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Summary 

20S proteasome core particles (CPs) represent the central proteolytic elements in the 

non-lysosomal breakdown of intracellular proteins. Based on their participation in disease-

associated processes, including cell survival and the immune response, CPs emerged as 

validated drug-targets in the therapy of blood cancers. Clinically applied proteasome 

inhibitors trigger cell death by blocking both the constitutive (cCP) as well as the 

immunoproteasome (iCP). The resulting cytotoxicity creates the basis for the treatment of 

hematological malignancies. At the same time, however, it strictly limits the clinical utility 

of isoform unselective CP inhibitors to chemotherapy. In contrast, selective inhibition of 

iCPs induces cytotoxicity to a far lesser extent and has the potential to modulate chronic 

inflammations and autoimmune diseases, as shown previously in mouse models of 

rheumatoid arthritis and multiple sclerosis. However, the therapeutic window of iCP 

inhibitors as inflammatory agents depends entirely on their isoform selectivity. So far, the 

only strategy to enhance specificity focuses on the optimization of the peptide backbone 

of already existing inhibitors. The lack of alternative concepts is aggravated by the limited 

understanding of the principles underlying selective iCP blockage. 

In this thesis three new concepts of selective iCP inhibition have been investigated: 

o Structure-based ligand design by targeting an iCP-specific non-catalytic cysteine 

led to the development of the first iCP inhibitor that binds independently from the 

active site. This new class of peptide -chloroacetamides is highly isoform 

selective (> 150-fold), exhibits low cytotoxicity and suppresses the production of 

inflammatory cytokines in monocytes, thereby displaying anti-inflammatory agent 

properties. X-ray analysis of the binding mode provides a rationale for the further 

enhancement of specificity (Chapter 3). 

o Structural and mass spectrometric analyses uncovered the binding mode of 

peptido sulfonyl fluorides whose action results in polarity inversion and ultimately 

intramolecular crosslinking of the active site. For the first time, a pharmacophore 

was shown to enhance iCP selectivity (28-fold) apart from the peptide backbone of 

the inhibitor compared to ’,’-epoxyketone counterparts (Chapter 4). 

o The development of peptide sulfonate esters as inhibitors of the cCP and iCP 

allowed the detection and quantification of active proteasome types. This 

compound class represents the first CP inhibitors whose potency is tunable by 

exchange of the leaving group (Chapter 5). 
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Zusammenfassung 

20S Proteasom Kernpartikel (KPs) stellen die zentralen, proteolytischen Elemente des 

nicht-lysosomalen Abbaus von intrazellulären Proteinen dar. Aufgrund ihrer Beteiligung an 

krankheitsassoziierten Prozessen wie dem Zellüberleben und der Immunantwort haben 

sich KPs zu einer etablierten Zielstruktur für Wirkstoffe in der Therapie von Blutkrebs 

entwickelt. Hierbei lösen klinisch angewandte Proteasom-Inhibitoren Zelltod aus indem sie 

das konstitutive (kKP) sowie das Immunproteasom (iKP) in gleichem Maße hemmen. Die 

daraus resultierende Zytotoxizität bildet die Grundlage für die Behandlung von 

Leukämien, jedoch beschränkt sie den klinischen Nutzen von Isoform-unspezifischen KP-

Inhibitoren auf die Chemotherapie. Im Gegensatz dazu ist selektive iKP-Inhibition in 

geringerem Maße toxisch und hat das Potenzial chronische Entzündungen und 

Autoimmunkrankheiten zu beeinflussen, wie bereits für rheumatoide Arthritis und Multiple 

Sklerose im Mausmodell gezeigt wurde. Jedoch hängt das therapeutische Fenster von 

iKP-Inhibitoren als Entzündungshemmer vollständig von deren Spezifität für das 

Immunproteasom ab. Bisher konzentrieren sich sämtliche Strategien zur Erhöhung der 

Spezifität von Isotyp-selektiven Liganden auf das Optimieren des Peptidrückgrates von 

schon bestehenden Inhibitoren. Dabei wird das Fehlen alternativer Konzepte durch das 

unvollständige Verständnis der Grundprinzipien der selektiven iKP-Inhibition verschärft. 

In dieser Arbeit wurden drei neue Konzepte für die spezifische iKP-Inhibiton aufgeklärt: 

o Struktur-basiertes Liganden-Design durch Wahl eines nicht-katalytischen Cysteins 

als Angriffspunkt führte zur Entwicklung des ersten iKP-Inhibitors der nicht an das 

aktive Zentrum bindet. Diese neue Klasse von -Chloracetamiden ist hoch 

Isoform-selektiv (150-fach), zeigt geringe Zytotoxizität, unterdrückt die Produktion 

von inflammatorischen Zytokinen von Monozyten und weist somit anti-

inflammatorische Eigenschaften auf. Röntgenstrukturanalysen liefern ein 

Erklärungsmodell für die weitere Spezifitätserhöhung (Kapitel 3). 

o Kristallographische und massenspektrometrische Analysen offenbarten den 

Bindemechanismus von peptidischen Sulfonylfluoriden die eine Umpolung und 

Quervernetzung des aktiven Zentrums des Proteasoms induzieren. Erstmals 

konnte gezeigt werden, dass ein Pharmakophor die iKP-Spezifität (28-fach) neben 

dem peptidischen Rückgrats erhöhen kann, verglichen mit ihren ’,’-Epoxyketon-

Äquivalenten (Kapitel 4). 

o Die Entwicklung von peptidischen Sulfonatestern als Inhibitoren des kKP und iKP 

erlaubten die Detektion und Quantifizierung aktiver Proteasomisoformen, die 

mittels Wahl der Abgangsgruppe eingestellt werden kann (Kapitel 5). 
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1 Introduction 

1.1 Proteolysis and antigen presentation by the UPS 

Intracellular protein homeostasis constitutes an essential equilibrium between the 

ribosomal biosynthesis and the subsequent degradation of proteins at the end of their life 

cycle.[1] In cells of vertebrates, about 10% of intracellular proteins are unselectively 

degraded via the lysosomal pathway. The resulting peptide fragments provide building 

blocks and antigens for the presentation on major histocompatibility complexes (MHC) 

class II receptors at the cell surface of professional antigen-presenting cells.[2] In contrast, 

90% of intracellular proteins are selectively degraded by the ubiquitin-proteasome system 

(UPS) of the non-lysosomal pathway (Figure 1.1).[3] 

 

Figure 1.1 Life cycle of proteins and degradation via the UPS. Ubiquitin (Ub) is activated in an 

ATP-dependent manner (E1), conjugated (E2) and ligated (E3) to a protein substrate by Ub-chain 

formation. Subsequent recognition by the 26S proteasome leads to substrate capture, 

deubiquitination by deubiquitinating enzymes (DUBs) and proteasomal degradation. The resulting 

oligopeptide fragments provide peptide building blocks and antigens for immune surveillance via 

antigen presentation on MHC-class I receptors.[4] 
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The UPS is strictly regulated since its substrates include not only damaged and misfolded 

proteins, but also mediators that are involved in cell proliferation, signal transduction and 

the immune response.[1] Hence, a sequential cascade of enzymes (E1-E3) ensures that 

only dispensable proteins are tagged with degradation signals for their breakdown by 

posttranslational elongation with a polyubiquitin fusion tag (Figure 1.1).[3] In the first step, 

ubiquitin-activating enzymes (E1) catalyze the C-terminal acyl adenylation of ubiquitin 

(Ub). Subsequently, the activated-thioester is transferred to a Ub-conjugating enzyme 

(E2) via transthioesterification. In the final step, Ub ligases (E3) covalently attach Ub to 

the substrate by forming an isopeptide bond between lysine side chains of the substrate 

and the C-terminus of Ub.[5,6] This step is of particular importance as it confers substrate 

specificity to the ubiquitinylation process.[7] The repetition of this procedure leads to the 

linear or dendrimeric polyubiquitinylation of substrates, since each Ub has seven 

modifiable lysine residues.[8] Consequently, the multitude of possible polyUb-tags 

mediates various signaling functions in the cell. Importantly, linear Ub-polymers with at 

least five Lys48-linked Ub-molecules serve as a signal for final degradation, which is 

recognized by the 26S proteasome.[3] 

The 26S proteasome is a 2.5 MDa multifunctional complex, which is located in both the 

nucleus and the cytosol, thereby representing the proteolytic key element of the UPS.[9] It 

is composed of the cylindrical 20S proteasome core particle (CP) and two associated 19S 

regulatory particles, which are responsible for substrate recognition,[10] 

deubiquitination,[11,12] unfolding and translocation into the CP[13]. Inside the CP, three 

different proteolytic activities execute the hydrolysis of substrates into fragments with 

diverse lengths ranging from three to 25 amino acids.[14] While the majority of peptides 

produced is further digested and recycled to single amino acids by downstream 

peptidases, a certain fraction is used for antigen presentation.[4] These oligopeptides are 

transported into the endoplasmic reticulum (ER) via transporters associated with antigen 

processing 1 and 2 (TAP-1 & 2).[15,16] Amino-terminal trimming to a chain length of 8-11 

amino acids by ER aminopeptidases ERAP1 & 2[17,18] and loading onto MHC-I receptors 

leads to their migration through the Golgi apparatus and, eventually, to the plasma 

membrane.[19] At the cell surface, cytotoxic T lymphocytes can interact with the MHC-I-

antigen-complex via CD8 receptors, while scanning for antigens derived from viral and 

bacterial infection or neoplastic cells.[19] In the case of positive antigen recognition, the 

CD8+-T-cell initiates an immune response. Based on their involvement in shaping the 

antigen repertoire and immune signaling pathways such as nuclear factor -light-chain-

enhancer of activated B cells (NF-B),[20] the 20S proteasome is of utmost importance for 

cell survival, stress response and the adaptive immune system.[21]  
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1.2 Structure and functions of 20S proteasomes 

1.2.1 Composition and types of 20S proteasomes 

The eukaryotic 20S proteasome core particle is an approximately 720 kDa, barrel-shaped, 

multicatalytic complex consisting of 14 different  and -subunits, which are stacked to 

form four heptameric rings following an 1-71-7’1-7’1-7 stoichiometry.[22] The -subunits 

(1-7are arranged to form the toroidal entry gate of the inner cavity and provide the 

contact surface for interactions with the 19S particle.[23,24] Similarly, the central 

compartment is formed by seven different -subunits (1-7arranged as a circle that 

includes the proteolytically active subunits 1, 2 and 5.[22] 

In vertebrates, three different proteasome types are present: the constitutive proteasome 

(cCP), which is expressed ubiquitously and represents the major CP type in all kind of 

cells, the immunoproteasome (iCP), which is primarily present in cells of hematopoietic 

origin like mono and lymphocytes,[21] and the thymoproteasome (tCP) found exclusively in 

cortical thymic epithelial cells.[25] In line with their specialized functions, their subunit 

composition only differs in the proteolytically relevant subunits 1, 2 and 5, which 

significantly alters the substrate cleavage patterns.[26,27] The cCP features the catalytically 

active subunits 1c (PSMB6), 2c (PSMB7) and 5c (PSMB5). In contrast, iCPs 

incorporate the subunits 1i (PSMB9, LMP2), 2i (PSMB10, MECL-1) and 5i (PSMB8, 

LMP7) upon stimulation with the pro-inflammatory cytokines tumor necrosis factor  

(TNF-) and/or interferon gamma (IFN).[28,29] In contrast to 1c, 2c and 5c, these 

cytokine-inducible -subunits are predominantly expressed after stimulus exposure and 

are preferentially incorporated during the neosynthesis of iCPs.[30,31] However, CPs with 

mixed and irregular -subunit composition have been described.[32,33] Apart from cCPs and 

iCPs, a third specialized CP type is exclusively expressed in cortical thymic epithelial 

cells: the tCP which contains the subunit 5t (PSMB11) in addition to the subunits 1i and 

2i.[34] It is assumed that this CP-type plays a crucial role in the positive selection of 

CD8+-T-cells.[25] 

1.2.2 Catalytic principle of 20S proteasomes 

The 20S proteasome belongs to the small superfamily of N-terminal nucleophile (Ntn) 

hydrolases.[35] Each catalytically active subunit contains a threonine (Thr1), which is 

embedded in a network of hydrogen bond-linked active site residues (Figure 1.2).[22] As an 

endoprotease, the proteasome consists of distinct substrate binding channels which 

contain specificity pockets in front of (S1-S4) and following (primed S1‘-S4‘) the scissile 
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peptide bond.[36] These are occupied by the corresponding side chains (P1-P4 and P1‘-

P2‘-sites, respectively) of a peptide (Figure 1.2). During substrate binding, the peptide 

backbone is stabilized by hydrogen bonding, thereby forming an antiparallel -sheet at the 

non-primed sites and prolonging the residence time at the active site.[36] Hydrolysis of the 

peptide bond is initiated by the nucleophilic attack of the hydroxyl group of Thr1 (Thr1O) 

on the carbonyl carbon of the peptide bond. An acyl-enzyme intermediate is formed, 

which is stabilized by the oxyanion hole Gly47NH. Subsequently, a water molecule 

liberates the C-terminus and restores the initial state of the active site.[37] 

 

Figure 1.2 General structure of catalytic -subunits, their substrate binding channel and the active 

site with Thr1 (black). a) Schematic representation of the substrate binding channel with specificity 

pockets (S1-S4) occupying the side chains (P1-P4) of a peptide substrate, adapted from Beck et 

al.[38] The scissile peptide bond is highlighted in red. b) Active site with the nucleophile Thr1 (black) 

and the surrounding network of hydrogen bonding partners is depicted as dashed lines with 

distances in Å. c) Simplified catalytic mechanism of peptide bond hydrolysis by the CP. ThrN as 

well as Lys33 (K33) might act as base in the deprotonation (grey dashed lines) of Thr1O.[37]   

The turnover rate of an individual substrate depends on the degree of stabilization that is 

achieved by occupation of the specificity pockets. Analyses of cleavage products and 

digestion profiles of fluorogenic 7-amino-4-methylcoumarin (AMC) substrates revealed 

that each of the different -subunits has a distinct substrate cleavage pattern and thus a 

defined specificity.[39] Therefore, the activity of subunit 1c is comparable with a caspase-

like activity (Z-LLE-AMC), 2c with a trypsin-like activity (Ac-KQL-AMC) and 5c displays 

a small neutral amino acid preferring (SnAAP) activity (Ac-WLA-AMC).[36] Similarly, the 
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activity of 1i can be described as a branched chain amino acid preferring (BrAAP) activity 

(Ac-PAL-AMC),[40] while 2i has a trypsin-like activity (Ac-KQL-AMC) and 5i shows a 

chymotrypsin-like (ChTL) activity (Ac-ANW-AMC).[41] Notably, the exchange of the 

catalytic subunit 1c with 1i in iCPs enhances the generation of peptides with 

hydrophobic C-termini that are particularly suitable antigens for MHC-I presentation.[27] 

The exchange of 5c with 5i broadens the spectrum of produced peptide fragments with 

hydrophobic C-terminus, since 5i, which is in contrast to 5c, also accepts bulky 

hydrophobic residues besides Leu in P1 (Phe, Trp).[42] In tCPs, only subunit 5t is 

exchanged which was shown to result in 60-70% decreased ChTL activity due to a more 

hydrophilic S1 pocket.[25] This exchange influences the pool of generated antigens which 

play an important role in the positive selection of T-cells.[21] 

1.3 20S proteasomes as drug targets in cancer treatment 

The 20S proteasome is involved in a multitude of fundamental and disease-associated 

processes including cell proliferation, apoptosis and the immune response. In non-

transformed cells, proteasome inhibition leads to the accumulation of its entire substrate 

portfolio, thereby triggering unfolded protein response, cell-cycle arrest or apoptosis, 

depending on the degree of blockage.[43–45] In contrast, rapidly proliferating cancer cells 

heavily rely on protein degradation since their accelerated metabolism requires 

consistently high rates of protein turnover.[46] Therefore, these cells are especially 

susceptible to proteasome inhibition. In particular, multiple myeloma cells, a type of blood 

cancer derived from plasma cells, display constitutively elevated CP expression levels due 

to their chromosomal instability and biosynthetic burden resulting from immunoglobulin 

synthesis.[39,47] In addition, the accumulation of pro-apoptotic factors such as cyclin-

dependent kinase inhibitor 1B (p27Kip1)[48] and pro-inflammatory mediators of NF-B 

signaling induce apoptosis primarily in transformed plasma cells.[49] This discrepancy 

creates a therapeutic window which provides the basis for the clinical treatment of 

hematological malignancies such as multiple myeloma and mantle cell lymphoma with 

proteasome inhibitors. Since 2003, this alternative therapeutic approach has developed 

into a full first-line treatment of blood cancers, which is currently evaluated for broader 

applications in solid tumors. 

1.4 20S proteasome inhibitors in the clinic 

The first generation of CP inhibitors was originally developed to serve as a research tool 

to investigate the implications of proteasomes in the UPS.[50] Their design comprises a di-, 

tri- or tetrapeptide backbone with an electrophilic warhead attached to the C-terminus, 
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thereby mimicking the carbonyl electrophile of peptide bonds in natural substrates. The 

electrophile covalently reacts with the proteasomal active site nucleophile Thr1O in a 

single-step mechanism.[39] MG132, a tripeptide aldehyde,[50,51] became the most prominent 

representative of this class along with vinyl sulfones[52] and boronic acids[53]. In 2003, the 

dipeptide boronic acid bortezomib (Velcade®, former PS-341, Millennium (Takeda), Figure 

1.3) was approved by the US Food and Drug Administration (FDA) for the treatment of 

multiple myeloma and refractory mantle cell lymphoma.[54–56] Bortezomib is administrated 

intravenously and binds covalently but slowly-reversibly to Thr1 of the 5-subunits of both 

cCP and iCP (IC50(5c) = 7 nM, IC50(5i) = 4 nM), thereby inducing sustained cytotoxicity in 

malignant cells.[57,47] In addition, bortezomib co-inhibits the proteasomal subunit 1c 

(IC50(1c) = 74 nM) and was reported to also target the activity of 1i.[58–60] 

 

Figure 1.3 Structures of the FDA-approved peptide boronic acid bortezomib (Velcade®) and the 

clinical candidates ixazomib (MLN2238) and delanzomib (CEP-18770). Mechanism of action of 

peptide boronic acids at the active site nucleophile Thr1 (bottom): a serine boronate tetrahedral 

transition state is formed that is stabilized by hydrogen bonding to Thr1N.[61] 

However, despite the clinical success of bortezomib, its design is responsible for several 

drawbacks, which can even lead to therapies being interruption prematurely. More than 

30% of patients treated with bortezomib suffer from severe peripheral neuropathy which 

could be correlated with off-target activity towards serine proteases involved in neuronal 

cell survival.[62,63] Furthermore, emerging resistance towards bortezomib treatment 

restricts the therapeutic success and requires the development of improved CP 

inhibitors.[64,65] 
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Next generation CP inhibitors have been developed in an effort to decrease off-target 

specificity and improve patient convenience. With respect to a more convenient 

application method, ixazomib (Ninlaro®, former MLN2238, Takeda, Figure 1.3) is the first 

orally administered CP inhibitor for the treatment of multiple myeloma approved by the 

FDA in 2015.[66] In addition, Delanzomib (CEP-18770, Cephalon (Teva), Figure 1.3) as 

orally available bortezomib derivative has entered clinical trials phase I/II and is evaluated 

for the treatment of multiple myeloma and solid tumors.[67] In 2012, the tetrapeptide ','-

epoxyketone inhibitor carfilzomib (Kyprolis®, former PR-171, Onyx Pharmaceuticals 

(Amgen), Figure 1.4) gained FDA-approval for the second-line treatment of relapsed or 

refractory multiple myelomas.[68] 

 

Figure 1.4 Structures of the peptide epoxyketones carfilzomib and oprozomib. Mechanism of 

action of peptide epoxyketones at the active site nucleophile Thr1 (bottom): reversible hemiketal 

formation at Thr1 followed by nucleophilic attack of Thr1N on the second epoxide electrophile, 

thereby irreversibly forming a morpholine ring.[69,70] 

Carfilzomib is derived from the natural product epoxomicin isolated from Actinomycetes 

and contains two electrophiles that involve Thr1N in additional to Thr1Oin the 

mechanism. This enhances the compound’s specificity for the proteasome as an Ntn-

hydrolase.[57,69,70] Based on the bivalent reaction mechanism of the ','-epoxyketone 

pharmacophore, the latter prevailed over the highly reactive boronic acid warhead. This 

can be correlated to the reduced record of side effects during the treatment with 
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carfilzomib.[62] Oprozomib (ONX 0912, Onyx Pharmaceuticals (Amgen), Figure 1.4), as an 

orally available advancement of the intravenously applied carfilzomib, is currently 

investigated for the treatment of hematological malignancies in Phase 1 studies.[71,72] 

Moreover, oprozomib was shown to be more selective for 5c/5i by blocking 1c and 

2c/2i only at concentrations in the micromolar range.[58] Apart from the general trend to 

improve subunit-specificity, current patent applications document the recent industrial 

research efforts to enhance the pharmacokinetic profile of CP inhibitors. The attachment 

of polyethylene glycol (PEG) polymer chains to the peptide backbone of carfilzomib 

increases the solubility and the distribution of the drug.[73] Furthermore, the utilization of 

activated diols as precursor warheads that form the epoxyketone pharmacophore in a pH-

dependent intramolecular reaction might prolong the short half-life of less than 

30 minutes, thereby enhancing plasma stability and tissue penetration.[73] Moreover, 

carfilzomib as a payload of antibody-drug conjugates and bortezomib combined to an 

octreotide conjugate for targeted drug delivery are currently investigated.[74] These 

prodrug and antibody-drug conjugate approaches might have the potential to broaden the 

clinical utility of CP inhibitors to the treatment of solid tumors. 

1.5 5i-selective inhibitors and their possible applications 

ONX 0914 (PR-957; Onyx Pharmaceuticals (Amgen), Figure 1.5) represents the first iCP-

selective inhibitor with at least nine-fold preference for 5i versus 5c (IC50(5i) = 28 nM, 

IC50(5c) = 236 nM).[75] 

 

Figure 1.5 Structures of the 5i-selective peptide epoxyketones ONX 0914 (PR-957) and PR-924. 

The molecular basis for selectivity of these compounds is described in chapter 2 (2.3.1). 

By selectively blocking the subunit 5i, ONX 0914 downregulates the MHC class I cell 

surface expression by 50% without affecting the presentation of 5i-independent epitopes, 

thereby modulating cytotoxic T-cell responses.[75] In addition, ONX 0914 was shown to 

suppress the production of pro-inflammatory cytokines, including IL-6, interleukin 23 
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(IL-23) and TNF- which play a crucial role in the development of T helper 17 (Th17) and 

1 (Th1) cells. In contrast, regulatory T cells and Th2 cells remained unaffected.[75,76] Both 

Th17 and Th1 cells are associated with the pathogenesis of several autoimmune diseases 

such as inflammatory bowel disease,[77] rheumatoid arthritis and psoriasis.[78] Preclinical 

studies that evaluated ONX 0914 as an anti-inflammatory agent could show that the 

compound prevents the progression of chronic inflammations including rheumatoid 

arthritis,[75] systemic lupus erythematosus,[79] Hashimoto’s thyroiditis,[80] experimental 

colitis[81] and autoimmune encephalomyelitis[82] in mouse models. Most importantly, 

ONX 0914 proved to have therapeutic effects at concentrations below the maximum 

tolerated dose in mice.[75] However, the therapeutic window of iCP selective agents 

depends entirely on their 5i-selectivity that prevents cytotoxic effects resulting from co-

inhibition of subunit 5c or other combinations of simultaneously blocked subunits.[83–86] 

This is in contrast to unselective CP inhibitors that are applied for cancer treatment where 

cytotoxicity is an integral part of their anti-proliferative activity. Nevertheless, ONX 0914 

displayed potent anti-leukemic activity during its preclinical evaluation for the possible 

application in hematological malignancies.[87] It was therefore hypothesized that iCPs, 

which are highly expressed in leukemic cells, might represent drug targets that can be 

blocked by selective iCP-inhibitors with low cytotoxicity. For this purpose, PR-924 (Onyx 

Pharmaceuticals (Amgen), Figure 1.5) was investigated, which offers a wider therapeutic 

window based on its 132-fold selectivity for 5i (IC50(5i) = 22 nM) versus 5c 

(IC50(5c) = 2,900 nM).[88] However, PR-924 displayed anti-proliferative activity towards 

leukemia cells only above concentrations that equally blocked 5i and 5c, indicating that 

the exclusive blockage of 5i is insufficient as a therapeutic rationale for the treatment of 

blood cancer.[84] Consistently, 5c-specific (PR-825 & PR-893) and 5i-selective 

compounds exhibit neither anti-leukemic nor anti-inflammatory activity.[75,83] Taken 

together, 5i-selective compounds represent promising agents for the treatment of chronic 

inflammations and autoimmune disorders. 
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2 Objective and summary of results 

2.1 Objective 

Selective iCP inhibitors have the potential to modulate chronic inflammations and 

autoimmune diseases and thus represent promising anti-inflammatory agents.[1] However, 

their therapeutic window depends entirely on their isoform selectivity, which as a rule, 

prevents cytotoxic effects arising from simultaneous blockage of the cCP and the iCP.[2-5] 

The aim of this thesis was to develop innovative strategies for the design of peptidic iCP 

inhibitors with high isoform-specificity and therefore potentially improved safety profiles. 

Extensive peptide backbone optimization, which to date represents the common approach 

to screen for peptidic iCP specific inhibitors, was avoided. Instead, this work was 

dedicated to the discovery of novel concepts for selective iCP inhibition and the 

understanding of their underlying principles. In this regard, structural information about the 

molecular differences between the cCP and the iCP played a key role in providing starting 

points for the rational design of specific inhibitors. This was pursued by following a 

multidisciplinary approach that combined structural bioinformatics, chemical synthesis, 

biochemical evaluation of compounds in vitro following cell-based assays and the rational 

optimization of promising candidates. 

2.2 Contents 

This thesis reports on both published and unpublished research that was dedicated to the 

development of isoform selective iCP inhibitors. Three new compound classes are 

described that might provide starting points for the design of selective iCP inhibitors as 

valuable research tools and potential anti-inflammatory agents. 

Chapter 3 describes research that aimed to identify molecular differences between the 

cCP and the iCP, more precisely their proteolytically active subunits 5c and 5i, in order 

to exploit these for selective inhibitor design. Importantly, this study identified a non-

catalytic cysteine as a subunit-specific nucleophile that can be targeted by side chain-

electrophile containing decarboxylated peptides derived from carfilzomib. In an effort to 

screen for appropriate electrophiles for cysteine targeting, -chloroacetamides were 

shown to offer a balanced compromise between potency and stability in cell culture, which 

is consistent with current literature suggesting this warhead for specific probe and inhibitor 

design. Subsequent analysis of the binding mode via X-ray crystallography confirmed, for 

the first time, that an iCP inhibitor acts independently from the active site nucleophile 

Thr1. Moreover, the structural insights provided detailed input for the rational optimization 
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of this compound class, which culminated in an at least 150-fold preferential binding to the 

subunit 5i versus 5c. In the process of elucidating the underlying rationale for 5i 

selectivity, apart from the electrophile, the study uncovered the crucial role of the ligand’s 

P3-side chain. This is in accordance with inhibitors containing C-terminal electrophiles, 

which primarily rely on P1-side chain stabilization for appropriate alignment of the 

warhead whereas the -chloroacetamides mainly depend on stabilization at the S3-site. 

By this means, selectivity can be generated by P3-side chains that are preferentially 

stabilized in the S3-pocket of subunit 5i, as opposed to 5c, resulting in strong 

irreversible binders to 5i but only weak reversible binders to 5c. Finally, the study once 

more proved that selective 5i blockage is sufficient to suppress the production of 

inflammatory cytokines like TNF and IL-6 without inducing cytotoxicity. 

Apart from the targeting of isoform-specific nucleophiles in order to achieve selectivity, 

Chapter 4 reports that also inhibitory mechanisms can contribute to specificity, even if the 

targeted nucleophile is present in both isoforms. The study was initially designed to clarify 

the binding mode of peptido sulfonyl fluorides (PSF) to the proteasomal active site via X-

ray crystallographic and mass spectrometric analyses. It uncovered an unexpected mode 

of action comprising sulfonylation and subsequent polarity inversion of the nucleophile 

Thr1, ultimately leading to an intramolecular crosslinking of the active site. Moreover, 

comparison of PSFs with their ’,’-epoxyketone counterparts revealed that the sulfonyl 

fluoride headgroup and its uncommon mechanism indeed contribute to iCP selectivity with 

28-fold preference for subunit 5i versus 5c. 

In an effort to further exploit the mechanism of action of the sulfonyl fluorides, Chapter 5 

describes the discovery of sulfonate esters as tunable inhibitors of the cCP and the iCP. 

By exchanging the leaving group of the sulfonyl fluorides with highly fluorescent reporter 

molecules, this study gave insights into the kinetics of proteasomal inhibition. This new 

class of CP inhibitors allows the quantification of active CP in solution with high sensitivity. 
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Figure 2.1 Summary of the main achievements presented in this thesis. Chapter 3 (center): 

Rational design of peptidic -chloroacetamides that target the isoform-specific non-catalytic Cys48 

of 5i. The compounds suppressed cytokines (IL-6 & TNF) and exhibited low cytotoxicity in cell 

culture. Structure-based optimization of the peptidic backbone led to over 150-fold 5i-selectivity. 

Chapter 4 (left): Elucidation of the mechanism of action of peptido sulfonyl fluorides (PSFs) 

resulting in an intramolecular crosslinking of the active site. Combined with 5i-specific peptide 

backbones, 28-fold 5i-specificity was obtained. Chapter 5 (right): Peptide sulfonate esters (PSEs) 

were developed to quantify proteasomal inhibition by addition of a fluorogenic reporter leaving 

group. 
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2.3 Structural rationales for the design of 5i-selective inhibitors 

A major challenge in the design of 5i-selective proteasome inhibitors is the high 

sequence identity between human 5c and 5i of 72.4%, resulting in almost identical 

substrate binding channels, similar specificity pockets (S1-S4) and equal active site 

architectures. However, the structural superposition of murine 5i (PDB ID: 3UNH)[6] and 

human 5c (PDB ID: 4R3O)[7], in combination with sequence alignments, reveal important 

differences (Figure 2.2). Among these distinctions only few residues directly affect the 

substrate binding channel and thus ligand binding. The most obvious change between 5c 

and 5i represents the strictly conserved exchange of Gly48 (5c) by Cys48 (5i) which 

extends the shallow S2 pocket and reduces the spacious S4 pocket.[6] In addition, Cys48 

is located at a positively charged -helix dipole (N-terminal end), which has the potential 

to lower the pKa value of the thiol group, thereby promoting interactions with substrates 

and ligands.[8] In particular, complex structures with 5i-selective peptidic ligands (e.g. 

PDB ID: 3UNF)[6] provide a basis for understanding the individual contributions of each 

side chain, which sum up to significant observable 5i-specific inhibition in activity assays. 

 

Figure 2.2 Subunit m5i of murine iCP (left, cyan, PDB ID: 3UNH)[6] and h5c of human cCP (right, 

grey, PDB ID: 4R3O)[7]. The active site nucleophile Thr1 (black) and the specificity pocket (S1-S4) 

of the substrate binding channel (dashed line) are depicted, including the most prominent 

differences: Cys48 & Ser27 (magenta) of m5i and Gly48 & Ala27 (black) of h5c with sequence 

alignments (bottom). 



 

2. Objective and summary of results

17

2.3.1 Peptidic 5i-selective inhibitors with C-terminal electrophiles 

The comparison of the ’,’-epoxyketone carfilzomib and its 5i-specific analog 

ONX 0914 reveals major reasons for target selectivity by discriminating between 5c5i, 

even though both inhibitors differ in their peptide backbone composition only (Figure 2.3).  

 

Figure 2.3 Illustration of the 5i/5c-unselective carfilzomib (CFZ, top) and the 5i-selective 

ONX 0914 (bottom) with the contribution of each side chain (grey: unselective; blue: selective for 

5i). The IC50 values[1,9] against the ChTL activities of purified human iCP and cCP are given 

(right). 
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In contrast to the unselective carfilzomib, ONX 0914 features side chain elements (P1-P4) 

that are preferentially occupied in the specificity pockets (S1-S4) of 5i, thereby 

contributing to 5i-selectivity: 

o P1: the bulky and rigid Phe-side chain is favored by the more spacious S1 pocket 

of 5i compared to the smaller one of 5c (facilitated by the dislocation of Met45 

and reorientation of Ile35).[6] 

o P2: the electron-rich -system of the Tyr(OMe)-side chain enhances sulfur-arene 

interactions with Cys48. 

o P3: the small Ala-side chain preferentially occupies the smaller S3 pocket of 5i 

(the substitution of Ala27 (5c) by Ser27 (5i) alters the polarity and the size of the 

S3 pocket of 5i).[6] 

These findings are supported by the cleavage preferences of fluorogenic substrates 

specific for either 5i or 5c, which were investigated in kinetic experiments 

(5i: Ac-ANW-AMC; 5c: Ac-WLA-AMC).[10] Recent efforts towards backbone optimization 

led to the development of PR-924 (132-fold 5i-selectivity) and the derivative LU-035i 

(553-fold 5i-selectivity).[11,12] The design of these compounds is based on a D-Ala in P3 

that induces a sharp turn of the N-terminal 3-methyl-1H-indene cap, resulting in 

5i-selectivity (Figure 2.4). Moreover, LU-015i features the unnatural amino acid 

3-Cyclohexyl-L-alanine in the P1-position, which impairs 5c affinity twofold and improves 

5i potency by a factor of about 2 compared to PR-924.[12] 

 

Figure 2.4 Structures of PR-924 and LU-015i with the schematic depiction of the contributions of 

each side chain to the specificity pocket (S1-S2) stabilization resulting in 5i-selectivity (grey: 

unselective; blue: selective for 5i). LU-015 contains 3-Cyclohexyl-L-alanine in the P1-position, 

which results in approximately fourfold enhanced 5i-selectivity compared to PR-924.[12] 
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Taking all these factors into account, the design of 5i-selective PSFs (Chapter 4) was 

initiated by the derivatization of the backbone of ONX 0914 with the sulfonyl fluoride 

warhead. Indeed, the resulting tripeptidic PSF 2 exhibited enhanced 5i-selectivity 

(25-fold) compared to its ’,’-epoxyketone counterpart ONX 0914 (~ nine-fold).[13] Since 

both compounds share an identical backbone, the shifted position of the sulfonyl fluoride 

electrophile, compared to the carbonyl electrophile of the epoxyketones, is responsible for 

the improved 5i-selectivity (Figure 2.5). However, the inappropriate positioning of the 

electrophile diminishes the potency of PSF 2 against the ChTL activity of 5i 

(IC50 (5i) = 1,134 ± 146 nM), indicating that PSFs require capped tetrapeptides for 

sufficient stabilization.[13] In order to improve potency, the backbone was extended with 

the P4-homophenylalanine derived from carfilzomib to yield PSF compound 3 

(Figure 2.5). Interestingly, this improved the potency of compound 3 while fully retaining 

its 5i-selectivity (IC50 (5i) = 139 ± 34 nM, 28-fold 5i-selectivity).[13] 

 

Figure 2.5 Schematic representation of compound 3 (Chapter 4) with the contribution of each side 

chain to specificity pocket (S1-S4) stabilization resulting in 5i-selectivity (grey: unselective; blue: 

selective for 5i; red: factor that emphasizes backbone contributions). The IC50 value against the 

ChTL activities of purified human iCP and cCP are given (right upper corner).[13] 
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The same design principles were applied for the synthesis of peptidic sulfonate esters 

(Chapter 5), whereas the 5i-selectivity was further improved by adapting the findings of 

de Bruin et al. 2014. It was shown that the side chain of 3-cyclohexyl-L-alanine in P1 

disfavors binding to 5c, thereby enhancing 5i-selectivity compared to the phenylalanine 

moiety in P1 (Figure 2.6).[13] 

 

Figure 2.6 Illustration of the PSE (Chapter 5) with the contributions of each side chain to specificity 

pocket (S1-S4) stabilization resulting in 5i-selectivity (grey: unselective; blue: selective). 

