cellular and biochemical analyses led to the discovery of piperazine-

based compounds that did not target PARK7. CG341 and CG306 were found to be non-toxic, 

nanomolar potent and selective inhibitors of UCHL1, overcoming the limitations of previously 

reported UCHL1-targeting probes. In addition, this dissertation introduces a novel “dual-

functional warhead“ strategy that offers an initial framework for efficiently creating extensive 

and varied libraries of activity-based probes. These libraries have the potential to facilitate the 

discovery of novel and precise probes targeting specific DUB enzymes. 

In conclusion, this dissertation advances the knowledge of DUB biology and inhibitor 

development, offering selective tools to study UCHL1 in cellular contexts. The work delves 

into the structural underpinnings of UCHL1 inhibition, validates the selectivity of the developed 

probes, and proposes their utility in investigating intricate disease-related pathways. This 
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approach holds promise for advancing drug development efforts and devising diagnostic tools, 

thereby contributing to a comprehensive understanding of DUB function in the context of 

various diseases. 
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Zusammenfassung 

Hoch angereichert in Neuronen macht die Deubiquitinase (DUB) UCHL1 bis zu 2% des 

gesamten löslichen Proteins im menschlichen Gehirn aus. Der Verlust von UCHL1 ist mit 

neurodegenerativen Krankheiten assoziiert, und seine Fehlregulierung trägt zur Förderung 

von Krebsmetastasen und invasivem Verhalten bei. Trotz der vielfachen Verbindungen zu 

Krankheiten und krankheitsrelevanten Signalwegen sind die genauen Funktionen von UCHL1 

noch immer schlecht verstanden. Ein umfassendes Verständnis der Rolle von UCHL1 in 

diesen Signalwegen wird derzeit durch unzureichend definierte Substratproteine von UCHL1 

und einen Mangel an geeigneten pharmakologischen Werkzeugen zur gezielten Hemmung 

der UCHL1-Aktivität behindert. Bemühungen, die Spezifität und Wirksamkeit von DUB-

Inhibitoren zu verbessern, stehen vor erheblichen Herausforderungen aufgrund begrenzter 

struktureller Informationen über Inhibitor:DUB-Komplexe.  

Diese Dissertation berichtet über das Design, die Synthese und die Validierung einer auf 

vermeintlich kovalenten DUB-Inhibitoren basierenden Aktivitäts-basierten Sonden Bibliothek. 

Dies führte zur Entdeckung eines chemogenomischen Paares von 3-Carboxy-

Cyanopyrrolidin-basierten Verbindungen GK13S und GK16S, die die selektive Untersuchung 

der UCHL1 Aktivität in einem zellulären Umfeld ermöglichen. Eine detaillierte biochemische 

Charakterisierung der Leitsonde GK13S zeigte nanomolare und stereoselektive Bindung an 

UCHL1. Die Kristallstruktur von UCHL1 im Komplex mit GK13S, das kovalent an das 

katalytische Cystein gebunden ist, zeigte, dass das Enzym in einer hybriden Konformation 

zwischen apo- und Ubiquitin-gebundenem Zustand gefangen ist, was seine exquisite UCHL1-

Spezifität im Vergleich zu anderen Mitgliedern der UCH-Familie erklärt. Konsistent mit 

Gewebe aus dem Gehirn von UCHL1-Mutantenmäusen führte die Hemmung von UCHL1 in 

Glioblastomen, aber nicht in Epithelzellen, zu einer Sonden-abhängigen Abnahme der Mono-

Ubiquitin Level. In vitro Analysen von GK13S und GK16S in Kombination mit 

aktivitätsbasiertem Proteinprofiling enthüllten PARK7 als das vorwiegende off-target-

Zielprotein von 3-Carboxy-Cyanopyrrolidinen. Eine Kristallstruktur von PARK7 im Komplex mit 

der Minimalsonde GK16S zeigte Unterschiede in der Umgebung der Bindungsstelle im 

Vergleich zu UCHL1. Basierend auf diesen Ergebnissen führten wiederholte Zyklen von 

chemischer Synthese sowie zelluläre und biochemische Analysen zur Entdeckung von 

Piperazin-basierenden Verbindungen, die PARK7 nicht binden. CG341 und CG306 erwiesen 

sich als ungiftige, nanomolar-potente und selektive Inhibitoren von UCHL1 und überwanden 

die Einschränkungen zuvor berichteter Kleinmolekül-Sonden zur Untersuchung von UCHL1. 

Darüber hinaus führt diese Dissertation eine neuartige „Doopelfunktionale warhead“-Strategie 

ein, die einen initialen Rahmen für die effiziente Herstellung umfangreicher und vielfältiger 

Bibliotheken von aktivitätsbasierten Sonden bietet. Diese Bibliotheken haben das Potenzial, 
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die Entdeckung neuartiger und präziser Sonden zur gezielten Hemmung spezifischer DUB-

Enzyme zu erleichtern.  

Zusammenfassend trägt diese Dissertation zur Weiterentwicklung des Wissens über DUB-

Biologie und Inhibitor-Entwicklung bei, indem sie selektive Werkzeuge zur Untersuchung von 

UCHL1 in zellulären Kontexten bietet. Die Arbeit geht auf die strukturellen Grundlagen der 

Inhibition von UCHL1 ein, validiert die Selektivität der entwickelten Sonden und legt ihre 

Nützlichkeit bei der Untersuchung komplexer, krankheitsrelevanter Signalwege dar. Zukünftig 

bietet diese Arbeit einen Ansatz für Fortschritte bei der Entwicklung von Medikamenten und 

diagnostischen Werkzeugen und hilft somit zu einem umfassenden Verständnis der DUB-

Funktion im Kontext verschiedener Krankheiten beizutragen. 
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1 Introduction 

1.1 The Ubiquitin system  

The discovery of ubiquitination as a post translational modification (PTM) between the late 

1970s and early 1980s set the foundation for a new era in almost all fields of scientific 

research. Over the years, it became increasingly clear that ubiquitination is a regulatory 

mechanism, playing an essential role in the majority of cellular processes in eukaryotes.[5] 

Ubiquitination describes the covalent attachment of the highly conserved, small protein 

Ubiquitin (Ub) to target proteins by the help of E1, E2 and E3 enzymes, a process that is 

reversible by deubiquitinases (DUBs) (Figure 1A-C).  

 

Figure 1. The Ubiquitin system. A. Schematic representation of the ubiquitination cascade consisting 

of E1 activating enzymes, E2 conjugating enzymes and E3 ligases, facilitating the transfer of Ubiquitin 

(Ub) onto a substrate. B. Deubiquitinases are able to reverse ubiquitination. C. Depending on the 

ubiquitination pattern and linkage type, ubiquitinated proteins can either be bound by enzymes 

containing reader domains, thereby affecting cellular processes, or directed to proteasomal 

degradation. Numbers below enzymes reflect the quantity of known representatives of each class. 

Figure adapted from Schmidt et al.[6] 

In a two-step reaction, the C-terminus of Ubiquitin is transferred to the catalytic Cys of an E1 

activating enzyme in an ATP-dependent manner, forming a thioester bond (Figure 1A). 

Subsequently, an E2 conjugating enzyme transmits Ubiquitin to its own catalytic Cys in a 

transthioesterfication reaction. Further, an E3 ligase, which is able to bind both, E2 enzyme 

and target substrate, catalyses the transfer of Ubiquitin to the protein in a direct or indirect 

manner.[5] In general there are at least four different types of E3 ligases: The HECT 

(Homologous to E6AP C-terminus), RING (Really Interesting New Gene)-finger, U-box and 

RBR (RING-between-RING) E3 ligases.[7] The HECT and RBR E3 ligases form a Ubiquitin-

thioester intermediate with the E3 active site Cys during Ubiquitin transfer to a substrate, 

whereas the RING and U-box E3 ligases directly transfer Ubiquitin from the conjugating E2 

enzyme to the substrate (Figure 1A).[5,7] With over 600 enzymes, members of the E3 protein 
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family facilitate E2 and target protein selectivity, thus providing specificity of the Ubiquitin 

transfer in the last step of the enzymatic E1-E3 cascade.[7]  

 

Figure 2. The structural complexity of Ubiquitin chain linkage types. A substrate can be (multiple) 

mono ubiquitinated or poly-ubiquitinated, where 3 different types of the latter are differentiated. In 

homotypic chains, Ubiquitin is connected continuously via the same Lys side chain to the preceding 

Ubiquitin. Heterotypic chains contain more than one linkage type in mixed (different linkage types in 

one chain) or branched (connection of more than one Ubiquitin molecule to a single Ubiquitin) 

arrangement. Additional modifications of Ubiquitin by Ubiquitin-like (Ubl) modifier (hybrid chains) such 

as Sumo (S) or Nedd8 (N8) or attachment of PTMs including phosphorylation (P) or acetylation (Ac) 

result in higher levels of Ubiquitin signalling complexity. Figure adapted from Mevissen et al.[8]  

The C-terminal Gly76 of Ubiquitin is attached to a free ε-amino group of a lysine side chain of 

the target protein, resulting in the formation of an isopeptide bond. Ubiquitin itself in turn bears 

seven internal Lys residues (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, Lys63) and one N-

terminal Met residue (Met1), which can be utilised for further modification.[9] Addition of more 

Ubiquitin monomers via the same N-terminal Met (linear chain), or the same Lys residue 

(homotypic chain) results in poly-Ubiquitin chains with distinct topology and function (Figure 

2). Further, Ubiquitin monomers can be linked together via varying Lys residues, resulting in 

heterotypic chains. A chain bearing multiple sites of connection on one Ubiquitin is called 

branched Ubiquitin chain, whereas a Ubiquitin chain comprising several linkage types is 

referred to as mixed Ubiquitin chain. Structurally, Ubiquitin bears a globular β-grasp fold. This 

structural feature is conserved in the protein family of Ubiquitin-like (Ubl) modifiers, with 

distinct sequence, but complementary signalling functions to Ubiquitin.[10,11,12,13] Ubl modifiers, 

such as SUMO, NEDD8 and ISG15 are similarly ligated to proteins by their respective enzyme 

machineries.[14] An additional layer of complexity can be added by further modifying Ubiquitin 

chains with Ubl modifiers and other PTMs such as phosphorylation (which can possibly occur 

on every Ser, Thr and Tyr residue of Ubiquitin[15]) or acetylation (to date verified on Lys 

residues[16]), resulting in a huge number of possible chain topologies.[8] Single mono-

ubiquitination, multiple mono-ubiquitination or Ubiquitin chains of different linkage types, 

topologies and lengths determine the fate and function of substrate proteins in different ways, 

e.g. by affecting proteasomal degradation, cellular localisation, catalytic activity or protein 

interactions (Figure 1C).[17,18] Each linkage type displays a unique three dimensional structure, 
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allowing interaction with effector proteins via specific Ubiquitin binding domains (UBDs) and 

thereby regulating numerous cellular processes.[19]  

1.2 Ubiquitin chain topology determines target fate and function  

Protein degradation in cells is regulated by two major pathways: autophagy and the Ubiquitin 

proteasome system (UPS), both fundamentally involved in protein homeostasis.[20] The UPS, 

first described in late 1970s by Hershko[21] and Ciechanover[22] and in 2004 rewarded with the 

Nobel prize, relates to the degradation of damaged, misfolded or short-lived proteins via the 

proteasome, thus regulating the degradation of over 80% of all proteins in cells.[20] In this 

process, predominantly Lys48-linked poly-Ubiquitin chains are assembled via the enzymatic 

E1-E3 cascade onto a protein (Figure 1A), targeting it for degradation by the 26S 

proteasome.[23] Although ubiquitination was originally referred to as the signal for proteolysis, 

many linkage types have been associated with distinct cellular functions (Figure 3).[9] The 

most abundant types of ubiquitination are mono-ubiquitination as well as Lys48- and Lys63-

linked poly-ubiquitination. While the more compact Lys48-linked poly-Ubiquitin chains mostly 

target proteins for degradation, Lys63-linked chains feature a more flexible and extended 

topology allowing them to be bound by distinct effector proteins, thus playing roles in cell 

signalling, intracellular trafficking, DNA damage response and many more cellular 

processes.[9,23,24,25] Mono-ubiquitination was shown to facilitate protein recognition, complex 

formation or allosteric regulation of target proteins via nonproteolytic mechanisms.[8] 

Proteomic profiling upon inhibition of the proteasome revealed that Lys6-, Lys11-, Lys27- and 

Lys33-linked chains may also play a role in proteasomal degradation.[26] Further, Lys6-linked 

poly-Ubiquitin chains regulate DNA damage response, whereas Lys11-linked chains facilitate 

cell cycle regulation and membrane trafficking.[27,28] Activation of the innate immune response, 

protein secretion, DNA damage repair and mitochondrial damage response is controlled by 

Lys27-linked chains. In Parkinson’s Disease (PD), the TNF-receptor associated factor 6 

(TRAF6) enhances the aggregation of mutant PARK7 (Parkinsonism Associated Deglycase) 

and α-synuclein through Lys29-, but also Lys6- and Lys27-linked poly-Ubiquitin chains.[29] 

Apart from association with the TNF signalling pathway and neuronal diseases, Lys29-linked 

chains have been associated with the regulation of the MAP kinase (MAPK) pathway and 

proteasomal degradation.[30] Lys33-linked ubiquitination, the least studied homotypic linkage 

type, is engaged in protein sorting mechanisms such as transport of membrane proteins.[29] 

Linear (Met1-linked) Ubiquitin chains are assembled by the linear Ubiquitin chain assembly 

complex (LUBAC), a multi-protein complex consisting of HOIL-1, HOIP and SHARPIN. HOIP 

possesses a catalytic centre in its RING2 domain and is responsible for assembling linear 

ubiquitin chains, whereas HOIL-1L and SHARPIN have been recognised as accessory 
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proteins in this process.[31] Linear chains mediate NFκB[32] and Wnt signalling as well as 

angiogenesis, craniofacial and neural development[33].  

  

Figure 3. Ubiquitin linkage topology determines substrate fate and function. Shown is one of often 

many examples of signals induced by different Ubiquitin chain linkage topologies. Figure adapted from 

Meyer and Rape[34]. 

Apart from homotypic chains, the function of heterotypic Ubiquitin chains remains poorly 

understood. The group of Michael Rape intensively studied, among others, the function of 

Lys11/Lys48- and Lys11/Lys63-branched chains in context of the anaphase promoting 

complex (APC/C). They identified these branched-chains as key players in quality control 

through facilitating the degradation of cell cycle regulators (Figure 3).[35,36,37] Through 

additional modification of Ubiquitin with Ubl modifiers, hybrid Ubiquitin/Ubl chains are formed 

(Figure 2) that either regulate the original function of the Ubiquitin chain or encode for a 

completely new one.[38] Studies revealed that Ubiquitin can also be modified with Ubls such 

as SUMO, NEDD8 and ISG15.[37] SUMOylated Ubiquitin chains were shown to influence 

genomic stability and DNA damage response, while NEDDylated Ubiquitin chains regulate 

proteotoxic stress response, possibly playing a role in pathogenesis and progression of 

neurodegenerative diseases.[38,39,40,41] On the contrary, little is known about the function of 

ISG15-Ubiquitin chains, serendipitously detected in a proteomic study in 2005.[42] Since ISG15 

has not been reported to generate polymeric chains and no ISG15-interacting motifs are 

known so far, it is supposed to potentially function as a chain termination moiety to rescue 

ubiquitinated proteins from degradation.[38] However, research on mixed Ubiquitin chains is 

still in its infancy and need to be further elucidated in future studies. 
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1.3 Deubiquitinases influence the entire complexity of the Ubiquitin system 

Dysregulation of the UPS has been divulged in a multitude of neurodegenerative disorders, 

viral diseases and most hallmarks of cancer, highlighting the importance of this pathway in the 

regulation of multiple cellular processes.[7,43] Deubiquitinases (DUBs) constitute an important 

regulatory component of the UPS by catalysing the removal of Ubiquitin, thus being directly 

involved in Ubiquitin associated signalling processes. To counterbalance ubiquitination, DUBs 

not only remove Ubiquitin from substrates, but also alter Ubiquitin chain topology.[44] 

Modulation and processing of Ubiquitin chains can be accomplished through UBDs, allowing 

specific interaction with either Ubiquitin or Ubiquitin chains.[45] 

Nature has brought forth a comprehensive range of deubiquitinating enzymes with ~100 of 

them discovered so far.[46] Most DUBs are isopeptidases, catalysing the hydrolysis of the 

isopeptide-bond between the C-terminal Gly76 of Ubiquitin and the attached Lys side chain. 

One important function of DUBs lies in maintaining the free Ubiquitin pool in cells, primarily at 

the proteasome. The proteasome is a key protease complex for degradation of proteins, 

consisting of a barrel-shaped 20S catalytic core particle and one or two 19S regulatory 

particles (RPs), serving as proteasome activator(s). Three known DUBs are associated with 

the 19S RP and are responsible for recycling Ubiquitin from chains. Two DUBs, USP14 and 

UCHL5 (/UCH37) are located at the tip of the 19S RP. They belong to the family of Cys 

proteases and cleave the distal Ubiquitin of a chain. The third DUB, RPN11, is part of the 

metalloprotease family of DUBs and is found at the base of the 19S RP, cleaving the proximal 

linkage between Ubiquitin chain and target protein.[47]  

DUBs are divided into two main classes according to their active site characteristics: 

metalloproteases and Cysteine proteases. The catalytic mechanism of metalloproteases is 

zinc ion dependent.[9] Two zinc ions are coordinated within their active site by His, Asp and 

Ser side chains. The function of the zinc ion is the activation of a water molecule to form a 

hydroxide ion, which is able to attack the carbonyl group of the isopeptide linkage.[48] The ε-

amino group of the Lys side chain is subsequently eliminated and replaced by the previously 

generated hydroxide ion. An adjacent Glu residue serves as proton acceptor and donor during 

catalysis.[48] The Cys protease DUBs contain a catalytic triad or diad, featuring a similar 

mechanism to the protease papain: A reactive Cys residue, activated via deprotonation of an 

adjacent His, performs a nucleophilic attack on the isopeptide bond of a ubiquitinated Lys side 

chain (Figure 4). This leads to the formation of a tetrahedral intermediate with a negatively 

charged oxygen, stabilised by the oxyanion hole. Elimination of the Lys-amine leads to 

substrate release, while Ubiquitin stays bound to the Cys via a thioester bond. In a second 

step, a water molecule performs a nucleophilic attack on the thioester bond, followed by 

elimination and subsequent release of Ubiquitin, regenerating the active site Cys.[49] In many 
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Cys proteases the catalytic His residue needs to be aligned and polarised by a third residue, 

usually Asp or Asn (Figure 4).[48]  

 

Figure 4. Catalytic cleavage mechanism of DUB Cys proteases. Exemplified by the three most 

common members of the catalytic triad Cys, His and Asp. A. His, which is depolarised by Asp, 

deprotonates the catalytic Cys, thereby converting it into a reactive thiolate. B. The Cys thiolate 

performs a nucleophilic attack on the isopeptide bond between Ubiquitin and substrate-Lys, forming a 

tetrameric intermediate, stabilised by the oxyanion hole (as shown in C). C. The isopeptide bond is 

cleaved via proton transfer from His to the Lys-amine group, releasing the substrate. D. Hydration of 

the Cys acyl intermediate by utilizing a water molecule. E. Hydrolysis and cleavage of water leads to F. 

Ubiquitin release from the active site. Figure adapted from Kwasna et al.[50] 

The Cys proteases are further categorised into 6 superfamilies, of which 60 USPs (Ubiquitin-

specific proteases), 17 OTUs (ovarian tumour proteases), 4 MJDs/Josephins (Machado-

Joseph disease domain DUBs), 4 UCHs (Ubiquitin C-terminal hydrolases), 4 MINDYs (motif 

interacting with Ubiquitin-containing novel DUB family) and one member of the ZUFSP (Zinc 

finger with UFM1 Specific Peptidase domain) family were discovered so far (Figure 5).[18,51] 

The metalloprotease DUBs contain one superfamily of JAMM/MPN+ domain containing 

proteins (JAMMs) with 12 identified representatives.[18,51] 
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Figure 5. Human DUBs across their 

different enzyme subfamilies. More than 

100 DUBs are known, divided into two 

main classes by their catalytic mechanism: 

the metalloproteases (yellow) and 

cysteine proteases (blue, mono-

chromatic). OUTs: ovarian tumour 

proteases; USPs: Ubiquitin-specific 

proteases; ZUFSP: Zinc finger-containing 

Ubiquitin peptidase 1; MINDYs: motif 

interacting with Ubiquitin-containing novel 

DUB family; UCHs: Ubiquitin C-terminal 

hydrolases; MJDs: Machado-Joseph 

disease domain DUBs; JAMMs: 

JAMM/MPN+ domain containing proteins. 

1.3.1 Mechanisms of DUB specificity 

Given the great complexity of Ubiquitin chain linkage types, also referred to as the “Ubiquitin 

code”, it is not surprising that DUBs show different preferences by recognizing mono-Ubiquitin, 

different Ubiquitin chain linkages or even the position within a Ubiquitin chain (Figure 

6A,B).[48,52] All DUBs have at least one Ubiquitin binding site, the S1 site, positioning the 

Ubiquitin C-terminus and scissile bond in the active site to ensure catalysis.[8] Depending on 

the Ubiquitin binding sites, different chain cleavage modes are possible (Figure 6C): Some 

DUBs can cleave the distal Ubiquitin from a chain such as UCHL5, whereas others are able 

to only partially trim and thereby edit chains (endo-specific cleavage).[48,53] Then again there 

are DUBs lacking the S1’ Ubiquitin binding site, but instead having a S1’ substrate binding site 

that mediates the cleavage between substrate and proximal Ubiquitin (base-specific cleavage) 

(Figure 6C).[5,48] In the event of an exo-specific DUB binding to a di-ubiquitinated substrate, 

the S1 site is bound by the distal Ubiquitin, while the proximal, protein-bound Ubiquitin 

occupies the S1’ site.[8] Some DUBs feature additional Ubiquitin binding sites such as S2, S2’, 

S3 or S3’ sites to facilitate the binding of longer Ubiquitin chains, contributing to linkage 

specificity.[5,8]  

 

Figure 6. DUB specificity and cleavage modes. A, B. DUBs can exert specificity for certain Ubiquitin 

linkage types (A), or substrates (B), determined by their Ubiquitin binding sites (e.g. S1’, S1, S2). 

C. DUBs can cleave the distal Ubiquitin from a chain (exo-cleavage), cleave in between Ubiquitin chains 

(endo-cleavage), or cleave Ubiquitin chains between substrate and proximal Ubiquitin (base-

cleavage).[5,54] 

USPs (60)

OTUs (17)

JAMMs (12)

MJDs (4)

UCHs (4) MINDYs (4)
ZUFSP (1)
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1.3.2 Regulation of DUB abundance and activity 

The simplest mechanism for modulating a protein’s activity or abundance is by regulating its 

intracellular localisation or concentration. The same principle holds true for DUBs, whose 

activity is not solely based on linkage- or substrate specificity, but can further underly (even 

cell type specific) transcriptional and translational control or degradation.[44] Various DUBs are 

regulated by transcription factors, enabling high protein levels in the presence of certain 

events. The protein levels of USP37, for instance, greatly depend on the current cell-cycle 

state and are controlled by E2F transcription factors, allowing the upregulation of USP37 levels 

during the G1/S transition.[55] While some DUBs are targeted for proteasomal degradation by 

poly-ubiquitination, others such as USP14 are able to auto-deubiquitinate, thus opposing their 

own degradation.[44,56]  

Other DUBs, like most proteins of the USP family, do not show any Ubiquitin linkage 

specificity. Their activity and specificity are regulated via protein-protein-interaction (PPI) 

domains on their surface or even in their catalytic domains, allowing them to selectively bind 

to target proteins.[57,58] These interacting partners can play key roles in the biological function 

or activity of the DUB. In the case of all three proteasome-associated DUBs (USP14, UCHL5 

and Rpn11) for example, significant activity can only be achieved by incorporation in the 19S 

RP.[59,60] UCHL5 is part of the chromatin-remodelling INO80 complex, auto-inhibiting its 

catalytical function. At the proteasome, UCHL5 activity is modulated by DUB adaptor 

(DEUBAD) domains, present in both the proteins INO80G and Rpn13. The DEUBAD domain 

of Rpn13 facilitates structural rearrangements in UCHL5, resulting in inhibition of INO80 and 

thus activation of UCHL5. In contrast, the DEUBAD domain of INO80G inhibits UCHL5 by 

exploiting similar structural elements, but promotes a radically different conformation and 

blocks Ubiquitin binding.[61] Similarly, the catalytic activities of USP1, USP12 and USP46 are 

regulated by UAF1 (USP1-associated factor 1) and WD repeat-containing proteins, indicating 

the versatile possibilities of DUB regulation by interacting partners.[62,63,64] Besides their 

interconnection with partner proteins, DUBs are often found in complexes with proteins of the 

Ubiquitin system, where they, inter alia, stabilise E3 ligases by counteracting auto-

ubiquitination, or function as a negative regulator by reversing the E3 enzymes function.[44,65]  

Physiological processes often happen in certain locations inside the cell. Subcellular 

localisation of DUBs is realised through particular localisation signals, allowing them for 

instance to interact with cellular compartments. This is crucial in the case of USP30 that shows 

a highly restricted intracellular localisation to the outer mitochondrial membrane and is thereby 

able to regulate mitochondrial morphology.[44,66] Additional localisation factors can mediate 

nucleolar (in the case of USP36), endosomal (AMSH and USP8) or transmembrane (USP19) 

localisation.[67,68,69]  
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Regulation of DUBs can further be achieved by a wide variety of PTMs such as 

phosphorylation, ubiquitination or modification with Ubl modifiers. Especially phosphorylation 

plays an important role in directing DUB activity. Depending on the DUB and its activation 

state, phosphorylation can upregulate (USP1, USP10, USP14, USP37, USP9X, OTUD5), 

inhibit (CYLD) or modulate (A20) the catalytic activity of DUBs, but can also affect their 

subcellular localisation (USP4, OTUB1) or interaction with other proteins.[8,15,44,55,70,71] 

The possible presence of multiple such interaction- and localisation domains, PTMs and 

Ubiquitin binding sites in one DUB gives rise to almost infinite capabilities to impact DUB 

function, activity and regulation.  

1.4 DUBs – rays of hope for new drugs and tools 

Since DUBs themselves, as antagonists of the Ubiquitin system, maintain the balance of 

almost all cellular processes (Figure 7), the aberrant regulation of DUBs generally leads to 

the occurrence and progression of a series of diseases, including neurodegenerative 

disorders, such as Parkinson’s (PD) and Alzheimer’s Disease (AD) or multiple types of cancer.  

 

Figure 7. Human DUBs regulate multiple cellular pathways. Selection of DUBs, playing key roles in 

disease relevant pathways. Figure adapted from Heideker and Wertz[9]. 

DUBs regulate many disease relevant pathways such as apoptosis, DNA damage response, 

growth factor signalling, cell cycle regulation and inflammation (Figure 7).[32,57,72,73] Moreover, 
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DUBs were identified to control the activity and function of important oncogenes including the 

E3 ligase MDM2 (via USP7), transcription factor MYC (via USP28) and apoptosis regulator 

MCL1 (via USP9x), as well as tumour suppressors including PTEN (via USP7, ATXN and 

JOSD1) and p53 (via USP7, USP10 and OTUB1).[9,74,75,76,77,78,79,80]  

1.4.1 Important roles in tumour progression 

The tumour suppressor protein p53 is a regulatory protein which is involved in cellular stress 

regulation, such as DNA damage response, hypoxia, cell cycle arrest and cell death.[81] Since 

loss of function mutations in the p53 gene are present in over 50% of human cancers, it 

became one of the most intensive studied proteins in history, particularly in the drug 

development field.[81] In healthy cells, the E3 Ubiquitin ligase MDM2 (mouse double minute 2 

homolog) functions as a negative regulator of p53 by poly-ubiquitinating and thereby targeting 

it for proteasomal degradation. A proper equilibrium in MDM2 levels is maintained by the DUB 

USP7, deubiquitinating and thereby activating MDM2, leading to p53 ubiquitination via MDM2 

and reduction of p53 levels.[18] Over the past years, increasing roles of USP7 in the direct 

regulation of numerous cancer-associated pathways became apparent. USP7 was shown to 

promote cell growth and proliferation in breast cancer cells by interacting with estrogen 

receptor α (ERα).[82] Further, crucial roles for USP7 in prostate, cervical and colorectal cancer 

are described in the literature.[83,84,85,86] Since USP7 inhibition is directly related to cancer 

regression, extensive research was carried out over the years for the purpose of developing 

specific USP7 inhibitors. In the years 2007 – 2010, the pharma companies Hybrigenics and 

Progenra used screening campaigns to develop USP7 inhibitors such as HBX41108 and 

P22077, respectively. HBX41108 was shown to be a reversible inhibitor of USP7 with an IC50 

of 0.42 µM, but later studies revealed multiple off-target proteins, including several DUBs[87]. 

Further, P22077 was found to inhibit both USP7 and USP47 with IC50 values of 8.0 µM and 

8.7 µM, respectively. Despite the weak inhibitory potency against USP7, P22077 was tested 

in vivo in a mouse model for human multiple myeloma, leading to tumour growth inhibition and 

prolonged survival.[88,89] Later studies revealed the compound being additionally active against 

USP9x, USP10 and USP20 at 1 µM concentration.[87] A multitude of improved USP7 inhibitors 

were discovered bearing different structural and functional features, but none of them were 

able to enter clinical trials so far. 

1.4.2 Important roles in neurodegenerative diseases 

Mitochondria are crucial cell organelles with the function of coordinating numerous metabolic 

processes.[90] Quality control of mitochondria is therefore a key mechanism, tightly regulated 

by the proteins PINK1 and Parkin. Parkin is an E3 ligase, ubiquitinating mitochondrial outer 

membrane proteins to trigger degradation of defect mitochondria, a process called mitophagy. 
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Malfunction of Parkin leads to impaired mitochondrial degradation and has been directly linked 

to diseases such as type 2 diabetes, AD and PD. As DUBs are able to counteract 

ubiquitination, some have been reported to function as “breaks” of mitophagy, counteracting 

Parkin (Figure 8).  

 

Figure 8. Roles of DUBs in PD. α-Synuclein forms fibrils through nucleated polymerization. These 

fibrils can accumulate and create intracellular structures called Lewy bodies. The stability of α-synuclein 

is controlled by DUBs UCHL1 and USP8. Another enzyme, USP9X, helps prevent the formation of fibrils 

by decreasing mono-ubiquitination of α-synuclein. Misfolded α-synuclein is recruited to the endoplasmic 

reticulum by USP19 for deubiquitination. Thereafter, the deubiquitinated α-synuclein is moved to late 

endosomes for secretion. The toxic fibrils of α-synuclein can harm mitochondria, which is a key aspect 

of Parkinson's disease (PD). The removal of damaged mitochondria through mitophagy is crucial for 

maintaining the health of mitochondria and is regulated by enzymes USP8, USP15, USP30, and 

USP35. Figure adapted from Durcan et al.[91] 

Ataxin-3 (ATXN3), member and eponym of the Machado–Joseph disease DUB family, was 

found to regulate Parkin auto-ubiquitination. ATXN3 stabilises the complex of Parkin and its 

corresponding E2 Ubiquitin-conjugating enzyme and thereby impedes efficient Ubiquitin 

transfer to Parkin. [92,93] Further, various studies showed that knock down of the mitochondria 

associated DUBs USP15, USP30 and USP35 rescued Parkin-driven mitophagy defects.[91] 

USP8 deubiquitinates and thereby acts as an activator of Parkin, which is usually auto-

inhibited by Lys6 linked poly-Ubiquitin (Figure 8).[94] Notably, USP8 knockdown also protects 

from α-synuclein–induced locomotor deficits and cell loss in dopaminergic neurons in a 

Drosophila model of PD.[93,95] In a study of Stockum et al., genetic inhibition of USP8 by RNA 

interference (RNAi) and knock down, as well as inhibition by the small molecule DUB-IN-2 
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(Cpd22e[96], IC50 = 0.28 µM, Figure 9) improved mitochondrial function and lifespan, indicating 

therapeutic potential of USP8 inhibition.[97] USP30 reverses ubiquitination of Parkin substrates 

on mitochondria (Figure 8) and knock down of USP30 was shown to enhance ubiquitination 

of multiple Parkin substrates and promote mitophagic flux, thereby rescuing defects in 

impaired mitochondrial morphology.[98,99] Thus, inhibition of USP30 represents an interesting 

therapeutic target to antagonize pathologies associated with mitochondrial dysfunction.[99] 

 

Figure 9. A selection of early discovered DUB inhibitors with their respective target and 

inhibitory potency. *USP7 is one of many targets. 

Many independent research groups and pharmaceutical companies such as Mission 

Therapeutics intensively investigated and developed small molecule inhibitors targeting 

USP30. In principle, two classes of inhibitors were shown to be suitable for USP30 inhibition: 

non-covalent inhibitors with a benzosulphonamide scaffold and covalent, cyanopyrrolidine 

based inhibitors (Figure 9).[100] Rusilowicz-Jones et al.[101] characterised USP30 inhibitors with 

a benzosulphonamide scaffold, that were already reported in earlier studies.[101,102] 

Compound 39 (Figure 9) was demonstrated to potently (IC50 = 20 nM) and selectively inhibit 

USP30. Upon treatment with compound 39 for 24 h, an upregulation in mitophagy was 

observed in neuronal SHSY5Y cells.[101] The group of Tsefou et al.[103] synthesised USP30 

inhibitors (USP30Inh-1, USP30Inh-2, and USP30Inh-3) with a reactive cyanopyrrolidine 

moiety (Figure 9), based on inhibitors reported by Mission Therapeutics.[104] In a screening 

against more than 40 DUBs, these inhibitors showed good selectivity at 1 µM concentration, 

but decreased selectivity and off-target inhibition at 10 µM.[100,103] Notably, in April 2022 
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Mission Therapeutics launched clinical studies of a cyanopyrrolidine-based inhibitor (MTX652) 

for the treatment of chronic kidney disease (CKD) as a cause of mitochondrial dysfunction.[105]  

Several studies indicate that the DUB USP9X is also involved in the genesis of PD and other 

neurodegenerative disorders. USP9X is able to deubiquitinate α-Synuclein and thereby 

influence autophagic degradation. Patients suffering from PD were shown to exhibit reduced 

levels of USP9X, which is believed to be the cause for accumulation and aggregation of α-

Synuclein, subsequently leading to neuronal malfunction.[93,106] Recently, Clague et al. from 

Forma Therapeutics developed a small-molecule inhibitor of USP9X (FT709, Figure 9) with 

an IC50 of 82 nM in vitro. FT709 showed specificity both across a panel of 20 tested DUBs, 

and in mass spectrometry (MS)-based chemoproteomic studies, indicating its therapeutic 

potential.[107] 

1.5 UCHL1 – still an unsolved mystery  

UCHL1 (also called PGP9.5 or PARK5) is with its 25 kDa the smallest of the four members 

belonging to the UCH protein family, but one of the most studied DUBs in the field. Not long 

after its discovery more than 20 years ago[108], UCHL1 attracted attention as a specific marker 

of neuronal cells to visualise different populations and subtypes of nerves. Later, UCHL1 even 

found application in the use as an FDA-approved specific plasma biomarker for Traumatic 

Brain Injury (TBI).[109,110] Already early studies suggested that UCHL1 is highly expressed in 

the central and peripheral nervous system, where it makes up to 5% of soluble proteins in the 

brain.[111] In contrast to its closest homologue UCHL3, that is universally expressed in all 

tissues, UCHL1 is expressed exclusively in neurons and testis/ovary.[112] 

1.5.1 The structure of UCHL1 

UCHL1 is a globular protein with a complex structure featuring a knotted backbone comprising 

a peptidase C12 catalytic domain with short N- and C-terminal extensions.[113] The protein's 

3D structure consists of two lobes of α-helices surrounding a tightly-packed hydrophobic core 

of β-strands.[111,113] This unique knotted structure is considered the most complicated 

eukaryotic protein structure known to date.[114] The knotted backbone is thought to have 

evolved as a protective mechanism for UCH class DUBs, preventing unintended proteasomal 

unfolding and degradation.[115] 

UCHL1 undergoes three populated states during unfolding, transitioning from folded to fully 

denatured. In the intermediate stage, the α-helices unfold while the central hydrophobic core 

of β-strands remains intact.[116] Removing of relatively few amino acids from the N- or C-

terminus destabilises the structure, leading to unfolding and protein aggregation.[114,117] 

Eliminating eleven amino acids from the N-terminus reduces affinity for Ubiquitin and causes 
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insoluble aggregate formation.[118] Similarly, removing four amino acids from the C-terminus 

abolishes binding to Ubiquitin-substrates, resulting in neuronal death.[117] UCHL1 unfolding 

leads to toxic gain-of-function, exposing hidden hydrophobic regions and causing abnormal 

interactions with other proteins and cellular membranes.[111,119,120,121] 

 

Figure 10. A. Structure of UCHL1 (green) in complex with Ub-VME (gold) (pdb: 3KW5). The short 

crossover loop (blue) limits the access of substrates to the active site of UCHL1. B. Superposition of A 

with apo UCHL1 (pdb: 2ETL) and zoom into the binding pocket. Catalytic triad residues Cys90, His161, 

and Asp176 are highlighted. His161 is undergoing a conformational change upon Ubiquitin binding as 

indicated by the black arrow. 

Many DUBs are initially in an inactive state and require protein-protein interactions to become 

active, a protection mechanism against abnormal hydrolytic activity.[122] In the unbound state, 

the geometry of the UCHL1 catalytic triad (Asp176, His161, and Cys90) is distorted, rendering 

the enzyme non-functional, with the His161 and Cys90 residues 8.2 Å apart.[113] 

Crystallographic data with the UCHL1-bound probe Ubiquitin vinyl methyl ester (Ub-VME) 

revealed that Ubiquitin binding induces a conformational change, bringing the catalytic triad 

residues closer together and enhancing its enzymatic activity.[111,123] 

All UCH class DUBs share a common feature of having a flexible crossover loop that limits 

access to their active site.[111] UCHL1 has the shortest loop among the UCH family members, 

making it accessible only to very short disordered peptides conjugated to Ubiquitin.[113] This 

limits its substrate range since folded proteins cannot access the catalytic centre.[113,123] 

UCHL1 can efficiently hydrolyse ubiquitin-AMC but not slightly larger Ubiquitin-sepharose 

conjugates.[108,124] In contrast, UCHL3 with an extended loop can bind larger Ubiquitin-

conjugates and peptide sequences up to 80 amino acids.[111] It has been hypothesised that 

the short active site loop of UCHL1 could adopt an extended, accessible conformation upon 

binding the correct substrate, but experimental evidence is still lacking.[113] 
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1.5.2 Functional roles 

One of the functions of UCHL1 is related to maintaining Ubiquitin homeostasis. It can cleave 

short disordered peptides from the C-terminus of Ubiquitin, increasing monomeric Ubiquitin 

levels, and helping to maintain a pool of available Ubiquitin in the cytosol.[125] Exogenously 

expressed UCHL1 binds to and increases free Ubiquitin in mouse embryonic fibroblasts 

(MEFs), as does the hydrolase-deficient C90S mutant, but not the non-Ubiquitin binding 

(D30K) mutant of UCHL1.[112] These discoveries suggest that UCHL1's ability to bind Ubiquitin 

and extend its half-life, rather than its hydrolytic function, is responsible for the increase in free 

Ubiquitin levels.[111,126] 

UCHL1 has been suggested to deubiquitinate certain exogenously expressed proteins in cell 

lines.[127,128] However, due to spatial constraints limiting access to folded proteins at its catalytic 

site, it is unclear how UCHL1 can have general deubiquitinating activity. Recent in vitro 

experiments with UCH deubiquitinases and ubiquitinated substrates show that UCHL1 is far 

less efficient than its homolog UCHL3.[129] Current data implies that the deubiquitinase activity 

of UCHL1 does not target fully folded ubiquitinated substrates directly. Instead, it efficiently 

cleaves mono-Ubiquitin from small disordered peptides linked to the C-terminus of a Ubiquitin 

molecule.[108] 

UCHL1 participates in larger protein complexes, and co-immunoprecipitation studies identified 

interaction partners such as amyloid precursor protein (APP) and tubulin.[130,131] A high-

throughput mass spectrometry screen of the human deubiquitinase interactome revealed the 

interaction of UCHL1 with two keratin proteins and an uncharacterised coiled-coil domain-

containing protein (CCDC14).[65] However, up to date there are still relatively few functionally 

verified interaction partners of UCHL1.[111] Further proteomic analysis of UCHL1 in neurons is 

expected to uncover novel interactors, providing a better understanding of UCHL1's tissue-

specific functions.[111] 

1.5.3 UCHL1-deficient mouse models 

There are currently two naturally occurring UCHL1 mutant mouse lines and one UCHL1 

knockout mouse described in the literature[132,133,134]: The gad mouse, the nm3419 mouse, and 

the UCHL1 knockout mouse. The phenotypes observed in all three lines are remarkably 

consistent, showing ataxic phenotypes, including sensory and motor disturbances, leading to 

paralysis and death at different ages.[111] The gad mouse has an in-frame deletion in the 

UCHL1 gene, resulting in the loss of UCHL1 protein, leading to axonal degeneration and 

inclusion bodies in nerve terminals.[132,135] The nm3419 mouse has a premature stop codon in 

UCHL1, leading to reduced Ubiquitin levels and ER stress in corticospinal motor 

neurons.[133,136] The UCHL1 knockout mouse shows a similar ataxic phenotype with impaired 



Introduction 

16 

synaptic transmission at neuromuscular junctions, loss of synaptic vesicles, accumulation of 

tubulovesicular structures at the presynaptic nerve terminals and denervation of muscles[134]. 

These models collectively demonstrate that while UCHL1 is not necessary for neuronal 

development, it is crucial for maintaining axonal integrity and that the dysregulation of UCHL1 

is playing an important role in the development of severe neurological disorders.[137] 

1.5.4 Disease association 

Cells have developed various mechanisms to handle misfolded proteins, involving Ubiquitin-

mediated degradation pathways.[111,138] However, when these mechanisms fail, as seen in 

neurons under prolonged stress, they can contribute to disease pathogenesis.[111,139]  

Oxidative modifications in UCHL1 are a common feature in neurodegenerative diseases, 

making the protein prone to unfolding and leading to toxic gain-of-function.[111] The fatty-acid 

metabolite 15d-PGJ2, derived from COX2, was shown to modify UCHL1 at Cys152, leading 

to destabilisation and aggregation, which could be linked to neurological diseases.[140] 

Proteomic studies revealed that UCHL1 undergoes oxidative modification in AD and PD, 

resulting in decreased solubility proportional to tau-immunoreactive tangles.[141,142] The shift 

from soluble to insoluble UCHL1 with reduced hydrolytic activity is likely due to oxidation of 

Cys and Met residues disrupting its native structure, promoting aggregation and potentially 

contributing to disease pathogenesis.[143] 

Parkinson's disease (PD) involves the loss of dopaminergic neurons and the formation of Lewy 

Bodies with ubiquitinated aggregates and protein oxidative modification.[144] A UCHL1 I93M 

mutation has been linked to PD susceptibility, leading to abnormal dopaminergic neuron 

morphology and degeneration, possibly through a dominant toxic gain-of-function 

mechanism.[111] On the other hand, a S18Y mutation in UCHL1 has conflicting reports, with 

some suggesting a neuroprotective effect against PD, possibly mediated by altered protein-

protein interactions.[111] Further, a Glu7Ala mutation in UCHL1 was shown to be the cause for 

early onset neurodegeneration in three siblings by affecting Ubiquitin binding and hydrolysis, 

leading to an ataxic phenotype.[137]  

Apart from its association with neurological diseases, UCHL1 was identified as an oncogene 

in various cancer types including non-small cell lung cancer[145], breast cancer[146,147] and 

multiple myeloma[148]. Overexpression of UCHL1 in germinal centre B-cells was shown to 

substantially impact gene expression and thereby influence cell cycle progression, cell death 

and proliferation as well as DNA replication.[149] In transgenic mice, its overexpression leads 

to lymphomas and lung tumours.[150] On the contrary, inhibiting UCHL1 activity in certain 

cancer cell lines by either knock down or overexpression of a catalytically inactive mutant 

results in a significant decrease in metastatic behaviour as well as elevation of cell invasion, 
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transformation and self-renewal properties. This promotes UCHL1 as a key regulator of 

tumour cell invasion.[146,151,152,153] In a separate study using DUB activity profiling, Liu et al.[147] 

identified UCHL1 as an exceptionally active DUB in TNBC (Triple-Negative Breast Cancer). 

The study proposed that UCHL1 plays a role in promoting TGF-β-induced metastasis in TNBC 

by deubiquitinating and stabilizing TGFβR1 and SMAD2. Using genetic approaches, the 

authors revealed that UCHL1 interacts with TGFβR1 and SMAD2/3 via its N-terminal region, 

effectively rescuing these proteins from ubiquitination and proteasomal degradation. In doing 

so, UCHL1 emerges as a key regulator of TGF-β signalling. Other studies show that UCHL1 

is playing a role in multiple other pathways as well by regulating key proteins including the 

Protein Kinase B (PKB, or AKT)[145,150], mTOR[154], Wnt[153] and the Von Hippel-Lindau (pVHL) 

tumour suppressor. A plethora of additional functions have been reported, involving control of 

metabolism, protein aggregation and autophagy.[111] 

Despite its manifold associations with diseases and disease relevant pathways, the target 

spectrum and the exact functions of UCHL1 remain poorly understood. A comprehensive 

understanding of how UCHL1 is involved in these pathways is presently hindered by an 

insufficiently defined set of UCHL1 substrate proteins and a lack of appropriate 

pharmacological tools to specifically inhibit UCHL1 activity.[155] In addition, efforts to improve 

the efficacy and precision of DUB inhibitors are often hampered by a lack of structural insight 

into specific inhibitor:DUB complexes, a challenge also faced in the context of UCHL1.[156,157] 

1.6 Activity-based probes – tools to investigate DUB function 

Cancer biologists face a considerable hurdle in connecting genotype to phenotype, primarily 

due to the frequent disparity between protein expression and protein activity. Post-

translational activation or inhibition often contributes to this discrepancy, making it challenging 

to measure protein activity using conventional proteomic methods.[155] To address this issue, 

activity-based probes (ABPs) have emerged as valuable chemical tools.[158] ABPs enable the 

quantification of a particular enzyme's activity or a class of enzymes in a physiologically 

relevant setting, independently of protein expression levels.[159] Moreover, ABPs facilitate the 

monitoring of specific target engagement by inhibitors or drugs, aid in identifying on and off-

target effects, and support live cell or in vivo imaging of enzyme activity or inhibition.[155,160,161] 

In general, ABPs encompass 1) a central specificity element for selective binding to the protein 

of interest, 2) a reactive group (warhead) for covalent target protein modification and 3) a part 

to facilitate detection (e.g. a fluorescent dye) or isolation (e.g. biotin).[17] In the context of 

studying DUB biology, the first generation of ABPs comprise a single Ubiquitin moiety as 

natural substrate and specificity element, ensuring DUB specific binding.[17] An additional 

warhead is fused to the Ubiquitin C-terminus. As most DUBs are Cys proteases, functional 
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groups with variable reactivity and reaction profiles are used to covalently target the catalytic 

Cys such as alkylbromides (Ubiquitin-Br2, reaction via nucleophilic substitution), 

propargylamides (Ubiquitin-PA, direct (1,2) addition) or vinylsulphones (Ubiquitin-VS, 

conjugate (1,4) addition).[5,162] As reporter group, often Hemagglutinin (HA) is applied for the 

visualisation of the targeted protein via fluorescent readout by an HA antibody.[17] Alternatively, 

a bioorthogonal group, such as an azide or an alkyne handle is used to facilitate the 

subsequent attachment of reporter tags via click-chemistry. This way, the probe stays as 

natural as possible upon target binding and the tag does not interfere with reactivity, selectivity 

or physiochemical properties of the probe.[5]  

 

Figure 11. Ubiquitin-based ABPs to investigate the specificities and functions of DUBs targeting 

different Ub-binding sites. A. Mono-Ubiquitin probes targeting the S1 pocket. B. Terminal di-Ubiquitin 

probes targeting the S1 & S2 pocket. C. Internal di-Ubiquitin probes targeting the S1 & S1’ pocket. 

Figure adapted from Gui et al.[5] 

Mono-Ubiquitin-based probes are useful tools to selectively target DUBs in a cellular lysate, 

but show little selectivity within the protein family of DUBs. To further get insides on the 

selective recognition/cleavage of Ubiquitin linkage types by individual DUBs, a multitude of 

probes, based on di- or even tri-Ubiquitin as recognition element have been invented.[162] For 

all linkage types, terminal (the reactive group is located at the proximal end) and/or internal 

di-Ubiquitin ABPs (the reactive group is located between two Ubiquitin moieties) have been 

reported, enabling detailed mechanistic studies of binding specificity and binding mechanisms 

of a DUB or report on its substrate spectrum (Figure 11).[17,53,163,164,165] Recently, a DUB ABP 

containing a methyl disulphide reactive group has been reported[166], allowing the release of 

the DUB under mild conditions by preserving its catalytic activity, thus making it possible to 

study the targeted DUB in isolation. 

Many regulatory mechanisms in a cell take place on the posttranslational level. The 

disadvantage of Ubiquitin-based ABPs, however, is that the large size of the Ubiquitin 

recognition element prevents cell permeability[158], thus allowing utilization only in cell lysates. 

Cell lysis on the other hand causes dilution of cytoplasmic and nuclear proteins and disrupts 

cellular organisation and localisation.[167] This can lead to altered ubiquitination patterns and 

dissociation of PPIs, potentially important for DUB activity, resulting in a limited use of these 

probes to study DUB biology.[5,162] Different attempts were made to address cell penetration of 
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DUB ABPs, including pore-forming toxins[168], electroporation[169] and cell-penetrating peptide 

(CPP) ABPs[167], but found little application in the literature, owed, among others, to laborious 

manufacturing processes and missing or altered DUB interfamily specificity. In contrast, 

changing the specificity element from a general, all DUBs targeting Ubiquitin moiety to a 

selective and cell permeable small molecule inhibitor is readily accessible and found broader 

application.  

1.6.1 Small molecule ABPs 

One of the key advantages of small molecule ABPs is their chemical adaptability, which offers 

the potential to optimise these probes to exhibit high specificity for specific DUBs, minimising 

cross-reactivity with other non-target proteins.[170] This enhanced selectivity ensures more 

accurate and reliable results, allowing precise investigation of individual DUBs and their role 

in cellular processes. Another important advantage of small molecule ABPs is their ability to 

efficiently access the active sites of DUBs. In contrast, larger ubiquitin-based ABPs may 

encounter steric hindrance issues when attempting access certain DUB active sites[171]. Small 

molecule ABPs circumvent this limitation, ensuring effective labelling and detection of DUBs. 

In addition, small molecule ABPs often exhibit enhanced cellular permeability, allowing them 

to access their target in living cells,[158,172] providing a more physiological context for studying 

DUB activities in their native cellular environment.  

The first small-molecule based ABP with the aim to target DUBs was published by Ward et al. 

in 2016[173] and was based on a chloroacetyl pyrrole scaffold (compound 1a, Figure 12A).[162] 

Originally identified in a high-throughput screening by Mission Therapeutics, the compound 

was intended to inhibit USP4 and USP11. By modifying the compound with an alkyne handle 

(compound 2a, Figure 12A), Ward et al. were able to perform activity-based protein profiling 

(ABPP, Figure 12B) studies. They identified in total 12 DUBs and many non-DUB proteins 

targeted by their probe in intact U2OS cells. In 2018 VLX1570 (Figure 12A), a small molecule 

USP14 inhibitor for the use in refractory multiple myeloma, has been put on full clinical hold 

due to adverse side effects.[174] Later, in 2020, Ward et al.[175] prepared an alkyne-based 

VLX1570 analogue (compound 1b, Figure 12A) and were able to show in a proteomic 

approach that the compound targets a wide range of proteins in addition to various DUBs. 

Further, the authors found out that this compound class induces nonspecific protein 

aggregation, thus providing an explanation for its toxicity.[175] This shows that the evaluation 

of an inhibitor’s target spectrum in a cellular environment, apart from commonly used in vitro 

assays, is of utmost importance in the process of drug development. 
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Figure 12. Small molecule ABPs are valuable tools to study DUBs in their native cellular 

environment. A. Chemical structure of small molecule DUB ABPs and their respective parent 

inhibitors. a: Ward et al. 2016[173], b: Ward et al. 2020[175]. B. Schematic workflow of cellular activity-

based protein profiling (ABPP) for target identification. In the depicted example intact cells are 

treated with an alkyne-tagged probe and subsequently lysed. An azide-functionalised fluorophore-biotin 

reporter is introduced via click chemistry. Streptavidin beads are used to enrich the probe-bound 

proteins, which can be further analysed by either in-gel fluorescence or subjected to proteomics-based 

mass spectrometry experiments. Figure adapted from Grethe and Schmidt et al.[1] C. Chemical 

structure of recently published small molecule UCHL1 ABPs and their respective parent 

inhibitors. c: Krabill et al. 2020[152], d: Kooij et al. 2020[176], e: Panyain et al. 2020[177], f: Panyain et al. 

2021[178].  

1.7 Advancing the validation of UCHL1 as a promising drug target 

As mentioned above, there is substantial evidence for the involvement of UCHL1 in 

neurodegenerative disorders and several types of cancer. However, the lack of selective and 

potent small molecule inhibitors or ABPs has hindered the exploration of the translational 

potential of these findings. The widely used UCHL1 inhibitor, LDN-57444[179] (Figure 9), fails 

to label UCHL1 in cells and studies suggest that its reported biochemical activity may be assay 

dependent, raising doubts about its efficacy in previous experiments.[89,177] 

In recent years, several covalent small-molecule UCHL1 inhibitors containing a 

cyanopyrrolidine moiety have been reported in the patent literature.[89,180,181,182] Biochemical 

activity has been evaluated for over 400 small molecules using a fluorescence polarisation 

(FP) assay, identifying several highly potent UCHL1 inhibitors with IC50 values of ≤ 0.1 μM. 

However, critical data on their selectivity over other DUBs or protein classes were not 
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provided. Recently, peer-reviewed papers have been published based on these compounds, 

reporting covalent UCHL1 inhibitors and ABPs with varying quality (Figure 12C).[152,176,177,178] 

In 2020, Krabill et al.[152] conducted a study on a previously reported cyanopyrrolidine-based 

covalent inhibitor (compound 1c, Figure 12C) targeting UCHL1[182]. The authors confirmed that 

compound 1c covalently binds to the catalytic Cys90 of UCHL1, with slow reversibility due to 

hydrolysis over time.[152] To assess its selectivity, the authors used the broad-spectrum DUB 

ABP HA-Ub-VME in a gel shift assay and observed that compound 1c not only inhibited 

UCHL1 but also targeted at least one other DUB in HEK293 cell lysate. However, the identity 

of this off-target DUB was not determined. Compound 1c was also shown to exhibit growth 

inhibition against B-cell and lung cancer cell lines (KMS11 and SW1271), that had high 

endogenous UCHL1 expression levels and were sensitive to UCHL1 knockdown. 

Furthermore, the inhibitor also induced moderate growth inhibition in a myeloma cell line 

(KMS12) with low UCHL1 expression levels that did not rely on UCHL1 for proliferation, 

indicating significant off-target effects. In addition, an ABPP approach using an alkyne-tagged 

version of compound 1c (compound 2c, Figure 12C) revealed a wide range of off-targets. 

However, no quantification of engagement of these off-targets relative to UCHL1 was reported, 

resulting in an undefined selectivity profile for these compounds.  

Lately, fluorescent small molecule ABPs have been developed by the Geurink and Ovaa 

labs[176] that effectively label UCHL1 both in vitro and in several cell lines, as well as in vivo in 

zebrafish embryos. These ABPs are based on the cyanopyrrolidine inhibitor 6RK73 (Figure 

12C), originally reported by Mission Therapeutics[181], coupled to various fluorescent reporters, 

with the most extensively studied being BODIPY-FL probe 8RK59 (Figure 12C). The 

fluorescent analogues showed similar biochemical activities to the parent compound, 

efficiently labelling and inhibiting recombinant UCHL1, both in vitro and in HEK293T cell 

lysates. The authors confirmed that 8RK59 specifically binds to the active site Cys90 of 

UCHL1, as validated by its interaction with a catalytically inactive C90A mutant expressed in 

HEK293T cells. However, 8RK59 showed another significant off-target signal at 60 kDa in 

cells during in-gel fluorescence analysis, with a labelling efficiency comparable to that of 

UCHL1. To further investigate these off-targets, the authors performed proteomic profiling 

experiments using azide-tagged (8RK64, Figure 12C) or biotinylated ABP analogues of 

6RK73. These experiments identified several off-target proteins from different classes, 

including PARK7, which showed higher labelling than UCHL1. This suggests limited cellular 

selectivity of 6RK73 as a UCHL1 inhibitor. Despite uncertain evidence for specific UCHL1 

labelling in cells, the authors used microscopy to investigate whether 8RK59 could visualise 

and track UCHL1 activity in vivo in zebrafish embryos.[176] Fluorescence imaging showed that 
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8RK59 was predominantly localised in the eye, face, and brain, leading to the hypothesis that 

this distribution may be due to a higher density of neurons expressing UCHL1. 

In a separate study, Panyain et al.[177], in collaboration with Mission Therapeutics, reported the 

development of UCHL1 inhibitors with low nanomolar potency. One of these compounds, the 

cyanopyrrolidine-based compound 1e (Figure 12C), was further refined into an alkyne-tagged 

ABP (IMP-1710, Figure 12C). Both parent inhibitor 1e and IMP-1710 showed strong binding 

to UCHL1, with IC50 values of 90 and 38 nM, respectively, in a fluorescence polarisation (FP) 

assay using Ub-Lys-TAMRA. Notably, the (R)-enantiomer of IMP-1710 (IMP-1711, Figure 

12C), which exhibited over 1000-fold less potency than the (S)-enantiomer, served as an 

effective control compound and demonstrated specific and stereoselective interaction with 

UCHL1. IMP-1710 and compound 1e effectively engaged UCHL1 in a breast cancer cell line 

(Cal51) stably expressing FLAG-tagged UCHL1, with EC50 values of 110 and 820 nM, 

respectively. These compounds displayed high selectivity for UCHL1 when tested against a 

panel of 20 recombinant DUBs and in HEK293 cells. However, ABPP of probe IMP-1710 at a 

concentration of 200 nM revealed several other covalently bound targets, with fibroblast 

growth factor receptor 2 (FGFR2) being the second most enriched protein.  

In 2021, Panyain et al.[178] identified the previously reported compounds MT16-001 and MT16-

205 (Figure 12C; previously reported in Jones et al.[181] as example 1 and example 205, 

respectively) as UCHL1 inhibitors with similar IC50 values of 550 and 160 nM, respectively. 

MT16-009 (Figure 12C), a less-potent analogue, was used as a negative control due to its 

similar physicochemical properties to MT16-001. Both MT16-001 and MT16-205 effectively 

inhibited UCHL1, but not UCHL3 in vitro, demonstrating selectivity for UCHL1 over the closely 

related UCH family member. Further screening against a panel of 19 DUBs revealed that 

MT16-001 and MT16-205 inhibited UCHL1 and the structurally unrelated DUB, USP30, with 

similar potency. However, both MT16-001 and MT16-205 showed pronounced cytotoxicity, 

which is inconsistent with the viability of many UCHL1 knockout cell lines.[183] Cellular target 

engagement experiments using HA-Ub-VME in human breast cancer cells (Cal51) expressing 

UCHL1 confirmed that both compounds engaged UCHL1 in intact cells. However, several 

other covalently bound targets were identified that could not be detected with the used set of 

control probes.[178]  

Despite intensive research efforts, neither clear phenotype upon UCHL1 inhibition, nor a 

substrate of UCHL1 could be assigned in the above examples. This highlights the need for 

improved, selective and non-toxic ABPs, as well as appropriate control probes to unveil the 

function and target spectrum of UCHL1 in future studies.  
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2 Motivation and Aim 

The development of specific tools to study DUBs in a cellular context has been hampered by 

an incomplete understanding of DUB biology and a general lack of thoroughly characterised 

inhibitors.[18] Efforts to improve the efficacy and specificity of DUB inhibitors are often 

hampered by a lack of structural information from specific inhibitor:DUB complexes.[156,157] The 

establishment of small molecule probes for UCHL1 and DUBs in general may lead to tool 

compounds for investigating their target proteins in complex cellular environments, or may 

even act as tools to help eliminate promiscuous drug candidates at an early stage of inhibitor 

development.[162] 

Different types of nitriles, such as aliphatic nitriles, aryl nitriles, and cyanamides of various 

scaffolds, have been found to be effective covalent inhibitors for several enzymes. Similarly, 

several nitrile-based inhibitors for deubiquitinases of the USP and UCH families have been 

reported, but are often poorly characterised in terms of potency and 

specificity.[104,181,182,184,185,186,187]  

Project 1 of this work aimed to characterise a selected panel of putative covalent, structurally 

diverse nitrile-based DUB inhibitors (Figure 13, top panel). Following the design and synthesis 

of the corresponding alkyne-tagged ABP analogues, the cellular target engagement of the 

probes was to be elucidated. The most selective and covalent probe should then be 

biophysically characterised using experiments such as fluorescence-based target cleavage, 

kinetic measurements, thermal stability assays (TSA) and isothermal titration calorimetry 

(ITC). In combination with further cellular characterisation and crystallographic studies in co-

complex with its protein target, insights into potency, selectivity, stability as well as kinetic 

binding properties and mode of binding should be elucidated.  

The second project of the thesis aimed to structurally improve the probe by chemical synthesis 

along with cellular and biochemical analysis to improve selectivity (Figure 13, bottom panel). 

Key properties of the improved ABP were to be compared with the probe established in part 

1 of the thesis. In addition, a crystal structure of the new probe in complex with its protein 

target should provide further information on the binding mode and target association and may 

explain the different binding properties between the two probes. Ultimately, both projects 

should aim to acquire an activity-based probe suitable for investigating the function and 

substrate spectrum of target DUBs in a cellular environment (Figure 13, overlapping). 
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Figure 13. Overview of projects 1 and 2. Project 1 (top panel). a. A panel of DUB inhibitors should 

be synthetically converted into their corresponding activity-based probe (ABP) analogues. b. Cellular 

characterisation of the probes should provide first insights into covalent binding properties and target 

engagement. c. The most selective covalently binding probe should be further evaluated in various in 

vitro assays. d. Crystal structure analysis in co-complex with its target protein should shed light on the 

structural binding properties of the ABP. Project 2 (bottom panel). a. Cycles of chemical synthesis and 

biochemical evaluation of the most selective probe derived in project 1 should aim for an activity-based 

probe with improved selectivity profile and binding properties. b. A crystal structure in co-complex with 

the probe target protein could help explain differences between selectivity and potency between new 

and old probe. The overall aim of both projects is to establish suitable ABPs for mechanistic studies of 

DUBs in a cellular context (overlapping). 

Techniques for the generation of small molecule regulators of protein activity have proven to 

be effective tools for the development of new drug-like molecules.[188] Methods such as phage 

display, DNA-encoded libraries and multi-component reactions are well known tools for the 
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rapid generation of small molecule libraries.[188] In view of the scarce number of small molecule 

DUB ABPs in the literature, such a library would be of great benefit. However, to generate 

small molecule-based ABP libraries, a suitable attachment position for the incorporation of an 

alkyne-handle must be considered. This not only requires a free position in a small molecule, 

but also often means tedious synthetic work, as methods may need to be adapted for each 

library molecule.  

In the third project of this dissertation, a novel “dual-functional warhead” approach to generate 

an activity-based probe library featuring distinct binding elements, with the aim to target (novel) 

DUBs should be developed (Figure 14). The main focus of this approach was the design and 

synthesis of cyclic, N-cyano-nitrile containing, putative DUB targeting warheads. These 

warheads should be designed to have an additional alkyne handle for biorthogonal 

functionalisation and a suitable chemical group for easy attachment to various binding 

elements. To initially validate whether DUB binding of dual-functional warhead-bearing 

molecules is still given, a known DUB-binding scaffold should be fused to the newly developed 

warheads and target binding assessed in a cellular context. Finally, a library of ABPs with 

warheads of different ring sizes should be fused to a variety of readily accessible binding 

elements and probe binding assessed by cellular and biochemical target engagement. 

