
Keeping the Balance: 

Investigating Covalent Affinity and Passive Permeability of  

Protease Inhibitors 

 

 

 

Dissertation 

zur Erlangung des Grades 

''Doktor der Naturwissenschaften'' 

im Promotionsfach Pharmazeutische und Medizinische Chemie 

 

 

am Fachbereich Chemie, Pharmazie, Geographie und Geowissenschaften 

der Johannes Gutenberg-Universität Mainz 

 

 

Collin Zimmer 

geb. in Groß-Gerau 

 

Mainz, 2025 

 

  



 

II 

Submitted at the Faculty of Chemistry, Pharmacy, Geography, and Geosciences. 

 

 

Dean:  

 

Name of the 1st reviewer:  

Name of the 2nd reviewer:  

 

Date of the doctoral examination: 27.02.2025 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D77 (Dissertation Universität Mainz) 

  



Declaration of Authorship 

I 

Declaration of Authorship 

 

I, Collin Zimmer, declare that this thesis titled, “Keeping the Balance: Investigating Covalent Affinity 

and Passive Permeability of Protease Inhibitors” and the work presented in it are my own.  

 

I confirm that: 

• This work was done wholly while in candidature for a research degree at this university. 

• Where any part of this thesis has previously been submitted for a degree or any other qualification at 

this University or any other institution, this has been clearly stated. 

• Where I have consulted the published work of others, this is always clearly attributed. 

• Where I have quoted from the work of others, the source is always given. Except for such quotations, 

this thesis is entirely my own work. 

• I have acknowledged all main sources of help. 

• Where the thesis is based on work done by myself jointly with others, I have made clear exactly what 

was done by others and what I have contributed myself. 

 

 

 

____________________________________ 



Declaration of Authorship 

II 

Usage of artificial intelligence (AI) tools 

AI tool Usage 

Microsoft Word,  
integrated spelling & grammar 

examination 

Language support for  
American English: 

Correction of single words or 
sentences 

Translation of single words or 
expressions 

 
Standard settings 

Throughout the entire thesis 

DeepL Translate 

Google Scholar  
Search Algorithm 

Literature research  
 

Settings: sorted by relevance; 
no restrictions regarding 

language and type of work, 
modular restriction of 

publication date for specific 
searches 

Throughout the entire thesis 

Perplexity 
Free version 

Research for introduction 
literature to specific topics 

 
Knowledge cutoff: Dec-2023 

Throughout the introduction 
part of the thesis 

  



Acknowledgments 

III 

Acknowledgments 

  



Abstract 

IV 

Abstract 

The era of serendipitously developed covalent drugs has been superseded roughly since the year 2000 

by the now rational implementation of covalently reactive warheads. This became especially prominent 

in the contexts of targeted covalent kinase inhibitors and mechanism-based protease inhibitors. However, 

there is limited diversity in the approved warheads for this application and many irreversible warheads 

still face distrust in their clinical applicability—deservedly so if they have high reactivity, or only 

moderate selectivity towards off-targets. To address this issue and contribute to an improved 

understanding of covalent protease inhibition, studies on different types of reversible and irreversible 

warheads attached to a peptide recognition sequence were performed. Rhodesain, the cathepsin L 

ortholog of Trypanosoma brucei, which is a validated drug target of this parasite in the context of Human 

African Trypanosomiasis, was used to this end as an established model protease. As alternative warheads 

to irreversible peptide vinylsulfones, reversible α-fluorovinylsulfones and -sulfonates were 

mechanistically characterized. They elucidated interesting implications of structural changes to 

residence time with retention of their covalent mode of action. As an extension to the field of dual 

reactive warheads, keto vinylesters and -sulfones were investigated, which are appreciable for their 

slowly irreversible reaction towards rhodesain. The last warhead class evaluated are warheads based on 

nucleophilic aromatic substitutions (SNAr) which classically react irreversibly with catalytic thiols, but 

the presented examples expand on reversible options through electrophilicity fine-tuning. 

In addition to the investigations on binding mode described above, passive permeability of peptide-

based inhibitors was evaluated in the context of a parallel artificial membrane permeation assay 

(PAMPA). In general, permeability is a critical point of attrition during clinical development, which is 

the reason why its assessment already in an exploratory phase of drug design merits recognition. 

Inhibitors targeting different proteases were investigated to obtain information for structurally diverse 

peptidomimetics. This target-independent characterization yielded valuable information about the 

negative impact of ionizable groups on passive permeation and clearly identified the necessity for 

prodrug approaches when carboxylic acid or guanidine groups are present in the peptide backbone. 

Another study provided a link between in vitro enzyme inhibition and observed effect against isolated 

Schistosoma mansoni lifecycle stages by discussing passive permeability in the context of irreversible 

inhibitors. For these, it was demonstrated that non-covalent affinity and permeability contribute 

cooperatively to an effect in a cell experiment, which is valuable information when selecting a chemical 

probe for cellular target engagement. Lastly, permeability contributions could be quantified for selected 

reversible warheads as well as non-proteinogenic amino acids. It was shown that nitrile and aldehyde 

warheads are equivalent in terms of permeability. The same is true for homophenyl alanine (hPhe) 

compared to O-benzyl serine (OBnSer). Peptidomimetic options like aryl trifluoroethylamines can 

effectively contribute to permeability, but at the same time, limitations of lipophilicity to solubility were 

discussed.  



Zusammenfassung 

V 

Zusammenfassung 

Vor dem Jahr 2000 war ein kovalenter Bindemodus eher ein zufälliges Phänomen der 

Arzneistoffentwicklung. Seitdem werden kovalent reagierende Warheads jedoch rational implementiert. 

Dies wurde besonders im Zusammenhang von Kinase- und Protease-Inhibitoren prominent, welche 

jeweils beispielhaft für targeted-covalent und mechanism-based Inhibitoren sind. Allerdings gibt es nur 

wenige zugelassene Warheads und vor allem solchen mit irreversiblem Mechanismus wird Skepsis 

bezüglich ihres klinischen Nutzens entgegengebracht, wenn sie eine hohe Reaktivität zeigen oder wenig 

selektiv gegenüber anderen Zielstrukturen sind. Um dies näher zu beleuchten und dadurch zu einem 

besseren Verständnis kovalenter Protease-Inhibitoren beizutragen, wurden Studien an peptidischen 

Erkennungssequenzen mit verschiedenen reversiblen und irreversiblen Warheads durchgeführt. 

Rhodesain, das Cathepsin L-Ortholog in T. brucei, welches eine validierte Zielstruktur dieses Parasiten 

für Arzneistoffe im Kontext der Afrikanischen Trypanosomiasis darstellt, wurde hierbei als 

Modellprotease genutzt. Als alternative Warheads zu irreversiblen Vinylsulfonen wurden reversible  

α-Fluorvinylsulfone und -sulfonate mechanistisch charakterisiert. Dies verdeutlichte den Einfluss 

struktureller Änderungen der Inhibitoren auf ihre Verweildauer unter Erhaltung des kovalenten 

Bindemodus. Als Ergänzung von Warheads mit zwei reaktiven Strukturen wurden Ketovinylester und  

-sulfone mit langsam-irreversiblem Verhalten gegenüber Rhodesain untersucht. Die zuletzt untersuchte 

Warhead-Klasse umfasst solche, die auf einem SNAr-Mechanismus basieren, welcher klassischerweise 

in einer irreversiblen Reaktion mit katalytischen Thiolen verläuft. Im vorgestellten Beispiel wurden 

jedoch durch Modulation der Elektrophilie reversible Optionen entwickelt. 

Zusätzlich zu diesen Untersuchungen zum Bindemodus wurde die passive Permeabilität peptidischer 

Inhibitoren in einem PAMPA untersucht. Grundsätzlich ist Permeabilität ein kritischer Parameter der 

klinischen Entwicklung, weshalb ihre Analyse schon in der explorativen Phase Aufmerksamkeit 

verdient. Es wurden Inhibitoren untersucht, die verschiedene Proteasen zum Ziel haben, um 

Informationen strukturell diverser Peptidomimetika zu erhalten. Diese Charakterisierung betonte den 

negativen Einfluss ionisierbarer Gruppen auf die passive Permeabilität und identifizierte klar die 

Notwendigkeit von Prodrug-Strategien für Carbonsäuren und Guanidine im Peptidrückgrat. Eine 

weitere Studie verband in vitro Hemmung einer Protease und beobachteten Effekt gegen kultivierte 

S. mansoni Lebenszyklusformen und diskutierte passive Permeabilität im Kontext irreversibler 

Inhibitoren. Hierbei wurde eine Kooperativität von nichtkovalenter Affinität und Permeabilität 

bezüglich eines zellulären Effekts gezeigt. Für die Wahl eines Kandidaten zur Zielstrukturaddressierung 

im zellulären Kontext stellt dies eine wichtige Information dar. Schlussendlich wurden Beiträge zur 

Permeabilität verschiedener Warheads und nicht-proteinogener Aminosäuren quantifiziert. Es wurde 

gezeigt, dass Nitril und Aldehyd sowie hPhe und OBnSer diesbezüglich jeweils äquivalent sind. 

Peptidomimetische Alternativen wie Aryltrifluorethylamine können effektiv die Permeabilität steigern; 

gleichzeitig wurden aber auch ihre Grenzen bezüglich ihres Beitrags zur Löslichkeit diskutiert.  
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Introduction 

Covalent Inhibitors of Proteases Mimicking the Endogenous Substrate Scaffold 

Drug Design Strategies: Derivates of Endogenous Ligands 

There are several preliminary decisions to make when designing small molecules in the context of 

disease research. From the start, it needs to be clear in which experimental settings the chemical entity 

should be employed.  

- Is the research focused on mechanistic investigations of an isolated molecular event  

(ligand-target interaction)?  

- Is a multifactorial cellular context supposed to be evaluated (target engagement in cellulo)?  

- Is the designed ligand supposed to be evaluated for its effectiveness in the reduction of a real 

disease burden (clinical study)?  

Depending on the answers to these questions, optimizations of different characteristics become relevant. 

Sufficient affinity is always required, but also selectivity and favorable physicochemical characteristics 

are important to define molecular interactions. In cellular contexts, permeability and extended chemical 

stability require assessment and optimization. For drug candidates, aspects of clinical application like 

metabolic stability and overall bioavailability, but also toxicity are focal points. Since a 

pharmacodynamic effect is usually the prime criterion, drug discovery campaigns start with the effort to 

find a high-affinity binder, on which modifications can be implemented. To find this starting molecule, 

a library of molecules can be screened in silico against a target model (virtual screening), or 

experimentally against the isolated target (target screening) or the target cells (phenotypic screening). 

Prior to screening, a library can be filtered for the removal of undesired structures that are, e.g., false-

positive hits in many assays (promiscuous), or known causes for toxicity issues. They can also be filtered 

for desired properties like molecular weight, polar surface area, or hydrogen bond donor and acceptor 

count (Figure 1).  

In this context, virtual screenings usually have the advantage of the highest throughput and access to the 

most potential ligands, because they are not limited by synthetic constraints. They are especially 

recognized in early hit identification, lately also supported by artificial intelligence, but also the value 

of computational support in structure-based drug design to establish and explain structure activity 

relationships is consensus.1–3 Experimental target screenings have the advantage of a strong focus due 

to a low number of interfering variables. They enable a variety of options for manipulation  

(e.g., target mutation studies to identify crucial moieties, or dependency studies for isolated experimental 

parameters). Therefore, mechanistic indications can be readily derived, and optimizations can be guided 

by structure-based decisions. However, target screenings have limited predictability towards behavior 

in the more complex in cellulo or in vivo environments.4 In contrast, phenotypic screenings have the 

advantage of the early inclusion of favorable properties like membrane permeability and information on 
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an effect in a biologic setting. This comes at the expense of missing information about the multitude of 

influencing factors in the more complex cellular environment.5,6 This can obscure reasons for an 

observed superiority between comparable molecules, but a ligand with favorable characteristics in a 

cellular environment constitutes the most valuable hit of the three different screening methods.7 It is 

obviously reasonable to not only rely on the result of one of these screening methods but to characterize 

ligands successively in different available assays, and to include specific experiments that assess 

bottlenecks between them. For example, a promising structure from a virtual screening can exert no 

experimental effect if it has insufficient aqueous solubility or if its synthesis is impossible to begin with. 

Similarly, a binder identified in a target-based assay can have poor cellular effect due to limited 

permeability. These problems can be specifically addressed through structural variations, but only if 

properly identified. 

 

Figure 1: The central goal of drug discovery is to find a chemical entity that has relevant efficacy against a disease, which is 

strongly driven by affinity for a specific target, but also comprises other parameters (black box). To achieve this, combinations 

of predictive and experimental methods are used. All these methods result in a small number of ligands with feasible 

characteristics that are interesting for further drug development. (A) Information on structural biology (crystal structures of 

target-ligand complexes), from which ligand- and target characteristics can be derived, can be used to optimize predictive 

methods. Ligand features can be set starting points as pharmacophores, and the target features can be used as an interaction 

surface for virtual screenings of digital libraries. (B) Libraries of molecules can be filtered for unwanted properties (toxic, 

promiscuous, poor solubility, etc.). The resulting set of molecules from filtering, together with the selections from virtual 

screening approaches, has a size that can realistically be handled in experimental settings like screenings on the isolated target 

or on the target cell type. Figure created with Biorender.com. 
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A strong similarity between natural and synthetic ligands of a protein target is commonly encountered 

in approved drugs and in research—an approach that will be rationalized in the following paragraphs. 

The drugs and experimental probes discussed throughout this thesis conform to this characteristic and 

can therefore be described as “ligand-based”, since they closely resemble the physiological ligand of the 

target under investigation. It should be considered that this approach is distinct to “ligand-based drug 

design”, which is defined as the design of drug candidates in absence of a crystal structure that visualizes 

relevant interactions. Instead, experimental affinity characteristics of ligands are used that are 

transformed into pharmacophore features as scaffolds for further development.8,9 The difference is that 

interaction potential in molecules from a ligand-based drug design approach can be exerted by moieties 

that are structurally different from the natural ligand, and that linking portions between pharmacophores 

can vastly differ. So, ligand-based drug design yields substances that retain the interaction surface and 

not necessarily the true structure of the natural ligand. For the reason of avoiding ambiguity, the term 

“ligand-based” is not used frequently herein, even though it might be a valid descriptor for a set of 

designed inhibitors. 

There are targets that are not sufficiently addressable by any member of a screening library, which can 

necessitate starting optimization from a known (e.g., the physiologic) ligand. If no library hit is available, 

this gives a reasonable starting point to structural implementations, which can be expanded upon by a 

structure-based approach.10,11 Also, if a ligand characteristic can be identified as essential, it can later be 

introduced to an existing library hit with already explored binding mode in the effort to optimize it.12 

Starting molecular changes from a physiological ligand with proven affinity and scientifically sound 

binding mode is a historically successful strategy in drug design. Figure 2 presents a collection of 

prominent approved drugs that show remarkable congruence with their endogenous counterparts. It does 

not claim exhaustiveness but highlights targets that are most frequently addressed with molecules 

designed to mimic their physiological ligand. The large number of structurally and functionally 

unrelated targets highlights the general applicability of this approach. In this context, a synthetic ligand 

imitating a substrate, reaction intermediate, or product can be rationally designed from scratch  

(e.g., protease inhibitors from peptide substrate)13 or can serendipitously be the optimal scaffold from a 

screening-based approach (e.g., 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase 

inhibitors as transition state mimetics)14.  
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Figure 2A: Collective depiction of several examples of ligand-based drugs (endogenous ligand → drug) grouped by the basic 

structure they are derived from into peptides, saccharides, steroids, nucleobases, monoamines, and miscellaneous. Structures 

conveying covalent reactivity are marked orange. Prodrug structures which are either eliminated to liberate the active drug, or 

drugs that exploit bioconjugation processes are marked blue. Figure created with ChemDraw. -|- = cleavage site, 

Xaa = undefined amino acid, Leu = leucine, Gln = glutamine, Ala = alanine, Pro = proline, Asp = aspartate, Asn = asparagine, 

Phe = phenyl alanine, SARS-CoV-2 Mpro = severe acute respiratory syndrome coronavirus 2 main protease, 

DPP IV = dipeptidyl peptidase 4, HCVPro = hepatitis C virus protease, HIV1Pro = human immunodeficiency virus 1 protease, 

Factor Xa = coagulation factor Xa, SGLT2 = sodium glucose transporter 2, NA = neuraminidase, α-Gluc = α-glucosidase. 



Introduction 

5 

 

Figure 2B: SERD = selective estrogen receptor degrader, ER = estrogen receptor, GR = glucocorticoid receptor, 

PR = progesterone receptor, 5αRed = 5α-reductase, MR = mineralocorticoid receptor, HHVPol = human herpes virus family 

desoxyribonucleic acid (DNA) polymerase, dGTP = desoxyguanosine triphosphate, HBVPol = hepatitis B virus DNA-

polymerase, UTP = uridine triphosphate, HCVPol = hepatitis C virus ribonucleic acid (RNA) polymerase, XO = xanthin 

oxidase, dUMP = desoxyuridine monophosphate, TS = thymidylate synthase. 
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Figure 2C: βR = β-adrenergic receptors, H2R = histamine receptor 2, DOPA = L-3,4-Dihydroxyphenyl alanine, DDC = DOPA 

decarboxylase, MAOB = monoamine oxidase B, MTR = melatonin receptor, S1PR = sphingosine-1-phosphate receptor, 

ODC = ornithine decarboxylase, HMG-CoA-Red = HMG-CoA reductase, EPR = prostaglandin E receptors, FPS = farnesyl 

pyrophosphate synthase. 
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A challenge especially for clinical phase I drugs is their pharmacokinetic properties, and membrane 

permeation as a part of this.15–17 This is also true for candidates derived from endogenous ligands. Since 

these ligands are part of intricately regulated physiological functions, they are often not meant to 

passively distribute throughout the body but are rather confined to a certain environment by 

physiological membranes. They are transported through specific active mechanisms or never leave the 

environment in which they are produced. They are often contained in defined intracellular compartments 

(e.g., secretory vesicles, lysosomes, nucleus, cytosol) or in strictly localized extracellular environments 

(e.g., synaptic cleft), or are limited to one organ where they exert their function (e.g., vascular system, 

central nervous system). A property that keeps them in place is their commonly hydrophilic nature, 

which reduces passive permeation due to the largely lipophilic nature of biological membranes. The 

general hydrophilicity of endogenous ligands is especially exemplified by the sugar moiety and charge 

of nucleotides (UTP) or some oligosaccharides (heparin), as well as in the collection of polar amide 

bonds in oligopeptides, or the zwitterionic nature of amino acids (DOPA, ornithine). 

The aim for many novel drugs is to be effective after oral administration, which requires passing several 

different environments and membranes.18,19 This makes active and passive permeability, but also 

chemical and metabolic stability, and plasma protein binding relevant in drug design that require 

optimization in parallel to an improvement in affinity. To a certain extent, this should also be taken into 

consideration for research probes for mechanistic investigations to exert an effect in cell-based assays. 

For hydrophilic ligand-mimetics, this likely entails an initial bias for poor passive membrane permeation. 

Some workarounds for especially hydrophilic ligand-structures are routinely implemented in drug 

design, for instance:  

- the inclusion of suitable lipophilic groups as an extension of the molecule or a replacement of 

hydrophilic structures to modulate the overall polarity as in dapagliflozin and nirmatrelvir,  

- the chemical, transient masking of hydrophilic structures with cleavable, lipophilic moieties as 

in the prodrugs oseltamivir and sofosbuvir, 

- the exploitation of physiological conjugation mechanisms as in the prodrugs 5-fluorouracil, 

fingolimod, and entecavir, 

- or the reliance on active uptake as in eflornithine and valaciclovir. 

Apart from these chemical approaches that change the drug’s structure, technological approaches like 

nanoparticle formulations can be used to override pharmacokinetic properties.20 Another alternative is 

to opt for a parenteral application to bypass the gastrointestinal system altogether (e.g., fondaparinux, 

carfilzomib). All the abovementioned examples are depicted in Figure 2, and those for which the prodrug 

approach is relevant are highlighted.  

It should be noted that there are some endogenous ligands, for which passive transport is possible and 

relevant to their physiological effect (e.g., steroids). Some of these can therefore be used unchanged as 

drugs if formulated parenterally to avoid presystemic metabolism (e.g., testosterone, estradiol).21,22 
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Monoamine neurotransmitters like norepinephrine are mainly transported actively but can have relevant 

passive diffusion over membranes at high concentrations.23–25 This explains how in some cases 

permeability does not need to be addressed at all, if sufficiently lipophilic modifications are introduced 

to optimize binding affinity (e.g., propranolol). An especially interesting field for inhibitors with a 

scaffold closely resembling a substrate are protease inhibitors. The peptide scaffold enables vast 

combinatorial options utilizing the 20 proteinogenic amino acids, as well as non-proteinogenic amino 

acids than can be simple homologs (e.g., phenyl glycine, tert-leucine) or remote derivates (e.g., 

dimethylthioproline, allophenylnorstatine) of the proteinogenic ones.26 Apart from modifications that 

are implemented with improved affinity in mind, modifying stereochemistry (D-amino acids), 

cyclization, or amide N-methylation can convey metabolic stability to peptides.27 A characteristic feature 

of these protease inhibitors is also the frequent inclusion of electrophilic warheads to react with the 

nucleophilic active sites of their target enzyme. This derivatization will be discussed in further detail 

below, and examples are marked in Figure 2A. A more detailed description of some optimization 

campaigns starting from an endogenous ligand is given below for steroid-, saccharide-, and peptide-

derived drugs. A focus is being placed on available information on the optimized parameters (especially 

affinity, selectivity, permeability, and metabolic stability), which together produce their overall effect. 

As exemplified for some steroid drugs in Figure 2B, the derivatization from endogenous ligands has 

been practiced in ligand optimization efforts for all classes of steroid hormones (glucocorticoids, 

mineralocorticoids, estrogens, gestagens, androgens). In the case of estrogens, the addition of one ethinyl 

substituent to estradiol already provided the staple ER agonist in modern clinical practice  

(i.e., ethinylestradiol in combined oral contraceptives). The introduction of this group was a German 

invention of the 1930s in an effort to produce orally active estrogens and gestagens.28 Other approaches 

to generate orally bioavailable ER agonists were often based on estradiol itself and included a 

technological optimization (micronization)29 boosting absorption, or transient chemical derivatization, 

e.g., to its phenol sulfamate prodrug to adjust metabolism30. Leaning away from the steroid skeleton but 

keeping an estradiol-like conformation led to alkene-rigidized derivates like tamoxifene31 (or later 

ospemifene)32, or heterocyclic drugs like raloxifene33 (or later bazedoxifene)34, which are all orally 

bioavailable selective ER modulators (SERMs) with different intrinsic activities when interacting with 

ERα or ERβ. They are used for treating dyspareunia35, breast cancer36, or osteoporosis37,38. Another level 

of ER interaction-tuning is achieved by targeted degradation with SERDs like the authorized oncologic 

steroid fulvestrant39,40 which exerts its effect through competitive antagonism and accelerated receptor 

degradation. In the same direction go ER proteolysis-targeting chimeras (PROTACs) that link ERs to 

ubiquitin ligases in the context of proteasomal degradation.41 All of these examples still closely resemble 

the estradiol scaffold. 

Gliflozins are antidiabetics approved for type II diabetes that exert their effect by inhibiting SGLT2. 

This transporter is responsible for glucose reabsorption in the kidneys. Hence, the endogenous ligand is 

glucose but the inhibitors only in half resemble it (Figure 2A). This is because they are technically based 
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on the chalcone glucoside phlorozin, isolated from apple tree bark, rather than on glucose alone.42 

Initially, this natural product was recognized for its provocation of glucosuria after high oral doses. Later, 

the SGLTs were identified as targets for its influence on physiological glucose levels.43,44 Glucose alone 

has a low affinity to SGLT2, a property greatly enhanced by the aglycone portion.45 In contrast, however, 

the glucose portion is also essential for efficient binding, both for the natural product and designed 

SGLT2 inhibitors like dapagliflozin.46 The optimization strategies of SGLT2 inhibitors revolved around 

the relevance of selectivity (mainly towards SGLT1)47, and in vivo metabolic stability (against 

glucosidases)48–50. The latter weakness is the major reason for a unifying structural element of the SGLT2 

inhibitors approved by the European Medicines Agency (EMA) and the US-American Food and Drug 

Administration (FDA): they are all C-glycosides instead of the original O-glycosides. This changes the 

synthetic route quite a bit, but chemically it makes them ethers as opposed to acetals, rendering them 

stable against glycosidases, which increases their total metabolic stability.51–53 Some variations of the 

sugar moiety are allowed. While most are still based on glucose, xylose is possible (Sotagliflozin).54 

Still, most variations are made at the aglycone part of the molecule, with the natural ligand portion  

(β-D-glucose) mostly unchanged except for the C-glycoside modification. 

Initial research on the HCV protease was performed as a phenotypic high-throughput screening of 

different libraries, which did not yield any promising candidate. This was attributed to the active site 

being “shallow, featureless and highly solvent-exposed”.13 Therefore, the search was restarted from a 

known substrate, producing a terminally capped undecapeptide with one central non-proteinogenic 

amino acid right before the cleavage site.55–57 It carried a norvaline side-chain and an electrophilic  

α-keto amide moiety, with which the enzyme was covalent-reversibly inhibited. In this stage, despite its 

favorable affinity, the detrimental pharmacokinetic properties were recognized (both permeability and 

metabolic stability), and optimization was necessary. The enzyme favors hydrophobic residues in 

general, so all hydrophilic amino acids (Asp, serine (Ser), methionine (Met), tyrosine (Tyr)) were either 

cut off entirely or replaced by more lipophilic structures, resulting in a drastically shortened pentapeptide. 

The included non-proteinogenic amino acids provided metabolic stability in addition to increasing 

lipophilicity, which yielded an intermediate inhibitor that already showed good bioavailability from 

subcutaneous application but was not yet orally bioavailable.57 The molecule was further reduced in size 

to a tripeptide, and the remaining non-proteinogenic amino acids were cyclobutyl alanine, a fused 

Pro/Leu mimetic, and tert-leucine. The keto amide was kept constant but was now placed at the peptide 

C-terminus, the N-terminus was capped by a tert-butyl urea. With these modifications, boceprevir, a 

high-affinity inhibitor with good oral bioavailability and effect in different animal models could be 

obtained, that also showed far improved selectivity over the related human neutrophil elastase (HNE).57 
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Protease Classification and Cleavage Mechanism 

The main targets of the research described in this thesis are enzymes called “peptidases” or “proteases”; 

both terms used synonymously in literature.58,59 “Peptidase” defines their function of cleaving a peptide 

(amide) bond in analogy to “glycosidases” cleaving glycosidic (acetal) bonds. “Protease” describes the 

cleaved protein targets in analogy to “nucleases” cleaving nucleic acids. A distinction between “protease” 

and “peptidase” is generally unnecessary but might be made in the case of an enzyme like oxytocinase.60 

It catalyzes the degradation of small nonapeptide hormones like oxytocin, which are not classified as 

proteins due to their low molecular weight.61 Hence, oxytocinase would rather be an oligopeptidase than 

a protease. Conversely, all proteases are peptidases by function. The most prominent classification 

systems (described below) employ “peptidase” for optimal coverage of their listed enzymes. While in 

the medicinal chemistry literature, the term “protease” is encountered more frequently, “peptidase” is 

used if the function of the protease of interest is important, e.g., when the position of the cleaved bond 

in a peptide chain is specified (in the case of endo- and exopeptidases, carboxy- and aminopeptidases, 

or di- and tripeptidyl peptidases). 

The realm of proteases comprises a set of diverse enzymes essential to all forms of life. They fulfill tasks 

ranging from catabolism of nutritional peptides to specific regulatory functions in cellular signaling 

pathways.62 Since the 20th century, when methods for protein and gene sequencing became available, 

their phylogenic relationships have been investigated, and structured systems for classification evolved 

to handle the ever-increasing number of discovered proteases.63–65 While analogous in their function to 

catalyze the hydrolysis of peptide bonds, the mostly separate evolution of the protease types clustered 

by their catalytic machinery has led to structurally unrelated classes, rarely with readily discernible 

homologies.66,67 These protease classes are Asp-, cysteine- (Cys), metallo-, Ser-, and threonine (Thr) 

proteases, named after the structure (amino acid or metal ion) most crucial to the catalytic mechanism 

(Figure 3A), with glutamate (Glu) proteases and Asn lyases as marginal additions.68–71 Some examples 

with (patho-)physiological relevance are listed in Figure 3B & 3C for each of the major protease classes.  

Different organizations aim to compile an up-to-date overview of the proteases available to literature. 

One example database that curates data on all enzyme classes is the “enzyme commission (EC-) system” 

maintained by the International Union of Biochemistry and Molecular Biology (IUBMB, London, 

United Kingdom).72 Another that only focuses on peptidases and links protease families from different 

organisms, their substrates, and inhibitors is the “MEROPS database” (European Bioinformatics 

Institute, EBI, Cambridge/Hinxton, United Kingdom).73 For structural information on proteins, the 

“Protein Data Bank” (= PDB, Research Collaboratory for Structural Bioinformatics, RCSB, USA) 

represents the largest publicly available archive of experimental 3D structures.74 In this context, 

impressive advances have been made using artificial intelligence (AI) in recent years (Nobel Prize in 

Chemistry, 2024) to predict structural information for proteins yet inaccessible to experimental 

elucidation efforts, with Alphafold (Deepmind, London, United Kingdom) as a prime resource.75–77  
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The absolute total number of proteases in each classification system varies greatly (ca. 400 in the  

EC-system, to ca. 4000 in the MEROPS database), and the same is true for the distribution per catalytic 

class. To still give a numerical indication, animals express around 500 different proteases, lower 

eucaryotic organisms like Saccharomyces cerevisiae around 100, and bacteria usually below 100.59 An 

indication of class distribution can be inferred from fully described proteases in Homo sapiens (close to 

600, The Mammalian Degradome Database78,79, compare Figure 3A), which is in line with other 

literature.80 Inside these classes, structural similarity can be inferred, forming the basis for clans, families, 

and subfamilies in ascending degree of homology (compare Figure 3C). Evolutionary sequence 

conservation inside a family can clearly be followed for orthologous proteases in different organisms, 

or for paralogous proteases in one organism (compare Figure 4).81,82 It indicates that cathepsins from 

different classes (HsCatA/D/L) are completely different proteins, despite their shared function of 

lysosomal peptide hydrolysis (as little sequence similarity between each other as to the unrelated GTP 

hydrolase HsKRAS, similarity <25 %). It also outlines genetic relationships of the human enzymes with 

parasitic orthologs from T. brucei and S. mansoni (Hs/TbCatL and Hs/SmCatB1 similarity ca. 60–75 %) 

and between human paralogs (HsCatB/L/S, similarity ca. 40–75 %). 

 

Figure 3: (A) Depiction of protease classes by their proportional distribution within the group of human proteases as compiled 

in the Mammalian Degradome Database. (B) Examples for human proteases from each main family except cysteine as listed 

by the MEROPS database. (C) For cysteine proteases, hierarchical organization as clans (rounded boxes) and families (boxes) 

as listed by the MEROPS database. Apart from the 12 clans consisting only of cysteine proteases, some clans like PA contain 

proteases from different classes. For some clans, cysteine proteases relevant for human (patho-)physiology are listed. 

AV = adenovirus, HCV = hepatitis C virus, Pr = phage-related ribosomal, RV = rhinovirus, PLpro = papain-like protease, 

FMDV = foot-and-mouth disease virus. Figure created with Biorender.com. 
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Figure 4: Comparison of overall sequence similarity between cathepsins of different classes related by function (cathepsins 

A/D/L are lysosomal Ser/Asp/Cys proteases, respectively), and ortho- and paralogs of select Cys proteases (Hs/TbCatL, 

Hs/SmCatB1, HsCatB/L/S), and an unrelated human GTP hydrolase (HsKRAS). PDB accession codes are depicted, longest 

deposited primary sequences of the biological assemblies were compared with the Molecular Operating Environment software 

(MOE 2022.02, Chemical Computing Group). The value in each square of the similarity matrix (left) is defined as the number 

of similar residues (BLOSUM62 substitution score >0) between the protein sequences at each intersection divided by the length 

of the sequence labeled at each column, given in percent. The similarity tree (right) visualizes these numerical implications by 

connecting closer relationships through shorter paths. 

The active site of proteases, to which the hydrolysable peptide substrates bind, can be subdivided into 

specific functions. Most amino acids forming the active site provide interaction surface for either 

hydrophilic or hydrophobic interactions, and they sterically restrict the space available for potential 

ligands. This provides a means of identification for a preferentially cleaved peptide substrate sequence. 

The formed protease subpockets are usually labeled S, while the substrate amino acids are labeled P, 

both with numbers corresponding to their relative position to the cleavage site according to the 

Schechter-Berger nomenclature.83 Protease active sites are further characterized by a small group of 

amino acids that contribute “actively” to the catalytic hydrolysis process. In Asp- and metalloproteases, 

acid/base catalysis is provided for a nucleophilic immobilized water molecule.84,85 In contrast, the Cys-, 

Ser-, and Thr proteases convey covalent catalysis through their namesake amino acid residue as a 

nucleophile.86,87 In these catalytic assemblies for covalent catalysis (commonly dyads or triads), two 

roles additional to the nucleophile can be distinguished. There is always a base involved as the second 

characteristic moiety, and usually a third amino acid that modulates positioning and/or basicity of the 

others. Together, a microenvironment is established, in which the nucleophilic amino acid that defines 

the protease class (Cys, Ser, or Thr) gains a strongly polarized side-chain chalcogen-hydrogen bond, 

which amplifies its nucleophilicity. The catalytic assemblies are highly specific and often characteristic 

for certain clans of the respective protease classes.86,87 For example, a Cys→Ser mutation of the catalytic 

cysteine in bleomycin hydrolase (clan CA, family C1) completely abolished its physiological function.88 

The same is true for Ser→Cys mutations in of the catalytic serine in trypsin (clan PA, family S1) or 

other classes of hydrolytic enzymes.66  
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Characteristic catalytic mechanisms are depicted for the human proteases CatS, urokinase-type 

plasminogen activator (uPA), and proteasome β5 subunit in Figure 5. In all three cases, the nucleophile 

attacks a defined amide group in a peptide to initially form a tetrahedral anionic intermediate (oxyanion). 

The presence of hydrogen bond donors to form a stabilizing “oxyanion hole” is another modular feature 

of protease active sites as described below. With the elimination of the amine part of the former amide, 

an intermediate (thio)ester is formed, in which the remaining part of the substrate is still covalently 

attached to the enzyme. This (thio)ester is then hydrolyzed through a recruited water molecule, resulting 

in the restoration of the enzyme after liberation of the carboxylic acid portion of the former amide.  

In the case of Cys proteases, Cys acts as the designated nucleophile. Its reactive thiol group is affected 

by a neighboring histidine (His) side-chain that acts as a proton acceptor for the reaction. The imidazole 

orientation and basicity, in turn, is regulated by a third hydrogen bonding partner, e.g., an Asn side-chain 

for clan CA proteases.86,89 The pKa values of detached Cys and His in solution are 9 (S-H deprotonation) 

and 6 (imidazole N+-H deprotonation).90 In the active site, however, the pKa values change to 3 and 8, 

respectively, indicating the increase in acidity for Cys and in basicity for His.91 This is the reason why 

for many cysteine proteases, a Cys−/His+ pair is present already prior to catalysis.86 The intermediate 

oxyanion can be stabilized by the backbone NH of the catalytic cysteine and a Gln side-chain amide 

(compare CatS in Figure 5).86 

A similar general principle is adopted by Ser proteases, in which Ser/His/Asp represents the classical 

triad. Also here, different architectures for the catalytically involved amino acids are possible for the 

different Ser proteases.87,92 In analogy to Asn in the abovementioned Cys proteases, Asp polarizes His, 

which in turn accepts a proton during catalysis. The major difference is the much lower acidity of Ser 

(pKa = 13.6 in solution)93 in comparison to Cys. This requires a stronger polarization of His than is 

exerted by the corresponding Asn in Cys proteases, which is provided by the negatively charged Asp.86 

This also explains the higher basicity of the His in the active site (pKa = 10–12)94 in comparison to His 

in a Cys protease triad. However, there is no precatalytical ion pair in Ser proteases. Instead, the  

serine-β-OH proton is liberated during the nucleophilic attack to the substrate. The intermediate 

oxyanion can be stabilized by the backbone NHs of the catalytic Ser and a neighboring glycine (Gly) 

(compare uPA in Figure 5).87 

For Thr proteases (most prominently the β-subunits 1, 2, and 5 of the proteasome), the principle 

described above is applied as well but differs in some details. This is mainly because an N-terminal Thr 

side-chain is involved as the nucleophile.87,95 Of its two possible nucleophilic moieties (α-NH2 and  

β-OH), the hydroxyl group in its neutral state is unequivocally the nucleophilic site for catalysis.96 In its 

vicinity, there is both the mentioned α-amino group and the side-chain amine of a lysine (Lys) as 

potential bases for the mechanism. Different mechanisms have been postulated assuming both amines 

in their deprotonated form97,98, or one of the two protonated97,99, discussing whether the Lys or Thr itself 

functions as the proton acceptor. The most convincing case is made for the Lys already protonated prior 

to catalysis, as it is expected to be the more basic amine of the two, and the neighboring Asp can also 



Introduction 

14 

effectively stabilize the resulting ammonium ion in a salt bridge. This positive charge proximal to the 

Thr α-amino group can disfavor its spontaneous protonation by water, “preserving” the N-terminal 

basicity for the proton that is eliminated during catalysis.99 This is especially underlined, because the 

Thr amino group can partake as a second nucleophile in the reaction for inhibitors with two warheads.96 

For this to be possible, a relevant fraction must be present in its unprotonated state. The oxyanion 

stabilization is carried out by a single Gly backbone-NH (compare proteasome β5 subunit in Figure 5).87 

 

 

Figure 5: Active site and catalytic mechanisms of the protease classes with covalent catalysis. Example proteases: HsCatS 
(1ms6, top), HsuPA (1w10100, center), Hsproteasomeβ5 (6rgq101, bottom). Left panels: surface map and tertiary structure of the 
active site (grey) with catalytic triad and amino acids involved in oxyanion hole formation (orange). Nucleophilicity-amplifying 
hydrogen bonding depicted as dashed lines (yellow). Figures created with Pymol (Schrödinger, LLC) and ChemDraw. Right 
panels: two-dimensional reaction scheme of the catalytic mechanism. Amino acids involved in the catalysis are depicted in 
their precatalytic protonation state (orange) and relevant hydrogen bonds (black, dashed) are denoted.   
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The publications included in this thesis have a strong focus on Cys proteases. Investigated targets of this 

class were T. brucei CatL, H. sapiens CatB, CatL, and CatS, as well as S. mansoni CatB1. Apart from 

this, human Ser proteases like the transmembrane protease serine subtype 2 (TMPRSS2), uPA, and 

relevant related proteases (matriptase, tissue plasminogen activator, thrombin, and coagulation factor 

Xa) were researched. To consciously limit the scope of the introduction to this thesis, information on 

(patho-)physiological involvement and current research landscape is only detailed for the two main 

targets, namely trypanosomal CatL and human CatS. For the other investigated proteases, this 

information is already included in the publications constituting this thesis. Complemented is this, 

especially regarding own contributions, in each introductory paragraph prior to the respective 

publication. Examples for this extended information are the implications for drug design drawn from a 

requirement of an Arg-mimetic structure in TMPRSS2- and uPA inhibitors or from cell membrane 

properties of S. mansoni in the context of the performed experiments. 