Lastly, it must be mentioned that the simplified dissection of individual side chain 

contributions should be regarded only as a guideline that insufficiently does justice to the 

complex nature of ligand binding. This is reflected in exceptional cases (e.g. oprozomib) 

and in the neglect of cooperative effects and the plasticity of specificity pockets during 

ligand binding which limit the validity of this model. 
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2.3.2 Peptidic 5i-selective inhibitors without C-terminal electrophiles 

The ligand design described in the previous section was inspired by components of 

existing inhibitors, such as carfilzomib and ONX 0914, which had undergone extensive 

optimizations by Onyx Pharmaceuticals in terms of potency, selectivity and 

pharmacokinetic properties. This makes these agents a reliable source of inspiration for 

the development of similar peptidic inhibitors that employ a C-terminal warhead. However, 

the de novo design of new inhibitors requires a complete re-evaluation of each side chain 

contribution due to the altered binding mode in order to be able to pinpoint elements that 

generate 5i-selectivity. 

For the design of side chain-electrophiles containing decarboxylated peptides (Chapter 3) 

a 4-methylbenzyl amine[10,14] capped tetrapeptide derived from carfilzomib served as a 

starting point (see Figure 1.4 & 2.7). A screening for suitable electrophiles revealed that 

-chloroacetamides (1-CA) were potent (IC50 (5i) = 1.24 µM) and selective inhibitors of 

subunit 5i (nine-fold 5i-selectivity), despite the unselective peptide backbone.[8] 

 

Figure 2.7 Schematic depiction of 4-CA (Chapter 3) with the contributions of each side chain to 

specificity pocket (S1-S3) stabilization resulting in 5i-selectivity (grey: unselective; blue: 

5i-selective; red: decreases 5i-potency). All described contributions apply only to 

-chloroacetamides containing decarboxylated peptides which are an exceptional case due to their 

special binding mode. 
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In addition, an unreactive congener (1-PA) proved to have no 5i-selectivity, revealing 

that it is solely the electrophile which generates nine-fold selectivity comparable to the 

optimized backbone of ONX 0914.[8] In an effort to enhance the 5i-specificity via 

backbone optimization, the positions P1-P3 of 1-CA were varied with the premise that 

these changes must not decrease potency but increase 5i-specificity. Figure 2.7 

summarizes important findings which emerged during the optimization process. 

The failed attempts to generate selectivity by altering only the P1-site can be explained 

with the absence of a C-terminal electrophile and the resulting freedom of rotation of the 

toluoyl-cap (Figure 2.8). 

 

Figure 2.8 Structural superposition of 1-CA (green, PDB ID: 5CGG)[8] and ONX 0914 (grey, PDB 

ID: 5CGI)[8] bound to the y5G48C mutant used as a model system and to m5i, respectively. The 

P1-P3-sites of the ligands and residues of subunits y5G48C and m5i (beige) as well as y6 and 

m6 (grey) are depicted including atomic distances in Å (black dashed lines). The movement of 1-

CA compared to ONX 0914 is illustrated by a black arrow. The resulting structural adjustments 

displace the -carbons and aromatic carbons of P2 (red circles) which has a substantial impact on 

the ligand-protein interactions. The figure is a modified adaption from Dubiella et al.[8] 

This is supported by the finding that the unreactive congener 1-PA is unselective, which 

strongly suggests that the P1-site plays no role in selectivity.[8] According to the structural 
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binding analysis, the P2-site is also not involved in generating specificity due to lacking 

sulfur-arene interactions with Cys48 of 5i (Figure 2.8).[15,16] This was confirmed by 

introducing a Tyr(OMe) in the P2-position which diminished 5i-potency.[8] Hence, 

variations of the P2-site were tested to improve solubility of the compounds but were 

shown to diminish 5i-potency (Figure 2.7). Taken together these results imply that it is 

the P3-site that significantly contributes to 5i-selectivity and potency. Since the P3-side 

chain of 1-CA only partially occupies the S3-pocket due to a shift of the P3--carbon by 

1.0 Å (Figure 2.8), the alanine residue in P3 offers insufficient stabilization of the ligand, 

explaining the reduced 5i-potency.[8] Based on the fact that the S3-pocket of 5i has a 

more hydrophilic character, due to Ser27 compared to Ala27 of 5c, asparagine was 

chosen as a small and hydrophilic P3-residue to yield 4-CA (Figure 2.8). Indeed, 4-CA 

exhibited substantially improved potency against 5i (IC50 (5i) = 640 ± 140 nM) versus 

5c (IC50 (5c) > 100 µM), with a 5c5i-selectivity of more than 150-fold.[8] Interestingly, 

the natural CP inhibitors TMC-95A-D, which were isolated from the fermentation broth of 

Apiospora montagnei Sacc. TC 1093, contain an Asn in the P3-position and employ a 

decarboxylated peptide backbone as well.[17] The crystal structure of yeast CP from 

Saccharomyces cerevisiae in complex with TMC-95A and synthetic replica[18,19] revealed a 

binding mode of the peptide backbone similar to linear peptide inhibitors.[20-22] 

Furthermore, the P3-Asn was identified as important hydrogen bonding partner with the 

amide group of Gln22 in subunit y2.[20] However, the subunits 5 of human and murine 

iCPs bear Ala22 in this position, making it difficult to draw comparisons between the S3-

stabilization of TMC-95A and 4-CA, particularly in view of the incomplete occupation of 

the S3 pocket by 1-CA. Nonetheless, natural products represent a valuable source of 

inspiration for the design of peptide CP inhibitors apart from synthetic compound. 

In conclusion, structure-based inhibitor design identified the strictly conserved Cys48 of 

5i as a subunit-specific residue that is targetable by P4-electrophile-containing 

tetrapeptides. Structural investigations of the novel binding mode provided indications for 

their further rational optimization, while elucidating the key factors for 5i-selectivity of this 

new compound class. 
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3 Targeting a non-catalytic cysteine of subunit 5i 
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Summary 

This publication reports a new strategy for the development of selective iCP inhibitors. We 

rationally designed decarboxylated peptides that covalently target an isoform-specific, 

non-catalytic cysteine of the iCP subunit 5i via -chloroacetamide containing side chains. 

Structure-based optimization of the inhibitors led to over 150-fold selectivity towards 

subunit 5i versus 5c. The enhanced isoform-specificity decreased cytotoxic effects and 

suppressed the production of inflammatory cytokines which has the potential to modulate 

chronic inflammations and autoimmune diseases. This is in contrast to currently clinically 

applied proteasome inhibitors which induce apoptosis by the concomitant blockage of 

cCPs and iCPs. Hence, this new class of compounds provides a starting point for the 

development of selective iCP inhibitors as potential anti-inflammatory agents. 

This summary is based on the above mentioned publication and is subject of copyright © 

2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany. 
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Abstract: Clinically applied proteasome inhibitors induce cell
death by concomitant blockage of constitutive and immuno-
proteasomes. In contrast, selective immunoproteasome inhib-
ition is less cytotoxic and has the potential to modulate chronic
inflammation and autoimmune diseases. In this study, we
rationally designed decarboxylated peptides that covalently
target a non-catalytic cysteine of the immunoproteasome
subunit b5i with a-chloroacetamide-containing sidechains.
The enhanced isoform specificity decreased cytotoxic effects
and the compound suppressed the production of inflammatory
cytokines. Structure-based optimization led to over 150-fold
selectivity for subunit b5i over b5c. This new compound class
provides a promising starting point for the development of
selective immunoproteasome inhibitors as potential anti-
inflammatory agents.

Core particles (CPs) of the proteasome degrade the majority
of intracellular proteins and represent essential elements for
cell function and survival.[1] While the constitutive protea-
some (cCP) is expressed ubiquitously as a central proteolytic
machinery, its immunomodulatory isoform, the immunopro-
teasome (iCP), is predominantly found in cells associated with
the immune system.[2] During inflammatory states, iCPs
influence the production of cytokines and alter antigen
processing, thereby facilitating immune responses.[2] The
FDA-approved CP inhibitors bortezomib and carfilzomib
(CFZ) block the catalytically active b5 subunits of the cCP
(b5c) and iCP (b5i/LMP7) equally.[3] However, simultaneous
inhibition of b5c and b5i or combined blockage of other
proteolytic subunits (b1i/LMP2, b1c, b2i/MECL1, b2c) indu-
ces cytotoxicity, which limits the clinical application of both
drugs to the treatment of blood cancer.[4] In contrast, the
agent ONX 0914 (PR-957) avoids cytotoxic effects by
predominantly blocking b5i. This compound was shown to
attenuate the progression of multiple sclerosis and rheuma-
toid arthritis in mouse models.[5, 6] b5i is thus a promising
therapeutic target for chronic inflammation and autoimmune
disorders.[7] ONX 0914 displays an approximately ten-fold
preference for b5i versus b5c owing to an optimized peptide

backbone composition.[5] Enhanced binding affinity is ach-
ieved through an epoxyketone electrophile that reacts
irreversibly with the active-site nucleophile Thr1
(Scheme S1).[8] However, reactive C-terminal warheads have
the potential to co-inhibit b5c as well, since the mechanism of
proteolysis is the same for all proteasomal active sites. In an
attempt to find new target residues that are independent from
the proteasomal active site, we followed a structure-guided
approach for the design of b5i-specific inhibitors without a C-
terminal warhead. By targeting a non-catalytic cysteine as
a compensating anchor residue, we aimed to retain sustained
covalent binding. The same concept is successfully exploited
by inhibitors against various kinases,[9] G-proteins,[10] and the
yb2 subunit[11] of the yeast proteasome (yCP). Structural
superposition of the murine subunits mb5c and mb5i in
combination with sequence alignments highlight Cys 48 as
a strictly conserved nucleophilic residue that is exclusively
found in b5i (Figure 1).[8]

Cys48 is located at a positively charged a-helix dipole,
which has the potential to lower the pKa value of the thiol
group, thereby increasing its nucleophilicity. Furthermore,

Figure 1. Structural superposition of the murine subunits mb5i and
mb6 (PDB ID: 3UNH)[8] with CFZ (yellow) bound to Thr1 (black) of
subunit yb5 of yCP (PDB ID: 4QW4).[12] The homophenylalanine P4
residue of CFZ occupies the specificity pocket S4 and is positioned in
proximity to Cys48 (magenta, 3.3 �) of mb5i. The positively charged
N-terminal end of the a-helix dipole H1 points at Cys48. The sequence
alignment of b5i and b5c shows Cys48 highlighted in magenta
(h = human, m = mouse; upper left corner).
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Cys48 participates in forming the substrate binding channel
of b5i by partially shaping the S2 and S4 pockets. According to
structural superpositions, it is accessible via the P4 side chains
of tetrapeptides (Figure 1). Consequently, we initiated our
inhibitor design by exchanging the P4 residue of CFZ with l-
2,3-diaminopropionic acid (Dap). Dap suits the steric require-
ments of S4 and allows the late-stage introduction of electro-
philes owing to its side-chain amino function (Figure 2).

The CFZ-inspired peptide backbone was prepared by
solid-phase peptide synthesis using the Fmoc strategy and was
C-terminally capped with the previously described 4-methyl-
benzyl amine.[13, 14] In the final step, we introduced various
electrophiles by utilizing the corresponding acid chlorides, N-
hydroxysuccinimide esters, or carboxylic acids in amide
coupling reactions. This straightforward synthesis was used
to generate a set of decarboxylated peptides with diverse side-
chain electrophiles that were shown to be suitable for
targeting soft thiol nucleophiles (1-CA, 1-FA, 1-AA, 1-VS,
1-EO, and 1-AZ ; Figure 2).[9] As controls, we prepared their
unreactive congeners 1-PA, 1-EA, and 1-CP (Figure 2).

Our initial screening efforts using human iCP and cCP
showed that sulfonamide compounds (1-VS, 1-EA) are slightly
selective for b5c, whereas amide-bond-connected electro-

philes (1-CA, 1-FA, 1-AA, 1-EO, 1-AZ) displayed a prefer-
ence for b5i (Table ST1 and Figure S1 in the Supporting
Information). The most potent electrophile in the screen was
1-CA, which showed substantial activity against b5i (IC50 =

1.24 mm, Figure 2). This is in agreement with studies that
propose a-chloroacetamides for sustained targeting of non-
catalytic cysteines.[10,15] Despite the unselective peptide back-
bone of 1-CA, it displayed nine-fold selectivity for b5i (b5c/
b5i = 9), which is comparable to that of ONX 0914 (b5c/b5i
� 10).[5] Importantly, 1-CA was inactive against the subunits
b1c, b1i, b2c, and b2i (IC50> 100 mm, Table ST2). The more
stable 1-FA, as well as the unreactive congener 1-PA, showed
significantly decreased IC50 values compared to 1-CA, and
both blocked the activity of b5i (IC50 = 36.25 mm and 24.23 mm,
respectively) and b5c (IC50 = 43.84 mm and 29.05 mm, respec-
tively) to the same extent (b5c/b5i = 1.2, Figure 2 and
Table ST1). These findings indicate that the b5i binding
affinity originates from the a-chloroacetamide electrophile
forming a covalent thioether with Cys48 (Scheme S2).

Next, we aimed to assess the covalent binding mode of 1-
CA by X-ray analysis. Since mammalian iCPs are challenging
to crystallize, we mimicked the S4 pocket of b5i by replacing
Gly48 of the yeast proteasome subunit yb5 with Cys 48 in
a plasmid-shuffling procedure (Figure S3a). Subsequent crys-
tallization and structure elucidation of the yb5G48C mutant
yCP (2.8 � resolution, Rfree = 20.1 %, PDB ID: 5CGF,
Table ST4) revealed an orientation of Cys48 identical to
that observed in iCP from mouse. In addition, elucidation of
the yb5G48C:ONX 0914 complex structure (2.8 � resolution,
Rfree = 20.6%, PDB ID: 5CGI) showed a conformation of the
ligand analogous to that observed in mb5i (Figure S4, S5).
Strikingly, soaking of yb5G48C yCP crystals with 1-CA
followed by X-ray analysis (2.9 � resolution, Rfree = 23.1 %,
PDB ID: 5CGG) displayed the ligand exclusively bound to
the mutant yb5 subunit. 1-CA occupied the substrate binding
channel by adopting an antiparallel b-sheet in a similar
manner to known inhibitors that are based on decarboxylated
peptides.[13, 14] In fact, the structure revealed continuous
electron density connecting the acetamide function of the
P4 side chain of 1-CA to the thiol group of the introduced
Cys48 (Figure 3a). This linkage confirms a covalent mode of
action and explains the nine-fold selectivity of 1-CA for b5i.
In contrast, soaking of wild-type yCP crystals as a model for
cCP showed empty yb5 substrate channels, thus emphasizing
the importance of Cys48 for 1-CA binding.

Based on these results, we optimized the peptidic back-
bone to improve b5i selectivity. As a starting point, we used
the peptide composition of ONX 0914 as a molecular blue-
print and generated 2-CA (Figure 2 and Table ST2). Unex-
pectedly, 2-CA showed decreased potency against human b5i
(IC50 = 6.65 mm) and did not bind to the yb5G48C mutant in
soaking experiments. To understand this drop in potency, we
compared the binding mode of ONX 0914 with that of 1-CA
and found pronounced differences: the structure of ONX
0914 bound to yb5G48C revealed a distinct orientation of the
P2-TyrOMe that facilitates attractive sulfur–arene interac-
tions with Cys48.[16, 17] In contrast, the P2-Phe of 1-CA is
displaced by the P4 side chain, which covalently binds to
Cys48, thereby restricting the S2 pocket. To probe the

Figure 2. Schematic representation of the substrate binding channel of
b5i with the specificity pockets S1–S4 and Cys48 (underlined). The
CFZ-derived decarboxylated peptides 1 contain distinct P4 side-chain
electrophiles (R, gray): a-chloroacetamide (1-CA), a-fluoroacetamide
(1-FA), acrylamide (1-AA), vinyl sulfonamide (1-VS), epoxide (1-EO),
and aziridine (1-AZ). Corresponding non-reactive controls: propiona-
mide (1-PA), ethylsulfonamide (1-EA), cyclopropanamide (1-CP). A
complete list of compounds, including half-maximal inhibitory concen-
tration (IC50) values, can be found in the supporting information
(Tables ST1–3). The lower panel shows the a-chloroacetamides 1-CA–
4-CA with their corresponding P2 and P3 residues and the control, 1-
PA. The in vitro IC50 values were determined by using purified human
iCP or cCP. [a] A high IC50 b5c/b5i ratio indicates selectivity for b5i.
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isolated impact of P2-TyrOMe of 2-CA, we generated 3-CA
(Figure 2, Table ST2). This compound showed inferior b5i-
binding affinity (IC50 = 2.53 mm) compared to that of 1-CA
(IC50 = 1.24 mm), thus demonstrating a minor contribution
from the S2 pocket. Taken together, these results suggest that
the P3 site has a greater influence on potency. Remarkably,
the P3-Leu of 1-CA only incompletely occupies the
S3 pocket, which displaces the residual backbone towards
subunit b5 (Figure 3b). Therefore, the binding of 1-CA solely
depends on interactions with b5, while the peptide backbone
of ONX 0914 is additionally stabilized by Asp114 of b6
(Figure 3b and Figure S6). Since subunit b6 is identical in cCP
and iCP, the design of 1-CA is advantageous owing to an
absence of interactions with b6. To test whether the shift of 1-
CA towards b5 is caused by the short Dap spacer, we
extended the P4 side chain by replacing Dap with the more

flexible l-2,4-diaminobutyric acid (Dab) to give 1-Dab-CA
(Table ST3). However, this resulted in a ten-fold decreased
activity against b5i (IC50 = 13.07 mm), thus indicating that the
conformationally constrained Dap already has the optimal
linker size. Our findings imply that ligand stabilization in the
S3 pocket is crucial for the correct positioning of the adjacent
P4-a-chloroacetamide. In a similar fashion, the selectivity of
ONX 0914 is mainly generated through interactions of the P1-
Phe with the S1 pocket, which align the C-terminal warhead
for nucleophilic attack of Thr1.[8]

As a result, we focused on the most prominent differences
between the S3 pockets of human b5i and b5c by applying
homology modelling combined with sequence alignments
(Figure S3 b). The strictly conserved substitution of Ala27
(b5c) by Ser 27 (b5i) alters the polarity and size of the
S3 pocket (Figure 3 b).[8] To address this observation, we
generated 4-CA (Figure 2), in which an Asn in the P3 position
allows enhanced hydrogen bonding to Ser 27. Indeed, 4-CA
exhibited up to 150-fold selectivity for b5i (IC50 = 0.64 mm)

over b5c, whereas the unreactive congener 4-PA proved to be
only seven-fold selective for b5i, with significantly decreased
potency (IC50 = 29.29 mm ; Table ST2). These observations
confirm that the nature of the P3 residue and its stabilization
are crucial for appropriate ligand binding. We could achieve
b5i selectivity by exclusively modifying the P3 position. This is
in contrast to Thr1-targeting inhibitors, which primarily rely
on P1-residue stabilization.

Next, we aimed to examine the effect of 1-CA and 4-CA
in cell-culture assays. Our prime focus was to analyze their
inhibitory and cytotoxic profiles, as well as their impact on the
production of inflammatory cytokines. By using a luminogenic
substrate assay, we first determined the in vivo IC50 values
with lysate from THP-1 cells, which constitutively express
high levels of iCP.[18] Both 1-CA (IC50 = 2.83 mm) and 4-CA
(IC50 = 3.55 mm) substantially blocked b5 activity compared to
the unreactive control 1-PA (IC50 = 36.69 mm), which is in line
with the in vitro data (Figure S7a). Second, we investigated
the effects on cell viability. Concentrations of up to 10 mm of 1-
CA and 4-CA had no effect on the cells (Figure S7 b). Finally,
we evaluated the possible application of 1-CA as an anti-
inflammatory agent based on the favorable pharmacokinetics
of the CFZ backbone. We examined its effect on the
inflammation markers tumor necrosis factor alpha (TNF-a)
and interleukin 6 (IL-6) by using an enzyme-linked immuno-
sorbent assay (ELISA). 1-CA indeed suppressed the produc-
tion of TNF-a and IL-6 in a dose-dependent manner. 10 mm of
1-CA reduced IL-6 levels substantially without causing cell
death, and 25 mm led to a reduction in TNF-a production
(Figure 4, Figure S8). This reduction in cytokine production
has similarly been described for ONX 0914.[5]

In summary, our study describes the first immunoprotea-
some inhibitor that acts independently of the active-site
nucleophile Thr1. Commencing with structural bioinformat-
ics, we identified Cys48 in b5i as an isoform-specific
nucleophilic residue that is accessible to tetrapeptides. For
this purpose, we synthesized decarboxylated peptides and
performed an electrophile screening procedure, which
revealed the a-chloroacetamide warhead of 1-CA as the
best option. In addition, we optimized the P3 site based on

Figure 3. X-ray analysis for the binding of 1-CA to the yb5G48C mutant
(PDB ID: 5CGG). a) The 2Fo�Fc electron density map (gray mesh,
contoured at 1s, 2.9 � resolution) depicts 1-CA (green) bound to
Cys48 (magenta) of subunit yb5G48C (beige) with the active-site
nucleophile Thr1 (black), oxyanion hole amide of Gly 47 (black), and
Asp114 of yb6 (gray). b) Structural superposition of 1-CA (green) and
ONX 0914 (gray) bound to yb5G48C and to mb5i (PDB ID: 3UNF),
respectively. The P1–P3 sites of the ligand and residues of subunits
yb5, mb5i (beige), as well as yb6 and mb6 (gray), are shown, including
distances in � (black dashed lines). The movement of 1-CA compared
to ONX 0914 is illustrated by a black arrow.
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structural information, thereby underlining its impact on b5i
selectivity for this new concept of inhibition. Cell-based
assays confirmed that 1-CA blocks the activity of b5 at
concentrations below the induction of cytotoxicity, thereby
suppressing the production of cytokines such as TNF-a and
IL-6. Taken together, these properties highlight this new class
of compounds as a starting point for the development of
selective immunoproteasome inhibitors as potential anti-
inflammatory agents.
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Figure 4. Quantification of the cytokines TNF-a and IL-6 produced by
THP-1 cells after exposure to lipopolysaccharides (LPS, controls as
white bars) and treatment with various concentrations (10–50 mm) of
1-CA (black bars) and 1-PA (gray bars) as a negative control by ELISA.
1-CA suppresses IL-6 and TNF-a production in a dose-dependent
manner. Data are shown as the mean +standard error of the mean
(n = 4).
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Selective Inhibition of the
Immunoproteasome by Structure-Based
Targeting of a Non-catalytic Cysteine

Blocking the channel: Immunoprotea-
some inhibitors were designed that target
an isoform-specific cysteine residue in
the substrate binding channel instead of
the active site. The compounds display
a unique mode of action compared to
commonly applied proteasome drugs.
They are highly isoform selective and
suppress the production of inflammatory
cytokines. This new class of inhibitors
provides a starting point for the develop-
ment of anti-inflammatory agents.
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3.1.1 Supplementary schemes 

 

Scheme S1 Binding of the ’,’-epoxyketone ONX 0914 to Thr1 at the proteasomal active site. The 

specificity pockets (S1, S3 and S4) are depicted in red and the shallow S2 pocket is illustrated as 

red dashed line. 

 

 

Scheme S2 Irreversible binding of the -chloroacetamide 1-CA to Cys48 of subunit 5i via 

thioether bond formation. The specificity pockets (S1, S3 and S4) are depicted in red and the 

shallow S2 pocket is illustrated as red dashed line. 
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3.1.2 Supplementary figures 

 

Figure S1 In vitro IC50 assays against the ChTL activity of purified human iCP (a) and cCP (b) after 

1 h incubation with various concentrations of side chain-electrophile containing compounds (right 

panel) using the fluorogenic Suc-LLVY-AMC-substrate assay. Data of three repetitions were 

normalized to DMSO-treated controls and are presented as relative activity with standard deviation. 

 

 

Figure S2 In vitro IC50 assays against the ChTL activity of purified human iCP (a) and cCP (b) after 

1 h incubation with various concentrations of -chloroacetamides 1-CA-5CA, 1-Dab-CA and 1-PA 

as a control (right panel, Figure 2) using the fluorogenic Suc-LLVY-AMC-substrate assay. Data of 

three repetitions were normalized to DMSO-treated controls and are presented as relative activity 

with standard deviation. 

 

 

Figure S3 Sequence alignments around the positions 48 (a) and 27 (b) of subunit 5 of various 

proteasome types (h = human, m = mouse, y = yeast). Cys48 and Ser27 are highlighted in 

magenta. 
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Figure S4 The 2Fo−Fc electron density map (grey mesh, contoured at 1, 2.8 Å resolution, PDB 

ID: 5CGI) shows ONX 0914 (green) bound to the active site nucleophile Thr1 (black) of the 

y5G48C mutant. ONX 0914 interacts via hydrogen-bonding with Asp114 of subunit y6 (grey) and 

the oxyanion hole Gly47 (black) of subunit y5G48C (beige). 

 

 

Figure S5 Structural superposition of ONX 0914 (green) and ONX 0914 (grey) bound to Thr1 

(black) of the y5G48C mutant and to m5i from mouse, respectively. Residues of the subunits 5 

are depicted in beige and residues of 6 in grey. Cys48 of m5i is highlighted in magenta. 
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Figure S6 Stereo views of 1-CA (a) and ONX 0914 (b) bound to subunit y5G48C. 1-CA is bound 

to Cys48 (magenta) and solely interacts with residues of y5G48C (beige) without making any 

contacts to y6 (grey). ONX 0914 is bound to the active site Thr1 (black) and interacts with 

residues of y5G48C as well as y6. 
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Figure S7 a) In vivo IC50 assays against the ChTL activity in THP-1 cells after 105 min incubation 

at various concentrations of 1-CA, 4-CA and 1-PA using a luminogenic substrate assay. Data of 

three biological repetitions (measurements performed as triplicates) were normalized to DMSO-

treated controls and are presented as relative activity with standard deviation. b) LC50 against 

THP-1 cells after 48 h incubation with 1-CA, 4-CA and 1-PA between 1 nM and 100 µM using an 

AlamarBlue-based cell viability assay. Data of three biological repetitions (measurements 

performed as quadruplets) were normalized to DMSO-treated controls and are presented as 

relative viability with standard error of the mean. 

 

 

Figure S8 a) In vivo proteasome activity assay against the ChTL activity with cell lysate derived 

from LPS-stimulated THP-1 cells after 16 h incubation at various concentrations of 1-CA or 1-PA 

using a luminogenic substrate assay. Data of three replicates were normalized to DMSO-treated 

controls and are presented as relative activity with standard deviation. b) Cell viability of THP-1 

cells after 16 h incubation with 1-CA or 1-PA in the presence of LPS using an AlamarBlue-based 

assay. Data of four replicates were normalized to DMSO-treated controls and are presented as 

relative viability with standard deviation. LPS: lipopolysaccharide, + LPS: positive control, w/o LPS: 

negative control. 
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3.1.3 Supplementary tables 

Table ST1 In vitro IC50 values of compounds in the electrophile screen against the ChTL activity of 

purified human iCP and cCP. A high IC50 5c/5i ratio indicates selectivity for 5i. 

 

Comp. R P3 P2 
IC50 [µM] 

IC505c/5i
5i 5c

1-CA 
  

1.24 ± 0.35 11.24 ± 2.59 9 

1-FA  
  

36.25 ± 9.22 43.84 ± 12.63 1.2 

1-AA 
  

7.13 ± 2.88 10.00 ± 2.19 1.4 

1-PA 
  

24.23 ± 3.50 29.05 ± 8.85 1.2 

1-VS 
  

7.98 ± 17.59 4.26 ± 1.22 0.5 

1-EA 
  

20.79 ± 4.68 6.03 ± 1.92 0.3 

1-EO 
 

16.19 ± 5.06 95.88 ± 59.80 5.9 

1-AZ 
 

41.19 ± 17.16 117.7 ± 34.34 2.9 

1-CP 
 

> 50 36.01 ± 10.55 < 0.7 
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Table ST2 In vitro IC50 values of compounds in the backbone optimization against the ChTL 

activity (5i5c) and the activities of subunit 1c, 1i, 2c, 2i of purified human iCP and cCP. A 

high IC50 5c/5i ratio indicates selectivity for 5i. 

 
Table ST3 In vitro IC50 values of the compound 1-Dab-CA against the ChTL activity (5i5c) and 

the activities of subunit 1c, 1i, 2c, 2i of purified human iCP and cCP. A high IC50 5c/5i ratio 

indicates selectivity for 5i. 

 

Comp. R P3 P2 
IC50 [µM] IC50

5c/5i1i 1c 2i 2c 5i 5c

1-CA 
 

> 100 > 100 > 100 > 100
1.24 ± 

0.35 

11.24 ± 

2.59 
9 

1-PA 
  

> 100 > 100 > 100 > 100
7.13 ± 

2.88 

10.00 ± 

2.19 
1.4 

2-CA  
> 100 > 100 > 100 > 100

6.65 ± 

0.27 
> 500 > 75 

3-CA 
 

> 100 > 100 > 100 > 100
2.53 ± 

0.56 

18.27 ± 

5.58 
7 

4-CA > 100 > 100 > 100 > 100
0.64 ± 

0.14 
> 100 > 150 

4-PA 
 

> 100 > 100 > 100 > 100
29.29 ± 

9.60 
> 200 > 7 

Comp. 

IC50 [µM] IC50

5c/5i1i 1c i 2c 5i 5c

1-Dab-CA > 100 > 100 > 100 > 100
13.07 ±

 3.18 

18.61 ± 

4.52 
1.4 
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Table ST4 Crystallographic data collection and refinement statistics. Datasets were collected at the 

beamline X06SA at the Paul Scherrer Institute, Swiss Light Source, Villigen (Switzerland). 

 

 yCP β5G48C yCP β5G48C:1-CA yCP β5G48C:ONX 0914 

    

Crystal parameters  
Space group P21 P21 P21 
Cell constants a= 135.5 Å   

b= 301.0 Å 
c= 143.9 Å  
β= 112.9 ° 

a= 134.4 Å   
b= 300.5 Å 
c= 144.7 Å  
β= 113.0 ° 

a= 136.2 Å 
b= 300.2 Å 
c= 145.9 Å  
β= 113.0 ° 

CPs / AUa 1 1 1 
    
Data collection  
Beam line X06SA, SLS X06SA, SLS X06SA, SLS 
Wavelength (Å) 1.0 1.0 1.0 
Resolution range (Å)b 30-2.8 

(2.9-2.8) 
30-2.9 
(3.0-2.9) 

30-2.8 
(2.9-2.8) 

No. observations 786,086 677,285 804,869 
No. unique reflectionsc 256,096 222,703 259,088 
Completeness (%)b 98.5 (98.3) 95.5 (97.8) 98.6 (99.1) 
Rmerge (%)b, d 7.3 (45.6) 9.4 (57.3) 6.7 (44.2) 
I/� (I)b 12.8 (2.8) 11.5 (2.4) 14.0 (3.1) 
    
Refinement (REFMAC5)  
Resolution range (Å) 15-2.8 15-2.9 15-2.8 
No. refl. working set 243,291 211,565 246,133 
No. refl. test set 12,805 11,135 12,955 
No. non hydrogen 49,776 49,734 49,886 
No. of ligand atoms - 92 252 
Solvent (H2O, ions, MES) 439 335 326 
Rwork/Rfree (%)e 18.6/20.1 20.4/23.1 18.6/20.6 
r.m.s.d. bond (Å) / (°)f 0.004/0.883 0.004/0.846 0.004/0.904 
Average B-factor (Å2) 59.8 62.1 66.1 
Ramachandran Plot (%)g 97.8/1.9/0.3 97.7/2.1/0.3 97.3/2.4/0.3 
    
PDB accession code 5CGF 5CGG 5CGI 

 
[a] Asymmetric unit 
[b] The values in parentheses for resolution range, completeness, Rmerge and I/σ (I) 
correspond to the highest resolution shell 
[c] Data reduction was carried out with XDS and from a single crystal. Friedel pairs were 
treated as identical reflections 
[d] Rmerge(I) = ΣhklΣj | I(hkl)j - <I(hkl)> | / Σhkl Σj I(hkl)j, where I(hkl)j is the jth measurement of the 
intensity of reflection hkl and <I(hkl)> is the average intensity 
[e] R = Σhkl | |Fobs| - |Fcalc| |/Σhkl |Fobs|, where Rfree is calculated without a sigma cut off for a 
randomly chosen 5% of reflections, which were not used for structure refinement, and Rwork is 
calculated for the remaining reflections 
[f] Deviations from ideal bond lengths/angles 
[g] Number of residues in favored region / allowed region / outlier region. 
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3.1.4 Supplementary in vitro methods 

Protein purification 

20S proteasome from Saccharomyces cerevisiae (yCP) was purified as previously 

described.[1] Yeast cells were lysed in a continuous cell disruption system and centrifuged 

at 40,000 g. After precipitation in aqueous 40% (NH4)2SO4, the suspension was applied to 

a phenyl sepharose HIC column. Eluted fractions displaying 20S proteasome activity were 

pooled and purified using FPLC with a hydroxyapatite column. Polishing was performed 

via a Resource-Q anion exchange column and a Superose 6 size exclusion 

chromatography. The pooled fractions were concentrated to 40 mg/mL in 20 mM MES (pH 

6.8) and used for further crystallization trials and in vitro assays. 