 

Figure 14. Overview of project 3. A library of dual-functional warheads should be synthetically 

addressed. These molecules should contain a reactive cyclic N-cyano-nitrile moiety in various ring 

sizes. Further, alkyne-handle and different reactive groups should be incorporated at varying ring 

positions for efficient and diverse library generation. a A dual-functional warhead is fused to a known 

DUB-binding moiety to evaluate target association. b An ABP library is generated by connecting dual-

functional warheads to readily accessible and diverse binding elements. c Target validation of novel 

dual-functional warhead-bearing molecules in cells.
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3 Structural basis for specific inhibition of the deubiquitinase 

UCHL1 (Project 1) 

Altering DUB function by genetic depletion often results in a combination of direct and indirect 

effects that are challenging to separate for specific substrate determination. This is mainly due 

to the prolonged time frame of genetic depletion experiments, as well as many DUBs being 

involved in multiple pathways, influencing other DUBs or E3 ligases and regulating 

transcriptional activity. These factors have not only hindered a deeper understanding of the 

roles DUBs play in the Ubiquitin system, but have also impeded efforts to create DUB inhibitors 

for therapeutic applications.[18,46] 

Tools such as small molecule based ABPs, with their ability to enter cells and alter their target 

proteins function significantly faster, display a considerable alternative to genetic depletion 

methods. 

3.1 Design and synthesis of a focused activity-based probe library targeting 

DUBs 

While there are over 100 DUBs discovered so far, only a limited number of inhibitors has been 

reported in the literature, many with unknown specificity. For many DUBs, such as UCHL1, 

the absence of suitable, well characterised tool compounds hindered research on their 

biological function. The work in the first part of this thesis comprised the design and chemical 

synthesis of alkyne-tagged activity-based probes based on patent-known inhibitors (Figure 

15A), with the further aim to profile their cellular target engagement, thus to inform on the 

suitability as tool compounds to study the cellular function and substrate spectrum of DUBs.  

Inhibitors were selected based on diverse chemical scaffolds, an assigned DUB target and 

the presence of a nitrile group to form covalent thioimidate adducts (Figure 15B) with the 

active site cysteine of DUBs and thus report on their covalent cellular targets in an unbiased 

manner.  

Further information, such as patent-derived structure-activity relationships, partially allowed 

for identification of suitable positions for the attachment of an alkyne handle for later 

bioorthogonal modification with reporter tags.  
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Figure 15. Design and 

synthesis of an 

activity-based probe 

library derived from 

nitrile-based DUB 

inhibitors.  

A. Synthesised activity-

based probes (right 

panel) derived from 

known inhibitors (left 

panel), containing a 

potential nitrile-based 

warhead (blue) for 

covalent protein 

modification and an 

alkyne handle (green) 

for bioorthogonal 

functionalisation.  

B. Mechanism of 

thioimidate formation 

between DUB active 

site cysteine and small 

molecule nitrile. 

 

 

 

 

 

 

3.1.1 Targeting UCHL3 and USP2 

Aryl nitriles have been described in various publications as covalent inhibitors, targeting the 

active site cysteine.[189] In 2010, Novartis reported a small set of 2-cyanopyrimidines as 

inhibitors of UCHL3 and USP2 for the treatment of proliferative diseases such as cancer.[184] 

This set of compounds demonstrated a drug-like scaffold, since similar 2-cyanopyrimidines, 

such as Dutacatib, are already established cathepsin K inhibitors. With the aim to develop an 

ABP that is capable of reporting target protein binding, an inhibitor with a suitable position for 

alkyne linker attachment had to be found. In this respect the benzylamine group of Cpd1 

(Figure 15A) showed two major advantages: 1) the amine facilitates easily accessible amide 

coupling reactions to introduce an alkyne and 2) interference with covalent modification of the 

active site Cys can be prevented by placing warhead and alkyne at large distance. First, the 
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parent inhibitor Cpd1 was synthesised based on the procedure described in the patent[184] 

(Scheme 1a-e). 

 

Scheme 1. Synthesis of CG017 based on patent US7700605B2[184]. a. Boc2O, DIPEA, DMAP, THF, 

rt, 16 h, 99%. b. (3-hydroxyphenyl)boronic acid, super stable Pd(0), K2CO3, DMF:H2O = 5:1, 90 °C, 6 h, 

44%. c. 2,4-dichloropyrimidine, K2CO3, DMF, rt, 20 h, 98% d. Zn(CN)2, Pd[(PPh)3]4, DMF, µW, 130 °C, 

20 min, 71%. e. 20% TFA in DCM, rt, 4 h. f. Pent-4-ynoic acid, EDC-HCl, DIPEA, DCM, rt, 2 h, 10% 

over 2 steps. The synthesis procedures for steps a-e were based on appropriate methods described in 

the patent[184], with minor refinements, including insights from the research of Gian M. Kipka[2]. 

Starting from 4-bromobenzylamine, Boc-protection was implemented to prevent side reactions 

of the free amine in the following reaction steps (a). In a Suzuki-Miyaura cross-coupling 

reaction, (3-Hydroxyphenyl)boronic acid was fused to the C4-position of intermediate CG001, 

forming a biphenyl moiety that acts as specificity element for target protein binding (b). The 

reaction was catalysed by a super stable palladium (0) complex containing an electron-

deficient trifluoromethylated phosphine ligand, which exhibited thermo- and air-stability. The 

palladium(0) binds CG001 in an oxidative addition, forming an organo-palladium(II) 

intermediate. The halide is replaced by a phenolate anion, generated by K2CO3. During 

transmetallation, the aromatic ring of the (3-hydroxyphenyl)boronic acid is transferred to the 

palladium, resulting in an organo-palladium(II) species with both aryl residues bound. 

Reductive elimination finally regenerates the Pd(0) catalyst and releases intermediate CG002. 

The highly electron-deficient pyrimidine ring of 2,4-dichloropyrimidine allowed for a 

nucleophilic aromatic substitution (SNAr) reaction with CG002 (c) and subsequent palladium-

catalysed cyanation (d) generating aryl nitrile CG005. Although the C4-position of 2,4-

dichloropyrimidine tends to be more reactive, the exclusive formation of a single regioisomer 

is challenging.[190] After purification, NMR spectroscopy was used to confirm the presence of 

only the desired regioisomer. The nearly quantitative yield (98%) further indicates 

regioselectivity of the ether synthesis (c). Boc-deprotection and purification by preparative 

HPLC yielded the parent inhibitor Cpd1. Finally, the ABP CG017 was synthesised via an 

amide coupling reaction of Cpd1 with pent-4-ynoic acid, serving as alkyne handle. In order to 

ensure highest purity for biological testing of final compounds, only fractions containing pure 
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product were combined, explaining some low yields of final reaction steps throughout this 

thesis.  

3.1.2 Targeting USP20 and USP33 

The pharma company AstraZeneca filed a patent in 2001 describing indole derivatives with 

vascular damaging activity. One of the presented indole derivatives, GSK2643943A, 

reappeared in a screening campaign by GlaxoSmithKline as a hit against USP20 with an IC50 

of 160 nM.[89] No DUB selectivity data were shown, but the compound was found to penetrate 

the cell membrane by modulating USP33 levels.[89] Ubiquitin-specific peptidase 20 (USP20) is 

a vital member of the Ubiquitin-specific proteolytic enzyme family and plays a key role in 

regulating the stability of proteins via multiple signalling pathways. Recent research has 

highlighted the important role of USP20 in the tumourigenesis of various types of cancer, 

including breast cancer, colon cancer, lung cancer, gastric cancer, and adult T cell 

leukemia.[191]  

Following AstraZeneca’s patent US7030123B2[185], the inhibitor GSK2643943A was 

synthesised (Scheme 2). 

 

Scheme 2. Synthesis of GSK2643943A based on patent US7030123B2[185]. a. 1) POEt3, 120 °C, 

1 h, 2) 4-chloro-3-nitrobenzaldehyde, NaH, DMF, 0 °C, on, 13%. b. 1) PPh3, DMF, reflux, 1 h, 2) 4-

chloro-3-nitrobenzaldehyde, NaH, DMF, 0 °C, 18 h, 32% for (E)-CG018-2, 38% for (Z)-CG018. c. 1) 

malononitrile, K2CO3, DMF, 50 °C, on, 2) Na2S2O3, DMF, 110 °C, 15 min, 46%. The synthesis 

procedures for steps a-c were based on appropriate methods described in the patent[185]. 

Starting from 1-(bromomethyl)-3-fluorobenzene, an Arbuzov reaction with POEt3 yielded 

diethyl (3-fluorobenzyl)phosphonate (a, step 1), which was subsequently used in a Horner-

Wadsworth-Emmons (HWE) reaction with 4-chloro-3-nitrobenzaldehyde to produce (E)-

CG018-1 (a, step 2). In an HWE reaction a ketone or an aldehyde (here 4-chloro-3-

nitrobenzaldehyde) reacts with a phosphonate (diethyl (3-fluorobenzyl)phosphonate) in a two-

step mechanism to form an alkene ((E)-CG018-A).[192] The reaction mechanism involves the 

deprotonation of the phosphonate, nucleophilic addition of the carbanion onto the 

aldehyde/ketone and final elimination of the alkene, predominantly in (E)-configuration.[192] To 

evaluate the configuration of the product, a second, (E)/(Z)-unselective Wittig reaction was 
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performed (b). In the Wittig reaction, a phosphorus ylide reacts with an aldehyde or ketone 

(here 4-chloro-3-nitrobenzaldehyde) to form an alkene.[193] The ylide (here (3-

fluorobenzyl)triphenylphosphonium bromide) is generated from a phosphonium salt (PPh3) by 

deprotonation with a strong base (NaH).[193] Thin layer chromatography (TLC) after step b 

showed the presence of two product species, presumably (E)- and (Z)-CG018. Subsequent 

silica column chromatography successfully separated both. The configuration was determined 

by comparing JH-H coupling constants of the alkene protons of both NMR spectra. One NMR 

spectrum showed two prominent proton peaks with typical JH-H coupling constants for (Z)-

alkenes of JH-H = 12 Hz, thereby assigned to (Z)-CG018, whereas the other NMR displayed 

two prominent proton peaks with typical JH-H coupling constants for (E)-alkenes of JH-H = 16 Hz, 

thereby assigned to (E)-CG018. Comparison with the product from step a confirmed the 

formation of the (E)-isomer, since both NMR spectra showed related peak patterns and 

coupling constants. Following a publication of Volovenko 2001[194], describing a method for the 

synthesis of 2-amino-6-nitroindoles, (E)-CG018 was converted into GSK2643943A by the use 

of malononitrile, base K2CO3 and aprotic solvent DMF (b). In this reaction, the base 

deprotonates the malononitrile, activating it for nucleophilic aromatic substitution of the 

halogen atom. Intramolecular rearrangement and ring-closing then leads to the formation of 

parent inhibitor GSK2643943A. 

 

Scheme 3. Synthesis of CG041 based on patent US7030123B2[185]. a. 1) POEt3, 130 °C, 1 h, 2) 4-

chloro-3-nitrobenzaldehyde, NaH, DMF, 0 °C, on, 27%. b. 1) malononitrile, K2CO3, DMF, 50 °C, on, 2) 

Na2S2O3, DMF, 110 °C, 15 min, 39%. c. 1) 20% TFA in DCM, rt, 2 h, 2) pent-4-ynoic acid, EDC-HCl, 

DIPEA, DCM, rt, 4 h, 10%. The synthesis procedures for steps a-b were based on appropriate methods 

described in the patent[185]. 

To further validate DUB selectivity in a cellular context, the ABP CG041 was designed, based 

on compound GSK2643943A. As the fluorine group in GSK2643943A provides a possible 

position for derivatisation, an alkyne handle should be incorporated there. For facile alkyne 

conjugation, tert-butyl (3-(bromomethyl)phenyl)carbamate was selected as starting material 

(Scheme 3) since it is compatible with amide coupling reactions after Boc-deprotection during 

the final step of the synthesis. Starting with tert-butyl (3-(bromomethyl)phenyl)carbamate, an 

Arbuzov reaction employing POEt3 led to the formation of tert-butyl (3-((diethoxyphosphoryl)-

methyl)phenyl)carbamate, which was subsequently reacted with 4-chloro-3-

nitrobenzaldehyde in an HWE reaction, yielding CG037 in (E)-configuration (a). NMR 

spectroscopy confirmed the formation of the (E)-isomer (JH-H(alkene) = 16 Hz). In a similar 

ring-closing reaction as described for the synthesis of GSK2643943A, CG037 was reacted to 
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CG040 (b). Boc-deprotection of the aniline further allowed for alkyne handle introduction via 

amide coupling with pent-4-ynoic acid (c). 

3.1.3 Targeting USP30 
4   

Figure 16. Patent-derived[104] 

structure-activity relationships of 

inhibitors gave a first overview about 

possible sites for alkyne-handle 

incorporation for the design of probe 

CG050R. A. A 2-fluorobenzamide-based 

scaffold, bearing a 1-methyl-1H-pyrazole 

in 4-position of the benzyl ring (cpd77) 

demonstrated good inhibitory potency 

and the possibility to synthetically 

incorporate an alkyne-handle through a 

nucleophilic substitution at the pyrazole 

group. The likewise good USP30 

inhibition by cpd81 pointed out, that 

bulkier groups in 4-position are tolerated 

as well, thereby validating it as a suitable 

starting point for the development of an 

activity-based probe. B. Structure of the 

activity-based probe GK050R, derived 

from inhibitor cpd81. 

The DUB USP30 has been reported as an actionable target considered for the treatment of 

conditions associated with mitochondrial defects.[101] USP30 depletion enhances mitophagic 

clearance of mitochondria and also enhances parkin-induced cell death.[104,195] In 2016 Mission 

Therapeutics described in a patent[104] small molecule inhibitors of USP30, nearly all bearing 

a reactive cyanopyrrolidine moiety. The patent[104] provided sufficient information about 

structure-activity-relationships (Figure 16A), allowing to evaluate an appropriate position for 

modification with an alkyne, which lead to the design of probe CG050R (Figure 16B). 

Compounds cpd77, cpd104 and cpd107 all showed a 1-methyl-1H-pyrazole in C4-, C3- and 

C2-position of the benzyl ring (Figure 16A). Whereas cpd77 was found to have nanomolar 

potency against its target protein USP30, cpd104 and cpd107 demonstrated weaker binding. 

Compound cpd81, bearing an ethyl group at the pyrazole, exhibited equally potent inhibition 

to cpd77. This suggests that larger groups might also be tolerated in C4-position, making 

cpd77 a suitable starting point for developing an activity-based probe. The pyrazole group in 

cpd77 further allows modification with an alkyne via a nucleophilic substitution reaction 

(Scheme 4).  
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Scheme 4. Synthesis of inhibitor Cpd81 and probe CG050R based on patent 

WO2016156816A1[104]. a. (1-(tert-butoxycarbonyl)-1H-pyrazol-4-yl)boronic acid, Pd(PPh3)4, Na2CO3, 

Dioxane:H2O = 5:1, 90 °C, on, 78%. b. propargyl bromide, K2CO3, acetone, rt, on, 57%. c. iodoethane, 

K2CO3, DMF, rt, on, 25%. d. 1) LiOH, THF, rt, on, 2) tert-butyl (R)-3-aminopyrrolidine-1-carboxylate, 

HATU, DIPEA, DMF, rt, on, 3) 10% TFA in DCM, rt, 4 h, 12%. e. 1) LiOH, MeOH, rt, on, 2) tert-butyl 

(R)-3-aminopyrrolidine-1-carboxylate, HATU, DIPEA, DMF, rt, on, 65%. f. BrCN, K2CO3, THF, rt, 2 h, 

12%. g. 1) 20% TFA in DCM, rt, 4 h, 2) BrCN, K2CO3, DCM, rt, 2 h, 75%. Steps a, c, e, and g were 

synthesised according to the patent[104], while the procedures for steps b, d, and f were based on 

appropriate methods described in the same patent.  

Synthesis of inhibitor Cpd81 and probe CG050 both started with a Suzuki coupling reaction 

between methyl 4-bromo-2-fluorobenzoate and (1-(tert-butoxycarbonyl)-1H-pyrazol-4-

yl)boronic acid under palladium catalysis, yielding intermediate CG039 (a). A following 

nucleophilic substitution reaction between the pyrazole of CG039 and propargyl bromide (b) 

resulted in the formation of CG042. Introduction of the alkyne at this early stage of the 

synthesis route was necessary to prevent possible side reactions of the nucleophilic pyrazole 

N-atom. After basic ester hydrolysis, amide coupling with tert-butyl (R)-3-aminopyrrolidine-1-

carboxylate and subsequent acidic Boc-deprotection CG044R was formed. To generate the 

final probe CG050R, an electrophilic cyanation of the pyrrolidine nitrogen-atom was performed 

using cyanogen bromide (BrCN) as source for an electrophilic nitrile group and K2CO3 as base. 

The pyrrolidine's secondary nitrogen, acting as a nucleophile, attacks the electrophilic carbon 

of BrCN, leading to the release of bromide and the formation of the final probe CG050R. The 

inhibitor Cpd81 was synthesised in a similar reaction sequence as described for CG050R (c, 

e, g), using iodoethane instead of propargylbromide in step c.  

3.1.4 Targeting UCHL1 

3.1.4.1 Synthesis of probes GK12S/R and GK13S/R 

The DUB UCHL1 has been reported to play central roles as an oncogene in the progression 

of many cancers.[111] While small molecules that target UCHL1 would be useful tools for 

studying its function, specific inhibitors are scarce. In 2016 Mission Therapeutics filed a patent 

describing N-cyanopyrrolidines as UCHL1 inhibitors.[181] Offering detailed structure-activity-
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relationships (Figure 17A), the patent allowed to determine a suitable position for alkyne-

handle introduction, leading to the design of probe GK13S (Figure 17B). 

 

Figure 17. Patent-derived[181] structure-activity relationships of inhibitors gave a first overview 

about possible sites for alkyne-handle incorporation for the design of probe GK13S. A. A 1-

phenyl-1H-imidazole-based scaffold, bearing a N-methyl acetamide in 4- (cpd155) or 3- (cpd156) 

position demonstrated good inhibitory potency and the possibility to synthetically incorporate an alkyne-

handle via amide coupling. The likewise good UCHL1 inhibition of N-(2-methoxyethyl)benzamide 

compound cpd158 pointed out, that bulkier groups in 4-position are tolerated as well, thereby validating 

it as a suitable starting point for the development of an activity-based probe. B. Structure of the activity-

based probe GK13S, derived from inhibitor cpd158. 

Compounds cpd155 and cpd156 (Figure 17A), bearing a N-methyl acetamide group in C4- 

and C3-position of the benzyl ring respectively, were reported to potently inhibit UCHL1. 

Compound cpd158, bearing a N-(2-methoxyethyl)benzamide, presented likewise potent 

inhibition, indicating that bulkier groups are tolerated in C4-position as well and thus validating 

cpd158 as a suitable starting point for the development of an activity-based probe. Further, 

the benzamide group in cpd158 allows for the synthetic addition of a 4-pentyn-1-amine as an 

alkyne-handle via an amide coupling reaction (Scheme 5).  
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Scheme 5. Synthesis of GK13S/R based on patent WO2016046530A1[181]. a. HNO3, Ac2O, AcOH, 

rt, 5 h, 91%. b. methyl 4-aminobenzoate, MeOH:H2O = 1:1, rt, 2 d, 68%. c. Pd/C, H2, EtOH, H2O, rt, 2 

h, 96%. d. (S)/(R)-1-Boc-pyrrolidine-3-carboxylic acid, HATU, DIPEA, DCM, rt, 4 h, (S): 76%, (R): 75%. 

e. 1) LiOH, MeOH, rt, 30 h, 2) pent-4-yn-1-amine HCl, HATU, DIPEA, DCM, rt, 1 h, 3) 20% TFA in DCM, 

rt, 1 h, (S): 33%, (R): 10%. f. BrCN, K2CO3/DIPEA, DCM/DMF, 0 °C -> rt, 2 h, (S): 86%, (R): 44%. The 

procedures for steps a-f were based on corresponding methods described in the patent[181], with minor 

refinements, including insights from the research of Gian M. Kipka[2]. 

The 6-step synthesis route of probe GK13S was first established by G. M. Kipka during his 

bachelor thesis, based on the synthesis of cpd158 as described in the patent[181]. In the first 

reaction, 4-nitro imidazole was converted to 1,4-dinitro-imidazole in an electrophilic aromatic 

substitution (a). Concentrated nitric acid and acetic anhydride in acetic acid were used to 

prepare the electrophilic species acetyl nitrate in situ (Scheme 6A). In this process, a 

nucleophilic attack of nitric acid on the carbonyl carbon atom of acetic anhydride with cleavage 

of acetate and subsequent proton transfer, lead to the formation of acetyl nitrate. In the 

subsequent electrophilic aromatic substitution, the electrophilic acetyl nitrate forms a bond 

with the π electrons of the N1-nitrogen atom under cleavage of the acetate group. This results 

in loss of aromaticity and formation of a σ complex. In the second reaction step, deprotonation 

of the nitrogen occurs, leading to re-aromatization of the heterocycle (Scheme 6B).  

 

Scheme 6. A. Formation of the electrophilic species acetyl nitrate. B. Electrophilic aromatic substitution 

at the N1-nitrogen atom of imidazole. Scheme adapted from reference [2]. 

GK06 was further reacted with methyl 4-aminobenzoate in an ANRORC (addition of 

nucleophile, ring opening, ring closure) reaction to form GK07 (Scheme 5b). In this reaction 

a nucleophilic addition of the aniline (methyl 4-aminobenzoate) occurs at the C5-carbon atom 
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of GK06, since this is the most electrophilic position of the heterocycle due to the strong 

electron-withdrawing effect of the nitro group at the C4-carbon atom (Scheme 7a).  

 

Scheme 7. GK06 and 4-aminobenzoate react in an ANRORC reaction to form GK07. a. 

Nucleophilic addition of the aniline at the C5-carbon atom of GK06. b. Ring-opening via electron transfer 

results in an open intermediate c. Nucleophilic attack of the nitrogen leads to cyclization and elimination 

of N2O and water. Scheme adapted from reference [2]. 

Subsequently, a ring-opening reaction results in an “open” intermediate (Scheme 7b). In the 

last step, the nucleophilic attack of the nitrogen leads to cyclization and elimination of nitramide 

(H2NNO2), which subsequently decomposes to dinitrogen monoxide and water (Scheme 7c). 

In the next reaction step, the nitro group was reduced to an amine by use of palladium on 

activated charcoal under hydrogen atmosphere (Scheme 5c). In an amide coupling, the chiral 

N-Boc-protected (S)/(R)-1-Boc-pyrrolidine-3-carboxylic acid was attached to the free amine of 

GK08 (Scheme 5d). The synthesis of both enantiomers enabled to evaluate the impact of 

stero-configuration on protein binding in later biochemical assays. To avoid side reactions of 

commonly used carbodiimide coupling reagents, potentially affecting the chirality, HATU was 

used as the coupling reagent. In the next reaction, basic ester hydrolysis of GK09R and 

GK09R to cleave the methyl ester and subsequent amide coupling with pent-4-yn-1-amine 

HCl yielded GK12R and GK12S, respectively (Scheme 5e). In the final reaction (Scheme 5f), 

a cyanide group was introduced at the pyrrolidine N-atom via BrCN, yielding the final probes 

GK13R and GK13S. Chiral HPLC evaluated that both probes were enantiopure (ee >99%) 

and approved that no side reactions, affecting the stereochemistry occurred throughout the 

synthesis. 

 

Scheme 8. Synthesis of inhibitor Cpd158 based on patent WO2016046530A1[181]. a. 4-amino-N-(2-

methoxyethyl)benzamide, MeOH:H2O = 1:1, rt, 2 d, 84%. b. 1) Pd/C, H2, EtOH, H2O, rt, 2 h, 2) (S)-1-

Boc-pyrrolidine-3-carboxylic acid, HATU, DIPEA, DMF, rt, 2 h, 52%. c. 20% TFA in DCM, rt, 2 h, 76%. 

d. BrCN, DIPEA, DCM, DMF, 0 °C -> rt, 2 h, 56%. All reaction steps were synthesised according to the 

patent[181]. 
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An ANRORC reaction of GK06 with 4-amino-N-(2-methoxyethyl)benzamide yielded precursor 

CG113. Based on CG113, the inhibitor Cpd158 was synthesised in a similar reaction 

sequence as described for GK13S/R (Scheme 8). 

3.1.4.2 Synthesis of probes CG166 and CG173 

In addition to the above described phenyl-imidazole based probes, Mission Therapeutics 

published another patent[182] in 2018, describing small molecule inhibitors of UCHL1. Among 

others, multiple N-cyanopyrrolidines with an indoline scaffold were shown. One major 

difference to the UCHL1 probes described above was the connectivity of their specificity 

element to the warhead. Whereas the N-cyanopyrrolidine warhead of the phenyl-imidazole 

probes presented a connection via the C3-position of the pyrrolidine ring, the same warhead 

was connected to an indole scaffold in the patent from 2017[182] in C2-position.  

 

Figure 18. Patent-derived[182] structure-activity relationships of inhibitors gave an overview 

about possible sites for alkyne-handle incorporation. A. A selection of N-cyanopyrrolidine-based 

inhibitors with indoline-based specificity element show potent UCHL1 inhibition (cpd19, 27 and 117), 

whereas N-methyl acetamide substitution at the indoline (cpd89) decreases potency. B. Structure of 

compound 2 published in Krabill et al.[152], based on inhibitor cpd19 (compare Figure 12C). C. Structure 

of the activity-based probe CG173 derived from inhibitor cpd117. 

In 2020, Krabill et al.[152] published a paper on the covalent, cyanopyrrolidine-based ABP 

compound 2 (Figure 12C, Figure 18). Compound 2 was derived from cpd19 (Figure 18A), 

originating in the Mission Therapeutics patent[182]. In a Ubiquitin-Rhodamine (Ub-Rho) assay, 

compound 2 was shown to retain UCHL1 activity (IC50 value of 6.4 µM) albeit with a 10-fold 

reduction in potency compared to its parent inhibitor cpd19 (IC50 value of 0.67 µM). In a gel-

based labelling assay, the group further evaluated probe binding in KMS11 and SW1271 cell 
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lines and observed labelling of UCHL1 among other covalently modified proteins. An additional 

ABPP in KMS11 cells confirmed the presence of several off-target proteins. However, the 

study did not quantify probe engagement of these off-targets relative to UCHL1, and their 

definite identities were not determined, resulting in an undefined selectivity profile for this 

probe. 

With the aim to further evaluate and compare protein binding of this compound class in our 

own biological assays, an indoline-based activity-based probe was designed (Figure 18C). 

However, the patent did not provide any information about potency differences upon 

substitution of free amines that are present in a variety of the inhibitors. A multitude of potent 

compounds from the patent were exposing two adjacent nitrogen-atoms with one of them 

being able to act as an electron donor and the other as an electron acceptor. Alkyne 

introduction at the pyrrolopyridine N1-atom might lead to a potential reduction of activity 

through either loss of a proton donor H-Atom, or reduced nucleophilicity of the nitrogen to form 

hydrogen bonds. A comparison of compound 2 (Figure 18B) to the 10-times higher, reported 

activity of cpd19[152] suggests that withdrawal of a proton-donor by introducing an alkyne 

handle might lead to reduction of potency, but in an acceptable extent, since low micromolar 

inhibition is still given. Loss of potency might also arise from interference of the alkyne handle 

with backbone amino acids in the adjacent environment of the UCHL1 binding pocket. Since 

acetamide substitution at the indoline (cpd89) in C6-position decreases potency, the alkyne 

handle was planned to be incorporated at the nucleophilic N1-atom of the pyrrolopyridine ring 

of cpd117 in a substitution reaction, leading to the design of probe CG173 (Figure 18C). 

The synthesis of inhibitor and probe (Scheme 9) both started with an amide coupling of 4-

bromoindoline and N-Boc-L-proline to afford CG119 (a). Cross-coupling with 

bis(pinacolato)diboron in a Miyaura borylation reaction under palladium catalysis further 

provided CG124 (b). The selection of an appropriate base is a determining factor for the 

success of borylation reactions, as strong activation of the product can facilitate the competing 

Suzuki reaction. The utilization of potassium acetate (KOAc) was derived from a screening of 

varying reaction conditions performed by the Miyaura group.[196] After oxidative addition of the 

aryl bromide (CG119) to the palladium catalyst, an (acetato)palladium(II) complex is formed 

under removal of the halide. The newly formed Pd-O bond, consisting of a hard Lewis base 

and a soft Lewis acid, impacts the reaction rate of the following transmetalation step, since it 

is more reactive than a Pd-Br bond.[196] Transmetalation with bis(pinacolato)diboron and 

reductive elimination under regeneration of the catalyst finally led to the formation of 

pinacolester CG124. CG124 was further reacted in a Suzuki coupling with 4-bromo-1H-

pyrrolo[2,3-b]pyridine providing intermediate CG127 (c) as a joint starting point for the 

synthesis of inhibitor and probe. Acidic Boc-deprotection of CG127 and subsequent cyanation 
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with BrCN led to the formation of inhibitor Cpd117 (e). Nucleophilic substitution of the 

pyrrolopyridine N1-atom of CG127 and subsequent Boc-deprotection provided CG166 (d), 

which was further reacted to the final probe CG173 in a cyanation reaction with BrCN (f). 

 

 

Scheme 9. Synthesis of probe CG173 and inhibitor Cpd117 based on patent 

US20180194724A1[182]. a. N-Boc-L-proline, HATU, DIPEA, THF, rt, on, 90%. b. Bis(pinacolato)diboron, 

KOAc, PdCl2(dppf), 1,4-dioxane, 89%. c. 4-bromo-1H-pyrrolo[2,3-b]pyr-dine, XPhos Pd G2, K3PO4, 1,4-

dioxane:water = 5:1, 60 °C, on, 70%. d. 1) propargyl bromide, K2CO3, DMF, rt, on, 2) 20% TFA in DCM, 

rt, 2 h, 36%. e. 1) 20% TFA in DCM, rt, 2 h, 2) BrCN, DIPEA, DCM, DMF, rt, 2 h, 68%. f. BrCN, K2CO3, 

DCM, rt, 3 h, 60%. Steps a-e were synthesised according to the patent[182]. 

3.1.5 Targeting USP7/USP8 

The DUB USP7 has been the subject of extensive research due to its involvement in regulating 

key substrates linked to cancer progression, such as MDM2, N-MYC, and PTEN, making 

USP7 a promising candidate for drug development.[197] In 2009, Hybrigenics screened 65 000 

compounds using a Ub-AMC assay and found HBX41108 (Figure 9) to be a USP7 inhibitor 

with an IC50 of 0.42 μM, but later studies from Ritorto et al.[87] revealed multiple off-target 

proteins, including several DUBs. In a study of Stockum et al., inhibition of USP8 by a very 

similar molecule DUB-IN-2 (Cpd22e[96], IC50 = 0.28 µM, Figure 9) improved mitochondrial 

function and lifespan, indicating therapeutic potential of USP8 inhibition.[97] Based on cpd22e, 

MSc. M. Schmidt designed and synthesised the probe MS038 (Figure 15) in an accompanying 

project; details will be part of his dissertation.  
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3.1.6 Targeting USP9x/USP24 

MSc. M. Schmidt further developed probe MS037, based on compounds published in 2015 by 

the Donato group, demonstrating USP9x and USP24 inhibition. The highly conserved DUB 

USP9x has been reported to have several crucial functions, especially in maintaining cell 

survival, development and polarity as well as in protein trafficking.[198] Furthermore, it is 

assumed that USP9x plays a role in the development of Parkinson's disease such as, among 

others, USP8 and USP24. In addition, USP24 promotes drug resistance during cancer 

therapy. This highlights the need for inhibitors targeting these DUBs along with activity-based 

probes to evaluate the specificity of target protein binding in disease relevant models. 

Synthetic considerations, mechanistic details and further information will be part of Mr 

Schmidt’s dissertation and are therefore not discussed here. 

3.2 A Ubiquitin-VS competition workflow identifies DUB-binding probes 

In order to evaluate cellular target engagement of the previously synthesised small molecule 

probes in a complex proteome, a Ubiquitin vinyl sulfone (Ub-VS) competition experiment was 

performed (Figure 19). HEK293 cell lysate was either pretreated with Ub-VS, followed by 

probe treatment (Figure 19A, left panel), or directly treated with the compounds (Figure 19A, 

right panel). Probe-bound proteins were then modified with a fluorophore via copper-catalysed 

click chemistry (Figure 19B) and the samples were analysed by SDS-PAGE (Figure 19C). 

Ub-VS acts as a potent and irreversible DUB-selective inhibitor through covalent modification 

of the active site cysteine. In samples pretreated with Ub-VS, the probes can only bind to 

potential non-DUB proteins in the cell lysate. Comparison with non-pretreated samples 

indicated whether the probe-modified proteins are DUBs. 

Two of the tested probes, the 2- and 3-cyanopyrrolidines GK13S and CG173, showed a Ub-

VS competitive band of approximal 30 kDa (Figure 19C). Both probes were derived from 

inhibitors targeting UCHL1 with a molecular weight of 25 kDa, indicating that these probes 

bind to their proposed DUB target. Other bands appearing in both, Ub-VS pretreated and non-

pretreated samples implied additional non-DUB targets for these compounds. Despite the 

presence of a large number of active DUBs in HEK293 cells[199], no other Ub-VS-competitive 

bands were observed. The related binding pattern of non-DUB proteins for probes GK13S and 

CG50R, including a pronounced one with lower molecular weight, potentially arises from 

unspecific interactions of their similar phenyl-pyrazole/phenyl-imidazole specificity element or 

3-cyanopyrrolidine warhead. The probe MS023 displayed a multitude of prominent bands, but 

none of them were Ub-VS competitive, indicating covalent binding of non-DUB proteins. 

Further, MS037 did not show DUB binding in this assay and CG017 and CG041 did not show 

any covalent-irreversibly bound proteins at all (Figure 19C). 
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Figure 19. A Ubiquitin-VS competition assay identifies target engagement of an activity-based 

probe library in HEK293 cell lysate. A. Ub-VS competition workflow. Cell lysates were either 

incubated directly with compounds (right panel) or pretreated with Ub-VS followed by small molecule 

probe treatment (left panel). Attachment of a fluorophore to the probes via click chemistry and 

comparison of both workflows by fluorescent readout indicates whether the probe-modified proteins are 

DUBs. B. Copper(I)-catalysed azide-alkyne cycloaddition (CuAAC) between terminal alkyne of the 

probe and azide-functionalised fluorophore (yellow) under formation of a 1,4-disubstituted 1,2,3-

triazole. C. Activity-based protein profiling in HEK293 cell lysate with indicated compounds (1 μM, 1 h). 

Proteomes were pretreated with a Ub-VS probe where shown. The black arrow indicates a Ub-VS 

competitive protein target in GK13S- and CG173-treated samples. The assay was performed by MSc. 

M. Schmidt. 

3.3 A set of chemogenomic probes for UCHL1 

The probe GK13S showed the most prominent Ub-VS competitive signal in cell lysate. Apart 

from one prominent off-target protein binding, only a few faint bands on the gel indicated good 

selectivity at a concentration of 1 µM. To further verify, if off-target protein binding arose from 

unselective binding of the probe’s specificity element or too high reactivity of the warhead, a 

systematic set of chemogenomic probes comprising probes of both stereoisomers (GK13S 

and GK13R, Scheme 5), inactive controls lacking the warhead (GK12S and GK12R, Scheme 

5) as well as minimal probes lacking the central aromatic specificity element (GK16S and 

GK16R, Scheme 10) were synthesised (Figure 20). 

 

Scheme 10. Synthesis of minimal probes GK16S and GK16R. 
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Synthesis of inactive controls GK12S and GK12R followed the same route as shown in 

Scheme 5 a-e as precursors of probes GK13S and GK13R. The minimal probes were 

prepared in a 3-step synthesis starting from (S)/(R)-1-Boc-pyrrolidine-3-carboxylic acid 

(Scheme 10). After an amide coupling reaction with the alkyne pent-4-yn-1-amine and 

subsequent acidic Boc-deprotection, electrophilic cyanation yielded the minimal probes 

GK16S and GK16R. 

 

Figure 20. A set of chemogenomic, 1,3-linked cyanopyrrolidine probes for UCHL1. Schematic 

representations and chemical structures of synthesised probes and controls comprising warhead (blue), 

specificity element (grey) and alkyne handle (green). 

The specificity of the probes in cells was evaluated by treating intact HEK293 cells and 

visualising covalently bound proteins after 24 h via activity-based profiling (Figure 21A). At a 

high concentration of 10 μM, all probes exhibited binding to a lower molecular weight protein. 

However, at concentrations of 0.1 and 1 μM, only the GK13S probe displayed a strong signal 

for a band of approximately 30 kDa. To further validated that this protein corresponds to the 

Ubiquitin-probe competitive band observed in the cell lysate, a reverse Ubiquitin-probe 

competition experiment was performed (Figure 21B). Intact cells were treated with the 

compounds and the resulting lysates incubated with the HA-Ub-VS probe. The presence of 

active DUBs was then visualised via anti-HA Western blotting (Figure 21B). The molecular 

weight and significant signal decrease in the HA-Ub-VS competition experiment were in 

agreement with UCHL1, the DUB target of the parent inhibitor. 

An activity-based protein profiling workflow was employed to identify probe-bound proteins, 

which involved the enrichment of bound proteins through streptavidin and protein analysis by 

quantitative mass spectrometry (Figure 11B). The most enriched protein from cells treated 

with 5 μM of GK13S could be identified as UCHL1, showing a 3000-fold enrichment 

(appendix, Figure 63A), which is consistent with the strong signal observed in the gel-based 

labelling assays (Figure 19C, Figure 21A). Further, GK13S also resulted in the strong 

enrichment of PARK7 (also referred to as DJ-1) and the PARK7-homolog C21orf33 (also 

known as GATD3, a mitochondrial glutamine amidotransferase), as well as several aldehyde 

dehydrogenases. At a lower concentration of 1 µM, GK13S showed a similar enrichment 

pattern (appendix, Figure 63B). Notably, the (R)-Isomer GK13R, and the minimal probe 
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GK16S showed strong enrichment for both PARK7 and C21orf33, while UCHL1 was only 

weakly enriched (appendix, Figure 63C). 

 

Figure 21. Cellular characterisation of 1,3-linked cyanopyrrolidines. A. Cellular activity-based 

protein profiling with intact HEK293 cells and indicated compounds (24 h incubation). The fluorescence 

image visualises probe-bound endogenous proteins. B. Cellular HA-Ub-VS competition experiment. 

HEK293 cells were treated with indicated compounds for 24 h. Lysates were then incubated with a HA-

Ub-VS probe, followed by western blotting visualising Ub-VS-reactive DUBs. C. Proteomics-based 

target identification of GK13S in comparison to GK16S. The volcano plot shows the relative label-free 

abundance ratio (fold change) of proteins between GK13S and the minimal probe GK16S. Cells were 

treated for 24 h at indicated concentrations. UCHL1, PARK7, and PARK7-homolog C21orf33 are 

marked in red. Assays were performed and evaluated by MSc. M. Schmidt. 

When a probe, specific to a single protein is not available, the comparison of two 

chemogenomic probes may provide specific insights into a non-overlapping protein target. 

The comparison of GK13S to GK16S-enriched proteins (Figure 21C) indicated that GK13S 

binds to all targets of GK16S, as well as UCHL1. This pattern was also observed for the 

enantiomer GK13R, but showed a lower enrichment of UCHL1 compared to GK13S. These 

results collectively suggest that GK13S and GK16S are a suitable set of chemogenomic 

probes for small molecule-mediated investigation of the cellular functions of UCHL1.  

The targets of the probes were further validated through genetic perturbation using siRNA-

mediated depletion, leading to the unambiguous identification of the upper band labelled by 

GK13S as UCHL1 and the lower band labelled by both GK13S and GK16R as PARK7 

(appendix, Figure 64A). Additionally, the experiment confirmed that the faint band observed 

in GK16S-treated samples above PARK7 (Figure 21A) is not UCHL1. Instead, it is consistent 

with the molecular weight of C21orf33. Overexpression of catalytically inactive mutants further 

confirmed the active site cysteine of UCHL1 as the site of labelling by GK13S and the catalytic 

cysteine of PARK7 as the site of labelling by all probes tested (appendix, Figure 64B,C). 
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3.4 GK13S potently inhibits recombinant and cellular UCHL1 

To obtain a more comprehensive understanding of the specificity of GK13S for UCHL1, an 

analysis of its binding affinity and inhibitory activity utilizing recombinant protein was performed 

(Figure 22).  

 

Figure 22. GK13S potently inhibits UCHL1 in vitro. A. Intact protein mass spectrometry revealed 

covalent binding of GK13S and GK13R to recombinant UCHL1. UCHL1 (0.8 μM) was treated with 

compound (1 μM) or DMSO for 2 h. B. Inhibitory potencies of indicated compounds, preincubated with 

UCHL1 for 1 h, determined from a Ubiquitin-Rhodamine cleavage assay. Data points are shown as 

mean ± standard deviation (SD) from two independent experiments. IC50 values were determined from 

5 (Cpd158), 3 (GK13S), or 2 (GK13R) independent experiments. C. kobs/[I] kinetic assay of GK13S 

binding to UCHL1 at indicated concentrations. Data points are shown as means calculated from N = 3 

wells (N = 6 wells for DMSO and blank (Ubiquitin-Rhodamine without enzyme)). Rate constants kobs 

were determined from the plot on the left, and then plotted against inhibitor concentrations as shown 

on the right for a representative experiment. The kobs/[I] value was determined as the slope and is given 

as means ± SD calculated from five independent experiments. D. kobs/[I] kinetic assay of GK13R binding 

to UCHL1 at indicated concentrations. kobs/[I] values were calculated from 2 independent experiments. 

E. Comparison of kobs/[I] values of GK13S and GK13R from assays shown in C-D. 

Intact mass spectrometry at a probe concentration of 1 µM revealed that GK13S, but not its 

enantiomer GK13R, bound UCHL1 in a 1:1 ratio (Figure 22A). IC50 measurements at an 

incubation time of 1 h revealed that the probe and the parent inhibitor have comparable 

potencies of 50 and 129 nM, respectively, whereas the enantiomer GK13R inhibited UCHL1 
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~40-times worse (Figure 22B). The control probes lacking the warhead and the minimal 

probes exhibited no significant inhibition (IC50 greater than 100 µM), emphasizing the 

importance of both the warhead and the aromatic specificity element in GK13S for inhibiting 

UCHL1. These data are in agreement with the cell-based labelling experiments (Figure 

21A,B) and LC-MS binding experiments at a higher compound concentration of 10 µM 

(appendix, Figure 65). Protein inhibition by covalent compounds is strongly dependent on 

the incubation time. To compare binding of the probes in a secondary assay, the covalent 

mode of inhibition was further characterised in a fluorescence-based Ubiquitin-rhodamine (Ub-

Rho) cleavage assay. Time-dependent target association of the inhibitors to UCHL1 was 

measured at various concentrations to determine concentration dependent observed rates of 

inactivation (kobs) (Figure 22C-D). By plotting kobs values against inhibitor concentration [I], the 

apparent second-order rate constant kobs/[I] was determined, reflecting the combined kinetic 

and binding parameters involved in the sequence of events leading to UCHL1 inhibition, 

including the rate of UCHL1~inhibitor formation.[200] In line with the relatively weak 

electrophilicity of the cyanamide and comparable to other warheads,[201] GK13S exhibited a 

kobs/[I] value of 681 M-1 s-1 (Figure 22C). The potency of the (R)-isomer was ~40-fold lower, 

validating the results of the IC50 measurements (Figure 22D-E). 

 

Figure 23. A Jump dilution experiment determines covalent-irreversible binding mode of GK13S. 

A. Jump-dilution assay. UCHL1 (12 nM) was treated with DMSO (1.25 µM) or an excess of GK13S 

(1.25 µM) for 2 h. Parts of this solution were diluted 100-fold at indicated time points, then diluted 1:2 

with Ub-Rho (100 nM) and UCHL1 activity was measured in a Ub-Rho cleavage assay. B. Time-

dependent UCHL1 inhibition based on slopes of individual time points from jump-dilution assay (as 

shown in A). 

The binding mode was further characterised in a jump-dilution assay (Figure 23). GK13S was 

incubated with UCHL1 at a concentration of 1.25 µM for 2 h to ensure full protein labelling, 

followed by 100x dilution at different time points. In the case of GK13S being a reversible 

inhibitor, dilution to a concentration of 12.5 nM (after 100x dilution) would correlate with 

UCHL1 activity increasement over time (12.5 nM GK13S relates to ~75% UCHL1 activity in a 

Ub-Rho assay (Figure 22B)). Over a time period of more than 22 h nearly no reduction in 

inhibition could be observed (Figure 23B), characterising GK13S as a covalent irreversible 

inhibitor. To validate this result, GK13S was incubated with 5 M urea in a dialysis tube 
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overnight. In a subsequent LC-MS analysis no unbound UCHL1 could be observed, confirming 

a covalent irreversible binding mode (appendix, Figure 66). 

Consistent with the validated potency of the probes, GK13S and parent inhibitor Cpd118 both 

increased UCHL1 stability upon binding by 6 °C in a thermal shift assay, whereas the inactive 

control probes GK12R/S and the minimal probes GK16R/S did not show any stabilisation at 

concentrations up to 5 µM (Figure 24A). GK13R demonstrated only weak stabilisation of 1 °C 

at the highest concentration. 

 

Figure 24. GK13S stabilises and potently inhibits recombinant and cellular UCHL1. A. Thermal 

shift assay showing the melting temperature (Tm) of UCHL1 (1 µM) pre-treated for 1 h with compounds 

at indicated concentrations. B. Inhibition of cellular UCHL1. Western blot analysis of endogenous 

UCHL1 labelled with HA-Ub-VS after treatment of HEK293 cells with either the indicated compounds 

or DMSO for 24 h. The cellular assay (B) was performed and evaluated by MSc. M. Schmidt. 

To assess the degree of inhibition of cellular UCHL1, a Ub-VS competition experiment in 

HEK293 cells was performed (Figure 24B). Treatment with 5-10 µM GK13S for 24 h lead to 

complete inhibition of UCHL1. Even at a lower concentration of 1 µM near complete inhibition 

could be observed. The enantiomer GK13R showed near complete labelling of UCHL1 at 5 µM 

concentration, whereas at 1 µM nearly no labelling of UCHL1 could be observed. Given that 

covalent inhibitors act in a time-dependent manner, it is reasonable that the pronounced 

specificity window of GK13S compared to GK13R observed in the in vitro assay, where the 

incubation time was 1 h (50 nM vs. > 2 µM), may be diminished when a cellular inhibition 

assay is performed with a 24 h incubation period (near complete inhibition of UCHL1 at 1 µM 

vs. 5 µM). The minimal probes did not show any UCHL1 binding at concentrations up to 10 µM, 

further highlighting the use of the minimal probe GK16S, but not of the enantiomer GK13R, as 

a chemogenomic control for GK13S to investigate the specific inhibition of UCHL1. 

3.5 Inhibition of UCHL1 by GK13S does not impair cell growth 

Since the results of the binding assay (Figure 19C) demonstrated binding of both the 3-

carboxypyrrolidine GK13S and the 2-carboxypyrrolidine CG173 probes to UCHL1, both 

compounds were compared in vitro (Figure 25A-E). Considering the weak UCHL1 binding 

(Figure 19C), it was surprising that CG173 showed very similar binding kinetics (kobs/[I] 
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= 597 M-1 s-1) and inhibitory potency (IC50 = 43 nM) compared to GK13S (Figure 25A,D). The 

parent inhibitor Cpd117 inhibited UCHL1 even ~ 5-times more potent (IC50 = 8 nM). 

 

Figure 25. In vitro comparison of 2- and 3-carboxy-N-cyanopyrrolidine UCHL1 inhibitors.  

A. kobs/[I] kinetic assay of CG173 binding to UCHL1 at indicated concentrations. kobs/[I] values were 

calculated from 2 independent experiments. B. Comparison of kobs/[I] values of indicated compounds. 

Related experiments are shown in Figure 22C-D. C. Thermal shift assay showing the melting 

temperature (Tm) of UCHL1 (1 µM) pre-treated for 1 h with compounds at indicated concentrations (left 

panel) and comparison of changes in UCHL1 protein melting temperatures (ΔTm) after binding to 3- and 

2-carboxy-N-cyanopyrrolidine-based compounds (right panel). Values are given as mean ± SD from 3 

technical replicates. D. Inhibitory potencies of indicated compounds were determined from Ub-Rho 

cleavage assays (compare Figure 22B). IC50 values were determined from 2 independent experiments 

and are given as mean ± standard deviation. E. Intact protein mass spectrometry data of compound 

CG173 covalently binding recombinant UCHL1 twice. UCHL1 (3 μM) was treated with compound 

(10 μM) or DMSO for 16 h. F. Comparison of inhibitory potency of cellular UCHL1 for 2- and 3-carboxy-

N-cyanopyrrolidine-based compounds. Same workflow as in Figure 24B. Cellular assays (F) were 

performed and evaluated by MSc. M. Schmidt. 
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However, CG173 and Cpd117 both led to reduced protein stabilisation (Figure 25C), 

indicating less tight binding. In regards to the higher potency compared to GK13S, this 

suggests a potentially more reactivity driven binding mechanism. LC-MS analysis revealed 

that CG173 bound UCHL1 covalently in a 2:1 stoichiometry, under the same conditions where 

GK13S bound only once (Figure 25E), further supporting this hypothesis.  

In contrast to the potent in vitro binding, Cpd117 and CG173 both showed a very low degree 

of cellular UCHL1 inhibition after 1 h, and no inhibition at all after 24 h incubation, whereas 

GK13S and parent inhibitor Cpd158 demonstrated a time- and concentration-dependent 

inhibition (Figure 25F).  

 

Figure 26. 2-, but not 3-carboxy-N-cyanopyrrolidines induce apoptosis in HEK293 cells. A. 

Quantification of HEK293 cell confluency observed at 24, 48 and 72 h post treatment with 5 μM of the 

indicated compounds. Confluency is normalised to that at 0 h. Data are shown as means of N = 3 

independent experiments. Error bars represent standard deviation. B. Quantification of HEK293 

propidium iodide (PI) positive cells observed at 24, 48 and 72 h post treatment with 5 μM of the indicated 

compounds. Confluency is normalised to DMSO at each time point. PI positive cell confluency is 

adjusted to overall cell confluency. Data are shown as means of N = 3 independent experiments. Error 

bars represent standard deviation. HK02S was used as a minimal probe for CG173; See appendix, 

Figure 67 for complete chemical structure. The assay was performed, and data as well as graphs kindly 

provided by Dr. Rachel O’Dea. 

Notably, cell treatment with CG173 and Cpd117 showed strong induction of apoptosis and 

growth arrest of HEK293 cells at a concentration of 5 µM and an incubation time of up to 72 h. 

Neither GK16S nor GK13S showed any growth arrest or apoptosis under the same conditions 

(Figure 26). These results are in agreement with previous reports of the viability of multiple 

cell lines upon knockout of UCHL1[183] and suggest that the toxicity associated with CG173 is 

not related to UCHL1. Hence, the collective data indicate that GK13S, but not CG173 is 

suitable for characterising the function of UCHL1 in cells. 

3.6 Glioblastoma cells treated with GK13S but not GK16S phenocopy a 

UCHL1 mutant mouse 

In mice, mutations of UCHL1 are associated with gracile axonal dystrophy (gad)[132] and 

reduced levels of free mono-Ubiquitin in neurons.[112,202] Accordingly, inhibition of UCHL1 in 

COS-7 monkey kidney cells has previously been shown to increase free Ubiquitin levels in 
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cells.[203] With the aim to validate GK13S and GK16S as a probe pair for the investigation of 

UCHL1 in a human neuro-cellular system, their use in the human glioblastoma cell line U-87 

MG was investigated (Figure 27). Comparable to the results observed in HEK293 cells, 

GK13S and GK16S were non-toxic in concentrations up to 5 µM for up to 72 h in U-87 MG 

cells (appendix, Figure 67A-D) and demonstrated a pattern of bound proteins that was highly 

similar to that observed in HEK 293 cells (Figure 27A). 

 

Figure 27. Probe pair binding in U87 MG cells show a similar pattern to that observed in HEK293 

cells. A. Cellular activity-based protein profiling of intact U-87 MG cells treated with indicated 

compounds or DMSO for 1 or 24 h. B. Inhibition of cellular UCHL1. Western blot analysis of endogenous 

UCHL1 labelled with HA-Ub-VS after treatment of U-87 MG cells with either the indicated compounds 

or DMSO for 1 or 24 h. Assays were performed and evaluated by MSc. M. Schmidt. 

The widely used UCHL1 inhibitor LDN-5744443 (Figure 9) was included to evaluate its 

recently questioned effectiveness.[176,177] GK13S, but not GK16S nor LDN-57444, led to 

complete inhibition of UCHL1 in U-87 MG cells (Figure 27B). This further confirms the 

suspicion of ineffective UCHL1 inhibition by LDN-5744443 and establishes the use of GK13S 

and GK16S as chemogenomic probes in U-87 MG cells. In line with the increase of free 

Ubiquitin levels in COS-7 cells, UCHL1 inhibition by GK13S, but not GK16S, led to reduced 

Ubiquitin levels in U-87 MG cells. (Figure 28A-B). This reduction was unchanged in the 

presence of siRNA-mediated depletion of PARK7 (appendix, Figure 67E-F) or UCHL3 

(Figure 28A), supporting the non-redundant function of these two homologous DUBs.[111] 

These data collectively show that inhibition of UCHL1 by GK13S in the glioblastoma cell line 

U-87 MG, on a molecular level, phenocopies a pathogenic UCHL1 mutation in mice.[112] They 
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further validate the use of the chemogenomic pair of probes to investigate the function of 

UCHL1 in a cellular context (Figure 28C). 

 

Figure 28. GK13S, but not GK16S, reduces mono-Ubiquitin in U-87 MG cells, phenocopying the 

effect of a UCHL1 mutant mouse. A. Western blots showing mono-Ubiquitin levels in U-87 MG cells 

treated with GK13S or GK16S. An additional knockdown of UCHL3 does not aggravate the effect. B. 

Quantification of mono- Ubiquitin intensities upon treatment of U-87 MG cells with DMSO, GK13S, or 

GK16S (as shown in a). Values correspond to the mean of four or six independent experiments for 

control or UCHL3 knockdown, respectively. Error values represent the standard error of the mean 

(s.e.m.). Statistical significance was analysed using individual one-sample, two-tailed t-tests compared 

to the mean of “1” as set for the DMSO-treated samples. **p < 0.01 (exact p = 0.0095 for DMSO/GK13S 

comparison in siScr background and p = 0.0014 for the DMSO/GK13S comparison in the siUCHL3 

background); ns, not significant. C. Schematic representation of overlapping and individual cellular 

targets of GK13S and GK16S, supporting their application as chemogenomic probes for the 

investigation of UCHL1. Assays were performed and evaluated by MSc. M. Schmidt and MSc. K. 

Gallant. 
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3.7 A compound-induced hybrid conformation underlies GK13S-mediated 

inhibition of UCHL1 

The next aim was to structurally characterise the binding of GK13S to UCHL1 in order to 

understand the basis for its specificity. Several attempts to crystallise full length UCHL1 in co-

complex with GK13S or crystal soaking of GK13S into UCHL1 apo crystals failed. Since N- 

and C-terminal truncation of UCHL1 both lead to destabilisation[117,118], methylation of lysine 

residues was applied as a rescue strategy[204] (Figure 29). This increases surface 

hydrophobicity in order to drive the formation of a crystal form which is compatible with 

compound binding. Near complete di-methylation of all 16 Lys residues plus the N-terminus 

could be achieved as judged by LC-MS analysis (Figure 29). 

Figure 29. Lysine methylation 

of UCHL1 enabled co-

crystallisation of GK13S and 

UCHL1. Lysine methylation of 

the crystallised human UCHL1 

construct (residues 1-223 with 

N-terminal GS-linker). Left 

panel: Intact protein mass 

spectrometry data of apo 

UCHL1, methylated UCHL1 and 

GK13S-bound methylated 

UCHL1. Right panel: 

Corresponding schematic 

representations of the 

methylation workflow and 

compound binding. 

 

 

After complex formation between GK13S and UCHL1, several coarse and fine screenings 

resulted in suitable conditions for successful co-crystallisation of GK13S~UCHL1. After 

anisotropic scaling, the crystal structure was solved to 2.24 Å resolution (Figure 30). The 

asymmetric unit contained ten copies of the complex, with well-defined density for the ligand 

in eight copies and partially defined ligand density in two copies (appendix, Figure 68). 

Superposition of all copies indicated identical positioning of the ligand (Figure 30B-C). 
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Figure 30. Structural analysis of specific binding of GK13S to UCHL1. A. Structure of UCHL1 (blue) 

in complex with GK13S (red). The covalently bound active site cysteine 90 and the disordered crossover 

loop are indicated. B, C. Superposition of all 10 copies within the asymmetric unit of the UCHL1~GK13S 

structure showing the entire protein (B) or the compound binding site (C). Labelled residues and the 

compound are shown as sticks, demonstrating that the same binding mode is observed in all copies. 

D. Surface representation of A. E. Close-up view on A, highlighting the oxyanion hole (Gln84 and Gly87) 

bound by the isothiourea nitrogen and the aligned catalytic triad residues Cys90, His161, and Asp176. 

Hydrogen bonds are shown as dotted lines, and their length is given. F. Close-up view on A, highlighting 

residues of UCHL1 interacting with GK13S. 

GK13S binds covalently to the catalytic cysteine Cys90 through an isothiourea bond (Figure 

30) and occupies a shallow cleft that guides the Ubiquitin C-terminal LRGG peptide to the 

active site (Figure 31). The stability of the isothiourea bond is maintained by the oxyanion 

hole formed by Gln84 and Gly87 and by hydrogen bonding with the residues of the catalytic 

triad (Figure 30E-F). The central amide and imidazole ring of GK13S form hydrogen bonds 

with Phe160, Met6, and Ile8 on both sides of the cleft, which also coordinate the backbone of 

the Ubiquitin C-terminal peptide (Figure 31B-D). The hydrogen bonding acceptors and donors 

of GK13S are geometrically similar to those of Ubiquitin, and the phenyl ring of GK13S mimics 

the hydrophobic side chain of Leu73 in Ubiquitin that is recognised by Phe160. 
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Figure 31. GK13S mimics the C-terminal peptide of Ubiquitin. A, B. Structure of UCHL1 (green) in 

complex with Ub-VME (gold) (pdb: 3KW5) showing the entire protein (A) or the compound binding site, 

highlighting key interactions of the Ubiquitin C-terminus with the binding cleft of UCHL1 (B). The 

Ubiquitin C-terminal residues 73–76 are also shown as sticks. VME vinyl methyl ester. C, D. 

Superposition of A and UCHL1~GK13S, highlighting that the compound binds into the cleft, which is 

guiding the Ubiquitin C-terminus to the active site (A) and close-up view on the binding cleft of UCHL1 

(B). Ubiquitin residues mimicked by GK13S are indicated with black arrows (a hydrogen bond acceptor, 

a hydrogen bond donor and the hydrophobic Leu73 side chain). 

The literature of crystal structures with an inhibitor bound to UCHL1 is limited to a co-complex 

with the peptide-based inhibitor VAEFMK[205] (Figure 9), which was soaked into apo UCHL1 

crystals. It is important to note that the binding site of GK13S to UCHL1 is distinct, since 

VAEFMK interacts with hydrophobic residues in neighbouring copies in the crystal lattice, but 

not in the Ubiquitin binding cleft near the modified cysteine (Figure 33). 
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Figure 32. A compound-induced hybrid conformation underlies GK13S-mediated inhibition of 

UCHL1. A. Superposition of UCHL1~GK13S with UCHL1 apo (pdb: 2ETL). Secondary structure 

elements changed by GK13S binding are labelled. B, C. Superposition of UCHL1~GK13S with UCHL1 

apo (pdb: 2ETL) and UCHL1~Ub-VME (pdb: 3KW5). B. An allosteric relay composed of Phe214, Phe53 

and catalytic His161 was described previously[123] to activate the catalytic triad of UCHL1 through 

engaging the Leu8 loop of Ubiquitin binding when bound to the S1 site. GK13S triggers the same 

conformational change. Indicated residues are shown as sticks. C. GK13S induces a hybrid UCHL1 

conformation of apo and Ubiquitin-bound states; Residues in the UCHL1~GK13S structure are labelled 

as either apo-like or Ub-like, depending on whether they resemble the orientation observed in the apo 

or the Ub-VME-bound structures, respectively. D. 2D representation of the ligand binding pocket 

observed in the UCHL1~GK13S structure. E. Schematic overview of structural changes underlying the 

GK13S-induced hybrid conformation. F. Validation of the binding site in cells. Indicated Flag-UCHL1 

constructs with mutations in the GK13S binding site were overexpressed in HEK293 cells. Cells were 

treated with compound where indicated, and GK13S-bound proteins were visualised by in-gel 

fluorescence. The cellular assay (F) was performed and evaluated by MSc. M. Schmidt. 
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Figure 33. The binding site of GK13S to UCHL1 is distinct from that of the peptide VAEFMK.  

A. Close-up view of the GK13S binding site in UCHL1. The covalently targeted active-site cysteine 90 

and catalytic histidine 161 are shown as sticks. B. Close-up view of UCHL1 bound to VAEFMK, obtained 

from the soaking of apo crystals (pdb: 4DM9). The peptide and the catalytic Cys90 and His161 are 

shown as sticks. Crossover loop and unoccupied Ubiquitin binding cleft are indicated. C. Superposition 

of A and B. Both compounds bind in opposite orientations. GK13S establishes contacts with residues 

of the same UCHL1 copy to which it is covalently bound. The phenyl ring in the CbZ group of the peptide 

inhibitor is coordinated through a crystal contact to a neighbouring copy. 

3.8 Structural basis for specific inhibition of UCHL1 

The co-complex structure of GK13S~UCHL1 revealed that GK13S mimics the C-terminal 

peptide of Ubiquitin, which is commonly recognised by DUBs, through hydrogen bonding and 

hydrophobic interactions. The question arose how GK13S could lead to such a high specificity 

in the whole proteome (Figure 21) and especially towards its UCH family members. The UCH 

family comprises UCHL3 as the closest homologue to UCHL1 as well as UCHL5 and BAP1, 

featuring additional C-terminal extensions to the catalytic domain with regulatory functions 

(Figure 34A). All four proteins show relatively high sequence similarity, particularly with 

regards to their active site (Figure 35F & appendix, Figure 69).  

 

Figure 34. GK13S is UCHL1 specific within the UCH DUB family. A. Average distance alignment 

and schematic representation of domain architecture of human UCH family deubiquitinases. 

Boundaries of bacterially expressed UCH catalytic domain constructs are given. ULD, UCH37-like 

domain. B. Ub-Rho cleavage assay of indicated recombinant UCH DUBs, preincubated with GK13S 

dilutions for 1 h. Data points are shown as mean ± standard error from N = 2–5 independent 

experiments, as indicated in the figure.  

In vitro LC-MS analysis (appendix, Figure 70) as well as a Ub-Rho assay featuring all UCH 

family members revealed that GK13S potently inhibits UCHL1 (Figure 34B). On the contrary, 
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no inhibition of UCHL3, UCHL5 and BAP1 at concentrations up to 1 µM could be observed. 

Only at concentrations near 10 µM, GK13S showed slight inhibition (~ 10%) of UCHL3 and 

BAP1 in the Ub-Rho assay, whereas no covalent binding could be observed during LC-MS 

analysis (appendix, Figure 70). 

 
Figure 35. Structural basis for specific inhibition of UCHL1. A. Superposition of UCHL1~GK13S 

with apo UCHL1 (pdb: 2ETL) and apo UCHL3 (pdb: 1UCH) and close-up view of the binding pocket. 