Electrophilic Warheads on Protease Inhibitors in Clinical and Research Settings 

Inhibiting proteases as pathophysiological targets is an important pillar of modern clinical disease 

management. Inhibitors of renin and angiotensin-converting enzyme (ACE) are options for essential 

hypertension.102,103 Anticoagulating drugs against coagulation factors IIa and Xa are in use to prevent 

cerebral and myocardial infarctions.104,105 Inhibitors of DPP IV are used for treating type II 

diabetes.106,107 Multiple myeloma is a type of bone-marrow cancer treated by inhibition of proteasome 

subunit β5.108,109 Prominently, protease inhibitors are in wide clinical use against infectious diseases 

related to Hepacivirus hominis110 (formerly and in this thesis: HCV), Lentivirus humimdef1111 (formerly 

and in this thesis: HIV1), and Betacoronavirus pandemicum112 (formerly and in this thesis:  

SARS-CoV 2).113–116 This brief list illustrates the utility and value of protease inhibitors in drug design 

and clinical practice, but it is only the “tip of the iceberg” approved by the drug regulation agencies. 

Protease inhibitors are also employed in industrial and academic research against a plethora of 

pathologies like different autoimmune diseases (HsCatS)117,118, Morbus Alzheimer (HsCatB)119, 

osteoporosis (HsCatK)120, and parasitic diseases like schistosomiasis (SmCatB1)121 and trypanosomiasis 

(TbCatL)122.  

As discussed before, the strategy of adding a reactive electrophilic structure to a ligand-inspired scaffold 

has been a successful strategy for creating effective protease inhibitors, as depicted in Figure 2 for 

carfilzomib (α-keto epoxide), bortezomib (boronic acid), nirmatrelvir and saxagliptin (nitrile), and 

boceprevir (α-keto amide). These so-called “warheads” give rise to mechanistic distinctions regarding 

the kinetics and thermodynamics of target engagement that can have clinical benefits. Still, reactive 

structures on inhibitors were long frowned upon. They raised concerns of unselective reactivity leading 

to side-effects and immunological toxicity in the context of haptenization.123,124 Especially for 

irreversibly covalent inhibitors and those with high reactivity, these concerns are realistic and need 

attention.125 However, since the 1990s, the benefits of covalent interactions are increasingly recognized, 

which led to a trend towards the rational implementation of covalent drug discovery.124,126,127 They entail 
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the option of targeting formerly “undruggable” targets with shallow active sites that are not sufficiently 

addressable with only non-covalent interactions.13 The covalent bond formation can result in an 

increased residence time, which is commonly associated with an improved effect in complex 

environments, e.g., through kinetic selectivity.128 Another striking advantage is the decoupling of 

pharmacokinetics from pharmacodynamics, meaning that an effect is still detectable even if unbound 

drug is long cleared from circulation, making it possible to reduce dosing strength and frequency, and 

in turn the metabolic burden.129 

A ligand’s electrophilic warhead reacts with the protease’s nucleophilic amino acid. Generally, chemical 

reactions between electrophiles and nucleophiles are governed by the reactants’ chemical potential (μ) 

and hardness (η), which together determine reactivity. These two values can be derived separately from 

computations of orbital energies (highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) energies) and combined to yield a nucleophile’s nucleophilic index (ω−), 

which defines the numerical propensity for a reaction between a certain nucleophile-electrophile  

pair.130–132 To computationally determine electron distribution and reactivity with model or complex 

nucleophiles, modern techniques use quantum mechanics (QM) or their combination with molecular 

mechanics (QM/MM), respectively.133,134 This concept can be applied to biologically relevant 

nucleophiles like amino acids and relevant electrophile classes.135,136 However, some contextual 

differences have to be kept in mind, that render these calculations only estimates. For instance, the 

polarized serine hydroxyl in a Ser protease’s active site is expected to be a transient case between isolated 

serine-β-OH and serine-β-O−. Also, the calculation of gas-phase electron distributions of isolated 

molecules can deviate from the experimental distribution in an enzyme-associated state of the reaction 

pair.137  

Classifications for relevant electrophiles and nucleophiles as hard or soft are included in Table 1. High 

(partial) charge and small distribution volume make up high charge density which characterizes a hard 

reactant. In contrast, low (partial) charge and large charge distribution volume constitute a soft reactant. 

Derived from the “hard and soft acids and bases” (HSAB) theory, hard favors reactions with hard and 

vice versa.130 Following this classification, electrophiles with localized positive partial charge are 

considered hard (e.g., aldehydes138 > nitriles139) while those with delocalized partial charge are soft  

(e.g., Michael acceptors138 > phosphate esters140). In the same spirit, nucleophiles with dense electron 

distribution are hard (e.g., alcohol(ate)s, amines) and those with diffuse, polarizable electron density are 

soft (e.g., thiol(ate)s).135 Hard boron-based warheads follow the HSAB principle and are not efficiently 

addressed by soft thiols141, but do react with hard threonine proteases (bortezomib, proteasome)142 and 

serine proteases (peptide boronate, dengue virus protease)143, or other enzymes with hard hydroxyl 

nucleophiles (taniborbactam, Klebsiella pneumoniae carbapenemase 2)144. While this classification 

gives hints to preferred reactions, it does not strictly prohibit cross-reactivity. Aldehydes and nitriles can 

be very efficient warheads for both serine and cysteine proteases, despite the hard/soft discrepancy. 

Examples for this are diverse carbonyl-based inhibitors for viral Mpro (Cys protease)145, aldehydes for 



Introduction 

17 

human caspase-1 (Cys protease)146, as well as nitriles for human DPP IV (Ser protease)147.  

Taken together, the HSAB principle is a reason why research on serine proteases often includes 

carbonyl-based warheads57,100,148, while variants of Michael acceptors are common in cysteine protease 

research149,150. 

Table 1: Classification of amino-acid nucleophiles and select electrophiles employed as warheads according to the HSAB 

principle.  

 Soft Hard 

 

Nucleophiles135 

 

Cys Ser, Lys, His 

Electrophiles 

Michael acceptors125,132, 

haloarenes125,151, 

nitriles139 

Ketones125,132, aldehydes138, 

epoxides132,152, 

boronic acids142 

Alternatively to the calculations mentioned before, the propensity of an electrophile to undergo covalent 

reactions with a specific nucleophile can be estimated experimentally. A simplified approach is to 

correlate a carbon’s signal in a 13C nuclear magnetic resonance (NMR) spectrum with its electrophilicity, 

as deshielding of an atom’s nucleus in its essence is understood as the partial removal of electron 

density.153,154 However, to judge the extent of a warhead’s reactivity and to assess potential toxicological 

implications, it is more reliable to use the reaction with small organic nucleophiles. A frequently chosen 

nucleophile in this context is the tripeptide thiol glutathione (GSH, γGlu-Cys-Gly), because it is an 

endogenous molecule used for the detoxification of electrophiles.155 The physiological relevance of 

kinetic data acquired like this is limited by the fact that in vivo, GSH is only effectively nucleophilic in 

presence of GSH-S-transferase. It is an enzyme that catalyzes the addition of GSH to xenobiotic 

electrophiles by forming immobilized GS− to increase its nucleophilicity.156 In solution also, only the 

thiolate and not the thiol is relevantly nucleophilic, so the concentration of reactive nucleophile in an 

assay is defined by the Hendersen-Hasselbalch equation in dependence of the pH value 

(pKa3(GSH) = 9).157,158 This needs to be considered, when directly comparing reactivity scales from 

different sources, and is an argument to use this data as indication and ranking rather than as absolute 

kinetic values of expected reactivity. This pH-dependency of nucleophilicity is also nicely illustrated in 

the nucleophilicity index ω− presented before. Depending on the source, Cys-β-S− is 2–13 times more 

nucleophilic in comparison to Cys-β-SH, indicating that deprotonation is essential to its reactivity.135,136 

Besides GSH, other possible model thiols include thioglycolic acid and thiophenol159, cysteine and  

N-acetylcysteine136, as well as mercaptopropionate125 and 5-thio-2-nitrobenzoic acid160. However, there 

is a wide variety of model nucleophiles in general.125 Fortunately, while absolute reactivities are difficult 

to compare between assays, relative electrophile reactivities are mostly independent of the employed 
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nucleophile (for the same reaction mechanism), which makes qualitative rankings of warhead reactivity 

comparable.125,131,161  

There are many reviews available on the different warheads applied in research not limited to protease 

targets.126,162–164 In clinical practice of protease inhibition, only three warheads are currently approved 

by the EMA165 and the FDA166: nitriles (e.g., nirmatrelvir and saxagliptin), boronic acids  

(e.g., bortezomib), and epoxyketones (e.g., carfilzomib). Until their discontinuation as corporate 

decisions due to a change in HCV treatment practice167,168, e.g., in Europe, USA, Canada169, and Brazil170, 

α-keto amides (boceprevir and telaprevir) were also marketed in the western hemisphere and are still 

approved, e.g., in Japan171 (telaprevir). For other diseases, other electrophilic groups can be found in 

covalent drugs. Some, like the acrylamide in afatinib172, or the aldehyde in voxelotor173 were rationally 

implemented, but there are many with a more serendipitously covalent mechanism like acetylsalicylic 

acid or penicillin.174 Example warheads from research campaigns, mostly with a rationally designed 

covalent mechanism against enzymes with a Ser- or Cys-nucleophile are depicted in Figure 6. 

 

Figure 6: Overview of electrophilic warheads from research on enzymes with nucleophilic serine or cysteine residues. Figure 

created with ChemDraw. From left to right in rows top to bottom: α-keto amide145,175,176, α-keto benzothiazole = benzothiazolyl 

ketone145,177,178, hydroxymethyl ketone145, chloro-179–181/fluoro-181,182/diazomethyl183,184 ketone, acrylamide181,185,186, acrylate145, 

nitrile145,187–189, aldehyde145,173,188, β-lactam190–192, acyloxymethyl ketone145,193, SNAr-warhead = electron-deficient 

(het)arene194–196, boronic acid197,198, epoxide = oxirane199–201, aziridine202,203, vinylsulfone150,204,205/-sulfonate150,205/-

sulfonamide150. 
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Methodic Background 

Characterization of Covalent Inhibition by Mass Spectrometry 

Important general methods for the assessment of covalent bond formation during target engagement are 

nuclear magnetic resonance (NMR) spectroscopy, mass spectrometry (MS), and protein crystallography. 

All three can be used to assess covalent bond formation between ligand and target but not all are always 

applied. Bortezomib is shown to form 11B-NMR-detectable adducts with catechols206, but the covalent 

interaction with the proteasome is instead characterized by mass spectrometry207 and crystallography96. 

For the inhibition of cysteine proteases by inhibitors with aldehyde208, nitrile209 or α-substituted methyl 

ketone210 warheads, also 13C-NMR studies proved the covalency of inhibition. While NMR can be used 

to observe the native state of the protein-ligand complex in solution, it is a method that can have 

relatively low sensitivity associated with high sample consumption.211,212 Crystallography is sought to 

be applied to all available complexes, since the extensive information gained for the entire interaction 

profile of the complex speaks for itself. But it can be time-intensive despite automation if conditions 

require optimization to the protein and/or ligand.213 

An experimental focus of this work was the use of mass spectrometry in the detection of protease-ligand 

complexes. As ionization methods in proteomics research, both electrospray ionization (ESI) and 

matrix-assisted laser desorption/ionization (MALDI) are established.214 They are both soft ionization 

methods that enable the detection of mostly unfragmented analytes, which can therefore be used to 

monitor the full-length protein. ESI is often used in line after a liquid chromatography (LC) system to 

separate analytes, and in combination with a quadrupole (Q) detector. On the other hand, MALDI usually 

starts with a solid-state sample and operates with a time-of-flight (TOF) detector. For investigations 

involving fragmentation, combined QTOF or alternative orbitrap mass analyzers are in use for 

proteomics.215,216  

The detected molecule ions of a defined analyte differ characteristically in charge number and therefore 

their mass-over-charge ratio m/z when comparing ESI to MALDI, which is due to their different ways 

of ion formation. In ESI, an electrical potential difference applied to the spray nozzle results in the 

accumulation of positive charge at the liquid surface, from which positively charged droplets are 

dispersed (if operated in positive mode) that contain the solvated protein analyte.217,218 These initial 

droplets contain an excess of cations from buffer (e.g., NH4
+) and shrink by solvent evaporation, 

resulting in charge concentration. This in turn forces coulomb fission into smaller droplets. After 

desorption of volatile neutral molecules (e.g., NH3), the combination of these pathways produces 

isolated multiprotonated analyte ions (e.g., [M+11H]11+) that are detected as depicted in Figure 7.  
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Figure 7: Mass spectrometric information derived from a system based on ESI. Starting from a liquid state, usually in line with 

a chromatograph (bottom left), the sample is sprayed towards the mass spectrometer. An atmosphere with reduced pressure 

enables the rapid evaporation of volatiles (i.e., organic solvent, water, uncharged additives), which reduces the droplet volume 

and induces coulomb fission through electrostatic repulsion. Large molecules therefore carry multiple charges due to the 

remaining protons from volatile evaporation. Figure created with Biorender.com. 

Opposed to that, MALDI does not routinely produce ions from liquid solution, but usually from a solid 

state, in which the analyte is embedded in matrix (usually an aromatic phenol derived from benzoic or 

cinnamic acid).219 This is usually prepared by mixing two separate solutions of matrix and analyte and 

subsequent drying as a “spot” on a stainless-steel “target”. This yields a complex solid dispersion that 

contains the analyte ions in roughly the protonation state it had in solution, counter ions, and a large 

surplus of matrix molecules. These spots are then irradiated for ca. 5 ns (ca. 100 nm irradiation depth) 

by a laser with usually ultraviolet (UV) light of λ = 337 nm (older N2 lasers) or 355 nm (modern 

frequency-tripled Nd:YAG lasers), corresponding to the matrix absorption maximum. Absorption 

quickly generates large amounts of localized thermal energy, which is converted to kinetic energy due 

to the low heat dissipation capacity of the matrix (“thermal confinement”).220 This results in 

thermoelastic ejection processes221–223 called “ablation” (of clusters of associated molecules) and 

“desorption” (of single surface molecules, smooth transition to gas state) that take place on a 

microsecond timescale.224  

The ionization process during and after desorption from the solid matrix is described by two combined 

theoretical concepts called “lucky survivor”225 and “gas phase protonation”.224,226 Initially formed 

clusters (here for a basic analyte detected in positive mode) can contain different charge states of an 

analyte, i.e., {analyte-Hn
n+ + matrix + m × counterion−}(n−m)+. The clusters continuously reduce in size 

due to matrix evaporation. Evaporation of counterion after protonation (e.g., as uncharged trifluoroacetic 
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acid, TFA) is a dominant process leading to charge reduction of clusters if the counterion is derived from 

a sufficiently volatile acid. For the case of an uncharged analyte (n = m = 0), proton transfer from matrix 

is possible (gas-phase-protonation), gives analyte-H+, and therefore contributes to the ion yield (signal 

intensity) for basic analytes.227 However, it is most probable that proteins are already n > 0 times 

protonated in their preserved solution state. Charged clusters are always formed through “uneven” 

distribution of counterions in matrix that are separated during the ablation process; the charge of a cluster 

in deficit of counterion− corresponds to (n−m) > 0.225 For (n−m) = 1, matrix and acid evaporation simply 

leads to isolated analyte-H+. Clusters with (n−m) > 1 are initially present (or produced by gas-phase-

protonation), but charge annihilation takes place, e.g., by reaction with electrons produced through 

photoionization of the matrix. This charge reduction tendency is quadratically proportional to the charge 

number, disfavoring multiply charged clusters.225 The predominant detection of monoprotonated species 

in MALDI is therefore termed lucky survivor theory, since different ions are formed, but mostly the 

monoprotonated ones ([M+H]+) survive. These ions are accelerated by an electric field (e.g., U = 20 kV) 

generated by an open electrode directly above the metal target, after which they fly in a linear motion 

through the mass analyzer (e.g., s = 1 m). According to the equations below, the ion’s kinetic energy is 

proportional to their charge, resulting in different velocities inversely proportional to their mass. The 

flight time that named the TOF mass analyzer is therefore proportional to the square root of m/z, with a 

proportionality factor consisting of physical (elementary charge e, ca. 1.6 * 10−19 C)228 and instrument 

(acceleration voltage U, flight path s) constants (equations (eq.) 1–3 adapted from Lit.219).  

𝐸!"# = 𝑧 × 𝑒 × 𝑈 = $
%
×𝑚 × 𝑣%        eq. 1 

𝑣 = &
'
            eq. 2 

𝑡 = &
√%)*

×*+,             eq. 3 

The exciting laser can be used to trigger the start of the time measurement, and the arrival of ions at the 

detector signifies its end. Using the values and equations given above, and for ions with m/z up to 1 MDa 

this results in flight times below 1 ms. The detector in MALDI-TOF instruments is often a microchannel 

plate (MCP), to which an electrical field is applied, and therefore functions as an electron multiplier. 

The impact of ions onto the plate results in the liberation of multiple electrons that, in turn, “bounce” 

down the microchannels, liberating more electrons that are finally registered. Like this, the signal of a 

single ion is amplified. An interesting advantage of TOF mass analyzers is their theoretically infinite 

mass range. However, since MCP detectors have an increasingly poor ion-to-electron conversion rate 

for heavier (slower) ions, there can be an effective upper limit to the detected masses.229 But with 

improved ion conversion dynode detectors, this limit is in the MDa-range, so most (bio-)polymeric 

analytes are still well accessible with this technology.230 The MALDI-TOF process is depicted in 

Figure 8. 
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Figure 8.: Mass spectrometric information derived from a system based on MALDI. On a metal plate (target), the dried sample 

(microscopic surface structure photography captured during measurement) is irradiated by a laser. This desorbs single 

molecules and ablates excited clusters of molecules. From these, volatiles (e.g., matrix, residual solvent) evaporate, reducing 

cluster size, and charge annihilation takes place in multi-charged analyte molecules, resulting in ions with low charge numbers. 

Ion separation is achieved by TOF. Figure created with Biorender.com. 

While both methods are suitable for the detection of intact proteins, alternative setups exist, for which a 

digest of the target protein with low-selectivity proteases can be performed prior to mass spectrometric 

analysis to generate a characteristic mosaic of peptides.231 It is often performed in a tandem (MS/MS) 

approach that entails fragmentation of initially formed ions.219 This approach requires prior sequence 

information of the protein for mass allocation, and therefore more computational support than the 

analysis of the intact protein. In the context of chemically modified proteins (e.g., through inhibitors), 

intact detection methods give the opportunity to evaluate more fragile complexes. Meanwhile, digestion 

makes only very stably bound ligands accessible, because the non-covalent binding environment is fully 

degraded during sample preparation. However, analyzing digestion products gives information about 

the exact position of a modification, elucidating reactive sites within the target protein. Another 

advantage of analyzing a digested analyte (or a multiprotonated analyte) is that resolution usually 

declines with increasing m/z—smaller peptides or higher charged states are detectable with higher mass 

accuracy and precision.232 In absolute numbers, a precision of ≤5 Da for 20–70 kDa proteins 

(≤100 ppm)233 can be reached with ESI-MS, whereas a precision of <1 Da (<200 ppm)232 is realistic for 

peptides <5 kDa. MALDI-TOF can achieve similar precisions for these peptides232,234,235 and intact 

proteins236. However, ESI is generally considered the more precise method due to the discussed 
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advantage of detecting lower m/z through the higher charge number. As a confounding factor, proteins 

can present as a heterogenous population with a group of signals, resulting from inaccuracies in 

maturation cleavages236, posttranslational modifications237, or degradation processes238,239. These signals 

can further be obscured by fragmentation or the presence of matrix240,241 or metal ion238 adduct peaks as 

artifacts from sample preparation. The mass spectrometric signal of a protein sample therefore rarely 

contains only one peak. 

An important question to be asked in the context of characterizing inhibitors and their assumed covalent 

interaction with the target is whether the employed method can discriminate between non-covalent and 

covalent complexes. In principle, there are reports for both ESI- and MALDI-based mass spectrometry 

to detect non-covalent complexes. However, this is far easier with ESI242 than it is with MALDI229. There 

are case reports with exceptional parameters in MALDI that may enable the detection of non-covalent 

complexes. Usually, this is described for biologically multimeric structures with large interaction 

surfaces (e.g., protein oligomers243,244 or double-strand DNA245), or for multiple strong ionic interactions 

(e.g. polyanion + polycation246). To detect non-covalent complexes, the harsh acidic and partially organic 

standard environment for co-crystallization can be changed to neutral pH and absence of solvent to not 

interfere with ionization states.243 Neutral matrices (e.g., 2,6-dihydroxyacetophenone or  

6-aza-2-thiothymine)246 can be used with the same argument. UV irradiation can be changed to softer 

infrared (IR) irradiation.244 These example modifications can work in some cases, but are usually 

considered exceptional. However, the detection of non-covalent complexes in “first shot” spectra is a 

more frequently described occurrence in MALDI-MS.247,248 It is assumed that the analyte molecules on 

the surface of the matrix have the highest probability of retaining non-covalent interactions. Additionally, 

the “intensity-fading” protocol was described for non-covalent protease inhibitors from biological 

extracts, that does not monitor the generation of an adduct peak, but the suppression of the ligand peak 

at low concentrations through the addition of a protein target.249 Still, the routine conditions in MALDI 

(acidic crystallization solution in presence of an organic solvent, an acidic matrix, multiple shots per 

spectrum, high UV laser fluences) are commonly assumed to only enable the detection of covalent 

complexes, because only covalent interactions tend to survive these conditions. 
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Modes of Inhibition—Conceptualization and Qualitative Differences 

Apart from the classical distinction between competitive/orthosteric, non-competitive/allosteric, and 

uncompetitive modes of inhibition250, there are subtleties regarding inhibition kinetics that deserve a 

closer look. Different structural features on the inhibitor (i.e., reactive warheads) can lead to different 

intermediate states over the course of inhibition. To start off, some important distinctions for descriptive 

terms are made here regarding covalency, reversibility, and time-dependence of inhibition.162  

The theoretical basis and experimental characterization of covalent binding was already discussed in 

previous chapters. For proteases, covalent inhibition is common as they often carry a conserved 

nucleophilic residue, and their inhibitors are often equipped with a suitable electrophile. Despite this, 

covalent inhibition is not proven by this alone; positioning is important. A distance criterion from 

literature to expect productive covalent bond formation between reactants from a non-covalently 

associated state is <4 Å.251 Larger distances (e.g., 7 Å) usually do not produce covalent bonds.252 But 

purely non-covalent interactions are described crystallographically for a suitable warhead in close 

proximity (<3 Å) to a Cys protease’s cysteine with an electron-density gap.253 

There are reversible and irreversible reaction paths. While this seems a strict dichotomy at first, there 

is a gradient between the two extremes, which is described by the dissociation rate of the formed 

complex. A truly irreversible reaction has a dissociation rate approaching 0 s−1, which means that the 

product does not spontaneously dissociate, and physiologically the target is inhibited until it is degraded 

and resynthesized. Then there are reversible complexes with measurable slow dissociation rate  

(e.g., 0.16 ms−1)254, meaning that the ligand has a prolonged residence time within the formed complex 

(e.g., 104 min254, but the definition “slow” can range from a few minutes to weeks255,256). Finally, there 

are cases with a relatively fast dissociation rate, in which the residence time is small (e.g., 9 min)254 or 

even too small for quantitative assessment. This kinetic distinguishment is not reserved for covalent 

inhibitors, even though it is frequently encountered there in the context of protease inhibitors  

(e.g., captopril binding to ACE, leupeptin binding to CatG).255,256 There are well known non-covalent 

drugs (e.g., methotrexate binding to dihydrofolate reductase, bioactivated acyclovir binding to HHV  

DNA-polymerase)255,256 and non-covalent experimental probes (e.g., pepstatin binding to pepsin, 

compactin binding to HMG-CoA reductase)255 with slow binding kinetics. 

There is time-independent and time-dependent inhibition. These terms describe whether the 

equilibration time of the observed reaction happens on a fast (time-independent) or on a slow  

(time-dependent) scale compared to the timeframe of the experiment. This is tied closely to the 

reversibility discussed above. In general, inhibitors with low dissociation rates present as  

time-dependent inhibitors, which means that these inhibitors give an increasingly strong effect within 

the assay recording period, because the equilibration of a high affinity complex happens on the same 

timescale as assay progression. Only those with high dissociation rates show time-independent 

inhibition profiles (Figure 9). As discussed before, this is unrelated to covalency and only in some cases 
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directly indicative of reversibility, even though it gives hints. For instance, an irreversible mode of 

inhibition can never be time-independent, but it can be only prominent after hours of recording time. 

For further explanations on the modes of inhibition most relevant for research on protease inhibitors, 

the following setup for protease assays is assumed, from which quantifiable data can be generated 

(Figure 9). A protease of interest (e.g., TbCatL) is dissolved in a buffer that ensures optimal activity. A 

fluorogenic peptide is added as the substrate that carries a quenched fluorophore at its C-terminus  

(e.g., carboxybenzyl (Cbz)-Phe-Arg-7-amino-4-methylcoumarin (AMC)), which shows fluorescence 

only after cleavage.257 The increase in fluorescence over time is detected. This is performed in absence 

and presence of inhibitors in specific concentrations to evaluate inhibition potency of the inhibitors in 

vitro. Depending on the inhibitor, different characteristics regarding time-dependence of inhibition can 

be observed. 

 

Figure 9: The assay, with which investigations on affinity and reversibility are derived, is performed in a 96-well plate setup 

with continuous fluorometric detection. The detected fluorophore is generated in a hydrolysis reaction catalyzed by the protease 

of interest (here TbCatL, pdb: 2p7u) from a suitable substrate (Cbz-Phe-Arg-AMC). In absence of an inhibitor, this results in 

the constant production of fluorophore per time unit. Its increasing concentration is proportional to the fluorescence detected 

and the production rate is descriptive of the protease’s activity. In presence of an inhibitor, a reduction in this activity is recorded 

as reduced slopes of the F-t-diagram. This is indicated for three time-independent inhibitors A–C that have different impacts 

on the protease activity which corresponds to their affinity towards it. Figure created with Biorender.com and ChemDraw. 

The most relevant modes of inhibition for proteases in the described assay are depicted in Figure 10. In 

all cases, a reporter reaction (Figure 10A) indicates substrate conversion by a linear increase of 

fluorescence over the observation period. For the depicted cases of competitive inhibition, the presence 

of substrate directly influences the apparent affinity for an inhibitor under investigation. In the presence 

of substrate, the inhibitor seems weaker, because its binding site in the enzyme can be occupied by the 

substrate.256,258 This influences the calculations explained below, but it is necessary for these functional 

assays, and it is predictive of the situation in vivo, in which multiple potential ligands can compete. If 

only binding of an inhibitor is investigated (then in absence of a substrate), other methods like isothermal 

titration calorimetry, differential scanning fluorometry, or microscale thermophoresis can be 

employed.259 In general, diffusion is assumed as the fastest process involved in binding, so that all 

molecular exchange (occupation of unadapted active site by substrate or inhibitor) happens 

instantaneously.260 Other processes like conformational change of the active site and association between 

enzyme and ligand through non-covalent (and covalent) interactions are assumed to happen on a slower 

timescale which gives the values for affinity and reaction kinetics. 
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Combinations of covalent and non-covalent states are possible in both reversible and irreversible 

inhibition, all connected by reaction equilibria. For a purely non-covalent inhibitor, often only one 

equilibrium is established (Figure 10B), but large conformational changes can introduce a two-step non-

covalent reaction.261 Some covalent inhibitors can bind in a similar “one-phase association” 

(Figure 10C). These can be irreversible affinity labels, but also designed covalent reversible enzyme 

inhibitors.139,256 For these, it is assumed that there is no relevant preliminary non-covalent complex that 

needs to be formed, so the only kinetic relevance is the one corresponding to warhead reactivity. This 

one-phase association for covalent inhibitors is usually undesired as it hints towards an unselective 

process. Instead, for designed inhibitors with a covalent warhead, it is expected that they will initially 

produce a non-covalent complex with the enzyme. After the necessary conformational adaptations, the 

covalent bond can form (Figure 10D–E). This entails two sets of on- and off-rates in parallel for the two 

equilibria; a case commonly described as a “two-phase association”. In the case of irreversible inhibition 

(Figure 10E), the kinetics of these two equilibria are simplified due to the absence of a second off-

reaction. 

 

Figure 10: The substrate is depicted in light blue, inhibitors in orange (reversible) or red (irreversible). A distortion of the 

inhibitor circle represents covalent bond formation. The enzymes are depicted in blue (active) or grey (inactive) conformation, 

the expulsion of active-site water (small blue circle) represents required conformational adaptation of the enzyme to its ligand 

and the entropic influence of ligand binding. The presented type of kinetic investigations of protease inhibition is based on a 

reporter reaction (A) and the changes to the reaction in presence of a competitive inhibitor (putative allosteric pocket shown 

on the backside of the enzymes). Depicted are four ways in which inhibitors can compete with the substrate in binding to an 

enzyme. (B) Non-covalent reversible inhibitor, one-phase-association. (C) Covalent irreversible inhibitor, one-phase-

association. (D) Covalent-reversible inhibitor, two-phase-association. (E) Covalent-irreversible inhibitor two-phase-association. 

The commonly reported parameters for kinetics and affinity are already depicted here on the reaction arrows and will be 

discussed below. It should be noted that a simplifying assumption of KM = KS and KI = Ki is made for reactions A and E, 

respectively. The distinctions between these terms are discussed in Lit.256,262 Figure created with Biorender.com. 

One major difference between the modes of inhibition depicted in Figure 10 is their reversibility. In 

Figure 11 the reaction progress for two different two-phase associating covalent inhibitors  
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(Figure 10D–E) is depicted. In this diagram, the difference in free energy between the reaction 

intermediates (DG) is linked to affinity (KD), while the activation free energies (DG‡) translate to the 

association and dissociation rates (kon/off) of a reaction.263 In the chosen cases, it is the energetic state of 

the final product, i.e., the DG of the second reaction, that decides if the reaction is reversible. This 

assumes energetically comparable activation energies for the reaction of two distinct molecules (e.g., 

warhead-carrying inhibitors that differ in reversibility) with the same enzyme, and therefore similar 

association rates. This simplification was shown to hold true for similar Cys proteases (rhodesain, 

cruzain), that are attacked by vinylsulfone, α-fluorovinylsulfone, and nitrile warheads on the same 

peptide backbone.264,265 The absolute activation energies (and therefore association rates) predicted by 

QM/MM or determined experimentally depended on the employed method, but were indeed comparable 

for the investigated warheads within each method. Hence, the energy liberated during the reaction 

decided on reversibility (5.9 kcal/mol for a reversible nitrile, 16 kcal/mol for a reversible  

α-fluorovinylsulfone, and 23–26.7 kcal/mol for an irreversible vinylsulfone) due to the different 

dissociation rates of the formed products.264,265 

 

Figure 11: Example reaction path for two inhibitors that react covalently in two-step mechanisms. Inhibitors are depicted in 

orange (reversible) or red (irreversible) circles (non-covalent) or distorted circles (covalent). Enzyme is depicted in blue (active) 

or grey (inactive). DG between reaction intermediates is proportional to the affinity of the complex. DG‡
on denotes the required 

activation free energy for the forward reaction. DG‡
off as the activation free energy of the back reaction is not depicted for the 

sake of clarity but corresponds to the sum of DG‡
on and DG. In this constructed case, the DG‡

on for the covalent step is larger 

than for the non-covalent step. The covalent DG‡
on is equal to the DG‡

off of the non-covalent complex, making the two reactions 

from the noncovalent complex similarly probable. The main denominator of reversibility is the required DG‡
off of the second 

step, which is represented here by the difference in DG due to identical DG‡
on. In the depicted cases, the DG‡

off of the reverse 

reaction of the red inhibitor is largest and assumed to not be provided by the system, making this reaction the only irreversible 

one. Figure created with Biorender.com. 

Commonly performed experiments to determine reversibility are the (jump) dilution assay (Figure 12) 

and the dialysis assay (Figure 13).264,266 For a dilution assay, high concentrations of both enzyme and 

inhibitor are preincubated for a time that allows equilibration of all reactions included in the inhibition 

mechanism. Afterwards, this complex is diluted rapidly by the addition of substrate solution to create an 
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environment of competition between inhibitor and substrate. In the case of an irreversible inhibitor, no 

substrate conversion is recorded, because competition is impossible if the active site is not vacated by 

the irreversibly attached inhibitor. For a reversible inhibitor, substrate conversion can be observed and 

further characterized. If the recovery of enzyme activity is instantaneous, the inhibition equilibria incl. 

dissociation rates are fast. A slow recovery of enzyme activity is indicative of slow inhibition kinetics. 

 

Figure 12: (Left) Schematic depiction of a (jump) dilution assay (dilution is portrayed by the filling level of the wells). Enzyme 

in red, inhibitor as balls, colored by reversibility. The well contents are colored by enzyme activity in red (inactive) or green 

(active). After incubation of the enzyme with an inhibitor of unknown reversibility, buffer and substrate are added to investigate 

how quickly the activity of enzyme recovers. (Right) Progress curves for inhibitors of different reversibility in comparison to 

a negative control without inhibitor (adapted from Lit.256). Figure created with Biorender.com. 

A similar principle is followed by a dialysis assay. The enzyme is incubated with excess inhibitor to 

equilibration (full inhibition). Afterwards, the complex is placed in a compartment connected by a 

membrane that lets inhibitor but not enzyme pass (hydrodynamic volume cutoff) to a dialyzing flow of 

buffer. At multiple time points during dialysis, samples are taken, and substrate solution is added. 

Dialysis is only able to remove unbound inhibitor molecules, so for irreversible inhibitors, no enzymatic 

activity is recorded at any time. For reversible inhibitors, the inhibitor is still accessible to dialysis at 

some point, so a recovery of enzymatic activity is recorded with time. 

 

 

Figure 13: (Top) Schematic depiction of a dialysis assay setup (tubing excluded).267 Sample wells containing enzyme and 
inhibitor are incubated in contact with a dialysis chamber. At different times, samples are taken and evaluated for recovered 
enzyme activity. (Bottom) Progress curves for the samples taken at different times of the dialysis for three inhibitors with 
different degrees of reversibility. Figure created with Biorender.com. 
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Modes of Inhibition—Quantitative Descriptors 

The quantitative evaluation of data from protease inhibition assays is a field of research that has been 

discussed in extensive detail in the literature.256,268,269  

For the discussed modes of inhibition, versions of eq. 4 can describe the fluorescence progression over 

time.268 To link the measurement method and the reporter reaction, fluorescence (in arbitrary units AU) 

is proportional to product formation (Figures 9 and 14). The slope of a section of the F-t-diagram is 

described by a rate or velocity v [AU/s], further specified as an initial velocity (vi), or a steady-state 

velocity (vs). If vi and vs are not identical, so for time-dependent inhibitors, the rate of change from vi to 

vs is described as kobs. The terms vi, vs, and kobs are dependent on the inhibitor concentration [I], and the 

relationship between the three and [I] is characteristic for the investigated inhibitor and its mode of 

inhibition (described separately for each case below). The background fluorescence (Fbackground) is usually 

constant for the method employed. 