Point measurements for the inhibition of the activities of the subunits 1c, 1i, 2c, 2i 

In vitro proteasome inhibition point measurements were performed by fluorescence 

assays in 96-well plates. Assay mixtures contained 10 μg/mL of freshly purified human 

cCP (Boston Biochem) or human iCP (Boston Biochem) in 100 mM Tris/HCl (pH 7.5) 

buffer. Inhibitors were dissolved in DMSO and added to yield a final concentration of 100 

µM with three repetitions each, thereby not surpassing a final concentration of 10% (v/v) 

DMSO. After an incubation time of 60 min at RT, the fluorogenic substrates Z-Leu-Leu-

Glu-AMC (1c), Ac-Lys-Gln-Leu-AMC (2c/2i) and Ac-Pro-Ala-Leu-AMC (1i) were 

added, respectively, to yield a final concentration of 333 µM substrate. The assay mixture 

was incubated for another hour at RT and stopped by dilution with 300 µL water. 

Afterwards fluorescence was determined on a Varian Cary Eclipse photofluorometer with 

excitation and emission wavelengths of λexc = 360 nm and λem = 460 nm, respectively. 

IC50 value determination of the proteasomal chymotrypsin-like activity 

In vitro proteasome inhibition assays were performed by fluorescence assays in 96-well 

plates. Assay mixtures contained 10 μg/mL purified human cCP (Boston Biochem) or 

human iCP (Boston Biochem) in 100 mM Tris/HCl (pH 7.5) buffer. Inhibitors were 

dissolved in DMSO and added at various concentrations with three repetitions each, 

thereby not surpassing a final concentration of 10% (v/v) DMSO. After an incubation time 

of 60 min at RT, the fluorogenic substrate Suc-Leu-Leu-Val-Tyr-AMC (Suc-LLVY-AMC, 

final concentration of 333 µM) was added to measure the residual activity of the 

chymotrypsin-like site. The assay mixture was incubated for another hour at RT and 

stopped by dilution with 300 µL water. Afterwards fluorescence was determined on a 



 

3. Targeting a non-catalytic cysteine of subunit 5i

43

Varian Cary Eclipse photofluorometer with excitation and emission wavelengths of λexc = 

360 nm and λem = 460 nm, respectively. 

Yeast mutagenesis 

The plasmid pRS315-PRE2 (LEU2 selection marker),[2] encoding the wild type β5 subunit 

of the yeast proteasome, served as a template for mutagenesis. The pre2-G48C mutant 

allele was created by recombinant PCR techniques (Table ST2) and cloned into the 

LEU2-marked plasmid pRS315 via the restriction endonucleases HindIII and BamHI to 

yield pRS315-pre2-G48C. Introduction of the point mutation was verified by sequencing 

(GATC). The haploid yeast strain YWH20a (pre2∆::HIS3 [pRS316-PRE2]),[3] expressing 

the wild type PRE2 gene from an URA3-episome, was transformed by pRS315-pre2-

G48C. Plasmid shuffling[4] based on counter-selection against the URA3 marker with 5-

fluoroorotic acid yielded a mutant strain that only expresses the G48C-mutant version of 

yβ5. The yβ5G48C mutant yeast strain was grown in 18 L YPD cultures for 2 days at 

30 °C. Cells were harvested by centrifugation for 15 min at 5,000 g and frozen at -20 °C 

until further use. 

Crystallization and structure elucidation 

Crystals of yCP were grown in hanging drop plates at 20 °C as previously described,[1,5] 

using a protein concentration of 40 mg/mL in MES (20 mM, pH 6.8). The drops contained 

1 μL of protein and 1 μL of the reservoir solution consisting of 25 mM MgAc2, 100 mM 

morpholino-ethane-sulfonic acid (MES) (pH 6.8) and 10% (v/v) 2-methyl-2,4-pentanediol. 

Crystals appeared after two days and were then soaked with inhibitor in DMSO at final 

concentrations of 25 mM for 12-24 h following complementation of the droplets with 

cryoprotecting buffer consisting of 30% (w/v) 2-methyl-2,4-pentanediol, 20 mM MgAc2, 

100 mM MES (pH 6.9). Crystals were supercooled in a stream of liquid nitrogen gas at 

100 K (Oxford Cryo Systems). Datasets of yCP:inhibitor structures were collected up to 

2.5 Å resolution using synchrotron radiation (λ = 1.0 Å) at the X06SA-beamline (Swiss 

Light Source, Villingen, Switzerland, Table ST4). X-ray intensities were assessed with the 

program XDS[6] and data reduction was carried out using XSCALE[6]. Molecular 

replacement started with the coordinates of yCP (PDB ID: 1RYP)[1] and 

Translation/Libration/Screw (TLS) refinements were performed with REFMAC5 in the 

CCP4i suite[7]. Model building was carried out with the program package MAIN[8]. 
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3.1.5 Supplementary cell culture methods 

IC50 determination with Proteasome-GloTM chymotrypsin-like cell-based assay 

In vivo proteasome inhibition assays were performed with bioluminescence assays 

(Promega) in 96-well plates (Sigma Aldrich). THP-1 cells were plated at 10,000 cells per 

well, respectively, and incubated with various inhibitor concentrations for 90 min with three 

repetitions of each. 0.1% DMSO (v/v) was used as a control. The residual chymotrypsin-

like activity was determined by the hydrolysis of the β5 specific substrate Suc-LLVY-

aminoluciferin in the presence of luciferase using the Proteasome-GloTM reagents 

according to the manufacturer’s instructions. The resulting luminescence was detected 

with a PHERAstar Plus (BMG Labtech) plate-reader. THP-1 cells were cultured in RPMI 

medium (Sigma Aldrich) supplemented with 20% (v/v) FCS and 2 mM L-glutamine. 

LC50 determination via AlamarBlue-based viability assay 

Viability of THP-1 cells was monitored in dependency of different CP inhibitor 

concentrations using an AlamarBlue-based assay.[9] 10,000 non-adherent THP-1 cells 

were seeded directly in the presence of 1-CA, 4-CA and 1-PA, respectively. 0.1% (v/v) 

DMSO was used as a control. After 48 h, cells were washed with PBS (Sigma Aldrich) to 

remove dead cells and AlamarBlue (resazurin, AbD Serotech) was added in a 1:10 

dilution for 2 h while AlamarBlue was directly added to THP-1 cells. Cell viability was 

monitored by measuring the reduction of resazurin to resorufin by metabolically active 

cells using fluorescence at 590 nm (λexc = 530 nm) in PHERAstar Plus (BMG Labtech) 

plate-reader. 

Quantification of cytokine production by enzyme-linked immunosorbent assay (ELISA) 

THP-1 cells were used to evaluate the effect of β5i-specific inhibitors on inflammatory 

cytokine production. 500,000 cells were seeded on 6-well plates 24 hours prior to 

treatment with 1-CA or 1-PA in a volume of 2 mL. 90 min following pre-incubation with 

inhibitor, cells were stimulated with 1 µg/mL lipopolysaccharides (LPS) (Sigma Aldrich). 

Non-LPS treated cells were used as a negative control and DMSO was used as a vehicle 

control. Cells were incubated for 16 h and IL-6 and TNF- content in conditioned 

supernatant was quantified using Human-IL-6 DuoSet ELISA or Human-TNF- DuoSet 

ELISA (both R&D Systems) according to the manufacturer’s instructions. Measurements 

were done in duplicates and three biological replicates were assessed. Data evaluation 

was done using a four parameter fit. Cell viability at the end of LPS-stimulation was 

determined by adding 10 µL of AlamarBlue to 100 µL of THP-1 cell suspension. The 
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measurements were done in quadruplets and carried out as described above. 

Proteasome inhibition was tested by the Proteasome-GloTM chymotrypsin-like cell-based 

assay and samples were measured in triplicates prior to the addition of LPS at the end of 

stimulation for 14 h. 

3.1.6 Supplementary chemical synthesis 

General remarks 

All chemicals and reagents were purchased in quality reagent grade or higher from 

commercial sources (Johnson Matthey Plc. (Alfa Aesar), Sigma-Aldrich Co. LLC, Merck 

KGaA, Iris Biotech GmbH, Protein Technologies Inc., Enamine Ltd, Santa Cruz 

Biotechnology Inc., Bachem Inc., AnaSpec (EGT group)) and used as received. 

Anhydrous solvents were purchased from Merck KGaA. Analytical thin-layer 

chromatography (TLC) was carried out on Merck silica gel 60 F254 plates and compounds 

were visualized by UV light absorption (λ = 254 nm) or common TLC stains (ninhydrin; 

KMnO4). Flash column chromatography was performed on a Reveleris® X1 Flash 

Chromatography System (W. R. Grace & Co.) using pre-packed GraceResolv™ silica 

cartridges 4-80 g (W. R. Grace & Co.). 1H- and 13C-NMR spectra were recorded on Bruker 

Avance III AVHD-300 (300 MHz), Bruker Avance I (360 MHz), Bruker AVHD-500 

(500 MHz), or Bruker AV-500c NMR spectrometers and referenced to the residual proton 

or carbon signal of the deuterated solvent.[10] Chemical shifts are reported in parts per 

million (ppm) and coupling constants (J) are given in Hertz (Hz). High resolution mass 

spectra (HR-ESI-MS and RP-HPLC-HR-ESI-MS) were recorded with a Dionex UltiMate 

3000 HPLC system eluting on a Waters XBridge C18 column (3.5 µm, 4.6 x 100 mm; 

flow = 1.1 mL/min; column temperature = 30 °C), coupled with a Thermo Scientific LTQ-

FT Ultra mass spectrometer and an ESI source. The applied buffers consisted of a 

gradient mixture of 0.1% (v/v) formic acid in H2O (buffer A) and 0.1% (v/v) formic acid in 

ACN:H2O 90:10 (v/v) (buffer B). ESI-MS and RP-HPLC-ESI-MS spectra were recorded 

with a Dionex UltiMate 3000 HPLC system coupled with a Thermo LCQ fleet. Reversed-

phase HPLC purification was done using a system consisting of a Waters 1525 binary 

HPLC pump, X-Bridge™ Prep C18 column (5 μm, 10 x 250 mm), Waters 2998 PDA 

detector and Waters Fraction Collector III (Waters Corp.). H2O with 0.1% TFA (v/v) (buffer 

A) and ACN with 0.1% TFA (v/v) (buffer B) were used as buffers. Lyophilization was 

performed on a Christ Alpha 2-4 LD plus. 
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General procedure for the synthesis of peptidic backbones 

Peptidic backbones were prepared via solid-phase peptide synthesis (SPPS) using Fmoc-

protected amino acids and a PS3 Peptide Synthesizer (Protein Technologies, Inc.). 

Preloaded L-Tyr(OMe)-2-Chlorotrityl-Cl resin (0.63 mmol/g loading) and  L-Phe-2-

Chlorotrityl-Cl resin (0.74 mmol/g loading) were used in a 0.2 mmol scale and Fmoc-

protected amino acids (0.4 mmol, 2 eq.) were deprotected with 20% (v/v) piperidine in 

DMF. Activation of amino acids (0.4 mmol, 2 eq.) for coupling was performed using HCTU 

(0.4 mmol, 2 eq.) and 0.4 M DIPEA in DMF. Cleavage from the resin was performed with 

20% 1,1,1,3,3,3-hexafluoro-2-propanol (v/v) in CH2Cl2 following evaporation. The residual 

solid was dissolved in H2O and lyophilized to yield the peptidic backbone quantitatively as 

white powdery free acid. 

 

MorphAc-Dap(Boc)-Leu-Phe-OH (1-a) 
1H NMR (300 MHz, DMSO-d6): δ = 8.16 (d, J = 7.7 Hz, 

1H), 8.02 (d, J = 8.2 Hz, 1H), 7.88 (d, J = 7.9 Hz, 1H), 

7.33 – 7.17 (m, 5H), 6.69 (t, J = 6.1 Hz, 1H), 4.47 – 4.25 

(m, 3H), 3.61 (t, J = 4.6 Hz, 4H), 3.21 – 2.86 (m, 6H), 

2.48 – 2.37 (m, 4H), 1.63 – 1.49 (m, 1H), 1.48 – 1.39 

(m, 2H), 1.36 (s, 9H), 0.84 (dd, J = 13.7, 6.4 Hz, 6H) ppm. 13C NMR (75 MHz, DMSO-d6): 

δ = 173.1, 172.4, 169.9, 169.6, 156.5, 137.9, 129.5, 128.6, 126.8, 78.5, 66.6, 61.9, 53.9, 

53.7, 53.3, 51.4, 42.4, 36.9, 28.6, 24.5, 23.5, 22.0 ppm. MS (ESI): m/z: calcd. for 

C29H46N5O8 [M+H+] 592.33; found 592.23. 

 

MorphAc-Dap(Boc)-Ala-Tyr(OMe)-OH (2-CA-a) 
1H NMR (300 MHz, DMSO-d6): δ = 8.09 (d, J = 7.3 

Hz, 2H), 7.90 (d, J = 7.8 Hz, 1H), 7.15 (d, J = 8.4 

Hz, 2H), 6.82 (d, J = 8.4 Hz, 2H), 6.73 (t, J = 6.1 Hz, 

1H), 4.43 – 4.24 (m, 2H), 3.72 (s, 3H), 3.61 (t, 

J = 4.7 Hz, 3H), 3.47 – 3.14 (m, 3H), 3.04 – 2.79 (m, 

4H), 2.44 (q, J = 5.0 Hz, 3H), 1.36 (s, 9H), 1.18 (d, J = 7.0 Hz, 3H) ppm. 13C NMR (75 

MHz, DMSO-d6): δ = 173.2, 172.6, 169.6, 169.6, 158.4, 156.5, 130.6, 129.7, 114.0, 78.5, 

66.6, 61.9, 55.4, 54.4, 53.7, 53.2, 48.5, 42.4, 36.1, 28.6, 18.4 ppm. MS (ESI): m/z: calcd. 

for C27H42N5O9 [M+H+] 580.30; found 580.07. 
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MorphAc-Dap(Boc)-Leu-Tyr(OMe)-OH (3-CA-a) 
1H NMR (300 MHz, DMSO-d6): δ = 8.05 (dd, 

J = 13.1, 7.9 Hz, 2H), 7.88 (d, J = 7.8 Hz, 1H), 7.13 

(d, J = 8.5 Hz, 2H), 6.82 (d, J = 8.5 Hz, 2H), 6.69 (t, 

J = 6.0 Hz, 1H), 4.42 – 4.25 (m, 2H), 3.72 (s, 3H), 

3.61 (t, J = 4.6 Hz, 4H), 3.48 – 3.12 (m, 3H), 

3.05 - 2.81 (m, 4H), 2.49 – 2.35 (m, 4H), 1.64 – 1.51 

(m, 1H), 1.51 – 1.40 (m, 2H), 1.36 (s, 9H), 0.84 (dd, J = 13.9, 6.4 Hz, 6H) ppm. 13C NMR 

(75 MHz, DMSO-d6): δ = 173.2, 172.3, 169.9, 169.6, 158.4, 156.5, 130.6, 129.7, 114.0, 

78.5, 66.6, 61.9, 55.4, 54.2, 53.7, 53.3, 51.4, 42.4, 36.1, 28.6, 24.5, 23.5, 22.0 ppm. MS 

(ESI): m/z: calcd. for C30H48N5O9 [M+H+] 622.34; found 622.12. 
 

MorphAc-Dap(Boc)-Asn(Trt)-Phe-OH (4-CA-a) 
1H NMR (300 MHz, DMSO-d6): δ = 8.62 (s, 1H), 8.39 (d, 

J = 8.2 Hz, 1H), 8.06 (d, J = 7.5 Hz, 1H), 7.86 (d, 

J = 7.7 Hz, 1H), 7.33 – 7.12 (m, 20H), 6.71 (t, J = 6.1 Hz, 

1H), 5.28 – 5.05 (m, 1H), 4.47 – 4.34 (m, 1H), 3.57 (t, 

J = 4.5 Hz, 4H), 3.48 – 3.31 (m, 2H), 3.30 – 3.19 (m, 1H), 

3.12 – 2.89 (m, 4H), 2.77 – 2.65 (m, 2H), 2.47 – 2.35 (m, 

4H), 1.37 (s, 9H) ppm. 13C NMR (75 MHz, DMSO-d6): δ = 173.0, 171.5, 169.8, 169.5, 

169.4, 156.5, 145.2, 137.9, 129.6, 129.0, 128.7, 127.9, 126.9, 126.8, 78.5, 69.8, 66.6, 

61.8, 54.4, 53.7, 53.1, 50.3, 38.6, 36.9, 36.2, 28.6 ppm. MS (ESI): m/z: calcd. for 

C46H55N6O9 [M+H+] 835.40; found 835.19. 
 

MorphAc-Dab(Boc)-Leu-Phe-OH (Dab-CA-a) 
1H NMR (300 MHz, DMSO-d6): δ = 8.19 (d, J = 7.7 Hz, 

1H), 8.05 (d, J = 8.3 Hz, 1H), 7.79 (d, J = 8.3 Hz, 1H), 

7.32 – 7.14 (m, 5H), 6.72 (t, J = 5.6 Hz, 1H), 4.48 – 4.24 

(m, 3H), 3.60 (t, J = 4.6 Hz, 4H), 3.10 – 3.00 (m, 1H), 

2.99 – 2.80 (m, 5H), 2.48 – 2.37 (m, 4H), 1.77 – 1.65 (m, 

1H), 1.64 – 1.49 (m, 2H), 1.38 (s, 11H), 0.84 (dd, 

J = 15.3, 6.5 Hz, 6H) ppm. 13C NMR (75 MHz, DMSO-

d6): δ = 173.2, 172.2, 171.2, 169.3, 156.0, 138.0, 129.5, 128.6, 126.8, 78.1, 66.6, 65.4, 

53.8, 53.6, 51.2, 50.2, 41.4, 37.0, 33.5, 28.7, 24.5, 23.5, 22.1 ppm. MS (ESI): m/z: calcd. 

for C30H48N5O8 [M+H+] 606.35; found 605.80. 
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General synthesis of C-terminal capped peptides 

MorphAc-Dap-Leu-Phe-4-methylbenzyl-

amine  TFA (1) 

HATU (84 mg, 0.22 mmol, 1.1 eq.) was 

added to a solution of peptidic backbone 

1-a (118 mg, 0.2 mmol, 1 eq.) in CH2Cl2 

(1.2 mL) at 0 °C. The reaction mixture was 

stirred for 20 min before adding 

4-methylbenzylamine (27.9 µL, 0.22 mmol, 1.1 eq.). Afterwards, the reaction mixture was 

stirred for 10 min at 0 °C and DIPEA (77 µL, 0.44 mmol, 2.2 eq.) was added dropwise. 

The reaction was then allowed to reach RT and was stirred overnight. After evaporation of 

the solvent, the residue was cooled to 0 °C and TFA (0.5 mL, 6.49 mmol) was added 

dropwise. The mixture was allowed to reach RT and was stirred for 30 min. Purification by 

RP-HPLC (tR = 21 min, linear gradient 20 → 90% ACN/H2O + 0.1% TFA in 80 min) and 

subsequent lyophilization yielded 1 (60.2 mg, 0.087 mmol, 44%) as a white powder. 
1H NMR (500 MHz, DMSO-d6): δ = 10.37 (br s, 1H), 9.01 (br s, 1H), 8.47 (t, J = 5.9 Hz, 

1H), 8.35 – 8.26 (m, 2H), 8.05 (s, 3H), 7.29 – 7.18 (m, 5H), 7.08 (d, J = 7.8 Hz, 2H), 7.00 

(d, J = 7.9 Hz, 2H), 4.66 – 4.59 (m, 1H), 4.56 – 4.49 (m, 1H), 4.29 (q, J = 7.7 Hz, 1H), 

4.25 - 4.14 (m, 2H), 3.79 (br s, 10H), 3.19 – 3.14 (m, 1H), 2.98 (dd, J = 13.7, 6.0 Hz, 2H), 

2.84 (dd, J = 13.7, 8.6 Hz, 1H), 2.27 (s, 3H), 1.60 – 1.47 (m, 1H), 1.41 (t, J = 7.3 Hz, 2H), 

0.84 (dd, J = 16.6, 6.5 Hz, 6H) ppm. 13C NMR (126 MHz, DMSO-d6): δ = 172.1, 171.0, 

158.8, 158.5, 138.0, 136.4, 136.2, 129.6, 129.2, 128.6, 127.5, 126.8, 63.6, 54.5, 52.5, 

51.9, 50.8, 42.2, 41.0, 40.8, 38.1, 24.6, 23.5, 21.9, 21.1 ppm. MS (ESI): m/z: calcd. for 

C32H47N6O5 [M+H+] 595.36; found 595.32. 

 

MorphAc-Dap-Ala-Tyr(OMe)-4-methyl-

benzylamine  TFA (2-CA-b) 

Purification by RP-HPLC (tR = 14 min, 

linear gradient 20 → 90% 

ACN/H2O + 0.1% TFA in 80 min) and 

lyophilization yielded 2-CA-b (75.3 mg, 

0.111 mmol, 55%) as a white powder. 
1H NMR (300 MHz, DMSO-d6): δ = 8.95 (br s, 1H), 8.44 (t, J = 5.9 Hz, 1H), 8.37 (d, 

J = 7.1 Hz, 1H), 8.20 (d, J = 8.1 Hz, 1H), 8.16 – 8.02 (m, 3H), 7.18 – 7.05 (m, 4H), 7.00 (d, 

J = 8.1 Hz, 2H), 6.81 (d, J = 8.7 Hz, 2H), 4.72 – 4.58 (m, 1H), 4.52 – 4.40 (m, 1H), 

4.32 - 4.15 (m, 3H), 3.82 (s, 6H), 3.72 (s, 3H), 3.31 – 3.02 (m, 6H), 2.87 – 2.72 (m, 2H), 
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2.27 (s, 3H), 1.21 (d, J = 7.1 Hz, 3H) ppm. 13C NMR (75 MHz, DMSO-d6): δ = 172.4, 

171.1, 168.0, 161.4, 159.0, 158.3, 136.4, 136.2, 130.7, 129.2, 127.5, 114.0, 64.0, 55.4, 

55.0, 52.6, 50.8, 49.1, 42.2, 37.4, 21.1, 18.4 ppm. MS (ESI): m/z: calcd. for C30H43N6O6 

[M+H+] 583.32; found 583.26. 

 

MorphAc-Dap-Leu-Tyr(OMe)-4-

methylbenzylamine  TFA (3-CA-b) 

Purification by RP-HPLC (tR = 26 min, 

linear gradient 20 → 90% 

ACN/H2O + 0.1% TFA in 80 min) and 

lyophilization yielded 3-CA-b (73 mg, 

0.101 mmol, 51%) as a white powder. 
1H NMR (300 MHz, DMSO-d6): δ = 8.96 (br s, 1H), 8.42 (t, J = 6.1 Hz, 1H), 8.33 (d, 

J = 7.8 Hz, 1H), 8.20 (d, J = 8.2 Hz, 1H), 8.12 (br s, 2H), 7.17 – 7.05 (m, 4H), 7.00 (d, 

J = 8.1 Hz, 2H), 6.81 (d, J = 8.7 Hz, 2H), 4.70 – 4.58 (m, 1H), 4.53 – 4.42 (m, 1H), 

4.35 - 4.10 (m, 3H), 3.92 – 3.75 (m, 6H), 3.72 (s, 3H), 3.27 – 3.00 (m, 6H), 2.92 (dd, 

J = 13.7, 6.2 Hz, 1H), 2.78 (dd, J = 13.6, 8.1 Hz, 1H), 2.27 (s, 3H), 1.62 – 1.47 (m, 1H), 

1.47 – 1.38 (m, 2H), 0.84 (dd, J = 10.1, 6.4 Hz, 6H) ppm. 13C NMR (75 MHz, DMSO-d6): 

δ = 172.1, 171.1, 168.3, 159.1, 158.3, 136.4, 136.2, 130.7, 129.8, 129.2, 127.5, 114.0, 

64.0, 55.4, 54.8, 52.6, 52.1, 50.9, 42.2, 37.3, 24.6, 23.5, 21.9, 21.1 ppm. MS (ESI): m/z: 

calcd. for C33H49N6O6 [M+H+] 625.37; found 625.25. 

 

MorphAc-Dap-Asn-Phe-4-methylbenzyl-

amine  TFA (4-CA-b) 

Purification by RP-HPLC (tR = 16 min, 

linear gradient 20 → 90% 

ACN/H2O + 0.1% TFA in 80 min) and 

lyophilization yielded 4-CA-b (57.5 mg, 

0.087 mmol, 58%) as a white powder. 
1H NMR (300 MHz, DMSO-d6): δ = 8.96 (br s, 1H), 8.49 (t, J = 6.0 Hz, 1H), 8.42 (d, 

J = 7.6 Hz, 1H), 8.21 (d, J = 8.0 Hz, 1H), 8.12 (s, 1H), 7.47 (s, 1H), 7.33 – 7.18 (m, 5H), 

7.14 – 6.98 (m, 4H), 4.58 – 4.40 (m, 1H), 4.30 (d, J = 5.6 Hz, 1H), 4.25 – 4.17 (m, 1H), 

3.96 – 3.72 (m, 4H), 3.71 – 3.48 (m, 2H), 3.29 – 3.10 (m, 4H), 3.06 (dd, J = 13.9, 5.1 Hz, 

2H), 2.58 (dd, J = 15.7, 5.9 Hz, 1H), 2.48 – 2.39 (m, 1H), 2.29 (s, 3H) ppm. 13C NMR (75 

MHz, DMSO-d6): δ = 172.0, 171.0, 170.9, 168.1, 159.0, 158.6, 138.2, 136.5, 136.2, 129.7, 
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129.6, 129.2, 128.6, 127.6, 126.8, 64.0, 54.9, 52.6, 50.9, 50.4, 48.0, 42.4, 37.8, 37.2, 

21.1 ppm. MS (ESI): m/z: calcd. for C30H42N7O6 [M+H+] 596.32; found 596.25. 

 

MorphAc-Dab-Leu-Phe-4-methylbenzyl-

amine  TFA (Dab-CA-b) 

Purification by RP-HPLC (tR = 21 min, 

linear gradient 20 → 90% 

ACN/H2O + 0.1% TFA in 80 min) and 

lyophilization yielded Dab-CA-b (64.4 mg, 

0.091 mmol, 45%) as a white powder. 
1H NMR (500 MHz, DMSO-d6): δ = 10.33 (br s, 1H), 8.92 (br s, 1H), 8.44 (t, J = 5.9 Hz, 

1H), 8.21 (d, J = 8.0 Hz, 2H), 7.95 – 7.80 (m, 3H), 7.29 – 7.20 (m, 5H), 7.08 (d, J = 7.8 Hz, 

2H), 6.99 (d, J = 8.0 Hz, 2H), 4.56 – 4.47 (m, 1H), 4.43 (q, J = 7.1 Hz, 1H), 4.31 – 4.24 (m, 

1H), 4.23 – 4.12 (m, 2H), 3.96 – 3.71 (m, 6H), 3.46 – 3.08 (m, 4H), 2.97 (dd, J = 13.7, 6.2 

Hz, 1H), 2.91 – 2.80 (m, 3H), 2.27 (s, 3H), 2.00 – 1.79 (m, 2H), 1.62 – 1.50 (m, 1H), 1.40 

(t, J = 7.3 Hz, 2H), 0.84 (dd, J = 24.0, 6.5 Hz, 6H) ppm. 13C NMR (126 MHz, DMSO-d6): 

δ = 172.1, 171.1, 170.1, 158.7, 158.5, 138.0, 136.4, 136.2, 129.7, 129.2, 128.6, 127.5, 

126.8, 63.6, 54.5, 52.3, 51.6, 50.7, 42.2, 41.2, 38.1, 36.2, 30.5, 24.6, 23.6, 21.8, 21.1 

ppm. MS (ESI): m/z: calcd. for C32H47N6O5 [M+H+] 595.36; found 595.32. 

 

Synthesis of C-terminal capped peptide inhibitors for electrophile screening 

MorphAc-Dap(N--2-chloroacetyl)-Leu-

Phe-4-methylbenzylamine  TFA (1-CA) 

N-(chloroacetoxy)succinimide (24.9 mg, 

0.130 mmol) was added to a solution of 

capped peptidic backbone 1 (30 mg, 

0.043 mmol) in CH2Cl2 (0.3 mL) at 0 °C. 

After addition of DIPEA (15.2 µL, 0.087 

mmol) the reaction mixture was stirred for 

15 min at 0 °C, then allowed to reach RT and was stirred for 30 min. After evaporation of 

the solvent, the residue was purified by RP-HPLC (tR = 25 min, linear gradient 20 → 100% 

ACN/H2O + 0.1% TFA in 80 min). Subsequent lyophilization yielded 1-CA (28.7 mg, 0.037 

mmol, 86%) as a white powder. 1H NMR (500 MHz, DMSO-d6): δ = 10.22 (br s, 1H), 8.80 

(br s, 1H), 8.47 (t, J = 5.9 Hz, 1H), 8.28 (d, J = 7.7 Hz, 1H), 8.19 (t, J = 6.0 Hz, 1H), 8.11 

(d, J = 8.2 Hz, 1H), 7.32 – 7.15 (m, 5H), 7.08 (d, J = 7.8 Hz, 2H), 7.01 (d, J = 7.8 Hz, 2H), 

4.64 – 4.52 (m, 1H), 4.48 (q, J = 6.7 Hz, 1H), 4.33 – 4.22 (m, 1H), 4.20 (t, J = 5.5 Hz, 2H), 
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4.06 (d, J = 6.9 Hz, 2H), 3.76 (s, 6H), 3.16 (s, 6H), 3.00 (dd, J = 13.7, 6.0 Hz, 1H), 2.86 

(dd, J = 13.7, 8.4 Hz, 1H), 2.27 (s, 3H), 1.59 – 1.47 (m, 1H), 1.46 – 1.33 (m, 2H), 0.83 (dd, 

J = 22.4, 6.5 Hz, 6H) ppm. 13C NMR (126 MHz, DMSO-d6): δ = 172.3, 171.1, 169.4, 166.9, 

158.4, 158.1, 138.0, 136.4, 136.2, 129.6, 129.2, 128.5, 127.5, 126.8, 54.4, 52.7, 52.3, 

52.0, 43.1, 42.3, 41.1, 40.9, 38.1, 24.6, 23.5, 21.8, 21.1 ppm. HRMS (ESI): m/z: calcd. for 

C34H48ClN6O6 [M+H+] 671.3318; found 671.3328. 

 

MorphAc-Dap(N--fluoroacetyl)-Leu-

Phe-4-methylbenzylamine  TFA (1-FA) 

2-Fluoroacetyl chloride (7.5 µL, 0.087 

mmol) was added to a solution of capped 

peptidic backbone 1 (20 mg, 0.029 mmol) 

in CH2Cl2 (0.25 mL) at 0 °C. After addition 

of DIPEA (10.1 µL, 0.058 mmol) the 

reaction mixture was stirred for 15 min at 

0 °C, then allowed to reach RT and was stirred for 30 min. After evaporation of the 

solvent, the residue was purified by RP-HPLC (tR = 23 min, linear gradient 20 → 100% 

ACN/H2O + 0.1% TFA in 80 min). Subsequent lyophilization yielded 1-FA (15.3 mg, 0.020 

mmol, 70%) as a white powder. 1H NMR (300 MHz, DMSO-d6): δ = 10.23 (br s, 1H), 8.72 

(s, 1H), 8.41 (t, J = 6.0 Hz, 1H), 8.25 (d, J = 7.7 Hz, 1H), 8.15 – 8.00 (m, 2H), 7.29 – 7.18 

(m, 5H), 7.08 (d, J = 8.1 Hz, 2H), 7.01 (d, J = 8.1 Hz, 2H), 4.79 (d, J = 46.9 Hz, 2H), 

4.59 - 4.46 (m, 2H), 4.30 – 4.18 (m, 3H), 3.82 (s, 6H), 3.50 – 3.13 (m, 6H), 3.00 (dd, 

J = 13.7, 6.1 Hz, 1H), 2.87 (dd, J = 13.7, 8.4 Hz, 1H), 2.27 (s, 3H), 1.62 – 1.48 (m, 1H), 

1.43 – 1.34 (m, 2H), 0.83 (dd, J = 13.3, 6.5 Hz, 6H) ppm. 13C NMR (75 MHz, DMSO-d6): 

δ = 172.2, 171.1, 169.4, 158.5, 158.1, 138.0, 136.4, 136.2, 129.6, 129.2, 128.5, 127.5, 

126.7, 110.0, 81.6, 54.4, 52.9, 52.4, 52.1, 42.3, 38.1, 24.6, 23.5, 21.9, 21.1 ppm. HRMS 

(ESI): m/z: calcd. for C34H48FN6O6 [M+H+] 655.3614; found 655.3617. 