Labelled residues are shown as sticks. B. Superposition of the equivalent to the compound binding 

pocket in apo UCHL3 and UCHL3~Ub-VME (pdb: 1XD3). The Ubiquitin C-terminus is shown in cartoon 

representation. Residues undergoing a conformational change upon Ubiquitin binding are indicated 

with arrows. C, D. Superposition and close-up view on the binding pocket of apo UCHL1 (pdb: 2ETL) 

and apo UCHL3 (pdb: 1UCH) (C) and UCHL1~GK13S (D). Labelled residues are shown as sticks. E. 

Indicated Flag-UCHL3 constructs with mutations introducing a GK13S binding site were overexpressed 

in HEK293 cells. Cells were treated with compound where indicated, and GK13S-bound proteins were 

visualised by in-gel fluorescence. F. Sequence alignment of human Ubiquitin C-terminal Hydrolase 

(UCH) family members. Secondary structure assignments are based on the UCHL1~GK13S structure. 

Black arrows indicate residues mutated in E. 
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Superposition of the GK13S~UCHL1 and apo UCHL3 structure showed that UCHL3 adopts a 

different conformation in its N-terminal residues (Figure 35A) and undergoes a distinct 

conformational transition upon Ubiquitin binding (Figure 35B). Leu9 in apo UCHL3 

(corresponding to Met6 in UCHL1) is shifted into the cleft where GK13S would bind, thus 

sterically hinders its binding. On the contrary, binding of Ubiquitin by UCHL3 is possible, since 

the Ubiquitin C-terminus is able to induce a conformational change, shifting down Leu9 and 

thereby activating UCHL3 for Ubiquitin binding (Figure 35B). Further, the large hydrophobic 

Ile8 in UCHL1 is able to form a hydrophobic pocket for the pyrrolidine ring of GK13S, whereas 

the corresponding residue Ala11 in UCHL3 lacks hydrophobicity, further reducing optimal 

binding conditions (Figure 35C-D). In UCHL3, Leu168 forms a different environment for the 

phenyl ring of GK13S than the more hydrophobic Phe160 in UCHL1, which is potentially 

further stabilising ligand binding via π-π-stacking. These results suggest that the specificity of 

GK13S to UCHL1 relies on the aromatic Phe160 side chain and a specific apo conformation 

triggered by Ile8. To test this hypothesis, UCHL3 was overexpressed in HEK293 cells with 

point mutations in these residues, exchanged to the corresponding residues in UCHL1 and 

screened for potential GK13S binding (Figure 35E). Whereas both wt UCHL3 and catalytically 

inactive UCHL3 (C95A mutant) did not show any GK13S binding, as expected, the introduction 

of a point mutation in Ala11 to the corresponding residue Ile8 in UCHL1 (A11I) displayed weak 

binding of GK13S. Similar inhibition could be achieved by mutating Leu168 in UCHL3 to the 

aromatic Phe160 (L168F). A double mutation of both A11I and L168F led to potent binding of 

GK13S (Figure 35E). To confirm these results, binding of GK13S to wt UCHL3 and all three 

mutants was evaluated in a Ub-Rho cleavage assay (Figure 36A). Accordingly, GK13S did 

not show any binding to wt UCHL3 (IC50 > 100 µM), whereas both single mutations resulted 

in near identical IC50 values of ~ 30 µM. The double mutant was able to be inhibited by GK13S 

with a 3-times lower IC50 of 11 µM, consistent with the binding observed in the gel-based assay 

(Figure 35E). 

 

Figure 36. Functional mutation of the UCHL3 active site enables binding of GK13S. A. Inhibitory 

potencies of GK13S against indicated UCHL3 catalytic domains determined from Ub-Rho cleavage 

assays. IC50 values were determined from 3 independent experiments. Data are shown from a 

representative experiment as mean ± SD. B. Inhibitory potencies of iodoacetamide (IAA) against 

indicated UCHL3 catalytic domains determined from Ubiquitin-Rhodamine cleavage assays. IC50 values 

were determined from 3 independent experiments. Values are plotted as mean ± standard error from 3 

independent experiments. 
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Although the double mutant still displayed a lower potency than wt UCHL1, these results 

suggest that the UCHL1-specific “inhibition-competent” conformation can at least partially be 

triggered by these mutations in UCHL3. In contrast, the non-specific alkylating agent 

iodoacetamide inhibited all UCHL3 variants with similar potency, indicating that the binding of 

GK13S to UCH enzymes is not primarily driven by the chemical reactivity of the catalytic 

cysteine (Figure 36B). 

UCHL5 activity is allosterically regulated through conformational changes upon interaction 

with the proteasome and regulatory complexes. In the proteasome-unbound state, UCHL5 is 

part of the auto-inhibiting INO80 complex. Activation can only be achieved by adaptors, such 

as INO80G, leading to structural rearrangements in UCHL5, resulting in inhibition of INO80 

and thus activation of UCHL5. Furthermore, the apo state of both the full-length and catalytic 

domain structures of UCHL5, as well as its complex with INO80G, exhibits an occupied cleft 

that is not suitable for GK13S binding (Figure 37). Additionally, substitution of Ile8 with a 

smaller and polar serine (Ser13 in UCHL5 or Ser10 in BAP1) likely interferes with the 

hydrophobic coordination of the pyrrolidine as the space is occupied by a phenylalanine 

(Figure 37). These differences likely explain why GK13S does not bind to UCHL5 or BAP1. 

 

Figure 37. Structural features of UCHL5 and associated domains block binding of GK13S. Close-

up view of the binding pocket of UCHL1~GK13S (left panel) and superposition with full-length UCHL5 

(pdb: 3IHR), the catalytic domain of UCHL5 (pdb: 3RII) and UCHL5 in co-complex with an inhibitory 

fragment of INO80G (pdb: 4UF5) (from left to right). 

Taken together, the crystal structure of UCHL1 in co-complex with the probe GK13S revealed 

detailed information about a novel UCHL1-specific conformation with subtle differences on 

both sides of the catalytic cleft in the binding pocket. In combination with the illustrated 

conformational adaptivity of UCHL1, this accounts for the in-class specificity of GK13S 

towards the UCH family of proteins. The study further demonstrated that UCHL1 inhibition by 

GK13S is not driven by increased reactivity or abundance of UCHL1, but is based on specific 

interactions in the active site.
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4 Conclusion (Project 1) 

DUBs are enzymes that play a crucial role in the regulation of protein function by removing 

Ubiquitin from proteins. Aberrant regulation of DUB activity has been implicated in a variety of 

diseases, making them attractive targets for the development of drugs. Among the various 

families of DUBs, the UCH family, including UCHL1, is particularly well-studied and is known 

to be involved in several diseases, including neurodegeneration, cancer, and autoimmune 

disorders. Despite its manifold associations with diseases and disease relevant pathways, the 

lack of selective and potent small molecule inhibitors or ABPs has hindered a comprehensive 

understanding of how UCHL1 is involved in in these pathways.[155] 

In the first part of this dissertation, a selected panel of putative covalent, structurally diverse 

nitrile-based DUB activity-based probes was designed and synthesised, based on patent-

derived inhibitors (Figure 15A). Cellular activity-based protein profiling in combination with a 

Ub-VS competition assay (Figure 19) revealed prominent DUB-binding of the probe GK13S, 

derived from an inhibitor targeting UCHL1.  

A set of probes based on GK13S was established, featuring the corresponding (R)-isomer, 

inactive controls (lacking the warhead) GK12R and GK12S as well as minimal probes 

(featuring only warhead and alkyne handle) GK16R and GK16S (Figure 20). The set of probes 

was used for detailed in vitro and cellular studies, revealing that GK13S, but not the control 

probes, potently inhibits recombinant and cellular UCHL1 (Figure 22 - Figure 25). This 

concludes that UCHL1 binding is only possible when both, the specificity element and warhead 

are present and further underlines the preference of UCHL1 towards inhibitors featuring a 3-

carboxy-N-cyanopyrrolidine warhead in (S)-configuration.  

A proteomics-based target identification approach revealed that UCHL1 is the highest 

enriched protein by the probe GK13S in HEK293 cells (Figure 21C & appendix, Figure 63). 

A number of non-DUB proteins could be identified with PARK7 being the second highest 

enriched protein, followed by the PARK7 family member C21orf33 as well as the aldehyde 

dehydrogenases ISOC1 and NIT2. The comparison of GK13S to GK16S-enriched proteins 

(Figure 21C) indicated that GK16S binds to all targets of GK13S, but showing significantly 

less enrichment of UCHL1. The large difference in the potencies of GK13S and GK16S both 

in vitro and in cells allowed for formation of a chemogenomic pair of probes for the specific 

investigation of cellular UCHL1.  

The comparison of the reaction mechanisms of endogenous PARK7 and C21orf33 substrates 

to their irreversible reactions with GK16S (Figure 38) revealed that 3-carboxy-N-

cyanopyrrolidines and glutamine both have a similar size and connection between their 
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electrophilic centre and carbonyl group. The findings suggest that these off-target proteins 

primarily respond in a reactivity-driven manner due to the electrophilic nature of the cyanamide 

warhead. Further studies examining cyanamides with different geometries will be necessary 

to clarify their target range, substrate recognition, and cellular distribution of these and other 

targets. 

A comparison of the established set of 3-carboxy-N-cyanopyrrolidine probes with the 2-

carboxy-N-cyanopyrrolidine CG173 revealed that CG173, but not GK13S or GK16S induced 

cell death in HEK293 and U-87 MG cells at concentrations of up to 5 µM and an incubation 

time of up to 72 h (Figure 26 & appendix, Figure 67). As many cell lines were shown to be 

viable following UCHL1 knockout[183], these data indicate non-UCHL1-related toxicity of 

CG173 and related compounds. The in vitro binding of CG173 to UCHL1 shows modification 

of both the catalytic Cys90 and hyperreactive Cys152 (Figure 25E), implying a high compound 

reactivity, which is is consistent with the strong binding to UCHL1 observed in the Ub-Rho 

assay (Figure 25D). On the contrary, CG173 shows less stabilisation of recombinant UCHL1 

compared to GK13S (Figure 25C) and only weak inhibition of cellular UCHL1 that decreases 

over time with longer incubation (Figure 25F). Whether this behaviour and toxicity are 

common features of the 2-carboxy-N-cyanopyrrolidine scaffold, requires further investigation 

using larger compound libraries. 

Genetic studies have established a connection between UCHL1 and neurodegeneration.[137] 

Reduced levels of mono-Ubiquitin have been observed in the brain tissue of a UCHL1 mutant 

mouse[112,132], which had been previously investigated in a monkey cell line[203] where mutant 

UCHL1 was overexpressed. The probe pair GK13S+GK16S was successfully applied in the 

human glioblastoma cell line U-87 MG showing that GK13S, but not GK16S phenocopies a 

UCHL1 mutant mouse by upregulation of free Ubiquitin levels upon inhibtion of UCHL1 

(Figure 28). This validates the chemogenomic probe pair for studying cellular UCHL1 and 

establishes U-87 MG cells as a model system for UCHL1-dependent phenotypes. Since 

GK13S binds to the catalytic cysteine of UCHL1, blocking engagement with Ubiquitin, it not 

only inhibits its catalytic function, but potentially also other non-catalytic functions. Therefore 

it cannot be determined whether the observed reduced levels of Ubiquitin are due to inhibition 

of the hydrolase activity of UCHL1, decreasing the processing of its substrates, or due to 

reduced binding of free Ubiquitin. A potential function of the large amounts of cellular UCHL1 

might be the regulation of free Ubiquitin levels, thereby acting as kind of molecular rheostat to 

determine global Ubiquitination activities. Further investigations are required to understand 

these mechanisms and the link to neurodegeneration. 
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Figure 38. Potential chemical basis for cross-reactivity of cyanamide-containing probes with 

PARK7 and C21orf33/GATD3. PARK7 glyoxylase mechanism[206] Methylglyoxal is attacked by the 

active site cysteine forming a reversible hemithioacetal. Proton transfer and subsequent hydrolysis lead 

to release of D-lactate and free catalytic cysteine. PARK7 in glycolysis.[207] PARK7 prevents 

phosphoglycerate modifications on proteins from reactive cyclic-1,3-phosphoglycerate by forming a 

reversible enzyme-bound thioester, followed by hydrolysis to yield 3-phosphoglycerate. Minimal probe 

GK16S is proposed to be attacked by the active site cysteine of PARK7 in a similar manner, forming an 

irreversible isothiourea. C21orf33 glutamine amidotransferase mechanism.[208] Deamidation of 

glutamine proceeds via a tetrahedral intermediate and release of ammonia. GK16S displays a similar 

size and chemical characteristics as the glutamine substrate (indicated by the numbers) and thereby is 

proposed to be recognised by C21orf33 in a similar manner. 
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X-ray crystallography was used to solve the 2.24 Å crystal structure of UCHL1 in co-complex 

with GK13S (Figure 30). The structure was compared with those of apo UCHL1 (Figure 32) 

and other members of the UCH family, including UCHL3 (Figure 35) and UCHL5 (Figure 37), 

to identify the differences that contribute to the specificity of GK13S towards UCHL1. The apo 

conformation of UCHL1 presents an unaligned catalytic triad and a partially occupied binding 

cleft. However, when the globular part of Ubiquitin engages, it triggers a conformational 

change that aligns the triad and opens the cleft, making it capable of directing the Ubiquitin C-

terminal LRGG peptide to the catalytic cysteine. GK13S mimics the C-terminal peptide through 

key hydrogen bonding and hydrophobic interactions (Figure 31) and specifically inhibits 

UCHL1 by locking the enzyme in a hybrid conformation of apo and Ubiquitin-bound states 

(Figure 32).The specific inhibition of UCHL1 by GK13S is the result of a combination of (I) the 

conformational plasticity of UCHL1, which allows it to form a complex with GK13S, (II) the apo 

UCHL1 structure that creates a unique binding site for GK13S, by positioning its pyrrolidine in 

a pocket unique to the apo conformation of UCHL1 (Figure 32A-C) and (III) the subtle 

differences in the binding pocket on both sides of the catalytic cleft within the UCH family of 

DUBs (Figure 35D-F & Figure 37).



Results & Discussion – Project 2 

62 

5 Structural basis for enhanced piperazine-specific inhibition of 

UCHL1 (Project 2) 

The highly potent and well-characterised probe GK13S, together with its chemogenomic probe 

pair GK16S, has been shown in part 1 of this thesis to allow the specific study of cellular 

UCHL1, and thus offers a promising pharmacological tool to advance knowledge of how 

UCHL1 is involved in disease-relevant pathways. However, both probes share a common off-

target with almost all other N-cyanopyrrolidine-based and UCHL1-targeting probes known in 

the literature: PARK7. Given that both UCHL1 and PARK7 are implicated in 

neurodegenerative diseases, the proper function of (some) UCHL1-related pathways may 

depend on the activity of PARK7. In this case, binding of GK13S to PARK7 would not preclude 

misinterpretation of probe-based UCHL1 inhibition results. 

5.1 Design of GK13S analgoues to enhance UCHL1 selectivity 

Covalent inhibitor engagement is first driven by molecular recognition between specificity 

element and target protein, followed by covalent bond formation between the electrophilic 

warhead and a nearby nucleophilic residue.[209] Since GK13S and GK16S both bind PARK7 

and share the common structural feature of a 3-carboxy-N-cyanopyrrolidine, the next aim was 

to modify this warhead in order to prevent PARK7 binding, while still preserving UCHL1 

activity. While information regarding the binding environment of GK13S in UCHL1 were 

available from the established co-crystal structure (Figure 39A), detailed information of 3-

carboxy-N-cyanopyrrolidines binding to PARK7 were not available at that time[210]. In order to 

compare the binding of 3-carboxy-N-cyanopyrrolidines to both UCHL1 and PARK7 and to 

structurally design new inhibitors, co-crystallisation of PARK7 with the chemogenomic probe 

GK16S was established. Various co-crystallisation efforts led to a crystallisation condition from 

which the structure of PARK7 in complex with GK16S was solved to a resolution of 1.53 Å 

resolution (Figure 39B).  

GK16S is bound covalently to the catalytic cysteine Cys106 of PARK7 and occupies a well 

defined, narrow binding pocket, formed in particular by residues Glu18, Arg48, Asn76, His126, 

Leu128 and Pro158 (Figure 39B). In comparison, UCHL1 displays a rather broad active site, 

especially located around the warhead of GK13S, defined by residues such as Pro5, Met6, 

Gln84, Gly87, Asn88 and Asn159 (Figure 39A & Figure 30E-F). Size and binding-angle of a 

compound might be rather limited by the small crossover loop of UCHL1, which results in a 

tube-like binding cleft (Figure 30A,D & Figure 31A). Considering both co-crystal structures, 

substitutions at the pyrrolidine warhead of GK13S might be able to occupy available space in 

UCHL1 (Figure 39A), that might not be accessible in the well-defined active site of PARK7 
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(Figure 39B). The pyrrolidine C5-atom of GK13S for instance, might be able to occupy a cleft 

formed by UCHL1 residues Gln84, Gly87 and Arg178, whereas PARK7 binding seems to be 

hindered by surrounding residues His126 and Leu128. This could lead to an improved UCHL1 

over PARK7 selectivity by promoting UCHL1- and at the same time reducing PARK7-binding.  

 

Figure 39. A,B. Structural comparison of warhead-to-protein binding between UCHL1~GK13S 

(A) and PARK7~GK16S (B). A. Structure of UCHL1 (blue) in complex with GK13S (red) and zoom into 

the binding cleft occupied by GK13S (right panel) with important structural residues indicated. B. 

Structure of PARK7 (green) in complex with GK16S (gold) and zoom into the binding cleft occupied by 

GK16S (right panel) with important structural residues indicated. 

A patent by Kemp et al.[181] reveals additional information about potential pyrrolidine ring 

extensions at truncated analogues of GK13S (Figure 40). A methyl group in (S)-configuration 

at the pyrrolidine C2-position of cpd74 retains potent binding to UCHL1. Inhibitors with methyl- 

and ethyl-substituents at the pyrrolidine C4-position (cpd85 and cpd87) also show UCHL1 

binding, although with reduced affinity. These results indicate the potential of GK13S 

derivatisation at the pyrrolidine C2- and C4-position while at least partially retaining UCHL1 

activity. 

 

Figure 40. Structure-activity relationship of selected, patent-derived[181] and UCHL1 binding 

compounds featuring a 3-carboxy-N-cyanopyrrolidine warhead. The GK13S-analogue Cpd41 

(partially) retains UCHL1 potency upon derivatisation at the pyrrolidine C2- (cpd74) and C4-atom (cpd85 

and cpd87).  
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Based on this information, GK13S-analogues CG287, CG288, CG385-anti, CG385-syn and 

CG390, with modifications at different pyrrolidine C-atoms were designed (Figure 41) to test 

their influence on UCHL1 affinity and selectivity in silico.  

 

Figure 41. Chemical structures of GK13S-derived probes with modifications on different pyrrolidine C-

atoms to evaluate positive and negative influences on UCHL1 and PARK7 binding respectively. R = 

specificity element and alkyne handle. 

The lack of a suitable enantiopure educt to introduce a methoxy group at the C3-position led 

to the racemic design of CG385-syn and CG385-anti. Although the (R)-isomer of GK13S 

(GK13R) only showed very weak targeting of UCHL1 (Figure 22), the binding analysis of 

CG385, containing 50% of the active (S)-conformation, will still be able to inform about the 

selectivity difference between UCHL1 and PARK7. 

To verify, if the designed probes are potentially able to bind UCHL1, the software LigandScout 

was used to perform a structure-based docking into the binding cleft of UCHL1, based on the 

covalently bound GK13S in UCHL1~GK13S. The binding cleft residues were kept static during 

docking, allowing an alignment of all docking-poses to visualise and analyse the influence of 

different ring extensions (Figure 42A). All probes were able to be fitted into the binding cleft 

of UCHL1 and showed similar positioning of both specificity element and warhead in 

comparison to GK13S (Figure 42A-D), while occupying additional space. The docking pose 

of CG287 (Figure 42B) shows that the (R)-configurated methyl-methoxy group in C5-position 

of CG287 could be able to engage an unoccupied cleft below Asn88, whereas the (S)-

configurated methyl-methoxy group of CG288 might be able to occupy a cleft formed by 

UCHL1 residues Gln84, Gly87 and Arg178 (Figure 42C). The methyl-group in C2-position of 

CG390 (Figure 42F) was calculated to fit perfectly into a small cavity below Asn159, whereas 

docking of CG385-anti positioned its methoxy-group in C4-position pointing out of the binding 

pocket of UCHL1 (Figure 42E). While the warheads of most probes showed very similar 

positioning compared to GK13S (Figure 42A), docking of CG385-syn was only possible by 

shifting the warhead to the lower part of the binding pocket, potentially hindering UCHL1 

binding (Figure 42D). 
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Figure 42. Modelling of N-cyanopyrrolidine analogues of GK13S in the binding cleft occupied by 

GK13S. A. Superposition of modelled probes CG287 (yellow), CG288 (orange), CG385 (syn) (green), 

CG385 (anti) (olive) and CG390 (brown) with GK13S (white) in complex with UCHL1 (blue). B-F. 

Individual structures of probes CG287 (B), CG288 (C), CG385 (syn) (D), CG385 (anti) (E) and CG390 

(F) with ligand surface, fitted into the binding cleft of UCHL1. Probes were generated with the structure-

based interface of LigandScout, based on GK13S in the co-crystal structure of UCHL1~GK13S, 

followed by energy minimization (MMFF94 force field). The superposition was carried out by aligning 

the resulting UCHL1~ligand structures with UCHL1~GK13S. The energy minimization was performed 

without changing the protein environment. 

With the exception of CG385-syn, all of the designed probes were then synthesised. Synthesis 

followed a similar reaction sequence as described for GK13S (Figure 43A), requiring 1) the 

shared intermediate GK07 and 2) acid-functionalised building blocks with different ring 

substitutions (Figure 43B). 
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Figure 43. Synthesis of 3-carboxy-N-cyanopyrrolidine-based GK13S analogues. A. Schematic 

representation of the reaction sequence for the synthesis of GK13S analogues, comprising 1) nitro-

reduction of GK07 to the corresponding amine, 2) amide coupling with acid-functionalised building 

blocks, 3) ester hydrolysis of the methyl benzoate-group to the corresponding benzoic acid, 4) 

subsequent amide coupling with pent-4-yn-1-amine, 5) acidic Boc-deprotection and final 6) cyanation 

using BrCN. B. Acid-functionalised building blocks as starting points for the synthesis of 3-carboxy-N-

cyanopyrrolidine-based GK13S analogues. 

5.2 Synthesis of 3-carboxy-N-cyanopyrrolidine-based GK13S analogues 

The synthesis of building blocks CG281 and CG282 followed a similar reaction sequence 

starting at either 1-(tert-butyl) 2-methyl (2R,4R)-4-hydroxypyrrolidine-1,2-dicarboxylate for the 

synthesis of CG281 or its (2S,4R)-analogue for CG282 (Scheme 11). Via tosylate activation 

and subsequent nucleophilic substitution with sodium cyanide (a), the hydroxy group was 

converted to a cyanide with inversion of the stereo configuration, as judged by distinct 

chemical shifts in the NMR spectra compared to the corresponding (2R,4S)- and (2S,4S)-

diastereomer (methods, CG243 and CG245, respectively). Selective ester to alcohol reduction 

in presence of the cyanide group was performed with lithium borohydrate (b). Methylation of 

the resulting hydroxy group by methyl iodide resulted in the formation of CG273 and CG274 

(c). In a Pinner reaction, the nitrile was converted under acid catalysis into an imino ester salt 

(Pinner salt), immediately reacting in a nucleophilic addition with excess of methanol to the 

corresponding methyl ester (d). Basic ester hydrolysis with 2M lithium hydroxide gave the acid 

building blocks CG281 and CG282 (e). Comparison of 1H NMR spectra after peak assignment 

revealed that after ester reduction of CG244 (b) nearly 40% of the cis-oriented CG247 (2S,4S) 

epimerised to its trans (2S,4R)-enantiomer. A hydride ion, formed by LiBH4, is able to react 

not only as a nucleophile, as intended in the ester reduction, but also as a base, probably 

being able to deprotonate the cyanide αH-atom of CG244. Since the corresponding carbanion 

can be re-protonated from both sides, this would lead to a loss of stereo information. This 

hypothesis was further confirmed by NMR evaluation of CG274, where 50% of the wrong 

trans-oriented product (2S, 4R) could be detected, probably due to the use of the strong base 

NaH. Likewise, the presence of nearly 50% of the wrong cis-oriented product (2R,4R) could 
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be detected for its diastereomer CG274. Surprisingly, the 1H NMR spectrum of CG276 (3S,5S) 

shows 70% epimerisation to the wrong trans-product (3R,5S), whereas the spectrum of its 

diastereomer CG275 (3S,5R) only shows 25% of the wrong cis-product (3R,5R), suggesting 

a trans-preference probably due to sterically hindrance of the cis-configuration.  

 

Scheme 11. Synthesis of acid-functionalised building blocks CG281 and CG282. a. 1) TsCl, Et3N, 

DCM, 0°C -> rt, on. 2) NaCN, DMSO, 60°C, on. CG188: 55%; CG244: 70%. b. 2M LiBH4 in THF, 0°C, 

4.5 h. c. MeI, NaH, THF, rt, 3.5 h. CG273: 47% over two steps; CG274: 48% over two steps. d. 1) 

4M HCl in 1,4-dioxane, MeOH, rt, on. 2) Boc2O, sat. aq. NaHCO3, EA, rt, 12 h. CG275: 86%; CG276: 

59%. e. 2M LiOH, 1,4-dioxane, 50°C, 3 h. CG281: quant.; CG282: quant. As no literature was found for 

the coherent and stereoselective synthesis of CG281/CG282, the synthetic procedures for steps a[211], 

b[212], c[213], and d[214] were adapted from individual references describing the same (a) or similar (b-d) 

structures. 

Both acid building blocks CG281 and CG282 were reacted in an amide coupling reaction with 

GK07, after previous palladium catalysed nitro-group reduction, resulting in the formation of 

CG283 and CG284, respectively (Scheme 12a). 

 

Scheme 12. Synthesis of final probes CG287 and CG288. a. 1) GK07, H2, Pd/C, EtOH, rt, 4 h. 2) 

HATU, DIPEA, DMF, rt, on. CG283: 85%, CG284: 53%. b. 1) 2M LiOH, 1,4-dioxane, 50°C, 6 h. 2) pent-

4-yn-1-amine HCl, HATU, DIPEA, DMF, rt, 2 h. 3) 20% TFA in DCM, rt, 1 h. 4) BrCN, K2CO3, DCM, 0°C 

-> rt, 2 h. CG287: 2%, CG288: 1%. Although the compounds CG287 and CG288 are novel, the synthetic 

procedures shown are based on appropriate methods from the patent WO2016046530A1[181]. 

Ester hydrolysis of the methyl benzoate-group to the corresponding benzoic acid, amide 

coupling with pent-4-yn-1-amine, acidic Boc-deprotection and final BrCN reaction led to the 

desired probes CG287 and CG288 (b), featuring a methoxy-methyl group in C2-position of 

the pyrrolidine ring. Even after thorough selection of pure fractions after preparative HPLC 

purification of both CG284 and CG288 (Scheme 12), isolation of pure CG288 (3S,5S) could 

not be achieved, as 25% of the epimerised (3R,5S)-product was detected in the 1H NMR 

spectrum. Due to its poor purity of 75%, CG288 was excluded from further biological testing. 

For CG287 a high purity of >95% (<5% (3R,5R)-product), as judged by NMR analysis, could 

be achieved, yielding sufficient amounts for further biological characterisation.  

Although the synthesis of racemic pyrrolidines such as CG367 (Figure 43B) by 

[3+2] cycloaddition is known from the literature[215,216], the acid building block CG367 (Scheme 
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13) was synthesised using a reaction sequence that later allowed functionalisation of the 

hydroxy group of CG216 (cf. CG238, Chapter 6). Selective reduction of the keto group of 1-

(tert-butyl) 3-ethyl 4-oxopyrrolidine-1,3-dicarboxylate with sodium borohydride (a), basic ester 

hydrolysis (b) and subsequent methylation of the hydroxy group (c) led to the formation of 

CG367. LC-MS analysis of pure CG180 revealed the formation of both chemically different 

diastereomers syn- and anti-CG180, by showing two peaks with identical product mass. 

However, no separation during the purification step was possible. 

 

Scheme 13. Synthesis of acid-functionalised building block CG216. a. NaBH4, MeOH, 0°C, 6 h, 

pH 3-4, 86%. b. 2M LiOH, 1,4-dioxane, 60°C, 4 h, quant. c. MeI, NaH, THF, 0°C -> rt, on. As no 

literature was found for the coherent synthesis of CG367, the synthetic procedures for steps a[217], b[218] 

and c[213] were adapted from individual references describing the same (a) or similar (b, c) structures. 

In an identical sequence of reactions as described for CG283 and CG284, CG367 was 

converted into CG373 (Scheme 14a). Both syn- and anti-diastereomers were successfully 

separated by preparative HPLC, the latter being subsequently reacted to the final probe 

CG385-anti, hereinafter referred to as CG385.  

 

Scheme 14. Synthesis of final probe CG385 (anti). a. 1) GK07, H2, Pd/C, EtOH, rt, 5 h. 2) HATU, 

DIPEA, DMF, rt, on. CG373 (anti): 7%, CG373 (syn): 8%. b. 1) 2M LiOH, 1,4-dioxane, rt, on. 2) pent-4-

yn-1-amine HCl, HATU, DIPEA, DMF, rt, on. 3) 20% TFA in DCM, rt, 2 h. 4) BrCN, K2CO3, DCM, rt, 2 h, 

32%. Although the compounds CG373 and CG385 are novel, the synthetic procedures shown are 

based on appropriate methods from the patent WO2016046530A1[181]. 

Even after thorough selection of pure fractions after preparative HPLC, as judged by LC-MS, 

an impurity of 4% could be observed in the 1H NMR spectrum of CG385, characterised as the 

elimination product 1-cyano-N-(1-(4-(pent-4-yn-1-ylcarbamoyl)phenyl)-1H-imidazol-4-yl)-2,5-

dihydro-1H-pyrrole-3-carboxamide (CG385 impurity, Scheme 15) as judged by 1D- and 2D-

NMR analysis. Characteristic chemical shifts in the 1H NMR spectrum of CG385 such as the 

alkene proton H1 [δ = 6.91 ppm (s, 1H)] (Scheme 15) as well as the chemically equivalent 

pyrrolidine protons H2 [δ = 4.48 ppm (s, 4 H) could be assigned to the impurity. With an overall 

purity of 96%, CG385 was suitable for further biological characterisation.  
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Scheme 15. Proposed elimination mechanism of CG385. Protons of the impurity with characteristic 

chemical shifts in the 1H NMR spectrum are assigned. 

The preparation of chiral pyrrolidine CG384 (Scheme 16) started with a nucleophilic 

substitution of methyl 3-oxobutanoate and 1,2-dibromoethane (a), followed by a condensation 

reaction with the chiral auxiliary (S)-1-phenylethan-1-amine (b), yielding the 4,5-dihydro-1H-

pyrrole CG366. The chiral auxiliary allowed for subsequent stereoselective pyrrole reduction 

to the corresponding pyrrolidine CG372 (c), followed by palladium catalysed cleavage of the 

auxiliary and Boc-protection of the resulting free amine (d). Basic ester hydrolysis using 

2M lithium hydroxide yielded acid building block CG384 (e). 

 

Scheme 16. Synthesis of acid-functionalised building block CG384 based on patent 

WO2016046530A1[181]. a. 1,2-dibromoethane, K2CO3, acetone, 70°C, on, 30%. b. (S)-1-phenylethan-

1-amine, toluene, 130°C, on, 61%. c. NaBH(OAc)3, AcOH, ACN, 0°C, 5 h, recrystallisation, 63%. d. 1) 

Pd/C, H2, EtOH, rt, on. 2) THF, sat. aq. NaHCO3, Boc2O, rt, 4 h, 84%. e. 2M LiOH, 1,4-dioxane, 50°C, 

3 h. All reaction steps were synthesised according to the patent[181]. 

The final probe CG390 was synthesised based on CG384 (Scheme 17), following the general 

procedure as described in Figure 43A.  

 

Scheme 17. Synthesis of final probe CG390. a. 1) GK07, H2, Pd/C, THF, rt, on. 2) HATU, DIPEA, 

THF, rt, on, 50%. b. 1) 2M LiOH, 1,4-dioxane, 50°C, 4 h. 2) pent-4-yn-1-amine HCl, HATU, DIPEA, 

DMF, rt, on, 31%. c. 1) 20% TFA in DCM, rt, 3 h. 2) BrCN, K2CO3, DMF, rt, 3 h, 55%. Although the 

compounds CG389 and CG390 are novel, the synthetic procedures shown are based on appropriate 

methods from the patent WO2016046530A1[181]. 

The 1H NMR spectra of intermediates CG387 and CG389 revealed the presence of 11% and 

16% of an impurity, respectively, characterised by NMR analysis as the respective (2S, 3R)-

diastereomer. This could either indicate that the reduction of CG366 was not entirely stereo 

selective and all respective peaks in the 1H NMR spectrum of CG372 where overlapping (since 
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no impurity could be detected), or base-induced and reversible abstraction of the acidic αH-

atom adjacent to the ester group in CG377 resulted in epimerisation (e). Purification by 

preparative HPLC after the final step (c) finally resulted in successful separation of the 

impurity, yielding pure CG390, which was used for further biological characterisation. 

5.3 GK13S analogue CG390 shows improved UCHL1 over PARK7 selectivity 

in vitro 

In order to evaluate UCHL1 binding and selectivity of the aforementioned probes, their in vitro 

binding affinity to UCHL1 and PARK7 was measured by means of Intact protein mass 

spectrometry (Figure 44). UCHL1 and PARK7 (3 µM) were either treated with DMSO (10 µM) 

or directly with the compounds (10 µM) for 1 h. Probe binding (in %) was evaluated as the 

difference of the area under the curve between probe treated and DMSO treated samples and 

visualised as blue (UCHL1 binding) or green (PARK7 binding) boxes (Figure 44A). In contrast 

to the modelled binding pose for CG287 (Figure 42B) that predicted the methyl-methoxy 

group to bind a cleft, unoccupied by the parent probe GK13S, CG287 did neither show 

covalent modification of UCHL1 nor PARK7 (Figure 44B). Due to the promising docking pose 

of CG288 (Figure 42B), protein binding of the probe was evaluated, despite being only 75% 

pure (appendix, Figure 72A). In line with the results for CG287 (Figure 44B), its diastereomer 

CG288 did not show any UCHL1 engagement, excluding both as suitable UCHL1-selective 

probes. 

 

Figure 44. GK13S analogue CG390 improves PARK7 selectivity in vitro. A. Intact protein mass 

spectrometry data of GK13S binding to recombinant UCHL1 (left panel) or PARK7 (right panel). UCHL1 

(3 μM) or PARK7 (3 µM) were treated with GK13S (10 μM) or DMSO for 1 h. Observed masses were 

assigned to given species with listed expected masses. Differences in area-under-the-curve (AUC) 

values between GK13S and DMSO were calculated and illustrated in blue (UCHL1 binding) and green 

(PARK7 binding) boxes, where 100% relates to full protein labelling. B. Chemical structures and 

covalent UCHL1 and PARK7 modification of indicated compounds, as measured by LC-MS. For intact 

protein mass spectrometry UCHL1 (3 μM) or PARK7 (3 µM) were treated with compound (10 μM) or 

DMSO for 1 h. Differences in AUC values between compound and DMSO treated samples were 

calculated and illustrated as in A. For related LC-MS spectra see appendix, Figure 72A. 
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Flexible ligands often have multiple binding modes or bound conformations that differ by 

rotation of a portion of the molecule around internal rotatable bonds.[219] Introduction of a 

methyl-methoxy group increases rotational flexibility of CG287 and CG288. Despite 

calculation of the best binding pose in consideration of the protein environment (by MMFF94 

force field) (Figure 42), both probes might actually adopt a different conformation that 

interferes with UCHL1 binding. In addition, the methyl-methoxy group might hinder the probes 

to trigger an allosteric relay in UCHL1 (apo), which would lock the protein in a compound-

induced hybrid conformation, a process crucial for binding of GK13S (Figure 32). CG385 on 

the other hand, demonstrating a methoxy group with reduced rotational flexibility (compared 

to a methyl-methoxy group), did show complete covalent modification of UCHL1, but also of 

PARK7. This supports the docking pose (Figure 42E), where the methoxy group points 

towards the solvent exposed environment of the binding cleft, probably not affecting the 

probes selectivity. In line with its predicted docking pose (Figure 42F), CG390 was able to 

retain full UCHL1 modification and even showed increased UCHL1 over PARK7 selectivity, 

as intact protein binding to PARK7 at 10 µM compound concentration could be reduced to 

20%, compared to 100% for GK13S. 

IC50 measurements at an incubation time of 1 h (Figure 45) revealed that probes CG385 and 

CG390 have comparable potencies of 183 and 135 nM, respectively, slightly (~2-times) less 

potent compared to the parent probe GK13S (IC50 = 66 nM), whereas probes CG287 and 

CG288 exhibited no significant UCHL1 inhibition (IC50 greater than 10 µM). These data are in 

agreement with the previous LC-MS binding experiment (Figure 44).  

Figure 45. A Ub-Rhodamine assay validates 

probe binding to UCHL1. Inhibitory potencies of 

indicated compounds, preincubated with UCHL1 

for 1 h, determined from a Ub-Rho cleavage 

assay. IC50 values were determined from N = 5 

(GK13S) or 2 (CG287, CG288, CG385, CG390) 

independent experiments. Data are shown from a 

representative experiment as mean ± standard 

deviation. 

To further assess specificity in a cellular environment, HEK293 cell lysate was treated with the 

probes for 4 h and covalently bound proteins were either visualised through activity-based 

protein profiling (Figure 46A), or their degree of cellular UCHL1 inhibition was assessed in a 

Ub-VS competition assay (Figure 46B). 
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Figure 46. Cellular characterisation of 

improved 3-carboxy-N-cyanopyrrolidine 

probes. A. Cellular activity-based protein 

profiling with HEK293 cell lysate and indicated 

compounds or DMSO at 5 µM concentration 

(4 h incubation). The fluorescence image 

visualises probe-bound endogenous proteins. 

The black arrow indicates a protein band at the 

height of UCHL1. Data shown are from the 

same experiment and gel. B. Inhibition of 

cellular UCHL1. Western blot analysis of 

endogenous UCHL1 labelled with HA-Ub-VS 

after treatment of HEK293 cell lysate with either 

the indicated compounds or DMSO at 5 µM 

concentration for 4 h. Data shown are from the same experiment and gel. Assays were performed and 

evaluated by MSc. M. Schmidt. 

Complete inhibition of UCHL1 was observed after treating the cell lysate with 5 µM of the 

probes CG385, CG390 and GK13S, respectively, whereas CG287 did not inhibit UCHL1 under 

these conditions (Figure 46B). These data are in agreement with the LC-MS labelling 

experiment of UCHL1 (Figure 44) as well as their in vitro potency (Figure 45). Activity-based 

protein profiling of covalently bound proteins (Figure 46A) after treatment with 5 µM GK13S 

demonstrated a similar binding pattern as observed for the labelling experiment in intact 

HEK293 cells at 10 µM probe concentration and 24 h incubation time (Figure 21). In line with 

previous in vitro experiments, hardly any covalent-irreversible binding of proteins could be 

observed for CG287 in a cellular setting. The probe CG385 seemed to modify multiple cellular 

proteins, including a pronounced one with a molecular weight of approximately 60 kDa that 

was also detectable in the GK13S treated sample, but with much lower intensity. In 

comparison to the GK13S treated sample, only a faint band at the height of UCHL1 could be 

observed, classifying the probe CG385 inferior to GK13S in terms of UCHL1 specificity in a 

cellular environment. For CG390, a pattern similar to that of GK13S could be observed with 

overall reduced band intensity, possibly arising from lower cellular potency. In line with the 

selectivity profile of GK13S, a prominent protein band at the height of PARK7 could be 

identified for probe CG390 as well, with comparable intensity to the band at the height of 

UCHL1. Overall, this led to the conclusion that an improvement of cellular UCHL1 over PARK7 

selectivity could not be achieved by the aforementioned probes.  

5.4 N-Cyanopiperidine CG305 shows stereoselective labelling of UCHL1, but 

not of PARK7 

The catalytic mechanisms of PARK7 (Figure 38) suggest that substrate binding is primarily 

reactivity-driven. Since GK13S and GK16S are binding similar off-targets (appendix, Figure 

63) it is thus to reason that the reactivity of the electrophilic 3-carboxy-N-cyanopyrrolidine 
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warhead might be too high. Since all attempts to improve UCHL1 selectivity by modification of 

the 3-carboxy-N-cyanopyrrolidine warhead failed, a new approach featuring 3-carboxy-N-

cyanopiperidine analogues of GK13S was established (Figure 47). The change in warhead 

size from a 5-membered pyrrolidine to a 6-membered piperidine, and the associated change 

and increase in structural conformations[220], was hypothised to affect the binding cleft 

occupancy and catalytic cysteine reactivity of the cyanamide warhead in a way that could 

positively influence UCHL1 selectivity. Following this hypothesis, the N-cyanopiperidine probe 

CG305 was synthesised along with its (R)-enantiomer CG322 (Figure 47A). UCHL1 and 

PARK7 selectivity was first evaluated by LC-MS analysis (Figure 47B). Treatment of 3 µM 

protein with 10 µM CG305 resulted in near complete (83%) modification of recombinant 

UCHL1, while no labelling of PARK7 could be observed. Under the same conditions, CG305 

showed no binding to either of the enzymes, indicating a preference of UCHL1 for the (S)-

configured stereoisomer. This stereo preference is consistent with the previously described 

results for GK13S. IC50 measurements at a fixed incubation time of 1 h revealed a potency of 

1496 nM for the probe CG305, whereas the enantiomer did not show any appreciable degree 

of inhibition (Figure 47C), confirming the results of the LC-MS labelling experiment. 

 

Figure 47. Piperidine-analogue CG305 shows stereoselective labelling of UCHL1, but not 

PARK7. A. Schematic representation of N-cyanopiperidine probe CG305 and its (R)-enantiomer 

CG322, based on an identical structural scaffold as GK13S (defined as “-R”). B. Covalent modification 

of UCHL1 and PARK7 by CG305 and its enantiomer CG322, as measured by LC-MS. For intact protein 

mass spectrometry UCHL1 (3 μM) or PARK7 (3 µM) were treated with compound (10 μM) or DMSO for 

1 h. Differences in AUC values between compound and DMSO samples were calculated and illustrated 

as described for Figure 44. Respective LC-MS spectra are shown in appendix, Figure 72B. C. 

Inhibitory potencies of CG305 and CG322, preincubated with UCHL1 for 1 h, determined from a Ub-

Rho cleavage assay. Data points are shown as mean ± standard deviation. IC50 values were determined 

from 5 (CG305) or 3 (CG322) independent experiments. D. Schematic representation of CG305 

analogues with different 6-membered ring warheads. 
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CG305 demonstrated a promising UCHL1 over PARK7 selectivity profile in vitro, accompanied 

by a ~20-fold reduction in potency compared to GK13S (Figure 47B-C). These results support 

the hypothesis of enhanced UCHL1 selectivity through warhead ring expansion and classify 

CG305 as a suitable starting point for additional modifications to further improve UCHL1 

potency. 

Morpholines and piperazines are frequently encountered structural motifs in the field of 

pharmaceutical research. These motifs have the potential to enhance various pharmacokinetic 

(PK) properties of molecules, including their water solubility and metabolic stability, while not 

being essential for direct receptor binding.[221,222,223,224,225] Morpholines are utilised as functional 

groups to improve the potency of drug candidates through molecular interaction with target 

proteins.[221,222] For instance, the ether oxygen atom in morpholine serves as a crucial binding 

motif in inhibitors. Additionally, morpholine groups can be employed to modulate the 

physicochemical properties of molecules as the weak basicity of morpholine (e.g., N-methyl 

morpholine, pKa = 7.4) closely resembles the pH of blood and often leads to improvements in 

solubility without compromising permeability to the same extent as stronger bases.[221] 

Piperazine-based compounds have gained considerable interest due to their favourable 

physicochemical properties and the orthogonal applicable, ready derivatisation of the nitrogen 

atoms with substituents.[223,224] Derivatization at the piperazine can be tailored to either retain 

or diminish the basicity of the compound.[223,224]. 

Based on the piperidine warhead in CG305, four probes featuring a morpholine (CG337) or 

piperazine moiety (CG341, CG306 and CG386) were designed (Figure 47D). To evaluate the 

influence of different warheads on molecular properties of the probes, the number of H-bond 

donors, -acceptors and rotational bonds as well as their hydrophobicity (miLogP) was 

calculated using the Molinspiration Cheminformatics online platform (Table 1). Additional H-

bond acceptors at different positions (“O” in CG337, “N” and “O” in CG386) were rationalised 

to establish stronger protein-ligand interactions. The N-alkylated piperazine moiety (“N+-H” in 

CG341/ CG306) will likely be protonated under physiological conditions (electron donating (+I) 

effect of alkyl), serving as a prospective H-bond donor (Table 1), whereas N-acetylation 

(electron-withdrawing group, -M-effect) in CG386 rather suppresses the basicity. 

Hydrophobicity, in the form of the logarithmic octanol-water partition coefficient (log P), is 

widely used as a measurement for solubility and cell permeability of a drug (equation 1).[226]  

     log 𝑃 =  
𝑐𝑜𝑐𝑡𝑎𝑛𝑜𝑙

𝑐𝑤𝑎𝑡𝑒𝑟
      (1) 

A higher hydrophobicity is linked to reduced water solubility, whereas low hydrophobicity can 

impede cell permeability. Since N-methyl-piperazine CG341 was predicted to show a 

substantially lower LogP value (miLogP = -3.01) compared to the cell permeable probe GK13S 
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(miLogP = -0.77) (Table 1), CG306 (miLogP = -1.07) was designed as N-pentyl-piperazine to 

increase hydrophobicity and overcome potential permeability issues.  

Table 1. Different warhead composition influences molecular properties of probes. Molecular 

properties were calculated using the Molinspiration Cheminformatics online platform. n(N, O): Number 

of N- and O-atoms. n(N-H, O-H): Number of H-bound N-and O-atoms. n(rot. bond): Number of rotational 

bonds. miLogP: molinspiration LogP; Method for logP prediction developed at Molinspiration 

(miLogP2.2 - November 2005), based on a training set with more than twelve thousand, mostly drug-

like molecules. 

 

5.5 Synthesis of piperidine-, morpholine- and piperazine-warhead analogues of 

GK13S 

The synthesis of piperidine-, morpholine- and piperazine-warhead analogues of GK13S 

followed two similar reaction sequences, resting upon the shared intermediate GK07 as well 

as different acid-functionalised building blocks (Figure 48). Whereas enantiopure acid-

intermediates were commercially available for piperidine- and morpholine-probes, synthesis 

of the piperazine acid-intermediates was based on precursor 1-Boc-3-methyl (S)-piperazine-

1,3-dicarboxylate (Figure 48A). Reductive amination of the free piperazine N-atom with either 

formaldehyde (a) or valeraldehyde (b) resulted in the N-alkylated intermediates CG295 and 

CG296, respectively, whereas amidation with acetyl chloride yielded amide CG364 (c). In a 

final hydrolysis reaction, the ester intermediates were converted into their respective acids (d) 

using 2M lithium hydroxide. 
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Figure 48. Synthesis of piperidine-, 

morpholine- and piperazine-warhead 

analogues of GK13S. A. Synthesis of 

piperazine precursors. a. Formaldehyde, 

NaBH(OAc)3, AcOH, ACN:MeOH (1:1), rt, 

on, 66%. b. Valeraldehyde, NaBH(OAc)3, 

AcOH, DCM, rt, on, 95% c. Acetyl chloride, 

Et3N, DCM, 0 °C -> rt, on, 52%. d. 2M LiOH, 

1,4-dioxane, 50 °C, 4 h. CG301 (quant.), 

CG300 (94%), CG371 (quant.). The 

synthetic procedures for steps a[227], b[228], 

and c[229] were adapted from references 

describing the same (a, c) or similar (b) 

structures. B. Synthesis of probes. 

Compounds were synthesised using two 

similar procedures (left and right panel). a. 

1) GK07, Pd/C, H2, EtOH, rt, 5 h. 2) Boc2O, 

DIPEA, EtOH, MeOH, rt, 20 h, 20%. b. 1) 

LiOH, MeOH, 50°C, 5 h. 2) pent-4-yn-1-

amine, HATU, DIPEA, DCM, rt, 1 d, 80%. c. 

1) GK07, Pd/C, H2, EtOH, rt, 5 h. 2) 1-Boc-

D-nipecotic acid/ (S)-4-Boc-morpholine-2-

carboxylic acid/ CG301/ CG371, HATU, 

DIPEA, DMF, rt, on. CG311: quant., CG324: 

51%, CG304: 68%, CG376: 70%. d. 1) 

GK30, 20% TFA/DCM, rt, 4 h. 2) 1-Boc-L-

nipecotic acid/ CG300, HATU, DIPEA, THF, 

rt, on. 3) 20% TFA/DCM, rt, 3 h. CG299: 

31%, CG302: 18%. e. CG299/ CG302, 

BrCN, K2CO3, DMF, rt, 1-2 h. CG305: 77%, 

CG306: 53%. f. 1) CG311/ CG324/ CG304/ 

CG376, 2M LiOH, 1,4-dioxane, 50°C, 4-6 h. 

2) pent-4-yn-1-amine HCl, HATU, DIPEA, 

DMF, rt, on. 3) 20% TFA/DCM, rt, 2-3 h. 4) 

BrCN, K2CO3, DMF, rt, 2-3 h. CG322: 54%, CG337: 50%, CG341: 52%, CG386: 79%. Although the 

compounds described are novel, the synthetic procedures of steps c, e, and f are based on appropriate 

methods from the patent[181]. 

Synthesis of the corresponding probes followed two similar reaction sequences (Figure 48B). 

For CG305 and CG341, the nitro-group of GK07 was reduced using hydrogen and palladium 

on activated charcoal, followed by Boc-protection of the resulting heteroaromatic amine (a). In 

the next reaction, basic ester hydrolysis of the methyl ester and subsequent amide coupling 

with pent-4-yn-1-amine HCl yielded GK30 (b). Deprotection of the Boc-group and subsequent 

amide coupling to 1-Boc-L-nipecotic acid or acid intermediate CG300 yielded free amines 

CG299 and CG302, respectively (d). Electrophilic cyanation of the piperidine/ piperazine N-

atom using cyanogen bromide (BrCN) provided final probes CG305 and CG322 (e). GK30 

was thought to function well as a common intermediate for the synthesis of all probes by 

shortening the overall reaction sequence. However, in line with previously reported results, 
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suggesting an instability of GK07 after nitro-group reduction[2], a rapid decomposition of GK30 

after Boc-deprotection could be observed during the synthesis of CG299 and CG302, 

eventually resulting in poor yields (31% and 18%, respectively). These results support the 

hypothesis of molecular instability of the resulting amino-imidazole (GK08) and further indicate 

that TFA may even accelerate decomposition by functioning as an acidic catalyst. To 

circumvent the need for high amounts of GK30, successive probes were synthesised using 

the previously described sequence of reactions (Figure 43A). Following palladium catalysed 

nitro-group reduction of GK06, amide coupling reactions, using either commercially available 

acids such as 1-Boc-R-nipecotic acid and (S)-4-Boc-morpholine-2-carboxylic acid, or 

piperazine-intermediates CG301 and CG371 (Figure 48B), yielded intermediates CG311, 

CG324, CG304 and CG376, respectively (c). Ester hydrolysis of the methyl benzoate-group 

to the corresponding benzoic acid, amide coupling with pent-4-yn-1-amine, acidic Boc-

deprotection and final BrCN reaction resulted in the desired probes CG322, CG337, CG341 

and CG386, respectively (f). 

5.6 N-Cyanopiperazines CG306 and CG341 show greatly improved selectivity 

towards UCHL1 in vitro 

As a first step to characterise the specificity of the new probes for UCHL1 and PARK7, binding 

to recombinant protein was analysed by LC-MS (Figure 49). 

 

Figure 49. Covalent modification of recombinant UCHL1 and PARK7, as measured by LC-MS, 

reveals improved UCHL1 selectivity profile of N-alkylated piperazines in vitro. 10 µM: UCHL1 

(3 μM) or PARK7 (3 µM) were treated with indicated compounds (10 μM) or DMSO for 1 h. 1 µM: 

UCHL1 (0.8 μM) was treated with indicated compounds (1 μM) or DMSO for 1 h. Differences in AUC 

values between compound and DMSO samples were calculated and illustrated as a heat map with 

covalent probe-protein modification in %. Values were determined from 2-5 independent experiments. 

Respective LC-MS spectra are shown in appendix, Figure 73 & Figure 74A. 

At a probe concentration of 10 µM, the N-alkyl-piperazine probes CG341 and CG306 showed 

complete covalent modification of UCHL1 (3 µM), whereas the morpholine- and N-acetyl-

piperazine probes CG337 and CG386 presented only 47% and 41% UCHL1 binding, 

respectively. Probe incubation with PARK7 under the same conditions showed 8% labelling 

of CG386, whereas no covalent PARK7 modification was observed for the other optimised 
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probes. To gain further insights into the potency differences between the probes, a reduced 

amount of UCHL1 (0.8 µM) was incubated with a small excess of probe (1 µM). As intended, 

all probes showed a lower percentage of UCHL1 labelling compared to the 10 µM probe 

treatment. However, as none of the probes showed complete labelling of UCHL1 under these 

conditions, a better comparability of their respective binding affinities is given. After reducing 

the concentration to 1 µM, probe treatment with CG341 and CG306 for 1 h resulted in decent 

UCHL1 labelling of 53% and 40% respectively. GK13S, previously shown to inhibit 

recombinant UCHL1 with nanomolar potency, showed 74% labelling under the same 

conditions, indicating a high potency for probes CG341 and CG306 as well. The piperidine 

CG305 and the morpholine CG337 showed a lower binding affinity, labelling UCHL1 to an 

extent of only 11% and 10%, respectively, while CG386 showed no binding at all. A 

complementary labelling experiment under the same conditions but with a longer incubation 

time (14 h) revealed that the probes GK13S, CG337, CG341 and CG306 were able to fully 

modify UCHL1 (appendix, Figure 74B). The results also suggest slow binding kinetics for 

CG337 (10% labelling after 1 h vs. 100% labelling after 14 h), whereas the piperidine-based 

probe CG305 may react significantly slower and/or in a covalent-reversible manner, as only 

66% labelling of UCHL1 was observed after 14 h treatment.  

Based on the LC-MS labelling results, the probes CG337, CG341 and CG306 were selected 

for further in vitro characterisation (Figure 50). A set of corresponding minimal probes, lacking 

the central aromatic specificity element, was synthesised and binding to recombinant UCHL1 

evaluated. IC50 measurements at a fixed incubation time of 1 h revealed that the piperazine-

probes CG341 and CG306 have comparable potencies of 191 and 254 nM, respectively, only 

slightly (~ threefold) less potent than the parent probe GK13S (66 nM) (Figure 50A-B). The 

morpholine-probe CG337 inhibited UCHL1 approximately 7-fold less than GK13S. In line with 

the results for GK13S and its corresponding minimal probe GK16S, none of the synthesised 

minimal probes showed any appreciable degree of UCHL1 labelling or inhibition 

(IC50 > 100 µM), confirming the need for both the warhead and the aromatic specificity element 

for the optimised probes as well (Figure 50A-B). 
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Figure 50. Alkylated N-cyanopiperazines CG306 and CG341 show clear selectivity to UCHL1 over 

PARK7, while retaining UCHL1 potency. A. Schematic representation, chemical structures and tabular in 

vitro results of indicated probes and controls comprising warhead (red), specificity element (grey) and alkyne 

handle (magenta). For intact protein mass spectrometry UCHL1 (3 μM) or PARK7 (3 µM) were treated with 

compound (10 μM) or DMSO for 1 h. Differences in AUC values between compound and DMSO samples 

were calculated and illustrated as described above. Respective LC-MS spectra are shown in appendix, 

Figure 73 & Figure 75A. IC50 values were derived from B. B. Inhibitory potencies of indicated compounds, 

preincubated with UCHL1 for 1 h, determined from a Ub-Rho cleavage assay. Data points are shown as 

mean ± SD. IC50 values were determined from 5 (GK13S), 4 (CG341), 3 (CG306 and GK16S) or 2 (CG337, 

CG365, CG374 and CG375) independent experiments. C-F. kobs/[I] kinetic assay of GK13S (C), CG337 (D), 

CG341 (E) and CG306 (F) binding to UCHL1. Rate constants kobs were determined from the respective Ub-

Rho plot (appendix, Figure 76) and plotted against inhibitor concentrations as shown for a representative 

experiment, respectively. The kobs/[I] values were determined as the slope and are given as mean ± SD 

calculated from three independent experiments. G. Time-dependent UCHL1 inhibition based on slopes of 

individual time points from jump-dilution assay shown in appendix, Figure 77. H. Thermal shift assay 

showing the melting temperature (Tm) of UCHL1 (1 µM) pre-treated for 1 h with compounds at indicated 

concentrations. I. Comparison of changes in UCHL1 protein melting temperatures (ΔTm) after binding to 

pyrrolidine-, morpholine- and piperazine-based compounds. Values are given as mean ± SD from 3 biological 

replicates. 
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At a probe concentration of 10 µM and an incubation time of 1 h, GK16S labelled recombinant 

PARK7 completely, as determined by intact protein mass spectrometry. This supports the 

previously established hypothesis that the 3-carboxy-N-cyanopyrrolidine warhead binds 

PARK7 in a reactivity driven manner. Interestingly, the morpholine-based minimal probe 

CG365 labels PARK7 to an extent of 9%, whereas the two N-alkylated piperazine minimal 

probes CG374 and CG375 showed no labelling. As PARK7 has a well-defined active site 

(Figure 39), the additional space occupied by the methyl/pentyl groups as well as the different 

structural conformations and protonation states (unprotonated morpholine O-atom vs. 

protonated piperazine N-alkyl-atom), may be of help to impede PARK7 binding and thereby 

improve the specificity towards UCHL1.  

To compare the time-dependent target association of the probes to UCHL1, the covalent mode 

of inhibition was further characterised in a fluorescence-based Ub-Rho cleavage assay 

(appendix, Figure 76). The observed concentration dependent inactivation rates (kobs) were 

plotted against the inhibitor concentration [I] to determine the rate constant kobs/[I] (Figure 

50C-F). GK13S exhibited the highest kobs/[I] value of 492 M-1 s-1, followed by CG341 (94 M-1 

s-1), CG306 (61 M-1 s-1) and CG337 (41 M-1 s-1). Although the specificity window of GK13S vs. 

CG341 is slightly increased compared to the IC50 measurements (fivefold vs. threefold), there 

is a clear trend in potency, consistent with the LC-MS labelling and IC50 results (Figure 50A,B). 

In line with the LC-MS labelling experiments at 1 µM and different time points (Figure 81, 

appendix, Figure 74B), CG337 showed the slowest binding. The observed differences in 

potency between the improved probes also correlate well with their IC50 values. Overall, the 

slower binding kinetics of the improved probes compared to the parent probe GK13S indicate 

the successful reduction of reactivity to avoid unselective and reactivity-driven off-target 

binding. It is tempting to speculate that an increased ring size correlates with a weaker 

electrophilicity of the cyanamide warhead. This would result in a more specificity-driven 

binding mode, which would be consistent with the increased specificity of the improved probes 

towards UCHL1. Future experiments that calculate or measure the reactivity difference (e.g. 

binding to a free thiol) will provide more detailed information in the future.  

The binding mode was further characterised in a jump-dilution assay (Figure 50G, appendix, 

Figure 77). Over a time period of 10 h, no significant reduction in UCHL1 inhibition was 

observed for GK13S and CG306, compared to the positive probe IAA, characterising both as 

covalent-irreversible inhibitors. Under the same conditions, CG341 showed a slight decrease 

to 85% inhibition after 100-fold dilution (final concentration: 5 nM) for 10 h, suggesting an 

exceptionally slow dissociation and therefore a covalent-reversible binding mechanism. 

Surprisingly, inhibition of UCHL1 was reduced to ~65% after 10 h treatment with CG337. 

Although this still represents a slow reversibility, it also indicates that a different reactivity of 
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the cyanamide warhead can be achieved by sterically and electronically altering its nature, 

which is in line with the observed results of the kobs/[I] kinetic assay. A slight decrease in 

inhibition could also be due to a change in sample properties over time, as the incubation was 

performed at room temperature. This would result in different compositions between the 

samples measured. Additional assays, such as surface plasmon resonance (SPR), will be 

required to further clarify a potential reversibility of the compounds. 

Consistent with a rather specificity-driven binding mode, the binding of both piperazine-based 

probes CG341 and CG306 led to an increase in UCHL1 stability of 7 °C, slightly higher than 

that of GK13S (ΔTm = 6 °C). In comparison, the probe CG337 led to a weaker stabilisation 

(ΔTm = 4 °C), which is in line with its lower IC50 and incomplete protein labelling under 

comparable conditions (Figure 49). Almost none of the minimal probes tested, except CG375, 

showed any protein stabilisation, supporting the specific recognition of their respective parent 

probe by UCHL1. Surprisingly, the CG306-derived minimal probe CG375 resulted in a modest 

1 °C stabilisation of UCHL1, although it did not show any inhibition or covalent protein 

modification under comparable conditions (Figure 50A,B). A possible explanation could be 

that the long alkyl-moiety of CG375 is able to interact with hydrophobic sites in UCHL1, 

thereby stabilising them.  

5.7 CG341 and CG306 successfully prevent binding to USP30 – a common 

target of 3-carboxy-N-cyanopyrrolidines 

In recent years, the interest in developing small molecule inhibitors targeting USP30 greatly 

increased, in particular by pharmaceutical companies. Between 2016 – 2018 at least seven 

patents were filed merely by Mission Therapeutics (WO2016156816A1[104], 

WO2017009650A1[182], WO2017163078A1[230], WO2018060689A1[231], 

WO2018060691A1[232], WO2018060742A1[233], and WO2018065768A1[229]), showing various 

N-cyano-based, covalent USP30 inhibitors (Figure 51A). A large number of inhibitors contain 

3-aminopyrrolidine as a warhead, which is linked to a specificity element in mostly (R)-

configuration. Interestingly, a variety of molecules that feature pyrrolidine warheads with direct 

linkage to a heterocycle (Cpd 8), linkage via an intermediate carbon bridge (Cpd 6), (S)-2-

aminopyrrolidines (Cpd 127) or multiple substitutions at the pyrrolidine ring in different stereo-

orientations (Cpds 1, 28, 70, 174) are reported to inhibit USP30 with submicromolar potency. 

Even piperidine-, morpholine- and piperazine-based inhibitors were reported for USP30 in 

both (R)- and (S)-configuration (Cpds 55+56, 20+33 and 58+57, respectively). Whereas the 

majority of morpholine-based inhibitors shows only poor USP30 inhibition (Figure 51A), (R)-

morpholine-based inhibitor Cpd 20 was reported to inhibit USP30 with an IC50 between 

0.1 – 1 µM. Recently, the lab of Edward W. Tate developed the 3-carboxy-N-cyanopyrrolidine 
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MT16-001[178] in an attempt to develop an activity-based probe for UCHL1. Surprisingly, they 

discovered a dual-reactivity of MT16-001 against UCHL1 and USP30 at 1 µM compound 

concentration (Figure 51B). In conclusions this indicates that USP30 seems to have a high 

affinity for N-cyanopyrrolidine-based inhibitors, but tolerates various linkage types and 

structural properties of the warhead. 

 

Figure 51. N-Cyano-based covalent USP30 inhibitors. A. A selection of USP30 inhibitors with N-

cyano-based warheads from indicated Mission Therapeutics patents. B. Compound MT18-001 was 

found to have dual reactivity towards UCHL1 and USP30. * At 1 µM compound concentration, screened 

against 19 DUBs using fluorescence polarisation (FP) and fluorescence intensity (FI) assays[178]. 