𝐹(𝑡) = 𝐹-./!0123#4 + 𝑣& × 𝑡 +
5!65"
!#$"

× (1 − 𝑒6!#$"×')      eq. 4 

For time-independent inhibitors (possible for Figure 10B and D), the right summand of eq. 4 is 

eliminated because vi = vs, resulting in the simple linear equation 5 as depicted in Figure 14.  

𝐹(𝑡) = 𝐹-./!0123#4 + 𝑣& × 𝑡         eq. 5 

Eq. 4 can be employed in its entirety if there is a slowly established but reversible equilibrium 

contributing to the inhibition (possible for Figure 10D). The resulting graph has different vi and vs for 

each [I] and each vs is approached by the respective vi with the rate kobs as depicted in Figure 14.  

𝐹(𝑡) = 𝐹-./!0123#4 + 𝑣& × 𝑡 +
5!65"
!#$"

× (1 − 𝑒6!#$"×')      eq. 4 

Lastly, for irreversible inhibitors vs = 0 (Figure 10E) for all [I], which represents a major difference to 

the prior example. With time, the enzyme is always fully inactivated. Therefore, the middle summand 

of eq. 4 is eliminated, and the right summand simplifies to give eq. 6. Graphically this means that for all 

[I], the F-t-diagram approaches a parallel to the t-axis, and the rate at which it does that (kobs) is dependent 

on [I], as depicted in Figure 14. Again, vi is dependent on [I] of the inhibitor of interest.  

𝐹(𝑡) = 𝐹-./!0123#4 +
5!
!#$"

× (1 − 𝑒6!#$"×')       eq. 6 

The dependency of vi to [I] is the major difference to the case depicted in Figure 10C. For this 

exceptional one-step irreversible inhibition, vi is independent of [I] (plotting equation not discussed 

here).268 
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Figure 14: Modelled progress curves with fluorescence signal proportional to product concentration at seven increasing 

inhibitor concentrations for the time-independent (left, eq. 5), time-dependent & reversible (center, eq. 4), and time-dependent 

& irreversible (right, eq. 6) characteristics ([I]0 = 0 nM, [I]1→[I]7 is increasing). Figure created with GraphPad Prism. 

Inhibition potency and kinetics can be compared between different inhibitors. To do this, there are 

defined values associated with each degree of reversibility. A value commonly used indiscriminately is 

the IC50 value, which is related to the observed activity-reduction of an enzyme.270 In the assay described 

above, this would be the [I] that results in a reduction of the observed slope to 50 % (e.g., [I]5 in Figure 14 

(left)). IC50 alone has only limited value because it assumes equilibrium conditions and is therefore 

easily disturbed by time-dependent assay progression. Also, it is recorded in the presence of substrate, 

so it is only comparable for identical assay conditions and therefore disturbed, e.g., by modifications to 

substrate concentration and identity.271 However, it can be used when the inhibition mechanism is 

unclear or rough estimates are sufficient for subsequent decisions. Still, the aim is to give experimental 

results in more comparable metrics that correspond clearly to specific mechanisms. The employed 

nomenclature to describe inhibition is close to Michaelis-Menten kinetics (KM and kcat).272 Equilibrium 

constants are defined by K that are further distinguished between inhibition modes by sub- or superscript. 

The terms commonly encountered are Ki, Ki*, and KI (compare Figure 10, all described in detail below). 

All equilibrium constants in this notation are already corrected for substrate competition. Without this 

correction they are further denoted as “apparent”, e.g., Ki
app. Detailed information concerning 

reversibility is given by reaction rates k, which are indexed in subscript to allocate meaning. Here, the 

encountered terms are k1–k6, and kinact. While k2nd is denoted similarly, it has a distinct meaning described 

below. 

To further explain the most relevant kinetics, the assay behaviors of three imaginary inhibitors with 

comparable inhibition parameters were modelled as quantifiable examples using Microsoft Excel and 

equations 4–6, 8, 11, 14, and 16. The following three cases were constructed: 

a) One time-independent (reversible), non-covalent inhibitor with IC50 = 15 µM and fast 

(unresolved) kinetics. (Figure 15) 

b) One time-dependent (slowly reversible), covalent inhibitor with Ki
app = 15 µM, Ki*app = 1.5 µM, 

k5 = 0.018 s−1, and k6 = 0.002 s−1. (Figures 16 and17) 

c) One irreversible, covalent inhibitor with KI
app = 15 µM, and kinact = 0.018 s−1. (Figure 18) 
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The necessary equations to determine IC50 for case (a) are depicted below (eq. 5, 7, and 8) with constant 

vs (= vi) at a certain (variable) inhibitor concentration [I]. Eq. 7 combines absolute vs at different [I] for 

plotting, while eq. 8 calculates relative to the enzyme activity in absence of inhibitor (= [I]0). The 

numerator in eq. 7 gives the slope range (difference between vs of lowest and highest [I]), which in 

relative numbers should span 100 %, while the extrapolated background activity should reach 0 %. From 

experience, deviations from these >10 % can result from a faulty negative control but can also be 

associated with limited inhibitor solubility.256 Lastly, s denotes the Hill slope that corresponds to the 

steepness of this sigmoidal plot (using a log-abscissa), for which large deviation from a value of |s| = 1, 

e.g., |s| > 2 or |s| < 0.5, can indicate protein denaturation or the presence of two overlapping binding 

events, respectively.256 Due to these four parameters that can be modulated to optimize the goodness of 

fit (range, background, Hill slope, IC50), eq. 7 or 8 is called “four-parameter equation” or  

“Hill equation”.273 It is a modification of the two-parameter binding isotherm equation that assumes no 

background and full coverage of the slope range.256 The graphical depiction of case (a) according to  

eq. 5 and 8 is shown in Figure 15. The IC50 of 15 µM is visualized by the [I] that results in 50 % activity. 
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Figure 15: (Top) Repeated illustration of the binding mode of case (a). (Bottom left) Artificial dataset for a time-independent 

reversible inhibitor using seven different inhibitor concentrations [I] and a negative control without inhibitor [I]0.  

(Bottom right) Transformation of the artificial dataset for [I] and activity([I]) (black spheres) and fit using eq. 8 (black line) 

with the following parameters: range = 100 %, background = 0 %, s = 1, IC50 = 15 µM. Figures created with Biorender.com 

and Graphpad Prism. 

  

t [s]

F(
t) 

[A
U

]

0 200 400 600
0

500

1000

[I]0
[I]1
[I]2
[I]3
[I]4
[I]5
[I]6
[I]7

1 10 100
0

50

100

[I] [µM]

ac
tiv

ity
([I

]) 
[%

]

IC50 = 15 µM



Introduction 

32 

As a remark, time-independent inhibition can represent a non-covalent or a covalent inhibitor, if it shows 

fast equilibration kinetics for all contributing equilibria and a reversible reaction in general. Instead of 

IC50, Ki
app is commonly used for the latter covalent reversible case. However, in this covalent case 

involving two reaction equilibria, Ki*app (see below) should be used instead of Ki
app, since only the 

combined contribution in the steady state (vs) can be recorded. Still, this is usually not done, and Ki
app is 

used for time-independent covalent inhibitors.  

Next are the necessary equations to determine Ki
app and Ki*app for case (b). Two possibilities exist to 

evaluate them. The first one (eq. 9–12, 5, 7, 8, and 13) is essentially the abovementioned case performed 

twice: once for vi and once for vs. It is arguably the more descriptive of the two methods to characterize 

time-dependent reversible inhibitors. However, it does not provide information on association and 

dissociation rates, as opposed to the second method described below. For time-dependent inhibitors, 

vi ≠ vs, which is the distinction from the time-independent case (a). Sometimes, with optimal coverage 

of the effect range, eq. 11 and 8 can be simplified to a one-parameter equation with only Ki
app or Ki*app 

as the plotting parameter (eq. 12 and 13).256 An example of how to determine vi and vs for each [I], based 

on the four-parameter equations to subsequently determine Ki
app and Ki*app, are shown in Figure 16. The 

Ki
app of 15 µM and Ki*app of 1.5 µM are visualized by the [I] in each of the two graphs that results in 

50 % activity.  
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Figure 16: (Top) Repeated illustration of the binding mode of case (b). (Center left) Artificial dataset for a time-dependent 

reversible inhibitor using seven different inhibitor concentrations [I] and a negative control without inhibitor [I]0. (Center right) 

Closer investigation of the data for [I]5 to calculate initial and steady-state slopes by linear regression. (Bottom) Transformation 

of the artificial dataset with [I] and activity([I]) (black spheres using vi and black squares using vs) and fit using eq. 11 and 8 

(black lines) with the following parameters: range = 100 %, background = 0 %, s = 1, Kiapp = 15 µM, Ki*app = 1.5 µM. Figures 

created with Biorender.com and Graphpad Prism. 

The second method does not only use the initial and final state for evaluation but instead focuses on the 

rate at which the steady state is reached (kobs), as originally described by eq. 4. It uses the plotted kobs of 

each individual [I] and relates them to each other (eq. 14). From this, the association and dissociation 

rates (k5 and k6 in Figure 17), can be derived separately. In this regard, k5 is the maximal kobs from vi to 

vs and k6 is its offset. Therefore, the observed maximal kobs is the sum of both. The non-covalent 

equilibrium constant is also part of eq. 14 and modulates the “steepness” with which the maximal kobs is 

approached by the graph; the lower the Ki
app, the faster the approach. Using this method, Ki

app is derived 

from Figure 17 as the [I] with 50 % of the maximal kobs (0.020 s−1), which is 15 µM. From the same 

diagram, k6 is defined as the intercept of the plot with the kobs-axis (0.002 s−1). A point of concern here: 

k6 should not equal the measured kobs of the negative control ([I] = 0 nM). This point should not be 

included in the plotted data because it should have no kobs, because enzyme activity in absence of 

inhibitor should be constant (vi = vs). However, this intercept is very prone to cases where the negative 

control has an apparent kobs; this at least introduces some error or can make it impossible to accurately 

determine k6.268   
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The estimate of Ki*app is then based on a calculation involving Ki
app (the non-covalent equilibrium 

constant) and the rates of the covalent equilibrium (k5 and k6) using eq. 15. For the constructed case, 

k5/k6 = 9 to connect the Ki
app of 15 µM and the Ki*app of 1.5 µM. 
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!8×[=]

@!
'//8[=]

         eq. 14 
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'//

$83839
           eq. 15 

 

   

Figure 17: (Top) Repeated illustration of the binding mode of case (b). (Bottom left) Artificial dataset for a time-dependent 

reversible inhibitor using seven different inhibitor concentrations [I] and a negative control without inhibitor [I]0.  

(Bottom right) Transformation of the artificial dataset with [I] and activity([I]) (black spheres) and fit using eq. 14 (black line) 

with the following parameters: k5 = 0.018 s−1, k6 = 0.002 s−1, Kiapp = 15 µM, Ki*app = 1.5 µM. Figures created with 

Biorender.com and Graphpad Prism. 

A point of concern should be mentioned here. Since an “initial” state (vi) is essentially only recordable 

at the first moment of the reaction, it is much more prone to error than the steady state. The time between 

reaction start and data acquisition (usually a few seconds) can be problematic. It distorts the estimates 

for Ki
app, as well as k5 (and k6), especially since this is most influential at high [I]. This is true for all 

cases here, where an initial state is supposed to be characterized. In this context, it has to be kept in mind 

that the latter of the two methods for case (b) bases the calculation of Ki*app on the result for Ki
app, while 

the first one estimates it separately. 

Lastly, the necessary equations to determine KI
app, kinact, and k2nd for case (c) are depicted below (eq. 6, 

16, and 17). Most equations relevant here were in principle already described above. To repeat, the 

difference in eq. 6 to eq. 4 is the simplification due to vs = 0 AU/s. There are two options to gauge the 

non-covalent affinity. Most commonly, eq. 16 is used to derive KI
app from the observed inactivation 

kinetics. It assumes that the irreversible reaction is a bimolecular process that is primarily affected by 

the formation of the non-covalent complex. Therefore, the observed concentration dependency is most 

descriptive of the formation of the non-covalent complex. Another option is to observe initial velocity 
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the same way as for case (b) and estimate Ki
app through eq. 9 and 10.268 It should be noted here, that the 

strict distinction between Ki and KI for affinity parameters describing a non-covalent complex of an 

irreversible inhibitor is not always adhered to. This is not problematic if the inhibition mechanism and 

used calculations are clearly stated. The difference in eq. 16 to describe the kinetics of the off reaction 

in comparison to eq. 14 is the absence of an offset (k6 = 0 s−1). So contrary to case (b), this plot crosses 

the coordinate origin (Figure 18). The maximal kobs here is called kinact instead of k5, since it represents 

an irreversible reaction that inactivates the enzyme. For irreversible cases like this one, it is most useful 

to report both kinact and KI, since both reactivity and non-covalent binding can be optimized separately. 

An alternative is combining the two to shift the focus towards an effective inactivation rate of the enzyme. 

This combined value (eq. 17) of a first-order reaction rate (kinact) with the inhibitor’s KI, is the second 

order constant k2nd.266 This value has comparable significance to the catalytic efficiency (kcat/KM) in 

Michaelis-Menten kinetics.262  
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Figure 18: (Top) Repeated illustration of the binding mode of case (c). (Bottom left) Artificial dataset for an irreversible 

inhibitor using seven different inhibitor concentrations [I] and a negative control without inhibitor [I]0. (Bottom right) 

Transformation of the artificial dataset with [I] and activity([I]) (black spheres) and fit using eq. 16 (black line) with the 

following parameters: kinact = 0.018 s−1, Kiapp = 15 µM. Figures created with Biorender.com and Graphpad Prism. 

As shown by eq. 17, it is usually not adequate to use apparent values for (further) characterization. In 

the depicted case of calculating the k2nd, the KI representing the non-covalent affinity of the inhibitor in 

absence of any competing ligand is required. The conversion of apparent values to equilibrium constants 

can be performed mathematically using the Cheng-Prusoff equation (eq. 18).271 It describes a 

dependency that relies on the concentration and KM of the substrate towards the protease of interest. 
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           eq. 18 

The same equation holds true for all apparent values mentioned above.268 Since the denominator is 

always ≥1, the corrected values are always lower than the apparent values, because in absence of 

competition, inhibition is expected to be higher. The deviation is most impactful if the assay is performed 

at substrate concentrations [S] exceeding KM. Assuming [S] = 9 µM and KM = 1 µM for eq. 18 results in 

a factor 10 difference between KI and KI
app. The kinetic parameters (e.g., kinact) however are only relevant 

for an already bound state in which competition is irrelevant and are thus unaffected by the substrate 

and do not require such correction.268 

To conclude this chapter, it is important to be fully aware of an inhibitor’s mode of inhibition to correctly 

and comparably describe its affinity and reaction kinetics. Just because an inhibitor carries a certain 

specific covalent warhead, this does not have to determine the observed results. While an irreversible 

inhibition always comprises a time-dependent progress, a high residence time is not always associated 

with a covalent adduct formation but can also be recorded for some purely non-covalent interactions  

(e.g., cystatin C binding to papain274). Also, a covalent mechanism can hide behind a time-independent 

reaction progress (e.g., nitrile/aldehyde binding to cathepsin K/L/S139). The investigation of binding 

affinity and kinetics is important for all publications 1–6 included in this thesis. Interesting distinctions 

deviating from the expectations are the difference in reversibility between α-fluorovinylsulfones and  

-sulfonates (publication 1), the parallel reactions that contribute to inhibition for the dual 

carbonyl/Michael-acceptor warheads (publication 2), the modifications towards a reversible SNAr 

warheads (publication 3), as well as the distinctions between structurally similar α-substituted methyl 

ketones, aldehyde and the nitrile warheads (publication 6).  
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Pharmacokinetic Challenges of Peptidomimetic Inhibitors 

As alluded to in the previous section on synthetic inhibitors carrying characteristics of their physiologic 

counterparts, pharmacokinetics can be a challenge. The focus here is placed on peptides, for which this 

limitation is especially true.13,275–277 Pharmacokinetics in general are often summarized by ADME 

parameters (absorption, distribution, metabolism, elimination). As the first major physiological 

mechanism of a dissolved drug’s life cycle during clinical application, absorption is relevant and will be 

a central element of investigation presented in this thesis. Other mechanisms related to distribution, 

metabolism, and elimination will not be central elements, even though their importance in drug design 

is undeniable. ADMET (T for toxicity) has increasingly found recognition since the 1990s as one of the 

most frequent reasons for failure of promising drug candidates.278–280  

As a point of terminological concern, “permeability” is a term commonly borrowed to characterize small 

molecules. However, this is technically a misuse of the word since it is rather conversely a property of 

a barrier-like structure like a membrane or a matrix: cell membranes are permeable to a drug, a material 

layer is semi-permeable to molecules with regards to their hydrodynamic radius, Vaseline® is occluding 

because it is impermeable to water. But since it is established to speak of “permeable drugs”, this usage 

will still be applied herein. 

Following oral application, absorption can essentially take place in the entire gastrointestinal tract (GIT). 

There are vast differences between organ constitutions, cells making up the resorption surface, and 

surface area available for absorption between mouth, stomach, small and large intestine.281,282 The organ 

most targeted for drug resorption is the small intestine, mainly due to its conveniently large internal 

surface area. Differences in cellular architecture between the three segments of the small intestine, as 

well as differences in their extracellular milieu (pH, water content, etc.) are simplified to one model 

herein (Figure 19) that depicts histologic properties of this organ schematically. The high surface area is 

achieved by macroscopic and microscopic folds of its luminal tissues and cell layers. An intestinal fold 

is covered in smaller structures called “villi” that each have their own vasculature to continuously 

provide sink conditions. Additionally, the epithelial cells have electron microscopic microvilli on their 

apical membrane further increasing the surface area.283,284 For most drugs, the intestinal epithelium only 

allows transcellular absorption, meaning a small molecule must pass the membranes and body of an 

epithelial cell to reach the bloodstream.285 In principle, there is also the possibility of paracellular 

absorption. However, this is strongly limited by tight junctions between these cells, making it only 

accessible to water and small hydrophilic molecules (<200 Da).286 Still, this route is sometimes 

discussed as a possibility for drugs.287 Like all cell membranes, the epithelial membrane is essentially 

comprised of a phospholipid bilayer, into which functional macromolecules are embedded, and through 

which transcellular transport needs to progress.288–290 In principle, passive and active transport can be 

distinguished as mechanisms for transcellular absorption.291 Passive transport relies on a molecule’s 

propensity to distribute in and out of the lipid membrane, which is closely related to its lipophilicity. 

Active transport is a selective process, in which specific transporter proteins tunnel their ligands through 
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a membrane. These physiological transport mechanisms can be exploited by drugs, which will be 

discussed in more detail further below. Most orally applied drugs are designed to be sufficiently 

permeable to be passively absorbed, and do not have to rely on saturable active transport mechanisms.292 

 

Figure 19: Schematic representation of the microscopic absorption surface of the small intestine. Adapted from Lit.293,294  

(A) The intestinal wall is principally divided between Tunica muscularis (innervated smooth muscles responsible for peristaltic 

transit consisting of outer longitudinally, and inner circularly contractive fibers), Tela submucosa (loose connective tissue, 

vasculature, and innervation), and Tunica mucosa (smooth muscles for contractive emptying of the villi’s lymphatic system; 

connective tissue for flexibility which holds vasculature, lymphatic system, innervation, immune cells etc.; epithelial cells 

specialized for absorption), which is covered with a mucus layer and the intestinal contents. The villi extend ca. 1 mm from 

crypt to tip. (B) The epithelial cells are further covered with microscopic microvilli (ca. 1 µm), increasing the inner surface 

area of the small intestine to ca. 30 m2.283 Tight-junctions hinder paracellular transport, so most drugs rely on passive or active 

transcellular diffusion. (C) The epithelial cell membrane (simplified lipid composition of only phospholipids) can enable 

passive transport or enable active transport through some specialized carriers (e.g., human reduced folate carrier = hRFC, 

leucine transporter = LeuT, L-type amino acid transporter 1 = LAT1, and peptide transporter 1 = PepT1). Figure created with 

Biorender.com. 

To design permeable molecules, different computed or experimental estimates of critical parameters can 

be used. The most commonly calculated properties that are related to permeability are logP295 

(distribution coefficient between an aqueous and n-octanol phase), logDpH
296 (logP with regards to the 

pH of the aqueous phase and the pKa value and protonation state of the characterized molecule), polar 

surface area297 (PSA), and the number of hydrogen bond donor and acceptor moieties298. They can be 

further extended by flexibility parameters like the number of rotatable bonds or the fraction of  

sp3-hybridized carbons.299,300 These surrogate markers are useful to roughly classify drug candidates, 

famously established as the “Rule of Five” (Ro5) and its extended versions.298,301–303 While lipophilicity 

predictors alone are limited to estimate the contribution of passive transcellular transport to oral 

bioavailability, they can be predictive to a certain degree.304,305 In recent years, it is commonly 

appreciated that the Ro5 in its strict interpretation does not include all drugs suited for approval 

(including some peptide-based inhibitors).302 Some have sufficient ADME properties despite violating 
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the initially postulated rules. To better describe the chemical spaces that also accommodate these 

structures, versions of the Ro5 were defined, which are compared in Table 2. In the study defining these 

chemical spaces, peptidic drugs and clinical candidates were evaluated, but the results seem biased by 

the presence of cyclosporins in this subset. Of protease inhibitors, only HCV and HIV protease inhibitors 

were used. This should be kept in mind when judging the suitability of peptides. 

Table 2: Physicochemical parameters defining chemical spaces according to the Ro5, extended Ro5, and beyond Ro5. 

 Ro5298 eRo5302,303 bRo5302,303 

Prediction of oral absorption likely possible n.s. 

Molecular weight [Da] ≤500 500–700 700–3000 

logP ≤5 0–7.5 <0 or >7.5 

Hydrogen bond donor count ≤5 ≤5 >5 

Hydrogen bond acceptor count ≤10 ≤10 >10 

Polar surface area [Å2] ≤140* ≤200 >200 

Rotatable bond count 10–20* ≤20 >20 

e/bRo5 = extended / beyond “rule of five”, n.s. = not specified, * not included in the original Ro5, but extensions that were 

made prior to the formal definition of the eRo5 space.302 

An experimental approach aimed to better mimic biological membranes is called parallel artificial 

membrane permeation assay (PAMPA).306–309 It reduces the complex membrane constitution to a simpler 

hydrophobic barrier. Supported by a porous polymer (e.g., polyvinylidene difluoride), a mixture of 

phospholipids (e.g., phosphatidyl choline) and an apolar solvent (e.g., n-dodecane) are immobilized 

between two aqueous compartments, of which one contains the substance of interest (Figure 20). The 

phospholipids are assumed to line up with their hydrophilic portion towards the neighboring aqueous 

phases, and their lipophilic portion immersed in the solvent bulk, separating it completely. This 

membrane is a lot thicker than cell membranes, and the organic solvent is an unphysiological constituent. 

But the processes for permeation (namely diffusion and transport by inverse micelles) are assumed to 

be predictive of the physiological processes (Figure 20). The membrane composition can be varied for 

this model.310 This includes using pure n-hexadecane without amphiphilic additives311, an alkane-

solution of defined phospholipids (e.g., dioleylphosphatidyl choline)312, purified lecithins  

(from egg or soy)313, or a complex mixture of pure components (e.g., phosphatidylcholine, -ethanol,  

-serine, -inositol, cholesterol)314 in an effort to imitate a specific membrane like the epithelium of the 

blood-brain barrier that carries a pronounced negative surface charge and a characteristic triglyceride-

content.313,315 The used bulk hydrocarbon can also differ.314 
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Figure 20: Top: Schematic depiction of the experimental setup required to perform PAMPA. The donor compartment is prepared 

by adding the lipid mixture onto the polymer support. Then, donor and acceptor compartments are filled with solutions of 

differing analyte concentration and the setup is assembled to equilibrate. Prior to full equilibration, the assay is read out  

(e.g. LCMS, spectrophotometry). Bottom: Assumed mass transport mechanisms for hydrophilic and lipophilic molecules over 

the artificial membrane, adapted from Lit.316 While lipophilic molecules can permeate unassisted, hydrophilic molecules are 

assumed to utilize inverse micelles for crossing. Figure created with Biorender.com. 

The permeation rate P expresses the rate at which the concentration of a substance of interest equilibrates 

between two compartments along a concentration gradient. In general, this relationship is derived from 

the first Fick’s law on diffusion stating a proportionality of the equilibration rate to the concentration 

gradient.317 In membrane-limited diffusion however, this rate is also dependent on system characteristics 

like compartment contact area, membrane thickness, and solute lipophilicity.318,319 Different equations 

exist in literature to correlate these with permeability.311,319–321 Of these, eq. 19311 is arguably the most 

tangible to assess the apparent permeation rate (“permeability”, Papp/Pa/Pam), even though some 

simplifying assumptions are made that will be discussed further below. The immediate result for Papp is 

commonly reported in units of [*10−6 cm/s] due to the dimensions of the input variables. For comparison 

in a set of low-permeability molecules, [nm/s] (= [*10−7 cm/s]) can be found.322 

𝑃.CC = −
D5×D'×EF	($	6	

2',:
2',=

)

(D58D')×G×'
         eq. 19 

In this eq. 19, Papp is calculated from an endpoint assay at a specified time (t [s]). The aqueous donor 

and acceptor volumes (Vd and Va [cm3]) that are equilibrated, as well as the contact area between them 

(A [cm2]) are fixed parameters. The concentration in the acceptor compartment at the endpoint (ca,t) and 
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after infinite equilibration time (ca,∞) are experimentally determined. Generally, there are multiple ways 

to measure these concentrations, usually depending on molecule characteristics. If it shows appreciable 

absorption or fluorescence at a specific wavelength, spectroscopy can be used. If not, mass spectrometric 

quantification can be employed.  

There are further extensions to this equation, or conversely, simplifying assumptions. Apparent 

permeabilities, in analogy to apparent inhibition constants described in the previous chapter, are not 

necessarily comparable between methods. They are influenced by the following factors.  

a) After incubation, a fraction of the molecule of interest can be inaccessible to the analysis of the 

aqueous compartments. This can be due to distribution into the lipid layer, but not out of it, 

which is called mass retention or membrane retention (M). The mass retention for PAMPA 

experiments is commonly expected to be low307,322 but can be relevant for very lipophilic 

molecules, because it is a factor causing an underestimation of permeability.323 Also it becomes 

more influential with higher phospholipid content (>10 %) of the employed artificial 

membrane.313  

b) Another parameter is the unstirred water layer (UWL) effect, which is dependent on 

convectional flow within Vd and Va. It is a confounding factor towards predictability of 

bioavailability, because this layer is absent in vivo due to sufficient agitation of intestinal 

contents.324 It is of special concern to correctly rank high-permeability molecules 

(Papp > 20 *10−6 cm/s), but less important for general classifications or low-permeability 

molecules.325 

c) Necessary correction is required of the filter area for its nominal filter porosity ε, because only 

the porous part is filled with lipid and accessible for mass transport; the rest is solid polymer.326 

The effective area A separating Vd and Va is therefore smaller than their circular contact area by 

a factor of ε. It is a property of the employed filter type that should be included in the 

manufacturer information.327 With the same argument, the filter already presents a diffusional 

barrier (Pf) even in absence of artificial membrane, with its porosity and thickness influencing 

diffusion.325 It can be assessed by a mock experiment with methanol instead of lipid 

membrane.306 

d) It is commonly assumed that only the uncharged state of a (de)protonatable molecule is capable 

of permeation through strongly lipophilic membranes, so pH is a modifying parameter of the 

system.328,329 This is certainly only relevant for molecules that undergo relevant (de)protonation 

over a physiological pH range.  
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This results in increasingly complex variations of the experimental corrections required and the 

underlying calculations. It is therefore a valid approach to include references of known passive 

permeability into the assessed group instead of employing fully optimized setups. Common  

high-permeability drugs (Papp >10−5 cm/s) are verapamil or propranolol.330 An intermediate class is not 

necessarily defined but can be quite variable.331,332 For low-permeability molecules, a distinction 

between low permeability (e.g., 10−7–10−6 cm/s)332–334 and definitive impermeability is always 

dependent on the lower quantification limit of the method (e.g., 10−9 cm/s)335. Drug examples with poor 

permeability in PAMPA are furosemide331, methotrexate330, and theophylline330. Here, it is important to 

note that these references are only for passive permeability as assessed by PAMPA. Active transport that 

contributes to the permeability in more complex systems as in the case of methotrexate is not assessed.336 

To sum up these distinctions, a molecule’s recorded permeability is always dependent on the permeation 

experiment. Extents of influencing factors are accessible with the right experimental setups. The 

required correction experiments characterize the membrane permeability (Pm) being the intrinsic 

permeability (Po) corrected for the pH-dependent fraction unionized (fun), the filter permeability (Pf), the 

permeability of the unstirred water layer (Pu/PUWL/Pul), as well as effects like membrane retention (M). 

The effective permeability (Pe) can either be defined as the apparent permeability in absence of 

membrane retention311, or as the membrane permeability corrected for the UWL effect and protonation 

state319. In commercial applications, Pe can be found equated to Papp.337 This simplification was also 

made for the publications below, which is reasoned by the factors mentioned above. A distinction would 

be necessary if values far exceeded 20 *10−6 cm/s, as this would introduce problems like membrane 

retention and UWL influence. This range was not observed for the novel inhibitors tested. Furthermore, 

protonation could be neglected for most of them as they were either not pH-responsive, or one dominant 

species was always present in solution. Given a sufficient method description and appropriate references 

of known permeation behavior, apparent permeabilities are therefore sufficient for comparisons, 

especially in the context of the inclusion of this method in early drug design. There, it is not crucial to 

have optimal in vitro-in vivo correlation, but to favor throughput. An automated instrument for high 

throughput that eliminates UWL effects through efficient stirring inside each well exists, that can reduce 

assay times to as low as 15 min (e.g., Gutbox®, Pion Inc.).313,338 

Advancing from the strict focus on passive permeation, cellular model membranes capable of active 

transport can be employed to apply the same equilibration principles as described above for PAMPA. 

Example cell types are Cancer coli 2 (Caco-2 cells) and Madin-Darby canine kidney (MDCK cells).339,340 

Both can be cultured to fluence on a porous polymer support340, and the integrity of the continuous  

cell-layer can either be checked by electrical resistance measurements341 prior to transport studies or by 

integrating an impermeable dye342 into the measurement set. A predictive advantage of these cell-based 

models in terms of in vitro-in vivo correlation is that multiple parameters can be assessed coincidentally, 

namely overall (active and passive) permeability and preliminary metabolic stability.343 For an 

investigated probe that does not pass these models, this can complicate the structural optimization 
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decisions required, because it could be passively impermeable, metabolically unstable, or be a substrate 

of efflux transporters. But a candidate that passes these models is promising. Overall, cell-based 

permeability assays are suitable in vitro methods for the assessment of bioavailability. They are accepted 

for permeability assessment of drug substances for the Biopharmaceutics Classification System (BCS), 

which is important for regulatory decisions like biowaiver approvals in the context of generic drugs.342 

An optimal assessment of bioavailability is of course only accessible through in vivo studies in humans, 

but this is inapplicable for early-stage development due to ethical concerns, high cost, low throughput, 

etc. In contrast, there are no ethical concerns for in vitro methods like PAMPA or the Caco-2 assay. 

Required pipetting time is in the same order of magnitude for both types of permeability assays, but the 

latter requires additional days of cell culture that limit flexibility.339,344 Parallel throughput is classically 

higher for PAMPA (≥96-well plates) than for Caco-2 (≥24-well plates). In terms of efficiency, PAMPA 

therefore represents a suitable method for the prediction of passive permeability in an early phase of 

drug development. 

Some specific limitations to permeability for peptide-based inhibitors should be kept in mind. For large 

molecules (>1000 Da), passive permeation is not an option.345 This size criterion is usually mended in 

keeping the peptide recognition sequence of these protease inhibitors short. Despite endogenous 

inhibitors like cystatins (ca. 120 amino acids long) being highly affine for relevant proteases346, similar 

structures are not suitable for drug design, because they do not adhere to ADME criteria. Most approved 

peptide-based protease inhibitors that are orally bioavailable are tripeptides at most (e.g., saxagliptin, 

nirmatrelvir, boceprevir, bortezomib). Those that are longer can require a parenteral route of application 

(e.g., carfilzomib). Adhering to this criterion simultaneously limits the number of polar peptide bonds, 

which keeps the peptide sufficiently lipophilic.347 The flexibility as well as effective hydrogen bond 

donor and acceptor count can be reduced by options such as cyclization exemplified by modern HCV 

inhibitors or cyclic peptides in general.348,349  

In general drug design, permanent charge as shown by quaternary amines like hyoscine-N-butyl bromide, 

tiotropium bromide, or methylnaltrexone bromide is commonly regarded as an absolute negative 

determinant of oral bioavailability. It is therefore expected that transient charge carried by pH-responsive 

groups also presents a challenge for permeability. But protonation states can be modulated by 

substructures affecting the pKa values through chemical modification.350 In the context of peptides, 

charged termini and side-chains can be permanently capped or transiently modified by a prodrug 

approach. Amines can be turned into carbamates, ureas, and amides, which is often applied N-terminally 

as this also reduces backbone hydrophilicity.351 If an arginine (Arg) mimetic is required, the guanidine 

can be exchanged for a hydroxy amidine (= amidoxime, e.g., ximelagatran). Free carboxylic acid groups 

are commonly detrimental to permeability, which is why they are usually capped as esters (e.g., ramipril) 

or amides (e.g., saquinavir), or exchanged for a more lipophilic group altogether (e.g., nirmatrelvir). It 

is also uncommon to see polar amino acids such as Lys, Ser, Cys, or Glu. Instead, Phe, Leu, Pro, etc. are 

used if possible.347,351 If a polar moiety is necessary, it is often exchanged for a more lipophilic 
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peptidomimetic option (e.g., the cyclic Gln mimetic in nirmatrelvir), or as mentioned above, modified 

by the prodrug approach (less basic hydroxyamidine in ximelagatran). There are however famous 

examples of peptide-derived zwitterions, e.g., in lisinopril or cefadroxil that do not adhere to the 

abovementioned permeability rules on pH-responsiveness. Despite them carrying multiple charges at 

intestinal pH, they are bioavailable, which can be understood in the context of active absorption by 

peptide transporters.352 

Active transport is a physiological mechanism that contributes to the uptake and distribution of 

important molecules or the elimination of toxic molecules. Both processes for which it is worth 

expending energy, either primarily or secondarily driven by an adenosine triphosphate (ATP)-dependent 

concentration gradient. Important molecules can be nutrients like glucose, vitamins like folic acid, or 

amino acids. Contrarily, molecules to dispose of are often metabolic products like uric acid or different 

xenobiotics. In the context of oral bioavailability, only those transporters present on the luminal side of 

the intestinal epithelium, and only influx transporters are considered here. For drugs already resembling 

essential α-amino acids, amino acid transporters (e.g., LAT1) are a positive contributor to their 

permeability; examples are L-DOPA and melphalan.353 The same is true for methotrexate being 

structurally close to folate and therefore transported by hRFC.354 Then, there are prodrugs carrying an 

amino acid like midodrine, lisdexamfetamine, or valaciclovir and valganciclovir, which can exploit 

peptide transporters like PepT1 for absorption.355 This pathway is also available to peptide-derived drugs 

like β-lactam antibiotics356, captopril357, lisinopril358 and enalapril357 with free and therefore charged 

termini. 

The peptide transporter most relevant to active drug absorption (PepT1) is classified as part of the major 

facilitator superfamily of carrier proteins.352,359 More specifically, it is part of the solute carrier (SLC) 

family 15 as SLC15A1. It is a H+-peptide cotransporter that uses an extracellular high proton 

concentration to transport various di- and tripeptides across cell membranes, albeit with low affinities 

(KM in the micromolar to millimolar range).360,361 This process is secondarily active due to the  

ATP-dependence of the proton export (e.g., by Na+-H+ antiport in combination with Na+-K+-ATPase).362 

PepT1 is localized mainly on the apical membrane of intestinal epithelial cells363, as opposed to its 

paralog PepT2 which is rather found in kidney epithelia.364 Both transporters have similar structures and 

transport mechanisms, but due to their expression patterns, they are involved in different 

pharmacokinetic processes.359 While PepT1 is mainly involved in intestinal absorption, PepT2 is 

relevant for distribution and elimination like clearance from cerebrospinal fluid and renal reabsorption. 

Their substrate specificity is broad when it comes to side-chain-modified di- and tripeptides, but they 

do not transport most single amino acids or linear tetrapeptides.352 Modifications of side-chains or 

terminal capping in di- and tripeptides, as well as D-configuration also generally reduce uptake.361,365 

Predictions of affinity based on pharmacophore modelling have been established.352 However, applying 

these to generate prodrugs that are suitable PepT1 binders does not necessarily result in actual transport 

and bioavailability.366,367 The optimal substrates for PepT1 are close mimics of natural oligopeptides, 
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comprised of amino acids in L-configuration, including many of their charges. One criterion for affinity 

is C- and N-terminal charge to occupy the positively and negatively charged subpockets, 

respectively.359,368 These criteria contradict the paramount design choices for peptidomimetic drugs, 

especially in the context of protease inhibition. The backbone of protease inhibitors is often comprised 

of non-proteinogenic amino acids that convey hydrophobic binding surface and/or metabolic stability. 