 

MorphAc-Dap(N--acryl)-Leu-Phe-4-

methylbenzylamine  TFA (1-AA) 

Acryloyl chloride (8.1 µL, 0.095 mmol) was 

added to a solution of capped peptidic 

backbone 1 (30 mg, 0.043 mmol) in 

CH2Cl2 (0.3 mL) at 0 °C. After addition of 

DIPEA (16.7 µL, 0.095 mmol) the reaction 

mixture was stirred for 15 min at 0 °C, 
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then allowed to reach RT and was stirred for 30 min. After evaporation of the solvent, the 

residue was purified by RP-HPLC (tR = 23 min, linear gradient 20 → 100% 

ACN/H2O + 0.1% TFA in 80 min). Subsequent lyophilization yielded 1-AA (16.8 mg, 

0.023 mmol, 52%) as a white powder. 1H NMR (500 MHz, DMSO-d6): δ = 10.22 (s, 1H), 

8.80 (s, 1H), 8.47 (t, J = 5.9 Hz, 1H), 8.31 (d, J = 7.7 Hz, 1H), 8.21 – 8.08 (m, 2H), 

7.29 - 7.16 (m, 5H), 7.08 (d, J = 7.9 Hz, 2H), 7.01 (d, J = 8.1 Hz, 2H), 6.23 (dd, J = 17.1, 

10.1 Hz, 1H), 6.10 (dd, J = 17.1, 2.2 Hz, 1H), 5.59 (dd, J = 10.1, 2.2 Hz, 1H), 4.62 – 4.52 

(m, 1H), 4.47 (q, J = 6.7 Hz, 1H), 4.30 – 4.15 (m, 3H), 4.01 – 3.71 (m, 6H), 3.49 – 3.39 (m, 

2H), 3.27 (d, J = 114.4 Hz, 4H), 3.00 (dd, J = 13.7, 5.9 Hz, 1H), 2.87 (dd, J = 13.7, 8.6 Hz, 

1H), 2.26 (s, 3H), 1.58 – 1.48 (m, 1H), 1.44 – 1.34 (m, 2H), 0.82 (dd, J = 22.3, 6.6 Hz, 

6H) ppm. 13C NMR (126 MHz, DMSO-d6): δ = 172.4, 171.1, 169.6, 165.6, 158.4, 158.2, 

138.0, 136.4, 136.2, 132.0, 129.6, 129.2, 128.5, 127.5, 126.8, 126.1, 63.7, 54.4, 53.2, 

52.3, 52.0, 42.2, 40.9, 38.1, 24.5, 23.5, 21.8, 21.1 ppm. HRMS (ESI): m/z: calcd. for 

C35H49N6O6 [M+H+] 649.3708; found 649.3717. 

 

MorphAc-Dap(N--propionyl)-Leu-Phe-

4-methylbenzylamine  TFA (1-PA) 

Propionyl chloride (7.7 µL, 0.088 mmol) 

was added to a solution of capped peptidic 

backbone 1 (15.3 mg, 0.022 mmol) in 

CH2Cl2 (0.1 mL) at 0 °C. After addition of 

DIPEA (11.6 µL, 0.066 mmol) the reaction 

mixture was stirred for 15 min at 0 °C, 

then allowed to reach RT and was stirred for 30 min. After evaporation of the solvent, the 

residue was purified by RP-HPLC (tR = 25 min, linear gradient 20 → 100% 

ACN/H2O + 0.1% TFA in 80 min). Subsequent lyophilization yielded 1-PA (8.5 mg, 

0.011 mmol, 51%) as a white powder. 1H NMR (500 MHz, DMSO-d6): δ = 10.23 (br s, 1H), 

8.73 (br s, 1H), 8.46 (t, J = 5.9 Hz, 1H), 8.26 (d, J = 7.6 Hz, 1H), 8.09 (d, J = 8.2 Hz, 1H), 

7.79 (t, J = 6.0 Hz, 1H), 7.27 – 7.18 (m, 5H), 7.08 (d, J = 7.9 Hz, 2H), 7.01 (d, J = 7.8 Hz, 

2H), 4.59 – 4.51 (m, 1H), 4.42 (q, J = 6.7 Hz, 1H), 4.28 – 4.15 (m, 3H), 4.02 – 3.65 (m, 

6H), 3.41 – 3.12 (m, 6H), 3.00 (dd, J = 13.7, 5.9 Hz, 1H), 2.87 (dd, J = 13.7, 8.6 Hz, 1H), 

2.27 (s, 3H), 2.12 – 2.02 (m, 2H), 1.59 – 1.48 (m, 1H), 1.44 – 1.32 (m, 2H), 0.97 (t, J = 7.6 

Hz, 3H), 0.82 (dd, J = 23.1, 6.6 Hz, 6H)  ppm. 13C NMR (126 MHz, DMSO-d6): δ = 174.1, 

172.3, 171.1, 169.7, 158.5, 158.2, 138.0, 136.4, 136.2, 129.6, 129.2, 128.5, 127.5, 126.8, 

63.6, 54.4, 53.2, 52.3, 52.0, 42.2, 40.9, 40.7, 38.1, 28.8, 24.6, 23.5, 23.3, 21.8, 21.1, 

10.2 ppm. HRMS (ESI): m/z: calcd. for C35H51N6O6 [M+H+] 651.3865; found 651.3876. 
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MorphAc-Dap(N--vinylsulfonyl)-Leu-

Phe-4-methylbenzylamine  TFA (1-VS) 

Ethenesulfonyl chloride (13.8 µL, 0.151 

mmol) was added to a solution of capped 

peptidic backbone 1 (30 mg, 0.050 mmol) 

in CH2Cl2 (0.4 mL) at 0 °C. After addition 

of DIPEA (17.6 µL, 0.101 mmol) the 

reaction mixture was stirred for 15 min at 

0 °C, then allowed to reach RT and was stirred for 30 min. After evaporation of the 

solvent, the residue was purified by RP-HPLC (tR = 30 min, linear gradient 20 → 90% 

ACN/H2O + 0.1% TFA in 80 min). Subsequent lyophilization yielded 1-VS (5.3 mg, 

6.78 µmol, 16%) as a white powder. 1H NMR (500 MHz, DMSO-d6): δ = 10.24 (br s, 1H), 

8.82 (d, J = 38.3 Hz, 1H), 8.46 (t, J = 5.9 Hz, 1H), 8.29 (d, J = 7.8 Hz, 0H), 8.09 (d, 

J = 8.2 Hz, 1H), 7.25 – 7.18 (m, 5H), 7.08 (d, J = 7.9 Hz, 2H), 7.01 (d, J = 7.9 Hz, 2H), 

6.69 (dd, J = 16.5, 9.9 Hz, 1H), 6.02 (d, J = 16.6 Hz, 1H), 5.94 (d, J = 10.0 Hz, 1H), 

4.59 - 4.44 (m, 2H), 4.30 – 4.16 (m, 3H), 4.09 – 3.68 (m, 6H), 3.35 – 3.03 (m, 6H), 2.98 

(dd, J = 13.7, 5.9 Hz, 1H), 2.92 – 2.82 (m, 1H), 1.57 – 1.45 (m, 1H), 1.41 – 1.33 (m, 2H), 

0.83 (dd, J = 21.0, 6.7 Hz, 6H) ppm. 13C NMR (126 MHz, DMSO-d6): δ = 172.0, 171.1, 

137.0, 136.5, 136.4, 136.2, 129.6, 129.2, 128.5, 127.5, 126.8, 126.2, 63.5, 54.4, 52.4, 

51.8, 44.3, 42.2, 41.0, 38.1, 24.5, 23.5, 22.0, 21.1 ppm. HRMS (ESI): m/z: calcd. for 

C34H49N6O7S [M+H+] 685.3378; found 685.3382. 

 

MorphAc-Dap(N--ethanesulfonyl)-Leu-

Phe-4-methylbenzylamine  TFA (1-EA) 

Ethanesulfonyl chloride (12.3 µL, 

0.043 mmol) was added to a solution of 

capped peptidic backbone 1 (30 mg, 

0.043 mmol) in CH2Cl2 (0.3 mL) at 0 °C. 

After addition of DIPEA (15.2 µL, 0.066 

mmol) the reaction mixture was stirred for 

15 min at 0 °C, then allowed to reach RT and was stirred overnight. After evaporation of 

the solvent, the residue was purified by RP-HPLC (tR = 32 min, linear gradient 20 → 90% 

ACN/H2O + 0.1% TFA in 80 min). Subsequent lyophilization yielded 1-EA (19.2 mg, 0.024 

mmol, 57%) as a white powder. 1H NMR (500 MHz, DMSO-d6): δ = 10.26 (br s, 1H), 8.76 

(br s, 1H), 8.48 (t, J = 5.9 Hz, 1H), 8.34 (d, J = 7.9 Hz, 1H), 8.09 (d, J = 8.2 Hz, 1H), 

7.29 - 7.17 (m, 5H), 7.08 (d, J = 7.8 Hz, 2H), 7.01 (d, J = 7.8 Hz, 2H), 4.61 – 4.43 (m, 2H), 
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4.34 - 4.13 (m, 3H), 4.06 – 3.77 (m, 6H), 3.46 – 3.10 (m, 6H), 3.04 – 2.93 (m, 3H), 2.85 

(dd, J = 13.7, 8.6 Hz, 1H), 2.27 (s, 3H), 1.59 – 1.46 (m, 1H), 1.45 – 1.32 (m, 2H), 1.13 (t, 

J = 7.3 Hz, 3H), 0.83 (dd, J = 21.5, 6.6 Hz, 6H) ppm. 13C NMR (126 MHz, DMSO-d6): 

δ = 172.0, 171.2, 169.0, 158.5, 158.3, 138.0, 136.4, 136.2, 129.6, 129.2, 128.5, 127.5, 

126.8, 63.6, 54.4, 53.4, 52.3, 51.9, 46.3, 44.4, 42.2, 41.1, 38.1, 24.5, 23.5, 22.0, 21.1, 

8.5 ppm. HRMS (ESI): m/z: calcd. for C34H51N6O7S [M+H+] 687.3534; found 687.3532. 

 

MorphAc-Dap(N--oxirane-2-carbonyl)-

Leu-Phe-4-methylbenzylamine  TFA (1-

EO) 

HATU (22 mg, 0.058 mmol) was added to 

a suspension of potassium oxirane-

2-carboxylate (7.3 mg, 0.058 mmol) in 

CH2Cl2 (0.4 mL) at 0 °C. The reaction 

mixture was stirred for 10 min before 

adding capped peptidic backbone 1 (40 mg, 0.058 mmol). Afterwards, the reaction mixture 

was stirred for 10 min at 0 °C and DIPEA (22.2 µL, 0.127 mmol) was added dropwise. The 

reaction was then allowed to reach RT and was stirred overnight. After evaporation of the 

solvent, the residue was purified by RP-HPLC (tR = 31 min, linear gradient 20 → 100% 

ACN/H2O + 0.1% TFA in 80 min) and subsequent lyophilization yielded 1-EO (8.7 mg, 

0.011 mmol, 20%) as a white powder. 1H NMR (500 MHz, DMSO-d6): δ = 10.22 (br s, 1H), 

8.76 (br s, 1H), 8.48 – 8.40 (m, 1H), 8.27 (t, J = 8.0 Hz, 1H), 8.11 (dd, J = 8.3, 3.9 Hz, 1H), 

8.03 – 7.96 (m, 1H), 7.29 – 7.17 (m, 5H), 7.08 (d, J = 7.8 Hz, 2H), 7.00 (d, J = 7.8 Hz, 2H), 

4.62 – 4.51 (m, 1H), 4.47 (q, J = 6.6 Hz, 1H), 4.32 – 4.23 (m, 1H), 4.22 – 4.13 (m, 2H), 

4.06 – 3.67 (m, 6H), 3.41 – 3.13 (m, 6H), 3.05 – 2.96 (m, 1H), 2.93 – 2.83 (m, 2H), 

2.81 - 2.75 (m, 1H), 2.26 (s, 3H), 1.60 – 1.49 (m, 1H), 1.44 – 1.34 (m, 2H), 0.83 (dd, 

J = 22.5, 6.5 Hz, 5H) ppm. 13C NMR (126 MHz, DMSO-d6): δ = 172.2, 171.1, 169.4, 168.9, 

158.5, 158.2, 138.0, 136.4, 136.2, 129.6, 129.2, 128.5, 127.5, 126.7, 63.5, 54.4, 52.9, 

52.3, 52.0, 49.0, 49.0, 46.3, 42.2, 41.0, 38.1, 24.5, 23.5, 21.9, 21.1 ppm. HRMS (ESI): 

m/z: calcd. for C35H49N6O7 [M+H+] 665.3657; found 665.3658. 

 

(S)-1-Trityl-aziridine-2-carboxylic acid (1-AZ-a) 

(S)-methyl-1-trityl-aziridine-2-carboxylic acid (1 g, 2.91 mmol) was 

dissolved in THF (4.61 mL), stirred at 0 °C and aqueous NaOH (1M, 

4.66 mL, 4.66 mmol) was added slowly. The mixture was allowed to reach RT and stirred 

overnight. Afterwards, aqueous HCl (1 M) was added until the mixture had pH 5-6 and 
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concentrated in vacuo. The mixture was extracted with CH2Cl2, dried over Na2SO4 and 

filtered. Evaporation of the solvent and purification via flash column chromatography 

(PE → 50% EA/PE, v/v) yielded 1-AZ-a (936 mg, 2.84 mmol, 98%) as a white solid. 
1H NMR (300 MHz, DMSO-d6): δ = 12.65 (br s, 1H), 7.46 – 7.40 (m, 6H), 7.36 – 7.24 (m, 

9H), 2.18 (dd, J = 2.8, 1.5 Hz, 1H), 1.62 (dd, J = 6.2, 2.7 Hz, 1H), 1.26 (dd, J = 6.2, 

1.6 Hz, 1H) ppm. 13C NMR (75 MHz, DMSO-d6): δ = 172.5, 143.9, 129.3, 128.2, 127.4, 

74.2, 31.7, 28.2 ppm. 
 

(S)-2,5-dioxopyrrolidin-1-yl 1-tritylaziridine-2-carboxylate (1-AZ-

b) 

PyBOP (1.48 g, 2.84 mmol) and N-hydroxysuccinimide (297 mg, 2.58 

mmol) were added to a solution of 1-AZ-a (850 mg, 2.58 mmol) in 

CH2Cl2 (14.4 mL) at 0 °C. The reaction mixture was stirred for 10 min before DIPEA 

(721 µL, 4.13 mmol) was added dropwise. The reaction was then allowed to reach RT and 

was stirred overnight. After evaporation of the solvent, the residue was purified by flash 

column chromatography (PE → 50% EA/PE, v/v) yielding 1-AZ-b (714 mg, 1.74 mmol, 

67%) as a white solid. 1H NMR (300 MHz, DMSO-d6): δ = 7.45 – 7.28 (m, 15H), 2.85 (s, 

4H), 2.02 (dd, J = 6.0, 2.6 Hz, 1H), 1.55 (dd, J = 6.0, 1.2 Hz, 1H) ppm. 13C NMR (75 MHz, 

DMSO-d6): δ = 170.5, 167.2, 143.2, 129.3, 128.4, 127.7, 74.6, 30.0, 29.6, 26.0 ppm. 
 

MorphAc-Dap(N--aziridine-2-carbonyl)-

Leu-Phe-4-methylbenzylamine  TFA 

(1-AZ) 

Succinimide ester 1-AZ-b (43.2 mg, 0.101 

mmol) was added to a solution of capped 

peptidic backbone 1 (35 mg, 0.051 mmol) 

in CH2Cl2 (0.4 mL) at 0 °C. After addition 

of DIPEA (17.7 µL, 0.101 mmol) the 

reaction mixture was stirred for 15 min at 0 °C, then allowed to reach RT and was stirred 

for 30 min. After evaporation of the solvent, the residue was treated with TFA (114 µL, 

1.48 mmol) for 30 min and purified by RP-HPLC (tR = 25 min, linear gradient 20 → 90% 

ACN/H2O + 0.1% TFA in 80 min). Subsequent lyophilization yielded 1-AZ (12.4 mg, 

0.016 mmol, 32%) as a white powder. 1H NMR (500 MHz, DMSO-d6): δ = 8.95 (s, 1H), 

8.86 (d, J = 8.0 Hz, 1H), 8.51 (t, J = 6.0 Hz, 1H), 8.36 (d, J = 7.9 Hz, 1H), 8.18 – 8.11 (m, 

1H), 7.27 – 7.19 (m, 5H), 7.09 (d, J = 7.8 Hz, 2H), 7.01 (d, J = 8.0 Hz, 2H), 4.59 – 4.46 (m, 

2H), 4.29 – 4.17 (m, 3H), 3.82 – 3.66 (m, 6H), 3.57 – 3.36 (m, 4H), 3.29 – 3.12 (m, 4H), 
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3.00 (dd, J = 13.7, 5.5 Hz, 1H), 2.87 (dd, J = 13.7, 8.9 Hz, 1H), 2.27 (s, 3H), 1.57 – 1.47 

(m, 1H), 1.42 – 1.35 (m, 2H), 0.83 (dd, J = 21.2, 6.5 Hz, 6H) ppm. 13C NMR (126 MHz, 

DMSO-d6): δ = 172.3, 171.3, 169.1, 158.8, 158.5, 138.0, 136.3, 136.2, 63.6, 54.9, 54.4, 

52.5, 52.3, 52.0, 42.3, 41.0, 38.1, 32.1, 26.1, 24.6, 23.5, 21.9, 21.1 ppm. HRMS (ESI): 

m/z: calcd. for C35H50N7O6 [M+H+] 664.3817; found 664.3822. 
 

MorphAc-Dap(N--cyclopropane-

carbonyl)-Leu-Phe-4-methylbenzyl-

amine  TFA (1-CP) 

HATU (18.14 mg, 0.048 mmol) was added 

to a solution of cyclopropanecarboxylic 

acid (4.11 mg, 0.048 mmol) in CH2Cl2 

(0.3 mL) at 0 °C. The reaction mixture was 

stirred for 20 min before adding capped 

peptidic backbone 1 (30 mg, 0.043 mmol). Afterwards, the reaction mixture was stirred for 

10 min at 0 °C and DIPEA (16.7 µL, 0.095 mmol) was added dropwise. The reaction was 

then allowed to reach RT and was stirred overnight. After evaporation of the solvent, the 

residue was purified by RP-HPLC (tR = 32 min, linear gradient 20 → 100% 

ACN/H2O + 0.1% TFA in 80 min) and subsequent lyophilization yielded 1-CP (10.2 mg, 

0.013 mmol, 31%) as a white powder. 1H NMR (500 MHz, DMSO-d6): δ = 10.24 (br s, 1H), 

8.75 (br s, 1H), 8.45 (q, J = 4.5, 3.1 Hz, 1H), 8.27 (d, J = 7.6 Hz, 1H), 8.17 – 8.04 (m, 2H), 

7.29 – 7.17 (m, 5H), 7.08 (d, J = 7.8 Hz, 2H), 7.00 (d, J = 7.9 Hz, 2H), 4.62 – 4.51 (m, 1H), 

4.43 (q, J = 6.6 Hz, 1H), 4.32 – 4.14 (m, 3H), 4.06 – 3.66 (m, 6H), 3.40 – 3.36 (m, 2H), 

3.35 – 3.04 (m, 4H), 3.00 (dd, J = 13.7, 5.9 Hz, 1H), 2.86 (dd, J = 13.7, 8.6 Hz, 1H), 2.26 

(s, 3H), 1.61 – 1.49 (m, 2H), 1.44 – 1.34 (m, 2H), 0.82 (dd, J = 23.4, 6.6 Hz, 6H), 

0.72 - 0.60 (m, 4H) ppm. 13C NMR (126 MHz, DMSO-d6): δ = 173.8, 172.3, 171.2, 169.6, 

158.4, 158.2, 138.0, 136.4, 136.2, 129.6, 129.2, 128.5, 127.4, 126.8, 63.6, 54.4, 53.4, 

52.3, 52.0, 42.2, 41.0, 40.9, 38.1, 24.5, 23.5, 21.9, 21.1, 14.1, 7.0, 6.9 ppm. HRMS (ESI): 

m/z: calcd. for C36H51N6O6 [M+H+] 663.3865; found 663.3875. 
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Synthesis of C-terminal capped peptide inhibitors for backbone optimization 

MorphAc-Dap(N--2-chloroacetyl)-Ala-

Tyr(OMe)-4-methylbenzylamine  TFA 

(2-CA) 

N-(chloroacetoxy)succinimide (16.9 mg, 

0.088 mmol) was added to a solution of 

capped peptidic backbone 2-CA-b (20 mg, 

0.029 mmol) in CH2Cl2 (0.3 mL) at 0 °C. 

After addition of DIPEA (10.3 µL, 

0.059 mmol) the reaction mixture was stirred for 15 min at 0 °C, then allowed to reach RT 

and was stirred for 30 min. After evaporation of the solvent, the residue was purified by 

RP-HPLC (tR = 24 min, linear gradient 15 → 60% ACN/H2O + 0.1% TFA in 80 min). 

Subsequent lyophilization yielded 2-CA (6.2 mg, 8.2 µmol, 28%) as a white powder. 
1H NMR (500 MHz, DMSO-d6): δ = 10.23 (br s, 1H), 8.80 (br s, 1H), 8.45 (t, J = 6.0 Hz, 

1H), 8.35 (d, J = 7.1 Hz, 1H), 8.21 (t, J = 6.0 Hz, 1H), 8.06 (d, J = 8.1 Hz, 1H), 7.10 (dd, 

J = 18.4, 8.2 Hz, 4H), 7.00 (d, J = 7.8 Hz, 2H), 6.80 (d, J = 8.6 Hz, 2H), 4.53 – 4.43 (m, 

2H), 4.31 – 4.13 (m, 3H), 4.05 (d, J = 5.1 Hz, 2H), 4.02 – 3.73 (m, 5H), 3.72 (s, 3H), 3.16 

(s, 6H), 2.91 (dd, J = 13.7, 6.1 Hz, 1H), 2.80 (dd, J = 13.7, 8.2 Hz, 1H), 2.27 (s, 3H), 1.18 

(d, J = 7.1 Hz, 3H) ppm. 13C NMR (126 MHz, DMSO-d6): δ = 172.5, 171.1, 169.2, 166.9, 

158.3, 136.4, 136.2, 130.7, 129.7, 129.2, 127.5, 113.9, 63.5, 55.4, 54.8, 52.6, 52.4, 49.0, 

43.1, 42.2, 41.1, 37.4, 21.1, 18.4 ppm. HRMS (ESI): m/z: calcd. for C32H44ClN6O7 [M+H+] 

659.2955; found 659.2963. 
 

MorphAc-Dap(N--2-chloroacetyl)-Leu-

Tyr(OMe)-4-methylbenzylamine  TFA 

(3-CA) 

N-(chloroacetoxy)succinimide (23 mg, 

0.12 mmol) was added to a solution of 

capped peptidic backbone 3-CA-b (25 mg, 

0.04 mmol) in CH2Cl2 (0.3 mL) at 0 °C. 

After addition of DIPEA (14 µL, 

0.08 mmol) the reaction mixture was stirred for 15 min at 0 °C, then allowed to reach RT 

and was stirred for 30 min. After evaporation of the solvent, the residue was purified by 

RP-HPLC (tR = 29 min, linear gradient 15 → 90% ACN/H2O + 0.1% TFA in 80 min). 

Subsequent lyophilization yielded 3-CA (15.9 mg, 0.023 mmol, 57%) as a white powder. 
1H NMR (500 MHz, DMSO-d6): δ = 10.25 (br s, 1H), 8.79 (br s, 1H), 8.45 (t, J = 5.9 Hz, 
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1H), 8.30 (d, J = 7.8 Hz, 1H), 8.20 (t, J = 6.1 Hz, 1H), 8.05 (d, J = 8.2 Hz, 1H), 7.14 – 7.06 

(m, 4H), 7.00 (d, J = 7.9 Hz, 2H), 6.80 (d, J = 8.7 Hz, 2H), 4.49 (p, J = 7.8, 7.4 Hz, 2H), 

4.30 – 4.13 (m, 3H), 4.06 (d, J = 7.2 Hz, 2H), 3.99 – 3.73 (m, 6H), 3.71 (s, 3H), 3.41 - 3.07 

(m, 6H), 2.92 (dd, J = 13.7, 6.2 Hz, 1H), 2.79 (dd, J = 13.7, 8.3 Hz, 1H), 2.27 (s, 3H), 

1.59 - 1.47 (m, 1H), 1.45 – 1.35 (m, 2H), 0.83 (dd, J = 22.7, 6.6 Hz, 6H) ppm. 13C NMR 

(126 MHz, DMSO-d6): δ = 172.2, 171.2, 169.4, 166.9, 158.5, 158.3, 136.4, 136.2, 130.7, 

129.7, 129.2, 127.5, 113.9, 63.6, 55.4, 54.6, 52.7, 52.3, 52.0, 37.3, 24.6, 23.5, 21.8, 

21.1 ppm. HRMS (ESI): m/z: calcd. for C32H44ClN6O7 [M+H+] 701.3424; found 701.3423. 
 

MorphAc-Dap(N--2-chloroacetyl)-Asn-

Phe-4-methylbenzylamine  TFA (4-CA) 

N-(chloroacetoxy)succinimide (19.3 mg, 

0.101 mmol) was added to a solution of 

capped peptidic backbone 4-CA-b (20 mg, 

0.034 mmol) in CH2Cl2 (0.3 mL) at 0 °C. 

After addition of DIPEA (11.7 µL, 

0.067 mmol) the reaction mixture was 

stirred for 15 min at 0 °C, then allowed to reach RT and was stirred for 30 min. After 

evaporation of the solvent, the residue was purified by RP-HPLC (tR = 25 min, linear 

gradient 15 → 90% ACN/H2O + 0.1% TFA in 80 min). Subsequent lyophilization yielded 

4-CA (14 mg, 0.021 mmol, 62%) as a white powder. 1H NMR (500 MHz, DMSO-d6): 

δ = 10.25 (br s, 1H), 8.82 (br s, 1H), 8.50 (t, J = 6.0 Hz, 1H), 8.44 (d, J = 7.6 Hz, 1H), 

8.23 - 8.13 (m, 2H), 7.47 – 7.42 (m, 1H), 7.30 – 7.18 (m, 5H), 7.09 (d, J = 7.8 Hz, 2H), 

7.03 (d, J = 7.8 Hz, 2H), 7.01 – 6.98 (m, 1H), 4.58 – 4.51 (m, 1H), 4.50 – 4.43 (m, 2H), 

4.21 (d, J = 6.0 Hz, 2H), 4.06 (d, J = 3.7 Hz, 2H), 4.01 – 3.60 (m, 6H), 3.40 – 3.10 (m, 6H), 

3.04 (dd, J = 13.8, 5.2 Hz, 1H), 2.85 (dd, J = 13.8, 8.9 Hz, 1H), 2.56 (dd, J = 15.7, 5.7 Hz, 

1H), 2.41 (dd, J = 15.7, 7.7 Hz, 1H), 2.27 (s, 3H). 13C NMR (126 MHz, DMSO-d6): 

δ = 171.9, 171.3, 171.0, 169.3, 166.9, 158.4, 138.2, 136.4, 136.2, 129.6, 129.2, 128.6, 

127.5, 126.8, 63.6, 54.8, 52.6, 52.4, 50.4, 43.1, 42.3, 41.2, 37.8, 37.3 ppm. HRMS (ESI): 

m/z: calcd. for C32H43ClN7O7 [M+H+] 672.2907; found 672.2912. 
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MorphAc-Dap(N--propionyl)-Asn-Phe-

4-methylbenzylamine  TFA (4-PA)  

Propionyl chloride (15.1 µL, 0.173 mmol) 

was added to a solution of capped peptidic 

backbone 4-CA-b (30 mg, 0.043 mmol) in 

CH2Cl2 (0.3 mL) at 0 °C. After addition of 

DIPEA (22.7 µL, 0.0130 mmol) the 

reaction mixture was stirred for 15 min at 

0 °C, then allowed to reach RT and was stirred for 30 min. After evaporation of the 

solvent, the residue was purified by RP-HPLC (tR = 28 min, linear gradient 5 → 100% 

ACN/H2O + 0.1% TFA in 80 min). Subsequent lyophilization yielded 4-PA (17.8 mg, 

0.024 mmol, 55%) as a white powder. 1H NMR (500 MHz, DMSO-d6): δ = 10.26 (s, 1H), 

8.75 (s, 1H), 8.50 (t, J = 6.1 Hz, 1H), 8.42 (d, J = 7.5 Hz, 1H), 8.16 (d, J = 8.0 Hz, 1H), 

7.77 (t, J = 6.1 Hz, 1H), 7.45 (d, J = 2.4 Hz, 1H), 7.30 – 7.17 (m, 5H), 7.10 (d, J = 7.8 Hz, 

2H), 7.05 (d, J = 7.9 Hz, 2H), 7.00 (d, J = 2.3 Hz, 1H), 4.54 (q, J = 7.2 Hz, 1H), 4.52 – 

4.44 (m, 1H), 4.41 (q, J = 6.8 Hz, 1H), 4.22 (d, J = 6.1 Hz, 2H), 4.04 – 3.68 (m, 6H), 3.48 – 

3.11 (m, 6H), 3.05 (dd, J = 13.8, 5.2 Hz, 1H), 2.87 (dd, J = 13.8, 8.9 Hz, 1H), 2.56 (dd, J = 

15.7, 5.7 Hz, 2H), 2.41 (dd, J = 15.7, 7.6 Hz, 1H), 2.28 (s, 3H), 2.08 (q, J = 7.5 Hz, 2H), 

0.98 (t, J = 7.6 Hz, 3H) ppm. 13C NMR (126 MHz, DMSO-d6): δ = 174.0, 172.0, 171.3, 

171.0, 169.6, 158.2, 138.2, 136.5, 136.2, 129.6, 129.2, 128.6, 127.5, 126.8, 63.6, 54.9, 

53.2, 52.4, 50.4, 42.3, 40.7, 37.7, 37.3, 28.9, 21.1, 10.2 ppm. HRMS (ESI): m/z: calcd. for 

C33H46N7O7 [M+H+] 652.3453; found 652.3461. 
 

MorphAc-Dab(N--2-chloroacetyl)-Leu-

Phe-4-methylbenzylamine  TFA (1-Dab-

CA) 

N-(chloroacetoxy)succinimide (24,4 mg, 

0.128 mmol) was added to a solution of 

capped peptidic backbone Dab-CA-b 

(30 mg, 0.043 mmol) in CH2Cl2 (0.6 mL) at 

0 °C. After addition of DIPEA (14.9 µL, 

0.085 mmol) the reaction mixture was stirred for 15 min at 0 °C, then allowed to reach RT 

and was stirred for 30 min. After evaporation of the solvent, the residue was purified by 

RP-HPLC (tR = 28 min, linear gradient 15 → 100% ACN/H2O + 0.1% TFA in 80 min). 

Subsequent lyophilization yielded 1-Dab-CA (23.8 mg, 0.030 mmol, 72%) as a white 

powder. 1H NMR (500 MHz, DMSO-d6): δ = 10.21 (br s, 1H), 8.82 (br s, 1H), 8.40 (t, 
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J = 6.0 Hz, 1H), 8.22 (t, J = 5.6 Hz, 1H), 8.17 (dd, J = 8.1, 3.8 Hz, 2H), 7.27 – 7.18 (m, 

5H), 7.08 (d, J = 7.8 Hz, 2H), 7.00 (d, J = 7.9 Hz, 2H), 4.57 – 4.49 (m, 1H), 4.39 – 4.33 (m, 

1H), 4.30 (q, J = 7.8 Hz, 1H), 4.24 – 4.14 (m, 2H), 4.05 (s, 2H), 4.01 – 3.73 (m, 6H), 3.35 

(s, 4H), 3.12 (q, J = 6.9 Hz, 2H), 2.97 (dd, J = 13.7, 6.0 Hz, 1H), 2.85 (dd, J = 13.7, 

8.5 Hz, 1H), 2.26 (s, 3H), 1.84 – 1.75 (m, 1H), 1.73 – 1.60 (m, 1H), 1.59 – 1.50 (m, 1H), 

1.39 (t, J = 7.3 Hz, 2H), 0.83 (dd, J = 24.7, 6.6 Hz, 6H) ppm. 13C NMR (126 MHz, DMSO-

d6): δ = 172.1, 171.0, 170.7, 166.4, 138.0, 136.4, 136.2, 129.6, 129.2, 128.5, 127.5, 

126.7, 63.5, 54.4, 52.3, 51.5, 51.1, 43.1, 42.2, 41.3, 38.0, 36.3, 32.4, 24.6, 23.5, 22.0, 

21.1 ppm. HRMS (ESI): m/z: calcd. for C35H50ClN6O6 [M+H+] 685.3475; found 685.3479. 
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4 Ligand-induced active site crosslinking of subunit 5i  

This chapter contains research which was originally published in Angewandte Chemie 

International Edition 2014, 53 (44), 11969-11973; Angewandte Chemie 2014, 126 (44), 

12163-12167, by Christian Dubiella, Haissi Cui, Malte Gersch, Arwin J. Brouwer, Stephan 

A. Sieber, Achim Krüger, Rob M. J. Liskamp and Michael Groll. 

Copyright © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany. 

Reproduced with permission. 

 
Summary 

The concept of proteasome inhibition ranks among the latest achievements in the 

treatment of blood cancer and represents a promising strategy for modulating 

autoimmune diseases. 

In this publication, we describe peptidic sulfonyl fluoride inhibitors that selectively block 

the catalytic 5i subunit of the iCP without inducing cytotoxic effects. Structural and mass 

spectrometric analyses revealed a novel reaction mechanism involving polarity inversion 

and irreversible crosslinking of the proteasomal active site. Based on the enhanced 

isoform selectivity, we characterized the sulfonyl fluoride headgroup for the development 

and optimization of iCP selective compounds and their possible application in autoimmune 

disorders.  

This summary is based on the above mentioned publication and subject of copyright © 

2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany. 
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Abstract: The concept of proteasome inhibition ranks among
the latest achievements in the treatment of blood cancer and
represents a promising strategy for modulating autoimmune
diseases. In this study, we describe peptidic sulfonyl fluoride
inhibitors that selectively block the catalytic b5 subunit of the
immunoproteasome by inducing only marginal cytotoxic
effects. Structural and mass spectrometric analyses revealed
a novel reaction mechanism involving polarity inversion and
irreversible crosslinking of the proteasomal active site. We thus
identified the sulfonyl fluoride headgroup for the development
and optimization of immunoproteasome selective compounds
and their possible application in autoimmune disorders.