Due to the structural similarity of MT16-001 to GK13S, and because both morpholine- and 

piperazine-based inhibitors have been reported to inhibit USP30[229], the covalent binding of 

the previously optimised probes and their controls (Figure 50A) was assessed by intact 

protein mass spectrometry (Figure 52). Consistent with the presumed high tolerance of the 

USP30 active site to 3-carboxy-N-cyanopyrrolidines, both GK13S and the minimal probe 

GK16S covalently modified USP30 to an extent of 50% and 68%, respectively, after 1 h 

treatment at a concentration of 10 µM. For GK13S this translates into a half-maximal USP30 

inhibition at ~5 µM, which is in line with an IC50 of 2.14 µM as measured in a Ub-Rho cleavage 

assay (appendix, Figure 78). Under the same conditions no binding to USP30 could be 

observed for the morpholine- and piperazine-based probes (Figure 52). This is in agreement 

with the reported inactivity of (S)-cyanomorpholine Cpd33 and (S)-cyanopiperazine Cpd57 

(Figure 51) (IC50 > 10 µM).  
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Figure 52. Intact protein mass spectrometry reveals enhanced selectivity profile of alkylated N-

cyanopiperazines by preventing USP30 binding. LC-MS labelling experiments of indicated 

compounds (10 µM) to 3 µM of UCHL1 (blue), PARK7 (green) or USP30 (blue). were treated with 

indicated compounds (10 μM) or DMSO for 1 h. 1 µM: UCHL1 (0.8 μM) was treated with indicated 

compounds (1 μM) or DMSO for 1 h. Differences in AUC values between compound and DMSO 

samples were calculated and illustrated as a heat map with covalent probe-protein modification in %. 

Values were determined from 2-5 independent experiments. Respective LC-MS spectra are shown in 

appendix Figure 75B. 

In a Ub-Rho assay with reduced incubation time (20 min), GK13S inhibited USP30 near 

equipotent compared to 1 h incubation time (IC50 = 2.27 µM vs. 2.14 µM), while potency 

towards UCHL1 was reduced ~threefold (IC50 = 226 nM vs. 66 nM), indicating a potentially 

more reactivity-driven inhibition of USP30 (Figure 53). Under the same conditions (20 min 

incubation), CG341 (IC50 = 1.48 µM) and CG306 (IC50 = 1.74 µM) show a ~sevenfold potency 

reduction towards UCHL1, while no inhibition of USP30 could be observed, even at high 

concentrations up to 10 µM, confirming the results of the LC-MS labelling experiment (Figure 

52). The overall potency-reduction at shorter incubation times is in line with the time-

dependent reaction of covalent inhibitors. Further, the comparably higher potency difference 

between GK13S and CG341/CG306 is in agreement with the results of the kobs/[I] kinetic assay 

(Figure 50C-F). 

 

Figure 53. Ub-Rho cleavage assay with shorter incubation time clarifies potency differences of 

probe-selectivity between UCHL1 and USP30. A, B. Inhibitory potencies of indicated compounds, 

preincubated with UCHL1 (A) or USP30 (B) for 20 min, determined from a Ubiquitin-Rhodamine 

cleavage assay. Data points are shown for one biological experiment. 
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Overall, these findings indicate an improved selectivity profile of the morpholine- and 

piperazine-based probes towards UCHL1 with regard to PARK7 and USP30 off-target binding. 

Considering all previous labelling experiments and potency measurements, (S)-N-

cyanopiperazines CG341 and CG306 clearly stand out as probes with an excellent selectivity 

profile towards UCHL1, by preventing PARK7 and USP30 binding, while retaining nanomolar 

UCHL1 potency.  

5.8 N-Cyanopiperazines CG306 and CG341 potently inhibit UCHL1 in cells 

In order to evaluate the ability of the probes to inhibit UCHL1 in the background of a complex 

protein mixture, a Ub-VS mediated target engagement assay was employed (Figure 54A,B). 

Following treatment of HEK293 cell lysate for 4 h with 1 µM (Figure 54A) of the probes, 

inhibition of UCHL1 was near complete for GK13S, which is in line with the previous target 

engagement assay (Figure 24B). However, CG341 and CG306 inhibited UCHL1 to the extent 

of only ~40% and ~10%, respectively (Figure 54A), as quantified by the ratio of band 

intensities between free UCHL1 (lower band) and the total amount of UCHL1 (free UCHL1 

and HA-Ub-VS-bound UCHL1). Increasing the probe concentration to 5 µM (Figure 54B) 

resulted in complete UCHL1 inhibition for GK13S and CG341 and ~80% inhibition for CG306. 

These results are in accordance with the lower kobs/[I]-values of the piperazine probes 

compared to GK13S (~fivefold/ ~8-fold lower for CG341 and CG306, respectively) (Figure 

50C-F). Under the same conditions, none of the tested minimal probes did show any inhibition 

of UCHL1, which is in agreement with the LC-MS labelling experiment (Figure 50A) and the 

Ub-Rho cleavage assay (Figure 50B).  

 

Figure 54. N-Cyanopiperazines CG306 and CG341 potently inhibit UCHL1 in HEK293 cell lysate. 

A, B. Comparison of inhibitory potency on cellular UCHL1 for N-cyanopiperazine-based compounds 

and their minimal probes. Western blot analysis of endogenous UCHL1 labelled with HA-Ub-VS after 

treatment of HEK293 cell lysate with indicated compounds or DMSO at either 1µM (A) or 5µM (B) 

concentration for 24 h. Experiments were performed by MSc. M. Schmidt. 

Since CG341 and CG306 were shown to assess UCHL1 in a cellular context to a similar extent 

as GK13S, their specificity was investigated in intact U-87 MG cells, a human cellular system 

already established for the use of the probe pair of GK13S and GK16S. In an ABPP 
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experiment in intact U-87 MG cells at 1 µM (Figure 55A) and 5 µM (Figure 55B) probe 

concentration and 48 h treatment, CG306 showed strong binding of a protein band at the 

height of UCHL1, whereas the related minimal probe CG375 showed no protein labelling 

under these conditions. At a probe concentration of 1 µM, CG341 showed a less prominent 

protein band at the height of UCHL1 compared to the CG306 treated sample (Figure 55A). 

Although increasing the probe concentration of CG341 to 5 µM resulted in a higher overall 

signal of band intensity, as judged by the overall background reduction (Figure 55B), the band 

intensity of the protein at the height of UCHL1 at 1 µM probe treatment appeared to be slightly 

reduced compared to two other bands at the height of ~70 kDa (Figure 55A,B). Furthermore, 

the related minimal probe CG374 showed a weak signal for the potential UCHL1 protein band 

at both concentrations (Figure 55A,B). Importantly, none of the probes tested showed an 

additional protein band at the height of PARK7. 

Figure 55. N-Cyanopiperazines 

CG341 and CG306 show improved 

selectivity towards UCHL1 in cells. A, 

B. Cellular activity-based protein 

profiling of intact U-87 MG cells treated 

with indicated compounds or DMSO at a 

concentration of 1µM (A) or 5µM (B) for 

48 h. 

 

 

 

 

 

To investigate whether the effect of phenocopying a UCHL1 mutant mouse, as shown for 

GK13S (Figure 28A,B), could be replicated with the piperazine probe pairs, quantification of 

free mono-Ubiquitin levels was performed by western blot analysis (appendix, Figure 79). As 

the band intensity for the DMSO control appeared to be reduced compared to the control 

probes (appendix, Figure 79A,B), and the experiment was only repeated once at the current 

time of writing, CG375 was used as a control for quantification of band intensities (appendix, 

Figure 79C), as it showed no protein labelling at probe concentrations up to 5 µM (Figure 

55B). Ubiquitin levels in U-87 MG cells were reduced by 28% after incubation with 5 µM 

GK13S, consistent with the previous experiment (Figure 28B), where a reduction of 32% was 

observed. Under the same conditions, piperazines CG341 and CG306 induced a reduction of 

free Ubiquitin levels by ~17% and ~20%, respectively (appendix, Figure 79C). This is in line 

with their overall reduced potency compared to GK13S (Figure 54A,B) and the observed 
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difference in labelling intensity between CG341 and CG306 as seen on the gel (Figure 

55A,B). Pursuant to the observed faint labelling of UCHL1 by minimal probe CG374 (Figure 

55B), western blot analysis indicated a slight reduction of Ubiquitin levels by ~5% at 5 µM 

probe concentration (appendix, Figure 79B). Reduction of the probe concentration to 1 µM 

led to similar results with a slightly decreased effect on Ubiquitin level reduction (appendix, 

Figure 79A). Since this experiment was only be performed once at the current time of writing, 

these results have to be validated by additional repetitions. 

Collectively, these data imply that piperazine probes CG306 and CG341 both show an 

increased UCHL1 selectivity in cells compared to parent probe GK13S. Neither CG306, nor 

CG341 displayed prominent off-target protein labelling in intact U-87 MG cells (Figure 55A,B), 

compared to a prominent PARK7 protein band in GK13S-treated samples (Figure 19C, 

Figure 21A, Figure 27A). Cellular analysis further indicates a better target engagement for 

CG341 compared to CG306 in HEK293 cell lysate (Figure 54A,B), whereas CG306 shows a 

stronger UCHL1 band intensity in intact U-87 MG cells (Figure 55), indicating an improved 

membrane permeability, further confirmed by an increased ability to reduce free Ubiquitin 

levels (appendix, Figure 79A-C). Since no protein labelling could be observed for the CG306 

related minimal probe CG375 (Figure 54A,B), reactivity-driven off-target labelling seemed to 

be successfully evaded by this type of warhead. Along with its excellent selectivity profile at 

concentrations up to 5 µM in U-87 MG cells (Figure 55), these data qualify CG306 to further 

investigate the function of UCHL1 in a cellular context, even without the necessity for an 

additional control probe. 

Despite superior in vitro properties of CG341, CG306 shows a stronger UCHL1 band intensity 

after treatment of intact U-87 MG cells (Figure 55) and an increased ability to reduce free 

Ubiquitin levels (appendix, Figure 79A-C). This indicates an improved membrane 

permeability of CG306 over CG341, which is in line with its higher calculated miLogP value 

(-1.07 vs. -3.01) (Table 1). The membrane permeability of small molecules is influenced by 

various physicochemical properties such as molecular weight, the quantity of hydrogen bond 

donors and acceptors and their polar surface area[234,235,236]. Previous studies have indicated 

that the number of hydrogen bond donors exposed to solvent in a lipophilic environment is a 

crucial determinant of membrane permeability[234,236]. Small molecules with a higher number 

of exposed amide NH-groups typically exhibit reduced lipophilicity and passive membrane 

permeability due to high desolvation penalties[234]. It has been shown that amide-to-ester 

substitution as well as N-methylation of amide groups that are exposed in a lipophilic 

environment improves membrane permeability.[234,237] Moreover, substitution of a hydrogen- 

by a fluorine-atom was shown to positively influence potency and cell permeability of small 

molecules.[238,239]  
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Figure 56. Different substitutions at the specificity element of CG306 fail to improve membrane 

permeability. A. Schematic representation and covalent, LC-MS derived UCHL1 and PARK7 

modification of CG306-derived probes with shared warhead (-R), but different specificity element. For 

intact protein mass spectrometry UCHL1 (3 μM) or PARK7 (3 µM) were treated with compound (10 μM) 

or DMSO for 1 h. Differences in AUC values between compound and DMSO samples were calculated 

and illustrated as described for Figure 44. Respective LC-MS spectra are shown in appendix, Figure 

80B. B. Inhibition of cellular UCHL1. Western blot analysis of endogenous UCHL1 labelled with HA-

Ub-VS after treatment of intact HEK293 cells with either the indicated compounds or DMSO at 1 µM 

concentration for 24 h. 

In an attempt to further improve membrane permeability of CG306, four analogues were 

synthesised during this thesis, bearing the same warhead as CG306, but different specificity 

elements (Figure 56A). Unfortunately, whether amide-to-ester (CG342), nor amide-to-ether 

(CG338) substitution led to an increased cellular labelling of UCHL1 (Figure 56B). Further, 

introduction of a fluorine in ortho position to the amide bond (CG340) which was thought to 

form F···H-N hydrogen bonds that potentially prevent repulsive interactions with the 

hydrophobic compartment of the cell membrane, failed to increase membrane permeability 

(Figure 56B). Even omission of the alkyne handle (CG356) led to reduced labelling of cellular 

UCHL1 compared to CG306, indicating that the benzylamide scaffold in combination with the 

alkyne handle is positively affecting membrane permeability. Future fluorine substitutions at 

the imidazole ring or N-methylation of the central amide might be able to improve membrane 

permeability of CG306. 
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5.9 Structural basis for enhanced piperazine-specific inhibition of UCHL1 

In order to structurally characterise the binding of the piperazine warhead (CG341, CG306) 

and to identify different binding properties towards the pyrrolidine warhead (GK13S), 

crystallisation of a probe with a piperazine warhead in co-complex with UCHL1 should be 

established. Following lysine methylation, UCHL1 was covalently modified with CG341, as 

binding of the probe showed a higher degree of protein stabilisation (Figure 50H-I). Several 

fine screenings, based on the previously established condition for the meUCHL1~GK13S 

structure, resulted in the formation of crystals from which the structure of UCHL1 in complex 

with CG341 was solved to 2.20 Å resolution (Figure 57A-C). 

 

Figure 57. Structural analysis of specific binding of CG341 to UCHL1. A. Structure and surface of 

UCHL1 (yellow) in complex with CG341 (cyan). The covalently bound active site Cys90 and the 

resolved crossover loop are indicated. B, C. Superposition of all 10 copies within the asymmetric unit 

of the UCHL1~CG341 structure showing the entire protein (B) or the compound binding site (C). 

Labelled residues and the compound are shown as sticks, demonstrating that the same binding mode 

is observed in all copies.  

Compared to meUCHL1~GK13S, no anisotropy scaling was necessary to solve the structure 

of meUCHL1~CG341. Although both structures show 10 copies in their asymmetric unit, they 

differ in their spatial arrangement (appendix, Figure 81A-B) and space group (P1 for 

meUCHL1~CG341 compared to P212121 for the GK13S-bound structure). The ligand density 

of CG341 is remarkably well defined (in 5 copies fully defined, in 5 copies defined up to the 

alkyne handle) (appendix, Figure 81C) and the crossover loop is completely resolved 

(chains A, C, and G) or almost completely resolved (missing crossover loop residues: 

chains B and D: 2, chains E, H, and I: 3, chain J: 4 and chain F: 5). Superposition of all 10 

copies revealed near identical positioning of the ligand in the active site (Figure 57B-C). 

CG341 is covalently bound to the catalytic cysteine Cys90 via an isothiourea with its 

cyanamide warhead, stabilised by the oxyanion hole (Gln84 and Gly87) and the residues of 

the catalytic triad are in hydrogen bonding distance (Figure 58A-B).  
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Figure 58. Piperazine-mediated hydrogen bonding promotes stabilisation of crossover loop.  

A-D. Structure of UCHL1 (yellow) in complex with CG341 (cyan) showing the entire protein (A), the 

catalytic triad and oxyanion hole (B), the compound binding site (C), or the crossover loop (D). CG341 

(cyan) and key interacting residues are shown as sticks. Hydrogen bonds are shown as dotted lines for 

CG341 (cyan). E-H. Superposition of A with the structure of UCHL1 (blue) in complex with GK13S (red) 

(pdb: 7ZM0) showing the same protein sections as in A-D. Hydrogen bonds are shown as dotted lines 

in cyan for CG341 and red for GK13S. Differences in hydrogen binding are indicated with black arrows 

in G. Residues of UCHL1~CG341 adopting a different conformation compared to the GK13S-bound 

structure are indicated with dotted arrows in H. I-K. Superposition of E with UCHL1 (green) in complex 

with Ub-VME (gold) (pdb: 3KW5) showing the same protein sections as in E, G and H. Ubiquitin 

residues mimicked by both CG341 and GK13S are indicated with black arrows (a hydrogen bond 

acceptor, a hydrogen bond donor and the hydrophobic Leu73 side chain). An additional hydrogen bond 

mimicked by CG341 only is indicated with a brown arrow. Residues undergoing a conformational 

change upon Ubiquitin binding are indicated with black arrows in K. 

The protonated N-methyl-piperazine, the central amide and the imidazole ring of CG341 

extend to either side of the active site, forming hydrogen bonds with the backbone of Met6, 

Ile8 and Phe160, which also coordinate the C-terminal peptide of Ubiquitin (Figure 58C, 

Figure 31B). In chains C, D, E and I the decentral amide of CG341 and the backbone of 
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Phe214 are in hydrogen bond distance (Figure 57C, Figure 58C). Closer examination of the 

crossover loop revealed that Cys152 is in hydrogen bond distance to the backbone of Met6 

and the imidazole ring of CG341 (Figure 58D), potentially stabilising the crossover loop. 

Superposition with the GK13S-bound structure (Figure 58E-H) showed overall high similarity 

(Figure 58E) and near identical positioning of the central amide and hydrogen bonding to the 

catalytic triad and oxyanion hole (Figure 58F). However, closer inspection of the compound 

binding site and the crossover loop revealed characteristic differences (Figure 58G-H). The 

hydrogen bond between the carbonyl adjacent to the phenyl ring in CG341 and the backbone 

of Phe214 (Figure 58G) potentially stabilises the C-terminal loop connecting α-helix 8 and β-

sheet 6 of UCHL1 (Figure 58E), which is fully resolved in 9 chains and partly resolved in chain 

D (residues 209-211 missing) (Figure 57B). In comparison, the same loop is only resolved in 

5 chains (B, D, E, H, I) for the GK13S-bound structure (Figure 30B). The most striking 

difference, however, is the additional hydrogen bond between the protonated N-methyl-

piperazine of CG341 and the backbone oxygen atom of Phe160 (Figure 58G, brown arrow). 

Superposition of the two compound-bound UCHL1 structures with the Ubiquitin-bound 

structure (Figure 58I-K) revealed that the protonated nitrogen atom of the piperazine is in 

close proximity to the amide N-atom of Gly76 of the Ubiquitin C-terminus, both stabilising the 

crossover loop via a hydrogen bond to Phe160, whereas this stabilisation is absent in the 

meUCHL1~GK13S structure (Figure 58G). In addition, the benzyl ring of CG341 is slightly 

tilted towards the binding cleft compared to GK13S, resulting in a positioning that more closely 

resembles the hydrophobic side chain of Leu73 of the Ubiquitin C-terminus (Figure 58J). 

Furthermore, binding of CG341 to the active site Cys90 in UCHL1 induces rotation of the 

adjacent Asn88 and the, via a hydrogen bond connected, His143 (Figure 58H). This results 

in an upshift of the active site backbone (Figure 58H, top arrow) as well as the α7 helix (Figure 

58H, bottom arrow). Compared to the Ubiquitin-bound structure, where the crossover loop 

points in the opposite direction of the active site, stabilisation via hydrogen bonding of Cys152 

in the meUCHL1~CG341 structure leads to a different positioning of the crossover loop, closer 

to the active site (Figure 58K); a rearrangement that is hindered in the Ubiquitin-bound 

structure by the large C-terminal Ubiquitin residue Arg74. Since the crossover loop was not 

resolved in any copy of the GK13S-bound structure, the conformational change and 

stabilisation upon additional hydrogen bonding of the piperazine moiety in the CG341-bound 

structure is likely to account for the significant difference in the resolution of the crossover loop 

between the two structures and provides a possible explanation for the different space groups 

and spatial arrangements of their asymmetric unit (appendix, Figure 81A,B). 

Although CG341 and GK13S bind the active site of UCHL1 in a very similar manner (Figure 

58G), closer examination of the warhead binding environment revealed that CG341, but not 
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GK13S, occupies a small cleft in UCHL1 formed by the surrounding residues Pro5, Met6 and 

Cys152 (Figure 59). The piperazine warhead of CG341 directs the N-methyl substituent into 

the aforementioned pocket (Figure 59B) that is unoccupied in the GK13S-bound structure 

(Figure 59C), demonstrating a better recognition of CG341 by UCHL1 and further contributing 

to its specificity.  

 

Figure 59. The N-methyl piperazine moiety of CG341 occupies a small cavity near the active site 

of UCHL1. A. Superposition of UCHL1~CG341 with UCHL1~GK13S and close-up view of a small cleft 

near the active site, formed by the indicated residues. B-C. Structures of UCHL1~CG341 (B) and 

UCHL1~GK13S (C) in surface representation, showing the same protein section as in A. The black 

arrow indicates a small cavity near the active site of UCHL1 formed by Pro5, Met6 and Cys152. 

Taken together, CG341 induces a similar hybrid conformation as GK13S, but is able to 

undergo additional hydrogen bonding (Figure 58G). This triggers a slight conformational 

change (Figure 58H) leading to stabilisation of the crossover loop. The stabilisation of the 

protein by additional hydrogen bonding is consistent with the higher melting temperature of 

UCHL1 upon CG341 binding, compared to GK13S binding (Figure 50H). Although the 

piperazine warhead of CG341 was shown to bind considerably slower than the pyrrolidine 

warhead of GK13S (Figure 50C-F), the enhanced ability of CG341 to mimic the Ubiquitin C-

terminal tail, together with the additional occupancy of a small cavity near the active site of 

UCHL1 (Figure 59), demonstrates that CG341 is more tightly recognised by UCHL1 than 

GK13S. This further supports the hypothesis of a more specificity-driven binding mechanism 

of the piperazine- compared to the pyrrolidine warhead, providing an explanation for the 

enhanced UCHL1 specificity of CG341 towards off-target proteins such as PARK7 and 

USP30, compared to GK13S (Figure 52). 
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6 A dual-functional-warhead approach to address novel DUBs 

(Project 3) 

Structural information about specific inhibitors with cellular potency is only available for a 

limited number of DUBs[156,240], including USP14[241], USP7[240,242], and the coronavirus 

protease PLpro[243]. It is noteworthy that in these cases, despite the entirely different DUB fold, 

the C-terminal tail of Ubiquitin is recognised via a tube-like structural scaffold, similar to the 

crossover loop of UCHL1, featuring the property of being solvent-accessible at both ends 

(Figure 60). 

 

Figure 60. The general recognition of the Ubiquitin C-terminus by DUBs is based on a shared, 

structural scaffold, that is solvent accessible at both ends. A-D. Selection of structurally 

characterised DUB inhibitors of USP7 (A), USP14 (B), SARS PLpro (C) and UCHL1 (A). Shown is a 

close-up view of their binding pockets from Ubiquitin-bound co-crystal structures. E. Close-up view of 

the UCHL1~CG341 binding pocket. Same orientation as in A-D. The black arrows indicate solvent-

exposed areas offering potential space for additional alkyne-handle modifications. F. Backside view of 

E. The red arrow indicates the putative position of the alkyne-handle in probes CG225 and CG227. 

This characteristic makes it likely for ABPs, that bind to the active site and additionally present 

an alkyne-handle that is connected to the warhead, to still be accessible for click-chemistry 

(Figure 60, black arrows). Based on this hypothesis, cyclic, N-cyano-nitrile containing, 

putative DUB-targeting warhead-precursors of different ring size were designed and 

synthesised, bearing an additional alkyne handle for biorthogonal functionalisation and a 

carboxylic acid group for readily connection to various specificity elements (Figure 61A). 
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Figure 61. Cellular activity-based protein profiling of a selection of probes with warhead-

attached alkyne handle indicated general feasibility of the dual-functional-warhead approach. A. 

A selection of dual functional warheads was designed and synthesised based on commercially available 

4-6 membered ring scaffolds. B. Dual-functional-warheads from A were fused to Cpd118-precursor 

CG113 to generate the illustrated activity-based probes. Then binding of these probes (10 µM) to 

recombinant UCHL1 (3 µM) was evaluated by intact protein mass spectrometry. For related LC-MS 

spectra see appendix, Figure 82. C, D. Cellular activity-based protein profiling of intact HEK293 cells 

treated with indicated compounds or DMSO for 24 h (upper panel) as well as associated western blot 

analysis of cellular UCHL1 labelled with HA-Ub-VS (lower panel). Assays in C-D were performed by 

MSc. M. Schmidt. 

To initially validate, if DUB-binding of dual-functional warhead-bearing molecules is still given, 

the UCHL1-specific binding element of GK13S parent inhibitor CG118 was fused to the new 

developed warheads and UCHL1 binding assessed in vitro (Figure 61B). At a probe 

concentration of 10 µM, 2-carboxy-N-cyano-piperazines CG225 and CG227 and cyclobutene-

based probe CG233 did not show any covalent modification of UCHL1. Future studies have 

to reveal whether this could be explained by the general disability of these types of warheads 

to label UCHL1. Likewise, 3-carboxy-N-cyanopyrrolidine CG239 did not bind to UCHL1 under 

these conditions, but CG238-SYN and CG238-ANTI were able to label UCHL1 in full extent. 

This is in line with the results of the labelling experiments (Figure 44) of their analogue probes 
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CG287 and CG385, respectively. While the rather short alkyne-handle of 3-carboxy-N-

cyanopiperazine CG224 might clash with the active site of UCHL1 (Figure 60F, red arrow) 

and hence counteract binding (~60% UCHL1 modification, Figure 61B), CG306-analogue 

CG226 demonstrated full UCHL1 modification, which is in agreement with previous CG306 

labelling experiments (Figure 49, Figure 50A) and available, solvent accessible space as 

judged from the meUCHL1~CG341 co-crystal structure (Figure 60F, red arrow).
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7 Summary and Conclusion (Project 2 & 3) 

A crystal structure of PARK7 in co-complex with the minimal probe GK16S revealed 

differences in the binding site compared to that of UCHL1 (Figure 39). Whereas UCHL1 

features a broader binding site environment surrounding the pyrrolidine warhead of GK13S, 

the binding cleft of PARK7 is rather enclosing the same structural element in the GK16S-

bound structure. Following the reported activity of truncated GK13S analogues towards 

UCHL1 (Figure 40), the design of probes based on a GK13S binding element, but with 

modifications at the pyrrolidine ring was established (Figure 41). Computational docking of 

the designed probes into the GK13S binding environment of UCHL1 revealed that binding of 

almost all probes is theoretically possible, while maintaining a similar binding position of the 

warhead as in the GK13S-bound structure (Figure 42). Five analogues of GK13S with 

substitutions at different positions of the pyrrolidine ring and in varying stereochemical 

configurations were planned to be synthesised (Figure 43, Scheme 11-Scheme 17). During 

the synthesis of the acid precursors for probes CG287 and CG288, epimerisation, based on 

deprotonation of an acidic Cα-atom led to the formation of the less sterically hindered anti-

intermediate (CG281) in large access. As a consequence, only the pure anti-oriented probe 

CG287 could be synthesised (Scheme 12). Similar difficulties were encountered in the 

synthesis of syn- and anti-CG385 (Scheme 14). Although syn- and anti-CG373 could be 

successfully separated by preparative HPLC, subsequent basic ester hydrolysis resulted in 

deprotonation of a Cα-atom at C4-position of the pyrrolidine ring. This resulted in 

1) epimerisation that led to the formation of only anti-CG385, which appears to be the 

thermodynamically favoured product, and 2) elimination of MeOH with formation of a double 

bond between the C2- and C3-atoms of the pyrrolidine ring (Scheme 15). 

After effective synthesis of the probes CG287, anti-CG385 and CG390 with pyrrolidine ring-

modifications at the C2-, C3- and C5-positions, respectively, in vitro characterisation revealed 

potent, nanomolar inhibition of recombinant UCHL1 by probes CG385 and CG390, whereas 

CG287 showed no UCHL1 binding (Figure 45). The high rotational freedom of the methyl-

methoxy group at the warhead of CG287 could either lead to a different orientation in the 

binding site of UCHL1 as predicted (Figure 42B) and thereby impede binding, or prevent the 

probe from locking UCHL1 in a compound-induced hybrid conformation, a process critical for 

binding of GK13S (Figure 32). To rule out false negative binding of CG287 due to incorrect 

stereochemistry of the educts or errors during synthesis, chiral HPLC could in future provide 

information on the actual stereo configuration of CG287. However, even the (R)-isomer of 

GK13S (GK13R) inhibited recombinant UCHL1 with an IC50 of 2 µM (vs. 66 nM for GK13S), 
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whereas no significant degree of inhibition could be observed for CG287, disqualifying the 

probe for further studies regardless of its stereo configuration. 

While both GK13S and CG385 showed equipotent binding to PARK7 and UCHL1 in vitro at a 

concentration of 10 µM (Figure 44), an improved UCHL1 over PARK7 selectivity was 

observed for CG390. Cellular characterisation in HEK293 cell lysate revealed reduced off-

target labelling for CG390 compared to the other probes tested. However, a prominent protein 

band at the height of PARK7 indicated that CG390 does not retain UCHL1 selectivity in a 

cellular environment. Further cellular target validation by siRNA-mediated knockdown of 

UCHL1 and PARK7 is required to verify the identity of the protein bands. 

By changing the warhead to a piperidine scaffold in CG305, PARK7 labelling was effectively 

prevented even at a probe concentration of 10 µM (Figure 47A-C). To antagonise the 

associated ~20-fold reduction in UCHL1 potency compared to GK13S (IC50 of 1496 nM vs. 

66 nM), morpholine and piperazine warhead analogues of CG305 with different 

physicochemical properties were designed and synthesised (Figure 47D, Table 1, Figure 

48). In-depth in vitro characterisation revealed that the 3-carboxy-N-cyanopiperazines CG306 

and CG341 exhibit high UCHL1 over PARK7 selectivity (Figure 49, Figure 62), while retaining 

UCHL1 potency with IC50 values of 254 nM and 191 nM, respectively (Figure 50A-B). While 

GK13S shows additional in vitro labelling of the DUB USP30, a common (off-)target of N-

cyanopyrrolidine-based inhibitors, both N-cyanopiperazines were able to prevent USP30 

labelling (Figure 52). An ongoing DUB-wide in vitro screen will provide further details on the 

selectivity profile of cyanopiperazines versus cyanopyrrolidines. 

The rate constant kobs/[I], which describes the covalent mode of inhibition, was found to be 

lower for CG341 and CG306 compared to GK13S (kobs/[I] = 94 M-1 s-1 and 61 M-1 s-1 vs. 492 M-

1 s-1), indicating a more selectivity-driven binding mechanism (Figure 50C-G) that could lead 

to the observed improvement in selectivity towards off-target protein labelling. Further 

improvement in UCHL1 potency and/or acceleration of binding to UCHL1 could be achieved 

by further modification of the piperazine warhead. Homopiperazine, for instance, adopts a 

pseudo-chair conformation with flexible N-N distance depending on the presence and nature 

of a bridged ring system[223]. Since chemical constitution of the warhead seemed to greatly 

influence UCHL1 potency and selectivity of the probe, the conformational flexibility of the 

homopiperazine scaffold may offer new perspectives and opportunities to further improve 

binding properties.  

Neither CG306 and CG341, nor their related minimal probes CG374 and CG375, showed 

labelling of a protein band at the height of PARK7 in intact U-87 MG cells (Figure 55). 

Furthermore, none of these probes showed covalent binding to recombinant PARK7 (Figure 
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50A), ruling out a fully reversible binding mode, highlighting their value for the specific 

investigation of cellular UCHL1 (Figure 62). Both CG341 and CG306, but not their minimal 

probes, were able to phenocopy the effect of reduced mono-Ubiquitin levels upon mutant 

UCHL1 overexpression, as shown for GK13S (Figure 28A,B), but with slightly reduced 

efficiency. This not only validates the use of U-87 MG cells as a suitable model system for 

UCHL1-dependent phenotypes, but also highlights the success of optimising the selectivity of 

GK13S in terms of reduced off-target labelling of piperazine-based probes towards UCHL1. 

 

Figure 62. Schematic summary of project 1 and 2. In-depth in vitro and co-crystal structure analysis 

of the chemogenomic probe pair GK13S and GK16S in combination with ABPP revealed PARK7 as the 

major off-target protein of 3-carboxy-N-cyanopyrrolidines. A Change of the warhead to a 3-carboxy-N-

cyanopiperazine moiety could be shown to effectively avoid PARK7 and also USP30 off-target labelling 

in vitro and in cells. 

The crystal structure of UCHL1 in co-complex with CG341 (Figure 57) shows a high overall 

similarity to the GK13S-bound structure (Figure 58E), and both GK13S and CG341 induce a 

homologous hybrid conformation in UCHL1 (Figure 58E-K) and bind to the active site of 

UCHL1 in a closely related manner (Figure 58F,G). However, detailed comparison of the two 

structures revealed that the different size, shape and composition of the piperazine warhead 

of CG341 facilitates additional interactions with the UCHL1 binding site (Figure 58G,H), 

accounting for the observed improvement in selectivity of piperazine-based probes towards 

UCHL1 (Figure 62). Binding of CG341 induces a slight conformational change compared to 

the GK13S-bound structure (Figure 58H), and the protonated N-methyl piperazine moiety 

allows for additional hydrogen bonding (Figure 58G,H) as well as hydrophobic interactions 

with a small cavity near the active site (Figure 59). Notably, the involvement of crossover loop 

residues Phe160 and Cys152 in these interactions contributes significantly to the stabilisation 

of the crossover loop of UCHL1, a feature lacking in the GK13S-bound structure (Figure 30A). 

Although catalysis of UCH enzymes does not rely on the physical integrity of the crossover 

loop, it provides connectivity for critical active site residues.[244] In the absence of substrate, 

the crossover loop is flexible and often not visible in crystal structures, as seen in the structure 

of GK13S in co-complex with UCHL1 (Figure 30A, D, Figure 58E). The functional significance 
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of this loop and its dynamic behaviour during catalysis remains unclear, but it has been 

suggested that the loop contributes to the precise positioning of the active site of the enzyme 

to accommodate the substrate.[244] The structural integrity of the crossover loop provides the 

basis for future studies in order to understand its functions in catalysis. It contributes a 

structural basis for the design of novel inhibitors with improved crossover loop stabilisation 

features to further enhance UCHL1 selectivity. In addition, the crossover loop residue Cys152 

may serve as an additional site for covalent modification by probes with “dual”-warheads, an 

approach that has been shown to significantly increase target protein selectivity of inhibitors 

targeting fibroblast growth factor receptors (FGRs) and potentially overcome drug-induced 

resistant mutations.[245] 

Comparison of available Ubiquitin-bound DUB crystal structures revealed a common structural 

tube-like scaffold that guides the Ubiquitin C-terminal peptide to the catalytic cysteine (Figure 

60). Based on the property of the scaffold to be solvent accessible at both ends, novel dual-

functional warheads were synthesised to readily generate libraries of diverse, DUB-targeting 

probes. Proof of concept was achieved by demonstrating that the known UCHL1-binding 

scaffold of CG118, fused to a 3-carboxy-N-cyanopyrrolidine warhead with an alkyne handle 

on the pyrrolidine ring, is still able to access cellular UCHL1 association. It is tempting to 

speculate that the tubular structural scaffold of other DUBs (Figure 60) may also allow 

targeting of probes with dual-functional warheads, and that the additional alkyne moiety may 

help to prevent binding to non-DUB proteins, as seen with CG238-ANTI. Thereupon, a library 

of ABPs with warheads of different ring sizes and shapes, fused to a variety of readily 

accessible specificity elements will have to be synthesised in the future. Cellular and 

biochemical target engagement of these probes will hopefully confirm the advantage of this 

approach and identify novel DUB targets. 

In conclusion, the results of this thesis shed light on the molecular mechanism underlying the 

specificity of the pyrrolidine-based small molecule probe GK13S and the piperazine-based 

probes CG341 and CG306 towards UCHL1. The findings of the study have important 

implications for the development of more specific and effective tools to target and investigate 

UCHL1 and other DUBs in disease relevant pathways. The study highlights the importance of 

a conformational adaptability in the specificity of inhibitors targeting UCHL1 and provides a 

basis for future studies aimed at developing new drugs targeting UCHL1 and other members 

of the UCH family of DUBs. It also proposes a dual-functional warhead approach that can 

serve as a starting point for the easy generation of large and diverse ABP libraries to identify 

new and specific DUB-targeting probes, thereby helping to investigate the importance of these 

DUBs in disease-relevant pathways or enabling the development of novel drugs.
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8 Outlook 

Worryingly, numerous papers have relied on LDN-57444 as a compound, despite its inherent 

limitations. These studies have been widely cited and have formed the basis for follow-up 

studies. For example, LDN-57444 has been used in cancer-related research to identify UCHL1 

as a prognostic marker in neuroblastoma cell differentiation, and attempts have been made to 

improve its aqueous solubility for the treatment of invasive carcinomas.[246] However, recent 

data suggest that LDN-57444 lacks the necessary potency and selectivity to serve as a reliable 

UCHL1 probe, casting doubt on the robustness of these studies.[1,177] To complicate matters 

further, LDN-57444 contains an N-oxime chemical moiety, which is known to be unstable at 

mildly acidic or physiological pH, making interpretation of experiments with this compound 

difficult.[247] In the field of successful drug discovery, the use of high quality chemical probes 

plays a critical role in the validation of biological targets. Unfortunately, the use of poor quality 

probes such as LDN-57444 can easily lead to misleading results in these investigations. A 

truly high quality probe must possess experimentally proven attributes, including high potency, 

selectivity, cellular efficacy, and permeability, to serve as a reliable tool for testing biochemical 

hypotheses and validating novel therapeutic targets.[248,249] The probe pair GK13S & GK16S 

as well as the probes CG341 and CG306 stand out as high quality chemical probes, with 

GK13S & GK16S currently commercially available. They are valuable for the study of UCHL1 

not only in cancer-related pathways, but also in any disease or mechanistic investigation 

involving UCHL1. Their versatility extends to other cancer contexts where UCHL1 plays a role 

in regulating EGFR expression, such as EGFR+ colorectal cancer[250], drug-resistant breast 

cancer[251] as well as thyroid and glioma carcinomas[252]. In addition, they can find relevance 

in cancers that respond to UCHL1 inhibition, such as non-small-cell lung cancer (NSCLC), 

where UCHL1 has recently been shown to regulate the expression of programmed cell death 

ligand 1 (PD-L1) within the AKT/P65 signalling pathway.[253] Beyond cancer, the probes may 

serve as powerful tools to explore UCHL1-mediated TGF-β signalling in non-cancerous 

contexts, such as cardiac remodelling.[254] They will be useful tools for understanding the 

intricate involvement of UCHL1 in maintaining protein quality control and preventing protein 

aggregation, thereby helping to uncover important insights into the mechanisms underlying 

neurodegenerative diseases such as Alzheimer's, Parkinson's, and Huntington's disease.[255] 

By helping to identify how UCHL1 dysfunction or dysregulation contributes to the accumulation 

of toxic protein aggregates and neuronal damage, the probes may advance the development 

of targeted therapies aimed at restoring proper protein degradation pathways and ameliorating 

disease progression, particularly with regard to their non-toxic properties. 
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In future investigations, it will be essential to gain a comprehensive understanding of the 

regulatory mechanisms that control UCHL1 expression and activity, as current knowledge 

remains limited. Demonstrating the impact of modulating UCHL1 on disease-related pathways 

using the herein described probes could provide stronger evidence of its relevance to disease 

progression and pave the way for the development of more effective and targeted treatments. 

Due to their non-toxic properties, the probes could be optimised to design therapeutic 

compounds that modulate UCHL1 activity in a controlled and safe manner, potentially leading 

to innovative treatments for neurodegenerative diseases and cancer. Non-toxic UCHL1-

targeting probes could also have diagnostic applications. They could be used to monitor 

UCHL1 activity levels in patient samples or living organisms, providing insights into disease 

progression and response to treatment. This could contribute to early diagnosis and 

personalised medicine approaches. In essence, the herein described, specific and non-toxic 

UCHL1-targeting small molecule-based probes could revolutionise our understanding of the 

role of UCHL1 in diseases, allowing precise control of its activity and shedding light on its 

contribution to cancer and neurodegenerative diseases. This knowledge could pave the way 

for the development of novel treatments and diagnostic tools for these challenging diseases. 
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8 Appendix 

 

Figure 63. Identification of cellular targets. Proteomics-based target identification of indicated 

probes. Volcano plots show the relative label-free abundance ratio (fold change) of proteins between 

indicated samples. Compare Figure 21C. Cells were treated for 24 h at indicated concentrations. 

UCHL1, PARK7 and the PARK7-homologue C21orf33 are marked in red. Assays were performed and 

evaluated by MSc. M. Schmidt. 

 

 

Figure 64. Cellular target validation of the probe pair GK13S and GK16S. A. Target validation 

through siRNA-mediated knockdown of UCHL1 and PARK7 in HEK293 cells after treatment with 

indicated compounds (1 μM, 1 h). Fluorescence gel band identities of UCHL1 and PARK7 derived from 

western blots are shown as black arrows. B, C. Determination of sites of covalent modification through 

overexpression (OE) of Flag-UCHL1 (wt and C90A active site mutant, B) and Flag-PARK7 (wt and 

C106A active site mutant, c) in HEK293 cells after treatment with indicated compounds (1 μM, 1 h). wt, 

wildtype. Assays were performed and evaluated by MSc. M. Schmidt. 
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Figure 65. In vitro characterisation of probe binding. A, B. Intact protein mass spectrometry data of 

indicated compounds binding to recombinant UCHL1 (A) or PARK7 (B). UCHL1 (3 μM) or PARK7 

(3 µM) were treated with compounds (10 μM) or DMSO for 16 h. Observed masses were assigned to 

given species with listed expected masses. 

 

 

Figure 66. Dialysis dilution assay. UCHL1 was treated with DMSO or an excess of GK13S (upper 

panel), then diluted 5-fold with PBS or 5 M urea as indicated, dialysed overnight into PBS and its protein 

mass was determined (lower panel). 
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Figure 67. 2-, but not 3-carboxy-N-cyanopyrrolidines induce apoptosis in U-87 MG cells.  

A. Quantification of U-87 MG confluency observed at 24, 48 and 72 h post treatment with 1.3 μM of the 

indicated compounds. Confluency is normalised to that observed at 0 h. Data are shown as means of 

N = 3 independent experiments. Error bars represent standard deviation. B. Quantification of U-87 MG 

PI positive cells observed at 24, 48 and 72 h post treatment with 1.3 μM of the indicated compounds. 

Confluency is normalised to that observed for DMSO at each time point. PI positive cell confluency is 

adjusted to overall cell confluency. Data are shown as means of N = 3 independent experiments. Error 

bars represent standard deviation. C. Quantification of U-87 MG confluency observed at 24, 48 and 

72 h post treatment with 5 μM of the indicated compounds as in A. Data are shown as means of N = 3 

independent experiments. Error bars represent standard deviation. D. Quantification of U-87 MG PI 

positive cells observed at 24, 48 and 72 h post treatment with 5 μM of the indicated compounds as in 

B. Data are shown as means of N = 3 independent experiments. Error bars represent standard 

deviation. E. Structural comparison of probe CG173 and corresponding minimal probe HK02S.  

F. Western blots showing that depletion of PARK7 in U-87 MG does not change mono-Ubiquitin levels. 

Quantitation as in Figure 28A. N = 3, values are plotted as mean ± standard error of the mean. 

Statistical significance was analysed using a one sample, two-tailed t-test compared to the mean of ‘1’ 

as set for the siScr samples. ns, not significant. G. Western blots showing effective depletion of PARK7 

in U-87 MG cells (left panel). Samples were treated with DMSO for 48 h to exactly mimic the conditions 

used for experiments shown in Figure 28A. Western blots showing mono-Ubiquitin levels in PARK7-

depleted U-87 MG cells treated with GK13S or GK16S (right panel). Compare Figure 28A. The assay 

was performed, and data as well as graphs kindly provided by Dr. Rachel O’Dea and MSc. Kai Gallant. 
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Figure 68. Individual cartoon representations of all 10 copies of the asymmetric unit of 

UCHL1~GK13S. UCHL1 is shown in cartoon representation. GK13S is shown as sticks with the 

electron density map overlaid in grey and contoured at 0.8 σ corresponding to the weighted |2F0 -FC| 

electron density. 

 

Figure 69. Full sequence alignment of human Ubiquitin C-terminal Hydrolase (UCH) family 

members. Secondary structure assignments are based on the UCHL1~GK13S structure. 
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Figure 70. Intact protein mass spectrometry data of indicated UCH catalytic domains, treated 

with GK13S where indicated. Enzyme (3 μM) was treated with compound (10 μM) or DMSO for 1 h. 

 

 
Figure 71. Intact protein mass spectrometry data of indicated UCHL3 catalytic domains, 

treated with GK13S where indicated. Enzyme (3 μM) was treated with compound (10 μM) or DMSO 

for 1 h. 
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Table 2. Data collection and refinement statistics for meUCHL1~GK13S. 

 

UCHL1methylated~GK13S 
(PDB code: 7ZM0) 

Data collection  

Beamline SLS – PX2 

Wavelength 1.000 Å 

Space group P 212121 

Cell dimensions  

    a, b, c (Å) 101.93, 144.41, 158.25 

       ()  90, 90, 90 

Anisotropy correction yes 

Observed reflections 421721 

Unique reflections 63622 

Resolution (Å) 62.50 – 2.24  
(2.54 – 2.24) 

Ellipsoidal resolution 
limits (Å) [direction] 

3.22 [a*] 
2.70 [b*] 
2.20 [c*] 

Rmerge 0.053 (0.457) 

Rmeas 0.057 (0.499) 

I/(I) 18.0 (3.4) 

CC1/2
 1.000 (0.917) 

Spherical Completeness (%) 56.3 (10.7) 

Ellipsoidal Completeness (%) 95.2 (83.0) 

Redundancy 6.6 (6.3) 

Wilson B (Å2) [direction] 111 [a*] 
71 [b*] 
42 [c*] 

Refinement 
 

Copies / a.s.u. 10 

Resolution (Å) 2.24 Å 

No. reflections 63574 

Rwork / Rfree (%) 24.0 / 28.8 

No. atoms 16195 

    Protein 15574 

    Ligand 290 

    Water 331 

B factors (Å2) 62.7 

    Protein (Å2) 62.9 

    Ligand (Å2) 69.7 

    Water (Å2) 47.9 

R.m.s.d.  

    Bond lengths (Å) 0.003 

    Bond angles () 0.51 

Ramachandran (favored / 
allowed / outlier) (%) 

98.2 / 1.8 / 0 

Clashscore 4.8 

Rotamer outliers (%) 1.6 

  
The dataset was collected from a single crystal. Values in parentheses are for highest-resolution shell.  
a.s.u., asymmetric unit. R.m.s.d., root mean square deviations. 
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Figure 72. LC-MS binding characterisation of pyrrolidine (A)- and piperidine (B)-derivatives of 

GK13S to UCHL1 and PARK7. A, B. Intact protein mass spectrometry data of indicated compounds 

binding to recombinant UCHL1 or PARK7. UCHL1 (3 µM) or PARK7 (3 µM) were treated with 

compounds (10 μM) or DMSO for 1 h. Observed masses were assigned to given species with listed 

expected masses. 

 

 

Figure 73. LC-MS binding characterisation of piperidine-, morpholine- and piperazine derivatives 

to UCHL1 (A) and PARK7 (B). A, B. Intact protein mass spectrometry data of indicated compounds 

binding to recombinant UCHL1 (A) or PARK7 (B). UCHL1 (3 μM) or PARK7 (3 µM) were treated with 

compounds (10 µM) or DMSO for 1 h. Observed masses were assigned to given species with listed 

expected masses. 
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Figure 74. LC-MS binding characterisation of piperidine-, morpholine- and piperazine derivatives 

to UCHL1. A, B. Intact protein mass spectrometry data of indicated compounds binding to recombinant 

UCHL1. UCHL1 (0.8 µM) was treated with indicated compounds (1 µM) or DMSO for 1 h (A) or 14 h 

(B). Observed masses were assigned to given species with listed expected masses. 

 

 
Figure 75. LC-MS binding characterisation of piperidine-, morpholine- and piperazine derivatives 

to UCHL1, PARK7 and USP30. A, B. Intact protein mass spectrometry data of indicated compounds 

binding to recombinant UCHL1 (A, left panel), PARK7 (A, right panel) or USP30 (B). Enzymes (3 µM) 

were treated with indicated compounds (10 µM) or DMSO for 1 h. Observed masses were assigned to 

given species with listed expected masses. 
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Figure 76. kobs/[I] kinetic assay. Ubiquitin-Rhodamine cleavage assay of indicated probes and 

concentrations. Rate constants kobs were determined from the linear slope of the plot and then plotted 

against inhibitor concentrations as shown in the main text. 

 

Figure 77. Jump-dilution assay. UCHL1 was treated with DMSO or an excess of indicated compound, 

thendiluted 100-fold, and its activity measured in Ub-Rhodamine cleavage assays after indicated 

timepoints. 

 

Figure 78. Inhibitory potency of GK13S binding to USP30 as determined from a Ubiquitin rhodamine 

cleavage assay. Compare Figure 50B. IC50 values were determined from 2 independent experiments 

and are given as mean ± standard deviation.  
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Figure 79. N-Cyanopiperazines CG341 and CG306 are able to phenocopy a UCHL1 mutant 

mouse. A-B. Western blots showing mono-Ubiquitin levels in U-87 MG cells treated with indicated 

compounds at 1µM (A) or 5µM (B) concentration. C. Quantification of mono-Ubiquitin intensities from 

A and B. Experiments were performed by MSc. M. Schmidt. 

 

 

Figure 80. LC-MS binding characterisation of CG306 derivatives to UCHL1 (A) and PARK7 (B). 

A, B. Intact protein mass spectrometry data of indicated compounds binding to recombinant UCHL1 

(A) or PARK7 (B). UCHL1 (3 μM) or PARK7 (3 µM) were treated with compounds (10 µM) or DMSO 

for 1 h. Observed masses were assigned to given species with listed expected masses. 
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Figure 81. A, B. Asymmetric unit (a.s.u.) of the solved UCHL1~GK13S (A) and UCHL1~CG341 (B) 

structures including all 10 copies. The individual chains are shown in cartoon representation with the 

electron density map overlayed in grey and contoured at 0.8 σ corresponding to the weighted |2F0 -FC| 

electron density. C. Individual cartoon representations of all 10 copies of the asymmetric unit of 

UCHL1~GK13S. UCHL1 is shown in cartoon representation. GK13S is shown as sticks with the electron 

density map as in A and B. C. Individual cartoon representations of all 10 copies of the asymmetric unit 

of UCHL1~CG341. UCHL1 is shown in cartoon representation. GK13S is shown as sticks with the 

electron density map as in A and B. 
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Table 3. PARK7~GK16S. Data collection and refinement statistics. 

 PARK7~GK16S 

(PDB code: 8PPW) 

Beamline SLS – PX2 

Wavelength 1.000 Å 

Resolution range 35.23  - 1.53 (1.585  - 1.53) 

Space group P 65 2 2 

Unit cell 66.823 66.823 177.59 90 90 

120 

Total reflections 576332 (60186) 

Unique reflections 36047 (3506) 

Multiplicity 16.0 (17.2) 

Completeness (%) 99.07 (98.34) 

Mean I/sigma(I) 31.63 (2.31) 

Wilson B-factor 27.30 

R-merge 0.03934 (1.416) 

R-meas 0.04067 (1.458) 

R-pim 0.01015 (0.3453) 

CC1/2 1 (0.768) 

CC* 1 (0.932) 

Reflections used in 

refinement 

36039 (3505) 

Reflections used for R-free 1812 (183) 

R-work 0.1645 (0.3225) 

R-free 0.1825 (0.3566) 

CC(work) 0.967 (0.860) 

CC(free) 0.956 (0.815) 

Number of non-hydrogen 

atoms 

1592 

  macromolecules 1360 

  ligands 15 

  solvent 217 

Protein residues 186 

RMS(bonds) 0.007 

RMS(angles) 0.92 

Ramachandran favored (%) 98.91 

Ramachandran allowed (%) 0.54 

Ramachandran outliers (%) 0.54 

Rotamer outliers (%) 0.00 

Clashscore 1.45 

Average B-factor 35.94 

  macromolecules 33.97 

  ligands 49.33 

  solvent 47.38 

Number of TLS groups 10 

The dataset was collected from a single crystal. Values in parentheses are 
for highest-resolution shell.  
a.s.u., asymmetric unit. R.m.s.d., root mean square deviations.  
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Table 4. meUCHL1~CG341. Data collection and refinement statistics. 

 meUCHL1~CG341 

(PDB code: 8PW1) 

Beamline SLS – PX2 

Wavelength 1.000 Å 

Resolution range 51.61  - 2.20 (2.279  - 2.20) 

Space group P 1 

Unit cell 69.629 77.753 126.465 

94.0933 104.06 113.798 

Total reflections 409398 (38934) 

Unique reflections 115147 (11238) 

Multiplicity 3.6 (3.5) 

Completeness (%) 98.08 (95.56) 

Mean I/sigma(I) 11.19 (1.47) 

Wilson B-factor 53.57 

R-merge 0.04799 (0.8749) 

R-meas 0.05681 (1.036) 

R-pim 0.03 (0.5467) 

CC1/2 0.995 (0.641) 

CC* 0.999 (0.884) 

Reflections used in 

refinement 

115086 (11223) 

Reflections used for R-free 5769 (595) 

R-work 0.2285 (0.3734) 

R-free 0.2703 (0.4107) 

CC(work) 0.957 (0.767) 

CC(free) 0.948 (0.673) 

Number of non-hydrogen 

atoms 

16561 

  macromolecules 16024 

  ligands 310 

  solvent 227 

Protein residues 2196 

RMS(bonds) 0.003 

RMS(angles) 0.51 

Ramachandran favored (%) 98.23 

Ramachandran allowed (%) 1.77 

Ramachandran outliers (%) 0.00 

Rotamer outliers (%) 1.15 

Clashscore 5.71 

Average B-factor 80.79 

  macromolecules 81.29 

  ligands 66.23 

  solvent 65.63 

Number of TLS groups 51 

The dataset was collected from a single crystal. Values in parentheses are 
for highest-resolution shell.  
a.s.u., asymmetric unit. R.m.s.d., root mean square deviations.  
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Figure 82. Intact protein mass spectrometry data of indicated dual-functional-warhead-based 

probes. UCHL1 (3 μM) was treated with compound (10 μM) or DMSO for 1 h. Observed masses were 

assigned to given species with listed expected masses. 
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9 Methods 

9.1 Biological Methods 

Methods for all biological experiments performed by other members of the lab, including Ubiquitin-probe 

assays, western blots, cellular target ID and target validation experiments, proteomic profiling, cell 

viability measurements and cellular characterisation experiments are not part of this thesis (for detailed 

contribution see chapter "Disclaimer"). Detailed information on these methods can be found either in 

Grethe and Schmidt et al.[1], in the PhD thesis of Mr M. Schmidt[4], or in the bachelor and master thesis 

of MSc. G. M. Kipka.[2,3] 

Cloning and constructs 

Human UCHL1 (UniProt: P09936, residues: 1-223), UCHL3 (UniProt: P15374, residues: 1-230), 

UCHL5 (UniProt: Q9Y5K5, residues: 1-228), BAP1 (UniProt: Q92560, residues: 1-235), and PARK7 

(UniProt: Q99497, residues: 1-189) sequences were cloned from cDNA templates for bacterial 

expression into the pOPIN-B vector (for UCHL1 and PARK7, N-terminal His6-3C-tag, an additional GS 

linker was used for UCHL1) or into the pOPIN-K vector (for UCHL3, UCHL5, and BAP1, N-terminal 

His6-GST-3C 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) pLacI cells were transformed with the respective 

vector. Overnight cultures were diluted 1:100 into 2xTY medium, which was supplemented with 

appropriate antibiotics, and cultures were grown shaking at 37 °C. When an A600 of 0.8 was reached, 

cultures were cooled to 18 °C, isopropyl-1-thio-β-d-galactopyranoside (IPTG) was added to a final 

concentration of 0.5 mM 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 H2NaPO4, 300 mM NaCl, 

20 mM imidazole, pH 8.0, supplemented with lysozyme and DNAse, and with Complete protease 

inhibitors for UCHL5 and BAP1) and lysed by sonication on ice for 5 min. The lysates were cleared by 

centrifugation at 22,000×g 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 H2NaPO4, 

300 mM NaCl, 20 mM imidazole, pH 8.0), using an ÄKTA Pure System (GE Healthcare). The protein 

was then eluted into buffer B (50 mM H2NaPO4, 300 mM NaCl, 500 mM imidazole, pH 8.0). Protein-

containing fractions were pooled and concentrated. For UCHL1 and PARK7, GST-3C protease was 

added and the sample was dialysed 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 dialysed subsequently into 

buffer D (20 mM KH2PO4 pH 7.0 and 5 mM DTT). For UCHL3, UCHL5, and BAP1, His6-3C protease 

was added and the sample was dialysed into a lysis buffer. Dialysed samples were passed through a 

preequilibrated HisTrap column and the eluate was diluted into a 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 a high salt buffer (25 mM Tris pH 8.5, 500 mM NaCl, 

4 mM DTT) over 20 column volumes. Fractions containing pure protein were pooled, concentrated, and 

buffer exchanged into buffer C + 5% glycerol and protein concentrations were measured by UV 

absorbance on a Nanodrop 2000. 

Lysine methylation of UCHL1 

Methylation of primary amines in UCHL1 was achieved by adding 600 µL of freshly prepared 

dimethylamine-borane complex (1 M) and 1.2 mL formaldehyde solution (1 M) to 30 mL of UCHL1 

(1 mg/mL) in buffer E (50 mM Hepes pH 7.5, 250 mM NaCl). After incubation for 2 h at 4 °C, 600 µL of 
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dimethylamine-borane complex (1 M) and 1.2 mL formaldehyde solution (1 M) were added and the 

incubation continued for an additional 2 h. Then 300 µL of dimethylamine-borane complex (1 M) was 

added and the reaction was incubated overnight at 4 °C. The next day precipitated protein was removed 

by centrifugation. After concentrating to a final volume of 1.5 mL, the protein was purified by size 

exclusion chromatography into buffer F (50 mM Tris pH 7.5, 200 mM NaCl). The protein was 

concentrated at 16 or 17 mg/mL and directly used for crystallisation experiments. 

Co-crystallisation 

Crystallisation was carried out in 96-well sitting-drop vapor diffusion plates in MRC format (Molecular 

Dimensions) at 18°C and set up using a mosquito HTS robot (TTP Labtech). Typical drop ratios of 

200 nL + 200 nL, 100 nL + 200 nL, 200 +100 nL and 400 nL + 400 nL (protein solution + reservoir 

solution) were used for coarse screening and fine screening, respectively. 

For co-crystallisation experiments PARK7 and methylated UCHL1 (meUCHL1) were preincubated with 

GK16S (1.2 eq) and GK13S (1.2 eq) and CG341 (1.2 eq), respectively. Covalent adduct formation was 

approved by LC-MS. PARK7~GK16S was concentrated to 15 mg/mL in 20 mM KH2PO4 pH 7.0 and 

5 mM DTT and crystallised in 20 % PEG 3350 and 200 mM KNO3 as long wedge-shaped crystals 

(606x109x109 μm3). meUCHL1~GKX13 (c(meUCHL1) = 17 mg/mL) was crystallised in 

2.3 M ammonium sulphate, 110 mM K3PO4 and 90 mM K2HPO4 as hexagonal prisms (120x45x45 μm3). 

meUCHL1~CG341 (c(meUCHL1) = 16 mg/mL) was crystallised in 2.49 M ammonium sulphate and 

86 mM trisodium citrate as hexagonal prisms. 

Cryoprotection for PARK7~GK16S was achieved by placing the crystal for a few seconds in a cryo 

solution containing 20% PEG3350, 20 mM TRIS pH 8.0, 200 mM KNO3 and 25% Glycerol followed by 

immediate vitrification in liquid nitrogen. Cryoprotection for meUCHL1~GK13S and meUCHL1~CG341 

was achieved by placing the crystal for a few seconds into 3 M sodium malonate pH 7.0 with 1 mM 

GK13S and CG341, respectively, followed by immediate vitrification in liquid nitrogen.  

Data collection, structure solution and refinement 

Diffraction data were collected at 100 K at the Swiss Light Source (SLS, Villigen-PSI, Switzerland) on 

beamline PXII. The dataset leading to the structure of meUCHL1~GK13S was integrated using Dials[256] 

and anisotropically scaled using the STARANISO web server[257]. The structure was solved by 

molecular replacement using MR Phaser[258] and the apo protein as search model (pdb 2ETL). Model 

building using Coot[259] and refinement with Phenix.Refine[260] yielded the final structure. Data collection, 

anisotropy correction and refinement statistics are given in Table 2. Data have been deposited with the 

protein data bank under accession code 7ZM0. The same sequence of steps, except the anisotropic 

scaling, was implemented for the structures of PARK7~GK16S and meUCHL1~CG341 with apo protein 

(pdb: 4ZGG) and meUCHL1~GK13S (pdb: 7ZM0) as search model, respectively. Data collection and 

refinement statistics are given in Table 3 and Table 4, respectively. 

Ub-Rhodamine assay 

Reactions were performed in black 384 well low volume non-binding surface plates (Greiner 784900) 

in a final volume of 20 µL. DUBs were diluted in reaction buffer H (20 mM Hepes pH 8.0, 50 mM NaCl, 

0.05 mg/ml BSA) to a 4x stock (final concentrations: UCHL1: 0.06 nM; UCHL3: 0.25–0.5 pM; UCHL5: 

0.01 nM; BAP1: 0.01 nM). DUBs were mixed in a 1:1 ratio with 4x compound dissolved in reaction buffer 

(final DMSO concentration: 0.1–1%). To each well was added 10 µL of DUB-compound solution in 

triplicates, followed by 1 h incubation time. Reactions were initiated by the addition of 10 µL 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 with Tecan SparkControl software for 1 h in 1.5 min intervals at room temperature. Biochemical 

IC50 values were calculated using GraphPad Prism. The experiment with iodoacetamide (Figure 36) 

was carried out with a final concentration of 5 mM DTT in buffer H. 
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kobs/[I] kinetic assay 

Reactions were performed in 384 well plates as above. Compound (5 µL of a 4x stock in reaction buffer 

H supplemented with 2.5 mM TCEP; varying final concentrations ranging from 78 nM to 200 µM) and 

Ub-Rhodamine 110 (5 µL of a 4x stock in buffer H supplemented with 2.5 mM TCEP; final concentration: 

50 nM) were mixed in a 1:1 ratio. To each well was added 10 µL of UCHL1 (2x stock in buffer H 

supplemented with 2.5 mM TCEP, final concentration: 0.06 nM) and fluorescence was recorded as 

described above. For compounds CG306, CG337, CG341 and GK13S as control, no TCEP was 

supplemented. The kinetic constant kobs was obtained from fitting the curve with a one-phase 

association function to 

Y(t)=Y0+(A−Y0)⋅(1−e−kobs⋅t) 

wherein Y(t) denotes the fluorescence change over time t, starting at the initial fluorescence Y0 and 

going up to a plateau A. The observed rate constant kobs was plotted over the inhibitor concentration. 

Linear regression of the corresponding curve resulted in kobs/[I]-values as slope, which enabled 

comparison of covalent inhibitor potencies. 

Intact protein mass spectrometry 

The recombinant protein was diluted to a final concentration of 3 or 0.8 µM in buffer I (20 mM Hepes pH 

8.0, 50 mM NaCl) and treated with DMSO/compound to result in a final concentration of 10 or 1 µM, 

respectively. Followed by incubation of 1 h at room temperature, the samples were either run through 

a MassPrep Online Desalting 2.1 mm × 10 mm cartridge (Waters, flow rate 0.5 mL/min, runtime 7 min, 

column temperature 30 °C) or an AdvanceBio DesaltingRP 2.1 mm × 12.5 mm cartridge (Agilent, flow 

rate 0.4 mL/min, runtime 6 min, column temperature 32 °C) with solvents A = HPLC-grade H2O + 0.1% 

TFA or formic acid and solvent B = HPLC-grade acetonitrile + 0.1% TFA or formic acid as mobile 

phases, respectively. A gradient from 20–90% solvent B (MassPrep Online Desalting cartridge) or 5–

95% solvent B (AdvancedBio DesaltingRP) was programmed. The samples were either analysed on a 

Velos Pro Dual-Pressure Linear Ion Trap mass spectrometer (ThermoFisher, with Xcalibur software), 

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 II Infinity system (Agilent, with Openlab software), 

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). 