The C-terminus is often transformed to an uncharged warhead, and the N-terminus is often capped due 

to synthetic reasons or to aid in target engagement. Also, as described above, charge is detrimental to 

passive permeability, meaning one has to sacrifice one mode of permeation for the other. So, while 

PepT1 can be relevant for drugs derived from amino acids, it is not the prime optimization target for 

peptidomimetic protease inhibitors. It might be an option for peptide ligands for other targets that have 

an inherently low permeability to begin with. 

The investigation of passive permeability was performed for various peptide and peptidomimetic 

inhibitors with diverse sets of warheads in the context of publications 3–6. The implications on the 

relevance of prodrug structures not only for oral bioavailability but also for pronounced effects in 

cellular assays was elucidated in the context of charged moieties in publications 3 and 4. For cellular 

studies of irreversible inhibitors, it was interesting to observe that low permeability and low non-

covalent affinity can be compensated in some cases by an irreversible mode of action as described in 

publication 5. Lastly, publication 6 provides extensive structure permeability relationships for 

commonly encountered elements in the design of peptidomimetic protease inhibitors and through that 

generates value for general drug design. 
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Disease Contexts for the Main Investigated Targets 

Classification of Mammalian Cathepsins and Their Pathophysiological Functions 

Cathepsins (Greek kathepsein = digest) are specialized eukaryotic proteases first recognized for their 

ability to degrade exogenic proteins, and for their involvement in the physiological turnover of the 

cellular proteome. Originally, they were characterized as a group of intracellular proteolytic enzymes 

active at acidic pH.369 They perform this task compartmentalized inside the endo-lysosomal system 

under the reducing370,371 and acidic372,373 conditions integral to their activity. All are identified by a 

seemingly arbitrary one-letter code not coherently derived from order of discovery, function, or relation, 

the abbreviation being “Cat” plus capital identification letter. Cathepsins A and G are Ser proteases,  

D and E are Asp proteases, and B, C, F, H, K, L, O, S, V, W, X are Cys proteases. Redundant 

nomenclature is clarified in Table 3.374–376 The “missing” letters in this list denote further Cys proteases 

that share the name but not the role of other cathepsins, like CatT (only one specific substrate)377,378, 

CatJ, M, Q, and R (placental proteases in rodents, active at neutral pH)379, or CatN (limited scientific 

coverage)380,381. Cathepsins are mostly endopeptidases, but CatB and H can catalyze both endo- and 

exopeptidase reactions. Only CatA, C and X are strict exopeptidases.369,376 In addition to 

compartmentalization, the activity of cathepsins is controlled by their expression as inactive zymogens, 

more specifically as preprocathepsins.382 After translation of the primary sequence in the endoplasmatic 

reticulum (ER), the N-terminal prepeptide is cleaved in parallel with glycosylation and phosphorylation: 

a mannose-6-phosphate-containing signal saccharide is unveiled during passage of the Golgi system that 

generally mediates lysosomal targeting of cellular proteins.383,384 The N-terminal propeptide aids in 

folding of the enzyme into its functional form and inhibits the catalytic activity while covalently attached. 

The procathepsin enters the endo-lysosomal system where the propeptide is cleaved off to reveal the 

functional protease (either inter- or intramolecularly in an autocatalytic fashion385, or by other already 

active cathepsins inside the lysosome386). If extracellular functions need to be exerted, secretory 

lysosomes can be triggered to release lysosomal contents into the extracellular space.383,387–389 In their 

lysosomal function, cathepsins work in unison and can be redundant in some cases due to overlapping 

substrate specificity. However, many specific intra- and extracellular tasks have been attributed to 

cathepsins, making them relevant to a variety of (patho-)physiological contexts.390 A special impact is 

given to their functions in modulating immunologic functions391, and their ability to process extracellular 

structural proteins.388 An overview of the involvement of cathepsins in different disease contexts, and 

the most relevant cathepsin inhibitors in clinical trials are listed in Table 3. It should be emphasized here, 

that explicitly only human cathepsins are listed. From this, it is evident as well as surprising that despite 

the obvious involvement of cathepsins in cancer, there have not yet been relevant clinical trials for 

cathepsin inhibitors in this direction. 
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Table 3: Collection of cathepsins with identification code, the protease class they belong to, and cleavage site preference as 

exo- or endopeptidases. (Patho-)Physiological involvement of the different cathepsins is briefly stated, and drugs in clinical 

trials for these diseases are named incl. the most advanced clinical trial in parentheses.376,390,392,393  

Cathepsin 
identification letter 

(synonyms) 

Protease class 
aspartate (A), cysteine (C), serine (S) 
(endopeptidase/exopeptidase/mixed) 

(Patho-)Physiological involvement  
Clinical candidates (phase of trial, disease) 

A S (exo) Vasoregulation, galactosialidosis394  
SAR164653 (I, heart failure)395 

B (B1) C (mixed) 
Cancer, Morbus Alzheimer,  

liver, pancreas, and thyroid physiology, Ebola 
VBY-376 (I, chronic hepatitis C) 

C (J, P, DPP I) C (exo) 

Inflammatory diseases, cancer, genetic disorders396 
BI 1291583 (II, bronchiectasis)397, 

Brensocatib (III, non-cystic fibrosis bronchiectasis;  
III Covid-19)398,399 

D A (endo) Non-alcoholic steatohepatitis,  
cancer, neurodegenerative diseases400,401  

E A (endo) Immunology 

F C (endo) Neuromuscular development, vascular diseases 

G S (endo) Immunology, bronchiectasis397 

H (B3, I) C (mixed) Lung development, vascular diseases, immunology 

K (O, O2, X) C (endo) 

Osteoporosis, bone-infiltrating cancer402 
Odanacatib (III, Osteoporosis)403, 

ONO-5334 (II; Osteoporosis/Osteopenia)404, 
MIV-711 (II, Osteoarthritis)405, 

Balicatib (II, Osteoporosis/Osteopenia)406, 
Relacatib (I, Drug-Drug-Interaction)407 

L C (endo) Cancer, cardiovascular diseases, Covid-19, Ebola 

O C (endo) Cancer 

S C (endo) 

Cancer, Autoimmune diseases408 
Petesicatib (II, Sjogren’s Syndrome), 

VBY-036 (I, neuropathic pain), 
VBY-891 (I, psoriasis), 

LY3000328 (I, abdominal aortic aneurysm), 
SAR114137 (I, pain), 

RWJ-445380 (II, psoriasis; II, rheumatoid arthritis), 
CRA-028129 (I, psoriasis) 

V (L2, U) C (endo) Cancer, vascular diseases82 

W C(endo) Immunology409,410 

X (B2, P, Y, Z) C (exo) Immunology 

Covid-19 = coronavirus disease 2019, VBY = Virobay, SAR = Sanofi Aventis, BI = Boehringer Ingelheim, ONO = Ono 
Pharmaceutical, MIV = Medivir, LY = Eli Lilly, CRA = Celera 
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The Microenvironment of Solid Tumors 

Cancer is recognized as the second most frequent cause of death in countries that are part of the 

Organisation for Economic Cooperation and Development (OECD), accounting for ca. 20 % of all 

deaths.411 However, in terms of treatment, it is often ineffective to subsume the various types of 

malignant proliferative diseases under the umbrella term “cancer”. Since different types of cancer derive 

from different cell types, their phenotypes, behaviors, and susceptibilities can vastly differ. It is a reason 

for largely differing symptoms and disease prognosis, meaning their therapy requires adaptation to the 

specific pathophysiological processes involved. A more detailed analysis shows that solid tumors 

account for most of the cancer-related deaths.411 Comparing fractions of cancer-related deaths by organ, 

lung cancers represent 20 %, and gastrointestinal cancers combined (colorectal, gastric, pancreatic, 

hepatic) 30 %. Gender-specific tumors located in prostate (10 % of men cancer mortality) and 

ovaries/cervix (combined 7 % of women cancer mortality), and gender-biased tumors like breast cancer 

(15 % of women cancer mortality) also account for relevant fractions of cancer-related deaths. In 

contrast, “non-solid” tumors subsumed as leukemia account for ca. 3 % for men and women.411 Apart 

from mortality, survival rates defined as the fraction of patients alive after a defined period of time as a 

measure of disease severity underline some solid tumors as particularly lethal. Devastatingly low 5-year 

survival rates of lung (ca. 20 %) and pancreas (ca. 10 %) cancer underline their drastic nature. Of these 

two, lung cancer mortality is not only driven by lethality but also by incidence. In contrast for 

hematopoietic tumors, survival rates of 50–90 % are reported for the different types of leukemia, which 

has drastically improved since the introduction of kinase inhibitors.412  

At the advent of modern medicine, cancer treatment focused on excessive growth as a prime abnormal 

characteristic.413 It was discovered early on that cancerous cells divide with much greater frequency than 

most of their healthy counterparts.414 They achieve this with expense of process control, meaning 

introduced genomic damages are not repaired sufficiently and can result in cell death.415 Radiotherapy 

as well as chemotherapeutics like 5-fluorouracil, cisplatin, doxorubicin, bleomycin, etoposide, and 

cyclophosphamide are therefore based on the principle of damaging DNA, just to name some prime 

examples of the respective classes.416 In the same direction go drugs like paclitaxel that directly target 

mitosis.417 More specific approaches use targeting strategies aimed at targets characteristic for certain 

cell types for therapy. Estrogen receptor (ER) in breast cancer and prostate-specific membrane antigen 

(PSA) in prostate cancer are relevant markers exploited for therapy with SERMs or antibody-conjugated 

radionuclides, respectively.418,419  

A unifying feature of solid cancers is their interaction with their surroundings. They are embedded in a 

tumor microenvironment (TME, Figure 21) with features distinct from healthy tissues. The tumor 

dogma of unrestricted growth must be sustained by nutrition, which rapidly grows scarce in evolving 

tumors.420 Nutrition in this context is often boiled down to oxygen and glucose as the prerequisite of 

physiological cellular metabolism.421 In hypoxic tumor tissues, a transcription factor (hypoxia-induced 

factor I, HIF-1) is active, which promotes angiogenesis by the expression of vascular endothelial growth 
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factor (VEGF) and glycolysis by the expression of glucose transporters (GLUTs), monocarboxylate 

transporters (MCTs), and glycolysis-involved enzymes.422 In this context, boosting glycolysis gives an 

alternative source of ATP in absence of oxygen and therefore dysfunctional mitochondrial glucose 

oxidation. The main product of glycolysis is pyruvate, which is converted to lactate that can be  

H+-cotransported into the extracellular space by MCTs, resulting in an acidification of the TME.423  

Another important characteristic of the TME is the presence of infiltrating immune cells (Figure 21), 

which arrive to have tumor-suppressive functions but can be reprogrammed to have tumor-progressive 

effects through a cytokine interplay between each other and the tumor cells.424 The tumor environment 

is also known for a diverse web of proteases at play which have various functions.425 This includes 

remodeling of tissue to accommodate tumor growth and enable metastasis, modulation of angiogenesis 

to optimize tumor vascularization, and modulation of the cell surface to impact cell  

communication.426–428 All of these mechanisms are progressed by different proteases with intra- or 

extracellular functions. Interestingly, the proteases involved are not necessarily expressed and secreted 

by the tumor cells, but also by tumor-associated cells like stromal or immune cells.425,426 The interplay 

of upregulated and secreted proteases in the context of extracellular matrix (ECM) remodeling and 

cellular communication comprises different protease classes that process matrix proteins but also 

regulate each other’s activity. Matrix metalloproteases (MMPs) have been clinically investigated in this 

context already, but the drug candidates showed disappointing results as they lacked either selectivity 

or oral bioavailability.429,430 There are also some Ser proteases involved (e.g., uPA), and Cys proteases 

(mainly cathepsins B, K, L, S, and X) were identified as a relevant group.425,431 

 

Figure 21: The TME is characterized by an excess of dysregulated cells. Besides the tumor cells, modified professional antigen-

presenting cells (macrophages depicted as an example) and antigen-recognizing cells (T cells depicted as an example) 

contribute to it. Since vasculature is insufficient for the excessively growing tumor, oxygen supply is scarce. By HIF-1 

activation, which is dependent on oxygen-depletion, glycolytic flux is increased, which results in an acidification of the TME. 

By the same mechanism, angiogenesis is induced by the expression and release of growth factors. Figure created with 

Biorender.com. 
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Cathepsin S as a Molecular Target for Cancer Therapy 

Of the cathepsins involved in the tumor microenvironment, CatS represents a suitable target for therapy, 

as it is not as widely expressed as CatB or CatL, conveying a layer of selectivity for cell types that goes 

beyond structure-based drug design.432 Also, CatS is not as limited to only one type of tissue as, for 

instance, CatK is in its restriction to bone. The confinement of CatS to antigen-presenting cells (APCs) 

is rather an advantage, as those cell types with immunologic implications have influence in a variety of 

solid tumors.  

The expression of CatS in general is high in macrophages433 and tumor-associated macrophages (TAMs) 

represent the major source of secreted CatS in the tumor microenvironment.434,435 While CatS is not 

expressed by physiological epi- and endothelia, expression in those cell types is upregulated during a 

neoplastic state, which has been shown for solid cancers in several different organs.433,436–438 These cell 

populations can also explicitly contribute to secreted CatS.432,439 On a molecular level, CatS expression 

in non-macrophage cells is inducible by signal molecules like interferon-γ (INF-γ) or serotonin440, and 

cathepsin expression is upregulated in TAMs through interleukin-4 (IL-4).441,442 The INF-γ-induced 

expression can also be seen in radiation-induced tumors443 and tumors under radiotherapy444, which 

show radiation-dependent overexpression of CatS. The general involvement of reactive oxygen species 

(and ROS-generating drugs, i.e., bleomycin) in CatS overexpression is also appreciated444, while the 

reports on the effects of taxol treatment is mixed in this regard.444,445 Since some drugs can increase CatS 

expression, and CatS has tumor-promoting effects as discussed below, combination therapy approaches 

of classical chemotherapeutics with CatS inhibitors seems feasible.446  

The malignant implication of CatS here is closely associated with antigen presentation. Its involvement 

in immunology has first been acknowledged in several autoimmune diseases including psoriasis, 

rheumatoid arthritis, Sjogren’s syndrome, and celiac disease.447,448 The principle of rewiring 

immunologic responses by overexpression or hyperactivity mutation (Y132D) of CatS is found for 

various cancers.449–451 As mentioned before, many APCs carry CatS.452 There, it promotes the 

presentation of antigens via the major histocompatibility complex II (MHC-II) pathway, and through 

that the immunologic response evoked by antigen-recognizing T cells.453–455 The MHCs are an 

immunologic mechanism of APCs to give indication of intracellular processes on their surface. This 

mechanism is relevant during viral, bacterial, and parasitic infection, and to distinguish endogenous 

from “foreign” tissue, e.g., in graft transplants.456,457 The main task of MHCs is to intracellularly bind a 

peptide and to extracellularly present it to T cells. Since this mechanism is also active in absence of 

pathology, it is regulated to avoid this process happening with host-derived peptides and the concurring 

negative reactions of T cells towards healthy cells. First, binding of host peptides is disfavored at the 

binding groove of MHCs by requiring a certain peptide length with specific motifs uncommon in host 

proteins.457 Second, T cells are selected during maturation to not show excessive reactivity towards 

MHCs presenting host peptides.458,459  
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In general, two classes of MHC are distinguished (Figure 22): MHC I is responsible for presenting 

cytosolic peptide fragments to T cells positive for the surface marker cluster of differentiation 8 (CD8+), 

while MHC II presents peptides from the endo-lysosomal (= endocytic) system to  

CD4+ T cells.457,460–462 MHC I is expressed by all cell types. The heterodimer, consisting of a so-called 

heavy chain anchored to the endoplasmatic reticulum membrane and a β2 microglobulin, is assembled 

facing inwards the ER. Oligopeptides generated by the proteasome (and other proteases)460 are shuttled 

into the ER lumen and loaded onto MHC-I.463,464 The heavy chain which binds the peptides is encoded 

in three polymorphic genes. One of those, the human leukocyte antigen B (HLA-B) gene, is even 

described as the “most polymorphic gene in the human genome”465, giving rise to a myriad of possible 

binding sites for peptide recognition. In its loaded state, the stable MHC-I complex is shuttled to the cell 

membrane via the endo-lysosomal pathway.460 There it is recognized by the T cell receptor of CD8+  

T cells, which have cytotoxic functions upon activation. On the other hand, MHC II is not as widely 

distributed, being confined to professional APCs like dendritic cells, macrophages, and B cells in healthy 

tissue. However, induced by INF-γ, expression is also possible in other cell types in pathophysiological 

contexts.460,466 The genetic code for MHC-II is again found in three polymorphic genes. In its initially 

translated, immature form, MHC-II is assembled in the ER and consists of three α/β heterodimers with 

their variable ligand binding motif. These three ligand-binding sites are always blocked with an invariant 

chain (Ii) trimer. The resulting nonamer is therefore not able to bind antigens but requires Ii processing 

first.467 The correct function of Ii is crucial for functional MHC quaternary structure, transit to the cell 

membrane, and presentation of antigens.457 The entire nonamer is trafficked to the Golgi apparatus 

through a signal sequence included in Ii. There, it enters the endocytic pathway, where the Ii trimer is 

cleaved (for example by CatS), which liberates the MHC II dimers that afterwards still carry a short 

remaining Ii fragment in their antigen binding site (class II-associated invariant chain peptide, CLIP). 

In a chaperone-mediated mechanism, CLIP is exchanged for an antigen fragment proteolytically 

generated in the lysosomes. The peptide fragment for loading can be acquired, for instance, by  

receptor-mediated uptake and degradation of an antibody-bound, foreign antigen.468 The mature and 

loaded MHC II is transported to the cell surface for antigen presentation.467 Via this route, CD4+ T cells 

are recruited that can have various implications in cancer, depending on their subtype. Regulatory  

T cells (Treg) are an especially interesting subgroup of CD4+ T cells as they have immunosuppressive 

functions and therefore provide a favorable environment for tumor growth.469 Through the promotion of 

endosomal Ii cleavage, CatS contributes to the complete degradation of Ii, supported by cytosolic 

proteases like γ-secretase.470 In its degraded state, the intracellular domain (ICD, meaning the extra-

endosomal, cytosolic domain) has an additional function. It is translocated to the nucleus where it 

activates the transcription of the gene for C-C motif chemokine ligand 2 (CCL2), which is secreted and 

attracts macrophages. It could be shown that its expression can be upregulated by CatS expression and 

downregulated by CatS-targeting RNA interference (RNAi) or a peptidomimetic nitrile inhibitor.470,471 

CatS and CCL2 are both negative prognostic markers for different solid cancers and there is an 
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association between the two that gives a mechanistic suggestion for the observation of an increased 

density of macrophages in the TME mediated by CatS.470 

 

Figure 22: Juxtaposition of MHC pathways I (A) and II (B). (A) 1. Cytosolic (e.g., physiological, viral, or mutated cancerous) 

proteins are degraded by the proteasome to generate peptide fragments. 2. These fragments are imported into the ER and loaded 

onto a suitable MHC-I. 3.–5. Loaded MHC-I is transported to the cell membrane where it is recognized by the T cell receptor 

(TCR) of a CD8+ T cell, which evokes a cytotoxic immunologic response. (B) 1. MHC II is assembled in the ER in an 

unfunctional (grey) multimeric state associated with Ii (green). For simplification, the short transient presentation of these 

inactive complexes on the cell surface is omitted.472 2. Cleavage of Ii to generate CLIP, the remaining inactivating peptide to 

MHC-II, changes MHC-II to its functional but still inactivated form. This process is promoted by lysosomal proteases like 

CatS, which is provided by a fusing lysosome. 3. Extracellular proteins are acquired by endocytosis, and the endosomes fuse 

to the previously mentioned compartment. 4. The exchange of inhibiting peptide (CLIP, green circle) for a proteolytically 

generated peptide fragment from the exogenous proteins (purple circle) is mediated in a controlled process. Cytosolic cleavage 

of Ii by γ-secretase liberates the intracellular domain which boosts transcription of CCL2, a macrophage-attractant. 5. The 

loaded MHC II complex is shuttled to the cell membrane to be presented to the TCR of CD4+ T cells which promotes regulatory 

responses. Figure created with Biorender.com, adapted from the template “MHC Class I and II pathways” by Iwasaki and Lee. 

There is more than this role of CatS in macrophages by influencing Ii processing during MHC-II 

maturation. As often in immunologic contexts “macrophage” is an umbrella term for a type of APC that 

can have several phenotypes, depending on the cytokines they are exposed to. A classically postulated 

dichotomy is between M1 (= classically activated) and M2 (= alternatively activated) macrophages. 

However, there are multiple activation paths apart from the INF-γ- and tumor necrosis factor  

(TNF)-mediated classical path. Stimulation with IL-4 can result in macrophages with tissue repair 

function, while IL-10 can promote an anti-inflammatory phenotype. The macrophages most common in 
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the TME of growing tumors best resemble this latter, regulatory type, or a mixed wound-

healing/regulatory type. They produce high levels of IL-10 themselves, and thereby promote their own 

phenotype.473,474 In general, M2 macrophages are associated with tumor progression by immune-

suppression, promoting angiogenesis, and enabling growth around the tumor edges.475 The TME itself 

also promotes M2 polarization through a lactate-mediated pathway, which is one of the main metabolic 

products of tumor cells.476 A link between CatS and M2 polarization is assumed in its role for autophagy. 

It is a process of recycling cellular components like mitochondria, which can sustain cell survival in the 

nutrient-deficient central areas of tumor tissue.477 CatS-deficient macrophages accumulate unprocessed 

autophagosomes, as CatS contributes to their fusion with lysosomes and the degradation of their content, 

which was shown to promote M2 polarization.478,479 Lastly, CatS is also expressed in Treg cells, another 

mediator of M2 polarization through its production of IL-10.449,474 There, it influences the 

immunosuppressive potential of these cells that reduce a response by CD8+ T cells. The favored 

development of Treg cells out of other CD4+ T cells is mediated by transforming growth factor β (TGFβ), 

which can be secreted by tumor tissue.480 Other CD4+ T cells can contribute to the expression of CatS 

in TAMs by supplying IL-4 among other interleukins.481 

Besides these intracellular lysosomal functions, CatS has extracellular roles. This is special because 

cathepsins are usually assumed to be strongly adapted to the acidic environment of lysosomes, rather 

than the more neutral extracellular space. The extracellular role of CatS in cancer is enabled by its broad 

pH-dependent activity.425,482,483 In comparison, CatB/L484,485 with primarily lysosomal localization are 

quickly inactivated at physiological pH, while CatC486 is more active at more neutral pH. Interestingly, 

parasitic orthologs of cathepsins also tend to retain their activity at less acidic pH, possibly enabling 

them to contribute to proteolysis in the cytosol of invaded host cells or the extracellular space.487 The 

more acidic pH of the TME (5.5–7.0)488 in comparison to the generally assumed physiological pH (7.4) 

contributes to extracellular CatS activity. Regarding TME pH range, a gradient can be assumed as 

indicated in Figure 21. The directly pericellular space of tumor cells is expected to be the most acidic 

due to their high glycolysis rate489 and excretion of lactate (Warburg effect)490. The general tumor 

microenvironment is poorly vascularized, preventing full physiological equilibration, and is therefore 

still acidic.491 Lastly, “normal”, unaffected tissue is properly vascularized and shows physiological pH. 

This adds a spatial layer of complexity to the interplay of different proteases involved in ECM 

remodeling that is linked to their pH-dependent activity profiles.  

In its secreted form, CatS fulfills several functions. In proximity of cells, it acts as a sheddase together 

with CatL. Sheddases are a group of proteases which cleave off surface proteins from cells. The main 

specific targets of CatS in this function are receptors involved in kinase signaling and cell adhesion 

molecules.492 Loosening of intercellular contacts is also mediated by cleavage of E-cadherin, resulting 

in enhanced cell mobility and through this, tumor expansion.493 In a similar manner, CatS can mediate 

the invasion of brain tissue by degradation of a junctional adhesion molecule (JAM-B), which is a 

constituent of tight junctions in the blood-brain barrier.437 CatS also boosts tumor expansion by 
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modulating vascularization. It degrades anti-angiogenic peptides like canstatin and arresten, and 

generates pro-apoptotic peptides in the process of degrading laminin-5, a common glycoprotein of the 

extracellular matrix.494 However, some anti-angiogenic involvements are discussed, underlining its more 

balanced role in a healthy environment.495 The interconnection between the extracellular proteases of 

the TME has been alluded to above. The role of CatS in this web is as a direct activator of CatC.425 It 

has also been shown to be an indirect activator of neutrophil elastase in the context of cystic fibrosis, 

indicating a possible involvement with other proteases in pathological contexts.496 

The involvement of cathepsin S has been acknowledged in various cancer types, e.g., in preclinical 

investigations on pancreas, breast, colorectal and bladder cancer, as well as glioblastoma.408 In these 

studies, it could be shown that inhibition of CatS with different small molecule inhibitors can have good 

prognostic implications. In a cellular model of glioblastoma, covalent peptide inhibitors have been 

employed, namely a reversible α-keto aldehyde (Cbz-Phe-Leu-COCHO) and an irreversible 

vinylsulfone (morpholylurea-Leu-hPhe-VS-phenyl).497 Different modes of action are discussed in this 

context. CatS inhibition indirectly suppresses kinase-dependent proliferative signals (e.g., activated by 

TGF-β) and indirectly activates kinase-signaling for autophagy. These effects seem to be promoted by 

ROS generation resulting from CatS inhibition and cell death is mediated by both autophagy and 

mitochondrial apoptosis. The TGF-β-related pathway mentioned before for proliferative signaling is 

also involved in tumor invasiveness by evoking changes in cell phenotype regarding intercellular 

connectivity (epithelial-to-mesenchymal transition). This TGF-β-mediated reduction in tight-junctions 

could be effectively counteracted by CatS inhibition.498 This shows that the effect of CatS inhibition on 

junctional proteins is more than hampering their degradation in CatS’s extracellular functions, but the 

inhibition also promotes cellular adhesion through indirect modulation of intracellular pathways. The 

discussed α-keto aldehyde inhibitor was successfully evaluated in a synergistic approach with 

oxaliplatin in a renal carcinoma model.499 Investigations on pancreatic cancer with a peptidomimetic  

α-keto amide inhibitor (VBY-825) targeting CatB, L, and S (all Ki
app values in the picomolar range) 

showed a slight reduction in proliferating cells as well as a slight increase in apoptotic cells, and a slight 

reduction in invasiveness, together resulting in a reduced tumor growth rate.500 The weak individual 

effect size was discussed to be due to drug distribution. It was reasoned that a direct intraperitoneal (ip.) 

injection that places the drug suspension in direct proximity to the pancreas could result in an increased 

effect in comparison to the chosen subcutaneous (sc.) route that requires more extensive permeation 

events to reach the target tissue. Similar investigations have been performed with the epoxide-based 

inhibitor JPM-OEt applied as an ip. injection, where the invasiveness reduction was also discussed in 

the context of vascularization.435 For breast cancer, a correlation between CatS and the formation of 

brain metastases is published mediated by JAM-B processing as described above. This was successfully 

reduced using the peptidomimetic nitrile VBY-999.501 It selectively targets CatS over related cathepsins 

(selectivity index > 3000) and was applied as a sc. nanoparticulate formulation.437 From this application 

in a daily administration regime, effective concentrations could be shown in plasma and brain for this 
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inhibitor with picomolar Ki
app. Success in this field seems to be due to a combination of the need for 

high concentrations of active CatS required for extravasation, the exceptional affinity of VBY-999 

towards CatS, and the sufficient tissue permeation properties of the inhibitor. 

Taken together these investigations show that CatS is involved in a plethora of tumor-associated 

pathologic processes. While its direct effect on tumor cell survival can be limited, its involvement in the 

immunologic side of the tumor microenvironment, as well as expansiveness and metastatic tendencies 

of tumors are pronounced. A major advantage is that these features of CatS have been effectively blocked 

by several peptidomimetic inhibitors. However suitable modifications seem still necessary in terms of 

bioavailability, which currently is one limitation that hinders the transition of the inhibitors employed in 

preclinical models towards clinical application. 

 

Figure 23: Involvement of CatS in solid tumors. Cells are depicted in green (T cells), purple (macrophage) or red (tissue cells). 

Cathepsin S is depicted in red, undefined other lysosomal proteases in yellow or purple. 1. Through Ii cleavage, CatS contributes 

to macrophage infiltration of the TME via induction of CCL2 transcription (in APCs in general, here depicted for a macrophage). 

It is involved in the maturation of MHC-II, a hallmark of M2 polarized macrophages. 2. Its involvement in autophagic processes 

promotes the M2 polarization type. 3. M2-type tumor-associated macrophages are the major contributor to extracellular CatS 

in the TME through secretion. 4. Treg cells express CatS, and their main contribution to the TME is through their suppressive 

function towards cytotoxic (CD8+) T cells and their M2 macrophage-polarizing function through the secretion of interleukins  

(IL-4 and -10). 5. Secreted CatS contributes to the degradation of connective tissue and therefore tumor expansion. It also 

specifically degrades anti-angiogenic cleavage products of collagen produced by other proteases. 6. In tumor cells, CatS 

expression and secretion is inducible, for instance signaled by serotonin and interferon receptors (5HT7R, INF-γR). 7. CatS can 

degrade cell adhesion molecules and through that facilitates tumor expansion, angiogenesis, and metastasis. 8. CatS liberates 

pro-angiogenic peptides from specific surface proteins. Figure created with Biorender.com. 
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Human African Trypanosomiasis, a Neglected Tropical Disease 

As mentioned above (Table 3), some human proteases are involved in virus entry for diseases like Ebola 

and Covid-19. Besides the mentioned human Cys cathepsins B and L, human Ser proteases like furin or 

TMPRSS2, and human metalloproteases like ACE can also be involved in this context.502,503 Apart from 

this, the involvement of pathogen proteases in infectious diseases is a longstanding field of investigation, 

which produced effective antiviral drugs for the disease management of acquired immunodeficiency 

syndrome (AIDS, e.g., darunavir), Hepatitis C (e.g., asunaprevir), and Covid-19 (nirmatrelvir). It is also 

applied in research for novel antibiotics as well as antiparasitic agents.113 Human-pathogenic parasites 

commonly express Cys proteases with essential character to survival or pathogenicity. Examples are the 

genera Plasmodium, Trypanosoma, Leishmania, and Schistosoma.504 Of the genus Trypanosoma,  

T. cruzi and T. brucei pair as the two species that are pathogenic to humans.505 Comparing them and the 

other major members of this genus506, there is a plethora of differences concerning their employed insect 

vector for transmission, their life-cycle stages, mammalian host organisms, etc.507 Therefore, only a short 

comparison of the prime differences between T. brucei and T. cruzi as the major representatives of the 

genus’ subgroups, transmitted via insect saliva or insect feces, respectively, is shown in Table 4.508,509 

They give indication as to why chemotherapies for Human African Trypanosomiasis (HAT) are not 

necessarily effective in treating American Trypanosomiasis (Chagas disease) despite promising 

preclinical results.510,511 To limit the scope here, no further distinctions within this genus or from other 

pathogenic Trypanosomatida (e.g., Leishmania) are discussed. The differences between the three  

T. brucei subspecies are presented in more detail below. 

Table 4: Direct comparison of key lifestyle aspects of the three subspecies of T. brucei in distinction to T. cruzi.508,512–514 

Species T. brucei T. cruzi 
Subspecies brucei rhodesiense gambiense - 

     
Associated disease Nagana rHAT gHAT Chagas disease 

     
Main mammalian 

host non-human diverse human diverse 

   
Localization in 

infected 
mammalian host 

extracellular 
skin, bloodstream, brain 

intracellular 
various cell types 

   
Vector genus 

(common name) Glossina (Tsetse fly) Different genera in 
Reduviidae family  

(Kissing bug) Vector species n.s. 
G. fuscipes 

G. morsitans 
G. pallidipes 

G. fuscipes 
G. palpalis 

   

Geographic 
distribution 

“Glossina belt” (sub-saharan Africa) 
South America entire  

area 
(South-) 

Eastern part 
Central / 

Western part 
n.s. = not specified, r/gHAT = rhodesiense / gambiense Human African Trypanosomiasis 



Introduction 

57 

HAT is an endemic disease already vaguely characterized in the Middle Ages (ca. 1200 AD), but the 

link to insect vectors and the formal proof for trypanosomes in blood were made in the latter half of the 

19th century.515,516 Since then, the World Health Organization (WHO) has set subsequent targets for its 

work against the disease, which is currently targeted for elimination by 2030.517–519 HAT is characterized 

by a neurologic symptom to which it owes its common name “sleeping sickness”, since it induces severe 

disruptions of the sleep cycle in 74 % of patients. This and other neurologic symptoms like motoric and 

sensory malfunctions emerge only in the second (encephalitic) stage of the disease, in which the parasite 

has infiltrated the brain. During the first (hemolymphatic) stage, when only peripheral tissues are 

infested, unspecific symptoms common for many infectious diseases like headache, fever, and joint pain 

dominate.520–522 There are two clinically and regionally distinct forms called gambiense HAT (gHAT) 

and rhodesiense HAT (rHAT) named after the parasite subspecies that causes them. The most prominent 

differences (gHAT vs. rHAT) are the disease progression through the two clinical stages until death 

(years vs. months), the geographic distribution (West and Central vs. East Africa), the fraction of case 

numbers (98 % vs. 2 %), and the predominant mammalian reservoirs (anthroponotic vs. zoonotic). Both 

variants pose a drastic example of the few infectious diseases with almost 100 % lethality when 

untreated. The small fraction of humans that spontaneously goes into remission without treatment is 

now recognized, but only described for gHAT cases.523 In general, there is a specific human immune 

response towards trypanosomes mediated by human apolipoprotein L1 (APOL1). It is physiologically 

incorporated into high-density lipoproteins that are taken up by the parasite via receptor-mediated 

endocytosis, after which the pore-forming ability of APOL1 disrupts the parasite’s membrane 

integrity.524 This mechanism protects humans from other Trypanosoma species (e.g., T. brucei brucei,  

T. congolense, T. vivax) that infect mammals used as livestock, but it is ineffective against the two HAT 

trypanosomes, because they each have a characteristic defense mechanism, enabling them to resist 

APOL1-mediated responses.525,526 While T. b. rhodesiense can inactivate APOL1 through complex 

formation with serum resistance-associated protein (SRA), T. b. gambiense hinders the APOL1 

incorporation into endosomal membranes through the membrane-stiffening effect of T. b. gambiense-

specific glycoprotein (TgsGP). In both cases, proteolytic digestion of inactive APOL1 by cathepsins 

plays a major role in parasite survival. Subpopulations of humans in West and Central Africa (where 

gHAT dominates instead of rHAT) have developed APOL1 variants resistant to the defense mechanism 

that T. b. rhodesiense relies on, conferring immunity towards rHAT.524 In addition to the utilization of 

different vector species, this might contribute some explanation for the regional distribution of the two 

HATs. In general, the WHO goal of elimination seems only achievable for gHAT, because  

T. b. rhodesiense has access to other mammal reservoirs, while T. b. gambiense is mainly infective to 

humans.527,528 In addition, it is assumed that T. b. rhodesiense could evolve from T. b. brucei in a 

relatively small timeframe due to their similarity.529 This could provide explanation for a resurgence of 

rHAT in areas where it was ruled non-endemic decades ago, but this assumption requires solid 

proof.527,530 



Introduction 

58 

For T. brucei, cyclical morphological and physiological changes (Figure 24) are always associated with 

a change in environment.508 The parasite has to adapt to the conditions of vector gut, vector salivary 

gland, and mammal bloodstream. The simplified order of progression starts with bloodstream forms, 

then gut forms, then salivary gland forms, from which the cycle is repeated. For therapeutic purposes, 

the bloodstream forms inside the human host are relevant. Of these, two phenotypically distinct variants 

are described as “stumpy” or “slender”. The stumpy form is characterized by an inability to proliferate 

due to cell cycle arrest and resistance against environmental influences531, indicating its role as the 

reservoir for sustained infection and transmission. However, the role of the stumpy form is not only to 

be transmitted, but to also act as a handle of parasitemia control: if only the dividing slender form existed, 

then the host might be killed too quickly to enable further transmission events.532 That is why slender 

trypanosomes have quorum sensing ability, which is the ability to measure their local population linked 

to the concentration of oligopeptides liberated during tissue degradation by secreted trypanosomal 

proteases.533 They limit their expansive potential by turning into the non-proliferative stumpy form when 

a high local parasite count results in high tissue damage, which ensures host survival. In contrast, the 

slender form is best suited for invasion of the mammal host, because of its ability to multiply and to 

adapt its surface for immunologic evasion. As long as in their slender bloodstream form, they cover 

themselves homogenously with surface glycoproteins that shield them from recognition by 

macrophages.534 It is termed variable surface glycoprotein (VSG) because it can be exchanged by the 

parasite quite easily.535,536 This mechanism is a prime element of the parasite’s immune evasion ability. 

In the host bloodstream, there is always a dominant population of slender trypanosomes with one VSG 

called the homotype, and minor populations with a different variable antigen type (VAT) called 

heterotypes.508 The homotype population gets targeted by the host immune system, that specifically 

diminishes this population by antibody-mediated pathways.537 During remission, this leads to the surge 

of one of the heterotypes as the new homotype with a VAT the immune system has to readapt to. Ca. 