The 20S proteasome (core particle; CP) is a sensitive target
for the clinically applied inhibitors bortezomib (Velcade) and
carfilzomib (CFZ, Kyprolis; Figure 1). Its blockage in malig-
nant cells emerged as an effective approach for the treatment
of blood cancers such as multiple myeloma and mantle cell
lymphoma.[1,2] Moreover, the ongoing evaluation of the anti-
inflammatory immunoproteasome (iCP) inhibitor ONX 0914
(former PR-957; Figure 1) in preclinical studies has givenrise
to a novel therapeutic strategy for modulating autoimmune
disorders including rheumatoid arthritis and multiple scle-
rosis.[3,4] A special attribute of ONX 0914 is the reduction of
disease-associated immune responses by selectively blocking
the b5 subunit of the iCP (b5i or LMP7).[3] However, the
therapeutic window of iCP inhibitors like ONX 0914 entirely
depends on their selectivity for b5i over b5c, in order to
prevent cytotoxic effects that arise from undesired co- inhibition of the constitutive proteasome (cCP).[5,6] Thus,

the decisive element of iCP inhibitor design is the capability
to discriminate between the similar chymotrypsin-like
(ChTL) activities of b5i and b5c.[7] CFZ as well as ONX
0914 feature an electrophilic a’,b’-epoxyketone warhead that
forms a covalent and irreversible adduct with both nucleo-
philes, Thr1Og and Thr1N, of the catalytically active threonine
(Thr1) at the b5 subunit (see Scheme S1 in the Supporting
Information).[8–10] Since CFZ and ONX 0914 have identical
warheads, ONX 0914�s favorable binding to b5i solely
originates from its backbone architecture, which fulfills the
individual binding requirements of b5i as opposed to b5c.[11]

Recently, extensive research on the optimization of peptide
backbones by incorporation of unnatural amino acids resulted
in b5i- and b5c-specific epoxyketones.[5,12, 13] However, studies
on various functional reactive groups and peptido sulfonyl
fluoride (PSF) proteasome inhibitors suggest that also war-
heads have a direct influence on the selectivity for individual
active b-subunits.[14–16] Notably, PSF compounds block the CP
activity in the low nanomolar range,[16] albeit they are the only
peptidic CP inhibitors known so far whose electrophilic

Figure 1. a’,b’-Epoxyketones carfilzomib (CFZ) and ONX 0914 as well
as their peptido sulfonyl fluoride (PSF) counterparts 1, 2, and
compound 3.
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headgroup is shifted by a methylene unit, which demands an
exceptional binding mode. Therefore, we set out to elucidate
the PSF�s mode of action, commencing with the synthesis of
the CFZ and ONX 0914 PSF counterparts 1 and 2 (Figure 1).
Next, we determined crystal structures of yeast CP (yCP):1
with resolutions up to 2.1 � by performing crystal soaking
experiments with incubation times of 1–6 h prior to data
collection (see Table ST1).

Based on the identical headgroups of the PSF and the
common serine protease inhibitor phenylmethanesulfonyl
fluoride (PMSF), we anticipated a similar inactivation
mechanism through the formation of a covalent adduct on
Thr1 upon attack of Thr1Og on the sulfur atom. Unexpect-
edly, after incubation of the crystal for 2 h, the yCP:1
structure revealed empty substrate binding channels (2.1 �
resolution, Rfree = 19.7%, PDB ID 4R17). Instead, the Fo�Fc

map displayed negative electron density at the Thr1 side chain
of subunit b5, disclosing a chemical modification of the
catalytic center (see Figure S1a), whereas b1 and b2 remained
identical to the apo state. To identify a short-lived reaction
intermediate of 1 at b5 we conducted time-resolved intact
protein mass spectrometry using LC-ESI-LTQ-FT-MS anal-
ysis on various CP types incubated with 1 and 2 (Figure 2).

Spectra with incubation times up to 2 h confirmed the
formation of a covalent adduct on the b5 subunit of all
applied CP types with an observed mass increase correspond-
ing to the ligand upon fluorine release (see Figure 2 and
Figure S2). Furthermore, we observed a formal loss of a water
molecule (�18 Da) at the b5 subunit which was validated by
multiple experiments and different mass spectra deconvolu-
tion algorithms (see Figures S3 and S4 and Tables ST2 and
ST3).

These findings suggest either an addition–elimination
reaction as described for PMSF, which for example converts
the active Ser195 of thrombin into dehydroalanine,[17] or an
addition–displacement mechanism comprising sulfonylation
of Thr1Og, followed by an intramolecular substitution by
Thr1N to yield an aziridine. While the PMSF-induced
elimination reaction requires strong alkaline conditions, our
experiments were carried out at pH 6.8–7.5, indicating that

dehydroxylation of Thr1 is rather an integral part of the
inhibition mechanism than an artificially base-induced event.
Consistently, the Fo�Fc electron density map clearly depicts
the intramolecular displacement product (S,S)-aziridine-T1’
(Figure 3b), thus excluding the elimination product (E)-
dehydrobutyrine (Dhb) (Figure S1b, Supporting Informa-
tion). Moreover, cyclization initiated by Thr1N is confirmed

by the inverted stereoconfiguration of the methyl group in
(S,S)-aziridine-Thr1’, implying an SN2-like displacement. To
analyze the stability of the aziridine ring we conducted further
soaking experiments with extended incubation times up to 6 h
at pH 6.8. The 2Fo�Fc electron density map of the yCP:1
structure revealed a SN2-type ring-opening of the aziridine-
Thr1’ by attack of the amino group of Lys33 (Lys33Ne),
yielding an intramolecular crosslink in b5 (Figure 3 c; 2.4 �
resolution, Rfree = 19.5%, PDB ID 4R18). This Lys33-Thr1’
bond proves the presence of a polarity-inversed Thr1
intermediate and is certainly surprising, since the function
of Lys33Ne is to maintain the pKa of Thr1Og, and hence

Figure 2. Deconvoluted intact-protein mass spectra of the b5c and b5i
subunits following treatment of cCP with 1 (left panel) and iCP with 2
(right panel) (25 mm) after incubation for 12 h. The species labeled
“�H2O” represent either the aziridine or the crosslinked state
(expected mass difference: 18.0 Da). The insets feature enlargements
of the major species. The species labeled “ +2�HF” represents the
covalently modified intermediate of the b5 subunits prior to dehydrox-
ylation (expected mass difference: 572.7 Da). See Figure S5 for spectra
of b5 of untreated cCP and iCP.

Figure 3. Comparative X-ray analysis of the b5 active site after time-
dependent soaking experiments of yCP crystals with 1. The 2Fo�Fc

electron density maps (blue mesh, contoured at 1s) show distances in
� as black dashed lines. The active site triad Thr1 (T1), Asp17 (D17),
and Lys33 (K33) has been excluded prior to phasing. Stereoviews of
(a)–(d) are depicted in Figure S6. a) Subunit b5 of the apo structure
with unmodified T1 (yellow).[18] b) Aziridine-T1’ (yellow) formation on
b5 after 2 h soaking time with 1. The trajectory of the nucleophilic
attack of K33 (green) is shown as a pink dashed arrow (PDB ID 4R17).
c) K33-T1’-crosslink (yellow) formation on subunit b5 after 6 h soaking
time (PDB ID 4R18). d) Superposition of the apo structure with
unmodified T1 (light gray), the aziridine-T1’ intermediate (I, yellow),
and the K33-T1’-crosslink (II, yellow). The structural rearrangement of
T1 upon its conversion into intermediate I and crosslink II is illustrated
with a pink dashed arrow.
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possesses only a moderate intrinsic nucleophilicity.[19] From an
organic chemical point of view this aziridine ring-opening is
also unexpected, since normally the presence of electron-
withdrawing groups on the aziridine nitrogen is required.[20]

Intriguingly, superposition of the apo and yCP:1 struc-
tures illustrates that the flexibility of the aziridine-Thr1’-
containing b5 chain solely accounts for closing the 3.3 � gap
between Lys33Ne and the electrophile, while all remaining
residues retain their position (Figure 3d). Consequently, the
decline of structural integrity upon dehydroxylation of Thr1
presents a precondition to perform the crosslinkage. Based on
these distinct snapshots of the reaction intermediates, we
propose a three-step mechanism of the PSF compounds
resulting in the crosslinking of the proteasomal active site
(Scheme 1).

Our next goal was to investigate whether this complex
mechanism could contribute to increased b5i selectivity and
thus reduced cytotoxicity. Therefore, we compared the
potency and b5 subunit selectivity of 1 and 2 with that of
their a’,b’-epoxyketone originals by performing in vitro IC50

assays with purified human iCP, cCP, and yeast CP (yCP)
(Table 1, Figure 4). Remarkably, 2 (IC50 b5c/b5i: 25) turned
out to be roughly three times more selective for b5i than ONX
0914 (IC50 b5c/b5i: 9), despite identical backbone architec-
ture. However, the improved b5i selectivity of 2 was
accompanied by a 20-fold decreased potency (IC50 (b5i):
1134 nm) compared to ONX 0914 (IC50 (b5i): 57 nm), indicat-

ing that PSF ligands require at least capped tetrapeptidic
backbones for sufficient stabilization during proteasomal
binding. Thus, we extended 2 with a homophenylalanine in P4
to generate compound 3 (Figure 1).

Since the S4 specificity pockets of iCP and cCP are
identically shaped by the b6 subunit, 3 exhibited up to
eightfold improved potency against b5i (IC50 (b5i): 139 nm)
and b5c (IC50 (b5c): 3927 nm), respectively. Importantly, 3

Scheme 1. Proposed three-step inactivation mechanism of the PSF compounds at the proteasomal active site of subunit b5. Hypothetically, the
sulfonylation of Thr1Og is conceivable by two different mechanisms: a direct nucleophilic attack of Thr1Og on the electrophilic sulfur center
(upper left corner), or by elimination and sulfene formation (lower left corner). The substituent R indicates the rest of the peptidic backbone and
P1 refers to the amino acid side chain of the inhibitor protruding into the S1 specificity pocket.

Table 1: In vitro IC50 values [nm] against the ChTL activity of various
purified CP types.

Compound IC50 yb5 IC50 b5c IC50 b5i IC50 b5c/b5i[a]

CFZ 3�1 5�1 21�3 0.2
1 21�2 28�2 54�10 0.5
ONX 0914 145�15 513�30 57�10 9
2 15420�635 28460�1305 1134�146 25
3 1775�476 3927�550 139�34 28

[a] A high IC50 b5c/b5i ratio indicates selectivity for b5i.

Figure 4. In vitro IC50 assays against the ChTL activity of various
purified CP types after 1 h incubation at various concentrations of CFZ
and 1 (left panel) as well as ONX 0914, 2, and 3 (right panel) using
a fluorogenic substrate assay. Data of three repetitions were normal-
ized to DMSO-treated controls and are presented as relative activity
with standard deviation (Table 1).
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displayed an even enhanced b5i selectivity (IC50 b5c/b5i: 28)
compared to 2. By contrast, 1 and CFZ inhibited the b5
subunits of all analyzed CP types in the single- and double-
digit nanomolar range without any preference for b5i. This
suggests that the PSF headgroup emphasizes the influence of
the peptidic backbone to a greater extent than the a’,b’-
epoxyketone warhead.

The in vitro findings were confirmed by determining the in
vivo IC50 values of 1, 2, their a’,b’-epoxyketone counterparts
as well as 3 in cell culture assays (Table 2, Figure 5a). We used
either the THP-1 cell line, which is derived from acute
monocytic leukemia and expresses high levels of iCP, or the
HeLa cell line, which primarily contains cCP.[21] ONX 0914, 2,
and 3 turned out to be three to four times more selective for
THP-1 cells over HeLa cells, while 1 and CFZ displayed
virtually similar potencies on both cell lines in accordance
with the in vitro IC50 assays.

To evaluate the cytotoxic pro-
files of the compounds we deter-
mined the LC50 values against THP-
1 and HeLa cells in viability assays
(Table 2, Figure 5b). Notably, 2 and
3 hardly affected the viability of
either cell line, arguably reflecting
their high b5i selectivity and low
off-target binding. The in vivo IC50

values of 1 (IC50 (THP-1): 35 nm,
IC50 (HeLa): 29 nm) exclude that
the low cytotoxicity is caused by

a rapid hydrolysis of the PSF headgroup.
In summary, the presented comparative study of iCP-

selective a’,b’-epoxyketone and PSF counterparts highlights
the sulfonyl fluoride headgroup as a promising motif for b5i
targeting. In contrast to all analyzed CP inhibitors to date,
PSFs manipulate the proteasomal activity by a previously
unobserved mode of action through polarity inversion and
intramolecular crosslinking of the active site. In contrast to
the unspecific serine protease inhibitor PMSF, the additional
peptidic backbone accounts for site-selective proteasome
inhibition. Thus, target-specific iCP blockage of the PSF in the
nanomolar range along with low cytotoxicity broadens the
therapeutic window of PSF as potential future anti-inflam-
matory inhibitors.

Received: July 7, 2014
Published online: September 22, 2014

Figure 5. a) In vivo IC50 assays against the ChTL activity in HeLa and THP-1 cells after 105 min incubation at various concentrations of CFZ and
1 (left panel) as well as ONX 0914, 2, and 3 (right panel) using a luminogenic substrate assay. b) LC50 against HeLa (left panel) and THP-1 (right
panel) cells after 48 h incubation at concentrations of CFZ, 1, ONX 0914, 2, and 3 between 1 nm and 100 mm using an AlamarBlue-based cell
viability assay. Data of three repetitions were normalized to DMSO-treated controls and are presented as relative activity with standard deviation
(Table 2).

Table 2: In vivo IC50 values [nm] against the ChTL activity and LC50 values [nm] against HeLa and THP-
1 cells.

Compound IC50

HeLa
IC50

THP-1
LC50

HeLa
LC50

THP-1
LC50/IC50

[a]

HeLa
LC50/IC50

[a]

THP-1

CFZ 6�1 7�1 28�6 12�1 5 2
1 29�3 35�4 353�63 156�16 12 4
ONX 0914 78�10 22�2 333�48 110�14 4 5
2 5032�577 1789�378 >100000 >100000 >19 >56
3 550�59 146�40 >100000 5746�1436 >182 39

[a] A high LC50/IC50 ratio indicates low cytotoxicity relative to the corresponding IC50 value.
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4.1.1 Supplementary schemes 

 

Scheme S1 Binding of ’,’-epoxyketones to Thr1 (T1) at the proteasomal active site. 
 

4.1.2 Supplementary figures 

 

Figure S1 Stereo view of the 2Fo–Fc (gray mesh, contoured at 1σ) and the 1Fo–Fc electron density 

(red mesh, contoured at –3σ) maps of the chymotrypsin-like yβ5 active site displaying the active 

site nucleophile Thr1 (T1), Lys 33 (K33) (green), Asp17 (D17), Ser129 (S129) and Asp166 (D166) 

(gray) with distances in Å (black dashed lines). a) yCP:1(2 h) structure refined with Thr1. b) 

yCP:1(2 h) structure refined with (E)-dehydrobutyrine (Dhb) instead of Thr1. 
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Figure S2 a+b) Treatment of yCP with compound 14 (N3Phe-Leu-Leu-Leu-ψ-[CH2SO2]-F)[1] (1 µM, 

30 min, 25°C) as PSF model compound resulted in the formation of a species with increased mass 

matching the addition of one equivalent of compound 14[1] to the catalytic subunit yβ5 and 

subsequent elimination of hydrogen fluoride. c+d) Treatment of yCP with sulfonyl fluorides PMSF 

and AEBSF (100 µM, 24 h, 25°C) did not alter the mass of the subunit β5. For detailed information 

of the mass analysis see the following Tables ST2-3 and Figures S4-5. 
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Figure S3 a) Base peak chromatogram of yCP treated with substoichiometric amounts of 

compound 14[1] (1 µM). b) Extracted ion chromatograms of masses corresponding to the z = 25, z = 

22 and z = 19 charged states of the β5 subunit displaying a retention time of 47.8-49.0 min. c) 

Mass spectrum averaged from the full scans in this time frame. d) Deconvolution of the spectrum 

shown in C with Xtract. e) Close-up view on the β5 subunit mass displaying the presence of two 

species. f) Monoisotopic masses of these species calculated by Xtract. 
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Figure S4 Comparison of different deconvolution algorithms on the data shown in Figure S4 (R = 

200000). Gaussian curves were fitted to determine the maxima. a) Xtract (Thermo Scientific) (S/N-

threshold: 2: Fit factor: 44; Remainder: 25%; low-high: 600–2000 m/z). b) Mann’s Algorithm as 

implemented in MagTran. c) MagTran algorithm (Modus: Isotope, then Charge; Isotope envelope: 

1-15 Da; Mass range: 10000-30000 Da; Charge range: 1-100; S/N-threshold: 1; Mass accuracy: 

0.05 Da; maxima are plotted). d) Promass (ZNova) (Input: 800-1350 m/z; Output: 23000-24000; 

0.1 Da mass step size; Peak width: 4; Merge width: 0.4; S/N-Threshold: 2; Smooth width: 5; Num 

of smooths: 2). 

 

Figure S5 Deconvoluted intact-protein mass spectra of the 5c and 5i subunits of untreated, 

human cCP and iCP, respectively. The inlets feature zooms on the major species. 
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Figure S6 Stereo views of the 2Fo−Fc electron density maps (gray mesh, contoured at 1σ) with yβ5 

active site residues according to Figure S1. a) yCP apo structure with unmodified T1 (yellow). b) 

yCP:1(2 h) structure with (S,S)-aziridine-T1’ (yellow). The trajectory of the nucleophilic attack of 

K33N on aziridine-T1’ is shown as a dashed arrow in pink (PDB ID 4R17). c) yCP:1(6 h) structure 

with K33-T1’-crosslink (yellow) (PDB ID 4R18). d) Stereo view of the structural superposition of 

yCP apo (T1 in light gray), yCP:1(2 h) (aziridine-T1’ (I) in yellow) and yCP:1(6 h) K33-T1’-crosslink 

(II) in yellow).Conformational changes between intermediate I and crosslink II are illustrated by a 

dashed arrow in pink. 
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4.1.3 Supplementary tables 

Table ST1 Crystallographic data collection and refinement statistics of the yCP incubated 

with 1, soaking times 2 h and 6 h. 
 

 

*Dataset has been collected on a single crystal. 
†Values in parentheses of resolution range, completeness, Rmerge, and I/σ (I) correspond to the last 
resolution shell. 
‡Friedel pairs were treated as identical reflections. 
§Rmerge (I) = ΣhklΣj |[I(hkl)j-I(hkl)]|/ Σhkl Ihkl, where I(hkl)j is the measurement of the intensity of 
reflection hkl and <I(hkl)> is the average intensity. 
¶R = Σhkl||Fobs| − |Fcalc||/Σhkl|Fobs|, where Rfree is calculated without a sigma cut off for a randomly 
chosen 5% of reflections, which were not used for structure refinement, and Rwork is calculated for 
the remaining reflections. 
**Deviations from ideal bond lengths/angles. 
***Number of residues in favored region/allowed region/outlier region. 

Crystallographic data yCP:1(2 h)* yCP:1(6 h)* 

 
Crystal parameters 

Space group 
Cell constants 
(dataset was collected from 
1 crystal / 1 CP per AU) 

 
P21 

a = 134.72 Å 
b = 301.36 Å 
c = 144.74 Å 
β = 112.807 ° 

 
P21 

136.58 Å 
300.82 Å 
146.29 Å 
113.202 ° 

 
Data collection 

Beamline 
Wavelength, (Å) 
Resolution range, (Å)† 

No. observations 
No. unique reflections‡ 

Completeness, (%)† 

Rmerge, (%)†,§ 

I/σ (I)† 

 
 

X06SA, SLS 
1.0 

30-2.1 (2.2-2.1) 
1,888,610 
608,720 

98.8 (99.4) 
4.4 (56.8) 
18.3 (2.9) 

 
 

X06SA, SLS 
1.0 

30-2.4 (2.5-2.4) 
1,281,847 
408,278 

96.9 (97.8) 
4.4 (41.7) 
17.3 (4.0) 

 
Refinement (REFMAC5)  

Resolution range, (Å) 
No. reflections working set 
No. reflections test set 
No. non-hydrogen 
Water, Mg2+ 
Rwork/Rfree (%)¶ 

RMSD bond (Å)/(°)** 
Average B-factor (Å2) 
Ramachandran plot, %*** 

 
 

15-2.1 
578,284 
30,436 
49,374 
3484 

18.5/19.7 
0.005/1.09 

46.4 
97.3/2.5/0.2 

 
 

15-2.4 
387,863 
20,414 
49,374 
1751 

17.7/19.5 
0.004/0.98 

56.7 
97.5/2.2/0.3 

PDB accession code  4R17 4R18 
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Table ST2 Masses of y5 after treatment of yCP with substoichiometric amounts of compound 14[1] 

determined by different algorithms (all values are listen in Da). The results support the 

crystallographic achievements in which Thr1O of subunit 5 is converted to an aziridine Δm(−H2O, 

expected) = 18.02 Da. 

 

Algorithm Mass yβ5 modified Mass yβ5 Mass difference 

Xtract highest peak 23281.64 23299.65 18.01 

Xtract Monoisotopic 23267.49 23285.59 18.10 

Xtract Gaussian 23281.81 ± 0.05 23299.87 ± 0.08 18.06 ± 0.09 

Mann’s algorithm 23281.75 ± 0.10 23299.75 ± 0.10 18.00 ± 0.14 

MagTran 23281.74 ± 0.10 23299.54 ± 0.12 17.80 ± 0.16 

Promass (ZNova) 23281.71 ± 0.10 23299.82 ± 0.10 18.09 ± 0.14 

Average   18.01 ± 0.10 

 

 
Table ST3 Masses of subunit 5 after treatment of yCP with substoichiometric amounts of 

compound 14[1] (5 independent samples, Xtract highest peaks are given in Da). 

 

Sample number Mass yβ5 modified Mass yβ5 Mass difference 

Sample 1 23281.64 23299.65 18.01 

Sample 2 23281.63 23299.65 18.02 

Sample 3 23281.64 23299.65 18.01 

Sample 4 23281.66 23281.68 18.02 

Sample 5 23281.65 23281.65 18.00 

Average   18.01 ± 0.01 
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4.1.4 Supplementary in vitro methods 

Protein purification 

20S proteasome from Saccharomyces cerevisiae (yCP) was purified as previously 

described.[2] Yeast cells were lysed in a continuous cell disruption system and centrifuged 

at 40,000 g. After precipitation in aqueous 40% (NH4)2SO4, the suspension was applied to 

a phenyl sepharose HIC column. Eluted fractions displaying 20S proteasome activity were 

pooled and purified using FPLC with a hydroxyapatite column. Polishing was performed 

via a Resource-Q anion exchange column and a Superose 6 size exclusion 

chromatography. The pooled fractions were concentrated to 40 mg/mL in 20 mM Tris (pH 

7.5) and used for further crystallization trials and in vitro assays.  

IC50 value determination 

In vitro proteasome inhibition assays were performed by fluorescence assays in 96-well 

plates. Assay mixtures contained 10 μg/mL of freshly purified yCP or commercially 

available purified human cCP (Boston Biochem) and human iCP (Boston Biochem) in 

100 mM Tris/HCl (pH 7.5) buffer. Inhibitors were dissolved in DMSO and added at various 

concentrations with three repetitions each, thereby not surpassing a final concentration of 

10% (w/v) DMSO. After an incubation time of 60 min at RT, the fluorogenic substrate Suc-

Leu-Leu-Val-Tyr-AMC (Bachem) was added to measure the residual activity of the 

chymotrypsin-like site. The assay mixture was incubated for another hour at RT, 

afterwards fluorescence was determined on a Varian Cary Eclipse photofluorometer with 

excitation and emission wavelengths of λexc = 360 nm and λem = 460 nm, respectively. 

Intact protein mass spectrometry 

Analyses were carried out on a Dionex UltiMate 3000 HPLC system coupled to a Thermo 

Scientific LTQ-FT Ultra mass spectrometer with an ESI source (RT; ionization voltage: 

3.9 kV, Tube lens: 110 V, capillary voltage: 20 V, sheath gas, aux gas and sweep gas: 

off). Eluent A consisted of H2O with 0.1% formic acid, eluent B consisted of 90% 

acetonitrile and 10% H2O with 0.1% formic acid. All solvents were of LC/MS grade (Sigma 

Aldrich). Buffered CP samples (6 µg per run, treated with inhibitor where appropriate) 

were brought to 30% (v/v) acetonitrile and separated on a C4 column (BioBasic-4, Thermo 

Scientific, 150 mm x1 mm, 5 µm; flow: 0.050 mL/min) with a gradient from 30% to 60% B 

over 60 min preceded by a 15 min equilibration step at 30% B and followed by a washing 

step at 100% B for 5 min. The mass spectrometer was run in positive mode, collecting full 

scans at high resolution (R = 200,000) from m/z 500 to m/z 2,000. Spectra containing data 
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on β5 subunits were selected and averaged using customized software (M. Gersch, S.A. 

Sieber, to be published elsewhere) and data were analyzed by Thermo Scientific Xtract[3] 

and Thermo Scientific Xcalibur software for deconvolution and quantification unless noted 

otherwise. Promass[4] (Enovatia, as implemented in Bioworks, with customized settings), 

MagTran[4] and Mann’s Algorithm[5] (as implemented in MagTran) were used to confirm 

the deconvolution results. For details and parameter values, see Tables ST2-3 and 

Figures S4-5. Gaussian fits were carried out with OriginPro. 

Crystallization and structure elucidation 

Crystals of yCP were grown in hanging drop plates at 20 °C as previously described,[2,6] 

using a protein concentration of 40 mg/mL in Tris/HCl (20 mM, pH 7.5) and EDTA (1 mM). 

The drops contained 1 μL of protein and 1 μL of the reservoir solution consisting of 30 mM 

MgAc2, 100 mM morpholino-ethane-sulfonic acid (MES) (pH 7.2) and 10% (v/v) 2-methyl-

2,4-pentanediol. Crystals appeared after two days and were then soaked with inhibitor in 

DMSO at final concentrations of 10 mM between 1 h and 6 h following complementation of 

the droplets with cryoprotecting buffer consisting of 30% (w/v) 2-methyl-2,4-pentanediol, 

20 mM MgAc2, 100 mM MES (pH 6.9). Crystals were supercooled in a stream of liquid 

nitrogen gas at 100 K (Oxford Cryo Systems). Datasets of CP:inhibitor structures were 

collected up to 2.1 Å resolution using synchrotron radiation (λ = 1.0 Å) at the X06SA-

beamline (Swiss Light Source, Villingen, Switzerland, Table ST1). X-ray intensities were 

assessed with the program XDS[7] and data reduction was carried out using XSCALE[7]. 

Molecular replacement started with the coordinates of yCP (pdb entry code: 1RYP) and 

Translation/Libration/Screw (TLS) refinements were performed with REFMAC5 in the 

CCP4i suite[8]. Model building was carried out with the program package MAIN[9]. 

4.1.5 Supplementary cell culture methods 

IC50 determination with Proteasome-GloTM chymotrypsin-like cell-based assay 

In vivo proteasome inhibition assays were performed with bioluminescence assays 

(Promega) in 96-well plates (Thermo Scientific). HeLa and THP-1 cells were plated at 

5,000 cells per well and incubated with various inhibitor concentrations for 105 min with 

three repetitions each, thereby not surpassing a final concentration of 1% (w/v) of DMSO. 

The residual chymotrypsin-like activity was determined by the hydrolysis of the β5 specific 

substrate Suc-LLVY-aminoluciferin in the presence of luciferase using the Proteasome-

GloTM reagents according to the manufacturer’s instructions. The resulting luminescence 

was detected with a PHERAstar Plus (BMG Labtech) plate-reading luminometer. 
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LC50 determination via AlamarBlue-based viability assay 

Viability of HeLa and THP-1 cells was monitored in dependency of different CP inhibitor 

concentrations using an AlamarBlue-based assay.[10] 5,000 HeLa cells were seeded in a 

96-well plate for 48 h, to allow complete attachment of the cells, prior to inhibitor 

exposure. The same number of non-adherent THP-1 cells was seeded directly in the 

presence of inhibitor. All inhibitors were dissolved in DMSO and 0.1% DMSO was used as 

a control. After 48 h, HeLa cells were washed with PBS (137 mM NaCl, 2.7 mM KCl and 

10 mM phosphate buffer) to remove dead cells and AlamarBlue (resazurin) was added in 

a 1:10 dilution to both cell lines for 2 h. Cell viability was monitored by measuring the 

reduction of resazurin to resorufin by metabolically active cells using fluorescence at 

590 nm (λexc = 530 nm) in a Wallac 1420 Victor2. HeLa cells were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM) supplemented with 10% FCS, 2 mM L-glutamine, 1 mM 

sodium pyruvate, and MEM non-essential amino acids. THP-1 cells were cultured in RPMI 

medium supplemented with 10% FCS and 2 mM L-glutamine. Cells were regularly tested 

for mycoplasma contamination and were identified to be negative. 

4.1.6 Supplementary chemical synthesis 

General remarks 

All chemicals and reagents were purchased in quality reagent grade or higher from 

commercial sources (Johnson Matthey Plc. (Alfa Aesar), Sigma-Aldrich Co. LLC, Merck 

KGaA, Iris Biotech GmbH, Protein Technologies Inc.) and used as received. Anhydrous 

solvents were purchased from commercial sources (VWR International GmbH, Merck 

KGaA). Analytical thin-layer chromatography (TLC) was carried out on Merck silica gel 60 

F254 plates and compounds visualized by UV light absorption (λ = 254 nm) or common 

TLC stains (ninhydrin; KMnO4). Flash column chromatography was performed on a 

Reveleris® X1 Flash Chromatography System (W. R. Grace & Co.) using pre packed 

GraceResolv™ silica cartridges 4-80 g (W. R. Grace & Co.). 1H- and 13C-NMR spectra 

were recorded on a Bruker Avance I (360 MHz) NMR system or Bruker AV-500 (500 MHz) 

NMR spectrometer and referenced to the residual proton or carbon signal of the 

deuterated solvent.[11] Chemical shifts are reported in parts per million (ppm) and coupling 

constants (J) are given in hertz (Hz). High resolution mass spectra (HR-ESI-MS and HR-

HPLC-ESI-MS) were recorded with a Dionex UltiMate 3000 HPLC system eluting on a 

Waters XBridge C18 column (3.5 µm, 4.6 x 100 mm; flow = 1.1 mL/min; column 

temperature = 30 °C), coupled with a Thermo Scientific LTQ-FT Ultra mass spectrometer 

and an ESI source. The applied buffers consisted of a gradient mixture of 0.1% (v/v) 
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formic acid in H2O (buffer A) and 0.1% (v/v) formic acid in ACN:H2O 90:10 (v/v) (buffer B). 

ESI-MS and LC-ESI-MS mass spectra were recorded with a Dionex UltiMate 3000 HPLC 

system coupled with a Thermo LCQ fleet. Reversed-phase HPLC purification was 

accomplished with a system consisting of a Waters 1525 binary HPLC pump, X-Bridge™ 

Prep C18 column (5 μm, 10 x 250 mm), Waters 2998 PDA detector and Waters Fraction 

Collector III (Waters Corp.). The applied buffers were H2O with 0.1% TFA (v/v) (buffer A) 

and ACN with 0.1% TFA (v/v) (buffer B). Lyophilization was performed on a Christ Alpha 

2-4 LD plus. 

General procedure for the synthesis of peptidic backbones 

Peptidic backbones were prepared via solid-phase peptide synthesis using Fmoc-

protected amino acids and a PS3 Peptide Synthesizer (Protein Technologies, Inc.). Trityl-

Cl resin (1.40 mmol Cl–/g loading) was used in a 0.2 mmol scale and Fmoc-protected 

amino acids (0.4 mmol, 2 eq.) were deprotected with 20% (v/v) piperidine in DMF. 

Activation of amino acids (0.4 mmol, 2 eq.) for coupling was performed using HCTU 

(0.4 mmol, 2 eq.) and 0.4 M DIPEA in DMF. Cleavage from the resin was performed with 

25% TFA (v/v) in CH2Cl2 following evaporation and treatment with Amberlyst A-21 to 

remove excess of TFA. The residual solution was lyophilized to yield the peptidic 

backbone as white powdery TFA-salt of the free acid. The backbones were used in the 

next coupling step without further purification. 
 

MorphAc-hPhe-Leu-Phe-OH  TFA (4) 
1H NMR (500 MHz, DMSO-d6): δ = 12.75 (s, 

1H), 10.25 (s, 1H), 8.85 (s, 1H), 8.22 (d, J = 7.8 

Hz, 1H), 8.16 (d, J = 8.4 Hz, 1H), 7.33 – 7.27 

(m, 2H), 7.23 – 7.04 (m, 8H), 4.48 – 4.32 (m, 

3H), 4.11 – 3.64 (m, 6H), 3.47 – 3.10 (m, 4H), 

3.04 (dd, J = 14.0, 5.1 Hz, 1H), 2.89 (dd, 1H), 

2.67 – 2.52 (m, 2H), 1.92 – 1.83 (m, 1H), 1.83 – 1.73 (m, 1H), 1.63 – 1.52 (m, 1H), 1.41 (t, 

J = 7.3 Hz, 2H), 0.85 (dd, J = 24.0, 6.6 Hz, 6H) ppm. 13C NMR (126 MHz, DMSO-d6): 

δ = 173.2, 172.3, 170.9, 141.8, 137.9, 129.4, 128.8, 128.7, 128.5, 126.8, 126.4, 63.6, 

53.6, 53.0, 52.3, 51.2, 41.4, 36.9, 34.7, 31.9, 24.5, 23.5, 22.1 ppm. MS (ESI): m/z: calcd. 

for C31H43N4O6 [M+H+] 567.32; found 567.21. 
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MorphAc-Ala-Tyr(OMe)-OH  TFA (5) 
1H NMR (360 MHz, DMSO-d6): δ = 12.79 (s, 1H), 

10.28 (s, 1H), 8.70 (s, 1H), 8.30 (d, J = 7.9 Hz, 

1H), 7.15 (d, J = 8.5 Hz, 2H), 6.83 (d, J = 8.6 Hz, 

2H), 4.47 – 4.28 (m, 2H), 3.81 (s, 6H), 3.71 (s, 

3H), 3.18 (s, 4H), 3.05 – 2.77 (m, 2H), 1.22 (d, J = 7.1 Hz, 3H) ppm. 13C NMR (91 MHz, 

DMSO-d6): δ = 173.2, 172.0, 158.4, 130.6, 129.8, 114.1, 63.8, 55.4, 54.2, 52.4, 48.6, 36.2, 

18.8 ppm. MS (ESI): m/z: calcd. for C19H28N3O6 [M+H+] 394.20; found 394.16. 
 