Thermal shift assay 

Reactions were performed in white 96-well PCR plates (Bio-Rad). UCHL1 was diluted in thermal shift 

buffer (1x PBS, 5 mM DTT) to a 4x concentration of 4 µM. The protein was then mixed with 4x compound 

dissolved in thermal shift buffer in a 1:1 ratio. To each well was added 20 µL of DUB-Inhibitor solution, 

followed by 1 h incubation time. To each well was then added 20 µL 4x SYPRO Orange in thermal shift 

buffer. After sealing the plates with a transparent film, thermal denaturation (gradient: 20–90 °C; 

Increment: 0.3 °C, hold for 5 s before read) was performed and monitored by a Bio-Rad Connect cycler. 

Jump-dilution assay 

Reactions were performed in similar 384 plates as above in a final volume of 20 µL. UCHL1 was diluted 

in reaction buffer H (20 mM Hepes pH 8.0, 50 mM NaCl, 0.1 mg/mL BSA) to a concentration of 12 nM 

(final concentration in well 0.06 nM). To this was added GK13S (1.25 µM), CG306 (5 µM), CG337 

(10 µM), CG341 (5 µM), iodoacetamide (20 mM) or DMSO (20 mM) and the mixture was incubated for 

2 h. Parts of this solution were diluted at 1:100 at different time points with buffer H. All samples were 

then diluted 1:2 with 100 nM Ub-Rho (buffer H, final concentration in well 50 nM) and fluorescence was 

recorded as described above. Half-life time was obtained by fitting the curve with a one-phase decay 

function to 

Y(t)=A+(Y0−A)⋅e−kobs⋅t 
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wherein Y(t) denotes the fluorescence change over time t, starting at the initial fluorescence Y0 and 

decreasing to a plateau A. The half-life time displays the time at which the curve reaches 50% of the 

plateau.  

Dialysis dilution assay 

UCHL1 (20 µM) was either incubated with DMSO or GK13S (40 µM) for 1 h to achieve near complete 

inhibition, and then diluted 1:5 with either PBS or 5 M of urea. A hole was cut into the lid of the 1.5 mL 

Eppendorf tubes and a SnakeSkin dialysis tubing membrane (3.5 K MWCO) was fit between the lid and 

the tube. The tubes were turned upside down, fastened in a floating rack and dialysed against 1 L of 

PBS overnight. Protein inhibition was quantified through LC/MS samples which were taken after 

indicated times of dialysis. 

Statistics and reproducibility 

Statistical significance of mono-Ubiquitin changes (project 1) was analysed using a one-sample, two-

tailed t-test compared to a hypothetical mean of “1” as set for the DMSO or siScr samples using 

GraphPad Prism. 

All observations reported in this thesis, if not mentioned otherwise, were made in at least two 

independent experiments, typically with technical triplicates, all with consistent results. Where possible, 

values were obtained as averages from multiple independent experiments as stated in the Figure 

legends. 
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9.2 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, TCI and 

VWR. LDN-57444 was purchased from Sigma-Aldrich. 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, H2O: 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 (λ = 254/366 nm) and potassium permanganate 

or ninhydrin solution as staining reagents. For purification via column chromatography, silica gel 60 

(60Å, 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 (Büchi). For preparative 

HPLC, an 1260/1290 Infinity II series system (Agilent Technologies) with a VP125/21 Nucleodur C18 

Gravity column (5 μm, Macherey Nagel) was used. Gradient A (40-60% ACN in H2O + 0.1% TFA over 

30 min) or gradient B (20-60% ACN in H2O + 0.1% TFA over 60 min) was used to purify molecules 

before biological testing. For chiral HPLC, a Finnigan LTQ Orbitrap XL MS system (Thermo Scientific) 

with a Lux Cellulose-2 column (5 µm, Phenomenex), an Agilent 1200 Series G1312 binary pump, an 

Agilent G1315 DAD UV detector, and an Agilent 1200 Series G1367 Hip-ALS autosampler were used. 

Solvent A: Hexane + 0.1% TFA, solvent B: Isopropanol:MeOH (1:1) + 0.1% TFA; Flowrate: 0.5 ml/ min; 

Gradient:  

Time (min) Composition 

0 A = 88%, B = 12% 

16 A = 88%, B = 12% 

49 A = 20%, B = 80% 

58 A = 20%, B = 80% 

For low resolution LC-MS analysis, a 1200 series HPLC system (Agilent Technologies) with a ZORBAX 

Eclipse XDB column (C18 80 Å; 4.6 x 150 mm; 5 µm) was used. High resolution mass spectrometry 

(HRMS) was carried out with an LTQ Orbitrap Fourier transform mass spectrometer (Thermo Electron). 

This spectrometer was coupled to an HPLC instrument from the same company (Hypersil Gold: Inner 

diameter 1 mm, length 50 mm, particle size 1.9 micron). The eluent gradients used were 0.1% v/v formic 

acid in H2O and 0.1% v/v formic acid in ACN. The ionization mode was ESI (Electronspray ionization) 

with a source voltage source voltage of 3.8 kV. NMR spectra were recorded on the following devices 

(all from Bruker): AV 400 Avance III HD (400 MHz for 1H and 101 MHz for 13C NMR), AV 500 Avance 

III HD (500 MHz for 1H and 125 MHz for 13C NMR), AV 600 Avance III HD (600 MHz for 1H and 151 

MHz for 13C NMR) and AV 700 Avance III HD (700 MHz for 1H 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-d6: δ = 2.50 ppm / 39.52 ppm; CDCl3: δ = 7.26 ppm / 

77.16 ppm; MeOH-d4: δ = 4.87 ppm / 49.15 ppm). The multiplicities of the signals in the 1H spectra are 

abbreviated as follows. s (singlet), d (doublet), dd (doublet of doublets), t (triplet), td (triplet of doublets), 

q (quartet), m (multiplet) and br (broad). Certain NMR spectra showed the presence of two different 

rotamers, each displaying unique proton signals. The proton signals shared by both rotamers were 

collectively integrated and denoted by the label "d".  
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9.2.1 Structural basis for specific inhibition of UCHL1 (Project 1) 

8.1.1.1 Synthesis of CG017 

 

Scheme 18. Synthesis of compound CG017 based on [184]. 

 

tert-Butyl (4-bromobenzyl)(tert-butoxycarbonyl)carbamate (CG001) 

 

Diisopropylethylamine (DIPEA) (2.08 mL, 12.25 mmol, 1.2 eq) and dimethylaminopyridine (DMAP) 

(0.62 g, 5.1 mmol, 0.5 eq) were added to a suspension of 4-bromobenzylamine (2.0 g, 10.2 mmol, 

1.0 eq) in THF (15 mL) at 0 °C under argon atmosphere. After stirring for 10 min, a solution of Boc-

anhydride (Boc2O) (5.6 g, 25.5 mmol, 2.5 eq) in THF (10 mL) was added dropwise via a cannula. The 

reaction mixture was stirred at room temperature for 16 h. The reaction mixture was poured into 

concentrated NH4Cl (200 mL) and extracted with EA (200 mL). The organic layer was washed with sat. 

NaHCO3 (100 mL) and brine (100 mL), dried over anhydrous Na2SO4 and filtered. The solvent was 

removed under reduced pressure and the crude product purified via a normal phase silica column. The 

product was eluting at 10-15% EA in PE and CG001 (3.9 g, 10.1 mmol, 99%) was obtained as a white 

solid. The analytical characterisation was in good agreement with previously reported data[261].  

1H NMR (400 MHz, CDCl3) δ (ppm) = 7.43 (d, J = 8.3 Hz, 2H), 7.17 (dt, J = 8.1, 0.5 Hz, 2H), 4.72 (s, 

2H), 1.46 (s, 18H). 

13C NMR (126 MHz, DMSO-d6) δ (ppm) = 152.16, 137.85, 131.41, 129.24, 120.24, 82.38, 48.41, 27.64. 

 

tert-Butyl (tert-butoxycarbonyl)((3’-hydroxy-[1,1’-biphenyl]-4-yl)methyl)-carbamate (CG002) 

 

A suspension of CG001 (2.97 g, 7.7 mmol, 1.0 eq), 3-hydroxyphenylboronic acid (1.38 g, 10 mmol, 

1.3 eq), tetrakis[tris[3,5-bis(trifluoromethyl)phenyl]phosphine]palladium(0) (super stable Pd(0)) 

(81.4 mg, 38.4 µmol, 0.005 eq) and K2CO3 (2.13 g, 15.4 mmol, 2.0 eq) in a mixture of DMF:H2O = 5:1 

(12 mL) was stirred for 6 h at 90 °C. The reaction mixture was filtered through Celite545 (Roth), poured 

into H2O (100 mL) and extracted with EA (100 mL). The organic layer was washed with brine (100 mL), 

dried over anhydrous Na2SO4 and filtered. The organic layer was evaporated under reduced pressure 

and the crude product was purified on a normal phase silica column. The product was eluting at 15% 

EA in PE to obtain CG002 (1.3 g, 3.4 mmol, 44%) as a white solid. 

1H NMR (500 MHz, DMSO-d6) δ (ppm) = 9.52 (s, 1H), 7.57 (d, J = 8.3 Hz, 2H), 7.32-7.27 (m, 2H), 7.24 

(t, J = 7.9 Hz, 1H), 7.05 (dt, J = 7.8, 1.2 Hz, 1H), 7.01 (t, J = 2.1 Hz, 1H), 6.75 (ddd, J = 8.1, 2.4, 0.9 Hz, 

1H), 4.71 (s, 2H), 1.41 (s, 18H). 
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13C NMR (126 MHz, DMSO-d6) δ (ppm) = 157.83, 152.23, 141.23, 139.14, 137.46, 129.95, 127.49, 

126.58, 117.37, 114.42, 113.38, 82.13, 48.61, 27.59. 

HRMS m/z for C23H30NO5
+ ([M+H]+) calculated: 400.2119, found: 400.2119. 

 

tert-Butyl (tert-butoxycarbonyl)((3’-((2-Chloropyrimidin-4-yl)oxy)-[1,1’-biphenyl]-4-yl)methyl)-

carbamate (CG004) 

 

A mixture of CG002 (1.27 g, 3.2 mmol, 1.0 eq), 2,4-dichloropyrimidine (0.95 g, 6.4 mmol, 2.0 eq) and 

K2CO3 (0.88 g, 6.4 mmol, 2.0 eq) in DMF was stirred at room temperature for 20 h. This mixture was 

quenched with brine (100 mL) and extracted twice with EA (100 mL). The combined organic phases 

were dried over anhydrous Na2SO4, filtered and the solvent was evaporated. The resulting crude 

product was purified via a normal phase silica column. The product eluted at 20% EA in PE to afford 

pure CG004 (1.60 g, 3.13 mmol, 98%).  

1H NMR (500 MHz, DMSO-d6) δ (ppm) = 8.63 (dd, J = 5.6, 0.9 Hz, 1H), 7.71 (d, J = 8.1 Hz, 2H), 7.66 

(dt, J = 7.8, 1.4 Hz, 1H), 7.60 (s, 1H), 7.57 (t, J = 7.9 Hz, 1H), 7.32 (d, J = 8.1 Hz, 2H), 7.27 (ddd, J = 

8.0, 2.3, 1.1 Hz, 1H), 7.20 (dd, J = 5.6, 1.0 Hz, 1H), 4.72 (s, 2H), 1.41 (s, 18H). 

13C NMR (126 MHz, DMSO-d6) δ (ppm) = 170.17, 162.32, 161.53, 159.02, 152.20, 141.76, 138.15, 

137.60, 130.61, 127.56, 126.79, 124.36, 120.47, 119.49, 107.70, 82.16, 48.58, 27.58. 

HRMS m/z for C27H31ClN3O5
+ ([M+H]+) calculated: 512.1947, found: 512.1949. 

 

tert-Butyl (tert-butoxycarbonyl)((3’-((2-cyanopyrimidin-4-yl)oxy)-[1,1’-biphenyl]-4-

yl)methyl)carbamate (CG005) 

 

A mixture of CG004 (50 mg, 0.10 mmol, 1.0 eq), Zn(CN)2 (11.5 mg, 0.10 mmol, 1.0 eq) and Pd(PPh3)4 

(11.3 mg, 0.01 mmol, 0.1 eq) in DMF (1 mL) was irradiated in a microwave reactor at 130 °C for 20 min. 

The reaction was quenched with sat. NaHCO3 (20 mL) and extracted with EA (30 mL). The organic 

layer was washed with brine (20 mL), dried over anhydrous Na2SO4 and the solvent was evaporated 

under reduced pressure. The product was purified using a silica column, eluting at 30% EA in PE to 

yield pure CG005 (149 mg, 0.30 mmol, 71%). 

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 8.86 (d, J = 5.9 Hz, 1H), 7.71 (d, J = 8.2 Hz, 2H), 7.67 (dt, J = 

8.0, 1.2 Hz, 1H), 7.61 (d, J = 2.1 Hz, 1H), 7.59 (t, J = 7.9 Hz, 1H), 7.52 (d, J = 5.9 Hz, 1H), 7.32 (d, J = 

8.0 Hz, 2H), 7.28 (dd, J = 8.0, 2.0 Hz, 1H), 4.72 (s, 2H), 1.41 (s, 18H). 

13C NMR (151 MHz, DMSO-d6) δ (ppm) = 170.15, 161.50, 159.02, 152.26, 152.19, 141.76, 138.15, 

137.60, 130.59, 127.55, 126.76, 124.33, 120.42, 119.44, 107.66, 82.16, 48.58, 27.60, 27.57. 

HRMS m/z for C28H31N4O5
+ ([M+H]+) calculated: 503.2289, found: 503.2289. 
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N-((3’-((2-Cyanopyrimidin-4-yl)oxy)-[1,1’-biphenyl]-4-yl)methyl)pent-4-ynamide (CG017) 

 

Step 1 

CG005 (50 mg, 0.10 mmol, 1.0 eq) was dissolved in DCM (2 mL) and TFA (400 µL) was added 

dropwise to the solution. After completion of the deprotection, the reaction mixture was poured into 

sat. NaHCO3 (50 mL) and extracted with EA (50 mL). The organic layer was washed with brine (50 mL), 

dried over anhydrous Na2SO4, filtered and the solvent evaporated under reduced pressure.  

Step 2 

4-Pentynoic acid (12.3 mg, 0.12 mmol, 1.2 eq), EDC-HCl (28.6 mg, 0.15 mmol, 1.5 eq) and DIPEA 

(25.4 µL, 0.15 mmol, 1.5 eq) were dissolved in DCM (1 mL) and stirred for 10 min at room temperature. 

To this reaction was added the crude product from step 1 in DCM (1 mL) dropwise. The reaction was 

stirred for 2 h until full conversion of the educt was observed by TLC. The reaction was quenched with 

sat. NaHCO3 (30 mL) and extracted with EA (40 mL). The organic layer was washed with brine (30 mL), 

dried over anhydrous Na2SO4, filtered and the solvent evaporated under reduced pressure. The product 

was purified using a preparative HPLC to yield pure CG017 (4 mg, 0.01 mmol, 10%). 

1H NMR (600 MHz, CDCl3) δ (ppm) = 8.79 (d, J = 4.8 Hz, 1H), 7.56 (d, J = 8.2 Hz, 2H), 7.52 (d, J = 5.1 

Hz, 2H), 7.39 (s, 2H), 7.37 (d, J = 4.7 Hz, 2H), 7.19 – 7.15 (m, 1H), 5.99 (s, 1H), 4.52 (d, J = 5.7 Hz, 

2H), 2.59 (td, J = 7.1, 2.7 Hz, 2H), 2.48 (t, J = 7.1 Hz, 2H), 2.01 (t, J = 2.6 Hz, 1H). 

13C NMR (151 MHz, CDCl3) δ (ppm) = 171.32, 165.62, 162.15, 152.69, 143.42, 142.87, 139.54, 137.73, 

130.31, 128.52, 127.64, 124.99, 120.42, 120.20, 119.29, 114.99, 82.97, 69.79, 43.59, 35.53, 15.12. 

HRMS m/z for C23H19N4O2
+ ([M+H]+) calculated: 383.1503, found: 383.1500. 

 

8.1.1.2 Synthesis of CG041 

 

Scheme 19. Synthesis of compound CG041 based on [185]. 
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tert-Butyl (E)-(3-(4-chloro-3-nitrostyryl)phenyl)carbamate (CG037) 

 

Step 1 

tert-Butyl (3-(bromomethyl)phenyl)carbamate (463 mg, 1.6 mmol, 1.0 eq) and POEt3 (448 µL, 

1.6 mmol, 2.6 eq) were heated to 130 °C for 1 h until the formation of tert-butyl (3-

((diethoxyphosphoryl)methyl)phenyl)carbamate was finished, as judged by LC-MS and TLC. Residual 

POEt3 was removed under reduced pressure and the product was used for step 2 without further 

purification. 

Step 2 

The crude product from step 1 was diluted with DMF (3 mL) and cooled to 0 °C. NaH (129 mg, 3.2 mmol, 

2.0 eq) was added portion wise to the solution at 0 °C. After stirring for 20 min, a solution of 4-chloro-3-

nitrobenzaldehyde (300.0 mg, 1.6 mmol, 1.0 eq) in DMF (2 mL) was added dropwise at 0 °C. After 12 h 

the mixture was diluted with EA (50 mL) and the organic layer was washed with H2O (30 mL) and brine 

(50 mL). After drying over anhydrous MgSO4, the organic layer was filtered and concentrated under 

reduced pressure. The compound was purified via a silica column, eluting at 5% EA in PE, yielding 

CG037 (165 mg, 0.4 mmol, 27%) as a red solid. 

1H NMR (500 MHz, CDCl3) δ (ppm) = 7.97 (d, J = 2.1 Hz, 1H), 7.74 (d, J = 4.7 Hz, 1H), 7.60 (dd, J = 

8.4, 2.1 Hz, 1H), 7.51 (d, J = 8.4 Hz, 1H), 7.29 (t, J = 7.8 Hz, 1H), 7.20-7.15 (m, 2H), 7.13 (d, J = 16.4 

Hz, 1H), 7.04 (d, J = 16.3 Hz, 1H), 6.55 (s, 1H), 1.54 (s, 9H). 

13C NMR (126 MHz, CDCl3) δ (ppm) = 152.83, 148.31, 139.08, 137.66, 137.05, 132.19, 130.71, 129.54, 

125.48, 125.39, 123.14, 121.88, 118.77, 116.56, 80.94, 28.48. 

HRMS m/z for C19H20ClN2O4
+ ([M+H]+) calculated: 375.1112, found: 375.1104. 

 

tert-Butyl (E)-(3-(2-(2-amino-3-cyano-1H-indol-6-yl)vinyl)phenyl)carbamate (CG040) 

 

A stirred solution of CG037 (150 mg, 0.4 mmol, 1.0 eq) and malononitrile (66.1 mg, 1.0 mmol, 2.5 eq) 

in DMF (5 mL) was treated with K2CO3 (221 mg, 1.6 mmol, 4.0 eq). The mixture was stirred at 50 °C 

overnight. To this solution was added DMF (2 mL), H2O (2 mL) and Na2S2O3 (697 mg, 4.0 mmol, 

10.0 eq) and the mixture heated to 110 °C for 15 min. The solution was poured into H2O (50 mL) and 

extracted with EA (100 mL). The organic layer was washed with brine (100 mL), dried over anhydrous 

MgSO4 and filtered. The solvent was evaporated, and the product purified on a reverse phase C18-

column, eluting at 52% ACN in H2O, yielding CG040 (58.8 mg, 0.16 mmol, 39%). 

1H NMR (500 MHz, DMSO-d6) δ (ppm) = 10.75 (s, 1H), 9.34 (s, 1H), 7.66 (d, J = 2.0 Hz, 1H), 7.34 (d, 

J = 1.5 Hz, 1H), 7.26 (dd, J = 8.2, 1.6 Hz, 2H), 7.22 (t, J = 7.6 Hz, 1fH), 7.20-7.16 (m, 1H), 7.12 (d, J = 

16.1 Hz, 1H), 7.10 (s, 1H), 6.99 (d, J = 16.4 Hz, 1H), 6.86 (br s, 2H), 1.49 (s, 9H). 

13C NMR (126 MHz, DMSO-d6) δ (ppm) = 154.55, 152.85, 139.87, 138.00, 132.62, 129.66, 128.90, 

128.46, 125.07, 119.96, 118.15, 117.71, 117.03, 115.76, 115.18, 114.72, 108.30, 79.05, 62.12, 28.18. 

HRMS m/z for C22H23N4O2
+ ([M+H]+) calculated: 375.1816, found: 375.1815. 
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(E)-N-(3-(2-(2-Amino-3-cyano-1H-indol-6-yl)vinyl)phenyl)pent-4-ynamide (CG041) 

 

Step 1 

CG040 (50 mg, 0.13 mmol, 1.0 eq) was dissolved in DCM (3 mL) and TFA (600 µL) was added 

dropwise. After the completion of the deprotection as judged by TLC, the reaction mixture was poured 

into sat. NaHCO3 (50 mL) and extracted with EA (50 mL). The organic layer was washed with brine 

(50 mL), dried over anhydrous MgSO4, filtered and the solvent evaporated under reduced pressure.  

Step 2 

The crude product from step 1, EDC-HCl (38.4 mg, 0.20 mmol, 1.5 eq), HOBt (20.4 mg, 0.13 mmol, 

1.0 eq), 4-pentynoic acid (16.5 mg, 0.16 mmol, 1.2 eq) and DIPEA (34 µL, 0.20 mmol, 1.5 eq) were 

dissolved in DMF (2 mL) and stirred for 4 h at room temperature. The reaction was quenched with sat. 

NaHCO3 (50 mL) and extracted with EA (100 mL). The organic layer was washed with brine (50 mL), 

dried over anhydrous MgSO4, filtered and the solvent evaporated under reduced pressure. The product 

was purified using a preparative HPLC eluting at 55% ACN in H2O, yielding CG041 (4.7 mg, 0.01 mmol, 

10%). 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 10.76 (s, 1H), 9.98 (s, 1H), 7.79 (t, J = 1.8 Hz, 1H), 7.43 (dt, 

J = 7.2, 2.1 Hz, 1H), 7.34 (d, J = 1.5 Hz, 1H), 7.29-7.24 (m, 3H), 7.15 (d, J = 16.3 Hz, 1H), 7.11 (d, J = 

8.0 Hz, 1H), 7.02 (d, J = 16.3 Hz, 1H), 6.84 (s, 2H), 2.81 (t, J = 2.6 Hz, 1H), 2.54 (t, J = 7.0 Hz, 2H), 

2.52-2.46 (m, 2H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 169.38, 154.52, 139.44, 138.06, 132.58, 129.81, 128.97, 

128.82, 128.48, 124.86, 121.07, 119.91, 117.85, 117.62, 116.56, 115.15, 108.29, 83.64, 71.49, 62.15, 

35.22, 14.07. 

HRMS m/z for C22H19N4O+ ([M+H]+) calculated: 355.1553, found: 355.1551. 

 

8.1.1.3 Synthesis of 3-carboxypyrrolidine-based probes and controls 

Synthesis of GK12S/R and GK13S/R 

 

Scheme 20. Synthesis of compounds GK13S, GK13R, GK12S, and GK12R based on[181]. 
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1,4-Dinitro-1H-imidazole (GK06) 

 

4-Nitroimidazole (2.00 g, 17.7 mmol, 1.0 eq) was dissolved in acetic acid (36 mL) and cooled to 0 °C. 

Concentrated nitric acid (9 mL) was added dropwise over 30 min. Then acetic anhydride (24 mL) was 

added dropwise over 30 min. The solution was stirred for 4 h at room temperature. The reaction was 

slowly poured into sat. K2CO3 solution (250 mL) and the aqueous phase was extracted twice with EA 

(50 mL). The combined organic layers were washed with sat. K2CO3 solution (100 mL), brine (100 mL) 

and dried with MgSO4. The solvent was removed under reduced pressure. The obtained yellow crystals 

(2.56 g, 16.2 mmol, 91%) were used for the next reaction without further purification.  

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 9.42 (d, J = 1.6 Hz, 1H), 8.98 (d, J = 1.6 Hz, 1H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 136.32, 133.14, 116.44.  

 

Methyl 4-(4-nitro-1H-imidazol-1yl)benzoate (GK07) 

 

GK06 (2.56 g, 16.18 mmol, 1.0 eq) was dissolved in a 1:1 mixture of MeOH and H2O (120 mL). Methyl 

4-aminobenzoate (641 mg, 4.24 mmol, 1.0 eq) was added and the reaction mixture was stirred for two 

days at room temperature in darkness. The obtained red suspension was cooled down to 0 °C and the 

precipitate was filtered and washed with cold MeOH in H2O (1:1). The red solid was recrystallised in a 

mixture of MeOH, H2O and concentrated hydrochloric acid (2000:100:1) (100 mL) at 90 °C. The product 

was obtained as a yellow solid (2.74 g, 11.1 mmol, 68%). The analytical characterisation was in good 

agreement with previously reported data.[262]  

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 9.10 (d, J = 1.6 Hz, 1H), 8.60 (d, J = 1.5 Hz, 1H), 8.11 (d, J = 

8.8 Hz, 2H), 7.99 (d, J = 8.8 Hz, 2H), 3.89 (s, 3H).  

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 165.26, 148.33, 138.95, 135.71, 130.84, 129.32, 121.23, 

119.56, 52.44.  

HRMS m/z for C11H10N3O4
+ ([M+H]+) calculated: 248.0666, found: 248.0666. 

Methyl 4-(4-amino-1H-imidazol-1yl)benzoate (GK08) 

 

GK07 (500 mg, 2.02 mmol, 1.0 eq) was dissolved in EtOH (25 mL) and a few drops of H2O were added. 

Palladium (10%) on activated charcoal (100 mg) was added under argon atmosphere. The reaction 

was flushed with H2 and stirred for 2 h at room temperature. The reaction was filtered through celite545 

which was then washed with EA. The solvent was dried over anhydrous MgSO4 and removed under 

reduced pressure. The obtained yellow solid (423 mg, 1.94 mmol, 96%) was used for the next reaction 

without further purification. The analytical characterisation was in good agreement with previously 

reported data.[262]  

1H NMR (400 MHz, DMSO-d6) δ (ppm) = 8.03 (d, J = 1.6 Hz, 1H), 8.00 (d, J = 8.9 Hz, 2H), 7.69 (d, J = 

8.9 Hz, 2H), 6.73 (d, J = 1.7 Hz, 1H), 3.32 (s, 3H).  
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13C NMR (126 MHz, DMSO-d6) δ (ppm) = 165.59, 149.07, 140.75, 131.82, 130.96, 126.27, 118.43, 

95.11, 52.21.  

HRMS m/z for C11H12N3O2
+ ([M+H]+) calculated: 218.0924, found: 218.0924. 

 

tert-Butyl-(S)-3-((1-(4-(Methoxycarbonyl)phenyl)-1H-Imidazol-4-yl)carbamoyl)-pyrrolidine-1-

carboxylate (GK09S) 

 

(S)-1-(tert-Butoxycarbonyl)pyrrolidine-3-carboxylic acid (198 mg, 0.92 mmol, 1.0 eq) was dissolved in 

DCM (5 mL), to which DIPEA (313 µL, 1.84 mmol, 2.0 eq) and HATU (525 mg, 1.38 mmol, 1.5 eq) were 

added. The solution was stirred for 30 min at room temperature. GK08 (200 mg, 0.60 mmol, 1.0 eq) 

dissolved in DCM (6 mL) was added dropwise to the reaction mixture. After additional 30 min the 

reaction mixture was quenched with sat. NH4Cl-solution (20 ml) and extracted with DCM (40 mL). The 

organic phase was washed with brine (20 mL), dried over anhydrous MgSO4 and the solvent was 

removed under reduced pressure. The compound was purified via a silica column eluting at 60% EA in 

PE, yielding GK09S (320 mg, 0.77 mmol, 76%) as a brown solid. 

1H NMR (500 MHz, CDCl3) δ (ppm) = 9.89 (d, J = 110.6 Hz, 1H), 8.17 (d, J = 8.6 Hz, 2H), 7.93 (d, J = 

12.8 Hz, 1H), 7.86 (s, 1H), 7.52 (d, J = 8.7 Hz, 2H), 3.95 (s, 3H), 3.85-3.65 (m, 1H), 3.65-3.53 (m, 2H), 

3.43-3.32 (m, 1H), 3.21-3.09 (m, 1H), 2.33-2.15 (m, 2H), 1.45 (s, 9H). 

13C NMR (126 MHz, CDCl3) δ (ppm) = 169.73, 165.50, 153.38, 140.36, 139.49, 132.30, 131.04, 127.37, 

119.53, 103.90, 78.35, 54.96, 52.31, 48.48, 45.28, 43.14, 42.26, 28.20 

HRMS m/z for C21H26N4O5
+ ([M+H]+) calculated: 415.1976, found: 415.1976. 

 

tert-Butyl-(R)-3-((1-(4-(Methoxycarbonyl)phenyl)-1H-Imidazol-4-yl)carbamoyl)-pyrrolidine-1-

carboxylate (GK09R) 

 

GK09R (313 mg, 0.76 mmol, 75%) was obtained as a brown solid from (R)-1-(tert-

Butoxycarbonyl)pyrrolidine-3-carboxylic acid as described above for GK09S. 

1H NMR (500 MHz, CDCl3) δ (ppm) = 9.97 (d, J = 103.4 Hz, 1H), 8.16 (d, J = 8.6 Hz, 2H), 7.89 (d, J = 

12.9 Hz, 1H), 7.86 (s, 1H), 7.52 (d, J = 8.7 Hz, 2H), 3.94 (s, 3H), 3.86-3.67 (m, 1H), 3.63-3.54 (m, 2H), 

3.44-3.33 (m, 1H), 3.23-3.09 (m, 1H), 2.35-2.15 (m, 2H), 1.45 (s, 9H).  

13C NMR (126 MHz, CDCl3) δ (ppm) = 169.94, 166.00, 154.54, 140.19, 138.39, 131.76, 130.64, 129.56, 

120.54, 106.14, 79.70, 52.58, 48.75, 45.65, 44.50, 28.62.  

HRMS m/z for C21H26N4O5
+ ([M+H]+) calculated: 415.1976, found: 415.1976. 
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(S)-N-(1-(4-(Pent-4-yn-1-ylcarbamoyl)phenyl)-1H-imidazol-4-yl)pyrrolidine-3-carboxamide TFA 

salt (GK12S) 

 

Step 1 

GK09S (290 mg, 0.70 mmol, 1.0 eq) was dissolved in MeOH (7.5 mL). Aqueous 2M LiOH solution 

(875 µL) was added and the reaction mixture was stirred for 30 h at room temperature. To the reaction 

mixture was added 1 M hydrochloric acid (700 µL) to neutralise the excess of LiOH. The solvent was 

removed under reduced pressure and the obtained crude product was used for the next reaction without 

further purification.  

Step 2 

The crude product from step 1 was dissolved in DMF (4 mL) and DCM (3 mL). DIPEA (285 µL, 

1.67 mmol, 2.0 eq) and HATU (636 mg, 1.67 mmol, 2.0 eq) were added and the reaction mixture was 

stirred for 30 min. 4-Pentyn-1-amine hydrochloride (100 mg, 0.84 mmol, 1.0 eq) was dissolved in DCM 

(2 mL) and added to the reaction dropwise. After 30 min the reaction mixture was quenched with sat. 

NH4Cl solution (20 ml) and extracted with DCM (40 mL). The organic phase was washed with brine 

(20 mL), dried over MgSO4 and the solvent was removed under reduced pressure. The obtained crude 

product was used for the next reaction without further purification.  

Step 3 

The crude product from step 2 was dissolved in DCM (4 mL) and TFA (1 mL) was added dropwise. The 

solution was stirred for 1 h at room temperature. The solvent was removed under reduced pressure. 

The product was purified by preparative HPLC eluting at 10-20% ACN in H2O, yielding GK12S as a 

TFA salt (109 mg, 0.23 mmol, 33% yield). 

1H NMR (500 MHz, DMSO-d6) δ (ppm) = 10.89 (s, 1H), 9.05 (s, 2H), 8.61 (t, J = 5.6 Hz, 1H), 8.28 (d, J 

= 1.7 Hz, 1H), 7.98 (d, J = 8.7 Hz, 2H), 7.79 (d, J = 1.7 Hz, 1H), 7.74 (d, J = 8.7 Hz, 2H), 3.48-3.39 (m, 

1H), 3.34 (m, 4H), 3.29-3.17 (m, 2H), 2.80 (t, J = 2.6 Hz, 1H), 2.29-2.18 (m, 3H), 2.08-1.98 (m, 1H), 

1.71 (p, J = 7.1 Hz, 2H). 

13C NMR (126 MHz, DMSO-d6) δ (ppm) = 169.01, 165.30, 158.52 (q, J = 34.5 Hz), 139.01, 138.73, 

132.56, 132.31, 129.09, 119.40, 116.25 (q, J = 293.8 Hz), 104.39, 84.21, 71.49, 47.04, 45.12, 42.03, 

38.57, 29.02, 28.12, 15.61. 

HRMS m/z for C20H24N5O2
+ ([M+H]+) calculated: 366.1924, found: 366.1924. 

 

(R)-N-(1-(4-(Pent-4-yn-1-ylcarbamoyl)phenyl)-1H-imidazol-4-yl)pyrrolidine-3-carboxamide 

(GK12R) 

 

GK12R was obtained from GK09R as described above for GK12S. For step 3, the crude product was 

purified by column chromatography using a reverse phase silica column. The product was eluting at 
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15-25% ACN in H2O. Parts of the product were further purified by preparative HPLC, eluting at 10-20% 

ACN, yielding GK12R as a TFA salt (39 mg, 0.08 mmol, 10%).  

1H NMR (500 MHz, DMSO-d6) δ (ppm) = 10.88 (s, 1H), 9.03 (s, 2H), 8.60 (t, J = 5.6 Hz, 1H), 8.28 (d, J 

= 1.7 Hz, 1H), 8.00-7.96 (m, 2H), 7.79 (d, J = 1.6 Hz, 1H), 7.76-7.72 (m, 2H), 3.50-3.38 (m, 1H), 3.37-

3.30 (m, 4H), 3.28-3.17 (m, 2H), 2.81 (t, J = 2.6 Hz, 1H), 2.23 (td, J = 7.1, 2.8 Hz, 3H), 2.03 (dq, J = 

12.8, 7.3 Hz, 1H), 1.72 (p, J = 7.1 Hz, 2H). 

13C NMR (126 MHz, DMSO-d6) δ (ppm) = 168.95, 165.24, 158.38 (q, J = 33.7 Hz), 139.08, 138.71, 

132.51, 132.30, 129.05, 119.35, 116.50 (d, J = 295.3 Hz), 104.30, 84.18, 71.49, 47.02, 45.09, 42.00, 

38.54, 28.99, 28.09, 15.58. 

HRMS m/z for C20H24N5O2
+ ([M+H]+) calculated: 366.1925, found: 366.1924. 

 

(S)-1-Cyano-N-(1-(4-(pent-4-yn-1ylcarbamoyl)phenyl)-1H-imidazol-4-yl)pyrrolidine-3-

carboxamide (GK13S). 

 

GK12S (70 mg, 0.15 mmol, 1.0 eq) was dissolved in DCM (3 mL) and DMF (1 mL), then DIPEA (127 µL, 

0.73 mmol, 5.0 eq) was added. The mixture was cooled to 0 °C and stirred for 30 min. Then 3 M 

cyanogen bromide solution (58 µL, 0.18 mmol, 1.2 eq) was added and the mixture was stirred for 30 min 

at 0 °C. The reaction mixture was allowed to warm up to room temperature and stirred for another 2 h 

followed by the addition of H2O (10 mL). The two phases were separated, and the aqueous phase was 

extracted two times with EA (20 mL). The combined organic layers were dried over anhydrous MgSO4, 

filtered and the solvent was removed under reduced pressure. The corresponding product was purified 

via a silica column eluting at 4% MeOH in DCM, yielding GK13S (49 mg, 0.13 mmol, 86%) as light 

brown crystals. 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 10.74 (s, 1H), 8.56 (t, J = 5.6 Hz, 1H), 8.25 (s, 1H), 7.97 (d, J 

= 8.2 Hz, 2H), 7.81 (s, 1H), 7.75 (d, J = 8.2 Hz, 2H), 3.60 (t, J = 8.6 Hz, 1H), 3.47 (td, J = 8.8, 8.3, 5.8 

Hz, 2H), 3.40 (q, J = 7.7 Hz, 1H), 3.36 – 3.32 (m, 2H), 3.28 – 3.22 (m, 1H), 2.82 – 2.76 (m, 1H), 2.23 

(dt, J = 7.2, 4.3 Hz, 3H), 2.09 (ddq, J = 81.0, 14.1, 7.1 Hz, 2H), 1.72 (p, J = 7.2 Hz, 2H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 169.02, 165.19, 139.18, 138.71, 132.37, 132.09, 128.95, 

119.20, 117.24, 104.17, 84.12, 71.39, 52.55, 50.03, 43.04, 38.48, 29.54, 28.04, 15.53. 

HRMS m/z for C21H23N6O2
+ ([M+H]+) calculated: 391.1877, found: 391.1881.  

ee >99%, tR (min) = 49.83. 

 

(R)-1-Cyano-N-(1-(4-(pent-4-yn-1ylcarbamoyl)phenyl)-1H-imidazol-4-yl)pyrrolidine-3-

carboxamide (GK13R) 

 

GK12R (53 mg, 0.11 mmol, 1.0 eq) was dissolved in DCM (3 mL) and K2CO3 (61 mg, 0.44 mmol, 

4.0 eq) was added. The mixture was cooled to 0 °C and stirred for 30 min. Then 3 M cyanogen bromide 
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solution (44 µL, 0.13 mmol, 1.2 eq) was added and the mixture was stirred for 2 h at 0 °C. The reaction 

mixture was allowed to warm up to room temperature and stirred for another 2 h followed by the addition 

of H2O (10 mL). The two phases were separated, and the aqueous phase was extracted two times with 

EA (20 mL). The combined organic layers were dried over anhydrous MgSO4, filtered and the solvent 

was removed under reduced pressure. The corresponding product was purified via preparative HPLC 

eluting at 20-30% ACN in H2O yielding GK13R as a TFA salt (21 mg, 0.05 mmol, 44%). 

1H NMR (500 MHz, DMSO-d6) δ (ppm) = 10.77 (s, 1H), 8.58 (t, J = 5.6 Hz, 1H), 8.29 (s, 1H), 7.97 (d, J 

= 8.7 Hz, 2H), 7.82 (d, J = 1.7 Hz, 1H), 7.76 (d, J = 8.7 Hz, 2H), 3.60 (dd, J = 9.4, 7.7 Hz, 1H), 3.50 – 

3.44 (m, 2H), 3.40 (dt, J = 9.0, 7.2 Hz, 1H), 3.33 (q, J = 6.4 Hz, 2H), 3.29 – 3.22 (m, 1H), 2.81 (t, J = 

2.6 Hz, 1H), 2.23 (td, J = 7.1, 2.7 Hz, 2H), 2.18 – 1.99 (m, 2H), 1.71 (p, J = 7.1 Hz, 2H). 

13C NMR (126 MHz, DMSO-d6) δ (ppm) = 169.12, 165.23, 158.26 (d, J = 36.9 Hz), 139.01, 138.70, 

132.44, 132.14, 129.00, 119.29, 117.30, 104.30, 84.17, 71.48, 52.56, 50.05, 43.08, 38.52, 29.59, 28.08, 

15.57. 

HRMS m/z for C21H23N6O2
+ ([M+H]+) calculated: 391.1877, found: 391.1880. 

ee >99%, tR (min) = 50.04. 

 

Synthesis of the minimal probes 

(S)-1-Cyano-N-(pent-4-yn-1-yl)pyrrolidine-3-carboxamide (GK16S) 

 

Step 1 

(S)-N-Boc-pyrrolidine-3-carboxylic acid (50 mg, 0.23 mmol, 1.0 eq) was dissolved in 4 mL of DCM, then 

DIPEA (79 µL, 0.46 mmol, 2.0 eq) and HATU (525 mg, 1.38 mmol, 1.5 eq) were added to the solution. 

After stirring for 30 min at room temperature 4-pentyn-1-amine hydrochloride (33 mg, 1.38 mmol, 

1.5 eq) was added and the solution was stirred overnight. The reaction mixture was poured into sat. 

NH4Cl (50 mL) and extracted with EA (100 mL). The organic layer was washed with brine (100 mL), 

dried over anhydrous MgSO4, filtered and the solvent was evaporated under reduced pressure. The 

obtained crude product was used for the next reaction without further purification.  

Step 2 

The crude product from step 1 was dissolved in 20% TFA in DCM (2 mL) and stirred for 2 h. To this 

solution toluene (1 mL) was added and the solvent was removed under reduced pressure yielding crude 

(S)-N-(pyrrolidin-3-yl)pent-4-ynamide. 

Step 3 

The crude product from step 2 was dissolved in DCM (4 mL), then K2CO3 (130 mg, 0.87 mmol, 4.0 eq) 

was added and the reaction mixture was stirred for 20 min at room temperature. The pH was adjusted 

to pH 7-8 by adding a few drops of 10 M NaOH. The solution was cooled to 0 °C and 3 M cyanogen 

bromide solution in DCM (106 µL, 0.25 mmol, 1.1 eq) was added dropwise. After 30 min the ice bath 

was removed, and the reaction mixture was stirred for 2 h at room temperature. The reaction was 

quenched by the addition of H2O (50 mL) and extracted with DCM (100 mL). The aqueous phase was 

extracted with EA (100 mL) and the organic layers were combined and dried over anhydrous MgSO4. 

After filtering, the solvent was removed under reduced pressure and the product purified via a silica 

column eluting at 0-1% MeOH in DCM. Pooling of pure fractions yielded GK16S (18.1 mg, 0.09 mmol, 

39%) as a clear resin. 
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1H NMR (700 MHz, DMSO-d6) δ (ppm) = 8.04 (t, J = 5.6 Hz, 1H), 3.49 (dd, J = 9.3, 7.8 Hz, 1H), 3.41 

(ddd, J = 9.1, 7.9, 5.2 Hz, 1H), 3.38-3.32 (m, 2H), 3.12 (tdd, J = 6.7, 5.5, 0.9 Hz, 2H), 2.94 (p, J = 7.4 

Hz, 1H), 2.78 (t, J = 2.7 Hz, 1H), 2.16 (td, J = 7.2, 2.7 Hz, 2H), 2.03 (dtd, J = 12.6, 7.3, 5.2 Hz, 1H), 1.92 

(dq, J = 12.5, 7.6 Hz, 1H), 1.57 (p, J = 7.1 Hz, 2H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) =171.73, 117.76, 84.45, 71.88, 52.96, 50.52, 43.67, 38.25, 

29.97, 28.42, 15.84. 

HRMS m/z for C11H16N3O+ ([M+H]+) calculated: 206.1288, found: 206.1288. 

ee 98.7%, tR (min) = 39.35. 

 

(R)-1-Cyano-N-(pent-4-yn-1-yl)pyrrolidine-3-carboxamide (GK16R): 

 

GK16R (24.3 mg, 0.12 mmol, 53%) as obtained as a clear resin from (R)-N-Boc-pyrrolidine-3-carboxylic 

acid as described above for GK16S. 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 8.03 (t, J = 5.6 Hz, 1H), 3.49 (dd, J = 9.3, 7.8 Hz, 1H), 3.41 

(ddd, J = 9.0, 7.8, 5.2 Hz, 1H), 3.38-3.32 (m, 2H), 3.12 (tdd, J = 6.7, 5.5, 0.9 Hz, 2H), 2.94 (p, J = 7.4 

Hz, 1H), 2.77 (t, J = 2.7 Hz, 1H), 2.16 (td, J = 7.2, 2.7 Hz, 2H), 2.03 (dtd, J = 12.6, 7.3, 5.2 Hz, 1H), 1.92 

(dq, J = 12.5, 7.6 Hz, 1H), 1.57 (p, J = 7.1 Hz, 2H).  

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 171.25, 117.27, 83.96, 71.38, 52.48, 50.04, 43.19, 37.76, 

29.48, 27.94, 15.36. 

HRMS m/z for C11H16N3O+ ([M+H]+) calculated: 206.1288, found: 206.1288. 

ee 94.9%, tR (min) = 37.63. 

 

8.1.1.4 Synthesis of parent inhibitor Cpd158 

 

Scheme 21. Synthesis of compound Cpd158 (compound 158 in patent WO2016046530A1[181]). 

 

N-(2-Methoxyethyl)-4-(4-nitro-1H-imidazol-1-yl)benzamide (CG113) 

 

GK06 (300 mg, 1.54 mmol, 1.2 eq) was dissolved in a 1:1 mixture of MeOH and H2O (10 mL). 4-Amino-

N-(2-methoxyethyl)benzamide (292.98 mg, 1.85 mmol, 1.0 eq) was added and the reaction mixture was 
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stirred for 2 h at room temperature in darkness. The obtained suspension was cooled down to 0 °C and 

the precipitate was filtered and washed with cold MeOH in H2O (1:1). The product was obtained as a 

yellow solid (377.4 mg, 1.30 mmol, 84%).  

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 9.10 (d, J = 1.6 Hz, 1H), 8.69 (t, J = 5.3 Hz, 1H), 8.58 (d, J = 

1.6 Hz, 1H), 8.04 (d, J = 8.7 Hz, 2H), 7.94 (d, J = 8.7 Hz, 2H), 3.50-3.42 (m, 4H), 3.28 (s, 3H). 

13C NMR (151 MHz, DMSO-d6) δ (ppm) = 164.96, 148.24, 137.39, 135.65, 134.00, 128.90, 120.78, 

119.58, 70.40, 70.38, 57.95, 40.06. 

HRMS m/z for C13H15N4O4
+ ([M+H]+) calculated: 291.1088, found: 291.1091. 

 

tert-Butyl (S)-3-((1-(4-((2-methoxyethyl)carbamoyl)phenyl)-1H-imidazol-4-

yl)carbamoyl)pyrrolidine-1-carboxylate (CG114) 

 

Step 1 

CG113 (100 mg, 0.34 mmol, 1.0 eq) was dissolved in EtOH (5 mL) and a few drops of H2O were added. 

Palladium (10%) on activated charcoal (20 mg) was added under argon atmosphere. Then the flask 

was flushed with hydrogen gas and the reaction mixture was stirred for 2 h at room temperature. The 

reaction was filtered through celite545 and was washed with EA. The solvent was dried over anhydrous 

MgSO4 and removed under reduced pressure. The obtained yellow solid was used for the next reaction 

without further purification.  

Step 2 

(S)-1-(tert-Butoxycarbonyl)pyrrolidine-3-carboxylic acid (81.6 mg, 0.38 mmol, 1.1 eq) was dissolved in 

DMF (2 mL) and DIPEA (117 µL, 0.69 mmol, 2.0 eq) and HATU (157 mg, 0.41 mmol, 1.2 eq) were 

added. The solution was stirred for 30 min at room temperature. The crude product from step 1 was 

dissolved in DMF (1 mL) and added dropwise to the reaction mixture. After additional 2 h the reaction 

mixture was quenched with sat. NH4Cl-solution (20 ml) and extracted with EA (40 mL). The organic 

phase was washed with brine (20 mL), dried over anhydrous MgSO4 and the solvent was removed 

under reduced pressure. The compound was purified via a silica column eluting at 5% MeOH in DCM, 

yielding CG114 (82 mg, 0.18 mmol, 52%) as a light-brown solid. 

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 10.67 (d, J = 10.0 Hz, 1H), 8.61 (t, J = 5.4 Hz, 1H), 8.25 (d, J 

= 1.6 Hz, 1H), 8.03-7.96 (m, 2H), 7.81 (s, 1H), 7.76 (d, J = 8.7 Hz, 2H), 3.49 (dd, J = 11.1, 4.0 Hz, 1H), 

3.48-3.41 (m, 4H), 3.41-3.34 (m, 2H), 3.28 (s, 3H), 3.26-3.14 (m, 2H), 2.09 (td, J = 11.7, 5.4 Hz, 1H), 

2.06-1.95 (m, 1H), 1.41 (s, 9H). 

13C NMR (151 MHz, DMSO-d6) δ (ppm) = 169.65, 165.20, 153.36, 139.29, 138.77, 132.04, 128.97, 

119.17, 104.07, 78.31, 70.44, 57.93, 48.47, 45.41, 40.74, 33.49, 28.18, 24.10, 21.03. 

HRMS m/z for C23H32N5O5
+ ([M+H]+) calculated: 458.2398, found: 458.2393. 
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(S)-N-(1-(4-((2-Methoxyethyl)carbamoyl)phenyl)-1H-imidazol-4-yl)pyrrolidine-3-carboxamide 

TFA-salt (CG115) 

 

CG114 (75 mg, 0.16 mmol, 1.0 eq) was dissolved in a solution of 20% TFA in DCM (2 mL). The mixture 

was stirred for 2 h at room temperature. The solvent was removed under reduced pressure and the 

crude product purified by preparative HPLC eluting at 10-20% ACN in H2O, yielding CG115 as a TFA 

salt (58.7 mg, 0.12 mmol, 76%).  

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 10.85 (s, 1H), 8.85 (d, J = 47.9 Hz, 2H), 8.61 (t, J = 5.4 Hz, 

1H), 8.27 (d, J = 1.6 Hz, 1H), 7.99 (d, J = 8.6 Hz, 2H), 7.78 (d, J = 1.6 Hz, 1H), 7.74 (d, J = 8.6 Hz, 2H), 

3.47 (dd, J = 6.3, 4.3 Hz, 2H), 3.44 (t, J = 5.2 Hz, 2H), 3.43-3.39 (m, 1H), 3.34 (tt, J = 11.6, 6.1 Hz, 2H), 

3.27 (s, 3H), 3.24 (ddt, J = 25.6, 11.8, 3.0 Hz, 2H), 2.24 (dq, J = 14.0, 7.2 Hz, 1H), 2.03 (dq, J = 13.8, 

7.2 Hz, 1H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 168.87, 165.16, 158.01 (q, J = 33.9 Hz), 139.06, 138.69, 

132.31, 132.25, 129.00, 119.29, 116.36 (q, J = 295.4 Hz), 104.22, 70.44, 57.92, 47.07, 45.10, 41.90, 

40.02, 28.88. 

HRMS m/z for C18H24N5O3
+ ([M+H]+) calculated: 358.1874, found: 358.1875. 

 

(S)-1-Cyano-N-(1-(4-((2-methoxyethyl)carbamoyl)phenyl)-1H-imidazol-4-yl)pyrrolidine-3-

carboxamide (Cpd158) 

 

CG115 (40 mg, 0.08 mmol, 1.0 eq) was dissolved in DCM (2 mL) and K2CO3 (46.9 mg, 0.34 mmol, 

4.0 eq) was added. A 3 M cyanogen bromide solution (34 µL, 0.10 mmol, 1.2 eq) was added and the 

mixture was stirred for 2 h. The reaction was quenched by the addition of H2O (10 mL). The two phases 

were separated, and the aqueous phase were extracted two times with EA (20 mL). The combined 

organic layers were dried over anhydrous MgSO4, filtered and the solvent was removed under reduced 

pressure. The corresponding product was purified via a silica column eluting at 6% MeOH in DCM, 

yielding Cpd158 (18.2 mg, 0.05 mmol, 56%) as a white solid. 

1H NMR (500 MHz, DMSO-d6) δ (ppm) = 10.76 (s, 1H), 8.62 (t, J = 5.3 Hz, 1H), 8.26 (d, J = 1.7 Hz, 

1H), 7.98 (d, J = 8.7 Hz, 2H), 7.81 (d, J = 1.6 Hz, 1H), 7.76 (d, J = 8.7 Hz, 2H), 3.60 (dd, J = 9.5, 7.7 

Hz, 1zH), 3.52-3.37 (m, 7H), 3.27 (s, 3H), 2.14 (dtd, J = 12.8, 7.3, 5.6 Hz, 1H), 2.03 (dq, J = 12.6, 7.3 

Hz, 1H), 1.25 (q, J = 6.9 Hz, 1H). 

13C NMR (126 MHz, DMSO-d6) δ (ppm) = 169.50, 165.65, 139.66, 139.21, 132.63, 132.58, 129.45, 

119.66, 117.73, 104.61, 70.91, 58.40, 53.00, 50.49, 43.50, 30.03. 

HRMS m/z for C19H23N6O3
+ ([M+H]+) calculated: 383.1826, found: 383.1829. 
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9.2.2 Structural basis for piperazine-specific inhibition of UCHL1 (Project 2) 

8.1.1.5 Synthesis of CG287 

 

Scheme 22. Synthesis of CG287. 

 

1-(tert-Butyl) 2-methyl (2R,4S)-4-cyanopyrrolidine-1,2-dicarboxylate (CG188) 

 

Step 1 

Methyl cis-1-boc-4-hydroxy-D-prolinate (2.0 g, 8.15 mmol, 1.0 eq), triethylamine (Et3N, 3.4 mL, 

24.5 mmol, 3.0 eq) and DMAP (100 mg, 0.82 mmol, 0.1 eq) were dissolved in DCM (30 mL) and the 

solution cooled to 0 °C. 4-Toluenesulfonyl chloride (TsCl, 2.0 g, 10.6 mmol, 1.3 eq) was added 

portionwise to the solution at 0 °C. The reaction mixture was allowed to warm up to room temperature 

and stirred overnight. The reaction mixture was quenched with water (50 ml) and extracted with DCM 

(2x50 mL). The combined organic phases were washed with 10% citric acid (40 mL), sat. NaHCO3 

(40 mL) and brine (40 mL), dried over anhydrous MgSO4 and the solvent was removed under reduced 

pressure. The product was used for step 2 without further purification. 

1H NMR (600 MHz, CDCl3) δ (ppm) = 7.79 – 7.74 (m, 2H), 7.35 (t, J = 7.2 Hz, 2H), 5.11 – 4.99 (m, 1H), 

4.38 (“d”dd, J = 66.0, 8.3, 4.0 Hz, 1H), 3.68 (“d”, J = 6.3 Hz, 3H), 3.67 – 3.63 (m, 1H), 3.63 – 3.54 (m, 

1H), 2.45 (“d”, J = 2.4 Hz, 3H), 2.43 – 2.41 (m, 1H), 2.37 – 2.33 (m, 1H), 1.42 (“d”, J = 26.2 Hz, 9H). 

13C NMR (151 MHz, CDCl3) δ (ppm) = 171.91 (“d”, J = 54.7 Hz), 153.68 (“d”, J = 66.3 Hz), 145.27 (“d”, 

J = 6.4 Hz), 133.76 (“d”, J = 22.6 Hz), 130.09 (“d”, J = 7.7 Hz), 127.88 (“d”, J = 4.1 Hz), 80.76 (“d”, J = 

2.5 Hz), 78.35 (“d”, J = 172.3 Hz), 57.33 (“d”, J = 53.3 Hz), 52.46 (“d”, J = 23.0 Hz), 51.92 (“d”, J = 89.1 

Hz), 36.63 (“d”, J = 149.2 Hz), 28.41 (“d”, J = 15.0 Hz), 21.83. 

HRMS m/z for C18H26NO7S+ ([M+H]+) calculated: 400.1425, found: 400.1425. 
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Step 2 

The crude product from step 1 (1.0 g, 2.45 mmol, 1.0 eq) was dissolved in DMSO (25 mL) and sodium 

cyanide (180.3 mg, 3.68 mmol, 1.5 eq) was added. The reaction mixture was heated to 60 °C and 

stirred overnight. The reaction mixture was quenched by the addition of brine (50 ml) and extracted with 

EA (2x50 mL). The combined organic phases were dried over anhydrous MgSO4 and the solvent was 

removed under reduced pressure. The product was purified via a silica column eluting at 10-20% EA in 

PE. CG188 (343.0 mg, 1.35 mmol, 55%) was obtained as a clear resin. 

1H NMR (700 MHz, CDCl3) δ (ppm) = 4.44 (“d”dd, J = 67.1, 8.6, 3.4 Hz, 1H), 3.90 (“d”dd, J = 21.7, 10.6, 

7.7 Hz, 1H), 3.75 (s, 3H), 3.65 (“d”dd, J = 42.5, 10.7, 7.4 Hz, 1H), 3.26 (“d”p, J = 22.7, 7.7 Hz, 1H), 2.50 

(“d”dt, J = 43.3, 13.1, 8.9 Hz, 1H), 2.36 (“d”dd, J = 13.2, 6.8, 3.5 Hz, 1H), 1.44 (“d”, J = 38.6 Hz, 9H). 

13C NMR (176 MHz, CDCl3) δ (ppm) = 172.41 (“d”, J = 15.7 Hz), 153.31 (“d”, J = 89.0 Hz), 119.12 (“d”, 

J = 14.6 Hz), 81.35 (“d”, J = 16.7 Hz), 57.91 (“d”, J = 36.4 Hz), 52.58, 49.25 (“d”, J = 18.6 Hz), 34.25 

(“d”, J = 170.7 Hz), 28.38 (“d”, J = 20.6 Hz), 26.86 (“d”, J = 99.4 Hz). 

HRMS m/z for C12H19N2O4
+ ([M+H]+) calculated: 255.1339, found: 255.1340. 

 

tert-Butyl (2R,4S)-4-cyano-2-(methoxymethyl)pyrrolidine-1-carboxylate (CG273) 

 

Step 1 

To a solution of CG188 (500 mg, 1.97 mmol, 1.0 eq) in dry THF (9 mL) was added 2 M LiBH4 in THF 

(1.08 mL, 2.16 mmol, 1.1 eq). The reaction mixture was stirred at 0 °C for 4.5 h. Drops of acetone were 

added slowly to quench the reaction. The resulting solution was poured into H2O (40 mL) and extracted 

with EA (2x40 mL). The combined organic layers were washed with sat. NaHCO3 (40 mL) and brine 

(40 mL), dried over anhydrous MgSO4, filtered and the solvent was evaporated under reduced pressure. 

The resulting product was used for the next reaction without further purification. 

HRMS m/z for C11H19N2O3
+ ([M+H]+) calculated: 227.1391, found: 227.1390. 

Step 2 

The crude product from step 1 (282 mg, 1.25 mmol, 1.0 eq) was dissolved in dry THF (7 mL), then 

sodium hydride (60 wt.% in mineral oil, 59.8 mg, 1.50 mmol, 1.2 eq) was added portionwise and the 

mixture stirred at room temperature for 30 min. To the mixture was added methyl iodide (155.2 µL, 2.49 

mmol, 2.0 eq) and stirring was continued at room temperature for 3 h. The reaction mixture was 

quenched by the addition of sat. NH4Cl (30 ml) and extracted with EA (2x20 mL). The combined organic 

layers were washed with brine (40 mL), dried over anhydrous MgSO4, filtered and the solvent was 

evaporated under reduced pressure. The product was purified via a silica column eluting at 10% EA in 

PE. CG273 (141.0 mg, 0.59 mmol, 47%) was obtained as a pale-yellow resin. 

1H NMR (700 MHz, CDCl3) δ (ppm) = 4.05 (“d”, J = 67.3 Hz, 1H), 3.70 (“d”d, J = 10.7, 8.1 Hz, 1H), 3.58 

(s, 1H), 3.48 (“d”d, J = 11.1, 7.3 Hz, 1H), 3.39 (“d”d, J = 9.8, 2.7 Hz, 1H), 3.32 (s, 3H), 3.01 (p, J = 7.6 

Hz, 1H), 2.43 – 2.18 (m, 2H), 1.47 (“d”, J = 3.3 Hz, 9H). 

13C NMR (176 MHz, CDCl3) δ (ppm) = 153.82, 120.24, 80.54, 76.98, 73.40, 59.42, 56.37, 49.82, 32.96, 

28.56, 27.07. 

HRMS m/z for C12H21N2O3
+ ([M+H]+) calculated: 241.1547, found: 241.1546. 
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1-(tert-Butyl) 3-methyl (3S,5R)-5-(methoxymethyl)pyrrolidine-1,3-dicarboxylate (CG275) 

 

To a solution of CG273 (120.0 mg, 0.50 mmol, 1.0 eq) was added 4 M HCl in 1,4-dioxane (1.50 mL, 

5.99 mmol, 12 eq) and the solution stirred overnight at room temperature. The reaction mixture was 

concentrated under reduced pressure and the crude intermediate dissolved in EA (4 mL) and basified 

with sat. aqueous NaHCO3 (4 mL). Boc2O (130.8 mg, 0.60 mmol, 1.2 eq) was added and the biphasic 

solution was stirred at rt for 12 h. The layers were then separated and the aqueous phase extracted 

with EA (30 mL). The organic phases were combined, washed with brine (50 mL), dried over anhydrous 

MgSO4, filtered and the solvent was evaporated under reduced pressure. The product was purified via 

a silica column eluting at 1% EA in PE. CG275 (117.5 mg, 0.43 mmol, 86%) was obtained as a pale-

yellow resin. 

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 3.88 (s, 1H), 3.62 (s, 3H), 3.44 – 3.38 (m, 2H), 3.36 (“d”d, J = 

9.4, 3.4 Hz, 1H), 3.34 – 3.28 (m, 1H), 3.27 – 3.23 (m, 3H), 3.22 (s, 1H), 2.06 (“d”, J = 27.0 Hz, 2H), 1.40 

(“d”, J = 1.3 Hz, 9H). 

13C NMR (151 MHz, DMSO-d6) δ (ppm) = 173.11, 153.20, 78.75, 72.65 (“d”, J = 103.0 Hz), 58.50, 55.88, 

51.79, 48.32 (“d”, J = 17.0 Hz), 40.92, 31.35 (“d”, J = 128.6 Hz), 28.08. 

HRMS m/z for C13H24NO5
+ ([M+H]+) calculated: 274.1649, found: 274.1652. 

 

tert-Butyl (2R,4S)-4-((1-(4-(methoxycarbonyl)phenyl)-1H-imidazol-4-yl)carbamoyl)-2-

(methoxymethyl)pyrrolidine-1-carboxylate (CG283) 

 

Step 1 

CG275 (94.0 mg, 0.34 mmol, 1.0 eq) was dissolved in 1,4-dioxane (2 mL). Aqueous 2 M LiOH solution 

(344 µL, 0.69 mmol, 2.0 eq) was added and the reaction mixture was stirred for 3 h at 50 °C. The pH of 

the reaction mixture was adjusted to pH 7 by adding aqueous 1 M HCl dropwise. The solvent was 

removed under reduced pressure and the obtained product used for the next reaction without further 

purification.  

Step 2 

Methyl 4-(4-nitro-1H-imidazol-1-yl)benzoate (GK07[1]) (110.5 mg, 0.45 mmol, 1.3 eq) was dissolved in 

EtOH (10 mL) and a few drops of H2O were added. Palladium (10%) on activated charcoal (11 mg) was 

added under an argon atmosphere. The reaction was flushed with H2 and stirred for 4 h at room 

temperature. The reaction was filtered through Celite 545 which was then washed with EA. The solvent 

was removed under reduced pressure and the obtained product used for the next reaction without 

further purification.  

Step 3 

The crude product from step 1 was dissolved in DMF (2 mL), then DIPEA (175 µL, 1.03 mmol, 3.0 eq) 

and HATU (156.9 mg, 0.41 mmol, 1.2 eq) were added and the reaction mixture was stirred for 10 min 

at room temperature. The crude product from step 2 was dissolved in DMF (2 mL), added to the reaction 
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and the mixture stirred at room temperature overnight. The reaction mixture was quenched with sat. 

NH4Cl solution (30 ml) and extracted with EA (2x30 mL). The combined organic layers were washed 

with brine (20 mL), dried over MgSO4, filtered and the solvent was removed under reduced pressure. 

The product was purified via a silica column eluting at 65% EA in PE. CG283 (134.8 mg, 0.29 mmol, 

85%) was obtained as a yellow solid. 

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 10.58 (“d”, J = 103.9 Hz, 1H), 8.32 – 8.26 (m, 1H), 8.09 – 8.03 

(m, 2H), 7.81 (“d”q, J = 8.8, 2.4, 1.9 Hz, 3H), 3.94 – 3.88 (m, 1H), 3.87 (s, 3H), 3.53 – 3.38 (m, 2H), 

3.38 – 3.33 (m, 1H), 3.31 (“d”, J = 3.4 Hz, 1H), 3.27 (“d”, J = 17.6 Hz, 3H), 3.24 (“d”, J = 11.9 Hz, 1H), 

2.14 – 1.95 (m, 2H), 1.48 – 1.35 (m, 9H). 