2000 VSGs are DNA-encoded, but only one is expressed at a time.538 There are other immunologic 

interferences that lead to fatal parasitemia like B cell depletion in the bone marrow to hamper antibody-

mediated responses539, suppressing immunologic memory in general540, and increasing their membrane 

fluidity for quicker endocytotic clearance of surface-bound antibodies541. Adding another function to the 

slender bloodstream form and in contrast to the classical belief that only stumpy forms can survive the 

mammal-to-fly transition and enter the next stages of the parasitic life cycle to procyclic forms, there is 

experimental proof that this route is available to slender trypanosomes as well.542 

Much preclinical research towards this disease is performed on the one T. brucei subspecies not 

responsible for HAT (T. b. brucei).543–545 Biohazard concerns, reliance on a non-human mammal model, 

and established adaptation to laboratory conditions with reliable protocols are all sound reasons for this. 

However, for more advanced studies T. b. rhodesiense and T. b. gambiense models are available.546–548 

This comparability relies on the strong genetic similarity between the subspecies, further discussed 

below. As another level of complexity, investigations can be performed on monomorphic strains  
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(e.g., MITat 1.4 = Lister 427, slender form that cannot transform to stumpy form)549,550, or pleomorphic 

strains (e.g., AnTat 1.1, transformation possible)549,551. A homogeneous response from slender forms to 

select drugs is easier to interpret, and they represent the major pathologic entity as they are the ones that 

kill their host. But it is also important to characterize pharmacologic effects on the stumpy form that 

restarts the infectious cycle in terms of disease elimination and therapeutic interruption of transmission.  

 

Figure 24: Simplified life cycle of T. brucei gambiense with distinctions between host/vector localization (note: human can be 

exchanged for or supplemented with different other mammals in T. brucei brucei or T. brucei rhodesiense infections). The 

characteristics of the trypomastigote (bloodstream) forms are elaborated in detail in the text section above. Different 

colorization of trypanosomes represents difference in VSG coat. For further differences concerning morphology, metabolism, 

and replication, as briefly mentioned here, the reader is directed to Lit508, from which this illustration was adapted. Figure 

created with Biorender.com. 

Pharmacologic Control Efforts Against Human African Trypanosomiasis 

The earliest drugs effective against HAT, especially for the hard-to-treat central nervous stage of the 

disease, were brutal from a modern perspective.552 Starting with the use of plain sodium arsenite, 

different organoarsenic drugs were developed and are still in use a century later despite their obvious 

toxicological risks.553 These organoarsenic drugs (e.g., (4-aminophenyl)arsenic acid and melarsoprol) 

were developed in a successful effort to reduce the toxicity of inorganic arsenite.554 However, major 

neurological adverse effects like permanent blindness or lethal encephalopathy are still associated with 

them.555,556 The mechanism of action for As(III)-derived drugs like melarsoprol is blocking the parasite’s 

glucose metabolism by inhibition of its pyruvate kinase.554 While melarsoprol was one of the most 

important drugs for treatment, especially in central-stage cases, since June 2024 its use has been limited 

to children with rHAT, and in relapsing cases of gHAT.557 
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Structurally inspired by trypanocidal azo dyes like trypane red, suramin was developed as an uncolored 

derivate suitable for human use.558 It has a multifactorial mechanism of action that leads to parasite 

death.559 From a toxicological point of view it is an improvement from the severe consequences of 

arsenite therapy, but peripheral polyneuropathy in around 50 % of treated patients, among other relevant 

organ toxicities, still makes this therapeutic option dangerous.560 Due to its absent brain-permeation, 

suramin can only be used in the first stage of the disease and is only in use for children with rHAT.557 

Symmetric bisamidines represent another group of trypanocidal drugs, with pentamidine being the 

primary representative.561 Its mechanism of action is not fully elucidated562, and it is not without relevant 

toxicity563. The reason this class held great promise was in their investigated potential for oral application 

as amidoxime prodrugs.564 All HAT-drugs presented until here need to be applied by an intravenous or 

intramuscular route due to poor passive permeability. The prodrug melarsoprol, as well as its active form 

melarsen oxide, are actively transported into trypanosomes by P2-type adenosine transporter.565 Suramin 

is actively taken up by endocytosis via invariant surface glycoprotein 75.566 Lastly, pentamidine is taken 

up by endocytosis mediated by aquaglyceroporin 2, as well as through the P2-type adenosine and two 

other transporters.567,568 To improve passive permeability of bisamidines, an early derivate that was at 

least similarly effective against HAT compared to pentamidine563, was chemically derivatized to its 

bisamidoxime prodrug569; a modification that is known to convey oral bioavailability570. The 

effectiveness of this approach was then put to the test for the experimental treatment of trypanosome 

infections and in clinical trials.564,571 However, the development was discontinued due to delayed 

nephrotoxicity during the phase III trial.572 Despite this, pentamidine is still in use for children with 

gHAT and optional for adults with gHAT. While evidence in rHAT is limited, it is an option when 

alternatives are not available.557 

A dual therapy regime for HAT was introduced by the combination of nifurtimox (oral) and eflornithine 

(intravenous). The nitrofuran nifurtimox exerts its antiparasitic effect through nitroreductase-generated 

radicals and subsequent DNA damage.573 The difluoromethyl-substituted ornithine analog eflornithine 

is an irreversible inhibitor of the parasite’s ornithine decarboxylase, with a weaker effect against  

T. b. rhodesiense due to higher activity and faster turnover of the target enzyme than in the gambiense 

subspecies.574,575 Eflornithine requires a parenteral route of application and is transported into the 

parasite cells via amino acid transporter 6.576 Nifurtimox is orally bioavailable, but is lacking in 

monotherapy because without a second therapeutic agent, it can require high, toxicity-limited doses for 

its effect.577,578 The nifurtimox eflornithine combination therapy (NECT) is an important pillar of treating 

even severe cases of gHAT.579 Even though the toxicological profile is still concerning, in light of the 

severity of central-stage HAT, these adverse effects do usually not result in treatment  

terminations.579–581 Therefore, NECT is a first-line therapy for gHAT, especially in the central stage of 

the disease. It is not used for rHAT.557 
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Structurally linked to nitrofurans is the nitroimidazole fexinidazole, which is the most recently approved 

oral drug with suggested use against gHAT (since Dec. 2018) and rHAT (since Dec. 2023).557,582 Both 

nitrohetaryl classes share their redox-dependent mechanism of action.583 Fexinidazole is in most cases 

recommended in favor of both pentamidine and NECT (in gHAT) as well as in favor of suramin or 

melarsoprol (in rHAT), and generally applied in peripheral and central stages of the disease.557,582 It 

requires coadministration with food for 10 consecutive days, and still has some side effects, but this is 

undeniably a substantial improvement to the comparator therapies.527  

A novel group of trypanocidal drugs are benzoxaboroles.584 Acoziborole showed good activity against 

all subspecies in murine models585, and was successful in clinical trials against gHAT.586 The most 

striking advantage is its oral application as one single dose that is sufficient for therapeutic success. Its 

molecular target is cleavage- and polyadenylation specificity factor 3, which is a zinc-dependent 

endonuclease.544 In its bound state, the boronic acid derivate covalently binds the complexed water 

molecule within the active site, thereby generating a transition-state mimic of the RNA-phosphate during 

cleavage.  

Most efforts against HAT have been focused on the gambiense variant, due to key differentiating factors 

explained above.527 An overview is given in Figure 25. The drugs required for treatment are largely 

supplied by Sanofi (eflornithine, melarsoprol, pentamidine, and fexinidazole) and Bayer (nifurtimox and 

suramin) via the WHO.517 Especially with respect to rHAT, which is harder to treat and eliminate than 

gHAT, alternative treatment options should not be neglected. This is especially true in the context of the 

evolution of drug resistance, making research on these alternatives valuable from a clinical perspective. 

The rational design of inhibitors for a yet underexplored target like rhodesain (TbCatL) can potentially 

fill this gap, which will be discussed next. Beside this immediate benefit, the research on this parasitic 

cysteine protease is expected to make valuable contributions to the field of protease inhibitors in general. 

Just like the research on nitroreductases was able to provide valuable drugs for bacterial and parasitic 

infections by obviously different pathogens, insights gained on inhibitors of rhodesain is expected to be 

transferrable to the vast field of disease-relevant cysteine proteases described above. 
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Figure 25: Top information: timeline of Human African Trypanosomiasis from its formal description, followed by the  

WHO-defined control phase and its elimination as a public health problem, culminating in its targeted elimination. A distinction 

between g/rHAT is made.517 Bottom information: timeline for drug advancements against HAT. Dates compiled from the 

sources mentioned above. Figure created with Biorender.com and ChemDraw. 

Rhodesain as a Molecular Target for HAT Therapy 

The basis of research interest towards T. brucei cathepsin L is the relevance of its activity to disease 

progression and patient outcome. There is however debate about which name should be used for this 

enzyme. It is present in ≥98% identity in the three T. brucei subspecies brucei, rhodesiense and 

gambiense.587 While distinguished by their infectivity towards humans525, the phylogenic status of 

rhodesiense as a subspecies besides brucei is questioned, further making a separation between rhodesain 

and brucipain redundant.513,516 Suggested alternative names indicating the host species, while aiming to 

omit subspecies ambiguities are TbrCATL and TbCATL.588,589 For the sake of traceability (i.e., keywords 

used in published articles that enable search algorithms to find related literature), rhodesain will still 

appear in this thesis, as well as TbCatL.  

The essential status of rhodesain for T. brucei was validated in different ways. A study used a murine  

in vivo model that was infected with genetically modified T. b. brucei.590 The parasite was equipped 

with a doxycycline-inducible RNAi system targeted to TbCatL. This method for genetic manipulation 

of trypanosomes can efficiently induce the expression of model proteins (green fluorescent protein, 

luciferase)591,592 as well as the induction of RNAi towards essential trypanosomal enzymes593. However, 

the transcription induction of interfering RNA towards TbCatL mRNA resulted only in incomplete 

silencing in the mentioned study (mRNA reduced by 60 %).590 In turn, it did not result in curing the 

infected mice, but still markedly prolonged survival. In the same study, an in vitro model of the  
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blood-brain barrier could show that this incomplete RNAi towards TbCatL also reduced the parasite’s 

ability to cross a tight membrane cultured from brain microvascular endothelial cells. It was also shown 

that this enzyme is detectable in higher quantity and with more activity in the human-pathogenic 

gambiense and rhodesiense subspecies when compared to brucei.526,594 

In other studies, instead of genetic manipulation of rhodesain levels, a small molecule inhibitor was used 

to suppress rhodesain activity on a proteomic level to either kill trypanosomes or prevent their passing 

of the blood-brain barrier.589,594 To this end, K11777 has become a famous irreversible inhibitor based 

on a vinylsulfone warhead attached to the relatively lipophilic Phe-hPhe backbone. Vinylsulfones react 

in a sulfur-analogous Michael-addition with cysteine proteases but not with free thiols, serine or 

metalloproteases.204 However, they can bind to threonine proteases.595 With this backbone, these 

inhibitors effectively address different cysteine cathepsins with exceptional k2nd towards human CatS, 

but also efficient inhibition of CatL from human and T. cruzi.204 Selectivity is described over human 

CatB and CatK, as well as less related cysteine proteases like calpains.204 The N-terminal piperazine 

capping conveys sufficient solubility through protonation without strong influence on inhibition (k2nd) 

compared to the original morpholine.596,597 K11777 is weakly bioavailable, only reaching blood levels 

sufficient to be effective against parasites without affecting host physiology despite its formal lack of 

selectivity between HsCatL and TbCatL.487 While it should be noted that other potential targets of 

K11777 like the trypanosomal proteasome have been described, it is still assumed that its primary target 

is TbCatL.594,596 The treatment of trypanosomes with K11777 was performed in the context of further 

characterizing the relevance of TbCatL towards blood-brain barrier traversal.594 It could be shown that 

the traversal is not propelled by direct digestion of junctional molecules through secreted TbCatL but 

rather by its modulation of Ca2+-signaling in the endothelial cells. The mechanism of how this is 

mediated is not fully elucidated, but it is expected to progress in a receptor-mediated way, either through 

direct interaction of secreted TbCatL with protease-activated receptors or by proteolytic production of 

agonists at G-protein coupled receptors or tyrosine kinases.  

K11777 is a chemical probe that was preclinically investigated in different parasitic disease models  

(e.g., Chagas disease598, Schistosomiasis599, HAT600, Toxoplasmosis601). This diversity for application of 

cathepsin inhibitors in different parasitologic contexts is an argument making research on the topic of 

similar structures as inhibitors worthwhile.602 Especially in the context of covalent peptide-based 

inhibitors, there are sufficient crystal structures with CatL orthologs from different parasites to enable 

structure-based drug design on this ligand-inspired scaffold.597,603 Summarizing, also from the general 

parasite physiology above, TbCatL in its lysosomal function is involved in parasite nutrition and immune 

evasion. Peptides are digested for energy or amino acid building blocks, and VSG turnover as well as 

degradation of inactivated APOL1 is enabled. In its extracellular role, the contribution to quorum 

sensing by tissue degradation and the receptor-mediated influence on the blood-brain barrier are 

important. Taken together, lysosomal rhodesain is relevant for parasite survival, while secreted 

rhodesain is linked to infectivity through the capacity of the parasite to infiltrate the human central 
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nervous system, which is associated with disease progression and severity. An overview of the function 

of rhodesain is given in Figure 26. 

 

Figure 26: The various roles of TbCatL for parasite survival, immune evasion, and the invasion of the central nervous system. 

1. Slender bloodstream forms are covered in a layer of VSG, which is subjected to a constant turnover mediated by lysosomal 

proteases like rhodesain. 2. One resistance mechanism of humans towards trypanosomes is delivered by high-density 

lipoproteins (APOL1, pink wedge), which is transported to the lysosome, inactivated, and degraded. 3. Rhodesain is expressed 

and shuttled to the lysosomal compartment in an inactive form (bright red), where it is proteolytically activated (dark red). SRA 

or TgsGP (the resistance proteins towards APOL1 toxicity) are shuttled there in the same manner (depicted for SRA, green 

wedge). 4. Rhodesain in secretory lysosomes is secreted into the pericellular space, where it retains its proteolytic activity.  

5. Rhodesain degrades surrounding tissue and the generated peptide fragments contribute to the parasite’s quorum sensing 

ability (6.). 7. Rhodesain promotes the infiltration of the brain through receptor-mediated change in Ca2+-signaling (8.), 

resulting in loosening of the tight-junctions of the blood-brain barrier (9.). Figure created with Biorender.com.  
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Project Overview 

The publications that are part of this thesis can be divided into two projects. Their connecting quality is 

the characterization of peptide-based covalent inhibitors of different proteases. Their distinguishing 

feature is the employed methodology for these characterizations. 

In the first project, active site interactions of protein-inhibitor complexes were characterized to elucidate 

the binding mode of ligand-inspired protease inhibitors with an electrophilic warhead. All included 

publications investigated rhodesain as a target essential to trypanosomes which are the pathogens of 

Human African Trypanosomiasis. To this end, a MALDI-TOF-based mass spectrometry method was 

established with the given complexes to prove covalent target engagement and applied in three 

publications that distinguish themselves by the employed group of warheads. The first publication 

focused on α-fluoro-substituted vinylsulfones and -sulfonates that represent a reversibly reacting option 

to the established irreversible vinylsulfones. The second article focused on keto Michael acceptors that 

distinguish themselves by the presence of multiple possible electrophilic sites. The third publication 

focused on electron-deficient arenes as SNAr warheads which were modulated to generate stable 

intermediates of this reaction type as the dominant inhibiting complex. For the two latter publications, 

the target protease was also heterologously expressed in P. pastoris, and investigations on binding 

affinity and kinetics incl. reversibility were performed. 

The following publications constitute the results obtained for this project (‡ indicates shared first 

authorship): 

Jung, S.‡; Fuchs, N.‡; Johe, P.; Wagner, A.; Diehl, E.; Yuliani, T.; Zimmer, C.; Barthels, F.; Zimmermann, 

R.A.; Klein, P.; et al. Fluorovinylsulfones and -Sulfonates as Potent Covalent Reversible Inhibitors of 

the Trypanosomal Cysteine Protease Rhodesain: Structure-Activity Relationship, Inhibition Mechanism, 

Metabolism, and In Vivo Studies. J. Med. Chem. 2021, 64, 12322–12358, 

doi:10.1021/acs.jmedchem.1c01002. 

Own contributions: Establishing a MALDI-TOF-MS method from different acidic matrices for 

rhodesain and its inhibitors to distinguish covalent from non-covalent binders, characterizing 

the covalency of binding for inhibitors 1, 2a, 2j and 2k in this context, writing parts and editing 

of the manuscript. 

Contribution from others: Inhibitor synthesis and characterization of in vitro affinity, inhibition 

kinetics, and selectivity, reversibility assessment by dilution assay, non-covalent docking,  

ESI-MS experiments, QM/MM modeling, antitrypanosomal effect, cytotoxicity, in vitro 

microsomal metabolism, in vivo distribution study, writing and editing of the manuscript. 
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Agost-Beltrán, L.; Zimmer, C.; Räder, H.J.; Kersten, C.; Schirmeister, T.; Rodríguez, S.; González, F. 

V. Rhodesain Inhibitors on the Edge of Reversibility-Irreversibility. Bioorg. Chem. 2024, 153, 107830, 

doi:10.1016/j.bioorg.2024.107830. 

Own contributions: Heterologous expression of rhodesain, preliminary characterization of the 

in vitro affinity and inhibition kinetics of 11, 14, and 15 to validate the approach and verify the 

results, applying MALDI-TOF-MS to prove the covalency of binding for all final inhibitors, 

writing parts and editing of the manuscript. 

Contribution from others: Inhibitor synthesis and characterization of in vitro affinity, inhibition 

kinetics, and selectivity, reversibility assessment by dilution and dialysis assay, non-covalent 

and covalent docking, molecular dynamics simulation, writing and editing of the manuscript. 

Zimmer, C.‡; Brauer, J.‡; Ferenc, D.; Meyr, J.; Müller, P.; Räder, H.-J.; Engels, B.; Opatz, T.; 

Schirmeister, T. Substitution-Induced Mechanistic Switching in SNAr-Warheads for Cysteine Proteases. 

Molecules 2024, 29, 2660, doi:10.3390/molecules29112660. 

Own contribution: Heterologous expression of rhodesain, characterization of the in vitro affinity, 

inhibition kinetics, and selectivity, including inner-filter effect correction, reversibility 

assessment by dilution assay, characterization of the covalency of inhibitor binding by  

MALDI-TOF-MS, reactivity assessment towards a model thiol in an aqueous solution,  

non-covalent docking, assessment of passive permeation by PAMPA, writing and editing of the 

manuscript. 

Contribution from others: Inhibitor synthesis, reactivity study against a model thiolate in an 

organic solvent, quantum mechanical calculation of the reaction progress, writing and editing 

of the manuscript. 

This last publication of the aforementioned project already introduces the second project, in which 

protease inhibitors were characterized in a target-independent way to elucidate their potential for passive 

membrane permeation. To this end, a parallel artificial membrane permeation assay was optimized and 

applied to the inhibitors in this and three additional publications. They distinguish themselves by their 

target context and therefore the employed inhibitor structures and warheads, while all inhibitors were 

built on peptide-based scaffolds. The characterization of esters as prodrug structures in the context of 

cell-based assays was performed for the SNAr-based inhibitors mentioned above. In the first new paper 

of this section, arginine-mimetics were evaluated for their potential influence on the high polarity of the 

guanidine moiety in the context of permeability. The second paper revolves around inhibitors with the 

various Michael acceptor warheads alluded to in the first section (both vinylsulfones and  

keto vinylesters) but now in the context of an effect in a cellular assay. For the last publication,  

structure-permeability relationships that correlate calculated physicochemical parameters with in vitro 

permeation results were established on peptidomimetic inhibitors bearing either a nitrile or a carbonyl-

based warhead.  
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The following additional publications constitute the results obtained for this project: 

Müller, P.; Zimmer, C.; Frey, A.; Holzmann, G.; Weldert, A. C.; Schirmeister, T. Ligand-Based Design 

of Selective Peptidomimetic uPA and TMPRSS2 Inhibitors with Arg Bioisosteres. Int. J. Mol. Sci. 2024, 

25, 1375, doi:10.3390/ijms25031375. 

Own contribution: Protein similarity calculations for the employed serine proteases, 

spectroscopic characterization of the α-keto hetaryl warheads, LCMS-based assessment of the 

inhibitors’ stability in an aqueous solution, calculation of physicochemical parameters (pKa, logP, 

logD7.4) for arginine-mimetic inhibitors, PAMPA assessment of passive permeability, writing 

parts and editing of the manuscript. 

Contribution from others: Inhibitor synthesis and characterization of the in vitro affinity and 

selectivity, writing and editing of the manuscript. 

Fuchs, N.‡; Zimmermann, R.A.‡; Schwickert, M.‡; Gunkel, A.; Zimmer, C.; Meta, M.; Schwickert, K.; 

Keiser, J.; Haeberli, C.; Kiefer, W.; et al. Dual Strategy to Design New Agents Targeting Schistosoma 

mansoni: Advancing Phenotypic and SmCB1 Inhibitors for Improved Efficacy. ACS Infect. Dis. 2024, 

10, 1664–1678, doi:10.1021/acsinfecdis.4c00020.  

Own contribution: Evaluating the passive permeability of the SJ-series by PAMPA, correlating 

the passive permeability with inhibition data against isolated target and cellular effect, writing 

parts and editing of the manuscript. 

Contribution from others: Inhibitor synthesis and characterization of the in vitro affinity, 

inhibition kinetics, and selectivity, antischistosomal effect, correlation of the physicochemical 

parameters (logP, PSA) with inhibition data against the isolated target and the cellular effect, 

non-covalent and covalent docking, writing and editing of the manuscript. 

Meta, M.‡; Zimmer, C.‡; Fuchs, N.; Zecher, M.J.; Lahu, A.; Schirmeister, T. Structural Modifications of 

Covalent Cathepsin S Inhibitors: Impact on Affinity, Selectivity, and Permeability. ACS Med. Chem. Lett. 

2024, 15, 837–844, doi:10.1021/acsmedchemlett.4c00050. 

Own contribution: Evaluating the passive permeability of all final inhibitors by PAMPA, 

correlating the passive permeability with physicochemical parameters (logP, PSA),  

LCMS-based aqueous stability analysis and reactivity assessment towards a model thiol for 44, 

writing and editing of the manuscript. 

Contribution from others: Inhibitor synthesis and characterization of the in vitro affinity, 

inhibition kinetics, and selectivity, reversibility assessment by dilution assay, non-covalent and 

covalent docking, hydrazone liberation assay, writing and editing of the manuscript. 
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Publication record 

Publications as part of this dissertation 

(‡ indicates shared first authorship) 

1) Investigations of Binding Interactions 

Jung, S.‡; Fuchs, N. ‡; Johe, P.; Wagner, A.; Diehl, E.; Yuliani, T.; Zimmer, C.; Barthels, F.; Zimmermann, 

R.A.; Klein, P.; et al. Fluorovinylsulfones and -Sulfonates as Potent Covalent Reversible Inhibitors of 

the Trypanosomal Cysteine Protease Rhodesain: Structure-Activity Relationship, Inhibition Mechanism, 

Metabolism, and In Vivo Studies. J. Med. Chem. 2021, 64, 12322–12358, 

doi:10.1021/acs.jmedchem.1c01002. 

Agost-Beltrán, L.; Zimmer, C.; Räder, H. J.; Kersten, C.; Schirmeister, T.; Rodríguez, S.; González, F. 

V. Rhodesain Inhibitors on the Edge of Reversibility-Irreversibility. Bioorg. Chem. 2024, 153, 107830, 

doi:10.1016/j.bioorg.2024.107830. 

Zimmer, C.‡; Brauer, J.‡; Ferenc, D.; Meyr, J.; Müller, P.; Räder, H.-J.; Engels, B.; Opatz, T.; 

Schirmeister, T. Substitution-Induced Mechanistic Switching in SNAr-Warheads for Cysteine Proteases. 

Molecules 2024, 29, 2660, doi:10.3390/molecules29112660. 

 

2) Investigations of Permeability 

Müller, P.; Zimmer, C.; Frey, A.; Holzmann, G.; Weldert, A. C.; Schirmeister, T. Ligand-Based Design 

of Selective Peptidomimetic uPA and TMPRSS2 Inhibitors with Arg Bioisosteres. Int. J. Mol. Sci. 2024, 

25, 1375, doi:10.3390/ijms25031375. 

Fuchs, N.‡; Zimmermann, R. A.‡; Schwickert, M.‡; Gunkel, A.; Zimmer, C.; Meta, M.; Schwickert, K.; 

Keiser, J.; Haeberli, C.; Kiefer, W.; et al. Dual Strategy to Design New Agents Targeting Schistosoma 

mansoni: Advancing Phenotypic and SmCB1 Inhibitors for Improved Efficacy. ACS Infect. Dis. 2024, 

10, 1664–1678, doi:10.1021/acsinfecdis.4c00020.  

Meta, M.‡; Zimmer, C.‡; Fuchs, N.; Zecher, M. J.; Lahu, A.; Schirmeister, T. Structural Modifications 

of Covalent Cathepsin S Inhibitors: Impact on Affinity, Selectivity, and Permeability. ACS Med. Chem. 

Lett. 2024, 15, 837–844, doi:10.1021/acsmedchemlett.4c00050. 
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Additional publications beyond this dissertation 

Amendola, G.; Ettari, R.; Previti, S.; Di Chio, C.; Messere, A.; Di Maro, S.; Hammerschmidt, S. J.; 

Zimmer, C.; Zimmermann, R. A.; Schirmeister, T.; Zappalà, M.; Cosconati, S. Lead Discovery of 

SARS-CoV-2 Main Protease Inhibitors through Covalent Docking-Based Virtual Screening. J. Chem. 

Inf. Model. 2021, 61 (4), 2062–2073. https://doi.org/10.1021/acs.jcim.1c00184. 

Barthels, F.; Hammerschmidt, S. J.; Fischer, T. R.; Zimmer, C.; Kallert, E.; Helm, M.; Kersten, C.; 

Schirmeister, T. A Low-Cost 3D-PrinTable Differential Scanning Fluorometer for Protein and RNA 

Melting Experiments. HardwareX 2022, 11, e00256. https://doi.org/10.1016/j.ohx.2022.e00256. 

Di Chio, C.; Previti, S.; De Luca, F.; Bogacz, M.; Zimmer, C.; Wagner, A.; Schirmeister, T.; Zappalà, 

M.; Ettari, R. Drug Combination Studies of the Dipeptide Nitrile CD24 with Curcumin: A New Strategy 

to Synergistically Inhibit Rhodesain of Trypanosoma Brucei Rhodesiense. Int. J. Mol. Sci. 2022, 23 (22). 

https://doi.org/10.3390/ijms232214470. 
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Ruchirawat, S.; Bhambra, A. S. A Structure-Based Virtual High-Throughput Screening, Molecular 

Docking, Molecular Dynamics and MM/PBSA Study Identified Novel Putative Drug-like Dual 

Inhibitors of Trypanosomal Cruzain and Rhodesain Cysteine Proteases. Mol. Divers. 2023. 
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Cysteine Protease Rhodesain. ACS Chem. Biol. 2021, 16 (4), 661–670. 
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Publications 

1: Fluorovinylsulfones and -Sulfonates as Potent Covalent Reversible Inhibitors of 

the Trypanosomal Cysteine Protease Rhodesain: Structure-Activity Relationship, 

Inhibition Mechanism, Metabolism, and In Vivo Studies. 

The vinylsulfone is a successfully applied irreversible warhead in the development of preclinical 

inhibitors of cysteine proteases. While its irreversible mode of action sparked doubt about its suitability 

for clinical applications, K11777 as one of the furthest investigated members of this class has proven 

biocompatible. It was moderately bioavailable and did not show obvious toxicity, but room for 

optimization remains. Human African Trypanosomiasis, the disease in which context derivates were 

evaluated in this study, requires drug distribution into the central nervous system to treat the second 

stage of the disease, for which only few treatment options are currently available. Even though options 

have increased in recent years, a lack of alternatives can be concerning considering resistance 

development. In addition to the need for central nervous bioavailability, increased selectivity is a feature 

required for optimization of K11777. Apart from modification necessary to the peptide backbone, this 

ties into the fact that most approved covalent protease inhibitors carry a reversibly covalent warhead, 

which also requires revisiting the possible modifications to vinylsulfones. Past research had 

characterized α-fluorovinylsulfones as suitable reversible options for the inhibition of rhodesain.604–606 

Additionally, vinylsulfonates had also been validated, making the combined α-fluorovinylsulfonates 

potentially viable.607  

Therefore, α-fluorovinylsulfones and α-fluorovinylsulfonates were evaluated as warhead options, with 

simultaneous modulation of the dipeptidic recognition sequence and the N-terminal capping group. 

Surprisingly, the two warheads showed distinct behaviors regarding their inhibition kinetics in the 

standard inhibition assays which necessitated a recharacterization of the entire binding mode for these 

inhibitors. The mechanistic reason for the reversibility of α-fluorovinylsulfones was probed by a 

computational QM/MM approach. The initial assumption was that the fluorine in α-position of the 

double bond electrostatically stabilizes the intermediate carbanion resulting from the nucleophilic attack 

of rhodesain’s active site cysteine thiolate, as described for α-cyanoacrylamides in the context of 

cysteine-reactive kinase inhibitors.608 It was shown however by molecular dynamics simulations, that 

intramolecular torsion is required for the fluorinated double bond that is not necessary for the 

unfluorinated double bond, because the two bind in different initial non-covalent orientations. The 

energy required for torsion prior to the covalent reaction is the reason why the exothermicity of the 

reaction on the fluorinated double bond is reduced, making the entire reaction reversible. The fact that 

these inhibitors still bind covalently was verified with MALDI-TOF mass spectrometry from acidic 

matrices that suppress non-covalent interactions. It was shown that structural modifications to the  

N-terminal cap and a change from vinylsulfone (K11777) over α-fluorovinylsulfone (1) to  

α-fluorovinylsulfonates with different N-terminal capping groups (2a, 2j, 2k) retained the covalent 
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binding mode. Reversibility assessment then elucidated a difference in dissociation from the target 

between the reversible warheads depending on the sulfone or sulfonate moieties. While the  

α-fluorovinylsulfones showed the fast reversible reaction as observed before, the  

α-fluorovinylsulfonates showed slower reversibility. Hence, the affinity and kinetics of the two classes 

were calculated accordingly with time-independent or time-dependent models, respectively. Reasons for 

selectivity over the related human cathepsins B and L were mainly attributed to specific changes to the 

P2 and P3 residues. In addition to these mechanistic investigations, the inhibitors were also evaluated in 

a cell-based assay against T. brucei where many showed low micromolar or nanomolar EC50 values with 

low cytotoxicity, especially for the derivates without the N-terminal N-methyl piperazine. The 

distribution study in the chosen mouse model showed improved brain permeation and accumulation for 

an inhibitor, in which the N-methyl piperazine was exchanged for pyridine. In vitro metabolism 

elucidated a possible metabolic hotspot for these inhibitors, which is the N-terminal cap; demethylation 

of N-methyl piperazine and N-oxidation of N-methyl piperazine or pyridine were observed. Taken 

together this publication is a collaborative investigation of the inhibition mechanism of uncommon 

reversible variants of the vinylsulfone warhead targeting a cysteine protease involved in a neglected 

tropical disease. The preclinical results included are promising indicators for future drug design efforts. 

Own contributions: Establishing a MALDI-TOF-MS method from different acidic matrices for 

rhodesain and its inhibitors to distinguish covalent from non-covalent binders, characterizing the 

covalency of binding for inhibitors 1, 2a, 2j and 2k in this context, writing parts and editing of the 

manuscript. 

Contribution from others: Inhibitor synthesis and characterization of in vitro affinity, inhibition kinetics, 

and selectivity, reversibility assessment by dilution assay, non-covalent docking, ESI-MS experiments, 

QM/MM modeling, antitrypanosomal effect, cytotoxicity, in vitro microsomal metabolism, in vivo 

distribution study, writing and editing of the manuscript. 

 

This work was published in the Journal of Medicinal Chemistry. 

Article reprinted with permission of J. Med. Chem. 2021, 64, 16, 12322–12358, “Fluorovinylsulfones 

and -Sulfonates as Potent Covalent Reversible Inhibitors of the Trypanosomal Cysteine Protease 

Rhodesain: Structure–Activity Relationship, Inhibition Mechanism, Metabolism, and In Vivo Studies”, 

Copyright © 2021 American Chemical Society. Published by American Chemical Society. 
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ABSTRACT: Rhodesain is a major cysteine protease of
Trypanosoma brucei rhodesiense, a pathogen causing Human African
Trypanosomiasis, and a validated drug target. Recently, we
reported the development of α-halovinylsulfones as a new class
of covalent reversible cysteine protease inhibitors. Here, α-
fluorovinylsulfones/-sulfonates were optimized for rhodesain
based on molecular modeling approaches. 2d, the most potent
and selective inhibitor in the series, shows a single-digit nanomolar
affinity and high selectivity toward mammalian cathepsins B and L.
Enzymatic dilution assays and MS experiments indicate that 2d is a
slow-tight binder (Ki = 3 nM). Furthermore, the nonfluorinated
2d-(H) shows favorable metabolism and biodistribution by
accumulation in mice brain tissue after intraperitoneal and oral administration. The highest antitrypanosomal activity was observed
for inhibitors with an N-terminal 2,3-dihydrobenzo[b][1,4]dioxine group and a 4-Me-Phe residue in P2 (2e/4e) with nanomolar
EC50 values (0.14/0.80 μM). The different mechanisms of reversible and irreversible inhibitors were explained using QM/MM
calculations and MD simulations.

■ INTRODUCTION
Human African Trypanosomiasis (HAT, sleeping sickness) is a
severe disease classified as a neglected tropical disease (NTD).1

HAT is caused by the protozoan parasiteTrypanosoma brucei (T.
brucei), which is transmitted to humans via the bite of the Tsetse
fly.2 Sleeping sickness is fatal if left untreated. Pentamidine and
suramin are used to treat the early, hemolymphatic stage of the
disease, while eflornithine and melarsoprol and the combination
therapy nifurtimox-eflornithine target the late, neurological
stage of the disease.3 Recently, the nitroimidazole fexinidazole
was introduced as the first oral treatment of both, stage-1 and
stage-2 T. b. gambiense HAT.4 However, most available drugs
show severe toxicity, poor bioavailability, and need long-time
administration due to their lack of efficiency.5 Therefore, there is
an urgent need to develop new therapies against this disease and,
in addition, T. brucei can serve as a valuable model organism for
other pathogenic kinetoplastid diseases. The cysteine protease
rhodesain (TbCatL) is essential for the development of the
parasite and for the progression of the disease.6,7 Inhibition of
the parasitic cysteine protease activity has been validated as a

drug target in vitro and in vivo.8 Consequently, rhodesain
represents a promising target for the development of safer drugs
against HAT.
Rhodesain belongs to the papain family of cysteine proteases

and shares high structural similarity with the human cathepsins,
especially cathepsin L (CatL; sequence identity 44.7%, similarity
59.1%, Cα-RMSD 1.35 Å).9,10 A prominent inhibitor of papain-
family cysteine proteases is K11777, a peptide-based vinyl-
sulfone that mimics the autoinhibition of prorhodesain and that
reacts in a Michael-type addition with the active-site cysteine
(Figure 1).10,11 The arising carbanion is protonated, resulting in
the irreversible formation of the covalent enzyme−inhibitor
complex. Substitution of the hydrogen at the α-position of the
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double bond by fluorine (compound 1) generates an α-
fluorovinylsulfone, which can undergo a reversible Michael-
type addition with thiols (Figure 1).12

The development of covalent inhibitors has seen a resurgence
in academia as well as in the industry during the past decade.13

There is much debate on the advantages and disadvantages of
covalent inhibition, especially concerning reversible covalent
inhibition mechanisms.14 On the one hand, covalent reversible
inhibitors alleviate some of the concerns arising from covalent

irreversible protein modifications, such as toxicity emerging
from off-target effects,15 idiosyncratic toxicity,16 and hapteniza-
tion,17 but maintain benefits such as enhanced potency and
prolonged residence times.18,19 In recent studies with reversible
fluorinated vinylsulfones and their irreversible counterparts, it
was shown that the electrophilic group, the so-called warhead,
and not the binding of the peptidic recognition unit limits the
kinetics of inhibition of the protease and that the fluorinated
vinylsulfone warhead reduces the rate constant of binding.20,21

Figure 1. Structures and inhibition mechanisms of irreversible (K11777; A) and covalent reversible (1; B) peptide-based vinylsulfones.

Figure 2. Structures of compounds 2a−4l.
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Based on the previously reported structure of the covalent
reversible inhibitor 1,12 in the present study we performed
structure−activity relationship (SAR) studies to optimize
inhibition potency for rhodesain and selectivity against human
cathepsins B and L using molecular docking approaches.
Additionally, quantum chemical-based computations were
performed to get further information about the differences in
the inhibition mechanisms of K11777 and its fluorinated
counterpart 1. These studies were performed because in our
previous study, the computed reaction energies for X = F and X
= H in the α-position of the warhead (Figure 1) did not differ
significantly. Thus, the transition from irreversible to reversible
inhibition by exchange of hydrogen by fluorine could not be
explained conclusively. The covalent behavior of the com-
pounds was experimentally evaluated with MS studies, and
reversibility was demonstrated with enzymatic dilution and
dialysis assays.
Furthermore, the ADME parameters of compound 1 and the

optimized inhibitor 2d-(H) were investigated via in vitro
metabolism studies and in vivo mouse studies in order to
determine their organ distribution and their accumulation in
brain tissue, thus evaluating their potential as candidates for the
treatment of stage-2 HAT.