MorphAc-hPhe-Ala-Tyr(OMe)-OH  TFA (6) 
1H NMR (500 MHz, DMSO-d6): δ = 12.77 (s, 

1H), 10.26 (s, 1H), 8.88 (s, 1H), 8.24 (d, 

J = 7.5 Hz, 1H), 8.12 (d, J = 7.8 Hz, 1H), 

7.32 – 7.10 (m, 7H), 6.81 – 6.75 (m, 2H), 

4.46 – 4.28 (m, 3H), 4.11 – 3.68 (m, 6H), 

3.66 (s, 3H), 3.47 – 3.10 (m, 4H), 2.96 (dd, 

J = 14.0, 5.2 Hz, 1H), 2.83 (dd, J = 14.0, 8.4 Hz, 1H), 2.64 – 2.52 (m, 2H), 1.97 – 1.86 (m, 

1H), 1.86 – 1.74 (m, 1H), 1.20 (d, J = 7.1 Hz, 3H) ppm. 13C NMR (126 MHz, DMSO-d6): 

δ = 173.2, 172.5, 170.7, 158.3, 141.7, 130.6, 129.6, 128.8, 128.7, 126.4, 114.0, 63.6, 

55.3, 54.1, 52.9, 52.3, 48.4, 36.2, 34.6, 31.8, 18.7 ppm. MS (ESI): m/z: calcd. for 

C29H39N4O7 [M+H+] 555.28; found 555.22. 
 

Synthesis of sulfonyl fluoride headgroups  

The sulfonyl fluoride headgroups & precursors were previously described in literature.[12-14] 

 

Cbz-L-leucinol (7) 

L-leucinol (5 g, 42.7 mmol) and Na2CO3 (9.04 g, 85 mmol) were 

dissolved in a mixture of H2O (40 mL) and dioxane (40 mL). The 

suspension was cooled to 0 °C and Cbz-Cl (9.14 mL, 64 mmol) was 

added dropwise. The reaction was stirred overnight at RT. After concentration under 

reduced pressure, the mixture was extracted with CH2Cl2 (2 x 50 mL) and the combined 

organic layers were washed with 5% citric acid (30 mL), sat. NaHCO3 (30 mL) and brine 

(30 mL), dried over Na2SO4 and filtered. Evaporation of the solvent and purification by 

flash column chromatography (PE → 20% EA/PE, v/v) yielded 7 (10.71 g, 42.6 mmol, 

100%) as a viscous colorless oil. 1H NMR (360 MHz, CDCl3): δ = 7.41 – 7.36 (m, 5H), 
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5.12 (s, 2H), 4.84 (br s, 1H), 3.88 – 3.75 (m, 1H), 3.75 – 3.66 (m, 1H), 3.63 – 3.49 (m, 

1H), 1.85 (br s, 1H), 1.76 – 1.59 (m, 1H), 1.45 – 1.26 (m, 2H), 0.95 (d, J = 6.6 Hz, 

6H) ppm. 13C NMR (91 MHz, CDCl3): δ = 156.8, 136.4, 128.5, 128.2, 128.1, 127.0, 66.9, 

65.4, 51.5, 40.5, 24.8, 23.1, 22.2 ppm. MS (ESI): m/z: calcd. for C14H22NO3 [M+H+] 

252.16; found 251.83. 
 

Cbz-L-Leu-[CH2O]-Ms (8) 

NEt3 (7.13 mL, 51.2 mmol) was added to a solution of 7 (10.71 g, 

42.6 mmol) in CH2Cl2 (142 mL). After cooling the mixture to 0 °C Ms-Cl 

(3.99 mL, 51.2 mmol) was added dropwise and the reaction mixture 

was stirred at RT overnight. The solution was washed with 5% citric acid (40 mL), H2O 

(40 mL) and brine (30 mL). The organic layer was dried over Na2SO4 and filtered. 

Concentration under reduced pressure and purification by flash column chromatography 

(PE → 10% EA/PE, v/v) yielded 8 (11.87 g, 36 mmol, 84%) as a white solid. 1H NMR 

(360 MHz, CDCl3): δ = 7.41 – 7.36 (m, 5H), 5.13 (s, 2H), 4.82 (br s, 1H), 4.30 (dd, 

J = 10.1, 3.8 Hz, 1H), 4.18 (dd, J = 10.2, 4.2 Hz, 1H), 4.10 – 3.95 (m, 1H), 2.97 (s, 3H), 

1.79 – 1.66 (m, 1H), 1.55 – 1.31 (m, 2H), 0.96 (d, J = 6.6 Hz, 6H) ppm. 13C NMR (91 MHz, 

CDCl3): δ = 155.8, 136.3, 128.7, 128.6, 128.2, 128.1, 71.3, 67.0, 48.6, 46.3, 37.3, 24.6, 

22.9, 22.0 ppm. MS (ESI): m/z: calcd. for C15H24NO5S [M+H+] 330.14; found 329.78. 
 

Cbz-L-Leu-[CH2S]-Ac (9) 

Under an argon atmosphere, thioacetic acid (1.22 mL, 17 mmol) was 

added to a suspension of Cs2CO3 (2.88 g, 8.85 mmol) in DMF 

(68.1 mL). After stirring for 30 min at RT, mesylate 8 (4.48 g, 13.60 

mmol) was added at once and the mixture was stirred in an aluminium foil-covered flask at 

50 °C overnight. After evaporation of the solvent the residue was resolved in EA (50 mL) 

and washed with 5% NaHCO3 (30 mL) and H2O (15 mL). The organic layer was 

separated, dried over Na2SO4, filtered and evaporated. After purification via flash column 

chromatography (PE → 10% EA/PE, v/v) 9 was obtained as brown oil that crystalized 

overnight (2.88 g, 9.31 mmol, 68%). 1H NMR (500 MHz, CDCl3): δ = 7.40 – 7.31 (m, 5H), 

5.14 (d, J = 12.3 Hz, 1H), 5.08 (d, J = 12.3 Hz, 1H), 4.68 (d, J = 9.0 Hz, 1H), 3.99 – 3.87 

(m, 1H), 3.13 (dd, J = 13.9, 4.7 Hz, 1H), 3.01 (dd, J = 13.9, 7.2 Hz, 1H), 2.32 (s, 3H), 

1.73 - 1.66 (m, 1H), 1.45 – 1.29 (m, 2H), 0.93 (d, J = 6.7 Hz, 6H) ppm. 13C NMR 

(126 MHz, CDCl3): δ = 195.7, 156.0, 136.6, 128.5, 128.1, 128.1, 66.7, 49.3, 43.6, 34.3, 

30.6, 24.9, 23.0, 22.2 ppm. MS (ESI): m/z: calcd. for C16H24NO3S [M+H+] 310.15; found 

309.73. 
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Cbz-L-Leu-[CH2SO2]-Cl (10) 

NCS (394 mg, 2.95 mmol) was dissolved in a cooled (0 °C - 10°C) 

mixture of HCl (2 M, 197 µL, 0.394 mmol) and ACN (985 µL) and 

stirred for 15 min. The thioacetate 9 (228.5 mg, 0.738 mmol) was 

dissolved in ACN (197 µL) and added to the mixture. After stirring for 15 min at RT the 

solution was diluted with isopropyl ether (4 mL), washed with brine (3 x 2 mL), dried over 

MgSO4, filtered and concentrated to yield 10 (236 mg, 0.707 mmol, 96%(crude product)) 

as a colorless oil which was used without further purification in the next step.  
 

Cbz-L-Leu-[CH2SO2]-F (11) 

KF (82 mg, 1.41 mmol) and 18-c-6 ether (9.34 mg, 0.035 mmol) were 

added to a solution of sulfonyl chloride 10 (236 mg, 0.707 mmol) in 

ACN (3.5 mL) under an argon atmosphere. The reaction mixture was 

stirred at RT overnight. After evaporation of the solvent the residue was purified by flash 

column chromatography (PE → 10% EA/PE, v/v) yielding 11 (174 mg, 0.548 mmol, 78%) 

as colorless oil which crystalized overnight. 1H NMR (360 MHz, , CDCl3): δ = 7.45 – 7.26 

(m, 5H), 5.13 (s, 3H), 4.29 – 4.15 (m, 1H), 3.80 – 3.56 (m, 2H), 1.80 – 1.61 (m, 2H), 

1.60 - 1.43 (m, 1H), 0.96 (d, J = 4.7 Hz, 6H) ppm. 13C NMR (91 MHz, CDCl3): δ = 155.5, 

136.0, 128.7, 128.6, 128.3, 128.0, 67.1, 54.8, 54.7, 45.9, 42.0, 24.8, 22.8, 21.6 ppm. 

MS (ESI): m/z: calcd. for C14H21FNO4S [M+H+] 318.12; found 317.71. 
 

L-Leu-[CH2SO2]-F  HCl (12) 

HBr in acetic acid (33%, 2.25 mL, 13.70 mmol) was added dropwise to a 

solution of sulfonyl fluoride 11 (174 mg, 0.548 mmol) in CH2Cl2 and 

stirred at RT for 45 min. After concentration in vacuo the residue was 

dissolved in H2O (3.9 mL) and DOWEX 1 x 8 (Cl-form, 300 mg) were pured into the 

solution. After stirring for 15 min the solution was filtered and the filter residue was 

washed with H2O. After lyophilization 12 (118 mg, 0.537 mmol, 98%(crude product)) was 

obtained as a white powder which was used without further purification in the next step.  
 

Cbz-L-phenylalaninol (13) 

L-phenylalaninol (5 g, 33.1 mmol) and Na2CO3 (7.01 g, 66.1 mmol) were 

dissolved in a mixture of H2O (31 mL) and dioxane (31 mL). The 

suspension was cooled to 0 °C and Cbz-Cl (7.08 mL, 49.6 mmol) was 

added dropwise. The reaction was stirred overnight at RT. After concentration under 

reduced pressure, the mixture was extracted with CH2Cl2 (2 x 40 mL) and the combined 
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organic layers were washed with 5% citric acid (30 mL), sat. NaHCO3 (20 mL) and brine 

(20 mL), dried over Na2SO4 and filtered. Evaporation of the solvent and purification by 

flash column chromatography (PE → 60% EA/PE, v/v) yielded 13 (8.54 g, 29.9 mmol, 

91%) as a white solid. 1H NMR (360 MHz, CDCl3): δ = 7.42 – 7.28 (m, 7H), 7.27 – 7.18 

(m, 3H), 5.10 (s, 2H), 5.01 (s, 1H), 4.05 – 3.90 (m, 1H), 3.75 – 3.55 (m, 2H), 2.89 (d, 

J = 7.2 Hz, 2H) ppm. 13C NMR (91 MHz, CDCl3): δ = 137.5, 136.3, 129.3, 128.6, 128.5, 

128.2, 128.1, 126.7, 66.9, 64.1, 54.1, 37.4 ppm. MS (ESI): m/z: calcd. for C17H20NO3 

[M+H+] 286.14; found 285.85. 
 

Cbz-L-Phe-[CH2O]-Ms (14) 

NEt3 (5.01 mL, 35.9 mmol) was added to a solution of 13 (8.54 g, 

29.9 mmol) in CH2Cl2 (100 mL). After cooling to 0 °C Ms-Cl (2.8 mL, 

35.9 mmol) was added dropwise and the reaction mixture was stirred at 

RT overnight. After the addition of CH2Cl2 (25 mL) the organic layer was washed with H2O 

(2 x 20 mL) and brine (2 x 20 mL). The organic layer was separated, dried over Na2SO4 

and filtered. Concentration under reduced pressure and purification by flash column 

chromatography (PE → 10% EA/PE, v/v) yielded 14 (10.22 g, 28.1 mmol, 94%) as a white 

solid. 1H NMR (360 MHz, CDCl3): δ = 7.43 – 7.28 (m, 8H), 7.27 – 7.20 (m, 2H), 5.11 (s, 

2H), 5.02 (d, J = 8.1 Hz, 1H), 4.33 – 4.10 (m, 3H), 2.98 (s, 3H), 2.96 – 2.85 (m, 2H) ppm. 
13C NMR (91 MHz, CDCl3): δ = 155.6, 136.3, 136.2, 129.2, 128.8, 128.6, 128.3, 128.1, 

127.1, 69.5, 67.0, 51.4, 37.3, 37.1 ppm. MS (ESI): m/z: calcd. for C18H22NO5S [M+H+] 

364.12; found 363.75. 
 

Cbz-L-Phe-[CH2S]-Ac (15) 

Under an argon atmosphere, thioacetic acid (0.988 mL, 13.76 mmol) 

was added to a suspension of Cs2CO3 (2.33 g, 7.15 mmol) in DMF 

(55 mL). After stirring for 30 min at RT mesylate 14 (4 g, 11 mmol) was 

added at once and the mixture was stirred in an aluminium foil-covered flask at 50 °C 

overnight. After evaporation of the solvent the residue was resolved in EA (50 mL) and 

washed with 5% aqueous NaHCO3 (30 mL) and H2O (20 mL). The organic layer was 

separated, dried over Na2SO4, filtered and evaporated. After purification by flash column 

chromatography (PE → 10% EA/PE, v/v) 15 was obtained as a brown solid (2.93 g, 8.53 

mmol, 78%). 1H NMR (360 MHz, CDCl3): δ = 7.43 – 7.16 (m, 10H), 5.09 (s, 2H), 4.90 (d, 

J = 8.7 Hz, 1H), 4.13 – 4.03 (m, 1H), 3.11 (dd, J = 14.0, 4.6 Hz, 1H), 3.05 – 2.89 (m, 2H), 

2.82 (dd, J = 13.6, 7.1 Hz, 1H), 2.35 (s, 3H) ppm. 13C NMR (91 MHz, CDCl3): δ = 195.9, 
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155.8, 137.0, 136.5, 129.3, 128.6, 128.5, 128.1, 128.0, 126.8, 66.6, 52.6, 40.4, 32.7, 

30.6 ppm. MS (ESI): m/z: calcd. for C19H22NO3S [M+H+] 344.13; found 343.75. 
 

Cbz-L-Phe-[CH2SO2]-Cl (16) 

NCS (467 mg, 3.49 mmol) was dissolved in a cooled (10°C) 0 °C 

mixture of HCl (2 M, 233 µL, 0.466 mmol) and ACN (1.39 mL) and 

stirred for 15 min. The thioacetate ester 15 (300 mg, 0.874 mmol) was 

added at once to the mixture. After stirring for 15 min at RT the reaction mixture was 

diluted with CH2Cl2 (4 mL), washed with brine (3 x 2 mL), dried over MgSO4 and 

concentrated to give 16 (341 mg, 0.926 mmol, 106% (crude product)) as a light yellow 

solid which was used without further purification in the next step. 
 

Cbz-L-Phe-[CH2SO2]-F (17) 

KF (108 mg, 1.854 mmol) and 18-c-6 ether (12.25 mg, 0.046 mmol) 

were added to a solution of sulfonyl chloride 16 (341 mg, 0.926 mmol) in 

ACN (4.64 mL) under an argon atmosphere. The reaction mixture was 

stirred at RT overnight. After evaporation of the solvent the residue was purified by flash 

column chromatography (PE → 35% EA/PE, v/v) yielding 17 (207 mg, 0.589 mmol, 63%) 

as a white solid. 1H NMR (360 MHz, DMSO-d6): δ = 7.61 (d, J = 8.7 Hz, 1H), 7.36 – 7.17 

(m, 10H), 4.96 (s, 2H), 4.33 – 4.12 (m, 2H), 4.05 – 3.92 (m, 1H), 2.93 (dd, J = 13.6, 

4.8 Hz, 1H), 2.81 (dd, J = 13.6, 9.6 Hz, 1H) ppm. 13C NMR (91 MHz, DMSO-d6): 

δ = 155.7, 137.7, 137.5, 129.7, 128.7, 128.1, 127.8, 127.0, 65.6, 54.5, 54.4, 48.8 ppm. 

MS (ESI): m/z: calcd. for C17H19FNO4S [M+H+] 352.10; found 351.81. 
 

L-Phe-[CH2SO2]-F  HCl (18) 

HBr in acetic acid (33%, 2.34 mL, 14.23 mmol) was added dropwise to a 

solution of sulfonyl fluoride 17 (200 mg, 0.569 mmol) in CH2Cl2. After 

stirring at RT for 45 min and subsequent concentration in vacuo the 

residue was dissolved in H2O (4 mL) and DOWEX (400 mg) were poured into the solution. 

After stirring for 15 min the solution was filtered and the filter residue was washed with 

H2O. After lyophilization 18 (132.8 mg, 0.523 mmol, 92% (crude product)) was obtained 

as a white powder which was used without further purification in the next step. 
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Final coupling of peptidic backbones and sulfonyl fluoride headgroups 

MorphAc-hPhe-Leu-Phe-Leu-ψ-[CH2SO2]-F (1) 

HATU (70.5 mg, 0.185 mmol) was added to a 

cooled (0 °C) solution of peptidic backbone 4 

(126 mg, 0.185 mmol) in CH2Cl2 (0.99 mL) and 

stirred for 20 min, under an argon atmosphere, prior 

adding sulfonyl fluoride headgroup 12 (37.0 mg, 

0.168 mmol). The reaction mixture was stirred at 

0 °C for 30 min. Afterwards, DIPEA (85 µL, 0.488 mmol) was added dropwise and the 

reaction was allowed to reach RT and was stirred overnight. After evaporation of the 

solvent the residue was dissolved in DMF (0.25 mL). Purification by RP-HPLC 

(tR = 24 min, linear gradient 20  100% ACN/H2O + 0.1% TFA in 120 min), treatment with 

Amberlyst A-21 and lyophilization yielded 1 (49.8 mg, 0.068 mmol, 40%) as white powder. 
1H NMR (500 MHz, DMSO-d6): δ = 8.23 (d, J = 8.4 Hz, 1H), 8.13 (d, J = 8.8 Hz, 1H), 8.05 

(d, J = 8.2 Hz, 1H), 7.30 – 7.06 (m, 10H), 4.42 (dd, J = 9.5, 5.0 Hz, 1H), 4.38 – 4.27 (m, 

3H), 4.09 – 4.02 (m, 1H), 3.74 (dd, J = 14.6, 8.4 Hz, 1H), 3.65 – 3.55 (m, 4H), 3.02 – 2.88 

(m, 3H), 2.79 (dd, J = 14.2, 9.6 Hz, 1H), 2.46 – 2.41 (m, 4H), 1.94 – 1.73 (m, 2H), 

1.57 - 1.41 (m, 3H), 1.39 – 1.27 (m, 3H), 0.88 – 0.76 (m, 12H) ppm. 13C NMR (126 MHz, 

DMSO-d6): δ = 172.1, 171.0, 170.8, 141.8, 138.1, 129.4, 128.8, 128.7, 128.4, 126.6, 

126.4, 66.6, 61.8, 54.8, 54.7, 54.1, 53.6, 53.5, 53.0, 51.3, 43.1, 42.8, 41.4, 37.5, 34.7, 

31.9, 24.5, 24.1, 23.7, 23.5, 22.2, 21.6 ppm. RP-HPLC: tR = 12 min (linear gradient 

0  90% in 25 min). HRMS (ESI): m/z: calcd. for C37H55FN5O7S [M+H+] 732.3801; found 

732.3803. 
 

MorphAc-Ala-Tyr(OMe)-Phe-ψ-[CH2SO2]-F (2) 

HATU (82 mg, 0.217 mmol) was added to a cooled (0 °C) 

solution of acid 5 (110 mg, 0.217 mmol) in CH2Cl2 

(1.16 mL) strirred for 20 min, under an argon atmosphere, 

prior adding sulfonyl fluoride headgroup 18 (50 mg, 

0.197 mmol). The reaction mixture was stirred at 0 °C for 

30 min. Afterwards, DIPEA (100 µL, 0.571 mmol) was added dropwise and the reaction 

was allowed to reach RT and was stirred overnight. After evaporation of the solvent, the 

residue was dissolved in DMF (0.25 mL). Purification by RP-HPLC (tR = 40 min, linear 

gradient 10  100% ACN/H2O + 0.1% TFA in 100 min), treatment with Amberlyst A-21 

and lyophilization yielded 2 (48.4 mg, 0.082 mmol, 41%) as white powder. 1H NMR 

(500 MHz, DMSO-d6): δ = 8.39 (d, J = 8.5 Hz, 1H), 8.12 (d, J = 8.5 Hz, 1H), 7.76 (d, 
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J = 7.9 Hz, 1H), 7.32 – 7.17 (m, 5H), 7.08 (d, J = 8.6 Hz, 2H), 6.77 (d, J = 8.6 Hz, 2H), 

4.49 – 4.40 (m, 1H), 4.37 – 4.30 (m, 1H), 4.27 – 4.19 (m, 1H), 4.15 – 4.07 (m, 1H), 3.89 

(dd, J = 14.4, 9.6 Hz, 2H), 3.68 (s, 3H), 2.96 – 2.75 (m, 4H), 2.67 – 2.56 (m, 1H), 

2.42 - 2.29 (m, 4H), 1.11 (d, J = 6.9 Hz, 3H) ppm. 13C NMR (126 MHz, DMSO-d6): 

δ = 172.6, 172.1, 171.2, 158.2, 137.3, 130.6, 129.9, 129.7, 128.8, 127.1, 113.8, 66.5, 

61.5, 55.3, 54.7, 53.9, 53.8, 53.5, 47.9, 46.6, 36.9, 19.2 ppm. RP-HPLC: tR = 7.6 min 

(linear gradient 0  90% in 25 min). HRMS (ESI): m/z: calcd. for C28H38FN4O7S [M+H+] 

593.2440; found 593.2446. 
 

MorphAc-hPhe-Ala-Tyr(OMe)-Phe-ψ-[CH2SO2]-F 

(3) 

HATU (41.5 mg, 0.109 mmol) was added to a cooled 

(0 °C) solution of peptidic backbone 4 (73 mg, 

0.109 mmol) in CH2Cl2 (0.58 mL) and stirred for 

20 min, under an argon atmosphere, prior adding 

sulfonyl fluoride headgroup 12 (25.2 mg, 0.099 

mmol). The reaction mixture was stirred at 0 °C for 30 min. Afterwards, DIPEA (50 µL, 

0.288 mmol) was added dropwise and the reaction was allowed to reach RT and was 

stirred overnight. After evaporation of the solvent the residue was dissolved in DMF (0.25 

mL). Purification by RP-HPLC (tR = 34 min, linear gradient 20  100% ACN/H2O + 0.1% 

TFA in 120 min), treatment with Amberlyst A-21 and lyophilization yielded 1 (18.7 mg, 

0.025 mmol, 25%) as white powder. 1H NMR (500 MHz, DMSO-d6): δ = 8.33 (d, J = 8.5 

Hz, 1H), 8.13 (d, J = 6.8 Hz, 1H), 8.00 (d, J = 8.3 Hz, 1H), 7.26 – 7.14 (m, 10H), 7.08 (d, J 

= 8.6 Hz, 2H), 6.73 (d, J = 8.7 Hz, 2H), 4.48 – 4.38 (m, 1H), 4.38 – 4.18 (m, 3H), 4.13 

(ddd, J = 14.8, 7.2, 3.5 Hz, 1H), 3.85 (dd, J = 14.9, 9.1 Hz, 1H), 3.63 (s, 3H), 3.62 – 3.56 

(m, 4H), 3.00 – 2.75 (m, 4H), 2.45 - 2.39 (m, 4H), 1.95 – 1.76 (m, 2H), 1.13 (d, J = 7.1 Hz, 

3H) ppm. 13C NMR (126 MHz, DMSO-d6): δ = 172.2, 171.2, 170.7, 158.2, 141.7, 137.3, 

130.5, 130.0, 129.7, 128.8, 128.7, 127.0, 126.3, 113.8, 66.6, 61.6, 55.3, 54.6, 54.2, 53.8, 

53.7, 53.5, 52.9, 48.5, 46.6, 37.0, 34.6, 31.8, 18.7 ppm. RP-HPLC: tR = 10.5 min (linear 

gradient 0  90% in 25 min). HRMS (ESI): m/z: calcd. for C38H49FN5O8S [M+H+] 

754.3280; found 754.3280. 
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5 20S Proteasome inhibitors with fluorescent feedback 

This chapter contains unpublished research and results which were partially published in 

a patent application: “Proteasome inhibitor comprising a signal-emitting moiety” by 

Christian Dubiella & Michael Groll, European Patent Application, 2015, 

EP15182683.1 - 1453. 

5.1 Introduction 

A plethora of proteolytic mechanisms have been discovered. They all follow a common 

principle of catalysis: direct or indirect increase of the nucleophilicity of a water molecule 

for the hydrolysis of peptide bonds. In particular, the cCP and iCP present the major 

intracellular proteolytic machineries which exploit the basicity of an N-terminal threonine 

(Thr1) at their catalytically active subunits.[1] In contrast to moderately nucleophilic water 

(pKa = 15),[2] the alkoxide of Thr1 as active site nucleophile (pKa ≈ 9)[3] readily reacts with 

electrophilic warheads. However, the generally high reactivity of these pharmacophores 

such as borates, epoxyketones, vinyl sulfones, lactones and Michael systems cannot be 

adjusted to match the individual basicity of Thr1.[4] In consequence, certain amounts of 

inhibitor are sacrificed to hydrolysis and off-target activity. Recently, peptido sulfonyl 

fluorides were discovered as potent and selective inhibitors of the active subunits 5c and 

5i.[5,6] For the first time, this class of CP inhibitors employs a pharmacophore whose 

reactivity depends on the leaving group (LG) ability. This offers the possibility to tune its 

reactivity by exchanging the fluoride LG with deactivated phenols or fluorogenic LGs. In 

general, phenyl sulfonic esters have a reduced reactivity compared to sulfonyl halides, but 

can still act as electrophiles depending on the nature of the deactivating electron-

withdrawing groups on the LG.[7,8] In fact, pentafluorophenol (PFP) esters emerged as 

substitutes for acid halides and succinimidyl esters as activated esters in conjugation 

reactions due to their high water stability and long shelf life.[9,10] Although the LG ability is 

based on reaction rates,[11] it can be roughly correlated with the pKa value of its 

conjugated acid. In particular, the use of LGs that are easily detectable are of interest. 

They allow a direct quantification of active CPs because their release is an integral part of 

the inhibitory mechanism.[5] This is in contrast to currently existing activity-based probes 

and antibodies assays (ProCISE)[12] which only permit a rough estimation of CP 

concentrations in-gel or require many working steps for an accurate quantification.[13-15] 
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5.2 Results and discussion 

The initial aim of this project was to identify the pKa range of the LG which enables 

substantial cCP inhibition. Therefore, a sulfonyl chloride precursor of L-leucine was 

derivatized with phenol (pKa = 9.9),[16] 2,4,6-trifluorophenol (TFP; pKa ≈ 7.6) and 

pentafluorophenol (PFP; pKa = 5.5).[16] The phenyl sulfonic ester precursors were coupled 

via HATU-mediated amide coupling to a carfilzomib peptide backbone which was 

prepared by solid phase peptide synthesis using the Fmoc strategy. This convergent 

synthesis strategy allowed the facile preparation of the peptide sulfonate esters (PSE) 1, 2 

and 3 (Figure 5.1). 

 

Figure 5.1 Carfilzomib (CFZ) and its peptidic sulfonyl fluoride (PSF) as well as sulfonic ester (PSE) 

counterparts with their corresponding leaving groups (LG) and pKa values. Their IC50 values were 

determined on purified human cCP in fluorogenic and luminogenic substrate assays. [a]: the pKa 

values of the conjugate acids of the LG are given.[16,17] 

To evaluate the potency of the PSEs against the ChTL activity of subunit 5c, the IC50 

values on purified human cCP were determined using a fluorogenic 7-amino-4-

methylcoumarin (AMC) substrate assay. Indeed, 3 substantially inhibited subunit 5c 

(IC50 = 1.12 µM, Figure 5.1), however with 40-fold decreased potency compared to its 

sulfonyl fluoride counterpart (IC50 = 0.028 µM). In contrast, the less fluorinated PSE 2 was 
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at least 1000-fold less potent than 3 and had hardly no effects on 5c-activity 

(IC50 > 1 mM). Notably, the non-fluorinated PSE 1 did not have any effect on the ChTL 

activity (IC50 > 1 mM). To exclude the possibility of reversible binding of the PSE 3 to the 

active site, yCP crystals were soaked with PSE 3 for X-ray crystallographic analysis. 

Subsequent structure elucidation revealed an irreversible crosslink in the 5 subunit, 

analogous to the PSFs.[5] This mode of action requires PFP to be released as a LG, 

thereby excluding enhanced reversible binding of 3 due to protein interactions of the 

perfluorinated phenol with the primed site as observed with -ketoamide CP inhibitors.[18] 

Next, the 5c binding affinity was improved by employing a highly deactivated fluorogenic 

LG with a pKa value ranging from 4 to 6. Based on the limited space at the proteasomal 

active site, 6,8-difluoro-4-methylumbelliferone (DiFMU; pKa = 4.7)[17] was chosen as a 

small reporter LG with excellent photophysical properties including a high quantum yield 

(F = 0.89) and high resistance to photobleaching.[17] Furthermore, DiFMU bound to 

sulfonic ester groups is non-fluorescent and is widely used in substrate assays for several 

enzyme classes.[19-21] In addition, the less fluorinated PSE 4 and 5, with 

4-methylumbelliferone (MU; pKa = 7.8)[17] and 6-fluoro-4-methylumbelliferone (FMU; 

pKa = 6.4) [17] respectively, were prepared as controls (Figure 5.1). Their potency against 

5c of purified human cCP was evaluated by determining their IC50 values in luminogenic 

aminoluciferin substrate assays which are orthogonal to the released MU fluorophores 

(Figure 5.2). 

 

Figure 5.2 In vitro IC50 assays against the ChTL activity of purified human cCP after 1 h incubation 

with various concentrations of PSE 4, 5 and 6 using the luminogenic Suc-LLVY-aminoluciferin 

substrate assay. Data of three repetitions were normalized to DMSO-treated controls and are 

presented as relative activity with standard deviation. 

PSE 6 containing DiFMU (IC50 = 0.236 µM, Figure 1, Figure S2) was over 400-fold more 

active than the mono-fluorinated PSE 5 (IC50 > 100 µM) and non-fluorinated 4 
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(IC50 > 1000 µM), confirming once again that the PSEs require LGs with a pKa < 6 for 

inhibition in the nanomolar range. Based on the hypothesis that each of the released 

fluorophores correlates with a blocked active site, it was investigated if the fluorescence 

signal was proportional to the amount of CPs inhibited (Figure 5.3). This would allow a 

quantification of active CP, provided that non-stoichiometric hydrolysis is negligible, which 

is in contrast to fluorogenic substrates that are constantly turned over by the CP. In 

consequence, common substrate assays are only useful to determine the mere presence 

of proteolytic activity rather than the total quantity of CP in the sample. 

 

Figure 5.3 Proposed inactivation mechanism of the PSEs which react with the proteasomal active 

site of subunit 5 similar to the PSFs. A stoichiometric release of DiFMU during inhibition without 

unspecific hydrolysis allows an accurate quantification of inhibition. The substituent R indicates the 

remaining part of the inhibitor backbone; P1 refers to the amino acid side chain protruding into the 

S1 specificity pocket. 

For this purpose, the fluorescence emission in assays with varying cCP concentrations 

(1 - 0.001 mg/mL; 1.4 µM – 0.0014 µM) was determined while the concentration of PSE 6 

was kept constant (1 µM). After an incubation time of 1 h, the fluorescence signal was 

indeed found to be proportional to the amount of cCP in the sample (Figure 5.4b). Even 

concentrations as low as 0.001 mg/mL (0.0014 µM) of cCP (cCP:6 (1 µM) ratio ≈ 1:716) 

exhibited detectable signals, indicating a slow hydrolysis rate of 6. Subsequent kinetic 

studies without cCP at different pH values (6.5 – 8.5) confirmed that after 3 h incubation 

time at pH 8.5 only 7‰ of PSE 6 were converted by hydrolysis, thereby highlighting the 

assay’s high sensitivity (Figure 5.4a). 
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Figure 5.4 a) Comparative analysis of the hydrolysis rates of PSE 4, 5 and 6 at different pH values 

(6.5 - 8.5) after 3 h incubation at 37 °C. The fluorescence (excitation:  = 380 nm; emission:  = 

430 nm) was related to a 1µM DiFMU standard and is given in permille [‰]. b) Fluorescence 

intensity of samples (total volume 40 µL) with varying concentrations (1 - 0.001 mg per mL) of 

human purified cCP treated with PSE 6 for 1 h at pH 7.5. 

Further kinetics with cCP confirmed that a concentration of 1 µM of PSE 6 (cCP:6 

ratio ≈ 1:1) and an incubation time of 15 minutes are already sufficient to obtain a constant 

and reproducible read-out. After 15 min, the fluorescence signal increased at the same 

rate in all samples which kept the results constant (Figure 5.5). 

 

Figure 5.5 Kinetic experiment with varying concentrations of human cCP (1 – 0.001 mg/mL; 

1.4 µM – 0.0014 µM) treated with 1 µM of PSE 6 at pH 7.5 and 37 °C. The start of the measurement 

was delayed for 2 min due to technical reasons. Data of three repetitions were averaged. 

To prove that the observed fluorescence is caused solely by the active site nucleophile of 

the CP, the latter was inactivated by adding 10 µM of carfilzomib prior to the measurement 
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with the PSE 6. These pre-inactived CP samples exhibited only background fluorescence 

caused by hydrolysis. 

These results inspired the design of fluorescent PSEs that selectively inhibit 5i in order to 

determine active iCP concentrations beside cCP in solution. The current state-of-the-art 

5i-specific tripeptide of LU-035i (see Figure 2.4) and a tetrapeptide derived from 

ONX 0914 (Figure 1.5) served as blueprints for peptide backbone design. The backbones 

were coupled to L-phenylalanine and 3-cyclohexyl-L-alanine DiFMU precursors which 

generated the PSE 7, 8 and the hybrid compound PSE 9 (Figure 5.6). 

 

Figure 5.6 ICP selective PSEs 7, 8 and 9 which are currently being assessed in vitro and in cell 

culture. 