13C NMR (151 MHz, DMSO-d6) δ (ppm) = 171.12, 165.32, 157.52, 140.18, 139.16, 132.15, 131.02, 

127.37, 119.55, 103.91, 78.67, 72.99, 58.52, 56.10, 52.09, 48.99, 42.62, 32.35, 28.11. 

HRMS m/z for C23H31N4O6
+ ([M+H]+) calculated: 459.2238, found: 459.2240. 

 

(3S,5R)-1-Cyano-5-(methoxymethyl)-N-(1-(4-(pent-4-yn-1-ylcarbamoyl)phenyl)-1H-imidazol-4-

yl)pyrrolidine-3-carboxamide (CG287) 

 

Step 1 

CG283 (67.0 mg, 0.15 mmol, 1.0 eq) was dissolved in 1,4-dioxane (1 mL). Aqueous 2 M LiOH solution 

(102 µL, 0.20 mol, 1.4 eq) was added and the reaction mixture was stirred for 6 h at 50 °C. The pH of 

the reaction mixture was adjusted to pH 7 by adding aqueous 1 M HCl dropwise. The solvent was 

removed under reduced pressure and the obtained product used for the next reaction without further 

purification.  

Step 2 

The crude product from step 1 was dissolved in DMF (1 mL), then DIPEA (49.7 µL, 0.29 mmol, 2.0 eq) 

and HATU (72.2 mg, 0.19 mmol, 1.3 eq) were added and the reaction mixture was stirred for 10 min at 

room temperature. 4-Pentyn-1-amine (22.7 mg, 0.19 mmol, 1.3 eq) was dissolved in DMF (1 mL), 

added to the reaction and the mixture stirred at room temperature overnight. The reaction mixture was 

quenched with sat. NH4Cl solution (30 ml) and extracted with EA (2x30 mL). The combined organic 

layers were washed with brine (20 mL), dried over MgSO4, filtered and the solvent was removed under 

reduced pressure. The product was used for the next reaction without further purification.  

Step 3 

The crude product from step 2 was dissolved in DCM (2 mL) and TFA (0.4 mL) was added dropwise. 

The solution was stirred for 2 h at room temperature. The solvent was removed under reduced pressure 

and the product dried overnight in vacuo. Partial purification was achieved by preparative HPLC during 

which the desired product (3S,5R)-5-(methoxymethyl)-N-(1-(4-(pent-4-yn-1-ylcarbamoyl)phenyl)-1H-

imidazol-4-yl)pyrrolidine-3-carboxamide TFA salt (9.6 mg, 0.02 mmol) co-eluted with uncharacterised 

impurities. Fractions containing the desired product as judged by LC-MS and TLC were combined, 

frozen, lyophilised and used for the next reaction without further purification. 
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Step 4 

The crude product from step 3 was dissolved in DMF (1 mL) and DIPEA (12.5 µL, 0.07 mmol, 4.0 eq 

based on intermediate product of step 3) was added. The mixture was cooled to 0 °C and 3 M cyanogen 

bromide solution (7.3 µL, 0.02 mmol, 1.2 eq based on intermediate product of step 3) was added and 

the mixture was stirred for 30 min at 0 °C. The reaction mixture was allowed to warm up to room 

temperature and stirred for another 2 h followed by the addition of H2O (20 mL). The mixture was 

extracted with EA (2x20 mL). The combined organic layers were washed with brine (20 mL), dried over 

anhydrous MgSO4, filtered and the solvent was removed under reduced pressure. Partial purification 

was achieved by normal phase column chromatography using DCM and MeOH as eluents, during which 

the desired product (3S,5R)-5-(methoxymethyl)-N-(1-(4-(pent-4-yn-1-ylcarbamoyl)phenyl)-1H-

imidazol-4-yl)pyrrolidine-3-carboxamide mainly co-eluted with an uncharacterised impurity (probably its 

(3R,5R)-diastereomer as judged by comparison of NMR spectra of similar compounds with N-

cyanopyrrolidine warhead in (3R,5R)-configuration). Only selected fractions contained the desired, pure 

product, as judged by LC-MS and TLC. They were subsequently combined, frozen and lyophilised to 

obtain pure CG287 (1.5 mg, 3.45 µmol, 2% overall yield) as a white powder. 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 10.71 (s, 1H), 8.56 (t, J = 5.6 Hz, 1H), 8.24 (d, J = 1.7 Hz, 

1H), 8.00 – 7.93 (m, 2H), 7.80 (d, J = 1.7 Hz, 1H), 7.77 – 7.71 (m, 2H), 3.88 (dq, J = 7.8, 5.4 Hz, 1H), 

3.65 (dd, J = 9.4, 7.3 Hz, 1H), 3.50 (dd, J = 9.4, 6.1 Hz, 1H), 3.43 – 3.36 (m, 2H), 3.36 – 3.33 (m, 2H), 

3.31 (s, 3H), 3.30 – 3.24 (m, 1H), 2.80 (t, J = 2.7 Hz, 1H), 2.23 (td, J = 7.1, 2.7 Hz, 2H), 2.15 (ddd, J = 

12.7, 7.9, 6.7 Hz, 1H), 1.94 (ddd, J = 12.9, 7.5, 5.5 Hz, 1H), 1.72 (p, J = 7.1 Hz, 2H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 169.10, 165.18, 139.16, 138.70, 132.36, 132.09, 128.95, 

119.19, 116.53, 104.17, 84.12, 73.19, 71.40, 60.51, 58.52, 53.13, 42.15, 38.48, 31.74, 28.04, 15.53. 

HRMS m/z for C23H26N6O3
+ ([M+H]+) calculated: 435.2139, found: 435.2139. 

 

8.1.1.6 Synthesis of CG385 

 

Scheme 23. Synthesis of CG385. 
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1-(tert-Butyl) 3-ethyl 4-hydroxypyrrolidine-1,3-dicarboxylate (CG180) 

 

To a solution of 1-(tert-butyl) 3-ethyl 4-oxopyrrolidine-1,3-dicarboxylate (2.0 g, 7.77 mmol, 1.0 eq) in dry 

MeOH (40 mL) was added NaBH4 (588.2 mg, 15.55 mmol, 2.0 eq). Aqueous 1 N HCl was added 

dropwise to adjust the pH to 3-4. The reaction mixture was stirred at 0 °C for 6 h. The reaction mixture 

was quenched by the addition of water (50 ml) and brine (50 mL) and then extracted with EA (6x40 mL). 

The organic layers were combined, dried over anhydrous MgSO4, filtered and the solvent was 

evaporated under reduced pressure. The product was purified via a silica column eluting at 10-20% EA 

in PE. CG180 (1.735 g, 6.69 mmol, 86%) was obtained as a clear liquid. 

1H NMR (700 MHz, CDCl3) δ (ppm) = 4.59 – 4.52 (m, 1H), 4.21 (“d”q, J = 21.5, 7.1 Hz, 2H), 3.78 – 3.74 

(m, 1H), 3.74 – 3.68 (m, 1H), 3.63 – 3.53 (m, 1H), 3.53 – 3.24 (m, 1H), 3.08 – 2.93 (m, 1H), 1.46 (“d”, 

J = 2.0 Hz, 9H), 1.32 – 1.26 (m, 3H). 

13C NMR (176 MHz, CDCl3) δ (ppm) = 171.91, 154.48 (“d”, J = 16.8 Hz), 79.91 (“d”, J = 10.3 Hz), 72.40, 

61.46 (“d”, J = 16.4 Hz), 52.98 (“d”, J = 252.4 Hz), 50.85, 45.77 (“d”, J = 137.1 Hz), 28.61 (“d”, J = 3.7 

Hz), 14.30 (“d”, J = 2.9 Hz). 

HRMS m/z for C12H22NO5
+ ([M+H]+) calculated: 260.1493, found: 260.1491. 

 

Lithium 1-(tert-butoxycarbonyl)-4-hydroxypyrrolidine-3-carboxylate (CG216) 

 

CG180 (500.0 mg, 1.93 mmol, 1.0 eq) was dissolved in 1,4-dioxane (2 mL). Aqueous 2 M LiOH solution 

(1.93 mL, 3.86 mmol, 2.0 eq) was added and the reaction mixture was stirred for 4 h at 60 °C. The pH 

of the reaction mixture was adjusted to pH 7 by adding aqueous 1 N HCl dropwise. The solvent was 

removed under reduced pressure yielding CG216 (389.0 mg, 1.64 mmol, 85%), which was used for 

following reactions without further purification. 

 

anti-/syn-tert-Butyl-3-methoxy-4-((1-(4-(methoxycarbonyl)phenyl)-1H-imidazol-4-yl)carbamoyl)-

pyrrolidine-1-carboxylate (CG373) 

 

Step 1 

CG216 (165.2 mg, 0.69 mmol, 1.0 eq) was dissolved in dry THF (8 mL), then sodium hydride (60 wt.% 

in mineral oil, 133.8 mg, 3.34 mmol, 4.8 eq) was added portionwise at 0 °C. The reaction was allowed 

to reach room temperature and stirred for another 30 min. To the mixture was added methyl iodide 

(104.1 µL, 1.67 mmol, 2.4 eq) and stirring was continued at room temperature overnight. The reaction 



Methods 

139 

mixture was quenched by the addition of sat. NH4Cl (30 ml) and extracted with EA (2x20 mL). The 

combined organic layers were washed with brine (40 mL), dried over anhydrous MgSO4, filtered and 

the solvent was evaporated under reduced pressure. The product was used for the next reaction without 

further purification. 

 

Step 2 

GK07 (268.7 mg, 1.09 mmol, 1.6 eq) was dissolved in EtOH (20 mL) and a few drops of H2O were 

added. Palladium (10%) on activated charcoal (27 mg) was added under an argon atmosphere. The 

reaction was flushed with H2 and stirred for 5 h at room temperature. The reaction was filtered through 

Celite 545 which was then washed with EA. The solvent was removed under reduced pressure and the 

obtained product used for the next reaction without further purification.  

Step 3 

The crude product from step 1 was dissolved in DMF (2 mL), then DIPEA (568.8 µL, 3.34 mmol, 4.8 eq) 

and HATU (413.3 mg, 1.09 mmol, 1.6 eq) were added and the reaction mixture stirred for 10 min at 

room temperature. The crude product from step 2 was dissolved in DMF (2 mL), added to the reaction 

and the mixture stirred at room temperature overnight. The reaction mixture was quenched with sat. 

NH4Cl solution (30 ml) and extracted with EA (2x30 mL). The combined organic layers were washed 

with brine (20 mL), dried over MgSO4, filtered and the solvent was removed under reduced pressure. 

The product was purified via a silica column eluting at 40-60% EA in PE, yielding a mixture of both syn- 

and anti-CG373 as judged by LC-MS and NMR analysis. The product mixture was further purified by 

preparative HPLC eluting at 15-25% ACN in H2O. Both isomers were able to be separated yielding anti-

CG373 (20.6 mg, 0.05 mmol, 7%) and syn-CG373 (25.3 mg, 0.06 mmol, 8%), both as white solids. 

anti-CG373 

 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 10.65 (“d”, J = 8.5 Hz, 1H), 8.35 (“d”d, J = 2.7, 1.6 Hz, 1H), 

8.06 (“d”d, J = 8.8, 2.1 Hz, 2H), 7.86 – 7.75 (m, 3H), 4.26 (td, J = 4.7, 2.7 Hz, 1H), 3.87 (s, 3H), 3.64 – 

3.55 (m, 1H), 3.51 – 3.39 (m, 2H), 3.38 – 3.29 (m, 2H), 3.23 (“d”, J = 5.0 Hz, 3H), 1.41 (“d”, J = 1.5 Hz, 

9H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 166.47 (“d”, J = 27.5 Hz), 165.47, 158.33 (q, J = 37.6 Hz), 

153.63 (“d”, J = 5.2 Hz), 140.27, 139.11 (“d”, J = 6.0 Hz), 132.12 (“d”, J = 5.8 Hz), 131.00 (“d”, J = 1.9 

Hz), 127.48, 119.63 (“d”, J = 3.5 Hz), 115.30 (q, J = 289.7 Hz), 103.93 (“d”, J = 4.4 Hz), 79.92 (“d”, J = 

134.3 Hz), 78.43, 56.82 (“d”, J = 20.0 Hz), 52.26, 49.75 (“d”, J = 40.4 Hz), 47.28 (“d”, J = 169.6 Hz), 

45.47 (“d”, J = 19.7 Hz), 28.17. 

HRMS m/z for C22H29N4O6
+ ([M+H]+) calculated: 445.2082, found: 445.2087. 

 

syn-CG373 

 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 10.85 (“d”, J = 10.1 Hz, 1H), 8.33 (d, J = 1.7 Hz, 1H), 8.09 – 

8.00 (m, 2H), 7.84 (d, J = 1.7 Hz, 1H), 7.83 – 7.80 (m, 2H), 4.07 (q, J = 4.6, 4.2 Hz, 1H), 3.87 (s, 3H), 

3.59 – 3.46 (m, 2H), 3.44 – 3.37 (m, 1H), 3.28 (s, 3H), 3.27 – 3.21 (m, 2H), 1.40 (s, 9H). 
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13C NMR (176 MHz, DMSO-d6) δ (ppm) = 168.67 (“d”, J = 10.9 Hz), 165.46, 158.31 (q, J = 37.2 Hz), 

153.41 (“d”, J = 18.4 Hz), 140.27, 139.08, 132.29, 131.00, 127.48, 119.60, 115.41 (q, J = 290.3 Hz), 

104.22, 81.33 (“d”, J = 151.1 Hz), 78.58, 56.50, 52.25, 50.31 (“d”, J = 54.3 Hz), 48.06 (“d”, J = 150.2 

Hz), 47.21 (“d”, J = 33.0 Hz), 28.13. 

HRMS m/z for C22H29N4O6
+ ([M+H]+) calculated: 445.2082, found: 445.2085. 

anti-1-Cyano-4-methoxy-N-(1-(4-(pent-4-yn-1-ylcarbamoyl)phenyl)-1H-imidazol-4-yl)pyrrolidine-

3-carboxamide (CG385) 

 

 

Step 1 

anti-CG373 (5.9 mg, 0.13 mmol, 1.0 eq) was dissolved in 1,4-dioxane (0.5 mL). Aqueous 2 M LiOH 

solution (19.9 µL, 0.40 mol, 3 eq) was added and the reaction mixture was stirred at room temperature 

overnight. The pH of the reaction mixture was adjusted to pH 7 by adding a few drops of aqueous 1 M 

HCl. The solvent was removed under reduced pressure and the obtained product used for the next 

reaction without further purification.  

Step 2 

The crude product from step 1 was dissolved in DMF (1 mL), then DIPEA (9.3 µL, 0.53 mol, 4 eq) and 

HATU (6.6 mg, 0.17 mmol, 1.3 eq) were added and the reaction mixture was stirred for 10 min at room 

temperature. 4-Pentyn-1-amine HCl (2.1 mg, 0.17 mmol, 1.3 eq) was added to the reaction and the 

mixture stirred at room temperature overnight. The reaction mixture was quenched with sat. NH4Cl 

solution (30 mL) and extracted with EA (2x30 mL). The combined organic layers were washed with 

brine (20 mL), dried over MgSO4, filtered and the solvent was removed under reduced pressure. Partial 

purification was achieved by preparative HPLC during which the desired product anti-tert-butyl 3-

methoxy-4-((1-(4-(pent-4-yn-1-ylcarbamoyl)phenyl)-1H-imidazol-4-yl)-carbamoyl)pyrrolidine-1-

carboxylate TFA salt mainly co-eluted with an uncharacterised impurity. Selected fractions, containing 

only the desired and pure product as judged by LC-MS and TLC, were combined, frozen, lyophilised 

and used for the next reaction without further purification. 

Step 3 

The product from step 2 (4.1 mg, 0.07 mmol, 1.0 eq) was dissolved in DCM (2 mL) and TFA (0.4 mL) 

was added dropwise. The solution was stirred for 3 h at room temperature. EA (5 mL) was added to the 

mixture. Then the solvent and residual TFA were removed under reduced pressure and the product 

dried in vacuo.  

Step 4 

The crude product from step 3 was dissolved in DMF (1 mL) and DIPEA (9.2 µL, 0.05 mmol, 8.0 eq) 

was added. 3 M cyanogen bromide solution (4.5 µL, 0.01 mmol, 2.0 eq) was added and the mixture 

was stirred for 3 h at room temperature. The reaction was quenched by the addition of aqueous sat. 

NaHCO3 (20 mL) and then extracted with EA (2x20 mL). The combined organic layers were washed 

with aqueous sat. NH4Cl (20 mL) and brine (20 mL), dried over anhydrous MgSO4, filtered and the 

solvent was removed under reduced pressure. The corresponding product was purified via a 

preparative HPLC (without TFA), eluting at 15-25% ACN (no TFA) in H2O (no TFA), yielding anti-CG385 

(1.8 mg, 4.28 µmol, 32% overall yield) as a white powder. Note that even after thorough selection of 

pure fractions after preparative HPLC, as judged by LC-MS, an impurity of 4% could be observed in the 
1H NMR spectrum, characterised as the elimination product 1-cyano-N-(1-(4-(pent-4-yn-1-
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ylcarbamoyl)phenyl)-1H-imidazol-4-yl)-2,5-dihydro-1H-pyrrole-3-carboxamide as judged by 1D- and 

2D-NMR analysis (e.g. characteristic chemical shift of alkene proton [δ = 6.91 ppm (s, 0.4 H ≙ 1 H)] as 

well as chemical equivalent pyrrolidine protons adjacent to the N-cyano-group [δ = 4.48 (s, 0.18 H ≙ 

4 H). 

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 10.92 (s, 1H), 8.57 (t, J = 5.6 Hz, 1H), 8.26 (d, J = 1.6 Hz, 

1H), 8.02 – 7.94 (m, 2H), 7.82 (d, J = 1.6 Hz, 1H), 7.78 – 7.73 (m, 2H), 4.10 (dt, J = 4.9, 2.6 Hz, 1H), 

3.64 (dd, J = 9.9, 7.4 Hz, 1H), 3.57 – 3.48 (m, 2H), 3.43 (dd, J = 10.4, 2.3 Hz, 1H), 3.37 – 3.33 (m, 3H), 

3.31 (s, 3H), 2.80 (t, J = 2.6 Hz, 1H), 2.23 (td, J = 7.1, 2.7 Hz, 2H), 1.72 (p, J = 7.1 Hz, 2H).  

13C NMR (151 MHz, DMSO-d6) δ (ppm) = 167.88, 165.18, 139.01, 138.68, 132.39, 132.16, 128.96, 

119.21, 117.12, 104.35, 84.12, 82.18, 71.41, 56.49, 54.52, 51.71, 48.53, 38.48, 28.04, 15.53.  

HRMS m/z for C22H25N6O3
+ ([M+H]+) calculated: 421.1983, found: 421.1987. 

 

8.1.1.7 Synthesis of CG390 

 

Scheme 24. Synthesis of compound CG390 based on the synthesis route described for Cpd74 [181]. 

 

Methyl 1-acetylcyclopropane-1-carboxylate (CG361) 

 

To a solution of methyl 3-oxobutanoate (1.0 mL, 9.27 mmol, 1.0 eq) and 1,2-dibromoethane (882 µL, 

10.19 mmol, 1.1 eq) in acetone (20 mL) was added K2CO3 (1.92 g, 13.9 mmol, 1.5 eq) at room 

temperature. The reaction was heated to 70 °C and stirred for 24 h. The reaction mixture was allowed 

to cool down to room temperature and filtered through Celite 545 which was then washed with acetone. 

The filtrate was concentrated under reduced pressure and purified by normal phase column 

chromatography eluting at 2-5% EA in CH. CG361 (390.7 mg, 2.75 mmol, 30%) was obtained as a clear 

liquid.1H NMR (600 MHz, CDCl3) δ (ppm) = 3.74 (s, 3H), 2.47 (s, 3H), 1.48 (s, 4H). 

13C NMR (151 MHz, CDCl3) δ (ppm) = 203.18, 171.67, 52.41, 35.07, 30.00, 19.44. 

 

 

Methyl (S)-2-methyl-1-(1-phenylethyl)-4,5-dihydro-1H-pyrrole-3-carboxylate (CG366) 
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CG361 (380.0 mg, 2.67 mmol, 1.0 eq) was dissolved in toluene (4 mL) and (S)-1-phenylethan-1-amine 

(862 µL, 6.68 mmol, 2.5 eq) was added. The reaction was equipped with a Dean-Stark trap, heated to 

130 °C and stirred overnight. The reaction mixture was allowed to cool down to room temperature and 

concentrated under reduced pressure. The corresponding product was purified via a normal phase 

column eluting at 6% EA in PE, yielding CG366 (397.7 mg, 1.62 mmol, 61%) as a red oil. 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 7.42 – 7.33 (m, 2H), 7.31 – 7.18 (m, 3H), 4.94 (q, J = 7.0 Hz, 

1H), 3.50 (s, 3H), 3.49 – 3.42 (m, 1H), 3.07 (ddd, J = 12.0, 10.3, 8.2 Hz, 1H), 2.60 – 2.51 (m, 2H), 2.25 

(d, J = 1.4 Hz, 3H), 1.48 (d, J = 7.0 Hz, 3H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 166.29, 160.70, 141.32, 128.50, 127.11, 126.61, 94.21, 52.16, 

49.50, 44.63, 26.15, 17.44, 11.77. 

HRMS m/z for C15H20NO2
+ ([M+H]+) calculated: 246.1489, found: 246.1483. 

 

Methyl (2S,3S)-2-methyl-1-((S)-1-phenylethyl)pyrrolidine-3-carboxylate (CG372) 

 

A solution of CG366 (390 mg, 1.59 mmol, 1.0 eq) and acetic acid (AcOH, 1.27 mL, 22.3 mmol, 14 eq) 

in ACN (4 mL) was cooled to 0°C, then sodium triacetoxyborohydride (NaBH(OAc)3, 674 mg, 

3.18 mmol, 2.0 eq) was added portionwise. After stirring the reaction for 5 h at 0 °C, the solvent was 

evaporated under reduced pressure and the resulting mixture poured into aqueous sat. NaHCO3 

solution (30 mL). The pH was adjusted to pH 9 followed by extraction with EA (3x30 mL). The combined 

organic layers were washed with brine (30 mL), dried over anhydrous MgSO4, filtered and the solvent 

was removed under reduced pressure. The corresponding product was purified via normal phase 

column chromatography, eluting at 1-5% EA in CH. The product was further crystallised from hexane 

(30 mL) at -80 °C yielding CG372 (247.3 mg, 1.00 mmol, 63%) as white crystals. 

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 7.34 – 7.26 (m, 4H), 7.24 – 7.18 (m, 1H), 3.62 – 3.59 (m, 1H), 

3.59 (s, 3H), 3.35 (dt, J = 7.8, 6.4 Hz, 1H), 3.06 (dt, J = 10.0, 8.1 Hz, 1H), 2.59 (td, J = 9.0, 3.7 Hz, 1H), 

2.43 (dt, J = 9.2, 7.7 Hz, 1H), 1.98 (dddd, J = 12.6, 10.0, 8.7, 7.7 Hz, 1H), 1.85 – 1.76 (m, 1H), 1.26 (d, 

J = 6.5 Hz, 3H), 0.70 (d, J = 6.4 Hz, 3H). 

13C NMR (151 MHz, DMSO-d6) δ (ppm) = 172.93, 145.40, 128.13, 127.19, 126.74, 59.60, 56.36, 51.29, 

47.92, 46.68, 24.55, 20.19, 12.87. 

HRMS m/z for C15H22NO2
+ ([M+H]+) calculated: 248.1645, found: 248.1642. 
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1-(tert-Butyl) 3-methyl (2S,3S)-2-methylpyrrolidine-1,3-dicarboxylate (CG377) 

 

Step 1 

To a solution of CG372 (500.0 mg, 2.02 mmol, 1.0 eq) in MeOH (10 mL) was added palladium (10%) 

on activated charcoal (50 mg) under an argon atmosphere. The reaction was flushed with H2 and stirred 

overnight at room temperature. The reaction was filtered through Celite 545 which was then washed 

with EA. The solvent was removed under reduced pressure and the obtained product used for the next 

reaction without further purification. 

Step 2 

The crude product from step 1 was dissolved in a mixture of EA (2 mL) and aqueous sat. NaHCO3 

solution (1 mL). Boc2O (882 mg, 4.04 mmol, 2.0 eq) was added and the reaction vigorously stirred at 

room temperature for 4 h. The phases were separated and the aqueous phase extracted with EA 

(2x10 mL). The combined organic layers were washed with brine (30 mL), dried over anhydrous 

MgSO4, filtered and the solvent was removed under reduced pressure. The corresponding product was 

purified via normal phase column chromatography, eluting at 12% EA in CH, yielding CG377 (415.8 mg, 

1.71 mmol, 85%) as a white solid. 

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 4.01 (q, J = 7.1 Hz, 1H), 3.63 (s, 3H), 3.35 (t, J = 9.2 Hz, 1H), 

3.20 (“d”q, J = 31.4, 9.8, 9.1 Hz, 2H), 2.24 – 2.03 (m, 1H), 1.99 – 1.89 (m, 1H), 1.39 (s, 9H), 0.95 (“d”, 

J = 6.4 Hz, 3H). 

13C NMR (151 MHz, DMSO-d6) δ (ppm) = 171.42 (“d”, J = 16.5 Hz), 152.98, 78.42, 53.09, 51.59, 46.17 

(“d”, J = 110.9 Hz), 44.45 (“d”, J = 47.9 Hz), 28.13, 24.19 (“d”, J = 159.0 Hz), 15.77 (“d”, J = 91.0 Hz). 

HRMS m/z for C12H22NO4
+ ([M+H]+) calculated: 244.1543, found: 244.1537. 

 

tert-Butyl (2S,3S)-3-((1-(4-(methoxycarbonyl)phenyl)-1H-imidazol-4-yl)carbamoyl)-2-methyl-

pyrrolidine-1-carboxylate (CG387) 

 

Step 1 

CG377 (410.0 mg, 1.69 mmol, 1.0 eq) was dissolved in 1,4-dioxane (4 mL). Aqueous 2 M LiOH solution 

(1.52 mL, 3.03 mmol, 1.8 eq) was added and the reaction mixture was stirred for overnight at 50 °C. 

The pH of the reaction mixture was adjusted to pH 7 by adding aqueous 1 M HCl dropwise. The solvent 

was removed under reduced pressure and the obtained product used for the next reaction without 

further purification.  

Step 2 

GK07 (300.0 mg, 1.21 mmol, 1.0 eq) was dissolved in THF (5 mL) and palladium (10%) on activated 

charcoal (30 mg) was added under an argon atmosphere. The reaction was flushed with H2 and stirred 

overnight at room temperature. The reaction was filtered through Celite 545 which was then washed 

with THF (20 mL) and the resulting solution was directly used for the next reaction. 
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Step 3 

The crude product from step 1 was dissolved in THF (2 mL), then DIPEA (825 µL, 4.85 mmol, 4.0 eq) 

and HATU (553.7 mg, 1.46 mmol, 1.2 eq) were added and the reaction mixture was stirred for 10 min 

at room temperature. This reaction mixture was then transferred to the solution generated in step 2 and 

the reaction stirred at room temperature overnight. The reaction mixture was quenched with sat. NH4Cl 

solution (30 mL) and extracted with EA (2x30 mL). The combined organic layers were washed with 

brine (30 mL), dried over MgSO4, filtered and the solvent was removed under reduced pressure. The 

product was purified via a silica column eluting at 60-70% EA in CH. CG387 (258.3 mg, 0.60 mmol, 

50%) was obtained as a 9:1 mixture of (2S,3S):(2S,3R), as judged by peak-ratios of corresponding H-

atoms in the 1H NMR Peak assignment was carried out by evaluation of 1D- and 2D-NMR spectra. 

Spectral data are given for the main (2S,3S)-product. 

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 10.60 (“d”, J = 28.8 Hz, 1H), 8.29 (d, J = 1.6 Hz, 1H), 8.09 – 

8.02 (m, 2H), 7.83 (q, J = 2.1, 1.6 Hz, 1H), 7.81 (q, J = 2.5, 2.0 Hz, 2H), 4.27 – 4.12 (m, 1H), 3.87 (s, 

3H), 3.37 (td, J = 13.0, 12.5, 6.7 Hz, 1H), 3.19 (d, J = 9.2 Hz, 2H), 2.33 – 2.19 (m, 1H), 1.94 – 1.84 (m, 

1H), 1.40 (“d”, J = 6.9 Hz, 9H), 0.93 (“d”d, J = 7.0, 3.0 Hz, 3H).  

13C NMR (151 MHz, DMSO-d6) δ (ppm) = 167.36 (“d”, J = 17.5 Hz), 165.47, 153.06, 140.32, 139.47, 

132.23, 131.00, 127.34, 119.50, 103.78, 78.30, 53.61, 52.26, 46.96 (“d”, J = 121.3 Hz), 44.46 (“d”, J = 

45.9 Hz), 28.18, 24.11 (“d”, J = 155.7 Hz), 15.61 (“d”, J = 91.3 Hz). 

HRMS m/z for C22H29N4O5
+ ([M+H]+) calculated: 429.2133, found: 429.2135. 

 

tert-Butyl (2S,3S)-2-methyl-3-((1-(4-(pent-4-yn-1-ylcarbamoyl)phenyl)-1H-imidazol-4-

yl)carbamoyl)pyrrolidine-1-carboxylate (CG389) 

 

Step 1 

CG387 (250.0 mg, 0.58 mmol, 1.0 eq) was dissolved in 1,4-dioxane (4 mL). Aqueous 2 M LiOH solution 

(379 µL, 0.76 mol, 1.3 eq) was added and the reaction mixture was stirred for 4 h at 60 °C. The pH of 

the reaction mixture was adjusted to pH 7 by adding aqueous 1 M HCl dropwise. The solvent was 

removed under reduced pressure and the obtained product used for the next reaction without further 

purification.  

Step 2 

The crude product from step 1 was dissolved in DMF (2 mL), then DIPEA (497.8 µL, 2.85 mmol, 5.0 eq) 

and HATU (281.8 mg, 0.74 mmol, 1.3 eq) were added and the reaction mixture was stirred for 10 min 

at room temperature. 4-Pentyn-1-amine HCl (75.0 mg, 0.63 mmol, 1.1 eq) was dissolved in DMF 

(2 mL), added to the reaction and the mixture stirred at room temperature overnight. The reaction 

mixture was quenched with sat. NH4Cl solution (30 mL) and extracted with EA (2x30 mL). The 

combined organic layers were washed with brine (20 mL), dried over MgSO4, filtered and the solvent 

was removed under reduced pressure. The product was purified via preparative HPLC eluting at 25-

35% ACN (no TFA) in H2O (no TFA), yielding CG389 (86.2 mg, 0.18 mmol, 31%) as a 6:1 mixture of 

(2S,3S):(2S,3R), as judged by peak-ratios of corresponding H-atoms in the 1H NMR Peak assignment 

was carried out by evaluation of 1D- and 2D-NMR spectra. Spectral data are given for the main (2S,3S)-

product 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 10.57 (“d”, J = 33.3 Hz, 1H), 8.56 (t, J = 5.6 Hz, 1H), 8.25 (d, 

J = 1.6 Hz, 1H), 7.99 – 7.95 (m, 2H), 7.80 (d, J = 1.6 Hz, 1H), 7.76 – 7.73 (m, 2H), 4.22 – 4.13 (m, 1H), 
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3.43 – 3.36 (m, 1H), 3.36 – 3.32 (m, 2H), 3.18 (qd, J = 18.0, 14.6, 7.4 Hz, 2H), 2.80 (t, J = 2.6 Hz, 1H), 

2.32 – 2.24 (m, 1H), 2.23 (td, J = 7.1, 2.7 Hz, 2H), 1.93 – 1.85 (m, 1H), 1.72 (p, J = 7.1 Hz, 2H), 1.40 

(“d”, J = 8.5 Hz, 9H), 0.94 (“d”, J = 5.5 Hz, 3H). (2S,3S):(2S,3R) = 5:1 mixture 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 167.31 (“d”, J = 20.6 Hz), 165.19, 153.06, 139.18, 138.70, 

132.34, 131.99, 128.94, 119.18, 104.02, 84.11, 78.29, 71.38, 53.61, 46.95 (“d”, J = 141.2 Hz), 44.46 

(“d”, J = 53.6 Hz), 38.47, 28.18, 28.04, 24.12 (“d”, J = 180.7 Hz), 15.91, 15.53. 

HRMS m/z for C26H34N5O4
+ ([M+H]+) calculated: 480.2605, found: 480.2607. 

 

(2S,3S)-1-Cyano-2-methyl-N-(1-(4-(pent-4-yn-1-ylcarbamoyl)phenyl)-1H-imidazol-4-

yl)pyrrolidine-3-carboxamide (CG390) 

 

Step 1 

CG389 (79 mg, 0.16 mmol, 1.0 eq) was dissolved in DCM (2 mL) and TFA (0.4 mL) was added 

dropwise. The solution was stirred for 3 h at room temperature. The solvent and residual TFA were 

removed under reduced pressure and the product dried in vacuo.  

Step 2 

The crude product from step 1 was dissolved in DMF (3 mL) and DIPEA (224.1 µL, 1.32 mmol, 8.0 eq) 

was added. 3 M cyanogen bromide solution (109.8 µL, 0.33 mmol, 2.0 eq) was added and the mixture 

was stirred for 3 h at room temperature. The reaction was quenched by the addition of aqueous sat. 

NaHCO3 (50 mL). The mixture was extracted with EA (2x30 mL). The combined organic layers were 

washed with brine (30 mL), dried over anhydrous MgSO4, filtered and the solvent was removed under 

reduced pressure. The corresponding product was purified via a preparative HPLC, eluting at 15-25% 

ACN (no TFA) in H2O (no TFA), yielding CG390 (36.6 mg, 0.09 mmol, 55%) as a white powder. 

1H NMR (500 MHz, DMSO-d6) δ (ppm) = 10.69 (s, 1H), 8.56 (q, J = 5.0, 4.5 Hz, 1H), 8.25 (d, J = 1.6 

Hz, 1H), 7.99 – 7.94 (m, 2H), 7.82 (d, J = 1.6 Hz, 1H), 7.79 – 7.73 (m, 2H), 3.94 (p, J = 6.6 Hz, 1H), 

3.63 (td, J = 8.3, 6.0 Hz, 1H), 3.40 (td, J = 8.4, 6.2 Hz, 1H), 3.37 – 3.32 (m, 2H), 3.21 (q, J = 6.8 Hz, 

1H), 2.80 (t, J = 2.6 Hz, 1H), 2.23 (td, J = 7.1, 2.7 Hz, 2H), 2.15 (ddt, J = 12.5, 8.1, 6.1 Hz, 1H), 2.06 – 

1.94 (m, 1H), 1.72 (p, J = 7.1 Hz, 2H), 1.11 (d, J = 6.6 Hz, 3H).  

13C NMR (126 MHz, DMSO-d6) δ (ppm) = 167.81, 165.18, 139.05, 138.70, 132.33, 132.07, 128.94, 

119.18, 116.31, 104.11, 84.12, 71.39, 58.11, 49.24, 46.52, 38.47, 28.04, 26.64, 15.53, 15.16.  

HRMS m/z for C22H25N6O2
+ ([M+H]+) calculated: 405.2034, found: 405.2034. 

 

8.1.1.8 Synthesis of CG305 

 

Scheme 25. Synthesis of CG305. 
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Methyl 4-(4-((tert-butoxycarbonyl)amino)-1H-imidazol-1-yl)benzoate (GK26) 

 

Step 1 

GK07 (924 mg, 3.74 mmol, 1.0 eq) was dissolved in EtOH (30 mL) and a few drops of water were 

added. Palladium (10%) on activated charcoal (300 mg) was added under an argon atmosphere. Then 

the reaction mixture was stirred for five hours at room temperature under an atmosphere of hydrogen. 

The reaction mixture was filtrated through a pad of Celite 545 and washed with MeOH. The solution 

was directly used for the next reaction step without further purification.  

Step 2 

To the solution of crude product from step 1, Boc2O (1.6 mL, 7.48 mmol, 2.0 eq) and DIPEA (1.3 mL, 

7.48 mmol, 2.0 eq) were added and the reaction mixture was stirred for 20 h at room temperature. The 

mixture was concentrated under reduced pressure and EA (50 mL) was added to the residue. The 

mixture was washed with a sat. NH4Cl-solution (50 mL) and brine (50 mL). The organic phase was dried 

and the solvent was removed under reduced pressure. The compound was purified via a silica column 

eluting at 5-40% EA in PE, yielding GK26 (242 mg, 0.76 mmol, 20%) as a yellow solid.  

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 9.64 (s, 1H), 8.22 (d, J = 1.6 Hz, 1H), 8.04 (d, J = 8.8 Hz, 2H), 

7.81 (d, J = 8.5 Hz, 2H), 7.54 (s, 1H), 3.87 (s, 3H), 1.46 (s, 9H).  

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 165.47, 152.55, 140.39, 140.23, 132.13, 130.97, 127.15, 

119.28, 102.27, 78.90, 52.22, 28.10. 

 

tert-Butyl (1-(4-(pent-4-yn-1-ylcarbamoyl)phenyl)-1H-imidazol-4-yl)carbamate (GK30) 

 

Step 1 

GK26 (242 mg, 0.76 mmol, 1.0 eq) was dissolved in MeOH (5 mL), aqueous 2 M lithium hydroxide-

solution (1.52 mL, 3.02 mmol, 4.0 eq) was added and the reaction mixture was stirred at 50 °C. After 5 

hours the excess of lithium hydroxide was neutralised to a pH of 7 by addition of 1 M hydrochloric acid. 

The solvent was removed under reduced pressure and the crude product was obtained as a lithium salt 

and used for the next reaction without further purification.  

Step 2 

The crude product from step 1 was dissolved in DMF (6 mL) and DCM (10 mL). DIPEA (258 µL, 

1.52 mmol, 2.0 eq) and HATU (422 mg, 1.14 mmol, 1.5 eq) were added and the reaction mixture stirred 

for 30 min. 4-Pentyn-1-amine hydrochloride (182 mg, 1.52 mmol, 2.0 eq) was added to the reaction 

mixture, followed by stirring for one day at room temperature. The reaction was quenched by the 

addition of sat. NH4Cl-solution (30 mL), the phases were separated and the aqueous phase extracted 

with DCM (50 mL). The combined organic layers were washed with brine (50 mL), dried with MgSO4 

and the solvent was removed under reduced pressure. The product was purified via a silica column 

eluting at 0-20% EA in PE, yielding GK30 as a yellow solid (226 mg, 0.61 mmol, 80%). 
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1H NMR (700 MHz, DMSO-d6) δ (ppm) = 9.60 (s, 1H), 8.55 (t, J = 5.6 Hz, 1H), 8.16 (d, J = 1.7 Hz, 1H), 

7.97 – 7.95 (m, 2H), 7.74 (d, J = 8.4 Hz, 2H), 7.56 – 7.47 (m, 1H), 3.34 (dd, J = 12.9, 6.8 Hz, 2H), 2.80 

(t, J = 2.7 Hz, 1H), 2.23 (td, J = 7.1, 2.7 Hz, 2H), 1.72 (p, J = 7.1 Hz, 2H), 1.46 (s, 9H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) =165.20, 152.57, 140.00, 138.79, 131.90, 128.91, 118.94, 

102.50, 84.11, 80.46, 71.37, 56.02, 38.46, 28.10, 28.04, 15.53. 

 

tert-Butyl (S)-3-((1-(4-(pent-4-yn-1-ylcarbamoyl)phenyl)-1H-imidazol-4-yl)carbamoyl)piperidine-

1-carboxylate (CG297) 

 

Step 1 

GK30 (192.9 mg, 0.52 mmol, 1.2 eq) was dissolved in DCM (2 mL) and TFA (0.4 mL) was added 

dropwise. The solution was stirred for 4 h at room temperature. The solvent and residual TFA were 

removed under reduced pressure and the product dried in vacuo.  

Step 2 

(S)-1-(tert-Butoxycarbonyl)piperidine-3-carboxylic acid (100.0 mg, 0.44 mol, 1.0 eq) was dissolved in 

THF (2 mL), then DIPEA (151.9 µL, 0.87 mmol, 2.0 eq) and HATU (248.8 mg, 0.65 mmol, 1.5 eq) were 

added and the reaction mixture stirred for 30 min. The crude product from step 1 was dissolved in THF 

(2 mL) and added to the reaction dropwise. The resulting solution was stirred overnight at room 

temperature. The reaction was quenched by the addition of aqueous sat. NaHCO3 (50 mL). The mixture 

was extracted with EA (2x30 mL). The combined organic layers were washed with brine (30 mL), dried 

over anhydrous MgSO4, filtered and the solvent was removed under reduced pressure. The 

corresponding product was purified via a silica column eluting at 80-95% EA in PE, yielding CG297 

(93.4 mg, 0.19 mmol, 45%) as a yellow solid. 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 10.56 (s, 1H), 8.55 (t, J = 5.6 Hz, 1H), 8.23 (d, J = 1.6 Hz, 

1H), 7.97 (d, J = 8.7 Hz, 2H), 7.77 (d, J = 1.6 Hz, 1H), 7.74 (d, J = 8.8 Hz, 2H), 3.85 (s, 1H), 3.34 (td, J 

= 7.1, 5.7 Hz, 2H), 2.80 (t, J = 2.7 Hz, 1H), 2.79 – 2.70 (m, 1H), 2.54 (dt, J = 11.1, 4.0 Hz, 1H), 2.23 (td, 

J = 7.1, 2.7 Hz, 2H), 2.03 – 1.95 (m, 1H), 1.92 – 1.86 (m, 1H), 1.72 (p, J = 7.1 Hz, 2H), 1.68 (s, 1H), 

1.60 (q, J = 12.3 Hz, 1H), 1.40 (s, 9H), 1.36 – 1.24 (m, 2H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 170.49, 165.19, 153.80, 139.22, 138.74, 132.33, 131.99, 

128.94, 119.18, 104.04, 84.11, 78.71, 71.38, 41.71, 40.73, 40.15, 38.47, 28.70, 28.04, 27.51, 24.09, 

15.52. 

HRMS m/z for C26H34N5O4
+ ([M+H]+) calculated: 480.2605, found: 480.2602. 
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(S)-N-(1-(4-(Pent-4-yn-1-ylcarbamoyl)phenyl)-1H-imidazol-4-yl)piperidine-3-carboxamide TFA 

salt (CG299) 

 

CG297 (90.0 mg, 0.19 mmol, 1.0 eq) was dissolved in DCM (2 mL) and TFA (0.4 mL) was added 

dropwise. The mixture was stirred for 3 h at room temperature. The solvent and residual TFA were 

removed under reduced pressure. The product was dried in vacuo and subsequently purified by 

preparative HPLC eluting at 10-20% ACN in H2O, yielding CG299 as a TFA salt (77.4 mg, 0.16 mmol, 

84%).  

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 10.79 (s, 1H), 8.57 (t, J = 5.6 Hz, 2H), 8.54 – 8.42 (m, 1H), 

8.26 (d, J = 1.6 Hz, 1H), 8.03 – 7.92 (m, 2H), 7.76 (d, J = 1.6 Hz, 1H), 7.74 – 7.70 (m, 2H), 3.38 – 3.28 

(m, 3H), 3.18 (d, J = 12.4 Hz, 1H), 3.11 – 3.01 (m, 1H), 2.97 – 2.85 (m, 2H), 2.81 (t, J = 2.7 Hz, 1H), 

2.23 (td, J = 7.1, 2.7 Hz, 2H), 2.00 (dt, J = 11.9, 3.9 Hz, 1H), 1.82 (dq, J = 7.9, 3.9 Hz, 1H), 1.72 (p, J = 

7.1 Hz, 2H), 1.69 – 1.56 (m, 2H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 169.36, 165.16, 157.79 (q, J = 31.5 Hz), 138.99, 138.67, 

132.45, 132.22, 128.99, 119.26, 117.08 (q, J = 299.3 Hz), 104.18, 84.11, 71.42, 44.22, 43.06, 38.57, 

38.48, 28.05, 26.18, 21.15, 15.53. 

HRMS m/z for C18H24N5O3
+ ([M+H]+) calculated: 358.1874, found: 358.1875. 

 

(S)-1-Cyano-N-(1-(4-(pent-4-yn-1-ylcarbamoyl)phenyl)-1H-imidazol-4-yl)piperidine-3-

carboxamide (CG305) 

 

CG299 (70.0 mg, 0.14 mmol, 1.0 eq) was dissolved in DMF (2 mL) and K2CO3 (78.4 mg, 0.57 mmol, 

4.0 eq) was added. After stirring for 30 min at room temperature, 3 M cyanogen bromide solution 

(56.7 µL, 0.17 mmol, 1.2 eq) was added to the mixture, and stirring was continued for 2 h. The reaction 

was quenched by the addition of aqueous sat. NaHCO3 (50 mL). The mixture was extracted with EA 

(2x30 mL). The combined organic layers were washed with brine (30 mL), dried over anhydrous 

MgSO4, filtered and the solvent was removed under reduced pressure. The corresponding product was 

purified via a silica column, eluting at 5% MeOH in DCM, yielding CG305 (44.1 mg, 0.11 mmol, 77%) 

as a white powder. 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 10.62 (s, 1H), 8.55 (t, J = 5.5 Hz, 1H), 8.23 (d, J = 1.6 Hz, 

1H), 7.99 – 7.94 (m, 2H), 7.76 (d, J = 1.6 Hz, 1H), 7.76 – 7.71 (m, 2H), 3.50 – 3.44 (m, 1H), 3.36 – 3.30 

(m, 3H), 3.12 (dd, J = 12.5, 10.9 Hz, 1H), 3.02 (ddd, J = 12.8, 11.6, 3.2 Hz, 1H), 2.80 (t, J = 2.6 Hz, 1H), 

2.79 – 2.73 (m, 1H), 2.23 (td, J = 7.1, 2.7 Hz, 2H), 1.96 – 1.89 (m, 1H), 1.72 (p, J = 7.1 Hz, 3H), 1.61 – 

1.51 (m, 2H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 169.45, 165.18, 139.14, 138.72, 132.35, 132.04, 128.94, 

119.20, 117.93, 104.06, 84.11, 71.38, 50.64, 48.88, 40.75, 38.47, 28.03, 26.28, 23.18, 15.52. 

HRMS m/z for C22H25N6O2
+ ([M+H]+) calculated: 405.2034, found: 405.2035. 
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8.1.1.9 Synthesis of CG322 

 

Scheme 26. Synthesis of CG322. 

 

tert-Butyl (R)-3-((1-(4-(methoxycarbonyl)phenyl)-1H-imidazol-4-yl)carbamoyl)piperidine-1-

carboxylate (CG311) 

 

Step 1 

GK07 (118.6 mg, 0.48 mmol, 1.1 eq) was dissolved in EtOH (20 mL) and palladium (10%) on activated 

charcoal (12 mg) was added under an argon atmosphere. The reaction was flushed with H2 and stirred 

for 5 hours at room temperature. The reaction was filtered through Celite 545 which was then washed 

with EA. The solvent was removed under reduced pressure and the obtained product used for the next 

reaction without further purification.  

Step 2 

(R)-1-(tert-Butoxycarbonyl)piperidine-3-carboxylic acid (100.0 mg, 0.44 mol, 1.0 eq) was dissolved in 

DMF (2 mL), then DIPEA (222.5 µL, 1.31 mmol, 3.0 eq) and HATU (199.0 mg, 0.52 mmol, 1.2 eq) were 

added and the reaction mixture stirred for 20 min. The crude product from step 1 was dissolved in DMF 

(2 mL) and added to the reaction dropwise. The resulting solution was stirred overnight at room 

temperature. The reaction was quenched by the addition of aqueous sat. NH4Cl (40 mL) and the mixture 

extracted with EA (2x30 mL). The combined organic layers were washed with brine (30 mL), dried over 

anhydrous MgSO4, filtered and the solvent was removed under reduced pressure. The corresponding 

product was purified via a silica column eluting at 33% EA in PE, yielding CG311 (185.4 mg, 0.43 mmol, 

99%) as a yellow solid. 

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 10.60 (s, 1H), 8.28 (d, J = 1.7 Hz, 1H), 8.08 – 8.03 (m, 2H), 

7.82 – 7.80 (m, 2H), 7.79 (d, J = 1.7 Hz, 1H), 3.87 (s, 3H), 3.84 (s, 1H), 2.77 (d, J = 12.8 Hz, 1H), 2.54 

(s, 2H), 1.89 (ddd, J = 13.8, 5.8, 3.3 Hz, 1H), 1.69 (d, J = 13.1 Hz, 1H), 1.64 – 1.55 (m, 1H), 1.47 – 1.41 

(m, 1H), 1.39 (s, 9H), 1.37 – 1.25 (m, 1H). 

13C NMR (151 MHz, DMSO-d6) δ (ppm) = 170.57, 165.47, 153.80, 140.35, 139.42, 132.23, 131.01, 

127.35, 119.53, 103.84, 78.73, 52.26, 41.72, 40.74, 40.43, 28.04, 27.51, 24.10. 

HRMS m/z for C22H29N4O5
+ ([M+H]+) calculated: 429.2133, found: 429.2135. 
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(R)-N-(1-(4-(Pent-4-yn-1-ylcarbamoyl)phenyl)-1H-imidazol-4-yl)piperidine-3-carboxamide TFA 

salt (CG316) 

 

Step 1 

CG311 (100.0 mg, 0.23 mmol, 1.0 eq) was dissolved in 1,4-dioxane (2 mL). Aqueous 2 M LiOH solution 

(163.4 µL, 0.33 mol, 1.4 eq) was added and the reaction mixture was stirred for 6 h at 50 °C. The pH of 

the reaction mixture was adjusted to pH 7 by adding aqueous 1 M HCl dropwise. The solvent was 

removed under reduced pressure and the obtained product used for the next reaction without further 

purification.  

Step 2 

The crude product from step 1 was dissolved in DMF (2 mL), then DIPEA (79.4 µL, 0.47 mmol, 2.0 eq) 

and HATU (115.4 mg, 0.30 mmol, 1.3 eq) were added and the reaction mixture was stirred for 10 min 

at room temperature. 4-Pentyn-1-amine HCl (33.5 mg, 0.28 mmol, 1.2 eq) was dissolved in DMF 

(2 mL), added to the reaction and the mixture stirred at room temperature overnight. The reaction 

mixture was quenched with sat. NH4Cl solution (30 mL) and extracted with EA (2x30 mL). The 

combined organic layers were washed with brine (20 mL), dried over MgSO4, filtered and the solvent 

was removed under reduced pressure. The crude product was directly used for the next step. 

Step 3 

The crude product from step 2 was dissolved in DCM (2 mL) and TFA (0.4 mL) was added dropwise. 

The solution was stirred for 3 h at room temperature. The solvent and residual TFA were removed under 

reduced pressure and the product dried in vacuo. The product was purified via preparative HPLC eluting 

at 20-30% ACN in H2O, yielding CG316 (61.7 mg, 0.13 mmol, 54%) as a white TFA salt. 

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 10.79 (s, 1H), 8.57 (t, J = 5.6 Hz, 2H), 8.54 – 8.47 (m, 1H), 

8.26 (d, J = 1.7 Hz, 1H), 8.01 – 7.96 (m, 2H), 7.76 (d, J = 2.0 Hz, 1H), 7.75 – 7.69 (m, 2H), 3.34 (q, J = 

6.7 Hz, 2H), 3.31 (s, 1H), 3.19 (d, J = 12.4 Hz, 1H), 3.06 (q, J = 10.8 Hz, 1H), 2.92 (d, J = 11.1 Hz, 1H), 

2.88 (dq, J = 9.3, 5.1, 4.0 Hz, 1H), 2.80 (q, J = 2.3 Hz, 1H), 2.23 (tt, J = 7.2, 1.9 Hz, 2H), 2.06 – 1.95 

(m, 1H), 1.83 (dd, J = 10.6, 4.6 Hz, 1H), 1.72 (p, J = 7.1 Hz, 2H), 1.64 (q, J = 9.8, 9.1 Hz, 2H). 

13C NMR (151 MHz, DMSO-d6) δ (ppm) = 169.85, 165.64, 158.54 (q, J = 34.5 Hz), 139.43, 139.14, 

132.95, 132.69, 129.46, 119.75, 116.61 (d, J = 293.0 Hz), 104.69, 84.59, 71.88, 44.71, 43.54, 39.05, 

38.96, 28.53, 26.65, 21.63, 16.01. 

HRMS m/z for C21H26N5O2
+ ([M+H]+) calculated: 380.2081, found: 380.2078. 
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(R)-1-Cyano-N-(1-(4-(pent-4-yn-1-ylcarbamoyl)phenyl)-1H-imidazol-4-yl)piperidine-3-

carboxamide (CG322) 

 

CG322 was obtained from CG316 (56.0 mg, 0.11 mmol, 1.0 eq) as described above for CG305. During 

column chromatography, the product was eluting at 75-100% EA in PE, yielding CG322 (24.6 mg, 

0.06 mmol, 54%) as pale-yellow crystals. 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 10.63 (s, 1H), 8.56 (t, J = 5.6 Hz, 1H), 8.23 (d, J = 1.6 Hz, 

1H), 8.01 – 7.94 (m, 2H), 7.77 (d, J = 1.6 Hz, 1H), 7.76 – 7.70 (m, 2H), 3.48 (dd, J = 12.5, 4.1 Hz, 1H), 

3.37 – 3.33 (m, 2H), 3.31 (s, 1H), 3.13 (dd, J = 12.6, 10.9 Hz, 1H), 3.03 (td, J = 12.3, 3.2 Hz, 1H), 2.80 

(t, J = 2.6 Hz, 1H), 2.77 (tt, J = 10.8, 4.0 Hz, 1H), 2.24 (td, J = 7.2, 2.7 Hz, 2H), 1.97 – 1.89 (m, 1H), 

1.73 (p, J = 7.1 Hz, 3H), 1.57 (qd, J = 13.5, 11.8, 8.3 Hz, 2H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 169.46, 165.19, 139.14, 138.72, 132.36, 132.04, 128.94, 

119.21, 117.93, 104.07, 84.11, 71.37, 50.65, 48.88, 40.76, 38.47, 28.04, 26.29, 23.18, 15.52. 

HRMS m/z for C22H25N6O2
+ ([M+H]+) calculated: 405.2034, found: 405.2034. 

 

8.1.1.10 Synthesis of CG337 

 

Scheme 27. Synthesis of CG337. 

 

tert-Butyl (S)-2-((1-(4-(methoxycarbonyl)phenyl)-1H-imidazol-4-yl)carbamoyl)morpholine-4-

carboxylate (CG324) 

 

CG324 (56.9 mg, 0.13 mmol, 51%) was obtained as a yellow solid from (S)-4-(tert-

butoxycarbonyl)morpholine-2-carboxylic acid (60.0 mg, 0.26 mmol, 1.0 eq) as described above for 

CG311.  

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 10.11 (s, 1H), 8.31 (d, J = 1.6 Hz, 1H), 8.10 – 8.02 (m, 2H), 

7.83 (s, 1H), 7.83 (d, J = 6.7 Hz, 2H), 4.10 (dd, J = 10.2, 3.1 Hz, 1H), 4.00 – 3.92 (m, 2H), 3.88 (s, 3H), 

3.74 – 3.67 (m, 1H), 3.51 (td, J = 11.4, 2.9 Hz, 1H), 2.69 (s, 2H), 1.42 (s, 9H). 
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13C NMR (176 MHz, DMSO-d6) δ (ppm) = 165.80, 165.45, 153.77, 140.24, 138.46, 132.49, 131.00, 

127.49, 119.64, 104.42, 79.36, 74.34, 65.49, 52.26, 43.57, 38.23, 27.98. 

HRMS m/z for C21H27N4O6
+ ([M+H]+) calculated: 431.1925, found: 431.1926. 

 

tert-Butyl (S)-2-((1-(4-(pent-4-yn-1-ylcarbamoyl)phenyl)-1H-imidazol-4-yl)carbamoyl)-

morpholine-4-carboxylate (CG327) 

 

CG327 was obtained from CG324 (53.0 mg, 0.12 mmol, 1.0 eq) as described above for CG389. During 

column chromatography, the product was eluting at 3-4% MeOH in DCM, yielding CG327 (35.8 mg, 

0.07 mmol, 60%) as a pale-yellow resin. 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 10.08 (s, 1H), 8.57 (t, J = 5.6 Hz, 1H), 8.26 (d, J = 1.6 Hz, 

1H), 7.97 (d, J = 8.7 Hz, 2H), 7.81 (d, J = 1.6 Hz, 1H), 7.80 – 7.73 (m, 2H), 4.10 (dd, J = 10.2, 3.1 Hz, 

1H), 3.96 (s, 2H), 3.74 – 3.69 (m, 1H), 3.51 (td, J = 11.4, 3.0 Hz, 1H), 3.34 (td, J = 7.3, 5.9 Hz, 2H), 

2.99 (s, 2H), 2.80 (t, J = 2.6 Hz, 1H), 2.23 (td, J = 7.1, 2.7 Hz, 2H), 1.72 (p, J = 7.1 Hz, 2H), 1.42 (s, 

9H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 165.75, 165.18, 153.78, 138.64, 138.26, 132.46, 132.29, 

128.95, 119.29, 104.62, 84.12, 79.37, 74.33, 71.40, 65.50, 43.49, 40.16, 38.48, 28.04, 27.99, 15.53. 

HRMS m/z for C25H32N5O5
+ ([M+H]+) calculated: 482.2398, found: 482.2404. 

 

(S)-N-(1-(4-(Pent-4-yn-1-ylcarbamoyl)phenyl)-1H-imidazol-4-yl)morpholine-2-carboxamide TFA 

salt (CG331) 

 

CG331 was obtained from CG327 (53.0 mg, 0.12 mmol, 1.0 eq) as described above for CG299. During 

preparative HPLC purification, the product was eluting at 15-25% ACN in H2O, yielding CG331 

(33.9 mg, 0.07 mmol, quant.) as a white TFA salt. 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 10.50 (s, 1H), 9.06 (d, J = 23.2 Hz, 2H), 8.58 (t, J = 5.6 Hz, 

1H), 8.29 (d, J = 1.6 Hz, 1H), 8.00 – 7.94 (m, 2H), 7.81 (d, J = 1.6 Hz, 1H), 7.77 – 7.71 (m, 2H), 4.44 

(dd, J = 10.6, 2.8 Hz, 1H), 4.09 (ddd, J = 12.6, 3.9, 2.0 Hz, 1H), 3.80 (ddd, J = 12.6, 11.4, 2.5 Hz, 1H), 

3.49 – 3.42 (m, 1H), 3.37 – 3.32 (m, 2H), 3.23 (d, J = 12.8 Hz, 1H), 3.16 (q, J = 10.6 Hz, 1H), 3.13 – 

3.06 (m, 1H), 2.80 (t, J = 2.7 Hz, 1H), 2.23 (td, J = 7.1, 2.7 Hz, 2H), 1.72 (p, J = 7.1 Hz, 2H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 165.15, 164.24, 158.11 (q, J = 34.5 Hz), 138.57, 138.17, 

132.56, 132.46, 128.97, 119.36, 116.20 (q, J = 294.5 Hz), 104.80, 84.11, 72.18, 71.41, 63.22, 43.32, 

42.10, 38.48, 28.05, 15.53. 

HRMS m/z for C20H24N5O3
+ ([M+H]+) calculated: 382.1874, found: 382.1878. 
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(S)-4-Cyano-N-(1-(4-(pent-4-yn-1-ylcarbamoyl)phenyl)-1H-imidazol-4-yl)morpholine-2-

carboxamide (CG337) 

 

CG337 was obtained from CG331 (30.0 mg, 0.06 mmol, 1.0 eq) as described above for CG305. During 

column chromatography, the product was eluting at 8-10% MeOH in DCM, yielding CG327 (12.2 mg, 

0.03 mmol, 50%) as pale-yellow crystals. 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 10.30 (s, 1H), 8.57 (t, J = 5.5 Hz, 1H), 8.26 (d, J = 1.7 Hz, 

1H), 8.01 – 7.94 (m, 2H), 7.80 (d, J = 1.6 Hz, 1H), 7.78 – 7.71 (m, 2H), 4.31 (dd, J = 9.9, 3.0 Hz, 1H), 

3.95 (dt, J = 12.0, 2.7 Hz, 1H), 3.68 (td, J = 11.4, 3.0 Hz, 1H), 3.53 (dd, J = 12.7, 3.0 Hz, 1H), 3.36 – 

3.33 (m, 2H), 3.30 (s, 1H), 3.28 – 3.25 (m, 1H), 3.25 – 3.21 (m, 1H), 2.80 (t, J = 2.6 Hz, 1H), 2.23 (td, J 

= 7.1, 2.7 Hz, 2H), 1.72 (p, J = 7.1 Hz, 2H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 165.18, 164.81, 138.63, 138.30, 132.47, 132.33, 128.95, 

119.32, 117.03, 104.64, 84.12, 73.52, 71.39, 64.80, 49.14, 47.44, 38.48, 28.04, 15.53. 

HRMS m/z for C21H23N6O3
+ ([M+H]+) calculated: 407.1826, found: 407.1829. 

 

8.1.1.11 Synthesis of CG306 

 

Scheme 28. Synthesis of CG306. 

 

1-(tert-Butyl) 3-methyl (S)-4-pentylpiperazine-1,3-dicarboxylate (CG296) 

 

To a solution of 1-(tert-butyl) 3-methyl (S)-piperazine-1,3-dicarboxylate (100.0 mg, 0.41 mmol, 1.0 eq) 

in DCM (3 mL) was added valeraldehyde (86.0 µL, 0.82 mmol, 2.0 eq), followed by the addition of 

NaBH(OAc)3 (433.8 mg, 2.05 mmol, 5.0 eq). The reaction was stirred for 10 min at room temperature. 

Acetic acid (468.2 µL, 8.19 mmol, 20.0 eq) was added dropwise and stirring continued overnight. The 

reaction was neutralised by adding 2 M NaOH, followed by addition of DCM (30 mL). After separating 

both layers, the aqueous phase was extracted with EA (2x30 mL). The combined organic layers were 

washed with brine (30 mL), dried over anhydrous MgSO4, filtered and the solvent was removed under 
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reduced pressure. The obtained product CG296 (122.0 mg, 0.39 mmol, 95%) was used for the next 

reaction without further purification.  

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 3.92 – 3.66 (m, 1H), 3.61 (s, 3H), 3.68 – 3.43 (m, 2H), 3.30 – 

3.29 (m, 1H), 3.28 – 3.27 (m, 1H), 2.95 (t, J = 9.7 Hz, 1H), 2.38 (s, 2H), 2.33 – 2.24 (m, 1H), 1.39 (ddd, 

J = 8.1, 4.2, 2.5 Hz, 2H), 1.37 (s, 9H), 1.30 – 1.24 (m, 2H), 1.24 – 1.16 (m, 2H), 0.85 (t, J = 7.2 Hz, 3H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 171.32, 153.17, 78.84, 60.35, 54.54, 51.18, 46.43, 46.11, 

42.58, 28.85, 27.94, 26.25, 21.94, 13.91. 

HRMS m/z for C16H31N2O4
+ ([M+H]+) calculated: 315.2278, found: 315.2279. 

 

Lithium (S)-4-(tert-butoxycarbonyl)-1-pentylpiperazine-2-carboxylate (CG300) 

 

CG296 (118.0 mg, 0.38 mmol, 1.0 eq) was dissolved in 1,4-dioxane (2 mL). Aqueous 2 M LiOH solution 

(375.3 µL, 0.75 mmol, 2.0 eq) was added and the reaction mixture was stirred for 4 h at 50 °C. The pH 

of the reaction mixture was adjusted to pH 7 by adding aqueous 1 N HCl dropwise. The solvent was 

removed under reduced pressure yielding CG300 (108.0 mg, 0.35 mmol, 94%), which was used for 

following reactions without further purification. 

 

(S)-N-(1-(4-(Pent-4-yn-1-ylcarbamoyl)phenyl)-1H-imidazol-4-yl)-1-pentylpiperazine-2-

carboxamide TFA salt (CG302) 

 

Step 1 

GK30 (40.0 mg, 0.11 mmol, 1.0 eq) was dissolved in DCM (2 mL) and TFA (0.3 mL) was added 

dropwise. The solution was stirred for 3 h at room temperature. The solvent and residual TFA were 

removed under reduced pressure and the product dried in vacuo.  