■ RESULTS AND DISCUSSION
Design of Inhibitors. Structural variations of the fluorinated

vinylsulfone 1 (Figure 1B) were inspired by peptide-based
inhibitors of rhodesain, which contain structural elements at the
P3, P2, and P1′ positions21 that are known to either enhance
potency against rhodesain and/or increase selectivity against
CatL and CatB.22−25 For the P3 position, introduction of
aromatic and heteroaromatic systems was reported to favor
inhibition of rhodesain over CatL and CatB.22−24 Introduction
of an additional methyl group to the 3- or 4-position of the
phenylalanine aromatic ring at the P2 position can improve
potency and selectivity for rhodesain.22 Additionally, the
extension of the phenyl ring at the warhead into the S1′ pocket
via linker atoms increases potency for rhodesain.25 Based on
these observations, a virtual library of 511 modified compounds
was generated. These compounds were docked at rhodesain
(crystal structure of rhodesain bound to K11777, protein
databank (PDB) 2p7u11) using FlexX26 and DOCKTITE,27 as
reported previously (Table S1).12 The noncovalent enzyme−
inhibitor complex was generated with FlexX, and the scores
reflect whether the designed compounds have an improved
noncovalent affinity compared to the starting vinylsulfone 1.
Only compounds with a comparable or higher score were
selected for synthesis. In addition, the covalent complex was
modeled with DOCKTITE.27 In this case, the scores (Table S1)

Scheme 1. Synthesis of Building Blocks 13−17a

aReagents and conditions: aa = amino acid side chain; (a) NaH, THF, 0 °C, 1 h, 22−43%; (b) KHMDS, THF, −78 °C for 20 min, 1 h at rt, 47%;
(c) LHMDS, THF, −78 °C for 30 min, 12 h at rt, 54−75%; (d) 4 M HCl in dioxane, rt, 30 min, quant.; and (e) TFA, DCM, 0 °C, 1 h, quant.

Scheme 2. Preparation of Phosphonates 5−7a

aReagents and conditions: (a) Ms-Cl, TEA, EtOAc, 0 °C to rt, 30 min, 92%; (b) diethyl chlorophosphite (DECP), KHMDS, THF, −78 to −60 °C,
1 h, 74%; (c) DECP, n-BuLi, THF, 0 °C, 1 h, 52%; (d) NaH, THF, 0 °C to rt, 4 h, 84%; (e) mCPBA, DCM, 0 °C to rt, 12 h, 99%; and (f)
Selectfluor, KHMDS, THF/DMF, −78 °C to rt, 3 h, 48−62%.
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may be interpreted in terms of stability of the protein-bound
state.
Based on the results obtained from docking, a series of

compounds (2a−4i) were selected for synthesis and subsequent
evaluation of SAR (Figure 2). For all selected compounds,
scores obtained from both docking approaches were generally
higher when compared to starting compound 1 (Table S1).
Depending on the substitution pattern of the warhead at the P1′
position, compounds can be subdivided into aromatic
fluorovinylsulfones (phenyl substituent at P1′, cpds 4a−4i),
aliphatic fluorovinylsulfones (benzyl group at P1′, cpds 3a−3i),
and fluorovinylsulfonates (phenol ester at P1′, cpds 2a−2k).
Based on noncovalent docking (Table S1), compounds (4j−

4l) with methionine and S-benzylcysteine at P1 were suggested
to show a comparable (yet slightly lower) affinity to the
respective molecules with a homophenylalanine residue. There-
fore, these compounds were included in the present study and
investigated for their potency.
Chemistry. Compounds 2a−4l (Figure 2) were synthesized

using Horner−Wadsworth−Emmons (HWE) chemistry as the
key step (Scheme 1). The required boc-protected amino-
aldehydes (VI−VIII) were prepared using Weinreb chemistry.
The appropriate phosphonates (5−7) were synthesized in three
different ways (Scheme 2). The preparation of phosphonate 5
has been published previously.12 Phosphonates 6 and 7 were

obtained by fluorination of the respective nonhalogenated
precursors (IV, V) with Selectfluor in the presence of KHMDS.
The nonhalogenated precursors (III−V) were synthesized
according to literature procedures.28

HWE olefination of the aldehydes (VI−VII) with the
respective phosphonates (5−7) provided the corresponding
boc-protected vinylsulfones (8−12) as mixtures of (E)/(Z)-
isomers (Scheme 1), whereby the (E)-isomer was generally
favored under the employed conditions. Overall yields ranged
from 59 to 75%. The (E)-isomers were isolated by column
chromatography in acceptable yields (41−63%) and used for the
next steps. In the case of vinylsulfonate 9, the (Z)-isomer was
also isolated ((Z)-9, yield 22%). In the next step, the boc-group
was removed using standard protocols, either 4 M HCl in
dioxane or TFA in DCM, giving the amine building blocks 13−
17 in quantitative yields (Scheme 2). These building blocks were
subjected to peptide chemistry based on the boc strategy with
TBTU/HOBt as the coupling reagent (Scheme 3). The desired
compounds (2a−4l) were obtained after one or two coupling
and deprotection steps.
The metabolites of compounds 1 and 2d-(H), namely 1a, 1b,

and 2l, were synthesized using similar procedures to that
described above. For the N-demethylated metabolite 1a
(Scheme 4), vinylsulfone 13 was coupled with XIII. After
removal of the boc group, 1a was obtained with a yield of 93%.

Scheme 3. Synthesis of Compounds 2a−4l from Building Blocks 13−17a

aReagents and conditions: (a) TBTU, HOBt, DIEA, DMF, 0 °C to rt, 12 h, 59−81%; (b) TBTU, HOBt, DIEA, DCM, 0 °C to rt, 12 h, 69−83%;
(c) 4 M HCl in dioxane, rt, 30 min, quant.; and (d) TBTU, DIEA, DCM, 0 °C to rt, 12 h, 62−84%.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.1c01002
J. Med. Chem. 2021, 64, 12322−12358

12325



Publications 

77 

  

In Scheme 5, the preparation of the metabolite 1b, the N-

oxide of compound 1, is described. The synthesis started with

compound IX, which was oxidized with mCPBA,29 resulting in
ester 37, which was hydrolyzed with LiOH. Compound 38 was
then coupled with vinylsulfone 13, yielding compound 1b.

The N-oxidized metabolite 2l of compound 2d-(H) was

prepared as shown in Scheme 6. Isonicotinic acid was esterified

and then oxidized with mCPBA.29 The resulting compound 40
was hydrolyzed to 41 and then coupled with 34-(H), yielding
the N-oxide 2l.

Scheme 4. Synthesis of the N-Demethylated Metabolite 1aa

aReagents and conditions: (a) (1) triphosgene, DCM, 0 °C, 1 h, 85%. (2) 1-Boc piperazine, THF, rt, 18 h, 50%, (b) LiOH, THF, 0 °C to rt, 3 h,
74%, (c) HOBt, TBTU, DIEA, DCM, 0 °C to rt, 12 h, 45%, and (d) 4 M HCl in dioxane, rt, 1 h, 93%.

Scheme 5. Synthesis of the N-Oxidized Metabolite 1ba

aReagents and conditions: (a) mCPBA, DCM, 0 °C, 16 h, 52%; (b) LiOH, THF, 0 °C to rt, 3 h, 53%; and (c) HOBt, TBTU, DIEA, DCM/DMF,
0 °C to rt, 24 h, 23%.
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Enzyme Assays. Inhibition of rhodesain was tested with the
fluorogenic substrate Cbz-Phe-Arg-AMC as described previ-
ously.12,30 For the three series of compounds, the results from
the fluorometric enzyme assays with rhodesain and the related
mammalian enzymes cathepsin L and B are summarized in
Tables 1−3.
For benzyl and phenyl fluorovinylsulfones (cpds 3a−3i, 4a−

4l), the progress curves for inhibition of rhodesain were found to
be linear in all cases, indicating a fast reversible inhibition
(exemplarily shown for compound 3d in Figure 3A and for 4a in
Figure 3B). In order to confirm the competitive behavior of
these compounds, IC50 values were measured at seven different
substrate concentrations. IC50 values were found to increase
linearly with ascending substrate concentration, showing
competitive inhibition (Figure 3C,D). This was assumed to be

the case for all compounds of the series. Consequently, IC50
values were converted to Ki values using the Cheng−Prusoff
relationship (Tables 2 and 3).32

Reversibility was confirmed by dilution assays, that is, the
enzyme was incubated with an excess of inhibitor (10-fold the
IC50 concentration) to ensure full inhibition. Then, the mixture
was diluted 100-fold to yield an inhibitor concentration of 0.1-
fold the IC50 concentration. In the case of reversible inhibition,
the enzyme activity should recover, whereas in the case of
irreversible inhibition, it should not. For both compounds (3d,
4a), enzyme activity recovers after dilution, whereas for the
irreversible inhibitor K11777 used as a control, enzyme activity
does not recover (Figure 4A).
For vinylsulfonates (2a−2k), the progress curves for

inhibition of rhodesain were not linear for most of the

Scheme 6. Synthesis of the N-Oxidized Metabolite 2l of Compound 2d-(H)a

aReagents and conditions: (a) ethanol, H2SO4, reflux, 24 h, 73%; (b) mCPBA, DCM, 0 °C, 16 h, 29%; (c) LiOH, THF, 0 °C to rt, 3 h, 90%; and
(d) HOBt, TBTU, DIEA, DCM, 0 °C to rt, 24 h, 13%.

Table 1. Inhibition Data for Compounds 2a−2ka

substitution rhodesain CatL CatB

Cpd R1 R2 Ki/μM
b Ki*/μM

b Ki/μM
c Ki*/μM

c SId Ki/μM

2a H 4-Pyr 0.098g 0.015g 0.258g 0.060g 4 1.7
(Z)-2a H 4-Pyr 0.525e,g n.d. n.d. n.d.
2b H DHBD 0.045g 0.009g n.d. n.d. n.d. n.d.
2d 4-Me 4-Pyr 0.024g 0.003g 0.313g 0.078g 26 38%f

2e 4-Me DHBD 0.098g 0.007g 0.348g 0.039g 6 14%f

2f 4-Me 3,5-F2Ph 0.034g 0.005g n.d. n.d. n.d. n.d.
2g 3-Me 4-Pyr 0.094g 0.007g 0.266g 0.030g 4 50%f

2h 3-Me DHBD 0.059g 0.010g n.d. n.d. n.d. n.d.
2i 3-Me 3,5-F2Ph 0.152g 0.021g n.d. n.d. n.d. n.d.
2j H OBn 0.158e,g n.d. n.d. n.d.
2k H N-MePip 0.108e n.d. n.d. n.d.

aKi* denotes the dissociation constant of the high-affinity complex in the case of biphasic, time-dependent inhibition. bCalculated with method 1
(see the text). cCalculated with method 2 (Dixon equation).31 dKi*(CatL)/Ki*(rhodesain).

eCalculated from IC50 value with the Cheng−Prusoff
equation.32 f% inhibition at 11 μM inhibitor concentration (single measurement). gMean value of three independent assays; standard deviations
less than 10%.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.1c01002
J. Med. Chem. 2021, 64, 12322−12358

12327



Publications 

79 

  

compounds (2a−2i), but showed time-dependency (exempli-
fied for 2d in Figure 5A). Inhibition by all vinylsulfonates was
found to be competitive with respect to the substrate (Figure
5B). Time-dependent inhibition is typical for irreversible
inhibitors but may also be observed for covalent reversible
inhibition. In the case of irreversible inhibition, the progress
curves reach a plateau value with the terminal enzyme activity,
that is, the steady-state velocity of substrate turnover in the
presence of the inhibitor, vs = 0. For covalent reversible
inhibition, time-dependent progress curves reflect a biphasic
behavior with the terminal enzyme activity in the presence of the
inhibitor vs≠ 0, but with vs < vi (vi = the initial enzyme activity in

the presence of the inhibitor). To distinguish between these two
scenarios, dilution assays were performed (see above),
exemplarily shown for inhibitor 2d (Figure 4A). The results
clearly indicate that vinylsulfonate 2d is a reversible inhibitor,
but dissociates significantly slower compared to compounds 4a
and 3d, indicating a tight covalent reversible inhibition
according to the following inhibition mechanism, with Ki =
k2/k1 as the dissociation constant of the initial noncovalent
enzyme−inhibitor (E···I) complex and Ki* as the dissociation
constant of the final covalent, high-affinity complex (E−I)33

For these inhibitors, the initial (vi) and steady-state (vs)
velocities in the presence of the inhibitor as well as the pseudo-
first order rate constants kobs were determined for the different
inhibitor concentrations by fitting the progress curves (shown
for cpd 2d in Figure 5A) to the slow-binding equation (off =
offset)33

[ ] = × + − [ − − × ] +P v t
v v

k
k t1 exp( ) offs

i s

obs
obs

The kobs values were replotted against the inhibitor
concentrations [I] (Figure 5C) with the equation33

= + × [ ]
+ [ ]k k

k
K

I
Iobs 4

3

i
app

ikjjjjj y{zzzzz
to yield the apparent dissociation constant Ki

app of the initial
enzyme−inhibitor complex, as well as the rate constants k3 and
k4 of the second inhibition step (Method 1). Because the
compounds display competitive inhibition with respect to the
substrate (Figure 5B), the Ki

app value was converted to Ki for the

Table 2. Inhibition Data for Compounds 3a−3i

substitution rhodesain CatL CatB

cpd R1 R2 Ki/μM Ki/μM SIa Ki/μM

3a H 4-Pyr 0.053d 0.226d 4 44%b

3b H DHBD 0.046d n.d. n.d. n.d.
3c H 3,5-F2Ph 0.124d n.d. n.d. n.d.
3d 4-Me 4-Pyr 0.015d 0.181d 12 35%b

3e 4-Me DHBD 0.014d 0.076d 6 8%b

3f 4-Me 3,5-F2Ph 0.029d n.d. n.d. n.d.
3g 3-Me 4-Pyr 0.061d 0.122d 2 1.7c

3h 3-Me DHBD 0.092d n.d. n.d. n.d.
3i 3-Me 3,5-F2Ph 0.380d n.d. n.d. n.d.

aKi(CatL)/Ki(rhodesain).
b% inhibition at 11 μM (single measure-

ment). cSingle measurement. dMean value of three independent
assays; standard deviations less than 10%.

Table 3. Inhibition Data for Compounds 4a−4l

substitution rhodesain CatL CatB

cpd R1 R2 aa Ki/μM Ki/μM SIa Ki/μM

1 H N-MePip hPhe 0.190c,e 0.023e 0.1 0.47d

4a H 4-Pyr hPhe 0.032c,e 0.110e 3 3.13d

4b H DHBD hPhe 0.012e 0.033e 3 4.81d

4c H 3,5-F2Ph hPhe 0.035e n.d. n.d. n.d.
4d 4-Me 4-Pyr hPhe 0.008e 0.115e 14 2.08d

4e 4-Me DHBD hPhe 0.005e 0.023e 5 34%b

4f 4-Me 3,5-F2Ph hPhe 0.010e n.d. n.d. n.d.
4g 3-Me 4-Pyr hPhe 0.025e 0.049e 2 0.35d

4h 3-Me DHBD hPhe 0.035e n.d. n.d. n.d.
4i 3-Me 3,5-F2Ph hPhe 0.329e n.d. n.d. n.d.
4j H N-MePip Met 0.360e 0.173e 0.5 1.20d

4k H 4-Pyr Met 0.056e 0.577e 10 6.17d

4l H N-MePip Cys(Bn) 0.630e 0.628e 1 8.62d

aKi(CatL)/Ki(rhodesain).
b% inhibition at 11 μM. cRef 12 ; n.d.: not determined. dSingle measurement. eMean value of three independent assays;

standard deviations less than 10%.
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initial inhibitor complex with the Cheng−Prusoff equation.32

The Ki* value as the dissociation constant of the final complex

was calculated from

* =
+ ( )

K
K

1 k
k

i
i

3

4

Figure 3. (A) Example for progress curves for inhibition of rhodesain by compound 3d. Inhibitor concentrations in μM. (B) Example for progress
curves for inhibition of rhodesain by compound 4a. Inhibitor concentrations in μM. (C) Dependence of inhibition potency (IC50 values) on substrate
concentration for inhibition of rhodesain by compound 3d. Increasing IC50 values at ascending substrate concentrations show competitive inhibition.
TheKi value is obtained as the intercept of the regression line with the y-axis (Ki = 25 nM). (D) Dependence of inhibition potency (IC50 values) on the
substrate concentration for inhibition of rhodesain by compound 4a. Increasing IC50 values at ascending substrate concentrations prove competitive
inhibition. The Ki value is obtained as the intercept of the regression line with the y-axis (Ki = 47 nM).

Figure 4. (A) Dilution assays show reversible inhibition of rhodesain (see the text). For all compounds, enzyme activity did recover after dilution,
except for the irreversible vinylsulfone K11777 (control). Compound 3d showed faster reversibility than compound 4a. Vinylsulfonate 2d can be
considered a tight-binding, slowly reversible inhibitor. (B) Dilution assays of several compounds of the series of vinylsulfonates. In the case of
compound 2d, which showed two-step inhibition in the enzyme assay, enzymatic activity recovers slower compared to vinylsulfonates 2k and 2a-(Z),
which did not show biphasic behavior. The irreversible inhibitor K11777 was used as a control.
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Both dissociation constants, Ki and Ki*, were also calculated
by fitting the initial (vi) and steady-state (vs) velocities,
respectively, against the inhibitor concentrations using the
Dixon equation (Method 2)31

= [ ]
+ *

[ ]

v
v

I

1
K

i,s

0 I

i
( )app

ikjjj y{zzz
Ki
app was obtained from fitting vi against [I] and Ki

(*)app from
fitting vs against [I] (v0 is the substrate turnover velocity in the
absence of the inhibitor), and both constants were converted
into Ki and Ki* with the Cheng−Prusoff equation.32

A comparison of the dissociation constants for inhibition of
rhodesain by inhibitors 2a−2i obtained by both methods is
shown in Table 4.
The data show that both methods yield similar dissociation

constants for the initial low-affinity as well as for the final high-
affinity complex proving that both methods are reliable. For all
compounds, the rate constant of dissociation of the final
complex (k4) was found to be slower than the rate constant of
association (k3), indicating tight binding of these inhibitors.
Interestingly, vinylsulfonates (Z)-2a, 2k, and 2j did not show
time dependency of inhibition, but linear progress curves similar
to the benzyl and phenyl vinylsulfones. Dilution assays for these
three vinylsulfonates [(Z)-2a, 2k, and 2j] indicated a
significantly faster recovery of the enzyme activity compared
to the time-dependent inhibitor 2d [shown for compound (Z)-
2a and 2k in Figure 4B].

To further quantify the degree of reversibility for the different
warheads, compounds 2d, 3d, and 4d with identical recognition
units were subjected to a dialysis experiment.12 Here, rhodesain
was incubated with an excess of inhibitor (10-fold the IC50
concentration) to ensure full inhibition. Then, the mixture was
dialyzed against a continuous flow of enzyme buffer using a 3.5
kDa cut-off dialysis tubing.34 Samples were taken after 10, 30, 60,
and 120 min and analyzed for their residual enzyme activity with
the standard fluorometric assay. The results are presented as the

Figure 5. (A) Example for progress curves for inhibition of rhodesain by compound 2d. Curve shape indicates time-dependent inhibition. Inhibitor
concentrations in μM. (B) Dependence of inhibition potency (IC50 values) from the substrate concentration for inhibition of rhodesain by compound
2d. Increasing IC50 values at ascending substrate concentrations show competitive inhibition. TheKi value is obtained as the intercept of the regression
line with the y-axis (Ki = 19 nM). (C) Plot of the rate constants kobs for the progress curves of compound 2d from Figure 5A as a function of the
inhibitor concentration. k4 is obtained from the intercept of the regression curve with the y-axis. The maximum value of kobs at infinite inhibitor
concentration provides the sum of k3 and k4. The concentration of inhibitor yielding a half-maximal value of kobs is equal to Ki

app.

Table 4. Inhibition Data and Kinetic Parameters k3 and k4 for
Time-Dependent Inhibition of Rhodesain by Compounds
2a−2i

method 1 (slow-binding equation)a
method 2

(Dixon equation)b

Cpd Ki/μM Ki*/μM k3/s
−1 k4/s

−1 Ki/μM Ki*/μM

2a 0.098 0.015 0.055 0.010 0.110 0.008
2b 0.045 0.009 0.045 0.011 0.060 0.005
2d 0.024 0.003 0.075 0.010 0.022 0.002
2e 0.098 0.007 0.065 0.005 0.124 0.002
2f 0.034 0.005 0.049 0.009 0.052 0.004
2g 0.094 0.007 0.062 0.005 0.089 0.004
2h 0.059 0.010 0.074 0.015 0.068 0.006
2i 0.152 0.021 0.055 0.010 0.155 0.024

aCalculated with slow-binding equation (see the text). bCalculated
with the Dixon equation (see the text).31 Mean values of three
independent assays, standard deviations less than 10%.
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fractional activity of uninhibited rhodesain, which was subjected
to dialysis in the same experiment (Figure 6). Compound 3d

showed the fastest reversibility (89% recovery after 1 h), which is
in accordance with findings from the dilution assay. Compound
4d dissociated significantly slower (47% recovery after 1 h).
Vinylsulfonate 2d displayed the slowest reversibility (29% after 1
h), which supports the tight-binding nature of the inhibition
with the formation of a very stable high-affinity complex.
K11777was used as an irreversible control, showing no recovery
of the enzymatic activity.
The most potent compounds of each series were also tested

against the human enzymes CatL and CatB. For the tested
vinylsulfonates (2a, 2d, 2e, and 2g), a biphasic behavior was also
observed for inhibition of CatL. In these cases, Ki and Ki* values
were calculated with the Dixon equation (Table 2).31 For
inhibition of CatB, no biphasic behavior was observed for these
compounds (2a, 2d, 2e, and 2g). This can be explained with the
low affinity of the compounds for CatB. Notably, compounds
2d, 2e, and 2g showed only very weak inhibition at
concentrations of up to 11 μM.
Discussion of SAR. Comparison of the Ki values for

rhodesain of the starting compound 1 (Ki = 190 nM) with the
P3-modified analogues 4a−4c demonstrates that the exchange
ofN-methyl piperazine against aromatic residues with no or only
limited basicity significantly enhances inhibition potency (e.g.,
cpd 4b with Ki = 12 nM). This is also reflected by the scores
obtained from docking for these compounds, for example, for 4b
noncovalent affinity as well as the stability of the covalent
complex are predicted to be higher (Table S1). Additionally,
compounds 4a−4c show improved selectivity for rhodesain over
the human cathepsins. Lead compound 1 shows a higher affinity
for human CatL (Ki = 23 nM) than for rhodesain (Ki = 190 nM),
while P3-modified compounds 4a and 4b slightly favor
inhibition of rhodesain (3-fold). Furthermore, selectivity for
rhodesain over CatB is dramatically enhanced by these structural
variations. This is a remarkable improvement (2-fold) compared
to the weak selectivity of starting compound 1. A further increase
in potency for rhodesain is observed for compounds with an
additional 4-methyl substituent at the phenylalanine aromatic
ring (4d−4f), with compound 4e (Ki = 5 nM) being the most
potent inhibitor in the series of phenyl vinylsulfones. As
suggested from noncovalent docking, this increase in potency

may be directly attributed to additional hydrophobic inter-
actions of the 4-methyl group with lipophilic residues lining the
S2 pocket (Ala208, Leu160, Figure 7), which is also reflected in

higher scores compared to compounds 4a−4c (Table S1).
Additionally, introduction of the 4-methyl substituent further
increases selectivity against CatL (14-fold for 4d). In contrast,
incorporation of a 3-methyl substituent (4g−4i) does reduce
potency and selectivity compared to compounds 4a−4c. In
particular, the combination of the 3-methyl substituent and the
3,5-difluorophenyl moiety (4i) is not advantageous: compound
4i displayed significantly reduced potency (Ki = 329 nM). The
considerable difference compared to compound 4e with a 4-
methyl substituent (Ki = 10 nM) cannot be explained exclusively
with the slightly reduced docking scores (Table S1).
Within the set of benzyl vinylsulfones (3a−3i), the SAR

relationships are very similar compared to phenyl vinylsulfones
(4a−4i). Consequently, compounds 3d and 3e with a 4-methyl
substituent and a 4-pyridyl or DHBD moiety, respectively, are
the most potent and most selective inhibitors (3d: Ki = 15 nM,
12-fold selectivity over CatL). Remarkably, compound 3d
showed even lower activity against CatB (35% inhibition at 11
μM) compared with its counterpart 4d. Again, compound 3i
with a 3-methyl substituent and 3,5-difluorophenyl residue
shows noticeably lower potency (Ki = 380 nM). Comparison of
inhibitory potency for benzyl and phenyl vinylsulfones with the
same recognition unit (e.g., 3a vs 4a) reveals that the benzyl
substituent at the warhead has a negative influence on inhibition
potency. In general, benzyl vinylsulfones have slightly increased
Ki values compared to their phenyl counterparts.
These findings cannot be correlated with scores from docking,

which generally predicted a higher affinity for compounds with a
benzyl group at P1′. Computational conclusions to explain these
differences between theory and experiment would be desirable,
but are difficult because the differences in Ki values result from
an increase in binding energy of less than 1 kcal mol−1 (e.g., 3dKi
= 0.015 μM, i.e., ΔG = −11.10 kcal mol−1 vs 4d Ki = 0.008 μM,
i.e., ΔG = −11.49 kcal mol−1), which is out of the scope of even
high-level quantum chemical computations. Possibly, entropic

Figure 6. Dialysis experiment for compounds 2d, 3d, 4d, and K11777.
Rhodesain was incubated with the inhibitors at a concentration of 10-
fold the respective IC50 value. The mixture was dialyzed against a
continuous flow of buffer. Samples were taken after 10, 30, 60, and 120
min and the substrate was added to measure the residual enzyme
activity. K11777 was used as an irreversible control.

Figure 7. Noncovalent binding mode of compound 4b (light blue,
FlexX score: −31.2, Hyde score: −10.0 kcal mol−1) and 4e (green,
FlexX score: −32.5, Hyde score: −11.7 kcal mol−1) as predicted by
FlexX. The electrophilic β-carbon of the fluorovinylsulfone warhead
comes in close proximity to the nucleophilic sulfur of Cys25 (3.0 Å).
The sulfone group forms hydrogen bonds with Gln19 and Trp184. The
recognition unit forms hydrogen bonds to Gly66 and Asp161. The
additional 4-methyl group of 4e at the phenylalanine aromatic ring
points into a hydrophobic cavity between Ala208 and Leu160, resulting
in additional lipophilic interactions compared to compound 4b.
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effects due to the higher flexibility of the benzyl group in the
noncovalent enzyme inhibitor complex may contribute.
The results from dilution and dialysis assays revealed that

benzyl vinylsulfones are faster reversible than their phenyl
counterparts, which may be explained with a lower reaction
energy for the covalent bond-forming step, resulting in a weaker
covalent bond.
Comparison of theKi values of starting compound 1 (Ki = 190

nM) and the corresponding vinylsulfonate 2k (Ki = 108 nM)
demonstrates a nearly 2-fold improvement in affinity for
rhodesain. The increase in potency may be partly attributed to
the enlarged substituent at P1′. The results from noncovalent
docking suggest that the vinylsulfonate moiety extends further
into the S1′ pocket and forms nonpolar interactions with
Trp184 (Figure 8), which is also reflected by the slightly

enhanced scores. Again, substitution of theN-methyl piperazine
against aromatic residues (cpds 2a−2i) further improves affinity
for rhodesain. Additionally, and in contrast to compound 2k,
compounds 2a−2i show a biphasic, time-dependent inhibition
mechanism.
Dilution and dialysis experiments demonstrated reversibility

for compound 2d (Figures 4 and 6), which is, however,
significantly slower compared to vinylsulfonate 2k, which
supports the tight-binding properties of 2d. The related
vinylsufones (3d and 4d) do not show two-step inhibition,
indicating that a combination of the properties of the
fluorovinylsulfonate warhead with appropriate noncovalent
interactions is required for tight binding. This is further
supported by vinylsulfonate 2j with a Cbz group at P3, which
also does not show time-dependent inhibition. Among the tight-
binding compounds, 2d shows the highest potency for rhodesain
with a dissociation constant of the initial encounter complexKi =
24 nM, and with a high-affinity complex formed in the second
step (Ki* = 3 nM). Especially, the covalent complex is predicted
to be very stable (Figure 9B). This is in excellent accordance
with the high scores obtained from both docking approaches for
compound 2d (Table S1). Notably, compound 2d showed good
selectivity over the human cathepsins, with 26-fold selectivity
against CatL and virtually no activity against CatB (38% at 11
μM), which is a significant improvement compared to the
starting compound 1.

Assuming that inhibitor binding to CatL andCatB is similar to
rhodesain binding and that the binding mode is not largely
altered for the compounds presented herein compared to
K11777, which is also suggested by the docking (Figures 7−9),
the underlying molecular mechanisms for selectivity can be
explained by analysis of the known X-ray structures. Rhodesain
shares an overall sequence identity of 44.7% and similarity of
59.1% with CatL and 27.9% identity and 47.4% similarity with
CatB, as well as a highly similar fold with an Cα-RMSD of 1.35
and 2.15 Å, respectively, known from crystal structures available
in the PDB35 (entries, rhodesain: 2p7u,11 CatL: 2xu1,36 and
CatB: 3ai8).37 For residues forming the binding site (defined as
all amino acids within 6 Å of reference ligandK11777) identity/
similarity even increase to 59.1%/70.2% for CatL and 40.4%/
49.1% for CatB. Nevertheless, slight structural differences of
residues forming the S1−S3 sites can be observed, explaining the
selectivity profile of the compounds under investigation.
Additionally, CatB, divergent fromCatL and rhodesain, contains
a so-called occluding loop (residues 104−124), which is crucial
for this enzyme’s exopeptidase activity.38 This loop structure
closes upon the S′ sites. Neither phenyl- nor benzylfluorovi-
nylsulfone nor fluorovinylsulfonate moieties of the compounds
within this study reach far enough toward this sites to form
interactions, butin contrastmay even cause clashes with the
residues of CatB (Figure 10A). Further focusing on the S1 site
reveals one residue of the CatB occluding loop, which provides

Figure 8. Overlay of noncovalent docking poses of compound 1
(magenta, FlexX score: −27.9, Hyde score: −6.2 kcal mol−1) and
compound 2k (gold, FlexX score:−28.4, Hyde score:−8.8 kcal mol−1).
The enlarged vinylsulfonate moiety of compound 2k extends further
into the S1′ pocket and the aromatic ring can form additional
hydrophobic interactions with Trp184 (π−π-stacking interactions).

Figure 9. (A) Non-covalent docking pose of compound 2d predicted
with FlexX (FlexX score: −34.3, Hyde score: −38). (B) Geometry of
the covalent complex between rhodesain and compound 2d as
predicted with DOCKTITE [score (affinity ΔG, kcal mol−1): −6.2,
DSX score: −195.5]. The combination of the vinylsulfonate aromatic
ring extending further into the S1′ pocket and forming lipophilic
interactions with Trp184, additional hydrophobic interactions of the 4-
methyl group at phenylalanine aromatic ring with the S2 pocket and the
preferred 4-pyridyl group at P3 results in a high affinity of compound 2d
for the binding site. This is reflected from higher scores obtained from
both docking approaches compared to its analogues (Table S1).
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an explanation for selectivity (Figure 10B). Glu122 reaches
toward the S1 pocket, not only making this site more polar, but
also narrower, clashing with the homophenylalanine moiety of
the inhibitors and thereby causing selectivity over CatB. Within
the S2 pocket, the largest differences were found for CatB as well
(Figure 10C). CatB Gly197 shows a different orientation than
the corresponding residues Leu160 in rhodesain and Met161 in
CatL. Additionally, Ala208/214 (enumeration is rhodesain/
CatL) is exchanged to Glu246, Met69/70 to Pro76, and Leu67/
69 to Tyr75. These differences all together result in a more open
and polar pocket within CatB, which leads to a higher affinity for
rhodesain and CatL for inhibitors carrying (3- or 4-methyl)-
phenylalanine moieties. Additionally, the selectivity for
rhodesain over CatL introduced by the 4-methyl substitution
(compounds 2d, 3d, and 4d) is likely to be caused by non-polar
interactions with Leu160 being more favorable compared to the
CatL Met161, which is slightly more distant and potentially
impaired in its flexibility upon binding. The most significant
improvement in selectivity was the displacement of N-methyl
piperazine by 4-pyridine orless pronouncedby DHDB
(compounds 2d, 2e, 3d, 3e, 4d, and 4e). Within the S3 site,
acidic amino acids Glu63 and Asp69 are found in CatL and
CatB, respectively, while in rhodesain Phe61 sits at the
corresponding position (Figure 1D). By the removal of the
positively charged N-methyl piperazine, the loss of potential
ionic interactions only with the off-target cathepsins is,
therefore, likely to improve the selectivity profile of these
compounds. Additionally, the Tyr75 residue in CatB compared

to Leu in rhodesain and CatL results in a smaller S3 pocket and
an enhanced selectivity over CatB, too.
In contrast to all other compounds in this study, the geometry

of the double bond of compound (Z)-2a has a (Z)-
configuration. Because (Z)-isomers are obtained as side
products from HWE olefination, it was obvious to explore the
influence of the geometry of the double bond on inhibitory
potency. Compared to the (E)-isomer 2a (Ki* = 15 nM),
compound (Z)-2a (Ki = 525 nM) shows markedly reduced
potency and forms no high-affinity complex, indicating that the
(Z)-configuration of the double bond is not favorable.
Compounds with a modified P1 residue (4j−4l) showed

reduced potency for rhodesain compared to the counterparts
with homophenylalanine, which was already anticipated from
non-covalent docking scores. Nevertheless, compound 4k, with
methionine at P1 and the 4-pyridyl moiety at P3, is still a potent
inhibitor of rhodesain (Ki = 56 nM).

MS Analysis. Covalent protein−ligand interactions were
verified by ESI MS for compounds 2a, (Z)-2a, and 2j and
MALDI-TOF MS for K11777, 1, 2a, 2j, and 2k.
In all three cases (2a, (Z)-2a, and 2j), the protein−ligand

adduct resulting from Michael addition was detected in the ESI
mass spectra. The observed mass shift corresponds to the mass
of the inhibitor [exemplified for compound 2a in Figure 11; for
compounds (Z)-2a and 2j, see Figure S2], which shows covalent
bond formation.
To further elucidate possible differences in binding mode

related to compound variability, especially to confirm the

Figure 10. Structure comparison of rhodesain (orange carbon atoms, pdb entry 2p7u), CatL (cyan carbon atoms, pdb entry 2xu1), and CatB (magenta
carbon atoms, pdb entry 3ai8) with inhibitorK11777 shown with green carbon atoms. Residue enumeration is rhodesain/CatL/CatB. For (B−D), the
rhodesain surface is shown in gray for orientation. (A) Whole protease structures depicted as cartoons with the CatB occluding loop highlighted. (B)
Close view of S1 site residues. CatB-unique occluding loop shown in the upper right with Glu122 as a selectivity determining feature over CatB. (C)
Close view of S2 site residues. (D) Close view of S3 site residues reveals acidic Glu63 and Asp69 in cathepsins to form ionic interactions with the basic
center of compound K11777, which is absent in compounds with more favorable selectivity profiles.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.1c01002
J. Med. Chem. 2021, 64, 12322−12358

12333



Publications 

85 

  

covalent inhibition, a representative subset of compounds
covering the majority of synthesized modifications was selected
and analyzed by MALDI-TOFMS. The aim here was to analyze
whether these modifications impede covalent bond formation
between the catalytic thiolate and the vinyl moiety. ESI MS is a
softer method in terms of transition to the gas phase, where non-
covalent adducts can be found as well as covalent adducts.
Depending on the matrix, MALDI-TOF MS can discriminate
between covalent and non-covalent binding: the formation of
non-covalent adducts can be suppressed by using an acidic
matrix, which was attributed to the disruption of salt bridges and
the subsequent destabilization of the non-covalent protein−
ligand complex.39−41 Therefore, MALDI-TOF MS was applied
to further investigate the binding mode.40,42,43

In terms of warhead modification, vinyl sulfone K11777, α-
fluorovinylsulfone 1, and α-fluorovinylsulfonates 2a, 2j, and 2k
were evaluated. Furthermore, the selected subset differed in

their substituents in the P3 position, namely isonicotinyl amide
(2a), benzylcarbamate (2j), and 4-methylpiperazine-1-carbox-
amide (K11777, 1, and 2k), while sharing the preceding Phe-
hPhe motif in P2 and P1, respectively. K11777 was used as a
known, structurally equivalent control compound for its
analogous, though covalent irreversible binding mode. A non-
covalent inhibitor of rhodesain (42) carrying a fluorodinitro-
benzene moiety as an aromatic electrophile was chosen as a
control substance for its different inhibition mode (Figure 12)
compared to the vinylsulfones. The compound forms a tight π-
complex with the catalytic thiolate, the adduct mass of which was
detectable in ESI MS experiments with rhodesain.44

For all evaluated α-fluorovinyl analogues (1, 2a, 2j, and 2k),
covalent adducts with rhodesain were observed by MALDI-
TOF MS. The resulting spectra consisted of a broad peak
corresponding to the protein (ca. 23.3 kDa),45−47 and a second
peak corresponding to the covalent protein−inhibitor adduct
(ca. 23.8 kDa) that shows a mass shift corresponding to the mass
of the respective compound (Figure 12). The observed
multiplicity of the peaks was attributed to additions of matrix
molecules [m(sinapinic acid) = 224 Da] to rhodesain, as similar
phenomena are described in the literature.47 The four
fluorovinyl derivatives (1, 2a, 2j, and 2k) behaved like the
irreversible control substance K11777, while the non-covalent
inhibitor (42) did not show any detectable adduct signals under
the evaluated conditions. Apart from that, an adduct of 42 was
found with ESI MS as published previously.39,40,44 The identical
behavior of K11777 and the α-fluorovinylsulfones/-sulfonates
in the MALDI-TOF MS experiments could be observed using
two different matrices, sinapinic acid and a mixture of α-cyano-
4-hydroxycinnamic acid and 2,5-dihydroxybenzoic acid,43

respectively, the latter data are shown in the Figure S1. These
findings, combined with the results from ESIMS and the dialysis

Figure 11. Intact protein−ligand adducts obtained by mass
spectrometry for compound 2a. The observed shift corresponds to
the mass of the inhibitor considering the charge state of the protein (m/
z = 11+).