Currently, the evaluations of PSE 7, 8 and 9 in assays with purified human iCP and in cell 

culture are ongoing. Preliminary results suggest their ability to selectively detect active 

iCPs in solution. This concept might be further improved by using fluorinated luciferin 

derivatives as leaving groups to generate luminogenic CP inhibitors. Bioluminescent 

assays have improved sensitivity and superior applicability in cell lysates and biological 

samples compared to fluorogenic assays. In conclusion, the presented concept might 

represent the simplest procedure to detect and quantify proteasomal activity. It could be 

potentially useful as research tool or even in medical diagnostics according to the 

involvement of 20S proteasomes in a multitude of disease-associated processes. 
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5.3 Methods 

IC50 value determination with the Proteasome-GloTM chymotrypsin-like luminescent 
substrate assay 

Luminescent in vitro proteasome inhibition assays were performed with bioluminescence 

assays (Promega) in 96-well plates (Sigma Aldrich). Assay mixtures contained 10 μg/mL 

commercially available purified human cCP (Boston Biochem) or human iCP (Boston 

Biochem) in 100 mM Tris/HCl (pH 7.5) buffer. Inhibitors were dissolved in DMSO and 

added at various concentrations with three repetitions each, thereby not surpassing a final 

concentration of 10% (v/v) DMSO. After an incubation time of 60 min at RT, the 

chymotrypsin-like activity was determined by the hydrolysis of the β5 specific substrate 

Suc-Leu-Leu-Val-Tyr-aminoluciferin in the presence of luciferase using the Proteasome-

GloTM reagents according to the manufacturer’s instructions. The resulting luminescence 

was detected with a PHERAstar Plus (BMG Labtech) plate-reader. 

Fluorescent inhibitor assay with various proteasome concentrations 

Fluorescent inhibitor assays were performed in 96-well plates (Sigma Aldrich). Samples 

with a total volume of 39 µL contained 1 – 0.001 mg/mL (1.4 µM – 0.0014 µM) 

commercially available purified human cCP (Boston Biochem) or human iCP (Boston 

Biochem) in 100 mM NaCl, 1 mM DTT, 100 mM Tris/HCl (pH 7.5) buffer. Fluorogenic 

inhibitors were dissolved in DMSO and added resulting in constant concentrations (1, 5, 

25 µM) with three repetitions each, thereby not surpassing a final concentration of 10% 

(v/v) DMSO. The resulting fluorescence intensity was measured on a Tecan infinite M200 

or F200 multiplate reader with excitation and emission wavelengths of λexcitation = 380 and 

λemission = 430 nm, respectively. 

Fluorescent inhibitor assay for determination of hydrolytic stability 

Fluorescent inhibitor assays were performed analogously to the described fluorescent 

inhibitor assay without the addition of proteasome. Buffer solutions with a total volume of 

39 µL containing 100 mM NaCl, 1 mM DTT, 100 mM Tris/HCl in aqueous solution with 

different pH (6.5 – 8.5) were incubated with 1µL fluorogenic inhibitor to yield a final 

concentration of 1 µM at 37 °C. The resulting fluorescence intensity was measured on a 

Tecan infinite M200 pro or F200 multiplate reader with excitation and emission 

wavelengths of λexcitation = 380 and λemission = 430 nm, respectively. The measured 

fluorescence intensity was related to a 1 µM standard sample of DiFMU (Life 

Technologies) in the buffer solution described above. 
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General procedure for the synthesis of peptidic backbones 

Peptidic backbones were prepared via solid-phase peptide synthesis using Fmoc-

protected amino acids and a PS3 Peptide Synthesizer (Protein Technologies, Inc.). 

Preloaded L-Tyr(OMe)-2-Chlorotrityl-Cl resin (0.63 mmol/g loading) and L-Phe-2-

Chlorotrityl-Cl resin (0.74 mmol/g loading)  were used in a 0.2 mmol scale. Fmoc-

protected amino acids (0.4 mmol, 2 eq.) were deprotected with 20% (v/v) piperidine in 

DMF. Activation of amino acids (0.4 mmol, 2 eq.) for coupling was performed using HCTU 

(0.4 mmol, 2 eq.) and 0.4 M DIPEA in DMF. Cleavage from the resin was performed with 

20% 1,1,1,3,3,3-hexafluoro-2-propanol (v/v) in CH2Cl2 following evaporation. The residual 

solid was dissolved in H2O and lyophilized to yield the peptidic backbone quantitatively as 

white powdery TFA salts of the free acid. 

 
MorphAc-hPhe-Leu-Phe-OH (A) 
1H NMR (300 MHz, DMSO-d6): δ = 8.18 (d, J = 7.8 Hz, 1H), 

8.06 (d, J = 8.3 Hz, 1H), 7.90 (d, J = 8.3 Hz, 1H), 

7.33 - 7.24 (m, 2H), 7.23 – 7.07 (m, 8H), 4.51 – 4.30 (m, 

3H), 3.61 (t, J = 4.7 Hz, 4H), 3.48 – 3.19 (m, 6H), 

3.07 - 2.85 (m, 4H), 1.99 – 1.71 (m, 2H), 1.67 – 1.50 (m, 

1H), 1.42 (t, J = 7.3 Hz, 2H), 0.85 (dd, J = 14.2, 6.5 Hz, 6H) ppm. 13C NMR (75 MHz, 

DMSO-d6): δ = 173.2, 172.3, 171.3, 169.1, 142.0, 137.9, 129.4, 128.8, 128.7, 128.5, 

126.8, 126.2, 66.6, 53.6, 52.2, 51.2, 37.0, 34.9, 31.8, 24.5, 23.5, 22.1 ppm. MS (ESI): m/z: 

calcd. for C31H43N4O6 [M+H+] 567.32; found 567.21. 

 

MorphAc-hPhe-Ala-Tyr(OMe)-OH (B) 
1H NMR (360 MHz, DMSO-d6): δ = 8.11 (dd, J = 13.1, 

7.6 Hz, 2H), 7.90 (d, J = 8.2 Hz, 1H), 7.26 (t, 

J = 7.4 Hz, 2H), 7.21 – 7.09 (m, 5H), 6.78 (d, 

J = 8.1 Hz, 2H), 4.45 – 4.28 (m, 3H), 3.67 (s, 3H), 3.61 

(t, J = 4.6 Hz, 4H), 3.05 – 2.79 (m, 4H), 2.48 – 2.37 (m, 

4H), 2.01 – 1.76 (m, 2H), 1.20 (d, J = 7.0 Hz, 3H) ppm. 13C NMR (126 MHz, DMSO-d6): 

δ = 173.3, 172.6, 171.2, 169.2, 158.3, 142.0, 130.6, 129.6, 128.7, 128.7, 126.2, 114.0, 

66.6, 61.8, 55.3, 54.2, 53.7, 52.1, 48.3, 36.2, 34.9, 31.8, 18.6 ppm. MS (ESI): m/z: calcd. 

for C29H39N4O7 [M+H+] 555.28; found 555.22. 
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3-MeIndAc-D-Ala-Tyr(OMe)-OH (C) 
1H NMR (500 MHz, DMSO-d6): δ = 7.44 – 7.38 (m, 

2H), 7.36 – 7.28 (m, 2H), 7.09 (d, J = 8.6 Hz, 2H), 

6.78 (d, J = 8.6 Hz, 2H), 4.90 (p, J = 7.1 Hz, 1H), 4.75 

(q, J = 6.4 Hz, 1H), 3.70 (s, 3H), 3.50 (s, 2H), 3.18 (dd, J = 14.0, 5.4 Hz, 1H), 3.00 (dd, 

J = 14.0, 6.5 Hz, 1H), 2.45 (t, J = 2.2 Hz, 3H), 1.33 (d, J = 6.9 Hz, 3H) ppm. 13C NMR 

(126 MHz, DMSO-d6): δ = 173.8, 172.6, 166.2, 158.6, 149.0, 145.3, 142.2, 130.9, 130.5, 

128.0, 127.5, 126.8, 123.8, 120.9, 113.9, 55.1, 53.6, 48.4, 38.0, 36.7, 19.0, 12.3 ppm. 

MS (ESI): m/z: calcd. for C24H27N2O5 [M+H+] 423.19; found 422.90. 

 

Synthesis of fluorinated 4-methylumbelliferones 

6,8-Difluoro-4-methylumbelliferone (DiFMU) 

Ethyl acetoacetate (432 µL, 445 mg, 3,42 mmol) and 2,4-

difluorobenzene-1,3-diol (500 mg, 3.42 mmol) were cooled down to 

0 °C, and methanesulfonic acid (5.56 mL, 8.22 g, 85.6 mmol, 25.0 eq) 

was added slowly to the mixture. The mixture was allowed to reach room temperature and 

stirred overnight. Afterwards, the mixture was cooled down to 0 °C and H2O (10 mL) was 

added slowly. The formed precipitate was filtered, washed with H2O and solubilized with 

1 M NaOH. After repricitation with 10% sulfuric acid (approx. pH 1), the precipitate was 

filtered again, washed with H2O and dissolved in acetone. The solvent was evaporated to 

yield DiFMU (577 mg, 2.72 mmol, 79%) as a yellow powder. 1H NMR (360 MHz, DMSO-

d6): δ = 11.49 (s, 1H), 7.48 (dd, J = 11.4, 2.2 Hz, 1H), 6.31 (d, J = 1.5 Hz, 1H), 2.36 (d, 

J = 1.3 Hz, 3H) ppm. 13C NMR (91 MHz, DMSO-d6) δ = 159.2 (s), 153.6 (t, J = 2.8 Hz), 

148.9 (dd, J = 239.3, 5.2 Hz), 139.8 (dd, J = 9.4, 2.1 Hz), 139.8 (dd, J = 244.0, 6.7 Hz), 

138.0 (dd, J = 18.1, 12.8 Hz), 112.8 (s), 111.4 (d, J = 9.2 Hz), 106.8 (dd, J = 21.6, 3.2 Hz), 

18.67 (s) ppm. 19F NMR (471 MHz, DMSO-d6): δ = -136.17 (t, J = 10.3 Hz), -153.83 (dd, 

J = 9.1, 2.2 Hz) ppm. MS (ESI): m/z: calcd. for C10H7F2O3 [M+H+] 213.04; found 213.04. 

 

6-Fluoro-4-methylumbelliferone (FMU) 

Methanesulfonic acid (6.34 mL, 9.34 g, 97.6 mmol) was added slowly 

to a mixture of ethyl acetoacetate (493 mL, 508 mg, 3,90 mmol) and 

4-difluorobenzene-1,3-diol (500 mg, 3.90 mmol) at 0 °C. The mixture 

was allowed to reach room temperature and stirred overnight. Afterwards, the mixture was 

cooled down to 0 °C and H2O (10 mL) was added slowly. The formed precipitate was 
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filtered, washed with H2O and solubilized with 1 M NaOH. After repricitation with 10% 

sulfuric acid (approx. pH 1), the precipitate was filtered again, washed with H2O and 

dissolved in acetone. The solvent was evaporated to yield FMU (684 mg, 3.52 mmol, 

90%) as a rose-colored powder. 1H NMR (360 MHz, DMSO-d6): δ = 11.10 (s, 1H), 7.59 (d, 

J = 11.6 Hz, 1H), 6.90 (d, J = 7.5 Hz, 1H), 6.21 (d, J = 1.5 Hz, 1H), 2.36 (d, J = 1.2 Hz, 

3H) ppm. 13C NMR (91 MHz, DMSO-d6) δ = 160.5, 152.2 (dd, J = 255.4, 2.0 Hz), 149.5, 

149.3, 147.2, 112.3, 112.0, 111.9, 111.8, 105.0 (d, J = 3.1 Hz), 18.6 ppm. 19F NMR 

(471 MHz, DMSO-d6): δ = -139.56 (dd, J = 11.7, 7.5 Hz) ppm. MS (ESI): m/z: calcd. for 

C10H8FO3 [M+H+] 195.05; found 195.08. 

 
Synthesis of sulfonate ester headgroups 

The sulfonyl chloride headgroup precursors derived from L-leucinol and L-phenylalaninol 

were synthesized according to our previously published protocol.[5] 

 

Cbz-L-Leu-[CH2SO2]-Phenol (Phe-A) 

A solution of Cbz-L-Leu-[CH2SO2]-Cl (143 mg, 0.428 mmol) in 

CH2Cl2 (1.5 mL) was cooled down to 0 °C before phenol 

(40.3 mg, 0.428 mmol) was added and the mixture was stirred for 

15 min. Afterwards, NEt3 (119 µL, 87 mg, 0.857 mmol) was added and the mixture was 

stirred overnight at RT. Evaporation of the solvent and purification via flash column 

chromatography (PE → 20% EA/PE, v/v) yielded sulfonate Phe-A (96 mg, 0.245 mmol, 

57%) as a white solid. 1H NMR (300 MHz, CDCl3): δ = 7.50 – 7.29 (m, 10H), 5.03 (d, 

J = 2.1 Hz, 2H), 4.15 (dd, J = 12.7, 6.9 Hz, 1H), 3.72 – 3.56 (m, 2H), 1.65 – 1.33 (m, 3H), 

0.87 (dd, J = 6.5, 1.8 Hz, 6H) ppm. 13C NMR (75 MHz, CDCl3): δ = 155.9, 137.5, 130.6, 

129.8, 128.7, 128.2, 128.0, 127.8, 122.7, 115.7, 65.7, 54.9, 45.6, 43.4, 24.5, 23.5, 

21.8 ppm. MS (ESI): m/z: calcd. for C20H26NO5S [M+H+] 392.15; found 391.91. 

 

Cbz-L-Leu-[CH2SO2]-Phenol  HCl (Phe-B) 

HBr in acetic acid (33%, 0.84 mL, 5.11 mmol) was added dropwise 

to a solution of sulfonate Phe-A (80 mg, 0.204 mmol) in CH2Cl2 

(1.5 mL) and stirred at RT for 45 min. After concentration in vacuo 

the residue was dissolved in H2O (1.5 mL) and DOWEX® 1X8 (Cl-form, 90 mg) was added 

to solution. The mixture was stirred for 15 min, the solution was filtered and the residue 

was washed with H2O. After lyophilization hydrochloride Phe-B (50 mg, 0.170 mmol, 83% 
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(crude product)) was obtained as a light yellow powder which was used without further 

purification in the next step. 

 

Cbz-L-Leu-[CH2SO2]-2,4,6-TFP (TFP-A) 

A solution of Cbz-L-Leu-[CH2SO2]-Cl (216 mg, 0.647 mmol) in 

CH2Cl2 (2.2 mL) was cooled down to 0 °C before 2,4,6-

trifluorophenol (96 mg, 0.647 mmol) was added and the 

mixture was stirred for 15 min. Afterwards, NEt3 (180 µL, 

131 mg, 1.294 mmol) was added and the mixture was stirred overnight at RT. Evaporation 

of the solvent and purification via flash column chromatography (PE → 20% EA/PE, v/v) 

yielded sulfonate TFP-A (157 mg, 0.353 mmol, 55%) as a yellow oil. 1H NMR (300 MHz, 

CDCl3): δ = 7.55 – 7.41 (m, 3H), 7.36 – 7.27 (m, 5H), 5.03 (d, J = 1.3 Hz, 2H), 4.28 – 4.12 

(m, 1H), 3.87 (dd, J = 14.4, 4.1 Hz, 1H), 3.75 (dd, J = 14.4, 8.4 Hz, 1H), 1.71 – 1.47 (m, 

2H), 1.45 – 1.28 (m, 1H), 0.88 (dd, J = 6.5, 2.2 Hz, 6H). 13C NMR (75 MHz, CDCl3): 

δ = 155.9, 137.5, 128.7, 128.2, 127.9, 102.6, 65.7, 56.3, 45.6, 43.4, 24.5, 23.6, 21.7 ppm. 

19F NMR (471 MHz, DMSO-d6): δ = -107.15 (t, J = 5.3 Hz), -121.52 (d, J = 5.2 Hz) ppm. 

MS (ESI): m/z: calcd. for C20H23F3NO5S [M+H+] 446.12; found 445.90. 

 

Cbz-L-Leu-[CH2SO2]-2,4,6-TFP  HCl (TFP-B) 

HBr in acetic acid (33%, 1.31 mL, 7.97 mmol) was added 

dropwise to a solution of sulfonate TFP-A (142 mg, 0.319 mmol) 

in CH2Cl2 (2.3 mL) and stirred at RT for 45 min. After 

concentration in vacuo the residue was dissolved in H2O (2.3 mL) 

and DOWEX® 1X8 (Cl-form, 160 mg) was added to solution. The mixture was stirred for 

15 min, the solution was filtered and the residue was washed with H2O. After lyophilization 

hydrochloride TFP-B (97 mg, 0.279 mmol, 87% (crude product)) was obtained as a white 

powder which was used without further purification in the next step. 

 

Cbz-L-Leu-[CH2SO2]-PFP (PFP-A) 

A solution of Cbz-L-Leu-[CH2SO2]-Cl (143 mg, 0.428 mmol) in 

CH2Cl2 (1.5 mL) was cooled down to 0 °C before 

pentafluorophenol (79 mg, 0.428 mmol) was added and the 

mixture was stirred for 15 min. Afterwards, NEt3 (119 µL, 87 mg, 

0.857 mmol) was added and the mixture was stirred overnight at RT. Evaporation of the 

solvent and purification via flash column chromatography (PE → 25% EA/PE, v/v) yielded 
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sulfonate PFP-A (120 mg, 0.249 mmol,58%) as a light yellow solid. 1H NMR (300 MHz, 

CDCl3): δ = 7.45 (d, J = 8.8 Hz, 1H), 7.39 – 7.26 (m, 5H), 5.03 (d, J = 2.2 Hz, 2H), 

4.29 - 4.13 (m, 1H), 4.09 – 3.95 (m, 1H), 3.83 (dd, J = 14.4, 8.6 Hz, 1H), 1.71 – 1.48 (m, 

2H), 1.43 – 1.29 (m, 1H), 0.88 (dd, J = 6.4, 1.5 Hz, 6H) ppm. 13C NMR (75 MHz, CDCl3): 

δ = 155.9, 137.5, 128.7, 128.2, 128.0, 65.7, 56.5, 45.6, 43.3, 24.4, 23.6, 21.6 ppm. 
19F NMR (471 MHz, DMSO-d6): δ = -151.55 (d, J = 20.0 Hz), -156.32 (t, 

J = 23.3 Hz), -161.79 – -161.98 (m), -165.44 (dd, J = 23.5, 19.8 Hz) ppm. MS (ESI): m/z: 

calcd. for C20H21F5NO5S [M+H+] 482.11; found 481.65. 

 

Cbz-L-Leu-[CH2SO2]-PFP  HCl (PFP-B) 

HBr in acetic acid (33%, 0.9 mL, 5.45 mmol) was added 

dropwise to a solution of sulfonate PFP-A (105 mg, 0.218 mmol) 

in CH2Cl2 (1.6 mL) and stirred at RT for 45 min. After 

concentration in vacuo the residue was dissolved in H2O 

(1.6 mL) and DOWEX® 1X8 (Cl-form, 120 mg) was added to solution. The mixture was 

stirred for 15 min, the solution was filtered and the residue was washed with H2O. After 

lyophilization hydrochloride PFP-B (64 mg, 0.167 mmol, 76% (crude product)) was 

obtained as a light yellow powder which was used without further purification in the next 

step. 

 

Cbz-L-Leu-[CH2SO2]-MU (MU-A) 

A solution of Cbz-L-Leu-[CH2SO2]-Cl (187 mg, 0.560 mmol) in 

CH2Cl2 (1.9 mL) was cooled down to 0 °C before MU 

(118 mg, 0.672 mmol) was added and the mixture was stirred 

for 15 min. Afterwards, NEt3 (133 µL, 96 mg, 0.952 mmol) was added and the mixture was 

stirred overnight at RT. Evaporation of the solvent and purification via flash column 

chromatography (PE → 50% EA/PE, v/v) yielded sulfonate MU-A (225 mg, 0.476 mmol, 

85%) as a light yellow solid. 1H NMR (300 MHz, CDCl3): δ = 7.62 (d, J = 8.5 Hz, 1H), 

7.39 - 7.31 (m, 5H), 6.94 (d, J = 2.4 Hz, 1H), 6.33 (d, J = 1.3 Hz, 1H), 5.21 (d, J = 8.8 Hz, 

1H), 5.14 (s, 2H), 4.39 – 4.25 (m, 1H), 3.71 (dd, J = 14.6, 5.8 Hz, 1H), 3.56 (dd, J = 14.6, 

5.0 Hz, 1H), 2.45 (d, J = 1.3 Hz, 3H), 1.78 – 1.62 (m, 3H), 0.97 (d, J = 6.1 Hz, 6H) ppm. 

MS (ESI): m/z: calcd. for C24H28NO7S [M+H+] 474.16; found 473.88. 
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L-Leu-[CH2SO2]-MU  HCl (MU-B) 

HBr in acetic acid (33%, 1.8 mL, 10.93 mmol) was added 

dropwise to a solution of sulfonate MU-A (207 mg, 

0.437 mmol) in CH2Cl2 (3.2 mL) and stirred at RT for 45 min. 

After concentration in vacuo the residue was dissolved in H2O (3.2 mL) and DOWEX® 1X8 

(Cl-form, 230 mg) was added to solution. The mixture was stirred for 15 min, the solution 

was filtered and the residue was washed with H2O. After lyophilization hydrochloride 

MU-B (114 mg, 0.303 mmol, 69% (crude product)) was obtained as a white powder which 

was used without further purification in the next step. 

 

Cbz-L-Leu-[CH2SO2]-FMU (FMU-A) 

A solution of Cbz-L-Leu-[CH2SO2]-Cl (187 mg, 0.560 mmol) 

in CH2Cl2 (1.9 mL) was cooled down to 0 °C before FMU 

(131 mg, 0.672 mmol) was added and the mixture was 

stirred for 15 min. Afterwards, NEt3 (133 µL, 96 mg, 

0.952 mmol) was added and the mixture was stirred overnight at RT. Evaporation of the 

solvent and purification via flash column chromatography (PE → 60% EA/PE, v/v) yielded 

sulfonate FMU-A (234 mg, 0.476 mmol, 85%) as a light yellow oil. 1H NMR (300 MHz, 

CDCl3): δ = 7.91 (d, J = 10.6 Hz, 1H), 7.68 (d, J = 6.6 Hz, 1H), 7.50 (d, J = 8.8 Hz, 1H), 

7.36 – 7.21 (m, 5H), 6.51 (d, J = 1.5 Hz, 1H), 5.03 (d, J = 3.6 Hz, 2H), 4.27 – 4.11 (m, 1H), 

3.95 – 3.71 (m, 2H), 2.43 (d, J = 1.4 Hz, 3H), 1.75 – 1.48 (m, 2H), 1.40 (s, 1H), 0.89 (d, 

J = 6.4 Hz, 6H). 13C NMR (75 MHz, CDCl3): δ = 159.6, 156.0, 151.2 (dd, J = 238.5, 

1.9 Hz), 128.7, 128.1, 127.9, 119.9 (d, J = 7.8 Hz), 115.8, 113.7, 113.4, 113.3, 105.0 (d, 

J = 3.0 Hz), 65.7, 55.9, 45.7, 43.3, 30.0, 24.5, 23.5, 21.7, 18.7 ppm. 19F NMR (471 MHz, 

DMSO-d6): δ = -132.11 (dd, J = 10.6, 6.8 Hz) ppm. MS (ESI): m/z: calcd. for C24H27FNO7S 

[M+H+] 492.15; found 491.88. 

 

L-Leu-[CH2SO2]-FMU  HCl (FMU-B) 

HBr in acetic acid (33%, 1.8 mL, 10.94 mmol) was added 

dropwise to a solution of sulfonate FMU-A (215 mg, 

0.437 mmol) in CH2Cl2 (3.2 mL) and stirred at RT for 45 min. 

After concentration in vacuo the residue was dissolved in H2O 

(3.2 mL) and DOWEX® 1X8 (Cl-form, 230 mg) was added to solution. The mixture was 

stirred for 15 min, the solution was filtered and the residue was washed with H2O. After 
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lyophilization hydrochloride FMU-B (133 mg, 0.338 mmol, 77% (crude product)) was 

obtained as a white powder which was used without further purification in the next step.  

 

Cbz-L-Leu-[CH2SO2]-DiFMU (DiFMU-A) 

A solution of Cbz-L-Leu-[CH2SO2]-Cl (93 mg, 0.279 mmol) in 

CH2Cl2 (1 mL) was cooled down to 0 °C before DIFMU 

(71 mg, 0.334 mmol) was added and the mixture was stirred 

for 15 min. Afterwards, NEt3 (66 µL, 48 mg, 0.474 mmol) was 

added and the mixture was stirred overnight at RT. Evaporation of the solvent and 

purification via flash column chromatography (PE → 40% EA/PE, v/v) yielded sulfonate 

DiFMU-A (95 mg, 0.186 mmol, 67%) as a light brown solid. 1H NMR (300 MHz, CDCl3): 

δ = 7.41 – 7.29 (m, 5H), 7.25 (dd, J = 9.6, 2.3 Hz, 1H), 6.46 – 6.39 (m, 1H), 5.21 (d, 

J = 8.6 Hz, 1H), 5.13 (s, 2H), 4.45 – 4.27 (m, 1H), 3.87 (dd, J = 14.5, 5.9 Hz, 1H), 3.76 

(dd, J = 14.5, 4.7 Hz, 1H), 2.43 (d, J = 1.4 Hz, 3H), 1.84 – 1.58 (m, 3H), 0.98 (d, 

J = 6.3 Hz, 6H) ppm. 13C NMR (75 MHz, CDCl3): δ = 158.1, 155.6, 151.5 (dd, J = 250.7, 

2.0 Hz), 150.7 (t, J = 2.7 Hz), 128.5, 128.2, 128.0, 119.4 (dd, J = 8.6, 1.7 Hz), 117.1, 

113.8, 106.2 (dd, J = 21.6, 4.0 Hz), 67.0, 56.8, 46.3, 42.4, 24.8, 22.9, 21.6, 18.8 ppm. 

19F NMR (471 MHz, DMSO-d6): δ = -128.00 (d, J = 9.6 Hz), -140.63 ppm. MS (ESI): m/z: 

calcd. for C24H26F2NO7S [M+H+] 510.14; found 509.88. 

 

L-Leu-[CH2SO2]-DiFMU  HCl (DiFMU-B) 

HBr in acetic acid (33%, 0.7 mL, 4.27 mmol) was added 

dropwise to a solution of sulfonate DiFMU-A (87 mg, 

0.171 mmol) in CH2Cl2 (1.2 mL) and stirred at RT for 45 min. 

After concentration in vacuo the residue was dissolved in H2O 

(1.2 mL) and DOWEX® 1X8 (Cl-form, 100 mg) was added to solution. The mixture was 

stirred for 15 min, the solution was filtered and the residue was washed with H2O. After 

lyophilization hydrochloride DiFMU-B (59 mg, 0.143 mmol, 84% (crude product)) was 

obtained as a white powder which was used without further purification in the next step.  

 

Cbz-3-cyclohexyl-L-alaninol (CyA-A) 

Cyclohexyl-L-alaninol hydrochloride (5 g, 25.8 mmol) and Na2CO3 

(5.47 g, 51.62 mmol) were dissolved in a mixture of H2O (30 mL) and 

dioxane (30 mL). The suspension was cooled to 0 °C and Cbz-Cl 

(5.83 mL, 6.60 g, 38.7 mmol) was added dropwise. The reaction was stirred overnight at 
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RT. After concentration under reduced pressure, the mixture was extracted with CH2Cl2 

(3 ×50 mL) and the combined organic layers were washed with 5% citric acid (30 mL), sat. 

NaHCO3 (30 mL), brine (30 mL), dried over MgSO4 and filtered. Evaporation of the solvent 

and purification by flash column chromatography (PE → 50% EA/PE, v/v) yielded CyA-A 

(7,51 g, 25.8 mmol, 100%) as a viscous colorless oil. 1H NMR (360 MHz, CDCl3): 

δ = 7.41 - 7.36 (m, 5H), 5.13 (s, 2H), 4.87 – 4.79 (m, 1H), 4.72 (d, J = 5.8 Hz, 1H), 

3.92 - 3.78 (m, 1H), 3.76 – 3.64 (m, 1H), 3.62 – 3.48 (m, 1H), 1.85 – 1.64 (m, 5H), 

1.39 - 1.13 (m, 6H), 1.03 – 0.80 (m, 2H) ppm. 13C NMR (91 MHz, CDCl3): δ = 156.8, 

136.4, 128.5, 128.1, 128.0, 71.4, 66.9, 50.9, 39.1, 34.2, 33.8, 32.9, 26.5, 26.2, 26.1 ppm. 

MS (ESI): m/z: calcd. for C17H26NO3 [M+H+] 292.19; found 291.86. 

 

Cbz-3-cyclohexyl-L-Ala-[CH2O]-Ms (CyA-B) 

NEt3 (1.76 mL, 1.21 g, 12.0 mmol) was added to a solution of CyA-A 

(2.91 g, 10.0 mmol) in CH2Cl2 (30 mL). After cooling the mixture to 0 °C 

methanesulfonyl chloride (929 µL, 1.37 g, 12 mmol) was added 

dropwise and the reaction mixture was stirred overnight at RT. Then H2O (10 mL) was 

added and the mixture was extracted with CH2Cl2 (3 × 20 mL). The combined organic 

layers were washed with 5% citric acid (10 mL), H2O (10 mL) and brine (10 mL), dried 

over MgSO4 and filtered. Concentration under reduced pressure and purification by flash 

column chromatography (PE → 40% EA/PE, v/v) yielded CyA-B (2.79 g, 7.55 mmol, 76%) 

as a white solid. 1H NMR (360 MHz, CDCl3): δ = 7.40 – 7.31 (m, 5H), 5.11 (s, 2H), 4.77 (d, 

J = 8.7 Hz, 1H), 4.28 (dd, J = 10.1, 3.9 Hz, 1H), 4.15 (dd, J = 6.9, 3.5 Hz, 1H), 4.07 – 3.97 

(m, 1H), 2.95 (s, 3H), 1.84 – 1.60 (m, 5H), 1.47 – 1.08 (m, 6H), 1.04 – 0.78 (m, 2H) ppm. 
13C NMR (91 MHz, CDCl3): δ = 155.8, 136.3, 128.5, 128.2, 128.1, 71.3, 66.9, 47.9, 38.7, 

37.3, 34.0, 33.7, 32.7, 26.4, 26.1, 26.0 ppm. MS (ESI): m/z: calcd. for C18H28NO5S [M+H+] 

370.17; found 369.86. 

 

Cbz-3-cyclohexyl-L-Ala-[CH2S]-Ac (CyA-C) 

Under an argon atmosphere, thioacetic acid (885 µL, 955 mg, 

12.6 mmol) was added to a suspension of Cs2CO3 (2.13 g, 6.53 mmol) 

in DMF (35 mL). After stirring for 10 min at RT, a solution of mesylate 

CyA-B (3.71 g, 10.0 mmol) in DMF (15 mL) was added at once and the mixture was 

stirred in an aluminium foil-covered flask at 50 °C overnight. After evaporation of the 

solvent the crude product was purified via flash column chromatography (PE → 40% 

EA/PE, v/v) to yield thioacetate CyA-C (2.98 g, 8.53 mmol, 85%) as a red-brownish oil 
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that crystallized overnight. 1H NMR (360 MHz, CDCl3): δ = 7.39 – 7.30 (m, 5H), 5.09 (s, 

2H), 4.64 (d, J = 9.1 Hz, 1H), 3.99 – 3.87 (m, 1H), 3.11 (dd, J = 13.8, 4.7 Hz, 1H), 2.98 

(dd, J = 13.9, 7.1 Hz, 1H), 2.30 (s, 3H), 1.84 – 1.60 (m, 5H), 1.41 – 1.07 (m, 6H), 

0.99 - 0.78 (m, 2H) ppm. 13C NMR (91 MHz, CDCl3): δ = 195.5, 155.9, 136.6, 128.5, 

128.0, 128.0, 66.6, 48.7, 42.2, 34.4, 34.3, 33.7, 32.8, 30.5, 26.4, 26.2, 26.1 ppm. MS 

(ESI): m/z: calcd. for C19H27NO3S [M+H+] 350.18; found 349.89. 

 

Cbz-3-cyclohexyl-L-Ala-[CH2SO2]-Cl (CyA-D) 

NCS (306.0 mg, 2.29 mmol) was dissolved in a mixture of HCl (143 µL, 

2 M, 286 mmol) and acetonitrile (985 µL) at 0 °C and stirred for 15 min. 

Following addition of thioacetate CyA-C (200 mg, 572 µmol) to the 

mixture and stirring for 15 min at RT, the solution was diluted with CH2Cl2 (4 mL), washed 

with brine (3 × 4 mL), dried over MgSO4 and filtered. After evaporation of the solvent, 

sulfonyl chloride CyA-D (278 mg, 744 µmol, quant. crude) was obtained as an orange 

colored oil which was used without further purification in the next step. 

 
Cbz-3-cyclohexyl-L-Ala-[CH2SO2]-DiFMU (DiFMU-CyA-A) 

A solution of sulfonyl chloride CyA-D (214.0 mg, 572 µmol) 

in CH2Cl2 (1.90 mL) was cooled down to 0 °C before DIFMU 

(127 mg, 601 µmol) was added and the mixture was stirred 

for 15 min. Afterwards, NEt3 (160 µL, 116 mg, 1.14 mmol) 

was added and the mixture was stirred overnight at RT. Evaporation of the solvent and 

purification via flash column chromatography (PE → 35% EA/PE, v/v) yielded sulfonate 

DiFMU-CyA-A (214 mg, 389 µmol, 68%, 2 steps) as a light brown solid. 1H NMR 

(360 MHz, , CDCl3): δ = 7.38 – 7.27 (m, 5H), 7.22 (dd, J = 9.7, 2.3 Hz, 1H), 6.40 (s, 1H), 

5.30 (s, 1H), 5.12 (d, J = 3.0 Hz, 2H), 4.41 – 4.29 (m, 1H), 3.85 (dd, J = 14.5, 6.0 Hz, 1H), 

3.74 (dd, J = 15.1, 4.2 Hz, 1H), 2.41 (d, J = 1.3 Hz, 3H), 1.83 – 1.60 (m, 5H), 1.43 – 1.11 

(m, 6H), 1.04 – 0.86 (m, 2H)  ppm. 19F NMR (471 MHz, DMSO-d6): δ = -129.84 (d, 

J = 10.6 Hz), -143.26 ppm. MS (ESI): m/z: calcd. for C27H30F2NO7S [M+H+] 550.17; found 

549.73. 

 

3-Cyclohexyl-L-Ala-[CH2SO2]-DIFMU  HCl (DiFMU-CyA-B) 

HBr in acetic acid (33%, 1.64 mL, 9.37 mmol) was added 

dropwise to a solution of sulfonate DiFMU-CyA-A (206.0 mg, 
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375 µmol) in CH2Cl2 (4.0 mL) and stirred at RT for 45 min. After concentration in vacuo 

the residue was dissolved in H2O (4.0 mL) and DOWEX® 1X8 (Cl-form, 300 mg) was 

added to solution. The mixture was stirred for 15 min, the solution was filtered and the 

residue was washed with H2O. After lyophilization hydrochloride DiFMU-CyA-B 

(123.0 mg, 272 µmol, 73% (crude product)) was obtained as a white powder which was 

used without further purification in the next step.  