Step 2 

CG300 (47.5 mg, 0.11 mol, 1.0 eq) was dissolved in DMF (2 mL), then DIPEA (56.7 µL, 0.33 mmol, 

3.0 eq) and HATU (61.9 mg, 0.16 mmol, 1.5 eq) were added and the reaction mixture stirred for 30 min. 

The crude product from step 1 was dissolved in DMF (2 mL) and added to the reaction dropwise. The 

resulting solution was stirred overnight at room temperature. The reaction was quenched by the addition 

of aqueous sat. NaHCO3 (50 mL). The mixture was extracted with EA (2x30 mL). The combined organic 

layers were washed with brine (30 mL), dried over anhydrous MgSO4, filtered and the solvent was 

removed under reduced pressure. The corresponding product was used for the next reaction without 

further purification. 

Step 3 

The crude product from step 3 was dissolved in DCM (2 mL) and TFA (0.4 mL) was added dropwise. 

The solution was stirred for 4 h at room temperature. The solvent and residual TFA were removed under 
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reduced pressure and the product dried in vacuo. The product was purified via preparative HPLC eluting 

at 5-20% ACN in H2O, yielding CG302 (11.3 mg, 0.02 mmol, 18%) as a white TFA salt. 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 10.81 (s, 1H), 8.83 (s, 1H), 8.57 (t, J = 5.6 Hz, 1H), 8.49 (s, 

1H), 8.29 (d, J = 1.6 Hz, 1H), 8.02 – 7.96 (m, 2H), 7.81 (d, J = 1.6 Hz, 1H), 7.78 – 7.70 (m, 2H), 3.51 

(s, 1H), 3.34 (td, J = 7.2, 6.1 Hz, 2H), 3.28 (s, 2H), 3.19 – 3.08 (m, 3H), 2.80 (t, J = 2.6 Hz, 1H), 2.57 – 

2.52 (m, 1H), 2.48 – 2.41 (m, 2H), 2.23 (td, J = 7.2, 2.7 Hz, 2H), 1.72 (p, J = 7.1 Hz, 2H), 1.45 (tt, J = 

12.2, 7.2 Hz, 2H), 1.31 – 1.17 (m, 4H), 0.84 (t, J = 7.1 Hz, 3H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 165.14, 157.72, 138.59, 138.40, 132.56, 132.43, 128.99, 

119.35, 104.66, 84.10, 71.40, 60.02, 53.95, 45.26, 43.92, 42.42, 38.47, 28.75, 28.04, 25.56, 21.90, 

15.52, 13.88. 

HRMS m/z for C25H35N6O2
+ ([M+H]+) calculated: 451.2816, found: 451.2816. 

 

(S)-4-Cyano-N-(1-(4-(pent-4-yn-1-ylcarbamoyl)phenyl)-1H-imidazol-4-yl)-1-pentylpiperazine-2-

carboxamide (CG306) 

 

CG306 was obtained from CG302 (10.0 mg, 0.02 mmol, 1.0 eq) as described above for CG305. During 

column chromatography, the product was eluting at 8-10% MeOH in DCM, yielding CG306 (4.5 mg, 

0.01 mmol, 53%) as a pale-yellow solid. 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 10.49 (s, 1H), 8.56 (t, J = 5.6 Hz, 1H), 8.26 (d, J = 1.6 Hz, 

1H), 8.00 – 7.93 (m, 2H), 7.82 (d, J = 1.6 Hz, 1H), 7.79 – 7.71 (m, 2H), 3.39 (d, J = 10.2 Hz, 1H), 3.37 

– 3.30 (m, 4H), 3.31 – 3.27 (m, 1H), 3.21 (ddd, J = 12.3, 8.6, 3.2 Hz, 1H), 3.13 – 3.07 (m, 1H), 2.80 (t, 

J = 2.7 Hz, 1H), 2.55 – 2.51 (m, 1H), 2.37 – 2.30 (m, 2H), 2.23 (td, J = 7.1, 2.7 Hz, 2H), 1.72 (p, J = 7.1 

Hz, 2H), 1.49 – 1.36 (m, 2H), 1.28 – 1.14 (m, 4H), 0.84 (t, J = 7.1 Hz, 3H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 167.00, 165.18, 138.70, 138.67, 132.41, 132.18, 128.93, 

119.27, 117.27, 104.31, 84.11, 71.38, 62.30, 54.26, 49.87, 47.90, 47.58, 38.47, 28.87, 28.04, 25.59, 

21.96, 15.52, 13.89. 

HRMS m/z for C26H34N7O2
+ ([M+H]+) calculated: 476.2769, found: 476.2768. 

 

8.1.1.12 Synthesis of CG341 

 

Scheme 29. Synthesis of CG341. 
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1-(tert-Butyl) 3-methyl (S)-4-methylpiperazine-1,3-dicarboxylate (CG295) 

 

To a solution of 1-(tert-butyl) 3-methyl (S)-piperazine-1,3-dicarboxylate (300.0 mg, 1.23 mmol, 1.0 eq) 

in a 1:1 mixture of ACN:MeOH (24.6 mL) was added formaldehyde (37% aqueous, 3.3 mL, 44.46 mmol, 

36.2 eq), followed by the addition of NaBH(OAc)3 (1.041 g, 4.91 mmol, 4.0 eq). The reaction was stirred 

for 10 min at room temperature. Acetic acid (1.41 mL, 24.56 mmol, 20.0 eq) was added dropwise and 

stirring continued overnight. The solvent was removed under reduced pressure and the residue 

dissolved in DCM (60 mL) and neutralised by adding 2 M NaOH. Aqueous sat. NaHCO3 (50 mL) was 

added and the layers were separated. The organic layer was washed with brine (40 mL), dried over 

anhydrous MgSO4, filtered and the solvent was removed under reduced pressure. The obtained product 

CG295 (208.5 mg, 0.81 mmol, 66%) was used for the next reaction without further purification.  

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 3.63 (s, 3H), 3.59 – 3.42 (m, 2H), 3.41 – 3.34 (m, 1H), 3.29 – 

3.19 (m, 1H), 3.15 – 2.97 (m, 1H), 2.89 (dt, J = 11.3, 5.1 Hz, 1H), 2.25 (s, 3H), 2.23 – 2.11 (m, 1H), 1.38 

(s, 9H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 170.91, 153.24, 79.00, 62.54, 51.38, 50.61, 49.72, 45.90, 

42.81, 27.94. 

HRMS m/z for C12H23N2O4
+ ([M+H]+) calculated: 259.1652, found: 259.1654. 

 

Lithium (S)-4-(tert-butoxycarbonyl)-1-methylpiperazine-2-carboxylate (CG301) 

 

CG301 was obtained from CG295 (204.0 mg, 0.79 mmol, 1.0 eq) as described above for CG300. The 

obtained product CG301 (197.0 mg, 0.79 mmol, quant.) was used for following reactions without further 

purification. 

 

tert-Butyl (S)-3-((1-(4-(methoxycarbonyl)phenyl)-1H-imidazol-4-yl)carbamoyl)-4-methyl-

piperazine-1-carboxylate TFA salt (CG304) 

 

Step 1 

GK07 (173.1 mg, 0.70 mmol, 1.3 eq) was dissolved in EtOH (20 mL) and palladium (10%) on activated 

charcoal (17 mg) was added under an argon atmosphere. The reaction was flushed with H2 and stirred 

for 5 hours at room temperature. The reaction was filtered through Celite 545 which was then washed 

with EA. The solvent was removed under reduced pressure and the obtained product used for the next 

reaction without further purification.  

Step 2 

CG301 (135.0 mg, 0.54 mol, 1.0 eq) was dissolved in DMF (2 mL), then DIPEA (734.0 µL, 4.32 mmol, 

8.0 eq) and HATU (246.2 mg, 0.65 mmol, 1.2 eq) were added and the reaction mixture stirred for 20 min 
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at room temperature. The crude product from step 1 was dissolved in DMF (2 mL) and added to the 

reaction dropwise. The resulting solution was stirred overnight at room temperature. The reaction was 

quenched by the addition of aqueous sat. NH4Cl (40 mL) and the mixture extracted with EA (2x40 mL). 

The combined organic layers were washed with brine (30 mL), dried over anhydrous MgSO4, filtered 

and the solvent was removed under reduced pressure. The corresponding product was purified via 

preparative HPLC, eluting at 5% ACN in H2O, yielding CG304 (204.0 mg, 0.37 mmol, 68%) as a white 

TFA salt. 

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 11.67 (s, 1H), 8.38 (d, J = 1.7 Hz, 1H), 8.11 – 8.06 (m, 2H), 

7.88 (d, J = 1.7 Hz, 1H), 7.84 (d, J = 8.7 Hz, 2H), 4.05 (s, 2H), 3.88 (s, 3H), 3.45 (s, 1H), 3.30 – 2.90 

(m, 4H), 2.83 (s, 3H), 1.43 (s, 9H). 

13C NMR (151 MHz, DMSO-d6) δ (ppm) = 168.69, 165.43, 157.97 (q, J = 33.1 Hz), 152.96, 140.11, 

138.13, 132.93, 131.03, 127.78, 119.94, 116.56 (d, J = 296.8 Hz), 105.18, 80.27, 62.01, 58.22, 53.57, 

52.32, 42.37, 41.21, 27.84. 

HRMS m/z for C22H30N5O5
+ ([M+H]+) calculated: 444.2242, found: 444.2247. 

 

tert-Butyl (S)-4-methyl-3-((1-(4-(pent-4-yn-1-ylcarbamoyl)phenyl)-1H-imidazol-4-yl)carbamoyl)-

piperazine-1-carboxylate TFA salt (CG336) 

 

Step 1 

CG304 (80.0 mg, 0.14 mmol, 1.0 eq) was dissolved in 1,4-dioxane (3 mL). Aqueous 2 M LiOH solution 

(151 µL, 0.30 mol, 2.1 eq) was added and the reaction mixture was stirred at 50 °C overnight. The pH 

of the reaction mixture was adjusted to pH 7 by adding aqueous 1 N HCl dropwise. The solvent was 

removed under reduced pressure and the obtained product used for the next reaction without further 

purification.  

Step 2 

The crude product from step 1 was dissolved in DMF (2 mL), then DIPEA (97.6 µL, 0.57 mmol, 4.0 eq) 

and HATU (70.9 mg, 0.19 mmol, 1.3 eq) were added and the reaction mixture was stirred for 10 min at 

room temperature. 4-Pentyn-1-amine HCl (51.5 mg, 0.43 mmol, 3.0 eq) was dissolved in DMF (2 mL), 

added to the reaction and the mixture stirred at room temperature for 3 h. The reaction mixture was 

quenched with sat. NH4Cl solution (30 mL) and extracted with EA (2x30 mL). The combined organic 

layers were washed with brine (20 mL), dried over MgSO4, filtered and the solvent was removed under 

reduced pressure. The product was purified via preparative HPLC eluting at 25-35% ACN in H2O, 

yielding CG336 (62.5 mg, 0.10 mmol, 72%) as a white TFA salt. 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 11.63 (s, 1H), 8.59 (t, J = 5.6 Hz, 1H), 8.33 (d, J = 1.7 Hz, 

1H), 8.00 – 7.98 (m, 2H), 7.85 (d, J = 1.7 Hz, 1H), 7.80 – 7.73 (m, 2H), 4.03 (s, 2H), 3.44 (s, 1H), 3.39 

– 3.32 (m, 2H), 3.31 – 3.12 (m, 3H), 2.90 (s, 1H), 2.82 (s, 3H), 2.81 (t, J = 2.6 Hz, 1H), 2.23 (td, J = 7.1, 

2.6 Hz, 2H), 1.72 (p, J = 7.1 Hz, 3H), 1.50 – 1.32 (m, 9H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 165.14, 160.95, 157.90 (q, J = 32.4 Hz), 152.97, 138.52, 

137.93, 132.77, 132.73, 128.98, 119.58, 116.79 (d, J = 298.0 Hz), 105.32, 84.11, 80.25, 72.01, 71.41, 

55.74, 52.12, 43.27, 41.24, 38.49, 28.05, 27.85, 15.53. 

HRMS m/z for C26H35N6O4
+ ([M+H]+) calculated: 495.2714, found: 495.2723. 
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(S)-4-Cyano-1-methyl-N-(1-(4-(pent-4-yn-1-ylcarbamoyl)phenyl)-1H-imidazol-4-yl)piperazine-2-

carboxamide TFA salt (CG341) 

 

Step 1 

CG336 (28.0 mg, 0.05 mmol, 1.0 eq) was dissolved in DCM (2 mL) and TFA (0.4 mL) was added 

dropwise. The solution was stirred for 3 h at room temperature. The solvent and residual TFA were 

removed under reduced pressure and the product dried in vacuo.  

Step 2 

The crude product from step 1 was dissolved in DMF (3 mL) and K2CO3 (25.4 mg, 0.18 mmol, 4.0 eq) 

was added. 3 M cyanogen bromide solution (23.0 µL, 0.07 mmol, 1.5 eq) was added and the mixture 

was stirred for 3 h at room temperature. The reaction was quenched by the addition of aqueous sat. 

NaHCO3 (50 mL). The mixture was extracted with EA (2x30 mL). The combined organic layers were 

washed with brine (30 mL), dried over anhydrous MgSO4, filtered and the solvent was removed under 

reduced pressure. The corresponding product was purified via preparative HPLC, eluting at 15-25% 

ACN in H2O, yielding CG341 (12.7 mg, 0.02 mmol, 52%) as a white TFA salt. 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 11.40 (s, 1H), 8.59 (t, J = 5.6 Hz, 1H), 8.32 (d, J = 1.6 Hz, 

1H), 7.99 (d, J = 8.7 Hz, 2H), 7.84 (d, J = 1.6 Hz, 1H), 7.80 – 7.75 (m, 2H), 4.14 (s, 1H), 3.90 (d, J = 

15.5 Hz, 1H), 3.66 (d, J = 14.2 Hz, 1H), 3.47 – 3.40 (m, 2H), 3.40 – 3.31 (m, 3H), 3.27 (s, 1H), 2.80 (t, 

J = 2.7 Hz, 1H), 2.78 (s, 3H), 2.23 (td, J = 7.1, 2.7 Hz, 2H), 1.72 (p, J = 7.1 Hz, 2H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 165.16, 160.39, 158.04 (q, J = 33.9 Hz), 138.52, 137.91, 

132.76, 132.72, 128.98, 119.60, 116.37 (q, J = 295.4 Hz), 115.78, 105.26, 84.12, 71.42, 63.46, 51.50, 

48.88, 45.79, 41.60, 38.50, 28.06, 15.54. 

HRMS m/z for C22H26N7O2
+ ([M+H]+) calculated: 420.2143, found: 420.2146. 

 

8.1.1.13 Synthesis of CG386 

 

Scheme 30. Synthesis of CG386. 

1-(tert-Butyl) 3-methyl (S)-4-acetylpiperazine-1,3-dicarboxylate TFA salt (CG364) 

 

To a solution of 1-(tert-butyl) 3-methyl (S)-piperazine-1,3-dicarboxylate (200.0 mg, 0.82 mmol, 1.0 eq) 

in DCM (5 mL) was added acetyl chloride (76.0 µL, 1.06 mmol, 1.3 eq) at 0 °C. The reaction was 
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allowed to warm up to room temperature and stirred overnight. The reaction was quenched by the 

addition of aqueous sat. NaHCO3 (40 mL) and the mixture extracted with DCM (2x30 mL). The 

combined organic layers were washed with brine (30 mL), dried over anhydrous MgSO4, filtered and 

the solvent was removed under reduced pressure. The corresponding product was purified via 

preparative HPLC, eluting at 20-30% ACN in H2O, yielding CG364 (12.1 mg, 0.03 mmol, 22%) as a 

white TFA salt. 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 4.93 (s, 1H), 4.29 (d, J = 13.8 Hz, 1H), 4.14 (d, J = 13.0 Hz, 

1H), 3.79 – 3.70 (m, 1H), 3.65 (s, 3H), 3.34 – 3.25 (m, 1H), 3.13 (s, 1H), 2.70 (s, 1H), 2.01 (d, J = 59.8 

Hz, 3H), 1.38 (d, J = 6.8 Hz, 9H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 170.42, 170.20, 158.16 (q, J = 36.6 Hz), 153.15, 115.57 (d, 

J = 291.2 Hz), 79.26, 52.14, 51.51, 44.41, 42.49, 38.07, 27.88, 21.31. 

HRMS m/z for C13H23N2O5
+ ([M+H]+) calculated: 287.1602, found: 287.1599. 

 

Lithium (S)-1-acetyl-4-(tert-butoxycarbonyl)piperazine-2-carboxylate (CG371) 

 

CG371 was obtained from CG364 (165.0 mg, 0.41 mmol, 1.0 eq) as described above for CG300. The 

obtained product CG371 (115.0 mg, 0.41 mmol, quant.) was used for following reactions without further 

purification. 

 

tert-Butyl (S)-4-acetyl-3-((1-(4-(methoxycarbonyl)phenyl)-1H-imidazol-4-yl)carbamoyl)-

piperazine-1-carboxylate TFA salt (CG376) 

 

Step 1 

GK07 (80.9 mg, 0.33 mmol, 1.3 eq) was dissolved in THF (3 mL) and palladium (10%) on activated 

charcoal (9 mg) was added under an argon atmosphere. The reaction was flushed with H2 and stirred 

for 5 h at room temperature. The reaction was filtered through Celite 545 which was then washed with 

THF (20 mL) and the resulting solution was directly used for the next reaction. 

Step 2 

CG371 (70.0 mg, 0.25 mmol, 1.0 eq) was dissolved in THF (2 mL), then DIPEA (128 µL, 0.75 mmol, 

3.0 eq) and HATU (124.4 mg, 0.33 mmol, 1.3 eq) were added and the reaction mixture was stirred for 

15 min at room temperature. This reaction mixture was then transferred to the solution generated in 

step 1 and the reaction stirred at room temperature overnight. The reaction mixture was quenched with 

sat. NH4Cl solution (40 mL) and extracted with EA (2x40 mL). The combined organic layers were 

washed with brine (30 mL), dried over MgSO4, filtered and the solvent was removed under reduced 

pressure. The product was purified by preparative HPLC, eluting at 15-25% ACN in H2O, yielding 

CG376 (83.0 mg, 0.18 mmol, 70%) as a white TFA salt. 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 10.83 (d, J = 61.5 Hz, 1H), 8.34 (dd, J = 10.0, 1.7 Hz, 1H), 

8.08 – 8.03 (m, 2H), 7.86 – 7.76 (m, 3H), 4.94 (dd, J = 4.8, 2.2 Hz, 1H), 4.40 (s, 1H), 3.98 – 3.87 (m, 
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1H), 3.87 (s, 3H), 3.75 – 3.60 (m, 2H), 3.22 (dd, J = 14.2, 4.8 Hz, 1H), 2.91 (s, 1H), 1.99 (d, J = 100.6 

Hz, 3H), 1.27 (d, J = 105.9 Hz, 9H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 170.58, 167.42, 165.44, 158.21 (q, J = 37.1 Hz), 153.30, 

140.28, 139.37, 132.22, 131.03, 127.38, 119.41, 116.23 (q, J = 292.7 Hz), 103.62, 78.91, 52.25, 52.04, 

45.66, 42.75, 42.24, 27.62, 21.55. 

HRMS m/z for C23H30N5O6
+ ([M+H]+) calculated: 472.2191, found: 472.2198. 

 

tert-Butyl (S)-4-acetyl-3-((1-(4-(pent-4-yn-1-ylcarbamoyl)phenyl)-1H-imidazol-4-yl)carbamoyl)-

piperazine-1-carboxylate TFA salt (CG381) 

 

CG381 was obtained from CG376 (80.0 mg, 0.14 mmol, 1.0 eq) as described above for CG336. For 

step 1 the reaction was stirred at 60 °C for 4 h. For step 2 the reaction was stirred at room temperature 

overnight. The product was purified by preparative HPLC, eluting at 15-25% ACN in H2O, yielding 

CG381 (34.2 mg, 0.05 mmol, 39%) as a white TFA salt. 

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 10.82 (d, J = 54.3 Hz, 1H), 8.56 (t, J = 5.6 Hz, 1H), 8.29 (dd, 

J = 8.8, 1.6 Hz, 1H), 7.98 – 7.94 (m, 2H), 7.76 (d, J = 4.9 Hz, 1H), 7.74 – 7.72 (m, 2H), 4.94 (dd, J = 

4.8, 2.2 Hz, 1H), 4.40 (d, J = 13.9 Hz, 1H), 3.88 (s, 1H), 3.71 – 3.59 (m, 2H), 3.33 (q, J = 6.6 Hz, 2H), 

3.22 (dd, J = 14.2, 4.8 Hz, 1H), 2.91 (s, 1H), 2.80 (t, J = 2.6 Hz, 1H), 2.23 (td, J = 7.1, 2.7 Hz, 2H), 1.99 

(d, J = 85.9 Hz, 3H), 1.72 (p, J = 7.1 Hz, 2H), 1.27 (d, J = 89.2 Hz, 9H). 

13C NMR (151 MHz, DMSO-d6) δ (ppm) = 170.70, 167.36, 165.18, 158.18 (q, J = 36.5 Hz), 153.29, 

139.20, 138.68, 132.35, 132.00, 128.99, 119.04, 115.57 (q, J = 291.3 Hz), 103.76, 84.12, 78.94, 71.40, 

51.99, 45.66, 42.77, 42.24, 38.47, 28.04, 27.63, 21.57, 15.53. 

HRMS m/z for C27H35N6O5
+ ([M+H]+) calculated: 523.2663, found: 523.2681. 

 

(S)-1-Acetyl-4-cyano-N-(1-(4-(pent-4-yn-1-ylcarbamoyl)phenyl)-1H-imidazol-4-yl)piperazine-2-

carboxamide (CG386) 

 

CG386 was obtained from CG381 (30.0 mg, 0.06 mmol, 1.0 eq) as described above for CG341. For 

step 2 the used based was DIPEA (78.1 µL, 0.46 mmol, 8.0 eq). The product was purified by preparative 

HPLC, eluting at 10% ACN in H2O, yielding CG386 (20.2 mg, 0.05 mmol, 79%) as a white TFA salt. 

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 10.74 (s, 1H), 8.58 (t, J = 5.6 Hz, 1H), 8.36 – 8.31 (m, 1H), 

8.00 – 7.94 (m, 2H), 7.90 – 7.83 (m, 1H), 7.81 – 7.73 (m, 2H), 5.13 (dd, J = 4.6, 1.9 Hz, 1H), 3.89 (dt, J 

= 13.3, 1.8 Hz, 1H), 3.80 (dt, J = 13.6, 3.0 Hz, 1H), 3.61 (ddd, J = 13.6, 12.0, 3.8 Hz, 1H), 3.44 – 3.40 

(m, 1H), 3.38 (dd, J = 13.4, 4.7 Hz, 1H), 3.37 – 3.31 (m, 2H), 3.20 (td, J = 12.2, 3.6 Hz, 1H), 2.80 (t, J 

= 2.7 Hz, 1H), 2.23 (td, J = 7.1, 2.6 Hz, 2H), 2.10 (s, 3H), 1.72 (pd, J = 7.1, 2.1 Hz, 2H). 

13C NMR (151 MHz, DMSO-d6) δ (ppm) = 170.61, 166.22, 165.20, 158.30 (q, J = 37.5 Hz), 138.63, 

138.59, 132.52, 132.12, 128.97, 119.34, 117.01, 115.34 (q, J = 290.0 Hz), 104.77, 84.14, 71.41, 50.88, 

49.26, 47.63, 42.42, 38.50, 28.05, 21.50, 15.55. 
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HRMS m/z for C23H26N7O3
+ ([M+H]+) calculated: 448.2092, found: 448.2098. 

 

8.1.1.14 Synthesis of minimal probes 

Synthesis of (S)-4-cyano-N-(pent-4-yn-1-yl)morpholine-2-carboxamide (CG365) 

 

Scheme 31. Synthesis of CG365. 

Step 1 

(S)-4-(tert-Butoxycarbonyl)morpholine-2-carboxylic acid (100.0 mg, 0.43 mmol, 1.0 eq) was dissolved 

in 4 mL of DCM, then DIPEA (302.1 µL, 1.73 mmol, 4.0 eq) and HATU (230.2 mg, 0.61 mmol, 1.4 eq) 

were added to the solution. After stirring for 20 min at room temperature 4-pentyn-1-amine 

hydrochloride (62.1 mg, 0.52 mmol, 1.2 eq) was added and the solution was stirred overnight. The 

reaction mixture was poured into sat. NH4Cl (50 mL) and extracted with EA (2x40 mL). The organic 

layer was washed with brine (30 mL), dried over anhydrous MgSO4, filtered and the solvent was 

evaporated under reduced pressure. The obtained crude product was used for the next reaction without 

further purification.  

Step 2 

The crude product from step 1 was dissolved in DCM (2 mL) and TFA (0.4 mL) was added dropwise. 

The solution was stirred for 3 h at room temperature. The solvent and residual TFA were removed under 

reduced pressure and the product dried in vacuo. The crude product was used for the next reaction 

without further purification. 

Step 3 

The crude product from step 2 was dissolved in ACN (3 mL), then K2CO3 (239.1 mg, 1.73 mmol, 4.0 eq) 

was added to the reaction mixture. After stirring for 30 min at room temperature, 3 M cyanogen bromide 

solution (201.8 µL, 0.61 mmol, 1.4 eq) was added to the mixture, and stirring was continued for 3 h. 

The reaction was quenched by the addition of aqueous sat. NaHCO3 (40 mL). The mixture was 

extracted with EA (2x30 mL). The combined organic layers were washed with brine (30 mL), dried over 

anhydrous MgSO4, filtered and the solvent was removed under reduced pressure. The corresponding 

product was purified via preparative HPLC, eluting at 10-25% ACN in H2O, yielding CG365 (50.0 mg, 

0.23 mmol, 52%) as a clear resin.  

1H NMR (500 MHz, CDCl3) δ (ppm) = 6.64 (s, 1H), 4.08 (dd, J = 10.8, 3.0 Hz, 1H), 3.98 (ddd, J = 11.9, 

3.2, 1.6 Hz, 1H), 3.84 – 3.71 (m, 2H), 3.46 – 3.32 (m, 2H), 3.31 – 3.18 (m, 2H), 3.02 (dd, J = 12.9, 10.8 

Hz, 1H), 2.25 (td, J = 7.0, 2.7 Hz, 2H), 1.99 (t, J = 2.7 Hz, 1H), 1.75 (p, J = 6.9 Hz, 2H). 

13C NMR (126 MHz, CDCl3) δ (ppm) = 167.61, 116.61, 83.22, 74.20, 69.48, 65.66, 50.53, 48.27, 38.16, 

28.11, 16.22. 

HRMS m/z for C11H16N3O2
+ ([M+H]+) calculated: 222.1237, found: 222.1232. 
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Synthesis of (S)-4-cyano-1-methyl-N-(pent-4-yn-1-yl)piperazine-2-carboxamide TFA salt (CG374) 

 

Scheme 32. Synthesis of CG374. 

CG374 was obtained from CG301 (75.0 mg, 0.30 mmol, 1.0 eq) as described above for CG365. For 

step 1 ACN (2 mL) was used as solvent. For step 3 the product was purified by preparative HPLC, 

eluting at 15-25% ACN in H2O, yielding CG374 (25.7 mg, 0.11 mmol, 37%) as a white TFA salt. 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 8.82 (t, J = 5.7 Hz, 1H), 3.93 (d, J = 10.4 Hz, 1H), 3.80 (dt, J 

= 13.8, 2.8 Hz, 1H), 3.66 – 3.61 (m, 1H), 3.39 (td, J = 11.2, 9.7, 3.2 Hz, 2H), 3.30 – 3.23 (m, 2H), 3.21 

(q, J = 6.7 Hz, 2H), 2.81 (t, J = 2.6 Hz, 1H), 2.73 (s, 3H), 2.20 (td, J = 7.2, 2.7 Hz, 2H), 1.62 (p, J = 7.0 

Hz, 2H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 164.34, 158.18 (q, J = 33.0 Hz), 116.68 (q, J = 296.9 Hz), 

115.74, 83.73, 71.63, 63.49, 51.34, 48.79, 45.59, 41.35, 38.03, 27.48, 15.30. 

HRMS m/z for C12H19N4O+ ([M+H]+) calculated: 235.1553, found: 235.1549. 

 

Synthesis of (S)-4-cyano-N-(pent-4-yn-1-yl)-1-pentylpiperazine-2-carboxamide TFA salt (CG375) 

 

CG375 was obtained from CG300 (75.0 mg, 0.24 mmol, 1.0 eq) as described above for CG365. For 

step 1 ACN (2 mL) was used as solvent. For step 3 the product was purified by preparative HPLC, 

eluting at 15-25% ACN in H2O, yielding CG375 (23.6 mg, 0.08 mmol, 33%) as a white TFA salt. 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 8.77 (s, 1H), 3.90 (s, 1H), 3.77 (d, J = 13.9 Hz, 1H), 3.59 (d, 

J = 13.7 Hz, 1H), 3.54 – 3.46 (m, 1H), 3.41 (t, J = 12.3 Hz, 1H), 3.36 – 3.27 (m, 1H), 3.21 (ddd, J = 

12.4, 6.9, 5.2 Hz, 2H), 3.17 – 3.10 (m, 1H), 2.91 (s, 2H), 2.81 (t, J = 2.7 Hz, 1H), 2.19 (td, J = 7.2, 2.6 

Hz, 2H), 1.62 (pt, J = 7.1, 3.9 Hz, 3H), 1.56 (dq, J = 9.0, 5.2, 4.4 Hz, 1H), 1.34 – 1.14 (m, 4H), 0.86 (t, 

J = 7.1 Hz, 3H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 158.09 (q, J = 32.6 Hz), 157.07, 116.77 (q, J = 297.6 Hz), 

115.87, 83.68, 71.59, 62.77, 54.69, 48.82, 48.51, 45.75, 37.98, 28.08, 27.51, 23.04, 21.58, 15.28, 

13.65. 

HRMS m/z for C16H27N4O+ ([M+H]+) calculated: 291.2179, found: 291.2177. 
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9.2.3 A Dual-Functional-Warhead Approach to Address novel DUBs (Project 3) 

8.1.1.15 Warhead synthesis 

Synthesis of 1-(tert-Butoxycarbonyl)-4-(prop-2-yn-1-yloxy)pyrrolidine-3-carboxylic acid (CG217) 

 

To a solution of CG216 (50.0 mg, 0.21 mmol, 1.0 eq) and tetrabutylammonium iodide (TBAI, 3.9 mg, 

0.01 mmol, 0.05 eq) in dry THF (1 mL) was added sodium hydride (60 wt.% in mineral oil, 21.1 mg, 

0.53 mmol, 2.5 eq) portion wise at 0 °C. The reaction was allowed to reach room temperature and 

stirred for another 30 min. To the mixture was added propargyl bromide (93.9 µL, 0.84 mmol, 4.0 eq) 

and stirring was continued at room temperature overnight. The reaction mixture was quenched by the 

addition of sat. NH4Cl (30 ml) and extracted with EA (2x20 mL). The combined organic layers were 

washed with brine (40 mL), dried over anhydrous MgSO4, filtered and the solvent was evaporated under 

reduced pressure. The product was purified via a silica column eluting at 20-35% EA (+ 0.1% AcOH) in 

PE. CG217 (31.1 mg, 0.12 mmol, 55%) was obtained as a clear resin. 

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 4.40 – 4.27 (m, 1H), 4.24 – 4.13 (m, 2H), 3.55 – 3.49 (m, 1H), 

3.50 – 3.43 (m, 1H), 3.43 – 3.37 (m, 1H), 3.39 – 3.34 (m, 1H), 3.34 – 3.27 (m, 1H), 3.27 – 3.07 (m, 1H), 

1.40 (“d”, J = 4.2 Hz, 9H). 

13C NMR (151 MHz, DMSO-d6) δ (ppm) = 172.79, 153.47 (“d”, J = 23.5 Hz), 80.04 (“d”, J = 6.3 Hz), 

78.68, 78.51 (“d”, J = 2.1 Hz), 77.37 (“d”, J = 18.5 Hz), 56.13 (“d”, J = 52.3 Hz), 50.32 (“d”, J = 41.0 Hz), 

46.24 (“d”, J = 23.4 Hz), 45.10 (“d”, J = 32.1 Hz), 28.11 (“d”, J = 5.0 Hz). 

HRMS m/z for C13H20NO5
+ ([M+H]+) calculated: 270.1336, found: 270.1337. 

 

Synthesis of CG221 

 

Scheme 33. Synthesis of CG221. 

 

1-(tert-Butyl) 2-methyl (2R,4R)-4-cyanopyrrolidine-1,2-dicarboxylate (CG243) 

 

CG243 was obtained from 1-(tert-butyl) 2-methyl (2R,4S)-4-hydroxypyrrolidine-1,2-dicarboxylate 

(1.295 g, 5.28 mmol, 1.0 eq) as described above for CG188. For step 2, the product was eluting at 10-

20% EA in PE. CG243 (681.5 mg, 2.68 mmol, 51%) was obtained as a clear resin. 

1H NMR (700 MHz, CDCl3) δ (ppm) = 4.43 – 4.27 (m, 1H), 3.99 – 3.87 (m, 1H), 3.78 (s, 3H), 3.70 – 3.61 

(m, 1H), 3.10 (dt, J = 19.3, 7.9 Hz, 1H), 2.75 – 2.62 (m, 1H), 2.34 – 2.24 (m, 1H), 1.47 – 1.38 (m, 9H). 
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13C NMR (176 MHz, CDCl3) δ (ppm) = 171.90 (“d”, J = 39.9 Hz), 153.30 (“d”, J = 86.9 Hz), 118.94, 81.36 

(“d”, J = 8.5 Hz), 58.17 (“d”, J = 55.8 Hz), 52.66 (“d”, J = 31.0 Hz), 49.29 (“d”, J = 35.4 Hz), 34.06 (“d”, 

J = 175.3 Hz), 28.38 (“d”, J = 19.6 Hz), 27.02 (“d”, J = 129.2 Hz). 

HRMS m/z for C12H19N2O4
+ ([M+H]+) calculated: 255.1339, found: 255.1337. 

 

1-(tert-Butyl) 2-methyl (2S,4R)-4-cyanopyrrolidine-1,2-dicarboxylate (CG245) 

 

CG245 was obtained from 1-(tert-butyl) 2-methyl (2S,4S)-4-hydroxypyrrolidine-1,2-dicarboxylate (1.0 g, 

4.08 mmol, 1.0 eq) as described above for CG188. For step 2, the product was eluting at 10-20% EA 

in PE. CG245 (541.7 mg, 2.13 mmol, 52%) was obtained as a clear resin. 

1H NMR (700 MHz, CDCl3) δ (ppm) = 4.44 (“d”dd, J = 67.3, 8.7, 3.5 Hz, 1H), 3.91 (“d”dd, J = 21.9, 10.6, 

7.8 Hz, 1H), 3.75 (s, 3H), 3.66 (“d”dd, J = 42.6, 10.7, 7.4 Hz, 1H), 3.26 (“d”p, J = 22.7, 7.7 Hz, 1H), 2.51 

(“d”dt, J = 43.3, 13.0, 8.9 Hz, 1H), 2.36 (“d”dd, J = 13.1, 6.8, 3.5 Hz, 1H), 1.44 (“d”, J = 38.5 Hz, 9H). 

13C NMR (176 MHz, CDCl3) δ (ppm) = 172.42 (“d”, J = 15.7 Hz), 153.33 (“d”, J = 95.2 Hz), 119.12 (“d”, 

J = 14.4 Hz), 81.35 (“d”, J = 16.6 Hz), 57.92 (“d”, J = 36.2 Hz), 52.67 (“d”, J = 31.5 Hz), 49.25 (“d”, J = 

18.5 Hz), 34.25 (“d”, J = 170.7 Hz), 28.38 (“d”, J = 20.6 Hz), 26.86 (“d”, J = 99.2 Hz). 

HRMS m/z for C12H19N2O4
+ ([M+H]+) calculated: 255.1339, found: 255.1339. 

 

1-(tert-Butyl) 3-methyl (3S,5R)-5-(hydroxymethyl)pyrrolidine-1,3-dicarboxylate (CG209) 

 

Step 1 

To a solution of CG188 (100.0 mg, 0.39 mmol, 1.0 eq) in dry THF (2 mL) was added LiBH4 (17.13 mg, 

0.79 mmol, 2.0 eq). The reaction mixture was stirred at 0 °C overnight. Drops of acetone were added 

slowly to quench the reaction. The resulting solution was poured into H2O (40 mL) and extracted with 

EA (2x40 mL). The combined organic layers were washed with sat. NaHCO3 (40 mL) and brine (40 mL), 

dried over anhydrous MgSO4, filtered and the solvent was evaporated under reduced pressure. The 

resulting product was used for the next reaction without further purification.  

HRMS m/z for C11H19N2O3
+ ([M+H]+) calculated: 227.1390, found: 227.1391. 

Step 2 

The crude product from step 1 was dissolved in MeOH (2.4 mL) and 4 M HCl in 1,4-dioxane (1.17 mL, 

4.68 mmol, 12 e) was added dropwise. The solution was stirred at room temperature for 16 h.  

Step3 

The solvent was removed under reduced pressure and the crude intermediate dissolved in EA (2 mL) 

and basified with aqueous sat. NaHCO3 (2 mL). Boc2O (102.1 mg, 0.47 mmol, 1.2 eq) was added and 

the biphasic solution was vigorously stirred at room temperature for 12 h. The layers were then 

separated and the aqueous phase back extracted with EA (40 mL). The organic layers were combined, 

washed with brine (30 mL), dried over anhydrous MgSO4, filtered and the solvent was evaporated under 
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reduced pressure. The product was purified via a silica column eluting at 12-30% EA in PE. CG209 

(71.4 mg, 0.28 mmol, 71%) was obtained as a pale-yellow oil. 

1H NMR (500 MHz, CDCl3) δ (ppm) = 4.09 (d, J = 8.2 Hz, 1H), 3.71 (s, 3H), 3.67 (dd, J = 11.1, 3.5 Hz, 

1H), 3.64 (d, J = 7.7 Hz, 1H), 3.60 (d, J = 7.0 Hz, 1H), 3.60 – 3.52 (m, 1H), 3.17 – 3.04 (m, 1H), 2.28 

(dt, J = 13.0, 8.3 Hz, 1H), 1.88 (p, J = 5.8 Hz, 1H), 1.47 (s, 9H). 

13C NMR (126 MHz, CDCl3) δ (ppm) = 173.47, 156.77, 80.87, 67.20, 59.53, 52.33, 49.62, 41.76, 31.71, 

28.54. 

HRMS m/z for C12H22NO5
+ ([M+H]+) calculated: 260.1493, found: 260.1495. 

 

1-(tert-Butyl) 3-methyl (3R,5R)-5-(hydroxymethyl)pyrrolidine-1,3-dicarboxylate (CG249) 

 

CG249 was obtained from CG243 (670.0 mg, 2.63 mmol, 1.0 eq) as described above for CG209. For 

step 2, LiBH4 (2M in THF, 1.45 mL, 2.90 mmol, 1.1 eq) was used as reducing agent. For step 2, the 

product was eluting at 12-30% EA in PE. CG249 (181.0 mg, 0.70 mmol, 27%) was obtained as a pale-

yellow oil. 

Step 1 

HRMS m/z for C11H19N2O3
+ ([M+H]+) calculated: 227.1390, found: 227.1391. 

Step 2 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 4.70 (t, J = 5.5 Hz, 1H), 3.74 – 3.66 (m, 1H), 3.65 (“d”d, J = 

10.8, 8.2 Hz, 1H), 3.62 (s, 3H), 3.48 (“d”dd, J = 10.4, 5.2, 3.3 Hz, 1H), 3.46 – 3.36 (m, 1H), 3.34 (q, J = 

5.4, 4.8 Hz, 1H), 3.06 (s, 1H), 2.22 (s, 1H), 2.18 – 1.95 (m, 1H), 1.39 (s, 9H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 173.15, 153.37 (“d”, J = 34.5 Hz), 78.55, 61.69 (“d”, J = 88.9 

Hz), 58.27, 51.75 (“d”, J = 2.4 Hz), 48.46 (“d”, J = 18.9 Hz), 41.03 (“d”, J = 51.6 Hz), 30.88 (“d”, J = 

140.0 Hz), 28.12. 

HRMS m/z for C12H22NO5
+ ([M+H]+) calculated: 260.1493, found: 260.1495. 

 

1-(tert-Butyl) 3-methyl (3S,5S)-5-(hydroxymethyl)pyrrolidine-1,3-dicarboxylate (CG250) 

 

CG250 was obtained from CG244 (710.0 mg, 2.79 mmol, 1.0 eq) as described above for CG209. For 

step 2, LiBH4 (2M in THF, 1.54 mL, 3.07 mmol, 1.1 eq) was used as reducing agent. For step 2, the 

product was eluting at 12-30% EA in PE. CG250 (277.2 mg, 1.07 mmol, 38%) was obtained as a pale-

yellow oil. 

Step 1 

HRMS m/z for C11H19N2O3
+ ([M+H]+) calculated: 227.1390, found: 227.1391. 

Step 2 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 4.70 (t, J = 5.5 Hz, 1H), 3.75 – 3.67 (m, 1H), 3.67 – 3.63 (m, 

1H), 3.62 (s, 3H), 3.48 (“d”dt, J = 11.2, 5.9, 3.2 Hz, 1H), 3.46 – 3.38 (m, 1H), 3.34 (q, J = 5.4, 5.0 Hz, 

1H), 3.07 (d, J = 15.2 Hz, 1H), 2.21 (d, J = 11.5 Hz, 1H), 2.14 – 2.01 (m, 1H), 1.39 (“d”, J = 1.8 Hz, 9H). 
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13C NMR (176 MHz, DMSO-d6) δ (ppm) = 173.16, 153.38 (“d”, J = 35.4 Hz), 78.57, 61.70 (“d”, J = 87.0 

Hz), 58.19 (“d”, J = 29.1 Hz), 51.74 (“d”, J = 2.4 Hz), 48.42 (“d”, J = 63.9 Hz), 40.90 (“d”, J = 95.8 Hz), 

30.87 (“d”, J = 140.0 Hz), 28.12. 

HRMS m/z for C12H22NO5
+ ([M+H]+) calculated: 260.1493, found: 260.1493. 

 

1-(tert-Butyl) 3-methyl (3R,5S)-5-(hydroxymethyl)pyrrolidine-1,3-dicarboxylate (CG251) 

 

CG251 was obtained from CG245 (530.0 mg, 2.08 mmol, 1.0 eq) as described above for CG209. For 

step 2, LiBH4 (2M in THF, 1.15 mL, 2.29 mmol, 1.1 eq) was used as reducing agent. For step 2, the 

product was eluting at 12-30% EA in PE. CG251 (201.2 mg, 0.78 mmol, 37%) was obtained as a pale-

yellow oil. 

Step 1 

HRMS m/z for C11H19N2O3
+ ([M+H]+) calculated: 227.1390, found: 227.1392. 

Step 2 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 4.76 (“d”d, J = 11.8, 5.5 Hz, 1H), 3.80 – 3.70 (m, 1H), 3.62 (s, 

3H), 3.43 (“d”q, J = 7.5, 2.8, 2.3 Hz, 1H), 3.43 – 3.36 (m, 2H), 3.37 – 3.31 (m, 1H), 3.23 (tt, J = 16.1, 

8.1 Hz, 1H), 2.12 (“d”t, J = 26.3, 9.8 Hz, 1H), 2.07 – 1.98 (m, 1H), 1.39 (s, 9H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 173.32 (“d”, J = 31.9 Hz), 153.39 (“d”, J = 28.3 Hz), 78.53 

(“d”, J = 8.2 Hz), 61.68 (“d”, J = 91.4 Hz), 58.27, 51.74 (“d”, J = 2.4 Hz), 48.46 (“d”, J = 18.6 Hz), 40.89, 

30.87 (“d”, J = 138.6 Hz), 28.11. 

HRMS m/z for C12H22NO5
+ ([M+H]+) calculated: 260.1493, found: 260.1494. 

 

(3S,5R)-1-(tert-Butoxycarbonyl)-5-((prop-2-yn-1-yloxy)methyl)pyrrolidine-3-carboxylic acid 

(CG221) 

 

Step 1 

CG209 (60.0 mg, 0.23 mmol, 1.0 eq) was dissolved in 1,4-dioxane (0.5 mL). Aqueous 2M LiOH solution 

(162.0 µL, 0.32 mmol, 1.4 eq) was added and the reaction mixture was stirred for 4 h at 50 °C. The pH 

of the reaction mixture was adjusted to pH 7 by adding aqueous 1 M HCl dropwise. The solvent was 

removed under reduced pressure and the obtained product used for the next reaction without further 

purification.  

Step 2 

To a solution of the crude product from step 1 and TBAI (4.2 mg, 0.01 mmol, 0.05 eq) in dry THF (2 mL) 

was added sodium hydride (60 wt.% in mineral oil, 23.0 mg, 0.57 mmol, 2.5 eq) portion wise at 0 °C. 

The reaction was allowed to reach room temperature and stirred for another 30 min. To the mixture was 

added propargyl bromide (102.5 µL, 0.92 mmol, 4.0 eq) and stirring was continued at room temperature 

overnight. The reaction mixture was quenched by the addition of sat. NH4Cl (30 ml) and extracted with 

EA (2x20 mL). The combined organic layers were washed with brine (40 mL), dried over anhydrous 

MgSO4, filtered and the solvent was evaporated under reduced pressure. The product was purified via 
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a silica column eluting at 20-35% EA (+ 0.1% AcOH) in PE. CG221 (43.8 mg, 0.15 mmol, 67%) was 

obtained as a pale-yellow oil. 

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 12.46 (s, 1H), 4.12 (d, J = 16.4 Hz, 2H), 3.88 (s, 1H), 3.51 (s, 

1H), 3.47 – 3.43 (m, 1H), 3.42 – 3.37 (m, 3H), 3.18 – 3.05 (m, 1H), 2.05 (d, J = 38.1 Hz, 2H), 1.40 (s, 

9H). 

13C NMR (151 MHz, DMSO-d6) δ (ppm) = 174.21, 153.29 (“d”, J = 33.9 Hz), 80.24, 78.72, 77.24, 69.77 

(“d”, J = 63.9 Hz), 57.77 (“d”, J = 11.6 Hz), 55.88 (“d”, J = 8.9 Hz), 48.44 (“d”, J = 21.2 Hz), 40.70 (“d”, 

J = 123.9 Hz), 31.39 (“d”, J = 130.0 Hz), 28.08. 

HRMS m/z for C14H21NO5
+ ([M+H]+) calculated: 284.1492, found: 284.1490. 

 

Synthesis of CG184 

 

Scheme 34. Synthesis of CG184. 

 

Methyl 3-((2-nitrophenyl)sulfonamido)cyclobutane-1-carboxylate (CG177) 

 

To a solution of methyl 3-aminocyclobutane-1-carboxylate HCl salt (300.0 g, 1.81 mmol, 1.0 eq) and 

Et3N (504.9 µL, 3.62 mmol, 2.0 eq) in DCM (3 mL) was added 2-nitrobenzenesulfonyl chloride 

(602.2 mg, 2.72 mmol, 1.5 eq). The reaction mixture was stirred for 4 h at room temperature. The 

reaction mixture was quenched with water (30 ml) and extracted with DCM (2x40 mL). The combined 

organic layers were washed with sat. NaHCO3 (30 mL) and brine (30 mL), dried over anhydrous MgSO4 

and the solvent was removed under reduced pressure. The product was purified via a silica column 

eluting at 12-30% EA in PE. CG177 (488.5 mg, 1.55 mmol, 86%) was obtained as a white solid. 

1H NMR (700 MHz, CDCl3) δ (ppm) = 8.14 (ddd, J = 9.2, 6.0, 3.5 Hz, 1H), 7.86 (dt, J = 8.3, 3.1 Hz, 1H), 

7.76 – 7.71 (m, 2H), 5.62 (d, J = 9.2 Hz, 1H), 3.96 (h, J = 8.5 Hz, 1H), 3.66 (s, 3H), 2.81 – 2.68 (m, 1H), 

2.52 – 2.40 (m, 2H), 2.13 (qd, J = 9.3, 2.8 Hz, 2H). 

13C NMR (176 MHz, CDCl3) δ (ppm) = 174.28, 148.15, 134.75, 133.88, 133.05, 130.85, 125.59, 52.19, 

45.05, 34.60, 31.53. 

HRMS m/z for C12H15N2O6S+ ([M+H]+) calculated: 315.0645, found: 315.0644. 
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3-((2-Nitro-N-(pent-4-yn-1-yl)phenyl)sulfonamido)cyclobutane-1-carboxylic acid (CG184) 

 

Step 1 

A solution of pent-4-yn-1-ol (284.2 µL, 3.05 mmol, 2.0 eq), triphenylphosphine (PPh3, 801.1 mg, 

3.05 mmol, 2.0 eq) and diisopropyl azodicarboxylate (DIAD, 599.6 µL, 3.05 mmol, 2.0 eq) in dry THF 

(20 mL) was stirred at room temperature for 5 minutes. The solution was cooled to 0 °C followed by the 

addition of CG177 (480 mg, 1.53 mmol, 1.0 eq) and stirring was continued at 0 °C for 5 h. The reaction 

was filtered through celite545 which was then washed with EA. The solvent was removed under 

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

Step 2 

The crude product from step 1 was dissolved in 1,4-dioxane (3 mL). Aqueous 2M LiOH solution 

(1.07 mL, 2.14 mmol, 1.4 eq) was added and the reaction mixture was stirred for 2 h at 80 °C. To this 

reaction was added 1 M NaOH (50 mL), followed by extraction with DCM (2x30 mL). The aqueous 

phase was acidified with 1 M HCl to pH 1, followed by extraction with EA (2x30 mL). The organic EA 

layers were combined, dried over anhydrous MgSO4 and the solvent was removed under reduced 

pressure. The product was recrystallised in EA at -20 °C, yielding CG184 (483.7 mg, 1.32 mmol, 86%) 

as white crystals.  

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 12.25 (s, 1H), 7.98 (dd, J = 7.9, 1.3 Hz, 1H), 7.94 (ddd, J = 

25.2, 7.8, 1.5 Hz, 1H), 7.89 (td, J = 7.7, 1.4 Hz, 1H), 7.85 (td, J = 7.7, 1.4 Hz, 1H), 4.26 – 4.00 (m, 1H), 

3.42 – 3.33 (m, 2H), 2.78 (t, J = 2.6 Hz, 1H), 2.68 (tt, J = 9.8, 7.7 Hz, 1H), 2.28 (dddd, J = 11.4, 7.6, 5.3, 

2.5 Hz, 2H), 2.23 (ddd, J = 11.8, 8.4, 2.4 Hz, 2H), 2.19 (td, J = 7.1, 2.7 Hz, 2H), 1.69 (dq, J = 9.3, 7.2 

Hz, 2H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 174.74, 147.62, 134.64, 132.58, 131.82, 129.53, 124.36, 

83.26, 71.72, 47.81, 43.81, 31.91, 30.51, 29.37, 15.09. 

HRMS m/z for C17H21N2O6S+ ([M+H]+) calculated: 381.1115, found: 381.1117. 

 

Synthesis of CG201 

 
Scheme 35. Synthesis of CG201. 

1-(tert-Butyl) 3-methyl 4-(prop-2-yn-1-yl)piperazine-1,3-dicarboxylate (CG178) 

 

To a solution of 1-(tert-butyl) 3-methyl piperazine-1,3-dicarboxylate (100.0 mg, 0.41 mmol, 1.0 eq) and 

K2CO3 (113.2 mg, 0.82 mmol, 2.0 eq) in ACN (1 mL) was added propargyl bromide (46.5 µL, 
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0.61 mmol, 1.5 eq) and the reaction stirred at room temperature for 4 h. The reaction was filtered 

through celite545 which was then washed with EA. The solvent was removed under reduced pressure 

and the obtained product purified via a silica column, eluting at 10-20% EA in PE. Since the product still 

showed impurities, as judged by TLC and LC-MS, it was further purified by preparative HPLC, eluting 

at 20-30% ACN in H2O, yielding CG178 (22.0 mg, 0.08 mmol, 14%) as a white TFA salt. 

1H NMR (600 MHz, CDCl3) δ (ppm) = 4.04 – 3.78 (m, 1H), 3.74 (s, 3H), 3.69 (dt, J = 12.9, 4.2 Hz, 1H), 

3.60 – 3.56 (m, 1H), 3.62 – 3.47 (m, 1H), 3.45 (dd, J = 17.2, 2.5 Hz, 1H), 3.43 – 3.40 (m, 1H), 3.33 (dt, 

J = 12.7, 4.4 Hz, 1H), 2.95 – 2.86 (m, 1H), 2.63 (t, J = 9.9 Hz, 1H), 2.27 (dt, J = 4.8, 2.4 Hz, 1H), 1.45 

(s, 9H). 

13C NMR (151 MHz, CDCl3) δ (ppm) = 171.19, 154.33, 80.35, 77.82, 74.25, 61.03, 52.22, 49.07, 46.60, 

44.23, 42.79, 28.48. 

HRMS m/z for C14H23N2O4
+ ([M+H]+) calculated: 283.1652, found: 283.1655. 

 

Lithium 4-(tert-butoxycarbonyl)-1-(prop-2-yn-1-yl)piperazine-2-carboxylate (CG201) 

 

CG178 (20.0 mg, 0.05 mmol, 1.0 eq) was dissolved in 1,4-dioxane (0.5 mL). Aqueous 2M LiOH solution 

(100.9 µL, 0.20 mmol, 4.0 eq) was added and the reaction mixture was stirred for 1 h at 80 °C. The pH 

of the reaction mixture was adjusted to pH 7 by adding aqueous 1 N HCl dropwise. The solvent was 

removed under reduced pressure yielding CG201 (14.0 mg, 0.05 mmol, quant.), which was used for 

following reactions without further purification. 

1H NMR (700 MHz, D2O) δ (ppm) = 3.99 (d, J = 11.7 Hz, 1H), 3.46 (d, J = 17.2 Hz, 1H), 3.40 (d, J = 

17.2 Hz, 1H), 3.08 (ddd, J = 13.9, 11.1, 3.2 Hz, 2H), 3.04 – 3.00 (m, 2H), 2.88 (d, J = 13.3 Hz, 1H), 2.49 

(td, J = 11.4, 3.4 Hz, 2H), 1.43 (s, 9H). 

13C NMR (176 MHz, D2O) δ (ppm) = 177.15, 156.13, 82.10, 77.33, 66.54, 65.25, 56.49, 49.00, 43.23, 

43.21, 27.58. 

HRMS m/z for C13H21N2O4
+ ([M+H]+) calculated: 269.1496, found: 269.1502. 

 

Synthesis of 4-(tert-Butoxycarbonyl)-1-(pent-4-yn-1-yl)piperazine-2-carboxylic acid TFA salt 

(CG203) 

 

Step 1 

To a solution of 1-(tert-butyl) 3-methyl piperazine-1,3-dicarboxylate (100.0 mg, 0.41 mmol, 1.0 eq) and 

K2CO3 (113.2 mg, 0.82 mmol, 2.0 eq) in ACN (1 mL) was added 5-iodopent-1-yne (70.1 µL, 0.61 mmol, 

1.5 eq) and the reaction stirred at room temperature for 4 h. The reaction was filtered through celite545 

which was then washed with EA. The solvent was removed under reduced pressure and the obtained 

product used for the next step without further purification. 
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Step 2 

The crude product from step 1 was dissolved in 1,4-dioxane (1 mL). Aqueous 2M LiOH solution 

(811.9 µL, 1.62 mmol, 4.0 eq) was added and the reaction mixture was stirred for 1 h at 80 °C. The pH 

of the reaction mixture was adjusted to pH 7 by adding aqueous 1 N HCl dropwise. The solvent was 

removed under reduced pressure. The product was purified by preparative HPLC, eluting at 5-20% 

ACN in H2O, yielding CG203 (42.6 mg, 0.14 mmol, 35%) as a white TFA salt. 

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 3.91 (s, 2H), 3.77 (s, 4H), 3.57 – 3.42 (m, 1H), 3.37 (s, 1H), 

3.09 (s, 1H), 3.02 – 2.93 (m, 1H), 2.86 (s, 1H), 2.24 (td, J = 7.0, 2.7 Hz, 2H), 1.77 (s, 2H), 1.40 (s, 9H). 

13C NMR (151 MHz, DMSO-d6) δ (ppm) = 168.06, 158.22, 158.00, 157.78, 157.56, 153.15, 119.65, 

117.68, 115.71, 113.74, 83.22, 79.84, 72.01, 61.24, 53.57, 48.47, 48.04, 43.21, 27.88, 23.59, 15.22. 

HRMS m/z for C15H25N2O4
+ ([M+H]+) calculated: 297.1809, found: 297.1815. 

 

Synthesis of CG202 

 
Scheme 36. Synthesis of CG202. 

1-(tert-Butyl) 2-methyl 4-(prop-2-yn-1-yl)piperazine-1,2-dicarboxylate (CG179) 

 

CG179 was obtained from 1-(tert-butyl) 2-methyl piperazine-1,2-dicarboxylate (100.0 mg, 0.41 mmol, 

1.0 eq) as described above for CG178. The product was eluting at 0-10% EA in PE, yielding CG179 

(115.0 mg, 0.41 mmol, quant.) as a clear oil. 

1H NMR (600 MHz, CDCl3) δ (ppm) = 4.81 – 4.59 (m, 1H), 3.87 (dd, J = 57.9, 13.0 Hz, 1H), 3.75 (d, J 

= 7.2 Hz, 3H), 3.34 (dd, J = 2.4, 1.3 Hz, 2H), 3.33 – 3.27 (m, 1H), 3.27 – 3.11 (m, 1H), 2.69 (dd, J = 

41.2, 11.2 Hz, 1H), 2.55 – 2.49 (m, 1H), 2.38 – 2.31 (m, 1H), 2.25 (t, J = 2.4 Hz, 1H), 1.45 (d, J = 25.2 

Hz, 9H). 

13C NMR (151 MHz, CDCl3) δ (ppm) = 171.41 (d, J = 48.4 Hz), 155.61 (d, J = 61.1 Hz), 80.57, 77.77, 

73.97, 54.77 (d, J = 188.8 Hz), 52.46, 52.35, 50.87, 46.97, 41.41 (d, J = 142.0 Hz), 28.44 (d, J = 7.7 

Hz). 

HRMS m/z for C14H23N2O4
+ ([M+H]+) calculated: 283.1652, found: 283.1654. 

 

Lithium 1-(tert-Butoxycarbonyl)-4-(prop-2-yn-1-yl)piperazine-2-carboxylate (CG202) 

 

CG202 was obtained from CG179 (113.0 mg, 0.40 mmol, 1.0 eq) as described above for CG201. 

CG202 (110.0 mg, 0.40 mmol, quant.) was used for following reactions without further purification. 
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1H NMR (700 MHz, D2O) δ (ppm) = 4.47 (s, 1H), 3.89 (d, J = 108.9 Hz, 1H), 3.38 (d, J = 23.3 Hz, 1H), 

3.29 (s, 2H), 3.23 – 3.15 (m, 2H), 2.85 (s, 1H), 2.47 (s, 1H), 2.28 (t, J = 11.8 Hz, 1H), 1.44 (s, 9H). 

13C NMR (176 MHz, D2O) δ (ppm) = 181.49, 157.22, 81.84, 77.61, 66.55, 56.74, 52.69, 50.61, 45.90, 

40.38, 27.59. 

HRMS m/z for C13H21N2O4
+ ([M+H]+) calculated: 269.1496, found: 269.1500. 

 

Synthesis of 1-(tert-Butoxycarbonyl)-4-(pent-4-yn-1-yl)piperazine-2-carboxylic acid TFA salt 

(CG204) 

 

CG204 was obtained from 1-(tert-butyl) 2-methyl piperazine-1,2-dicarboxylate (100.0 mg, 0.41 mmol, 

1.0 eq) as described above for CG203. The product was eluting at 5-20% ACN in H2O, yielding CG204 

(110.0 mg, 0.37 mmol, 91%) as a white TFA salt. 

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 4.17 (dd, J = 9.0, 3.5 Hz, 1H), 3.93 (s, 1H), 3.32 – 3.23 (m, 

1H), 3.25 – 3.10 (m, 1H), 3.04 (tt, J = 9.6, 3.4 Hz, 2H), 2.90 (s, 1H), 2.80 (t, J = 2.6 Hz, 1H), 2.29 – 2.20 

(m, 3H), 2.19 (td, J = 7.3, 2.7 Hz, 2H), 1.62 (p, J = 7.2 Hz, 2H), 1.40 (d, J = 22.9 Hz, 9H). 

13C NMR (151 MHz, DMSO-d6) δ (ppm) = 168.54, 158.04 (q, J = 32.4 Hz), 154.11, 116.80 (q, J = 297.9 

Hz), 84.01, 80.09, 71.51, 55.50, 54.58, 51.10, 48.63, 41.76, 27.80, 24.75, 15.36. 

HRMS m/z for C15H25N2O4
+ ([M+H]+) calculated: 297.1809, found: 297.1815. 

 

8.1.1.16 Proof of concept (synthesis of GK13S analogues) 

Synthesis of 4-Cyano-N-(1-(4-((2-methoxyethyl)carbamoyl)phenyl)-1H-imidazol-4-yl)-1-(prop-2-

yn-1-yl)piperazine-2-carboxamide (CG224) 

 

Step 1 

CG113 (11.4 mg, 0.04 mmol, 1.2 eq) was dissolved in EtOH (5 mL) and a few drops of H2O were added. 

Palladium (10%) on activated charcoal (2 mg) was added under argon atmosphere. The reaction was 

flushed with H2 and stirred for 3 hours at room temperature. The reaction was filtered through celite545 

which was then washed with EA. The solvent was removed under reduced pressure and the obtained 

product used for the next reaction without further purification.  

Step 2 

CG201 (9.0 mg, 0.03 mmol, 1.0 eq) was dissolved in DMF (1 mL), then DIPEA (11.2 µL, 0.07 mmol, 

2.0 eq) and HATU (15.0 mg, 0.04 mmol, 1.2 eq) were added and the reaction mixture stirred for 20 

minutes. The crude product from step 1 was dissolved in DMF (2 mL) and added to the reaction 

dropwise. The resulting solution was stirred for 5 h at room temperature. The reaction was quenched 

by the addition of aqueous sat. NaHCO3 (30 mL). The mixture was extracted with EA (2x30 mL). The 

combined organic layers were washed with brine (30 mL), dried over anhydrous MgSO4, filtered and 
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the solvent was removed under reduced pressure. The corresponding product was used for the next 

reaction without further purification. 

Step 3 

The crude product from step 2 was dissolved in DCM (2 mL) and TFA (0.4 mL) was added dropwise. 

The solution was stirred for 4 h at room temperature. The solvent and residual TFA were removed under 

reduced pressure and the product dried in vacuo.  

Step 4 

The crude product from step 3 was dissolved in acetone (2 mL) and K2CO3 (18.1 mg, 0.13 mmol, 

4.0 eq) was added. 3 M cyanogen bromide solution (12.0 µL, 0.04 mmol, 1.1 eq) was added and the 

mixture was stirred overnight at room temperature. The reaction was quenched by the addition of 

aqueous sat. NaHCO3 (30 mL). The mixture was extracted with EA (2x30 mL). The combined organic 

layers were washed with brine (30 mL), dried over anhydrous MgSO4, filtered and the solvent was 

removed under reduced pressure. The corresponding product was purified via preparative HPLC, 

eluting at 10-20% ACN in H2O, yielding CG224 (2.5 mg, 0.05 mmol, 14%) as a white TFA salt. 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 10.75 (s, 1H), 8.61 (t, J = 5.4 Hz, 1H), 8.27 (d, J = 1.6 Hz, 

1H), 7.98 (d, J = 8.7 Hz, 2H), 7.81 (d, J = 1.6 Hz, 1H), 7.76 (d, J = 8.7 Hz, 2H), 3.53 (dd, J = 9.4, 3.4 

Hz, 1H), 3.50 – 3.33 (m, 8H), 3.29 (t, J = 2.4 Hz, 1H), 3.27 (s, 3H), 3.26 – 3.19 (m, 3H), 2.94 (dt, J = 

12.1, 3.4 Hz, 1H), 2.64 (td, J = 11.3, 10.8, 3.3 Hz, 1H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 170.83, 165.19, 138.69, 138.59, 132.30, 132.21, 128.96, 

119.35, 116.97, 104.61, 77.97, 76.47, 70.43, 61.03, 57.92, 50.45, 48.03, 45.04, 42.93, 39.03. 