Figure 12.MALDI-TOF mass spectra of rhodesain (ca. 23 kDa) in the presence of different inhibitors (10-fold molar excess of inhibitor to protein).
Sinapinic acid was used as the matrix substance. The figures show the relevant range of the spectrum to display [M + H]+, which were baseline
corrected.
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and dilution assays, clearly show that the α-fluorovinylsulfones
and -sulfonates are indeed covalent reversible inhibitors of
rhodesain.
Comparison of the Inhibition Mechanisms of K11777

and 1 by QM/MM Modeling. In our previous study,12 the
computed reaction energies of K11777 and 1 differed only
marginally so that the computational results could hardly explain
the transition from irreversible to reversible inhibition. In that
study, both reaction pathways had been calculated starting from
the X-ray structure of the covalent enzyme−inhibitor complex of
K1177 with rhodesain (PDB: 2p7u) going backwards from the
covalent toward the non-covalent complex. To generate the
reaction path for 1, the hydrogen atom had been substituted for
fluorine in the X-ray structure. It had been necessary to start the
computations from the X-ray structure of the covalent complex
because no experimental information on the non-covalent
complex was available. Moreover, such procedures had been
very successful to explain the stereo- and regioselectivity of
various epoxide- and aziridine-based inhibitors and to predict
improved inhibitors.48−50 However, such approaches can be
error-prone in cases when the geometries of the covalent and
non-covalent enzyme−inhibitor complexes differ largely,
especially when substitution leads to large differences in the
non-covalent complex.
To obtain more reliable insights into possible differences

between the non-covalent enzyme-inhibitor complexes of
K11777 and 1, at first, non-covalent structures starting from
the X-ray structure of K11777 with rhodesain (PDB: 2p7u)
were calculated. For 1, the hydrogen atom in the α-position was
substituted by fluorine. These structures then were used as
starting points forMD simulations (10 times 10 ns sequences for
each compound). Exemplarily, Figure 13 presents the

fluctuations in the dihedral angle ∠H3C3C2H2 (see Figure 14
for definition) for five different MD samplings. A variation of
∠H3C3C2H2 from 0 to ±180° describes the rotation of the
inhibitor around the C3C2 single bond, adjacent to the double
bond. Due to this rotation, the C1X bond (X = H1, F) moves
from the Gly23-oriented side to the opposite side (Figure 14).
ForK11777, mainly values between−40 and 40° (−320°) were

found for the ∠H3C3C2H2 angle. In the following, we
denominate alignments with−40° <∠H3C3C2H2 < 40° (Figure
14) as “H-orientation”. For 1, ∠H3C3C2H2 adopted values
between −120 and −190° (170°), that is, the warhead of the
compound oscillates around a position, where the F-atom is
oriented toward the backbone NH groups of Cys25, Ser24, and
the side-chain NH2 group of Gln19 (Figure 14b), but mainly
adopts positions with ∠H3C3C2H2 > −180°. In the following,
geometries with −190° < ∠H3C3C2H2 < −120° are denomi-
nated “F-orientation”.
During the MD simulation, K11777 populated both H-

(≈80%) and F-orientation (≈20%) indicating that both
alignments are energetically quite similar. In contrast, 1
predominantly adopted the F-orientation due to attractive
interactions with the NH backbone group of Cys25, the side
chain NH2 group of Gln19 (known as the oxyanion hole of
rhodesain), and the NH backbone group of Ser24. Similar
variations in the structures upon fluorination were reported in
the literature).51,52

While the orientation of the recognition unit (in Figure 14
given in purple) remained fixed in the torsional motion around
∠H3C3C2H2, the relative positions between the attacked double
bond of the inhibitor and the involved side chains of Cys25 and
His162 changed drastically as shown in Figure 15. In both cases,
a syn-addition takes place because the thiolate group of Cys25
and the protonated imidazole ring of His162 are found to be on
the same side of the double bond (Figure 15), but for the H-
orientation, the CS bond of the Cys25 side chain is orthogonally
oriented with respect to the C1C2 double bond while it is
oriented in parallel for the F-orientation. The position of the
protonated imidazole ring of His162 also changed accordingly.
To calculate the influence of the different orientation of the

warhead of K11777 and 1 on the inhibition mechanism (Figure
1), the corresponding reaction paths were computed. However,
due to the large number of local minima for the non-covalent
complex (the reactant) and the covalent complex (the product)
in combination with the roughness of the underlying potential
energy surface (PES), the appropriate picture of the inhibition
reaction is not that of a single reaction path with one starting
point, one transition state, and one product, but that of a very
rough PES with various energetically similar pathways starting
from and ending at slightly different reactants and products. To
achieve representative pathways, we performed geometry
optimizations starting from two selected snapshots of the MD
simulation for each inhibitor and computed the reaction paths
starting from the obtained minima. The geometrical parameters
of the respective minima are given in Table S2.
To characterize the reaction mechanism, we first computed

two-dimensional scans using the distances R(Scys−C2) and
R(HHis−C1) as main reaction parameters (Figure 14). The
resulting transition states served as starting points for
subsequent IRC (intrinsic reaction paths) simulations,53 the
course of which generally gives good insights into the reaction
mechanism (reaction barrier, reaction energy, and structural
changes in the course of the reaction). More details are given in
the Experimental Section. In Figure 15, representative IRCs for
K11777 starting from the H-orientation and 1 starting from the
F-orientation are compared. Figure 16 also sketches the
geometry variations along the IRCs. Further information on
the geometries is given in Table S3. Additional paths starting
from other reactant minima showing similar shapes can also be
found in the Supporting Information (Figures S4 and S7).

Figure 13. Variation of the dihedral angle ∠H3C3C2H2 along the MD
simulations (sequences of 10.0 ns, respectively) forK11777with X =H
(in red) and the fluorinated vinylsulfone with X = F (in black). Figure
13 defines the dihedral angle and gives the corresponding orientation of
the warhead in the active site. Please note that ∠H3C3C2H2 = 150° is
equal to ∠H3C3C2H2 = −210°.
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Figure 16 shows considerable differences in the IRCs of both
compounds. While the reaction pathway for the inhibition of
rhodesain by K11777 passes over a barrier of about 12 kcal
mol−1 and has an exothermic reaction energy of about −20 kcal
mol−1, we predict a thermoneutral reaction for the inhibition
reaction of 1 with a very high barrier of 25 kcal mol−1. The small
reaction barrier and the strong exothermicity nicely explain why
K11777 is an efficient irreversible inhibitor.
The different shapes of the reaction pathways presented in

Figure 16 may result from the different orientation of the olefin
in the active site or from changes in the electronic structure due
to the fluorine substitution in 1. To obtain more insights, the
reaction of K11777 from the F-orientation was computed. For
this purpose, we first computed the energy profile of the
torsional motion of the C1C2 double bond around the dihedral
angle ∠H3C3C2H2 (Figure S3). As expected from the MD
simulations, for K11777, the energy difference between the H-
and the F-orientation was found to be small (1−2 kcal mol−1) so
that the reaction could take place from both orientations.
However, the two-dimensional scan starting from the F-
orientation predicted barriers of about 33 kcal mol−1 and nearly
isothermal reactions (ΔEreac = −3 kcal mol−1). This indicates

that the different starting orientations are leading forces for the
observed differences. Attempts to generate IRCs failed, possibly
because the paths energetically lie above the path given in Figure
15a.
This finding could also indicate that a reaction of 1 starting

from the H-orientation is more favorable. To answer this
question, we calculated a two-step mechanism for inhibitor 1. In
the first step, 1 was found to twist from the F- into the H-
orientation (variation of ∠H3C3C2H2). Starting from the
obtained local minimum, we then calculated the course of
inhibition by compound 1 starting from the H-orientation as the
second step of the overall inhibition reaction. The result of this
two-step inhibition reaction is shown in Figure 17.
Figure 17 indicates that the shape of the reaction path of 1, if it

starts from the H-orientation, resembles the path found for
K11777 (Figure 16). Starting from the H-orientation (Figure
17, structure 3), the reaction proceeds over a barrier of about 18
kcal mol−1 and has a reaction energy of about −12 kcal mol−1.
However, the exothermicity of the whole reaction drops to only
−4 kcal mol−1, due to the previously necessary transition from
the F- to the H-orientation. Other reaction courses given in the
Supporting Information provide a similar picture (Figures S8−
S10).
Our investigation revealed that the differences between

K11777 and 1 are mainly due to the interaction between the
fluorine atom and the oxyanion hole of rhodesain, which induces
a flip of the olefin group of the warhead within the active site.
This change in the orientation significantly complicates the
further course of the inhibition reaction. As a result, for inhibitor
1, a two-step mechanism becomes more favorable, which
contains a torsional movement from the F- to the H-orientation
before the actual covalent Michael-type reaction can take place
leading to a considerably reduced exothermicity. These
differences nicely explain the switch from the irreversible
(K11777) to the reversible (1) inhibition mode and are in line
with all experimental data, which indicate a covalent, but
reversible bond formation for various fluorinated inhibitors.

Figure 14. Sketch of the predominant orientation of the warheads (bold) in the active site during the MD simulations given in Figure 13. (a) H-
orientation: predominant conformations of K11777 (X = H) with −40° ≤ ∠H3C3C2H2≤ 40° (b) F-orientation: predominant conformations for the
fluorinated vinylsulfone 1, with −190° ≤ ∠H3C3C2H2 ≤ −120°. For more information, see the text.

Figure 15. Relative orientation of Cys25 and His162 moieties with
respect to the double bond of the vinylsulfone group attacked by Cys25,
(a) for K11777 (X = H) in the H-orientation, and (b) for the
fluorinated vinylsulfone (X = F) in the F-orientation.
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Antitrypanosomal Activity and Toxicity. Selected
compounds were tested for antitrypanosomal activity and
cytotoxicity (Table 5). Trypanocidal activity was measured
against T. brucei brucei TC21154,55 or T. brucei brucei BS449, as
described previously.56,57 Cytotoxicity was measured for
selected compounds in the macrophage cell line J774.1 and in
HeLa cells as described before.12,55 Most inhibitors tested
showed significantly improved antitrypanosomal activity
compared to starting compound 1. This correlates very well
with the higher inhibitory potency of the compounds for
rhodesain. The compounds also displayed an improved safety
profile by showing no relevant cytotoxicity in HeLa cells or in
the J774.1 macrophage cell line. Most interestingly, from the
hPhe series, the compounds with N-terminal DHBD group and
4-Me-Phe residue at the P2 position (2e, 4e) exhibited highest

antitrypanosomal potency with the sulfonate 2e being the most
potent compound (EC50 = 0.14 μM), similarly active to the
irreversible K11777. Also, within the 4-Pyr series, the
compounds with 4-Me-Phe residue (2d, 3d, and 4d) are more
potent than those with Phe at P2 position (2a, 4a). Probably, the
higher lipophilicity and thus better membrane permeability of
these compounds contribute to their better antitrypanosomal
activity. No differences are observed between the various
warheads (phenyl vinylsulfonate 2d, benzyl vinylsulfone 3d, and
phenyl vinylsulfone 4d). Within theN−Me-Pip series (1, 4j, and
4l), the compound with Cys(Bn) in the P1 position (4l) is most
active (3.0 μM) despite being a much less-potent inhibitor of
rhodesain. This observation may be explained with the relatively
high toxicity of the compound, which seems to be also

Figure 16. Representative intrinsic reaction coordinate (IRC) simulation of the inhibition reaction of K11777 (a) and 1 (b). Selected geometrical
parameters of the indicated structures are summarized in Table S3.
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connected to the N-Me-Pip moiety (compounds K11777, 1, 4j,
and 4l).
Selectivity over Serine and Threonine Proteases. For

selected compounds, inhibitory potency against other proteases
(the threonine protease 20S proteasome and the serine protease
NS2B/NS3 of the Dengue virus) was tested (Table 6). The
activity of the compounds against the different catalytically
active subunits of the proteasome (trypsin-like, caspase-like, and
α-chymotrypsin-like) was tested separately by the use of specific
fluorogenic substrates (see Experimental Section). Most
compounds showed no relevant inhibition (less than 50%) at
concentrations of 11 μM. Highest percentage inhibition was
observed in the case of the caspase-like activity for compounds
2d (44%) and 4a (41%). Inhibitor 4l was the only compound
that showed relevant inhibition of the α-chymotrypsin-like
activity of the proteasome (71% at 11 μM).

In Vitro Metabolism. The metabolism of compounds 1 and
2d-(H) was investigated using rat liver microsomes and an
NADPH-generating system. The covalent cysteine protease
inhibitor K11777 was used as a control. Previous in vitro
metabolism studies by Jacobsen and co-workers revealed three
metabolites of K11777 depicted in Figure 18.59

Compound 1 (fluorinated K11777) also showed N-
demethylation (1a) and N-oxidation (1b) as shown in Figure
S13. The metabolites were analyzed via LC−MS fragmentation.
Additionally, the potential metabolites were synthesized as
described in the Chemistry section, and their fragments and
retention times were compared to those found in the
metabolism studies to ensure the identity of the metabolites.
In contrast to the reported metabolism of K11777, the β-
hydroxy homophenylalanine derivative32 did not occur, neither
in the experiments with compound 1 nor in those with K11777.

Figure 17. Reaction profile of the two-step inhibition reaction of 1. The rotation about∠H3C3C2H2 is given in blue. Please note that the reaction path
is put together from several IRCs. Selected geometrical parameters of the indicated structures are summarized in Table S3. See also Figure S6.

Table 5. Antitrypanosomal Activity and Cytotoxicity of Selected Compoundsa

substitution T. b. b. EC50/μM cytotoxicity CC50/μM

cpd R R1 R2 aa X 48 h J774.1 HeLa

K11777 Ph H N-MePip hPhe H 0.18 ± 0.03b,c 41b >10d

1 Ph H N-MePip hPhe F 12.5 ± 0.4c 38 10 ± 2
2a OPh H 4-Pyr hPhe F 4.8 ± 0.9c n.d. >100
2d OPh 4-Me 4-Pyr hPhe F 1.9 ± 1.8e n.d. >100
2e OPh 4-Me DHBD hPhe F 0.14 ± 0.05e n.d. >100
3d Bn 4-Me 4-Pyr hPhe F 1.4 ± 0.9e n.d. >100
4a Ph H 4-Pyr hPhe F 3.0 ± 0.4c >100 >100
4d Ph 4-Me 4-Pyr hPhe F 1.9 ± 1.2e n.d. >100
4e Ph 4-Me DHBD hPhe F 0.80 ± 0.5e n.d. >100
4j Ph H N-MePip Met F 14.1 ± 0.6c 43 77 ± 8
4l Ph H N-MePip Cys(Bn) F 3.0 ± 0.1c 8.7 8 ± 0.4

an.d. not determined. bSee ref 12. cT. brucei brucei TC211. dSee ref 58. eT. brucei brucei BS449.
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The metabolism studies of 2d-(H) only resulted in a single
metabolite, the N-oxidized derivative 2l as shown in Figure S14.
In order to verify the structure, themetabolite was synthesized as
described in the Chemistry section and retention times and
fragments were compared as described above.
The synthesized metabolites were also tested in the

fluorometric enzyme assay in order to determine their Ki values.
The assays were performed as described in the Enzyme assays
section and the results are shown in Table 7.
The demethylation of compound 1 to its metabolite 1a does

not decrease its inhibitory activity significantly. Both, compound

2d-(H) and its metabolite 2l, show a good inhibition of
rhodesain in the low nanomolar range. Therefore, it can be
concluded that the metabolites retain most of the inhibitory
potency of the parent drug.

In Vivo Distribution. Compound 1 as an example for a
covalent reversible and compound 2d-(H) as an example for a
covalent irreversible inhibitor were tested for their biodistribu-
tion in vivo in wild type CD1 mice. Their biodistribution after
oral (p.o.) or intraperitoneal (i.p.) application was investigated
by LC−MS analysis of plasma samples and brain tissues to
determine the ability of the compounds to cross the blood−

Table 6. Inhibition Data for 20S Proteasome and Dengue NS2B/NS3 Protease for Selected Compounds

substitution human 20S proteasome/%a dengue

cpd R R1 R2 aa trypsin caspase α-chymotrps. NS2B/NS3%a

1 Ph H N-MePip hPhe n.i. 16 13 n.i.
2a OPh H 4-Pyr hPhe n.i. 22 11 n.i.
2d OPh 4-Me 4-Pyr hPhe 10 44 20 n.i.
2e OPh 4-Me DHBD hPhe n.i. 31 22 11
3d Bn 4-Me 4-Pyr hPhe n.i. n.i. n.i. n.i.
4a Ph H 4-Pyr hPhe n.i. 41 10 n.i.
4b Ph H DHBD hPhe n.i. 26 n.i. n.d.
4d Ph 4-Me 4-Pyr hPhe 12 28 13 n.d.
4j Ph H N-MePip Met n.i. 18 n.i. n.d.
4l Ph H N-MePip Cys(Bn) 14 n.i. 71 13

a% inhibition at inhibitor concentrations of 11 μM; n.i. = <10% inhibition at 11 μM; and n.d. = not determined.

Figure 18. Metabolites of K11777 as published by Jacobsen and co-workers.59 N-Demethylation at the N-methyl piperazine moiety (A) and N-
oxidation (B) are the major metabolic reactions. Additionally, a β-hydroxy homophenylalanine metabolite was found (C).

Table 7. Assay Results of the Metabolites

substitution rhodesain

cpd R1 R2 R1′ X Ki/nm ki/s−1 k2nd/m−1 s−1

1 H N-MePip SO2Ph F 190a,b n.a. n.a.
1a H Pip SO2Ph F 192 ± 40b n.a. n.a.
2d-(H) Me 4-Pyr SO3Ph H 0.45 ± 0.06 0.020 46 × 106

2l Me 4-Pyr-N-oxide SO3Ph H 1.50 ± 0.46 0.018 12 × 106

aSee ref 12. bKi calculated from the Cheng−Prusoff equation;32 n.a. not applicable.
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brain barrier. The compounds were chosen for the in vivo assays
based on their differences in the mode of inhibition (covalent
reversible vs irreversible) and based on their physicochemical
properties (Table 8), which are similar for compound 2d-(H)
and its fluorinated counterpart 2d.

Compound 1 was found in plasma samples but not in the
brain homogenate, whereas compound 2d-(H) could be found
in both, plasma and brain tissue after i.p. and p.o. administration,
respectively (Figures 19, S15, and S16). Therefore, it can be
concluded that 2d-(H) is able to cross the blood−brain barrier
due to its higher lipophilicity. An accumulation of this
compound was also suggested because of a higher AUC after
multiple oral administration compared to a single dose i.p.
administration, thus making it a possible candidate for the
treatment of stage-2 HAT.
Furthermore, the distribution of the compounds in the brain

extracellular space was also investigated via microdialysis. Only
compound 2d-(H) could be found in the dialysate with recovery
rates from the plasma concentration between 0.8 and 6% of
plasma values after i.p. injection. This indicates that the
lipophilic compound 2d-(H) reaches higher concentrations
intracellularly than in the extracellular fluid.
Notably, the mice treated with the compounds did not show

any signs of toxification.
It can be concluded that the optimization of compound 1

through SAR studies not only enhanced the inhibitory potency
against rhodesain and the selectivity over CatB and CatL but
also resulted in a potential drug candidate for stage-2 HAT with
a higher lipophilicity (calc. S log P = 4.77 compared to 3.96 for
1) that is able to cross the blood brain barrier and accumulate in
brain tissue.

■ CONCLUSIONS
In this study, compound 1 (Ki = 190 nM, EC50 (T. brucei) = 12.5
μM), which was recently identified as a covalent reversible
cysteine protease inhibitor by the application of a quantum-
chemical-based design protocol,12 was optimized in terms of
inhibitory potency and selectivity for rhodesain. Based on the
results obtained from molecular docking and MD simulations, a
series of compounds with a modified recognition unit and an
altered substitution pattern of the warhead were synthesized.
Introduction of aromatic residues at P3 significantly enhanced
the potency for rhodesain (4b: Ki = 12 nM) and increased the
trypanocidal activity against T. brucei [4a: EC50 (T. brucei) = 3.0
μM]. Incorporation of a 4-methyl substituent at the phenyl-
alanine aromatic ring additionally improved selectivity against
human cathepsins (4d: Ki = 8 nM, 12-fold selectivity over CatL,
more than 200-fold selectivity over CatB). By alteration of the
substitution pattern of the warhead, two new classes of covalent
reversible cysteine protease inhibitors with distinct properties
were obtained. The compounds from the series of benzyl
fluorovinylsulfones (cpds 3a−3i) showed a similar potency
compared to the respective analogues with phenyl substituents
(4a−4i) but were significantly more rapidly reversible in
dilution and dialysis assays. Several compounds in the series of
fluorovinylsulfonates (2a−2i) showed a biphasic inhibition
mechanism, with the formation of a single digit nanomolar, high-
affinity complex in the second step (2d: Ki* = 3 nM). This
complex was shown to dissociate markedly slower in dialysis
experiments for compound 2d. Therefore, compound 2d
represents a potent, tight binding, and slowly reversible inhibitor
of rhodesain. Furthermore, compound 2d shows selectivity over
CatL (26-fold) and is only a weak inhibitor of CatB (38% at 11
μM). In addition, no relevant off-target activity against
threonine and serine proteases was observed and the
cytotoxicity profile improved considerably. Compounds with a
DHBD moiety at the N-terminus and 4-Me-Phe in the P2
position (2e, 4e) are not only nanomolar inhibitors of rhodesain,
but are most promising with regard to their the antitrypanoso-
mal activity and cytotoxicity profile, with EC50 values
comparable to those of the irreversible inhibitor K11777
(EC50 = 0.14−0.80 μM) and no cytotoxic effects against HeLa
cells (EC50 > 100 μM).
Microsomal stability assays revealed N-oxidation of the 4-Pyr

substituent in the P3 position of 2d-(H). However, this does not
seem to reduce the inhibitory potency. Moreover, the

Table 8. Comparison of 1, 2d, and 2d-(H) in Terms of
Physicochemical Properties and theMechanism of Inhibition

cpd inhibition mode SlogP (calc.)a TPSA [Å2] (calc.)a

1 covalent reversible 3.96 98.82
2d covalent reversible 5.07 114.46
2d-(H) covalent irreversible 4.77 114.46

aCalculated using MOE.60

Figure 19. (A) Compound 1was found inmouse plasma after 1 and 3 h, but not in the brain homogenate after i.p. and p.o. administration, respectively.
(B) Compound 2d-(H) showed plasma levels and distribution in brain tissue after both i.p. and p.o. administration. Both diagrams show the average
AUC values of all tested mice (five for each compound and route of administration).
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accumulation of 2d-(H) in mouse brain tissue, which did not
occur with 1, indicates a correlation of CNS permeation with the
physicochemical properties of the tested inhibitors, such as
SlogP values. These findings confirm that the optimized covalent
reversible fluorovinylsulfonates should be further investigated as
possible candidates for the treatment of both stage-1 and -2
HAT.
Based on these features, the high-affinity, lipophilic, and

selective reversible α-fluorovinylsulfones and sulfonates as
inhibitors of rhodesain may serve as a basis for the future
development of effective and non-toxic drugs for the treatment
of HAT.
In addition, we used mass spectrometry to demonstrate the

formation of a covalent bond. Using QM/MM and MD
computations, we could attribute the differences in inhibition
mechanisms between K11777 (irreversible) and 1 (reversible)
to the interaction between the fluorine atom and the oxyanion
hole of rhodesain. Due to this interaction, the olefin group of the
warhead flips in the active site significantly complicating the
further course of the inhibition reaction and leading to a
considerably reduced exothermicity and thus a reversible
inhibition.

■ EXPERIMENTAL SECTION
Syntheses. General. All reagents and solvents were of analytical

grade quality and purchased from Sigma-Aldrich, Alfa Aesar, Acros, or
TCI. Chemicals were used without further purification. Solvents were
purified by distillation and desiccated by standard methods if necessary.
1H and 13C spectra were recorded on a Bruker Fourier 300 using
DMSO-d6, CDCl3, or CD2Cl2 as a solvent. Chemical shifts δ are given in
parts per million (ppm) using residual proton peaks of the solvent as the
internal standard (1H/13C: DMSO: 2.50/39.52 ppm, CHCl3: 7.26/
77.16 ppm, CH2Cl2: 5.32/54.00 ppm). The purity of the compounds
was determined via HPLC-MS (δ = 254 nm). All compounds are >95%
pure according to HPLC analysis. High-resolution mass spectra were
obtained on a Waters Q-TOF-Ultima 3-instrument. Alternatively, the
mass spectra were obtained from an LC−MS system consisting of a
1100 series HPLC system from Agilent with an Agilent Poroshell 120
EC-C18 150 × 2.10 mm, 4 μm column. The mobile phase was 80%
acetonitrile, 10% H2O, and 10% of a 0.1% solution of formic acid in
water. Detection wavelength was 254 nm. The molecular mass was
detected using an Agilent 1100 series LC/MSD Trap with electron
spray ionization (ESI) in positive mode. Purification with a preparative
HPLC system was performed with a Varian PrepStar system (model
218) with an Agilent Zorbax XDB-C18 21.2 × 150 mm, 5 μm column.
Column chromatography was performed with silica gel (0.06−0.02 mm
or 0.040−0.063 mm) obtained from Carl Roth. All reactions were
monitored by thin-layer chromatography using Macherey-Nagel
ALUGRAM Xtra SIL G/UV254 silica gel 60 plates for detection at
254 nm. Melting points were determined in open capillaries using a
Stuart SMP10-instrument. Optical rotation [α]D22 was measured on an
P3000 polarimeter fromKrüss at 22 °C and is reported in cm3 g−1 dm−1.
Synthesis of Starting Materials. Phenyl Methanesulfonate61 (I).

Phenol (2.35 g, 1.0 equiv) was dissolved in EtOAc and cooled to 0 °C.
TEA (6.93 mL, 2.0 equiv) and methanesulfonyl chloride (2.52 mL, 1.3
equiv) were added successively and the mixture was allowed to warm to
rt. After stirring for 30 min, the solution was washed with water (3×)
and brine (1×) and was dried with Na2SO4. Evaporation of the solvent
yielded phenyl methanesulfonate (I) as a colorless powder (3.95 g,
92%). Spectral data matched those reported in the literature.28

Diethyl((benzylthio)methyl)phosphonate28 (II). Benzyl mercaptan
(0.84 mL, 1.0 equiv) was dissolved in THF and cooled to 0 °C. NaH
(60% in mineral oil, 0.32 g, 1.0 equiv) was added in portions and the
mixture was stirred for 15 min. Diethyl iodomethylphosphonate (1.24
mL, 1.0 equiv) was added dropwise and themixture was stirred for 3.5 h
at rt. THF was removed in vacuo and EtOAc was added. The organic
phase was washed with water (2×) and brine (1×) and dried with

Na2SO4. After evaporation of the solvent, the residue was purified by
column chromatography (petroleum ether/EtOAc 1:1), yielding the
title compound as a colorless liquid. Yield: 1.66 g (84%). 1HNMR (300
MHz, CDCl3): δ 7.43−7.21 (m, 5H), 4.25−4.08 (m, 4H), 3.90 (s, 2H),
2.54 (d, JH−P = 12.9 Hz, 2H), 1.34 (t, J = 7.1 Hz, 6H). 13C NMR (75
MHz, CDCl3): δ 137.3, 129.4, 128.7, 127.4, 62.7 (d, JC−P = 6.7 Hz),
37.0 (JC−P = 2.9 Hz), 23.8 (JC−P = 150 Hz), 16.6 (JC−P = 6.0 Hz). 1H
NMR data are consistent with the literature.12

Diethyl((phenylsulfonyl)methyl)phosphonate12 (III).To a solution
of methyl phenyl sulfone (3.81 g, 24 mmol) in dry THF, n-BuLi (2.5 M
in hexane, 21.5 mL, 60 mmol) was added at 0 °C with stirring. After 30
min, diethyl chlorophosphate was added dropwise and the reaction
mixture was stirred at 0 °C for 1 h. 25 mL of a saturated solution of
ammonium chloride was added and the volatiles were evaporated. The
residue was extracted with DCM and the combined extracts were
washed with brine, dried with sodium sulfate, concentrated under
reduced pressure, and purified by column chromatography (light
petroleum/EtOAc 1:5) to afford the title compound as a colorless oil,
which solidified upon standing (4.11 g, 52%). NMR data were
consistent with the literature.28,62

Phenyl(diethoxyphosphoryl)methanesulfonate (IV). Phenyl meth-
anesulfonate (I, 2.5 g, 1.0 equiv) was dissolved in THF and cooled to
−78 °C. KHMDS (1.0 M in THF, 15 mL. 1.1 equiv) was added
dropwise and the mixture was stirred for an additional 15 min. Diethyl
chlorophosphate (1.5 mL, 0.7 equiv) was added slowly and stirred for 1
h at−60 °C. The reaction was quenched by addition of glacial AcOH (1
mL) and then allowed to warm to rt. THF was removed in vacuo and
EtOAc was added to the residue. The solution was washed with water
(2×) and brine (1×) and then dried with Na2SO4. Evaporation of the
solvent gave a crude product, which was purified by column
chromatography (petroleum ether/EtOAc 1:1 to 1:3), yielding the
title compound as a colorless liquid (3.3 g, 74%). 1H NMR (300 MHz,
CDCl3): δ 7.52−7.29 (m, 5H), 4.36−4.20 (m, 4H), 3.81 (d, JH−P = 17
Hz, 2H), 1.44−1.31 (m, 6H). 13C NMR (75 MHz, CDCl3): δ 149.4,
130.2, 127.8, 122.3, 64.2 (d, JC−P = 6.5 Hz), 47.3 (d, JC−P = 139 Hz),
16.4 (d, JC−P = 6.3 Hz).

Diethyl((benzylsulfonyl)methyl)phosphonate28 (V). Compound II
(2.55 g, 1.0 equiv) was dissolved in DCM and cooled to 0 °C.
Subsequently, mCPBA (77%, 5.8 g, 3.0 equiv) was added in portions
and the mixture was stirred for 12 h at rt. Then, the solution was filtered
and washed with 1 M NaOH (4×), water (1×), and brine (1×) and
dried with Na2SO4. After evaporation of the solvent, the title compound
was obtained as a colorless oil. Yield: 2.82 g (99%). 1H NMR (300
MHz, CDCl3): δ 7.57−7.47 (m, 2H), 7.44−7.34 (m, 3H), 4.60 (s, 2H),
4.24 (dq, J = 8.1, 7.1 Hz, 4H), 3.36 (d, J = 16 Hz, 2H), 1.37 (dt, J = 7.1,
0.4 Hz, 6H). 13C NMR (75MHz, CDCl3): δ 131.2, 129.3, 129.2, 128.2,
63.9 (d, JC−P = 6.5 Hz), 60.4, 48.0 (d, JC−P = 140 Hz), 16.50 (d, JC−P =
6.4 Hz). Spectral data are consistent with the literature.12,63

(S)-tert-Butyl(1-oxo-4-phenylbutan-2-yl)carbamate (VI). L-Ho-
mophenylalanine (5.0 g, 28 mmol) was dissolved in THF (15 mL)
and a solution of Na2CO3 (3 g, 28mmol) in 100mL of water was added
followed by di-tert-butyl dicarbonate (31 mmol) in 75 mL THF. The
mixture was stirred overnight, diluted with water (100 mL), and
extracted with CH2Cl2. The aqueous layer was acidified with KHSO4 to
pH 3 and extracted with CH2Cl2. The combined organic extracts were
dried with sodium sulfate and concentrated under reduced pressure to
give crude boc-L-homophenylalanine (7.0 g, 89%). This crude material
(4.91 g, 18 mmol) was dissolved in DCM (100mL) and cooled to 0 °C.
EDC−HCl (4.05 g, 21 mmol), HOBt (3.23 g, 21 mmol), and DIEA
(13.5 mL, 78 mmol) were added and the mixture was stirred for 15 min
before N,O-dimethylhydroxylamine hydrochloride (2.06 g, 21 mmol)
was added. Themixture was allowed to warm to rt and was stirred for 18
h. DCM was removed under reduced pressure, water (60 mL) was
added, and the suspension was extracted with EtOAc. The combined
organic extracts were washed with saturated aq NaHCO3 (5×) and
brine, dried with sodium sulfate, and concentrated under reduced
pressure to give tert-butyl (S)-(1-(methoxy(methyl)amino)-1-oxo-4-
phenylbutan-2-yl)carbamate as a crude yellow oil (5.64 g, 99%), which
was used in the next step without further purification. 1H NMR (300
MHz, DMSO-d6): δ 7.46−7.18 (m, 5H), 5.28 (d, J = 9.3 Hz, 1H), 4.73
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(s, 1H), 3.67 (s, 3H), 3.21 (s, 3H), 2.88−2.61 (m, 2H), 2.18−1.79 (m,
2H), 1.52 (s, 9H). The crude oil (4.05 g, 12.5 mmol) was dissolved in
dry diethyl ether (130 mL) and cooled to 0 °C. LiAlH4 (0.59 g, 15.7
mmol) was added portion wise. The mixture was stirred for 30 min and
subsequently quenched by addition of aqueous KHSO4 (0.33 M, 65
mL). The organic phase was separated, and the aqueous phase was
extracted with diethyl ether. The combined organic extracts were
washed with 3 M HCl, saturated aq NaHCO3, and brine, dried with
sodium sulfate, concentrated under reduced pressure, and purified by
column chromatography (light petroleum/EtOAc 3:1), yielding the
title compound as a colorless solid (2.44 g, 74%). 1H NMR (300 MHz,
CDCl3): δ 9.55 (s, 1H), 7.40−7.13 (m, 5H), 5.08 (d, J = 4.1 Hz, 1H),
4.26 (q, J = 5.9 Hz, 1H), 2.87−2.63 (m, 2H), 2.35−2.06 (m, 1H),
2.02−1.77 (m, 2H), 1.47 (s, 9H). 13C NMR (75 MHz, CDCl3): δ
199.6, 155.6, 140.7, 128.8, 128.7, 126.5, 80.4, 59.7, 31.6, 31.2, 28.4.
NMR data are consistent with the literature.64

(S)-tert-Butyl(4-(methylthio)-1-oxobutan-2-yl)carbamate (VII).
Boc-L-Met-OH (2.43 g, 1.0 equiv) was dissolved in DCM and cooled
to 0 °C. HOBt (1.49 g, 1.0 equiv) and DIEA (5.0 mL, 3.0 equiv) were
added successively, and the mixture was stirred until all materials were
solubilized. To this mixture, TBTU (3.12 g, 1.0 equiv) was added in one
portion and then stirred for 15 min at 0 °C. N,O-Dimethylhydroxyl-
amine hydrochloride (1.0 g, 1.1 equiv) was added in one portion and
the mixture was stirred for 12 h at rt. DCM was removed in vacuo, and
the residue was diluted with EtOAc. The organic layer was washed with
water (5×), conc. NaHCO3 (2×), and 1M aqHCl (2×) and dried with
Na2SO4. After evaporation of the solvent, the residue was purified by
column chromatography (petroleum ether/EtOAc 2:1), yielding tert-
butyl (S)-(1-methoxy(methyl)amino)-4-(methylthio)-1-oxobutan-2-
yl)carbamate as a colorless oil (2.42 g, 85%). 1H NMR (300 MHz,
CDCl3): δ 5.23 (d, J = 7.7 Hz, 1H), 4.78 (s, 1H), 3.77 (s, 3H), 3.20 (s,
3H), 2.68−2.42 (m, 2H), 2.08 (s, 3H), 2.05−1.92 (m, 1H), 1.89−1.71
(m, 1H), 1.42 (s, 9H). 13C NMR (75 MHz, CDCl3): δ 172.7, 155.7,
79.9, 61.8, 50.0, 32.6, 32.3, 30.3, 28.5, 15.6. This material (2.42 g, 1.0
equiv) was dissolved in THF and cooled to 0 °C. LiAlH4 (0.41 g, 1.3
equiv) was added in portions and stirred for 30 min. The mixture was
diluted with 50 mL diethyl ether and then 1 M KHSO4 (50 mL) was
added carefully. The layers were separated, and the aqueous phase was
extracted twice with diethyl ether. The combined organic layers were
washed with 1MHCl (2×), saturated aq NaHCO3, and brine, and then
dried with Na2SO4. After evaporation of the solvent, the residue was
purified by column chromatography (petroleum ether/EtOAc 2:1) to
give the title compound as a colorless solid (1.49 g, 77%). 1H NMR
(300 MHz, CDCl3): δ 9.63 (s, 1H), 5.21 (s, 1H), 4.39−4.11 (m, 1H),
2.56 (t, J = 7.2 Hz, 2H), 2.34−2.13 (m, 1H), 2.07 (s, 3H), 1.99−1.83
(m, 1H), 1.44 (s, 9H). 13C NMR (75 MHz, CDCl3): δ 199.2, 155.6,
80.4, 59.1, 29.9, 28.8, 28.4, 15.5. NMR data are consistent with the
literature.65