 

Cbz-L-Phe-[CH2SO2]-DiFMU (DiFMU-F-A) 

A solution of sulfonyl chloride precursor[5] (214.0 mg, 

582 µmol) in CH2Cl2 (1.90 mL) was cooled down to 0 °C 

before DIFMU (130 mg, 611 µmol) was added and the 

mixture was stirred for 15 min. Afterwards, NEt3 (162 µL, 

118 mg, 1.16 mmol) was added and the mixture was stirred overnight at RT. Evaporation 

of the solvent and purification via flash column chromatography (PE → 55% EA/PE, v/v) 

yielded sulfonate DiFMU-F-A (208 mg, 383 µmol, 66%) as a light brown solid. 1H NMR 

(250 MHz, CDCl3): δ = 7.36 - 7.17 (m, 11H), 6.36 (d, J = 1.4 Hz, 1H), 5.55 (d, J = 8.2 Hz, 

1H), 5.06 (s, 2H), 4.60 – 4.40 (m, 1H), 3.89 (dd, J = 14.6, 7.1 Hz, 1H), 3.73 (dd, J = 14.5, 

4.8 Hz, 1H), 3.19 - 3.03 (m, 2H), 2.37 (s, 3H) ppm. 13C NMR (63 MHz, CDCl3): δ = 158.1, 

155.5, 151.4 (dd, J = 250.5, 1.9 Hz), 150.9 (t, J = 2.6 Hz), 143. 6 (dd, J = 258.8, 3.7 Hz), 

139.2 (dd, J = 10.1, 3.0 Hz), 136.2 , 129.3, 128.8, 128.4, 128.0, 127.9, 127.2, 119.4 (dd, 

J = 8.5, 1.8 Hz), 116.9, 106.3 (dd, J = 21.6, 4.0 Hz), 66.9, 55.1, 49.2, 39.4, 18.7 ppm. 
19F NMR (471 MHz, DMSO-d6): δ = -130.08 (d, J = 10.6 Hz), -143.47 ppm. MS (ESI): m/z: 

calcd. for C27H24F2NO7S [M+H+] 544.12; found 543.69. 

 

L-Phe-[CH2SO2]-DiFMU  HCl (DiFMU-F-B) 

HBr in acetic acid (33%, 1.69 mL, 9.66 mmol, 25.0 eq) was 

added dropwise to a solution of sulfonate DiFMU-F-A 

(210.0 mg, 386 µmol) in CH2Cl2 (4.0 mL) and stirred at RT for 

45 min. After concentration in vacuo the residue was 

dissolved in H2O (4.0 mL) and DOWEX® 1X8 (Cl-form, 

300 mg) was added to solution. The mixture was stirred for 15 min, the solution was 

filtered and the residue was washed with H2O. After lyophilization hydrochloride 

DiFMU-F-B (126 mg, 282 µmol, 73% (crude product)) was obtained as a white powder 

which was used without further purification in the next step. 
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Final coupling of peptidic backbones and sulfonate ester headgroups 

MorphAc-hPhe-Leu-Phe-Leu-ψ-

[CH2SO2]-Phenol  TFA (1) 

HATU (20.1 mg, 0.053 mmol) was 

added to a solution of peptidic 

backbone 1-b (30.0 mg, 0.053 mmol) 

in CH2Cl2 (290 µL) at 0 °C. The 

reaction mixture was stirred for 20 

min before adding sulfonate headgroup Phe-B (14.1 mg, 0.048 mmol). Afterwards, the 

reaction mixture was stirred for 10 min at 0 °C and DIPEA (24.4 µL, 0.140 mmol) was 

added dropwise. The reaction was then allowed to reach RT and was stirred overnight. 

After evaporation of the solvent the residue was dissolved in DMF (300 µL). Purification 

by RP HPLC (tR = 38 min, linear gradient 10 → 100% ACN/H2O + 0.1% TFA in 100 min) 

and subsequent lyophilization yielded 1 (23.0 mg, 0.025 mmol, 53%) as a white powder. 
1H NMR (500 MHz, DMSO-d6): δ = 8.86 (s, 1H), 8.23 – 8.12 (m, 3H), 7.52 – 7.46 (m, 2H), 

7.42 – 7.37 (m, 1H), 7.36 – 7.32 (m, 2H), 7.28 (td, J = 7.0, 6.6, 5.2 Hz, 2H), 7.22 – 7.07 

(m, 8H), 7.06 – 7.01 (m, 1H), 4.39 (dddd, J = 39.3, 23.4, 12.2, 6.5 Hz, 5H), 4.14 – 3.68 (m, 

10H), 3.57 (dd, J = 14.6, 5.5 Hz, 1H), 3.37 (dd, J = 14.5, 6.8 Hz, 1H), 3.30 – 3.17 (m, 2H), 

2.92 (dd, J = 14.1, 5.1 Hz, 1H), 2.77 (dd, J = 14.1, 9.3 Hz, 1H), 1.88 (ddt, J = 13.2, 10.9, 

5.4 Hz, 1H), 1.77 (dddd, J = 13.7, 11.0, 8.9, 5.3 Hz, 1H), 1.60 – 1.45 (m, 3H), 1.44 – 1.33 

(m, 3H), 0.89 – 0.78 (m, 12H) ppm. 13C NMR (126 MHz, DMSO-d6): δ = 172.1, 170.8, 

158.2, 149.2, 141.8, 138.1, 130.6, 129.4, 128.8, 128.7, 128.4, 127.9, 126.6, 126.4, 122.8, 

63.5, 54.7, 54.1, 53.0, 52.2, 51.3, 43.1, 42.9, 41.4, 37.6, 34.7, 31.9, 24.5, 24.2, 23.7, 23.5, 

22.2, 21.6 ppm. HRMS (ESI): m/z: calcd. for C43H60N5O8S [M+H+] 806.4157; found 

806.4182. 

 

MorphAc-hPhe-Leu-Phe-Leu-ψ-

[CH2SO2]-2,4,6-TFP  TFA (2) 

HATU (20.1 mg, 0.053 mmol) was 

added to a solution of peptidic 

backbone 1-b (30.0 mg, 

0.053 mmol) in CH2Cl2 (300 µL) at 

0 °C. The reaction mixture was 

stirred for 20 min before adding sulfonate headgroup TFP-B (16.7 mg, 0.048 mmol). 

Afterwards, the reaction mixture was stirred for 10 min at 0 °C and DIPEA (24.4 µL, 

0.140 mmol) was added dropwise. The reaction was then allowed to reach RT and was 
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stirred overnight. After evaporation of the solvent the residue was dissolved in DMF 

(300 µL). Purification by RP-HPLC (tR = 42 min, linear gradient 10 → 100% 

ACN/H2O + 0.1% TFA in 100 min) and subsequent lyophilization yielded 2 (9.5 mg, 

0.011 mmol, 23%) as a white powder. 1H NMR (500 MHz, DMSO-d6): δ = 8.84 (s, 1H), 

8.22 - 8.10 (m, 3H), 7.53 (t, J = 8.6 Hz, 2H), 7.29 (t, J = 7.6 Hz, 2H), 7.23 – 7.10 (m, 8H), 

7.08 – 7.01 (m, 1H), 4.49 – 4.36 (m, 3H), 4.35 – 4.29 (m, 1H), 3.92 – 3.54 (m, 12H), 

3.38 - 3.27 (m, 2H), 2.94 (dd, J = 14.2, 4.9 Hz, 1H), 2.77 (dd, J = 14.2, 9.4 Hz, 1H), 

1.93 - 1.83 (m, 1H), 1.82 – 1.73 (m, 1H), 1.60 – 1.48 (m, 3H), 1.42 – 1.33 (m, 3H), 

0.89 - 0.76 (m, 12H) ppm. 13C NMR (126 MHz, DMSO-d6): δ = 172.1, 170.8, 170.8, 158.4, 

158.2, 156.8, 156.8, 156.7, 156.7, 156.7 (dd, J = 16.3, 5.7 Hz), 154.8 (dd, J = 16.4, 5.4 

Hz), 154.8, 154.8, 154.7, 154.7, 141.8, 138.2, 129.4, 128.8, 128.7, 128.4, 126.6, 126.4, 

102.60 (t, J = 26.4 Hz), 63.5, 56.2, 54.0, 53.0, 52.3, 51.3, 43.2, 42.9, 41.4, 37.5, 34.7, 

31.9, 24.5, 24.2, 23.8, 23.5, 22.2, 21.5 ppm. 19F NMR (471 MHz, DMSO-d6): δ = -110.65 

(t, J = 4.6 Hz), -124.41 (d, J = 5.0 Hz) ppm. HRMS (ESI): m/z: calcd. for C43H57F3N5O8S 

[M+H+] 860.3874; found 860.3903. 

 

MorphAc-hPhe-Leu-Phe-Leu-ψ-

[CH2SO2]-PFP  TFA (3) 

HATU (20.1 mg, 0.053 mmol) was 

added to a solution of peptidic 

backbone 1-b (30.0 mg, 

0.053 mmol) in CH2Cl2 (300 µL) at 

0 °C. The reaction mixture was 

stirred for 20 min before adding sulfonate headgroup PFP-B (18.5 mg, 0.048 mmol). 

Afterwards, the reaction mixture was stirred for 10 min at 0 °C and DIPEA (24.4 µL, 

0.140 mmol) was added dropwise. The reaction was then allowed to reach RT and was 

stirred overnight. After evaporation of the solvent the residue was dissolved in DMF 

(300 µL). Purification by RP-HPLC (tR = 45 min, linear gradient 20 → 100% 

ACN/H2O + 0.1% TFA in 90 min) and subsequent lyophilization yielded 3 (17.1 mg, 0.017 

mmol, 36%) as a white powder. 1H NMR (500 MHz, DMSO-d6): δ = 8.85 (s, 1H), 

8.24 - 8.11 (m, 3H), 7.32 – 7.26 (m, 2H), 7.23 – 7.10 (m, 8H), 7.07 – 7.02 (m, 1H), 

4.50 - 4.36 (m, 3H), 4.32 (q, J = 7.8 Hz, 1H), 4.04 – 3.64 (m, 12H), 3.37 – 3.22 (m, 2H), 

2.94 (dd, J = 14.2, 4.8 Hz, 1H), 2.77 (dd, J = 14.2, 9.5 Hz, 1H), 1.93 – 1.83 (m, 1H), 

1.82 - 1.73 (m, 1H), 1.59 – 1.48 (m, 3H), 1.41 – 1.32 (m, 3H), 0.88 – 0.79 (m, 12H) ppm. 
13C NMR (126 MHz, DMSO-d6): δ = 172.1, 170.9, 170.8, 158.5, 158.2, 141.8, 138.2, 

129.4, 128.8, 128.7, 128.4, 126.6, 126.3, 63.6, 56.3, 54.1, 53.0, 52.3, 51.3, 43.2, 43.0, 
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41.4, 37.5, 34.7, 31.9, 24.5, 24.2, 23.8, 23.5, 22.1, 21.5 ppm. 19F NMR (471 MHz, 

DMSO-d6): δ = -154.31 (d, J = 20.3 Hz), -158.98 (t, J = 23.3 Hz), -164.61 (t, J = 21.7 

Hz) ppm. HRMS (ESI): m/z: calcd. for C43H55F5N5O8S [M+H+] 896.3686; found 896.3719. 

 

MorphAc-hPhe-Leu-Phe-Leu-

ψ-[CH2SO2]-MU  TFA (4) 

HATU (33.4 mg, 0.088 mmol) 

was added to a solution of 

peptidic backbone 1-b (49.8 mg, 

0.088 mmol) in CH2Cl2 (470 µL) 

at 0 °C. The reaction mixture 

was stirred for 20 min before adding sulfonate headgroup MU-B (30 mg, 0.080 mmol). 

Afterwards, the reaction mixture was stirred for 10 min at 0 °C and DIPEA (40.4 µL, 

0.231 mmol) was added dropwise. The reaction was then allowed to reach RT and was 

stirred overnight. After evaporation of the solvent the residue was dissolved in DMF 

(300 µL). Purification by RP-HPLC (tR = 46 min, linear gradient 10 → 100% 

ACN/H2O + 0.1% TFA in 100 min) and subsequent lyophilization yielded 4 (46.9 mg, 

0.048 mmol, 60%) as a white powder. 1H NMR (500 MHz, DMSO-d6): δ = 10.26 (br s, 1H), 

8.85 (s, 1H), 8.21 (dd, J = 13.3, 8.6 Hz, 2H), 8.14 (d, J = 8.3 Hz, 1H), 7.88 (d, J = 8.8 Hz, 

1H), 7.48 (d, J = 2.4 Hz, 1H), 7.35 (dd, J = 8.7, 2.4 Hz, 1H), 7.28 (t, J = 7.5 Hz, 2H), 

7.22 - 7.11 (m, 6H), 7.08 (t, J = 7.5 Hz, 2H), 7.03 – 6.98 (m, 1H), 6.46 (d, J = 1.5 Hz, 1H), 

4.48 – 4.30 (m, 4H), 4.04 – 3.77 (m, 6H), 3.71 (dd, J = 14.7, 5.0 Hz, 1H), 3.48 (dd, 

J = 14.7, 7.3 Hz, 1H), 3.40 – 3.14 (m, 4H), 2.90 (dd, J = 14.1, 5.0 Hz, 1H), 2.77 (dd, 

J = 14.1, 9.4 Hz, 1H), 2.62 – 2.52 (m, 2H), 2.45 (d, J = 1.3 Hz, 3H), 1.93 – 1.83 (m, 1H), 

1.82 - 1.72 (m, 1H), 1.61 – 1.45 (m, 3H), 1.43 – 1.32 (m, 3H), 0.84 (t, J = 6.9 Hz, 6H), 0.80 

(dd, J = 6.5, 2.8 Hz, 6H) ppm. 13C NMR (126 MHz, DMSO-d6): δ = 172.1, 170.9, 170.8, 

159.8, 154.0, 153.2, 151.0, 141.8, 138.1, 129.4, 128.8, 128.7, 128.3, 127.5, 126.6, 126.3, 

119.2, 119.2, 114.9, 111.0, 63.5, 55.1, 54.1, 53.0, 52.2, 51.3, 43.2, 43.0, 41.4, 37.5, 34.7, 

31.9, 24.5, 24.2, 23.7, 23.5, 22.2, 21.6, 18.7 ppm. HRMS (ESI): m/z: calcd. for 

C47H62N5O10S [M+H+] 888.4212; found 888.4237. 

 
MorphAc-hPhe-Leu-Phe-Leu-ψ-

[CH2SO2]-FMU  TFA (5) 

HATU (20.13 mg, 0.053 mmol) was 

added to a solution of peptidic 

backbone 1-b (30 mg, 0.045 mmol) 



 

5. 20S proteasome inhibitors with fluorescent feedback

109

in CH2Cl2 (280 µL) at 0 °C. The reaction mixture was stirred for 20 min before adding 

sulfonate headgroup FMU-B (16.18 mg, 0.041 mmol). Afterwards, the reaction mixture 

was stirred for 10 min at 0 °C and DIPEA (20.8 µL, 0.119 mmol) was added dropwise. The 

reaction was then allowed to reach RT and was stirred overnight. After evaporation of the 

solvent the residue was dissolved in DMF (250 µL). Purification by RP-HPLC (tR = 31 min, 

linear gradient 20 → 100% ACN/H2O + 0.1% TFA in 90 min) and subsequent 

lyophilization yielded 5 (12.6 mg, 0.013 mmol, 31%) as a white powder. 1H NMR 

(500 MHz, DMSO-d6): δ = 10.24 (br s, 1H), 8.85 (d, J = 7.6 Hz, 1H), 8.23 (dd, J = 11.5, 8.6 

Hz, 2H), 8.14 (d, J = 8.2 Hz, 1H), 7.92 (d, J = 10.5 Hz, 1H), 7.73 (d, J = 6.4 Hz, 1H), 

7.33 - 7.26 (m, 2H), 7.21 – 7.12 (m, 6H), 7.11 – 7.04 (m, 2H), 7.02 – 6.96 (m, 1H), 6.52 (d, 

J = 1.4 Hz, 1H), 4.52 – 4.28 (m, 4H), 4.09 – 3.70 (m, 8H), 3.38 – 3.16 (m, 5H), 2.91 (dd, 

J = 14.2, 5.1 Hz, 1H), 2.77 (dd, J = 14.1, 9.3 Hz, 1H), 2.67 – 2.52 (m, 2H), 2.43 (d, J = 1.3 

Hz, 3H), 1.94 – 1.83 (m, 1H), 1.82 – 1.72 (m, 1H), 1.62 – 1.47 (m, 3H), 1.44 – 1.32 (m, 

3H), 0.84 (dd, J = 6.6, 2.6 Hz, 6H), 0.80 (dd, J = 6.5, 1.8 Hz, 6H) ppm. 13C NMR 

(126 MHz, DMSO-d6): δ = 172.1, 170.9, 170.8, 159.7, 158.5, 158.3, 152.8, 152.1, 150.2, 

149.6, 141.8, 138.5 (d, J = 15.1 Hz), 138.1, 129.3, 128.8, 128.7, 128.3, 126.6, 126.4, 

120.0, 115.9, 113.6 (d, J = 21.7 Hz), 113.3, 63.5, 55.7, 54.1, 53.0, 52.2, 51.3, 43.2, 42.9, 

41.4, 37.5, 34.7, 31.9, 24.5, 24.2, 23.7, 23.5, 22.1, 21.6, 18.7 ppm. 19F NMR (471 MHz, 

DMSO-d6): δ = -134.64 (dd, J = 10.5, 6.6 Hz) ppm. HRMS (ESI): m/z: calcd. for 

C47H61FN5O10S [M+H+] 906.4118; found 906.4139. 

 
MorphAc-hPhe-Leu-Phe-Leu-ψ-

[CH2SO2]-DiFMU  TFA (6) 

HATU (30.5 mg, 0.080 mmol) was 

added to a solution of peptidic 

backbone 1-b (53.2 mg, 

0.080 mmol) in CH2Cl2 (430 µL) at 

0 °C. The reaction mixture was stirred for 20 min before adding sulfonate headgroup 

DiFMU-B (30 mg, 0.073 mmol). Afterwards, the reaction mixture was stirred for 10 min at 

0 °C and DIPEA (37 µL, 0.211 mmol) was added dropwise. The reaction was then allowed 

to reach RT and was stirred overnight. After evaporation of the solvent the residue was 

dissolved in DMF (250 µL). Purification by RP-HPLC (tR = 39 min, linear gradient 

10 → 100% ACN/H2O + 0.1% TFA in 100 min) and subsequent lyophilization yielded 6 

(35.2 mg, 0.034 mmol, 47%) as a white powder. 1H NMR (500 MHz, DMSO-d6): δ = 10.22 

(s, 1H), 8.84 (s, 1H), 8.24 – 8.10 (m, 3H), 7.83 (dd, J = 10.5, 2.0 Hz, 1H), 7.31 – 7.26 (m, 
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2H), 7.21 – 7.14 (m, 6H), 7.14 – 7.09 (m, 2H), 7.07 – 6.99 (m, 1H), 6.61 (d, J = 1.5 Hz, 

1H), 4.52 – 4.42 (m, 2H), 4.41 – 4.35 (m, 1H), 4.32 (q, J = 7.9 Hz, 1H), 4.07 – 3.66 (m, 

8H), 3.36 – 3.13 (m, 4H), 2.98 – 2.88 (m, 1H), 2.81 – 2.70 (m, 1H), 2.64 – 2.52 (m, 2H), 

2.43 (d, J = 1.4 Hz, 3H), 1.93 – 1.83 (m, 1H), 1.82 – 1.72 (m, 1H), 1.62 – 1.48 (m, 3H), 

1.44 – 1.32 (m, 3H), 0.87 – 0.78 (m, 12H) ppm. 13C NMR (126 MHz, DMSO-d6): δ = 172.1, 

170.9, 170.8, 158.5, 158.3, 158.2, 152.7, 152.1, 150.1, 144.1, 141.7, 139.2, 138.2, 129.4, 

128.8, 128.7, 128.4, 126.6, 126.4, 120.0 (d, J = 8.9 Hz), 116.7, 63.5, 56.6, 54.1, 53.0, 

52.3, 51.3, 43.3, 42.9, 41.4, 37.5, 34.7, 31.9, 24.5, 24.2, 23.8, 23.5, 22.2, 21.5, 18.8 ppm. 
19F NMR (471 MHz, DMSO-d6): δ = -132.51 (d, J = 10.6 Hz), -146.13 ppm. HRMS (ESI): 

m/z: calcd. for C47H60F2N5O10S [M+H+] 924.4023; found 924.4044. 

 
MorphAc-hPhe-Ala-Tyr(OMe)-

Phe-ψ-[CH2SO2]-DiFMU (8) 

HATU (17.14 mg, 0.045 mmol) 

was added to a solution of 

peptidic backbone 2-b (25 mg, 

0.045 mmol) in CH2Cl2 (241 µL) 

at 0 °C. The reaction mixture 

was stirred for 20 min before adding sulfonate headgroup DiFMU-F-B (18.3 mg, 

0.041 mmol). Afterwards, the reaction mixture was stirred for 10 min at 0 °C and DIPEA 

(20.8 µL, 0.119 mmol) was added dropwise. The reaction was then allowed to reach RT 

and was stirred overnight. After evaporation of the solvent the residue was dissolved in 

DMF (250 µL). Purification by RP-HPLC (tR = 38 min, linear gradient 20 → 100% 

ACN/H2O + 0.1% TFA in 90 min) and subsequent lyophilization yielded 8 (14 mg, 

0.013 mmol, 32%) as a white powder. 1H NMR (500 MHz, DMSO-d6): δ = 10.22 (s, 1H), 

8.86 (s, 1H), 8.41 (d, J = 8.3 Hz, 1H), 8.20 (d, J = 7.6 Hz, 1H), 7.95 (d, J = 8.3 Hz, 1H), 

7.82 (dd, J = 10.5, 2.1 Hz, 1H), 7.28 – 7.15 (m, 10H), 7.06 (d, J = 8.6 Hz, 2H), 6.70 (d, J = 

8.6 Hz, 2H), 6.62 (d, J = 1.5 Hz, 1H), 4.60 – 4.52 (m, 1H), 4.43 – 4.32 (m, 2H), 4.31 – 4.21 

(m, 1H), 4.05 – 3.73 (m, 8H), 3.60 (s, 3H), 3.00 – 2.80 (m, 3H), 2.67 – 2.53 (m, 3H), 2.43 

(d, J = 1.4 Hz, 4H), 1.97 – 1.86 (m, 1H), 1.86 – 1.77 (m, 1H), 1.13 (d, J = 7.1 Hz, 3H) ppm. 
13C NMR (126 MHz, DMSO-d6): δ = 172.2, 171.0, 170.7, 158.3, 158.1, 152.7, 141.7, 

139.2, 137.5, 130.5, 130.0, 129.7, 128.8, 128.8, 128.7, 127.0, 126.3, 120.1, 116.8, 113.8, 

63.6, 55.4, 55.2, 54.5, 52.9, 52.3, 48.5, 46.7, 37.0, 34.6, 31.8, 18.8, 18.7 ppm. 19F NMR 

(471 MHz, DMSO-d6): δ = -132.54 (d, J = 10.5 Hz), -146.11 ppm. HRMS (ESI): m/z: calcd. 

for C48H54F2N5O11S [M+H+] 946.3503; found 946.3512. 



 

5. 20S proteasome inhibitors with fluorescent feedback

111

 

MorphAc-hPhe-Ala-Tyr(OMe)-

3-cyclohexyl-L-Ala-ψ-

[CH2SO2]-DiFMU (9) 

HATU (27.8 mg, 73.0 µmol) was 

added to a solution of peptidic 

backbone 2-b (40.5 mg, 

73.0 µmol) in CH2Cl2 (390 µL) at 

0 °C. The reaction mixture was strirred for 20 min before adding sulfonate headgroup 

DiFMU-CyA-B (30.0 mg, 66.4 µmol). Afterwards, the reaction mixture was stirred for 

10 min at 0 °C and DIPEA (33.6 µL, 193 µmol) was added dropwise. The reaction was 

then allowed to reach RT and was stirred overnight. After evaporation of the solvent the 

residue was dissolved in DMF (300 µL). Purification by RP-HPLC (tR = 38 min, linear 

gradient 20 → 100% ACN/H2O + 0.1% TFA in 90 min) and subsequent lyophilization 

yielded 9 (10.5 mg, 10.01 µmol, 15%) as a white powder. 1H NMR (500 MHz, DMSO-d6): 

δ = 10.22 (s, 1H), 8.85 (s, 1H), 8.22 (d, J = 7.5 Hz, 1H), 8.18 (d, J = 8.6 Hz, 1H), 8.10 (d, 

J = 8.3 Hz, 1H), 7.83 (dd, J = 10.5, 2.1 Hz, 1H), 7.30 – 7.23 (m, 2H), 7.20 – 7.13 (m, 3H), 

7.10 (d, J = 8.7 Hz, 2H), 6.72 (d, J = 8.7 Hz, 2H), 6.62 (d, J = 1.5 Hz, 1H), 4.53 – 4.44 (m, 

1H), 4.43 – 4.33 (m, 2H), 4.29 (p, J = 7.2 Hz, 1H), 4.06 – 3.68 (m, 8H), 3.61 (s, 3H), 

3.46 - 3.07 (m, 4H), 2.87 (dd, J = 14.1, 4.9 Hz, 1H), 2.69 (dd, J = 14.1, 9.2 Hz, 1H), 

2.60 - 2.52 (m, 2H), 2.43 (d, J = 1.4 Hz, 3H), 1.97 – 1.85 (m, 1H), 1.84 – 1.73 (m, 2H), 

1.67 - 1.50 (m, 4H), 1.49 – 1.42 (m, 2H), 1.34 – 1.21 (m, 1H), 1.16 (d, J = 7.0 Hz, 3H), 

1.09 (d, J = 10.1 Hz, 3H), 0.95 – 0.84 (m, 1H), 0.81 – 0.68 (m, 1H) ppm. 13C NMR 

(126 MHz, DMSO-d6): δ = 172.3, 171.0, 170.7, 158.3, 158.1, 152.7 (t, J = 2.1 Hz), 150.2, 

144.1, 141.7, 130.5, 130.0, 128.8, 128.7, 126.3, 120.0 (d, J = 9.1 Hz), 116.7, 113.8, 108.1 

(dd, J = 22.0, 4.0 Hz), 63.5, 56.6, 55.2, 54.6, 52.9, 52.3, 48.5, 42.6, 41.5, 36.8, 34.6, 33.9, 

33.4, 31.8, 31.8, 26.5, 26.2, 25.9, 18.8, 18.7 ppm. 19F NMR (471 MHz, DMSO-d6): 

δ = -132.94, -146.56 ppm. HRMS (ESI): m/z: calcd. for C48H60F2N5O11S [M+H+] 952.3973; 

found 952.3980. 
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3-MeIndAc-D-Ala-Tyr(OMe)-3-

cyclohexyl-L-Ala-ψ-[CH2SO2]-DiFMU 

(7) 

HATU (41.6 mg, 110 µmol) was added to 

a solution of peptidic backbone 3-b 

(46.3 mg, 110 µmol) in CH2Cl2 (590 µL) 

at 0 °C and stirred for 20 min before adding sulfonate headgroup DiFMU-CyA-B 

(45.0 mg, 100 µmol). The reaction mixture was stirred at 0 °C for 10 min and DIPEA 

(50.4 µL, 37.3 µg, 289 µmol, 2.90 eq) was added dropwise, then the reaction was allowed 

to reach RT and was stirred overnight. After evaporation of the solvent the residue was 

dissolved in DMF (300 µL). Purification by RP-HPLC (tR = 65 min, linear gradient 

20 → 100% ACN/H2O + 0.1% TFA in 90 min) and subsequent lyophilization yielded 7 

(13.4 mg, 16.3 µmol, 36%) as a white powder. 1H NMR (500 MHz, DMSO-d6): δ = 8.27 (d, 

J = 8.5 Hz, 1H), 8.15 (d, J = 8.7 Hz, 1H), 7.80 – 7.75 (m, 1H), 7.72 (d, J = 6.9 Hz, 1H), 

7.48 (d, J = 7.2 Hz, 2H), 7.36 – 7.29 (m, 2H), 7.12 (d, J = 8.2 Hz, 2H), 6.74 (d, J = 8.2 Hz, 

2H), 6.57 (s, 1H), 4.59 – 4.47 (m, 1H), 4.42 – 4.31 (m, 2H), 3.93 (dd, J = 14.5, 4.6 Hz, 

1H), 3.77 (dd, J = 14.5, 7.7 Hz, 1H), 3.64 (s, 5H), 2.95 (dd, J = 14.1, 4.0 Hz, 1H), 2.69 (dd, 

J = 13.9, 10.4 Hz, 1H), 2.41 – 2.38 (m, 6H), 1.81 (d, J = 12.5 Hz, 1H), 1.67 – 1.42 (m, 7H), 

1.40 – 1.30 (m, 1H), 1.28 – 0.96 (m, 8H), 0.95 – 0.85 (m, 1H), 0.82 – 0.70 (m, 1H) ppm. 
13C NMR (126 MHz, DMSO-d6): δ = 172.8, 171.1, 165.5, 158.9, 158.6, 158.3, 158.2, 

152.6, 150.1, 145.7, 142.6, 139.2 (dd, J = 9.6, 2.7 Hz), 133.4, 130.6, 130.2, 127.3, 127.0, 

124.2, 120.9, 119.9, 116.7, 113.8, 108.1 (dd, J = 21.2, 4.7 Hz), 56.5, 55.3, 54.7, 49.1, 

42.8, 41.4, 38.6, 36.6, 33.9, 33.4, 31.9, 26.5, 26.2, 25.9, 18.7, 18.5, 12.3 ppm. 19F NMR 

(471 MHz, DMSO-d6): δ = -131.69 (d, J = 10.7 Hz), -145.31 ppm. HRMS (ESI): m/z: calcd. 

for C43H48F2N3O9S [M+H+] 820.3074; found 820.3089. 
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Å Ångström 
Ac Acetate/acetyl 
ACN acetonitrile 
AMC 7-amino-4-methylcoumarin 
AMP adenosine monophosphate 
ATP adenosine triphosphate 
Boc tert-butyloxycarbonyl 
BrAAP branched chain amino acid preferring 
°C degree Celsius 
CA -chloroacetamide 
Cbz carboxybenzyl 
cCP constitutive 20S proteasome 
CD cluster of differentiation 
CFZ carfilzomib 
ChTL chymotrypsin-like
CL caspase-like 
CP core particle 
CTL cytotoxic T-lymphocytes 
Da Dalton 
Dab L-2,4-diaminobutyric acid 
Dap L-2,3-diaminopropionic acid 
DiFMU 6,8-difluoro-4-methylumbelliferone 
DIPEA N,N-diisopropylethylamine 
DMEM Dulbecco’s modified eagle medium 
DMF N,N-dimethylformamide 
DMSO dimethylsulfoxide 
DNA desoxyribunucleic acid 
DUB deubiquitinating enzymes 
EA ethyl acetate 
ELISA enzyme-linked immunosorbent assay 
ER endoplasmic reticulum 
ERAP endoplasmic reticulum aminopeptidases 
ESI electron spray ionisation 
FCS fetal calf serum 
FDA US Food and Drug Administration 
Fmoc fluoromethyloxycarbonyl 
FMU 6-fluoro-4-methylumbelliferone 
FPLC fast protein liquid chromatography 
h hour(s) 
HATU 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 

3-oxid hexafluorophosphate 
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HBr hydrobromic acid 
HCl hydrochloric acid 
HCTU O-(6-Chlorobenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium 

hexafluorophosphate 
HIC hydrophobic interaction chromatography 
HPLC high performance liquid chromatography 
HRMS high resolution mass spectrometry 
IC50 half maximal inhibitory concentration 
iCP 20S immunoproteasome 
IFN interferon 
IL interleukin 
K Kelvin 
kDa kilo Dalton 
KP Kernpartikel 
MDa mega Dalton 
MECL multicatalytic endopeptidase complex-like 
MeInd methylindene 
MES 2-(N-morpholino)ethanesulfonic acid 
MHC major histocompatibility complex 
min minute(s) 
MorphAc 4-morpholinacetyl 
MPD 2-methyl-2,4-penatediol 
mRNA messenger ribonucleic acid 
MS mass spectrometry 
MU 4-methylumbelliferone 
MW molecular weight 

NF-B nuclear factor kappa-light-chain-enhancer of activated B cells 

NMR nuclear magnetic resonance 
Ntn N-terminal nucleophile 
LC50 median lethal concentration 
LG leaving group 
LMP low-molecular mass polypeptide 
LPS lipopolysaccharides 
PA propionamide 
PAGE polyacrylamide gel electrophoresis 
PBS phosphate buffered saline 
PCR polymerase chain reaction 
PDB protein data bank 
PE petroleum ether 
PEG polyethylene glycol 
PFP pentafluorophenol 
pKa logarithmic acid dissociation constant  
PPi pyrophosphate 
ppm parts per million 
PSE peptide sulfonate ester 
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PSF peptido sulfonyl fluoride 
PSM proteasome (prosome, macropain) subunits 
PyBOP (Benzotriazol-1-yloxy)tripyrrolidinophosphonium 

hexafluorophosphate 
rmsd root mean square deviation 
RPMI Roswell Park Memorial Institute 
RP-HPLC reversed phase high-performance liquid chromatography 
RT room temperature 
S Svedberg 
SDS sodium dodecylsulfate 
SLS Swiss light source 
SnAAP small neutral amino acid preferring 
SPPS solid phase peptide synthesis 
Suc succinyl 
TAP transporter associated with antigen processing 
tCP 20S thymoproteasome 
TFA trifluoro acetic acid 
TFP 2,4,6-trifluorophenol 
THF tetrahydrofuran 
TL trypsin-like 
TLC thin-layer chromatography 
TNF tumor necrosis factor 
tR retention time 
Tris tris(hydroxymethyl)-aminomethane 
Ub ubiquitin 
UPS ubiquitin-proteasome system 
v/v volume per volume 
WT wild type 
w/v weight per volume 
yCP yeast 20S proteasome 
YPD yeast extract peptone dextrose 
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