HRMS m/z for C22H26N7O3
+ ([M+H]+) calculated: 436.2092, found: 436.2090. 

 

4-Cyano-N-(1-(4-((2-methoxyethyl)carbamoyl)phenyl)-1H-imidazol-4-yl)-1-(pent-4-yn-1-

yl)piperazine-2-carboxamide (CG226) 

 

CG226 was obtained from CG203 (53.5 mg, 0.13 mmol, 1.0 eq) as described above for CG224. For 

step 4, the product was purified by preparative HPLC, eluting at 15-25% ACN in H2O, yielding CG226 

(11.0 mg, 0.02 mmol, 15%) as a white TFA salt. 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 11.13 (s, 1H), 8.62 (t, J = 5.4 Hz, 1H), 8.30 (d, J = 1.7 Hz, 

1H), 8.04 – 7.96 (m, 2H), 7.83 (d, J = 1.7 Hz, 1H), 7.80 – 7.74 (m, 2H), 3.97 (s, 1H), 3.75 (s, 2H), 3.54 

(s, 2H), 3.47 (td, J = 5.4, 1.3 Hz, 2H), 3.46 – 3.42 (m, 2H), 3.39 (dd, J = 13.4, 9.4 Hz, 2H), 3.27 (s, 3H), 

2.94 (s, 2H), 2.80 (t, J = 2.7 Hz, 1H), 2.25 (dtd, J = 16.9, 7.1, 2.7 Hz, 1H), 2.19 (dtd, J = 17.0, 7.1, 2.5 

Hz, 1H), 1.81 (s, 1H), 1.77 – 1.69 (m, 1H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 165.65, 158.53 (q, J = 34.7 Hz), 139.07, 138.61, 133.01, 

132.94, 129.46, 119.98, 116.70, 116.64 (q, J = 294.6 Hz), 105.45, 83.77, 72.40, 70.92, 62.87, 58.41, 

56.46, 54.39, 49.68, 48.87, 46.90, 39.53, 24.08, 15.76. 

HRMS m/z for C24H30N7O3
+ ([M+H]+) calculated: 464.2405, found: 464.2403. 
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Synthesis of 1-Cyano-N-(1-(4-((2-methoxyethyl)carbamoyl)phenyl)-1H-imidazol-4-yl)-4-(prop-2-

yn-1-yl)piperazine-2-carboxamide (CG225) 

 

Step 1 

CG113 (51.8 mg, 0.18 mmol, 1.1 eq) was dissolved in EtOH (5 mL) and a few drops of H2O were added. 

Palladium (10%) on activated charcoal (6 mg) was added under argon atmosphere. The reaction was 

flushed with H2 and stirred for 3 hours at room temperature. The reaction was filtered through celite545 

which was then washed with EA. The solvent was removed under reduced pressure and the obtained 

product used for the next reaction without further purification.  

Step 2 

CG202 (44.5 mg, 0.16 mmol, 1.2 eq) was dissolved in DMF (2 mL), then DIPEA (55.2 µL, 0.32 mmol, 

2.0 eq) and HATU (74.0 mg, 0.19 mmol, 1.2 eq) were added and the reaction mixture stirred for 20 

minutes. The crude product from step 1 was dissolved in DMF (2 mL) and added to the reaction 

dropwise. The resulting solution was stirred for 5 h at room temperature. The reaction was quenched 

by the addition of aqueous sat. NaHCO3 (30 mL). The mixture was extracted with EA (2x30 mL). The 

combined organic layers were washed with brine (30 mL), dried over anhydrous MgSO4, filtered and 

the solvent was removed under reduced pressure. The corresponding product was used for the next 

reaction without further purification. 

Step 3 

The crude product from step 2 was dissolved in DCM (2 mL) and TFA (0.4 mL) was added dropwise. 

The solution was stirred for 4 h at room temperature. The solvent and residual TFA were removed under 

reduced pressure and the product dried in vacuo.  

Step 4 

The crude product from step 3 was dissolved in acetone (2 mL) and K2CO3 (89.7 mg, 0.65 mmol, 

4.0 eq) was added. 3 M cyanogen bromide solution (59.5 µL, 0.18 mmol, 1.1 eq) was added and the 

mixture was stirred overnight at room temperature. The reaction was quenched by the addition of 

aqueous sat. NaHCO3 (30 mL). The mixture was extracted with EA (2x30 mL). The combined organic 

layers were washed with brine (30 mL), dried over anhydrous MgSO4, filtered and the solvent was 

removed under reduced pressure. The corresponding product was purified via preparative HPLC, 

eluting at 10-20% ACN in H2O, yielding CG225 (5.3 mg, 0.01 mmol, 6%) as a white TFA salt. 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 9.73 (s, 1H), 9.19 (s, 1H), 8.67 (t, J = 5.4 Hz, 1H), 8.61 (d, J 

= 1.6 Hz, 1H), 8.15 (d, J = 1.6 Hz, 1H), 8.07 – 8.02 (m, 2H), 7.87 – 7.81 (m, 2H), 4.68 (dd, J = 11.3, 4.7 

Hz, 1H), 4.25 – 4.18 (m, 1H), 3.51 (dd, J = 4.4, 2.4 Hz, 2H), 3.48 (dd, J = 6.7, 3.6 Hz, 2H), 3.47 – 3.43 

(m, 2H), 3.31 (t, J = 2.4 Hz, 1H), 3.28 (s, 3H), 3.25 (ddd, J = 10.9, 4.7, 1.4 Hz, 1H), 2.94 (dd, J = 11.8, 

3.7 Hz, 1H), 2.55 (t, J = 11.1 Hz, 1H), 2.53 – 2.51 (m, 1H), 2.45 (td, J = 12.0, 3.7 Hz, 1H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 168.73, 165.08, 157.81 (q, J = 32.3 Hz), 153.97, 138.04, 

134.91, 133.34, 129.08, 120.05, 119.68, 114.86, 78.35, 76.75, 70.43, 57.94, 57.08, 50.15, 49.15, 45.47, 

41.50, 39.10. 

HRMS m/z for C22H26N7O3
+ ([M+H]+) calculated: 436.2092, found: 436.2094. 
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Synthesis of 1-Cyano-N-(1-(4-((2-methoxyethyl)carbamoyl)phenyl)-1H-imidazol-4-yl)-4-(pent-4-

yn-1-yl)piperazine-2-carboxamide (CG227) 

 

CG227 was obtained from CG204 (53.4 mg, 0.13 mmol, 1.0 eq) as described above for CG225. For 

step 4, the product was purified by preparative HPLC, eluting at 15-25% ACN in H2O, yielding CG227 

(0.9 mg, 1.56 µmol, 1%) as a white TFA salt. 

HRMS m/z for C24H30N7O3
+ ([M+H]+) calculated: 464.2405, found: 464.2401. 

No NMR since too low yield! 

 

Synthesis of CG233 

 

Scheme 37. Synthesis of CG233. 

 

N-(2-Methoxyethyl)-4-(4-(3-((2-nitro-N-(pent-4-yn-1-yl)phenyl)sulfonamido)cyclobutane-1-

carboxamido)-1H-imidazol-1-yl)benzamide (CG215) 

 

Step 1 

CG113 (67.5 mg, 0.23 mmol, 1.2 eq) was dissolved in EtOH (10 mL) and palladium (10%) on activated 

charcoal (7 mg) was added under an argon atmosphere. The reaction was flushed with H2 and stirred 

for 3 hours at room temperature. The reaction was filtered through celite545 which was then washed 
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with EA. The solvent was removed under reduced pressure and the obtained product used for the next 

reaction without further purification.  

Step 2 

CG184 (71.0 mg, 0.19 mol, 1.0 eq) was dissolved in DMF (2 mL), then DIPEA (98.9 µL, 0.58 mmol, 

3.0 eq) and HATU (88.4 mg, 0.23 mmol, 1.2 eq) were added and the reaction mixture stirred for 

20 minutes. The crude product from step 1 was dissolved in DMF (2 mL) and added to the reaction 

dropwise. The resulting solution was stirred for 5 h at room temperature. The reaction was quenched 

by the addition of aqueous sat. NH4Cl (40 mL) and extracted with EA (2x30 mL). The combined organic 

layers were washed with brine (30 mL), dried over anhydrous MgSO4, filtered and the solvent was 

removed under reduced pressure. The corresponding product was purified via a silica column eluting 

at 20-35% EA in PE, yielding CG215 (75.1 mg, 0.12 mmol, 64%) as a white solid and a mixture of syn- 

and anti-stereoisomers. 

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 10.52 (s, 1H), 8.61 (t, J = 5.4 Hz, 1H), 8.23 (dd, J = 3.7, 1.7 

Hz, 1H), 8.03 – 7.96 (m, 4H), 7.90 (td, J = 7.7, 1.5 Hz, 1H), 7.88 – 7.84 (m, 1H), 7.80 (d, J = 1.7 Hz, 

1H), 7.76 – 7.72 (m, 2H), 4.21 (tt, J = 9.7, 7.8 Hz, 1H), 3.47 (td, J = 5.4, 1.4 Hz, 2H), 3.44 (t, J = 5.4 Hz, 

2H), 3.42 – 3.37 (m, 2H), 3.27 (s, 3H), 2.90 (tt, J = 9.3, 7.7 Hz, 1H), 2.83 (t, J = 2.6 Hz, 1H), 2.35 – 2.23 

(m, 4H), 2.21 (td, J = 7.1, 2.6 Hz, 2H), 1.79 – 1.68 (m, 2H). 

13C NMR (151 MHz, DMSO-d6) δ (ppm) = 169.90, 165.19, 147.63, 139.29, 138.77, 134.67, 132.59, 

132.13, 132.02, 131.84, 129.66, 128.96, 124.35, 119.14, 104.03, 83.26, 71.87, 70.44, 57.93, 48.02, 

43.83, 39.04, 31.81, 31.38, 29.49, 15.19. 

HRMS m/z for C29H33N6O7S+ ([M+H]+) calculated: 609.2126, found: 609.2126. 

N-(2-Methoxyethyl)-4-(4-(3-(pent-4-yn-1-ylamino)cyclobutane-1-carboxamido)-1H-imidazol-1-

yl)benzamide TFA salt (CG228) 

 

To a stirred solution of CG215 (72.0 mg, 0.12 mmol, 1.0 eq) in ACN (1 mL) was added DIPEA (80.5 µL, 

0.47 mmol, 4.0 eq) and thiophenol (PhS, 362.0 µL, 3.55 mmol, 30.0 eq) and the mixture stirred at room 

temperature overnight. The reaction was quenched by the addition of H2O (30 mL) and extracted with 

DCM (2x30 mL). To the aqueous phase was added 2M NaOH (30 mL), followed by extraction with EA 

(4x20 mL). The EA layers were combined, dried over anhydrous MgSO4, filtered and the solvent was 

removed under reduced pressure. The corresponding product was purified via preparative HPLC, 

eluting at 5% ACN in H2O. CG228 (37.5 mg, 0.07 mmol, 59%) was obtained as a white TFA salt and a 

mixture of syn- and anti-stereoisomers. 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 10.58 (d, J = 6.7 Hz, 1H), 8.73 – 8.67 (m, 2H), 8.61 (t, J = 5.4 

Hz, 1H), 8.25 (d, J = 1.6 Hz, 1H), 8.01 – 7.96 (m, 2H), 7.78 (d, J = 1.6 Hz, 1H), 7.76 – 7.70 (m, 2H), 

3.72 (p, J = 6.7 Hz, 1H), 3.47 (td, J = 5.3, 1.3 Hz, 2H), 3.44 (qd, J = 5.4, 1.3 Hz, 2H), 3.27 (s, 3H), 3.07 

(tt, J = 9.6, 7.9 Hz, 1H), 2.92 (t, J = 2.7 Hz, 1H), 2.91 – 2.84 (m, 2H), 2.47 – 2.41 (m, 2H), 2.33 (td, J = 

9.3, 2.7 Hz, 2H), 2.28 (td, J = 7.1, 2.9 Hz, 2H), 1.74 (p, J = 7.1 Hz, 2H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 169.49, 165.17, 157.96 (q, J = 34.0 Hz), 139.25, 138.73, 

132.27, 132.19, 128.99, 119.29, 116.32 (d, J = 296.0 Hz), 104.01, 82.91, 72.29, 70.44, 57.93, 47.06, 

43.35, 39.04, 31.50, 29.22, 24.57, 15.09. 

HRMS m/z for C23H30N5O3
+ ([M+H]+) calculated: 424.2343, found: 424.2344. 
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N-(2-Methoxyethyl)-4-(4-(3-(N-(pent-4-yn-1-yl)cyanamido)cyclobutane-1-carboxamido)-1H-

imidazol-1-yl)benzamide (CG233) 

 

CG228 (25.0 mg, 0.05 mmol, 1.0 eq) was dissolved in DMF (1 mL) and DIPEA (31.6 mg, 0.19 mmol, 

4.0 eq) was added. After stirring for 30 minutes at room temperature, 3 M cyanogen bromide solution 

(18.6 µL, 0.06 mmol, 1.2 eq) was added to the mixture, and stirring was continued for 3 h. The reaction 

was quenched by the addition of aqueous sat. NaHCO3 (30 mL). The mixture was extracted with EA 

(2x30 mL). The combined organic layers were washed with brine (20 mL), dried over anhydrous 

MgSO4, filtered and the solvent was removed under reduced pressure. The corresponding product was 

purified via a silica column, eluting at 4-8% MeOH in DCM, yielding CG233 (14.5 mg, 0.03 mmol, 70%) 

as a pale-yellow solid and a mixture of syn- and anti-stereoisomers. 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 10.53 (s, 1H), 8.60 (t, J = 5.4 Hz, 1H), 8.23 (d, J = 1.6 Hz, 

1H), 8.00 – 7.96 (m, 2H), 7.83 (d, J = 1.7 Hz, 1H), 7.77 – 7.73 (m, 2H), 3.60 (tt, J = 9.2, 7.3 Hz, 1H), 

3.47 (td, J = 5.5, 1.3 Hz, 2H), 3.46 – 3.41 (m, 2H), 3.27 (s, 3H), 3.08 (dd, J = 7.7, 6.6 Hz, 2H), 2.92 (tt, 

J = 9.6, 7.6 Hz, 1H), 2.85 (t, J = 2.6 Hz, 1H), 2.40 (dtd, J = 8.5, 7.4, 2.7 Hz, 2H), 2.27 – 2.18 (m, 4H), 

1.70 (p, J = 7.1 Hz, 2H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 169.85, 165.20, 139.34, 138.78, 132.15, 131.99, 128.97, 

119.14, 115.47, 104.05, 83.16, 71.94, 70.43, 57.92, 49.73, 48.62, 39.03, 31.52, 30.37, 26.53, 14.85. 

HRMS m/z for C24H29N6O3
+ ([M+H]+) calculated: 449.2296, found: 449.2300. 

 

Synthesis of CG238SYN & CG238ANTI 

 

Scheme 38. Synthesis of CG238SYN & CG238ANTI. 

syn-/anti-1-Cyano-N-(1-(4-((2-methoxyethyl)carbamoyl)phenyl)-1H-imidazol-4-yl)-4-(prop-2-yn-

1-yloxy)pyrrolidine-3-carboxamide TFA salt (syn-/anti-CG231) 

 

Step 1 

CG113 (36.2 mg, 0.12 mmol, 1.2 eq) was dissolved in EtOH (10 mL) and palladium (10%) on activated 

charcoal (4 mg) was added under an argon atmosphere. The reaction was flushed with H2 and stirred 
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for 3 hours at room temperature. The reaction was filtered through celite545 which was then washed 

with EA. The solvent was removed under reduced pressure and the obtained product used for the next 

reaction without further purification.  

Step 2 

CG217 (28.0 mg, 0.10 mol, 1.0 eq) was dissolved in DMF (2 mL), then DIPEA (35.4 µL, 0.21 mmol, 

2.0 eq) and HATU (47.4 mg, 0.12 mmol, 1.2 eq) were added and the reaction mixture stirred for 

20 minutes. The crude product from step 1 was dissolved in DMF (2 mL) and added to the reaction 

dropwise. The resulting solution was stirred for 5 h at room temperature. The reaction was quenched 

by the addition of aqueous sat. NH4Cl (40 mL) and the mixture extracted with EA (2x30 mL). The 

combined organic layers were washed with brine (30 mL), dried over anhydrous MgSO4, filtered and 

the solvent was removed under reduced pressure. The corresponding product was used for the next 

reaction without further purification. 

Step 3 

The crude product from step 2 was dissolved in DCM (2 mL) and TFA (0.4 mL) was added dropwise. 

The mixture was stirred for 3 h at room temperature. The solvent and residual TFA were removed under 

reduced pressure. The product was dried in vacuo and subsequently purified by preparative HPLC 

eluting at 15-18% ACN in H2O. CG231 was eluting in 2 peaks, as judged by LC-MS, which could both 

be separated, yielding syn-CG231 (17.9 mg, 0.03 mmol, 33%) and anti-CG231 (18.2 mg, 0.03 mmol, 

33%) as a TFA salt.  

syn-CG231 

 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 10.82 (s, 1H), 9.07 (dd, J = 146.6, 36.2 Hz, 2H), 8.61 (t, J = 

5.4 Hz, 1H), 8.26 (d, J = 1.6 Hz, 1H), 7.99 (d, J = 8.7 Hz, 2H), 7.76 (d, J = 1.7 Hz, 1H), 7.75 (d, J = 8.7 

Hz, 2H), 4.70 (q, J = 2.3 Hz, 1H), 4.26 – 4.16 (m, 2H), 3.60 (dtd, J = 11.6, 7.7, 4.6 Hz, 1H), 3.50 (t, J = 

2.4 Hz, 1H), 3.49 – 3.48 (m, 1H), 3.48 – 3.46 (m, 2H), 3.44 (t, J = 5.5 Hz, 2H), 3.46 – 3.42 (m, 1H), 3.41 

– 3.40 (m, 1H), 3.30 (tt, J = 6.9, 4.7, 3.7 Hz, 1H), 3.27 (s, 3H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 165.17, 164.49, 157.97 (q, J = 34.4 Hz), 139.10, 138.71, 

132.26, 132.15, 128.98, 119.26, 116.17 (d, J = 294.9 Hz), 104.03, 79.56, 78.02, 77.23, 70.44, 57.92, 

56.61, 49.06, 47.22, 44.45, 39.03. 

HRMS m/z for C21H26N5O4
+ ([M+H]+) calculated: 412.1979, found: 412.1980. 

 

anti-CG231 

 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 11.10 (s, 1H), 9.32 – 9.20 (m, 2H), 8.61 (t, J = 5.4 Hz, 1H), 

8.28 (d, J = 1.6 Hz, 1H), 7.99 (d, J = 8.7 Hz, 2H), 7.77 (d, J = 1.6 Hz, 1H), 7.74 (d, J = 8.7 Hz, 2H), 4.46 

(dd, J = 4.2, 2.1 Hz, 1H), 4.34 (dd, J = 2.4, 1.1 Hz, 2H), 3.55 (t, J = 2.4 Hz, 1H), 3.53 – 3.48 (m, 1H), 

3.48 – 3.45 (m, 2H), 3.48 – 3.41 (m, 2H), 3.44 (t, J = 5.4 Hz, 2H), 3.41 – 3.35 (m, 1H), 3.31 (ddd, J = 

12.5, 7.4, 4.8 Hz, 1H), 3.27 (s, 3H). 
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13C NMR (176 MHz, DMSO-d6) δ (ppm) = 167.37, 165.14, 157.95 (q, J = 34.3 Hz), 138.83, 138.65, 

132.38, 132.33, 129.01, 119.35, 116.24 (d, J = 295.0 Hz), 104.43, 79.70, 79.64, 77.94, 70.43, 57.92, 

56.21, 49.56, 48.14, 46.12, 39.04. 

HRMS m/z for C21H26N5O4
+ ([M+H]+) calculated: 412.1979, found: 412.1985. 

 

syn-1-Cyano-N-(1-(4-((2-methoxyethyl)carbamoyl)phenyl)-1H-imidazol-4-yl)-4-(prop-2-yn-1-

yloxy)pyrrolidine-3-carboxamide (CG238-SYN) 

 

syn-CG231 (15.9 mg, 0.03 mmol, 1.0 eq) was dissolved in DMF (1 mL) and K2CO3 (16.7 mg, 

0.12 mmol, 4.0 eq) was added. After stirring for 30 minutes at room temperature, 3 M cyanogen bromide 

solution (12.1 µL, 0.04 mmol, 1.2 eq) was added to the mixture, and stirring was continued overnight. 

The reaction was quenched by the addition of aqueous sat. NaHCO3 (30 mL). The mixture was 

extracted with EA (2x30 mL). The combined organic layers were washed with brine (20 mL), dried over 

anhydrous MgSO4, filtered and the solvent was removed under reduced pressure. The corresponding 

product was purified via a silica column, eluting at 6-8% MeOH in DCM, yielding CG238-SYN (6.3 mg, 

0.01 mmol, 48%) as a pale-yellow solid. 

1H NMR (600 MHz, CDCl3) δ (ppm) = 8.93 (s, 1H), 7.91 (d, J = 8.4 Hz, 2H), 7.78 (d, J = 1.7 Hz, 1H), 

7.71 (d, J = 1.6 Hz, 1H), 7.48 (d, J = 8.5 Hz, 2H), 6.56 (t, J = 5.5 Hz, 1H), 4.61 (td, J = 4.7, 3.0 Hz, 1H), 

4.35 (dd, J = 16.4, 2.4 Hz, 1H), 4.22 (dd, J = 16.3, 2.4 Hz, 1H), 3.96 (t, J = 9.1 Hz, 1H), 3.76 (dd, J = 

9.4, 8.0 Hz, 1H), 3.72 – 3.62 (m, 4H), 3.59 (t, J = 5.0 Hz, 2H), 3.41 (s, 3H), 3.27 (td, J = 8.4, 5.0 Hz, 

1H), 2.56 (t, J = 2.4 Hz, 1H). 

13C NMR (151 MHz, CDCl3) δ (ppm) = 166.22, 164.79, 139.41, 138.50, 133.66, 131.19, 129.10, 120.71, 

116.73, 106.10, 78.47, 76.90, 76.63, 71.20, 59.03, 57.59, 54.40, 50.70, 49.08, 39.98. 

HRMS m/z for C22H25N6O4
+ ([M+H]+) calculated: 437.1932, found: 437.1931. 

 

anti-1-Cyano-N-(1-(4-((2-methoxyethyl)carbamoyl)phenyl)-1H-imidazol-4-yl)-4-(prop-2-yn-1-

yloxy)pyrrolidine-3-carboxamide (CG238-ANTI) 

 

anti-CG238 was obtained from anti-CG231 (16.2 mg, 0.03 mmol, 1.0 eq) as described above for syn-

CG231. The product was eluting at 6-8% MeOH in DCM, yielding CG238-ANTI (6.2 mg, 0.01 mmol, 

46%) as a pale-yellow solid. 

1H NMR (700 MHz, CDCl3) δ (ppm) = 9.48 (s, 1H), 7.92 (d, J = 8.5 Hz, 2H), 7.78 (d, J = 1.6 Hz, 1H), 

7.76 (d, J = 1.7 Hz, 1H), 7.49 (d, J = 8.6 Hz, 2H), 6.56 (s, 1H), 4.51 (q, J = 5.0 Hz, 1H), 4.28 (dd, J = 

16.1, 2.4 Hz, 1H), 4.22 (dd, J = 16.1, 2.4 Hz, 1H), 3.83 – 3.75 (m, 3H), 3.68 (q, J = 5.2 Hz, 2H), 3.59 (t, 

J = 5.1 Hz, 2H), 3.53 (dd, J = 10.4, 4.3 Hz, 1H), 3.41 (s, 3H), 3.24 (dt, J = 7.9, 6.2 Hz, 1H), 2.50 (t, J = 

2.4 Hz, 1H). 

13C NMR (176 MHz, CDCl3) δ (ppm) = 166.77, 166.18, 139.35, 138.60, 133.80, 131.40, 129.14, 120.78, 

116.62, 106.21, 80.00, 78.63, 76.31, 71.20, 59.04, 57.80, 54.66, 51.00, 50.41, 39.99. 
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HRMS m/z for C22H25N6O4
+ ([M+H]+) calculated: 437.1932, found: 437.1931. 

 

Synthesis of CG239 

 

Scheme 39. Synthesis of CG239. 

 

(3S,5R)-N-(1-(4-((2-Methoxyethyl)carbamoyl)phenyl)-1H-imidazol-4-yl)-5-((prop-2-yn-1-

yloxy)methyl)pyrrolidine-3-carboxamide TFA salt (CG232) 

 

CG232 was obtained from CG221 (30.0 mg, 0.11 mmol, 1.0 eq) as described above for CG231. The 

product was eluting at 10-35% ACN in H2O in DCM, yielding CG232 (22.6 mg, 0.04 mmol, 40%) as a 

white TFA salt. 

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 10.86 (s, 1H), 9.49 – 8.89 (m, 2H), 8.63 (t, J = 5.4 Hz, 1H), 

8.28 (d, J = 1.6 Hz, 1H), 7.99 (d, J = 8.7 Hz, 2H), 7.78 (d, J = 1.6 Hz, 1H), 7.74 (d, J = 8.7 Hz, 2H), 4.25 

(dd, J = 2.4, 1.6 Hz, 2H), 3.82 (q, J = 11.2, 10.3 Hz, 1H), 3.72 (dd, J = 10.5, 3.9 Hz, 1H), 3.60 (dd, J = 

10.5, 7.9 Hz, 1H), 3.57 (t, J = 2.4 Hz, 1H), 3.48 (d, J = 1.8 Hz, 1H), 3.47 – 3.45 (m, 2H), 3.44 (t, J = 5.3 

Hz, 2H), 3.43 – 3.38 (m, 1H), 3.35 (dq, J = 12.3, 6.2 Hz, 1H), 3.27 (s, 3H), 2.20 (ddd, J = 12.8, 7.8, 4.8 

Hz, 1H), 2.07 – 1.93 (m, 1H). 

13C NMR (151 MHz, DMSO-d6) δ (ppm) = 169.07, 165.16, 138.95, 138.67, 132.33, 132.26, 129.01, 

119.31, 104.26, 79.68, 78.03, 70.44, 67.89, 58.19, 57.99, 57.93, 47.20, 41.30, 39.05, 31.00. 

HRMS m/z for C22H28N5O4
+ ([M+H]+) calculated: 426.2136, found: 426.2135. 

 

(3S,5R)-1-Cyano-N-(1-(4-((2-methoxyethyl)carbamoyl)phenyl)-1H-imidazol-4-yl)-5-((prop-2-yn-1-

yloxy)methyl)pyrrolidine-3-carboxamide (CG239) 

 

CG239 was obtained from CG232 (20.0 mg, 0.04 mmol, 1.0 eq) as described above for syn-CG231. 

The product was eluting at 4-6% MeOH in DCM, yielding CG239 (9.3 mg, 0.02 mmol, 56%) as a pale-

yellow solid. 

1H NMR (700 MHz, CDCl3) δ (ppm) = 10.26 (s, 1H), 7.93 (d, J = 8.0 Hz, 2H), 7.81 (s, 1H), 7.78 (s, 1H), 

7.51 (d, J = 8.2 Hz, 2H), 6.61 (d, J = 5.3 Hz, 1H), 4.22 – 4.11 (m, 2H), 4.01 (dd, J = 8.5, 4.1 Hz, 1H), 

3.78 (t, J = 8.5 Hz, 1H), 3.74 (td, J = 7.2, 6.6, 3.4 Hz, 2H), 3.67 (tt, J = 10.4, 4.1 Hz, 3H), 3.59 (t, J = 5.1 
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Hz, 2H), 3.41 (s, 3H), 3.36 (q, J = 8.2 Hz, 1H), 2.51 – 2.40 (m, 2H), 2.24 (ddd, J = 12.4, 7.6, 3.7 Hz, 

1H). 

13C NMR (176 MHz, CDCl3) δ (ppm) = 168.63, 166.20, 139.33, 139.00, 133.83, 131.13, 129.17, 120.86, 

115.92, 106.33, 79.02, 75.59, 71.19, 70.38, 61.06, 59.02, 58.97, 53.79, 43.86, 39.98, 32.36. 

HRMS m/z for C22H28N5O4
+ ([M+H]+) calculated: 426.2136, found: 426.2135. 

 

9.2.4 CG306 Binding Element Improvement 

Synthesis of CG338 

 

Scheme 40. Synthesis of CG338. 

4-(4-Nitro-1H-imidazol-1-yl)phenol (CG320) 

 

GK06 (500.0 mg, 3.16 mmol, 1.0 eq) was dissolved in a 1:1 mixture of MeOH and H2O (30 mL). 4-

Aminophenol (379.7 mg, 3.48 mmol, 1.1 eq) was added and the reaction mixture was stirred for 5 h at 

room temperature in darkness. The precipitated product was filtered, washed with H2O (50 mL) and 

dried at 60 °C in a drying oven. CG320 (601.3 mg, 2.93 mmol, 93%) was obtained as a yellow solid.  

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 9.94 (d, J = 1.3 Hz, 1H), 8.83 (d, J = 1.5 Hz, 1H), 8.30 (d, J = 

1.5 Hz, 1H), 7.56 (dd, J = 8.7, 1.4 Hz, 2H), 6.91 (dd, J = 8.7, 1.4 Hz, 2H). 

13C NMR (151 MHz, DMSO) δ (ppm) = 157.73, 147.75, 135.65, 127.33, 123.18, 119.95, 116.09. 

HRMS m/z for C9H8N3O3
+ ([M+H]+) calculated: 206.0560, found: 206.0564. 

 

tert-Butyl (S)-3-((1-(4-(pent-4-yn-1-yloxy)phenyl)-1H-imidazol-4-yl)carbamoyl)-4-pentyl-

piperazine-1-carboxylate TFA salt (CG335) 

 

Step 1 

CG320 (59.5 mg, 0.29 mmol, 1.2 eq) was dissolved in EtOH (20 mL) and palladium (10%) on activated 

charcoal (25 mg) was added under an argon atmosphere. The reaction was flushed with H2 and stirred 
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for 4 h at room temperature. The reaction was filtered through Celite 545 which was then washed with 

EA (30 mL). The solvent was removed under reduced pressure and the obtained product used for the 

next reaction without further purification.  

Step 2 

CG300 (74.0 mg, 0.24 mol, 1.0 eq) was dissolved in DMF (2 mL), then DIPEA (123.2 µL, 0.72 mmol, 

3.0 eq) and HATU (110.2 mg, 0.29 mmol, 1.2 eq) were added and the reaction mixture stirred for 

10 min. The crude product from step 1 was dissolved in DMF (2 mL) and added to the reaction dropwise. 

The resulting solution was stirred overnight at room temperature. The reaction was quenched by the 

addition of aqueous sat. NH4Cl (40 mL) and the mixture extracted with EA (2x30 mL). The combined 

organic layers were washed with brine (30 mL), dried over anhydrous MgSO4, filtered and the solvent 

was removed under reduced pressure. Partial purification was achieved by preparative HPLC during 

which the desired product tert-butyl (S)-3-((1-(4-hydroxyphenyl)-1H-imidazol-4-yl)carbamoyl)-4-

pentylpiperazine-1-carboxylate TFA salt (80.0 mg, 0.14 mmol) co-eluted with uncharacterised 

impurities. Fractions containing the desired product as judged by LC-MS and TLC were combined, 

frozen, lyophilised and used for the next reaction without further purification. 

Step 3 

The crude product from step 2 was dissolved in DMF (2 mL). 5-Iodo-1-pentyne (17.1 µL, 0.15 mmol, 

1.2 eq) and K2CO3 (84.6 mg, 0.61 mmol, 5.0 eq) were added and the reaction stirred at room 

temperature overnight. The reaction was quenched by the addition of aqueous sat. NaHCO3 (40 mL). 

The mixture was extracted with EA (2x30 mL). The combined organic layers were washed with brine 

(30 mL), dried over anhydrous MgSO4, filtered and the solvent was removed under reduced pressure. 

The corresponding product was purified via preparative HPLC, eluting at 20-30% ACN in H2O, yielding 

CG335 (38.0 mg, 0.06 mmol, 25%) as a white TFA salt. 

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 10.18 (s, 1H), 8.05 (s, 1H), 7.65 (s, 1H), 7.53 (d, J = 8.3 Hz, 

2H), 7.13 – 7.04 (m, 2H), 4.08 (t, J = 6.2 Hz, 2H), 3.57 (s, 1H), 3.40 (br s, 5H), 3.25 (s, 1H), 3.10 (br s, 

2H), 2.83 (t, J = 2.6 Hz, 1H), 2.35 (td, J = 7.1, 2.7 Hz, 2H), 1.94 – 1.85 (m, 2H), 1.62 (br s, 2H), 1.42 (s, 

9H), 1.34 – 1.22 (m, 4H), 0.85 (t, J = 7.0 Hz, 3H). 

13C NMR (151 MHz, DMSO-d6) δ (ppm) = 167.13, 158.02, 151.44, 138.85, 131.58, 130.12, 122.16, 

115.50, 106.11, 83.59, 77.53, 71.69, 66.35, 63.71, 54.77, 46.45, 45.47, 44.52, 27.88, 27.84, 27.62, 

25.40, 21.63, 14.44, 13.67. 

HRMS m/z for C29H42N5O4
+ ([M+H]+) calculated: 524.3231, found: 524.3243. 

 

(S)-4-Cyano-N-(1-(4-(pent-4-yn-1-yloxy)phenyl)-1H-imidazol-4-yl)-1-pentylpiperazine-2-

carboxamide (CG338) 

 

Step 1 

CG335 (25.0 mg, 0.04 mmol, 1.0 eq) was dissolved in DCM (2 mL) and TFA (0.4 mL) was added 

dropwise. The solution was stirred for 3 h at room temperature. The solvent and residual TFA were 

removed under reduced pressure and the product dried in vacuo.  
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Step 2 

The crude product from step 1 was dissolved in DMF (2 mL) and K2CO3 (21.7 mg, 0.16 mmol, 4.0 eq) 

was added. 3 M cyanogen bromide solution (19.6 µL, 0.06 mmol, 1.5 eq) was added and the mixture 

was stirred for 3 h at room temperature. The reaction was quenched by the addition of aqueous sat. 

NaHCO3 (50 mL). The mixture was extracted with EA (2x30 mL). The combined organic layers were 

washed with brine (30 mL), dried over anhydrous MgSO4, filtered and the solvent was removed under 

reduced pressure. The corresponding product was purified via a silica column, eluting at 100% DCM. 

The solvent was removed under reduced pressure. The oily residue was re-dissolved in ACN (1 mL), a 

few drops of water were added and the resulting solution frozen and lyophilised, yielding CG338 

(15.1 mg, 0.03 mmol, 86%) as a white powder. 

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 10.42 (s, 1H), 7.99 (d, J = 1.6 Hz, 1H), 7.62 (d, J = 1.6 Hz, 

1H), 7.57 – 7.46 (m, 2H), 7.13 – 6.99 (m, 2H), 4.08 (t, J = 6.2 Hz, 2H), 3.38 (q, J = 8.0 Hz, 1H), 3.32 – 

3.26 (m, 3H), 3.20 (ddd, J = 12.5, 8.7, 3.1 Hz, 1H), 3.14 – 3.03 (m, 1H), 2.83 (t, J = 2.6 Hz, 1H), 2.54 – 

2.47 (m, 1H), 2.34 (td, J = 7.1, 2.7 Hz, 2H), 2.34 – 2.24 (m, 2H), 1.94 – 1.87 (m, 2H), 1.51 – 1.37 (m, 

2H), 1.33 – 1.12 (m, 4H), 0.83 (t, J = 7.1 Hz, 3H). 

13C NMR (151 MHz, DMSO-d6) δ (ppm) = 166.80, 157.26, 138.20, 131.89, 130.27, 121.88, 117.28, 

115.45, 105.17, 83.61, 71.69, 66.32, 62.42, 54.25, 49.88, 47.90, 47.65, 28.87, 27.65, 25.57, 21.97, 

14.45, 13.90. 

HRMS m/z for C25H33N6O2
+ ([M+H]+) calculated: 449.2660, found: 449.2664. 

 

Synthesis of CG340 

 

Scheme 41. Synthesis of CG340. 

 

Methyl 2-fluoro-4-(4-nitro-1H-imidazol-1-yl)benzoate (CG321) 

 

GK06 (400.0 mg, 2.53 mmol, 1.0 eq) was dissolved in a 1:1 mixture of MeOH and H2O (40 mL). Methyl 

4-amino-2-fluorobenzoate (470.8 mg, 2.78 mmol, 1.1 eq) was added and the reaction mixture was at 

80 °C in darkness overnight. The reaction was allowed to cool down to room temperature and the 

precipitate was filtered and washed with H2O. CG321 (416.5 mg, 1.57 mmol, 62%) was obtained as a 

red solid  

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 9.16 (d, J = 2.9 Hz, 1H), 8.65 (d, J = 2.9 Hz, 1H), 8.10 – 8.02 

(m, 2H), 7.86 (dd, J = 8.5, 2.3 Hz, 1H), 3.90 – 3.84 (m, 3H). 
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13C NMR (151 MHz, DMSO-d6) δ (ppm) = 163.10, 161.37 (d, J = 258.6 Hz), 148.33, 140.02 (d, J = 10.9 

Hz), 135.80, 133.35, 119.53, 117.53 (d, J = 10.4 Hz), 116.68 (d, J = 3.6 Hz), 109.99 (d, J = 27.6 Hz), 

52.61. 

HRMS m/z for C11H9N3O4F+ ([M+H]+) calculated: 266.0572, found: 266.0574. 

 

(S)-N-(1-(3-Fluoro-4-(pent-4-yn-1-ylcarbamoyl)phenyl)-1H-imidazol-4-yl)-1-pentylpiperazine-2-

carboxamide TFA salt (CG334) 

 

Step 1 

CG321 (46.1 mg, 0.17 mmol, 1.2 eq) was dissolved in EtOH (20 mL) and palladium (10%) on activated 

charcoal (20 mg) was added under an argon atmosphere. The reaction was flushed with H2 and stirred 

for 4 h at room temperature. The reaction was filtered through Celite 545 which was then washed with 

EA (30 mL). The solvent was removed under reduced pressure and the obtained product used for the 

next reaction without further purification.  

Step 2 

CG300 (44.4 mg, 0.14 mol, 1.0 eq) was dissolved in DMF (2 mL), then DIPEA (73.9 µL, 0.43 mmol, 

3.0 eq) and HATU (66.1 mg, 0.17 mmol, 1.2 eq) were added and the reaction mixture stirred for 10 min 

at room temperature. The crude product from step 1 was dissolved in DMF (2 mL) and added to the 

reaction dropwise. The resulting solution was stirred overnight at room temperature. The reaction was 

quenched by the addition of aqueous sat. NH4Cl (40 mL) and the mixture extracted with EA (2x30 mL). 

The combined organic layers were washed with brine (30 mL), dried over anhydrous MgSO4, filtered 

and the solvent was removed under reduced pressure. Partial purification was achieved by preparative 

HPLC during which the desired product tert-butyl (S)-3-((1-(3-fluoro-4-(methoxycarbonyl)phenyl)-1H-

imidazol-4-yl)carbamoyl)-4-pentylpiperazine-1-carboxylate TFA salt (28.4 mg, 0.04 mmol) co-eluted 

with uncharacterised impurities. Fractions containing the desired product as judged by LC-MS and TLC 

were combined, frozen, lyophilised and used for the next reaction without further purification. 

Step 3 

The crude product from step 2 was dissolved in 1,4-dioxane (2 mL). Aqueous 2M LiOH solution 

(41.6 µL, 0.08 mol, 2.1 eq) was added and the reaction mixture was stirred for 4 h at 50 °C. The pH of 

the reaction mixture was adjusted to pH 7 by adding aqueous 1 M HCl dropwise. The solvent was 

removed under reduced pressure and the obtained product used for the next reaction without further 

purification.  

Step 4 

The crude product from step 3 was dissolved in DMF (2 mL), then DIPEA (26.9 µL, 0.16 mmol, 4.0 eq) 

and HATU (19.6 mg, 0.05 mmol, 1.3 eq) were added and the reaction mixture was stirred for 10 min at 

room temperature. 4-Pentyn-1-amine HCl (14.2 mg, 0.12 mmol, 3.0 eq) was dissolved in DMF (2 mL), 

added to the reaction and the mixture stirred for 6 h at room temperature. The reaction mixture was 

quenched with sat. NH4Cl solution (30 mL) and extracted with EA (2x30 mL). The combined organic 

layers were washed with brine (20 mL), dried over MgSO4, filtered and the solvent was removed under 

reduced pressure. The crude product was directly used for the next step. 
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Step 5 

The crude product from step 4 was dissolved in DCM (2 mL) and TFA (0.4 mL) was added dropwise. 

The solution was stirred for 3 h at room temperature. The solvent and residual TFA were removed under 

reduced pressure and the product dried in vacuo. The product was purified via preparative HPLC eluting 

at 18-24% ACN in H2O, yielding CG334 (12.6 mg, 0.02 mmol, 15%) as a white TFA salt. 

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 10.84 (s, 1H), 8.85 (s, 1H), 8.55 (s, 1H), 8.40 (td, J = 5.8, 1.9 

Hz, 1H), 8.33 (d, J = 1.7 Hz, 1H), 7.85 (d, J = 1.6 Hz, 1H), 7.76 (dd, J = 11.6, 2.2 Hz, 1H), 7.73 (t, J = 

8.2 Hz, 1H), 7.58 (dd, J = 8.4, 2.2 Hz, 1H), 3.52 (t, J = 5.8 Hz, 1H), 3.32 (q, J = 6.6 Hz, 2H), 3.30 – 3.23 

(m, 2H), 3.22 – 3.08 (m, 3H), 2.81 (t, J = 2.7 Hz, 1H), 2.56 (q, J = 9.1, 7.5 Hz, 1H), 2.48 – 2.41 (m, 2H), 

2.23 (td, J = 7.2, 2.7 Hz, 2H), 1.70 (p, J = 7.1 Hz, 2H), 1.54 – 1.38 (m, 2H), 1.33 – 1.10 (m, 4H), 0.84 (t, 

J = 7.1 Hz, 3H). 

13C NMR (151 MHz, DMSO-d6) δ (ppm) = 166.43, 160.88 (d, J = 606.5 Hz), 160.52, 157.94 (q, J = 33.1 

Hz), 139.22 (d, J = 10.7 Hz), 138.47, 132.70, 131.63 (d, J = 4.3 Hz), 122.05 (d, J = 14.8 Hz), 115.29 (d, 

J = 3.2 Hz), 107.68 (d, J = 27.5 Hz), 104.69, 84.00, 71.46, 60.21, 53.99, 45.40, 43.90, 42.37, 38.40, 

28.75, 27.92, 25.46, 21.91, 15.43, 13.89. 

HRMS m/z for C25H34N6O2
+ ([M+H]+) calculated: 469.2722, found: 469.2726. 

 

(S)-4-Cyano-N-(1-(3-fluoro-4-(pent-4-yn-1-ylcarbamoyl)phenyl)-1H-imidazol-4-yl)-1-

pentylpiperazine-2-carboxamide (CG340) 

 

CG334 (10.0 mg, 0.02 mmol, 1.0 eq) was dissolved in DMF (2 mL) and K2CO3 (9.5 mg, 0.07 mmol, 

4.0 eq) was added. 3 M cyanogen bromide solution (8.6 µL, 0.03 mmol, 1.5 eq) was added and the 

mixture was stirred for 3 h at room temperature. The reaction was quenched by the addition of aqueous 

sat. NaHCO3 (30 mL). The mixture was extracted with EA (2x20 mL). The combined organic layers 

were washed with brine (20 mL), dried over anhydrous MgSO4, filtered and the solvent was removed 

under reduced pressure. The corresponding product was purified via a silica column, eluting at 70-

100% EA in PE. The solvent was removed under reduced pressure, yielding CG340 (6.6 mg, 

0.01 mmol, 78%) as a yellow resin.  

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 10.52 (s, 1H), 8.39 (td, J = 5.6, 2.0 Hz, 1H), 8.31 (d, J = 1.7 

Hz, 1H), 7.86 (d, J = 1.6 Hz, 1H), 7.77 (dd, J = 11.6, 2.2 Hz, 1H), 7.71 (t, J = 8.2 Hz, 1H), 7.61 (dd, J = 

8.4, 2.2 Hz, 1H), 3.43 – 3.38 (m, 1H), 3.36 – 3.28 (m, 5H), 3.26 – 3.19 (m, 1H), 3.16 – 3.09 (m, 1H), 

2.80 (t, J = 2.6 Hz, 1H), 2.54 – 2.50 (m, 1H), 2.37 – 2.29 (m, 2H), 2.23 (td, J = 7.2, 2.7 Hz, 2H), 1.70 (p, 

J = 7.2 Hz, 2H), 1.51 – 1.36 (m, 2H), 1.36 – 1.13 (m, 4H), 0.84 (t, J = 7.1 Hz, 3H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 162.92, 160.95 (d, J = 690.5 Hz), 160.41, 139.25, 137.95, 

132.50, 131.53 (d, J = 4.6 Hz), 121.91 (d, J = 13.5 Hz), 115.24, 114.88, 107.60 (d, J = 27.8 Hz), 104.42, 

84.00, 71.43, 62.33, 54.33, 45.60, 43.65, 42.73, 38.40, 28.81, 27.91, 25.09, 21.93, 15.43, 13.88. 

HRMS m/z for C26H33N7O2F+ ([M+H]+) calculated: 494.2674, found: 494.2681. 
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Synthesis of CG342 

 

Scheme 42. Synthesis of CG342. 

tert-Butyl (S)-3-((1-(4-(methoxycarbonyl)phenyl)-1H-imidazol-4-yl)carbamoyl)-4-pentyl-

piperazine-1-carboxylate TFA salt (CG328) 

 

Step 1 

GK07 (131.4 mg, 0.53 mmol, 1.1 eq) was dissolved in EtOH (20 mL) and palladium (10%) on activated 

charcoal (50 mg) was added under an argon atmosphere. The reaction was flushed with H2 and stirred 

for 4 h at room temperature. The reaction was filtered through Celite 545 which was then washed with 

EA. The solvent was removed under reduced pressure and the obtained product used for the next 

reaction without further purification. 

Step 2 

CG300 (148.0 mg, 0.48 mol, 1.0 eq) was dissolved in DMF (2 mL), then DIPEA (246.5 µL, 1.45 mmol, 

3.0 eq) and HATU (220.5 mg, 0.58 mmol, 1.2 eq) were added and the reaction mixture stirred for 10 min 

at room temperature. The crude product from step 1 was dissolved in DMF (2 mL) and added to the 

reaction dropwise. The resulting solution was stirred overnight at room temperature. The reaction was 

quenched by the addition of aqueous sat. NH4Cl (40 mL) and the mixture extracted with EA (2x30 mL). 

The combined organic layers were washed with brine (30 mL), dried over anhydrous MgSO4, filtered 

and the solvent was removed under reduced pressure. The product was purified via preparative HPLC 

eluting at 25-35% ACN in H2O, yielding CG328 (201.0 mg, 0.33 mmol, 68%) as a white TFA salt. 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 11.68 (s, 1H), 8.38 (d, J = 1.6 Hz, 1H), 8.12 – 8.04 (m, 2H), 

7.87 (s, 1H), 7.84 (d, J = 8.2 Hz, 3H), 4.21 – 4.02 (m, 1H), 4.01 – 3.93 (m, 1H), 3.88 (s, 3H), 3.81 – 3.69 

(m, 1H), 3.59 (br s, 1H), 3.37 – 3.24 (m, 2H), 3.16 (br s, 1H), 3.06 (br s, 2H), 1.67 (d, J = 35.0 Hz, 2H), 

1.42 (s, 9H), 1.32 – 1.15 (m, 4H), 0.86 (t, J = 7.0 Hz, 3H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 174.08, 165.91, 158.37 (q, J = 32.7 Hz), 153.42, 140.59, 

138.57, 133.40, 131.51, 128.25, 120.42, 117.17 (q, J = 297.4 Hz), 105.67, 80.75, 56.22, 55.28, 52.80, 

49.76, 48.01, 46.97, 28.48, 28.34, 23.47, 22.05, 14.11. 

HRMS m/z for C26H38N5O5
+ ([M+H]+) calculated: 500.2868, found: 500.2876. 
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tert-Butyl (S)-3-((1-(4-((pent-4-yn-1-yloxy)carbonyl)phenyl)-1H-imidazol-4-yl)carbamoyl)-4-

pentyl-piperazine-1-carboxylate TFA salt (CG333) 

 

Step 1 

CG328 (50.0 mg, 0.08 mmol, 1.0 eq) was dissolved in 1,4-dioxane (2 mL). Aqueous 2M LiOH solution 

(85.6 µL, 0.17 mol, 2.1 eq) was added and the reaction mixture was stirred at 50 °C overnight. The pH 

of the reaction mixture was adjusted to pH 7 by adding aqueous 1 N HCl dropwise. The solvent was 

removed under reduced pressure and the obtained product used for the next reaction without further 

purification. 

Step 2 

The crude product from step 1 was dissolved in DMF (2 mL), then DIPEA (55.4 µL, 0.33 mmol, 4.0 eq) 

and HATU (40.3 mg, 0.11 mmol, 1.3 eq) were added and the reaction mixture was stirred for 10 min at 

room temperature. 4-Pentyn-1-ol (22.7 µL, 0.24 mmol, 3.0 eq) was dissolved in DMF (2 mL), added to 

the reaction and the mixture stirred overnight at room temperature. The reaction mixture was quenched 

with sat. NH4Cl solution (30 mL) and extracted with EA (2x30 mL). The combined organic layers were 

washed with brine (20 mL), dried over MgSO4, filtered and the solvent was removed under reduced 

pressure. The product was purified via preparative HPLC eluting at 25-35% ACN in H2O, yielding 

CG333 (29.3 mg, 0.04 mmol, 54%) as a white TFA salt. 

1H NMR (600 MHz, DMSO-d6) δ (ppm) = 11.69 (s, 1H), 8.38 (d, J = 1.7 Hz, 1H), 8.12 – 8.07 (m, 2H), 

7.87 (s, 1H), 7.83 (d, J = 8.4 Hz, 2H), 4.36 (t, J = 6.3 Hz, 2H), 4.34 (br s, 1H), 4.01 (d, J = 32.9 Hz, 2H), 

3.58 (br s, 2H), 3.27 (br s, 1H), 3.05 (br s, 3H), 2.84 (t, J = 2.7 Hz, 1H), 2.36 (td, J = 7.1, 2.7 Hz, 2H), 

1.92 (p, J = 6.7 Hz, 2H), 1.66 (d, J = 31.1 Hz, 2H), 1.42 (s, 9H), 1.33 – 1.12 (m, 4H), 0.85 (t, J = 7.0 Hz, 

3H). 

13C NMR (151 MHz, DMSO-d6) δ (ppm) = 174.39, 164.92, 157.79 (q, J = 31.8 Hz), 152.97, 140.14, 

138.17, 132.89, 131.10, 127.84, 119.92, 116.99 (q, J = 299.1 Hz), 105.14, 83.49, 80.19, 71.76, 63.64, 

61.94, 54.78, 49.39, 48.44, 47.67, 28.04, 27.87, 27.31, 27.13, 21.61, 14.65, 13.66. 

HRMS m/z for C30H42N5O5
+ ([M+H]+) calculated: 552.3181, found: 552.3192. 

 

Pent-4-yn-1-yl (S)-4-(4-(4-cyano-1-pentylpiperazine-2-carboxamido)-1H-imidazol-1-yl)benzoate 

TFA salt (CG342) 

 

Step 1 

CG333 (20.0 mg, 0.03 mmol, 1.0 eq) was dissolved in DCM (2 mL) and TFA (0.4 mL) was added 

dropwise. The solution was stirred for 3 h at room temperature. The solvent and residual TFA were 

removed under reduced pressure and the product dried in vacuo. 
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Step 2 

The crude product from step 1 was dissolved in DMF (2 mL) and K2CO3 (16.6 mg, 0.12 mmol, 4.0 eq) 

was added. 3 M cyanogen bromide solution (15.0 µL, 0.05 mmol, 1.5 eq) was added and the mixture 

was stirred for 3 h at room temperature. The reaction was quenched by the addition of aqueous sat. 

NaHCO3 (30 mL). The mixture was extracted with EA (2x30 mL). The combined organic layers were 

washed with brine (20 mL), dried over anhydrous MgSO4, filtered and the solvent was removed under 

reduced pressure. The corresponding product was purified via preparative HPLC, eluting at 25-30% 

ACN in H2O, yielding CG342 (6.3 mg, 0.01 mmol, 36%) as a white TFA salt. 

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 8.35 (d, J = 1.7 Hz, 1H), 8.13 – 8.05 (m, 2H), 7.86 (d, J = 1.6 

Hz, 1H), 7.85 – 7.82 (m, 2H), 4.35 (t, J = 6.3 Hz, 2H), 3.47 (br s, 7H), 3.40 – 3.33 (m, 2H), 2.84 (t, J = 

2.6 Hz, 1H), 2.36 (td, J = 7.1, 2.7 Hz, 2H), 1.92 (p, J = 6.7 Hz, 2H), 1.56 (d, J = 42.7 Hz, 2H), 1.37 – 

1.15 (m, 4H), 0.85 (t, J = 7.1 Hz, 3H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 174.53, 164.93, 157.82 (q, J = 32.1 Hz), 140.19, 138.41, 

132.71, 131.07, 127.73, 119.81, 116.42, 116.91 (q, J = 297.9 Hz), 104.73, 83.49, 71.74, 63.63, 62.46, 

54.70, 49.26, 48.21, 48.08, 28.38, 27.13, 25.09, 21.75, 14.65, 13.76. 

HRMS m/z for C26H33N6O3
+ ([M+H]+) calculated: 477.2609, found: 477.2616. 

 

Synthesis of CG356 

 

Scheme 43. Synthesis of CG356. 

4-Nitro-1-phenyl-1H-imidazole (CG350) 

 

GK06 (300.0 mg, 1.90 mmol, 1.0 eq) was dissolved in a 1:1 mixture of MeOH and H2O (20 mL). Aniline 

(259.9 µL, 2.85 mmol, 1.5 eq) was added and the reaction mixture was stirred overnight at room 

temperature and in darkness. The precipitated product was filtered, washed with H2O (150 mL) and 

dried at 60 °C in a drying oven. CG352 (299.0 mg, 1.58 mmol, 83%) was obtained as a yellow solid.  

1H NMR (500 MHz, DMSO-d6) δ (ppm) = 9.01 (d, J = 1.6 Hz, 1H), 8.49 (d, J = 1.6 Hz, 1H), 7.84 – 7.77 

(m, 2H), 7.59 (t, J = 7.9 Hz, 2H), 7.52 – 7.45 (m, 1H). 

13C NMR (126 MHz, DMSO) δ (ppm) = 148.12, 135.70, 135.53, 130.01, 128.68, 121.38, 119.81. 

HRMS m/z for C9H8N3O2
+ ([M+H]+) calculated: 190.0611, found: 190.0611. 
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(S)-4-Cyano-1-pentyl-N-(1-phenyl-1H-imidazol-4-yl)piperazine-2-carboxamide TFA salt (CG356) 

 

Step 1 

CG350 (38.4 mg, 0.20 mmol, 1.2 eq) was dissolved in EtOH (10 mL) and palladium (10%) on activated 

charcoal (30 mg) was added under an argon atmosphere. The reaction was flushed with H2 and stirred 

for 4 h at room temperature. The reaction was filtered through Celite 545 which was then washed with 

EA. The solvent was removed under reduced pressure and the obtained product used for the next 

reaction without further purification.  

Step 2 

CG300 (51.8 mg, 0.17 mol, 1.0 eq) was dissolved in DMF (2 mL), then DIPEA (86.3 µL, 0.51 mmol, 

3.0 eq) and HATU (77.2 mg, 0.20 mmol, 1.2 eq) were added and the reaction mixture stirred for 10 min 

at room temperature. The crude product from step 1 was dissolved in DMF (2 mL) and added to the 

reaction dropwise. The resulting solution was stirred overnight at room temperature. The reaction was 

quenched by the addition of aqueous sat. NH4Cl (30 mL) and the mixture extracted with EA (2x30 mL). 

The combined organic layers were washed with brine (30 mL), dried over anhydrous MgSO4, filtered 

and the solvent was removed under reduced pressure. Partial purification was achieved by preparative 

HPLC during which the desired product tert-butyl (S)-4-pentyl-3-((1-phenyl-1H-imidazol-4-

yl)carbamoyl)piperazine-1-carboxylate TFA salt (46.9 mg, 0.11 mmol) co-eluted with uncharacterised 

impurities. Fractions containing the desired product as judged by LC-MS and TLC were combined, 

frozen, lyophilised and used for the next reaction without further purification. 

Step 3 

The crude product from step 2 was dissolved in DCM (2 mL) and TFA (0.4 mL) was added dropwise. 

The solution was stirred for 3 h at room temperature. The solvent and residual TFA were removed under 

reduced pressure and the product dried in vacuo. 

Step 4 

The crude product from step 3 was dissolved in DMF (3 mL) and K2CO3 (56.3 mg, 0.41 mmol, 4.0 eq) 

was added. 3 M cyanogen bromide solution (44.2 µL, 0.13 mmol, 1.3 eq) was added and the mixture 

was stirred for 3 h at room temperature. The reaction was quenched by the addition of aqueous sat. 

NaHCO3 (30 mL). The mixture was extracted with EA (2x30 mL). The combined organic layers were 

washed with brine (30 mL), dried over anhydrous MgSO4, filtered and the solvent was removed under 

reduced pressure. The corresponding product was purified via preparative HPLC, eluting at 25-35% 

ACN in H2O, yielding CG356 (28.3 mg, 0.06 mmol, 29%) as a white TFA salt.  

1H NMR (700 MHz, DMSO-d6) δ (ppm) = 11.10 (s, 1H), 8.18 (d, J = 1.6 Hz, 1H), 7.75 (d, J = 1.6 Hz, 

1H), 7.66 – 7.62 (m, 2H), 7.56 – 7.49 (m, 2H), 7.41 – 7.35 (m, 1H), 4.16 – 4.01 (m, 1H), 3.94 (br s, 1H), 

3.75 (br s, 1H), 3.57 – 3.52 (m, 1H), 3.44 (br s, 1H), 3.42 – 3.38 (m, 2H), 2.85 (br s, 2H), 1.58 (d, J = 

43.8 Hz, 2H), 1.35 – 1.13 (m, 4H), 0.84 (t, J = 7.1 Hz, 3H). 

13C NMR (176 MHz, DMSO-d6) δ (ppm) = 157.98 (q, J = 32.2 Hz), 157.00, 137.91, 136.72, 132.36, 

129.93, 127.07, 120.33, 116.23, 116.89 (q, J = 298.27 Hz), 105.33, 62.46, 54.74, 49.15, 48.29, 46.38, 

28.30, 23.87, 21.71, 13.72. 

HRMS m/z for C20H27N6O+ ([M+H]+) calculated: 367.2241, found: 367.2244. 
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Abbreviations 

a.u. arbitrary unit 

ABP Activity-Based Probe 

ABPP Activity-Based Protein Profiling 

AD Alzheimer’s Disease 

AMSH Associated Molecule with the SH3-domain of STAM 

APC/C Anaphase Promoting Complex/ Cyclosome 

ATXN3 Ataxin-3 

AUC Area Under the Curve 

CKD Chronic Kidney Disease 

CPP Cell-Penetrating Peptide 

CYLD CYLindDomatosis tumour-suppressor gene 

DEUBAD DEUBiquitinase ADaptor 

DUB deubiquitinase 

ERα estrogen receptor α 

gad gracile axonal dystrophy 

HA Hemagglutinin 

HECT Homologous to E6AP C-Terminus 

HEK-293 Human embryonic kidney-293 

HeLa Henrietta Lacks 

HOIL-1 RanBP-type and C3HC4-type zinc finger-containing protein 1 

HOIP HOIL-1-interacting protein 

ISG15 Interferon-Stimulated Gene 15 

ITC Isothermal Titration Calorimetry 

JAMMs JAB1/MPN/Mov34 Metalloenzymes 

KD Knowck down 

KMS11 Kawasaki Medical School-11 

LB Lysogeny Broth 

LUBAC Linear Ubiquitin chain Assembly Complex 

MAP Mitogen-Activated Protein 

MAPK MAP kinase 

MCL1 Induced Myeloid Leukemia Cell differentiation protein 1 

MDM2 Mouse Double Minute 2 homolog 

MINDY Motif Interacting with Ubiquitin-containing Novel DUB family 

MJD Machado-Joseph disease Domain 

MS Mass Spectrometry 

mTOR mammalian Target of Rapamycin 

MYC MYeloCytomatosis 

NEDD8 Neural-precursor-cell-Expressed Developmentally Down-regulated 8 

NFκB nuclear factor k-light-chain-enhancer of activated B cells 

OTU Ovarian Tumour Protease 

PAGE PolyAcrylamide Gel Electrophoresis 

PARK Parkinsonism Associated Deglycase 

PBS Phosphate Buffered Saline 

PD Parkinson’s Disease 

PD-L1 Programmed cell Death-Ligand 1 
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PGP P-GlykoProtein 

PINK1 PTEN-Induced Kinase 1 

PK PharmacoKinetic 

PKB Protein Kinase B 

PPI Protein-Protein-Interaction 

PTEN Phosphatase and TENsin homolog 

PTM post translational modification 

pVHL Von Hippel-Lindau protein 

RBR RING-between-RING 

RING Really Interesting New Gene 

RNAi RNA interference 

RP Regulatory Particle 

rpm Rotations per minute 

RPN11 Regulatory particle subunit number 11 

RT-qPCR Reverse Transcription qPCR 

SD Standard Deviation 

SEM Standard Error of Mean 

SHARPIN SHANK Associated RH Domain Interactor 

siRNA small interfering RNA 

SUMO Small Ubiquitin-Related Modifier 

TB Terrific Broth 

TBI Traumatic Brain Injury 

TNF tumour necrosis factor 

TRAF6 TNF-Receptor Associated factor 6 

TSA Thermal Shift Assay 

U2OS U-2 OsteoSarcoma 

U-87 MG Uppsala 87 Malignant Glioma 

UAF USP1-associated factor 

Ub Ubiquitin 

UBD Ubiquitin binding domain 

Ubl Ubiquitin-like 

Ubp Ubiquitin-specific protease 

UCH Ubiquitin C-terminal Hydrolase 

UPS Ubiquitin proteasome system 

USP Ubiquitin Specific Protease 

wt wild type 

ZUFSP Zinc finger with UFM1 Specific Peptidase domain 
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(Place, date) (Signature) 
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Wer vorsätzlich gegen eine die Täuschung über Prü- 
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€ geahndet werden. Zuständige Verwaltungs- behörde für die 
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Freiheitsstrafe bis zu einem Jahr oder Geldstrafe bestraft 
werden, § 161 StGB. 
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Official notification: 

Any person who intentionally breaches any regulation of 
university examination regulations relating to deception 
in examination performance is acting improperly. This 
offence can be punished with a fine of up to EUR 
50,000.00. The competent administrative authority for 
the pursuit and prosecution of offences of this type is the 
chancellor of the TU Dortmund University. In the case of 
multiple or other serious attempts at deception, the 
candidate can also be unenrolled, Section 63, paragraph 
5 of the Universities Act of North Rhine-Westphalia. 

The submission of a false affidavit is punishable. 

Any person who intentionally submits a false affidavit 
can be punished with a prison sentence of up to three 
years or a fine, Section 156 of the Criminal Code. The 
negligent submission of a false affidavit can be punished 
with a prison sentence of up to one year or a fine, Section 
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fremde Hilfe angefertigt habe. Ich habe keine anderen als die 
angegebenen Quellen und Hilfsmittel benutzt sowie wörtliche 
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Die Arbeit hat in gegenwärtiger oder in einer anderen 
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