(R)-tert-Butyl(1-(benzylthio)-3-oxopropan-2-yl)carbamate (VIII).
L-Cysteine hydrochloride (5.20 g, 1.0 equiv) was dissolved in 60 mL 2
M NaOH and 150 mL EtOH. To the mixture, 5.64 g (3.92 mL, 1.0
equiv) benzyl bromide is added dropwise. After stirring for 1 h, the
mixture is neutralized by addition of conc. HCl. The precipitate is
collected by filtration and washed with water, diethyl ether, and ethanol.
S-Benzyl L-cysteine is obtained as a colorless solid and directly used for
the next step (6.4 g. 91%). 1HNMR (300MHz, D2O): δ 7.50−7.24 (m,
5H), 4.17 (q, J = 6.5 Hz, 1H), 3.88−3.71 (s, 2H), 3.09−2.87 (m, 2H).
13C NMR (75 MHz, D2O): δ 171.7, 138.2, 129.3, 129.1, 127.8, 51.8,
35.5, 30.7. S-Benzyl L-cysteine (3.0 g, 1.0 equiv) was dissolved in THF
(50 mL), and K2CO3 (2.94 g, 1.5 equiv) and water (50 mL) were
added. Di-tert-butyl-dicarbonate (3.25 g, 1.05 equiv) dissolved in 50
mL THF was added dropwise and stirred for 12 h at rt. THF was
removed in vacuo and the residue was extracted twice with DCM. The
aqueous layer was acidified to pH 3 by addition of 1 M KHSO4 and
extracted with DCM (3×). The combined organic layers were washed
with brine (2×), dried with Na2SO4, and evaporated under reduced
pressure to give crude boc-S-benzyl L-cysteine as a colorless oil (3.05 g,
69%). 1H NMR (300 MHz, DMSO-d6): δ 7.38−7.03 (m, 5H), 4.14−
4.02 (m, 1H), 3.71 (s, 2H), 2.67 (m, 2H), 1.35 (s, 9H). 13C NMR (75
MHz, DMSO-d6): δ 172.6, 155.4, 138.3, 128.9, 128.4, 126.9, 78.3, 53.2,

39.5, 35.2, 32.4, 28.2. This material (3.05 g, 1.0 equiv) was dissolved in
DCM and cooled to 0 °C. HOBt (1.49 g, 1.0 equiv) and DIEA (5.0 mL,
3.0 equiv) were added successively, and the mixture was stirred until all
materials were solubilized. To this mixture, TBTU (3.40 g, 1.0 equiv)
was added in one portion and then stirred for 15 min at 0 °C. N,O-
Dimethylhydroxylamine hydrochloride (1.0 g, 1.1 equiv) was added in
one portion and the mixture was stirred for 12 h at rt. DCM was
removed in vacuo, and the residue was diluted with EtOAc. The organic
layer was washed with water (5×), conc. NaHCO3 (2×), and 1 M aq
HCl (2×) and dried with Na2SO4. After evaporation of the solvent, the
residue was purified by column chromatography (petroleum ether/
EtOAc 2:1), yielding (R)-tert-butyl (3-(benzylthio)-1-(methoxy-
(methyl)amino)-1-oxopropan-2-yl)carbamate as a colorless oil (3.25
g, 95%). 1HNMR (300 MHz, CDCl3): δ 7.42−7.15 (m, 5H), 5.28 (d, J
= 8.6 Hz, 1H), 4.84−4.59 (m, 1H), 3.67 (s, 3H), 3.21 (s, 3H), 2.83−
2.54 (m, 2H), 2.15−1.77 (m, 2H), 1.50 (s, 9H). 13C NMR (75 MHz,
CDCl3): δ 173.2, 155.7, 141.3, 128.7, 128.5, 126.1, 61.6, 50.2, 38.8,
34.7, 31.8, 28.5. The above compound (3.0 g, 1.0 equiv) was dissolved
in diethyl ether and cooled to 0 °C. LiAlH4 (0.42 g, 1.3 equiv) was
added in portions and stirred for 30 min. The mixture was diluted with
50mL diethyl ether and then 1MKHSO4 (50mL) was added carefully.
The layers were separated, and the aqueous phase was extracted twice
with diethyl ether. The combined organic layers were washed with 1 M
HCl (2×), saturated aq NaHCO3, and brine, and then dried with
Na2SO4. After evaporation of the solvent, the residue was purified by
column chromatography (petroleum ether/EtOAc 2:1) to give the title
compound as a colorless solid (1.70 g, 68%). 1H NMR (300 MHz,
CDCl3): δ 9.46 (s, 2H), 7.32−7.21 (m, 13H), 5.29 (d, J = 21.5 Hz, 2H),
4.32−4.16 (m, 2H), 3.67 (s, 5H), 2.86−2.70 (m, 5H), 1.39 (s, 24H).
13C NMR (75 MHz, CDCl3): δ 198.8, 137.7, 129.1, 128.8, 127.3, 80.6,
77.2, 59.3, 37.1, 30.8, 28.4. NMR data are consistent with the
literature.12

(S)-2-(4-Methylpiperazin-1-ium-1-carboxamido)-3-phenylpropa-
noate12 (IX). L-Phenylalanine methyl ester hydrochloride (2.0 g, 1.0
equiv) was suspended in CH2Cl2 and 25 mL of a saturated aqueous
solution of NaHCO3 was added. At 0 °C, triphosgene (0.92 g, 0.3
equiv) was added and the mixture was allowed to stir for 30 min at this
temperature. Subsequently, the organic phase was separated, and the
aqueous phase was extracted with three portions of DCM. The
combined organic extracts were washed with brine, dried with Na2SO4,
and concentrated under reduced pressure. The residue was dissolved in
THF and cooled to 0 °C. N-Methyl piperazine (0.93 g, 1.03 mL, 1.0
equiv) was added dropwise. After stirring for 1 h, THF was removed
under reduced pressure and the residue was diluted with EtOAc.
Aqueous work-up was performed with water (1×), saturated aq
NaHCO3 (1×), and brine (1×). The organic layer was dried with
Na2SO4 and evaporated. The crude product was purified by column
chromatography (CH2Cl2/MeOH 9:1), giving methyl (4-methylpiper-
azine-1-carbonyl)-L-phenylalaninate as a colorless oil. Yield: 1H NMR
(300 MHz, CDCl2): δ 7.30−7.10 (m, 3H), 7.04 (d, J = 7.3 Hz, 2H),
4.77 (d, J = 7.3 Hz, 1H), 4.61 (m, 1H), 3.61 (s, 3H), 3.29−3.11 (m,
4H), 3.00 (m, 2H), 2.22 (t, J = 5.0 Hz, 4H), 2.16 (s, 3H). This material
(3.0 g, 9.4 mmol) was dissolved in THF (20mL) and LiOH (1.4 g, 33.4
mmol) in 10 mL water was added. The mixture was stirred for 18 h at rt
and the volatiles were removed under reduced pressure. Water was
added to the residue and the pH was adjusted to 2 with 1 M aq HCl.
The title compound was crystallized at 4 °C along with some LiCl and
collected by filtration. Recrystallization from methanol gave the pure
compound as a colorless powder. 1H NMR (300 MHz, DMSO-d6): δ
7.33−7.05 (m, 5H), 6.68 (d, J = 7.9 Hz, 1H), 4.28−4.09 (m, 1H),
3.50−3.16 (m, 4H), 2.98 (m, 2H), 2.46−2.30 (m, 4H), 2.25 (s, 3H).
13C NMR (75 MHz, DMSO-d6): δ 174.6, 157.1, 139.0, 129.4, 128.0,
126.1, 56.0, 53.1, 44.8, 42.7, 39.5, 36.9.

Isonicotinoyl-L-phenylalanine66 (X). To a solution of L-phenyl-
alanine ethyl ester hydrochloride (2.50 g, 10.88 mmol) and TEA (4.5
mL, 32.65 mmol) in DCM, isonicotinoyl chloride hydrochloride (1.93
g, 10.88 mmol) was added in small portions. Themixture was stirred for
3 h, washed with a saturated solution of NaHCO3, dried with Na2SO4,
and concentrated under reduced pressure. Ethyl isonicotinoyl-L-
phenylalaninate (2.84 g, yield 87%) was obtained as a yellowish oil,
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which crystallized upon standing and was used in the next step without
further purification. 1H NMR (300 MHz, DMSO-d6): δ 9.18 (d, J = 7.7
Hz, 1H), 8.73 (d, J = 5.2 Hz, 2H), 7.69 (d, J = 5.2 Hz, 2H), 7.37−7.12
(m, 5H), 4.75−4.57 (m, 1H), 4.10 (q, J = 7.1 Hz, 2H), 3.05−3.21 (m,
2H), 1.14 (t, J = 7.1 Hz, 3H). 13C NMR (75MHz, DMSO-d6): δ 171.3,
165.0, 150.3, 140.6, 137.4, 129.1, 128.3, 126.6, 121.3, 60.7, 54.4, 45.7,
39.5, 36.2, 14.0. The above compound (2.84 g, 9.53 mmol) was
dissolved in water (30 mL) and THF (30 mL), then LiOH (1.20 g, 28.6
mmol) was added. The mixture was stirred for 2 h before the organic
solvent was removed under reduced pressure and the aqueous residue
was neutralized with 1 M aq HCl. The title compound was crystallized
at 4 °C along with LiCl. Recrystallization from methanol gave the pure
product as a colorless powder (1.59 g, 62%). 1H NMR (300 MHz,
DMSO-d6): δ 8.76−8.57 (m, 2H), 8.22 (d, J = 7.3 Hz, 1H), 7.71−7.57
(m, 2H), 7.25−6.99 (m, 5H), 4.26 (td, J = 7.4, 4.6 Hz, 1H), 3.27−2.95
(m, 3H). 13C NMR (75MHz, DMSO-d6): δ 171.9, 163.4, 150.2, 142.1,
139.5, 129.4, 127.7, 125.6, 121.0, 56.1, 37.2.
11-(Tritylthio)undecanoic Acid (XI). Triphenylmethyl chloride

(0.63 g, 1.0 equiv) was dissolved in DCM (5 mL). Thereto, a solution
of 11-mercaptoundecanoic acid (MUA) (0.5 g, 1.0 equiv) in DCM (15
mL) was added dropwise. The mixture was stirred for 2 h at rt. DCM
was removed by distillation, and the residue was purified by column
chromatography (petroleum ether/EtOAc 2:1). 1H NMR (300 MHz,
CDCl3): δ 7.40 (d, J = 7.6 Hz, 6H), 7.31−7.09 (m, 9H), 2.32 (t, J = 7.1
Hz, 2H), 2.11 (t, J = 7.3 Hz, 2H), 1.60 (q, J = 7.4 Hz, 2H), 1.46−0.95
(m, 14H). 13C NMR (75 MHz, CDCl3): δ 179.7, 145.2, 129.8, 127.9,
126.6, 66.5, 34.1, 32.2, 29.5, 29.32, 29.27, 29.16, 29.12, 28.7, 24.8. NMR
data are consistent with the literature.12

tert-Butyl (S)-4-((1-Ethoxy-1-oxo-3-phenylpropan-2-yl)-
carbamoyl)piperazine-1-carboxylate (XII). To a stirred solution of
0.798 g 1-boc piperazine in THF, a suspension of 0.860 g (S)-ethyl-2-
isocyanate-3-phenylpropanoate in THF was added dropwise. The
mixture was stirred for 18 h and the solvent was removed under reduced
pressure. The residue was extracted with EtOAc and the combined
extracts were washed with a saturated solution of NaHCO3 and brine,
dried with Na2SO4, and concentrated under reduced pressure, resulting
in a colorless oil (0.81 g, 50%). 1H NMR (300 MHz, CDCl3): δ 7.49−
7.33 (m, 3H), 7.29−7.18 (m, 2H), 5.10−4.83 (m, 1H), 4.28 (dq, J =
15.5, 7.2 Hz, 2H), 3.70−3.57 (m, 1H), 3.57−3.48 (m, 4H), 3.48−3.35
(m, 4H), 3.29−3.22 (m, 2H), 1.60 (s, 9H), 1.39 (td, J = 7.1, 3.3 Hz,
3H). 13C NMR (75 MHz, CDCl3): δ 172.6, 156.5, 154.6, 136.3, 129.3,
128.5, 127.0, 80.2, 61.4, 60.4, 54.37, 43.9, 38.4, 28.4, 21.1, 14.2.
(4-(tert-Butoxycarbonyl)piperazine-1-carbonyl)-L-phenylalanine

(XIII). 0.81 g of compound XII was dissolved in THF and cooled to 0
°C. A solution of 0.29 g LiOH in water was added dropwise and the
mixture was stirred for 3 h at room temperature. The solvent was
removed under reduced pressure and the pH of the residue was
adjusted to 2 with 1 M HCl. The residue was extracted with ethyl
acetate and the combined extracts were washed with brine, dried with
Na2SO4, and concentrated under reduced pressure. The crude product
was dissolved in diethyl ether, n-pentane was added, and the product
was crystallized at 4 °C, giving a colorless solid (0.56 g, 74%). 1H NMR
(300MHz, CDCl3): δ 9.39 (s, 1H), 7.25−7.14 (m, 3H), 7.14−7.04 (m,
2H), 5.05 (d, J = 7.1Hz, NH), 4.61 (q, J = 6.2Hz, 1H), 3.30 (dd, J = 7.9,
4.0 Hz, 4H), 3.24−3.09 (m, 4H), 3.04 (dd, J = 14.0, 6.8 Hz, 2H), 1.39
(s, 9H). 13C NMR (75 MHz, CDCl3): δ 174.7, 157.5, 154.8, 136.4,
129.5, 128.7, 127.2, 80.6, 54.9, 43.7, 37.5, 28.5.
Preparation of Phosphonates 5−7 . Diethyl(fluoro-

(phenylsulfonyl)methyl)phosphonate12,67 (5). To a stirred solution
of phosphonate III (1.54 g, 1.0 equiv) in THF, KHMDS (1 M in THF,
6.59 mL, 1.25 equiv) was added dropwise at −80 °C. After 30 min at
this temperature, Selectfluor (2.80 g, 1.5 equiv) in 10 mL DMF was
added and the reaction mixture was stirred for 3 h, slowly warming to 0
°C. 15mL of a saturated solution of ammonium chloride was added and
the volatiles were evaporated. The residue was extracted with DCM and
the combined extracts were washed with a saturated solution of
NaHCO3 and brine, dried with Na2SO4, concentrated under reduced
pressure, and purified by column chromatography (light petroleum/
EtOAc 1:6) to afford the title compound as a colorless solid. Yield: 1.0 g
(62%). 1H NMR (300 MHz, CDCl3): δ 8.01 (d, J = 7.5 Hz, 2H), 7.74

(t, J = 7.4 Hz, 1H), 7.61 (t, J = 7.7 Hz, 2H), 5.38 (dd, JH−F = 45.5 Hz,
JH−F = 6.6 Hz, 1H), 4.40−4.18 (m, 4H), 1.35 (t, J = 7.1 Hz, 6H). NMR
data were consistent with the literature.12

Phenyl(diethoxyphosphoryl)fluoromethanesulfonate (6). Phos-
phonate IV (1.73 g, 1.0 equiv) was dissolved in THF (15 mL) and
cooled to −78 °C. KHMDS (1 M in THF, 7.0 mL, 1.25 equiv) was
added dropwise and the mixture was stirred for an additional 30 min.
Selectfluor (3.0 g, 1.5 equiv) was added in one portion and the mixture
was stirred for 5 min. Then, DMF (12 mL) was added in one portion
and the mixture was allowed to warm to 0 °C. After stirring for 3 h, the
reaction was quenched with conc. aq NH4Cl (5 mL) and THF was
removed in vacuo. EtOAc was added and the organic phase was washed
with water (3×) and brine (2×) and dried with Na2SO4. The solvent
was removed under reduced pressure and the residue was purified by
column chromatography (petroleum ether/EtOAc 1:1), yielding the
title compound as a colorless oil (0.95 g, 52%). 1H NMR (300 MHz,
CDCl3): δ 7.50−7.39 (m, 2H), 7.39−7.28 (m, 3H), 5.63 (dd, JH−F = 45
Hz, JH−P = 7.2 Hz, 1H), 4.45−4.25 (m, 4H), 1.39 (tdd, J = 7.1, 2.0, 0.7
Hz, 6H). 13C NMR (75 MHz, CDCl3): δ 149.6, 130.3, 128.0, 122.2,
93.4 (dd, JC−F = 232 Hz, JC−P = 162 Hz), 65.7 (dd, JC−P = 10.7 Hz, JC−F
= 6.7 Hz), 16.44 (d, JC−P = 5.8 Hz).

Diethyl((benzylsulfonyl)fluoromethyl)phosphonate (7). Phospho-
nate V (3.77 g, 1.0 equiv) was dissolved in THF (40 mL) and cooled to
−78 °C. KHMDS (1 M in THF, 15.4 mL, 1.25 equiv) was added
dropwise and the mixture was stirred for an additional 30 min.
Selectfluor (6.55 g, 1.5 equiv) was added in one portion and themixture
was stirred for 5 min. Then, DMF (24 mL) was added in one portion
and the mixture was allowed to warm to 0 °C. After stirring for 3 h, the
reaction was quenched with conc. NH4Cl (5 mL) and THF was
removed in vacuo. EtOAc was added and the organic phase was washed
with water (3×) and brine (2×) and dried with Na2SO4. The solvent
was removed under reduced pressure and the residue was purified by
column chromatography (DCM/EtOAc 9:1), yielding the title
compound as a colorless oil (1.92 g, 48%). 1H NMR (300 MHz,
CDCl3): δ 7.51−7.32 (m, 5H), 5.28 (dd, JH−F = 45 Hz, JH−P = 7.1 Hz,
1H), 4.67−4.49 (m, 2H), 4.42−4.21 (m, 4H), 1.39 (td, J = 7.1, 0.7 Hz,
6H). 13C NMR (75 MHz, CDCl3): δ 131.4, 129.5, 129.2, 125.8, 95.2
(dd, JC−F = 228 Hz, JC−P = 161 Hz), 65.4 (dd, JC−F = 6.3 Hz, JC−P = 6.2
Hz), 57.5, 16.5 (d, JC−P = 5.8 Hz).

HWE Olefination (Compounds 8−12). Procedure A. The specified
phosphonate (1.0 equiv) was dissolved in THF and cooled to 0 °C.
NaH (60% in mineral oil, 1.1 equiv) was added in portions and the
mixture was stirred for 15 min. The corresponding boc-protected
aminoaldehyde (1.0 equiv) was added in one portion, and the mixture
was allowed to warm to rt. After stirring for 1 h, EtOAc was added and
the organic phase was extracted with water, saturated aq NaHCO3, and
brine and finally dried with Na2SO4. Evaporation of the solvent under
reduced pressure provided the boc-protected vinylsulfones as a crude
mixture of E/Z isomers. Purification and separation of the isomers were
achieved by column chromatography. The products were obtained as
colorless solids.

Procedure B. The specified phosphonate (1.0 equiv) was dissolved
in THF and cooled to −78 °C. KHMDS (1 M in THF, 1.0 equiv) or
LHMDS (1M inTHF, 1.0 equiv) was added dropwise and it was stirred
for additional 20min. The respective aldehyde (1.0 equiv) was added in
one portion and themixture was allowed to warm to rt over a period of 1
h. After stirring for an additional hour at rt, EtOAc was added and the
organic phase was extracted with water (2×) and brine (1×).
Evaporation of the solvent under reduced pressure gave the crude
product as E/Z isomers. Purification by column chromatography
allowed the isolation of the desired (E)-isomers. The products were
obtained as colorless solids.

tert-Butyl (S,E)-(1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-
3-yl)carbamate12 (8). Prepared following procedure A using 0.35 g
of phosphonate 5, 0.3 g boc-homophenylalaninal or boc-homopheny-
lalanine aldehyde or boc-hPhe-H (VI), and 0.05 g NaH in 6 mL THF.
Column chromatography: petroleum ether/EtOAc 3:1. (E)-isomer:
Yield 0.20 g (41%). 1HNMR (300MHz, CDCl3): δ 7.95 (d, J = 7.6 Hz,
2H), 7.70 (t, J = 7.4 Hz, 1H), 7.58 (t, J = 7.6 Hz, 2H), 7.36−7.16 (m,
3H), 7.12 (d, J = 7.1 Hz, 2H), 6.19 (dd, JH−F = 32.3 Hz, JH−H = 7.1 Hz,
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1H), 4.61 (s, 1H), 4.46 (s, 1H), 2.74−2.52 (m, 2H), 2.00−1.77 (m,
2H), 1.39 (s, 9H). 13C NMR (75MHz, CDCl3): δ 154.9, 154.7 (d, JC−F
= 300Hz), 140.5, 137.2, 134.7, 129.61, 128.8, 128.7, 128.4, 126.4, 118.4
(d, JC−F = 4.6 Hz), 80.3, 46.4 (d, JC−F = 2.7 Hz), 36.2, 32.0, 28.3. (Z)-
isomer: Yield 0.10 g (21%). 1HNMR (300MHz, CDCl3): δ 8.09 (d, J =
4.2Hz, 2H), 7.69 (t, J = 7.4Hz, 1H), 7.57 (t, J = 7.7Hz, 2H), 7.37−7.12
(m, 5H), 5.81 (dd, JH−F = 21 Hz, JH−H = 10 Hz, 1H), 5.35−5.18 (m,
1H), 4.70 (s, 1H), 2.89−2.62 (m, 2H), 2.14−1.86 (m, 2H), 1.46 (s,
9H). 13C NMR (75 MHz, CDCl3): δ 155.0, 152.7 (d, JC−F = 293 Hz),
141.0, 137.7, 134.7, 129.5, 129.1, 128.7, 128.5, 126.3, 121.4 (d, JC−F =
11 Hz), 80.0, 46.6 (d, JC−F = 5 Hz), 37.3, 32.3, 28.5.
Phenyl (S,E)-3-((tert-Butoxycarbonyl)amino)-1-fluoro-5-phenyl-

pent-1-ene-1-sulfonate (9). Prepared following procedure A using
0.66 g of phosphonate 6, 0.53 g boc-homophenylalaninal or boc-
homophenylalanine aldehyde or boc-hPhe-H (VI), and 0.09 g NaH in
12 mL THF. Column chromatography: petroleum ether/EtOAc 5:1.
(E)-isomer: Yield 0.38 g (43%). 1H NMR (300MHz, CDCl3): δ 7.46−
7.32 (m, 2H), 7.32−7.15 (m, 6H), 7.10 (d, J = 7.0 Hz, 2H), 5.91 (dd,
JH−F = 31.3 Hz, JH−H = 8.6 Hz, 1H), 4.68−4.27 (m, 2H), 2.66−2.43 (m,
2H), 1.97−1.66 (m, 2H), 1.43 (s, 9H). 13C NMR (75 MHz, CDCl3): δ
154.8, 150.8, 148.9 (d, JC−F = 296 Hz), 140.2, 130.2, 128.8, 128.4,
128.0, 126.5, 122.4 (d, JC−F = 4.1 Hz), 122.3, 80.4, 46.3 (d, JC−F = 2.1
Hz), 35.9, 31.9, 28.4. (Z)-isomer: yield 0.22 g (22%). 1H NMR (300
MHz, CDCl3): δ 7.44−7.32 (m, 2H), 7.32−7.13 (m, 6H), 7.04 (d, J =
7.2 Hz, 2H), 6.14 (br, 1H), 4.88−4.44 (br, 2H), 2.59−2.46 (m, 1H),
2.46−2.29 (m, 1H), 1.84 (br, 1H), 1.42 (br, 1H), 1.43 (s, 9H). 13C
NMR (75 MHz, CDCl3): δ 154.8, 149.3, 147.5 (d, JC−F = 296 Hz),
140.7, 130.1, 128.5, 128.4, 128.1, 126.3, 124.1 (d, JC−F = 9.9 Hz), 122.4,
80.4, 47.1 (d, JC−F = 3.6 Hz), 36.3, 32.0, 28.4.
Phenyl (S,E)-3-((tert-Butoxycarbonyl)amino)-5-phenylpent-1-

ene-1-sulfonate (9-(H)). Prepared following procedure B using 1.45
g of phosphonate IV, 1.24 g boc-homophenylalaninal or boc-
homophenylalanine aldehyde or boc-hPhe-H (VI), and 6.0 mL 1 M
LHMDS in 25 mL THF. Column chromatography: cyclohexane/
EtOAc 5:1. (E)-isomer: Yield 0.80 g (41%). 1H NMR (300 MHz,
CDCl3): δ 7.43−7.35 (m, 2H), 7.35−7.27 (m, 3H), 7.27−7.20 (m,
3H), 7.18−7.10 (m, 2H), 6.76 (dd, J = 15.1, 5.1 Hz, 1H), 6.48 (dd, J =
15.1, 1.5 Hz, 1H), 4.58 (d, J = 8.2 Hz, 1H), 4.33 (s, 1H), 2.77−2.52 (m,
2H), 1.98−1.72 (m, 2H), 1.49 (s, 9H). 13C NMR (75 MHz, CDCl3): δ
154.9, 150.4, 149.6, 140.2, 130.0, 128.8, 128.4, 127.4, 126.6, 124.4,
122.6, 80.5, 51.0, 35.6, 32.0, 28.4.
tert-Butyl (S,E)-(1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-1-en-3-

yl)carbamate (10). Synthesized following procedure B using 0.92 g
phosphonate 7, 0.74 g boc-homophenylalaninal or boc-homophenyla-
lanine aldehyde or boc-hPhe-H (VI), and 2.8 mL KHMDS (1 M in
THF) in 14 mL THF. Column chromatography: DCM/EtOAc 100:1.
(E)-isomer: yield: 0.57 g (47%). 1HNMR (300MHz, CDCl3): δ 7.39−
7.16 (m, 8H), 7.10 (d, J = 7.0 Hz, 2H), 5.76 (dd, JH−F = 32.8 Hz, JH−H =
8.1 Hz, 1H), 4.59−4.38 (m, 2H), 4.35 (s, 2H), 2.62−2.38 (m, 2H),
1.91−1.64 (m, 3H), 1.45 (s, 9H). 13C NMR (75 MHz, CDCl3): δ
154.8, 152.1 (d, JC−F = 300 Hz), 140.5, 131.0, 129.5, 129.2, 128.7,
128.4, 126.8, 126.4, 120.9 (d, JC−F = 3.1 Hz), 80.3, 58.9, 46.1, 36.2, 31.8,
28.5. The (Z)-isomer was not isolated.
tert-Butyl (S,E)-(1-Fluoro-5-(methylthio)-1-(phenylsulfonyl)pent-

1-en-3-yl)carbamate (11). Synthesized following procedure B using
0.93 g phosphonate 5, 0.75 g boc-Met-H, and 3.15mL LHMDS (1M in
THF) in 20 mL THF. Column chromatography: Petroleum ether/
EtOAc 3:1. (E)-isomer: Yield 0.88 g (75%). 1H NMR (300 MHz,
CDCl3): δ 7.94 (d, J = 7.8 Hz, 2H), 7.70 (t, J = 7.3 Hz, 1H), 7.58 (t, J =
7.6 Hz, 2H), 6.21 (br d, JH−F = 31.5 Hz, 1H), 4.74 (br s, 1H), 4.55 (br s,
1H), 2.57−2.40 (m, 2H), 2.07 (s, 3H), 2.00−1.78 (m, 2H), 1.37 (s,
9H). 13C NMR (75 MHz, CDCl3): δ 154.9, 154.7 (d, JC−F = 300 Hz),
137.1, 134.7, 129.6, 128.8, 118.0 (d, JC−F = 4.6 Hz), 80.4, 46.0 (d, JC−F =
1.0 Hz), 33.8, 30.2, 28.3, 15.7. The (Z)-isomer was not further
characterized.
tert-Butyl (R,E)-(1-(Benzylthio)-4-fluoro-4-(phenylsulfonyl)but-3-

en-2-yl)carbamate (12). Synthesized following procedure B using 0.55
g phosphonate 5, 0.55 g boc-L-Cys(Bn)-H, and 1.85 mL LHMDS (1 M
in THF) in 10 mL THF. Column chromatography: Petroleum ether/
EtOAc 3:1. (E)-isomer: yield 0.44 g (54%). 1H NMR (300 MHz,

CDCl3): δ 8.00−7.92 (m, 3H), 7.75−7.53 (m, 5H), 7.30−7.27 (m,
3H), 6.23 (dd, JH−F = 31.8 Hz, JH−H = 8.5Hz, 1H), 4.83 (s, 1H), 4.59 (s,
1H), 3.70 (s, 2H), 2.73−2.44 (m, 2H), 1.39 (s, 9H). 13C NMR (75
MHz, CDCl3): δ 156.9, 154.8, 137.5, 137.1, 135.0, 134.7, 129.7, 129.6,
129.2, 129.0, 128.9, 128.8, 127.5, 117.5, 80.5, 46.0, 36.7, 35.4, 28.4.

Peptide Chemistry. Coupling Protocols. Procedure C. The
specified carboxylic acid (1.0 equiv) and HOBt (1.0 equiv) were
dissolved in DCM (8 mL) and cooled to 0 °C. DIEA (3.0 equiv) was
added slowly, and the mixture was stirred until all materials were
solubilized. TBTU (1.0 equiv) was added in one portion and the
mixture was stirred for 15 min at 0 °C. The specific amine (1.0 equiv)
was dissolved in DCM and added dropwise to the reaction mixture.
After stirring for 12 h at rt, DCMwas removed in vacuo and the residue
was dissolved in EtOAc. The organic phase was washed with water
(5×), conc. NaHCO3 (2×), and 1 M aq HCl (2×) and then dried with
Na2SO4. Evaporation of the solvent gave the crude product, which was
purified by column chromatography.

Procedure D. The specified carboxylic acid (1.0 equiv) and TBTU
(1.0 equiv) were dissolved in DCM and cooled to 0 °C. DIEA (3.0
equiv) was added and themixture was stirred for 15min. The respective
amine (1.0 equiv) was added in one portion. After stirring for 12 h at rt,
DCM was removed in vacuo, and the residue was dissolved in EtOAc.
The organic phase was washed with water (5×), conc. NaHCO3 (2×),
and 1 M aq HCl (2×) and then dried with Na2SO4. Evaporation of the
solvent gave the crude product, which was purified by column
chromatography.

Procedure E. The respective carboxylic acid (IX or X, 1.0 equiv) and
HOBt (1.0 equiv) were dissolved in DMF (5 mL) and cooled to 0 °C.
DIEA (3.0 equiv) was added and the mixture was stirred for 15 min.
The respective amine (1.0 equiv) was added in one portion and the
mixture was stirred for 12 h at rt. EtOAc was added and aqueous work-
up was performed with 5% aq LiCl (5×), water (2×), and saturated aq
NaHCO3 (2×). After evaporation of the solvent, the residue was
purified by column chromatography.

Removal of Boc Groups. Procedure F. Boc-protected compounds
(8−10) were dissolved in 4MHCl/dioxane solution (5−10mL). After
stirring for 30 min at rt, dioxane was evaporated in vacuo and the
residue was washed several times with diethyl ether. The precipitate was
collected and dried under reduced pressure. The amines were obtained
as hydrochloride salts and were sufficiently pure to be used in the next
step without further purification.

Procedure G. Boc-protected compounds (11−12) were dissolved in
DCM (10mL) and cooled to 0 °C. 1mL TFA was added dropwise, and
the resulting mixture was stirred for 1 h. After evaporation to dryness in
high vacuum, the residue was washed with diethyl ether and collected
by filtration. The amines were obtained as TFA salt and directly used for
the next step.

(S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-3-amine
Hydrochloride (13). Prepared following procedure F using 0.60 g of
compound 8 in 12mL 4MHCl/dioxane. Yield: 0.47 g (93%). 1HNMR
(300MHz, DMSO-d6): δ 8.65 (s, 3H), 8.03 (d, J = 7.8 Hz, 2H), 7.89 (t,
J = 7.3Hz, 1H), 7.77 (t, J = 7.6Hz, 2H), 7.32−7.13 (m, 3H), 7.06 (d, J =
7.3 Hz, 2H), 6.54 (dd, JH−F = 33Hz, JH−H = 9.8 Hz, 1H), 4.09−3.90 (m,
1H), 2.62−2.34 (m, 2H), 2.25−2.07 (m, 1H), 2.07−1.89 (m, 1H). 13C
NMR (75 MHz, DMSO-d6): δ 155.2 (d, JC−F = 301 Hz), 139.9, 135.9,
135.6, 130.2, 128.54, 128.45, 128.1, 126.2, 114.5 (d, JC−F = 3.7 Hz),
45.0 (d, JC−F = 2.7 Hz), 33.4 (d, JC−F = 1.4 Hz), 30.5.

Phenyl (S,E)-3-Amino-1-fluoro-5-phenylpent-1-ene-1-sulfonate
Hydrochloride (14). Prepared following procedure F using 0.3 g of
compound 9 in 7 mL 4 MHCl/dioxane. Yield: 0.23 g (89%). 1H NMR
(300 MHz, DMSO-d6): δ 8.72 (s, 3H), 7.56−7.47 (m, 2H), 7.47−7.37
(m, 3H), 7.31 (t, J = 7.2 Hz, 2H), 7.26−7.19 (m, 1H), 7.19−7.09 (m,
2H), 6.42 (dd, JH−F = 32 Hz, JH−H = 9.7 Hz, 1H), 4.15 (td, J = 9.2, 5.3
Hz, 1H), 2.48−2.32 (m, 2H), 2.19−2.01 (m, 1H), 2.00−1.81 (m, 1H).
13C NMR (75 MHz, DMSO-d6): δ 149.3 (d, JC−F = 300 Hz), 148.6,
140.0, 130.6, 128.5, 128.4, 128.1, 126.3, 122.0, 118.4 (d, JC−F = 3.2 Hz),
45.2 (d, JC−F = 2.2 Hz), 40.4, 33.3, 30.4.

Phenyl (S,Z)-3-Amino-1-fluoro-5-phenylpent-1-ene-1-sulfonate
Hydrochloride (14-(Z)). Prepared following procedure F using 0.2 g
of compound 9-(Z) in 7 mL 4MHCl/dioxane. Yield: 0.16 g (93%). 1H
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NMR (300 MHz, DMSO-d6): δ 8.68 (s, 3H), 7.59−7.45 (m, 2H),
7.44−7.13 (m, 6H), 7.08−6.98 (m, 2H), 6.73 (dd, JH−F = 21.2 Hz, JH−H
= 10.6 Hz, 1H), 4.27 (q, J = 7.8, 1H), 2.29−2.02 (m, 2H), 1.95−1.80
(m, 1H), 1.68−1.47 (m, 1H). 13CNMR (75MHz, DMSO-d6): δ 148.3,
148.1 (d, JC−F = 288 Hz), 140.1, 130.6, 128.7, 128.4, 128.0, 126.1,
122.1, 120.6 (d, J = 16 Hz), 45.9 (d, JC−F = 6.7 Hz), 34.3, 30.2.
Phenyl (S,E)-3-Amino-5-phenylpent-1-ene-1-sulfonate Hydro-

chloride (14-(H)). Prepared following procedure F using 0.78 g of
compound 9-(H) in 14 mL 4 M HCl/dioxane. Yield: 0.34 g (51%). 1H
NMR (300 MHz, DMSO-d6): δ 8.64 (s, 3H), 7.50−7.41 (m, 2H),
7.41−7.34 (m, 2H), 7.34−7.24 (m, 3H), 7.24−7.17 (m, 1H), 7.16−
7.10 (m, 2H), 6.81 (dd, JH−H = 15.3, 6.8 Hz, 1H), 4.15−3.95 (m, 1H),
2.61−2.38 (m, 2H), 2.10−1.84 (m, 2H). 13C NMR (75 MHz, DMSO-
d6): δ 149.0, 145.3, 140.3, 130.1, 128.5, 128.2, 127.6, 127.6, 126.2,
122.6, 50.1, 33.3, 30.4.
(S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-1-en-3-amine Hy-

drochloride (15). Prepared following procedure F using 0.46 g of
compound 10 in 10 mL 4 M HCl/dioxane. Yield: 0.37 g (95%). 1H
NMR (300 MHz, DMSO-d6): δ 8.66 (s, 3H), 7.48−7.27 (m, 7H),
7.26−7.09 (m, 3H), 6.13 (dd, JH−F = 33Hz, JH−H = 9.9Hz, 1H), 4.87 (s,
2H), 4.04 (td, J = 9.3, 5.0 Hz, 1H), 2.39 (t, J = 8.1 Hz, 2H), 2.13−1.97
(m, 1H), 1.91−1.74 (m, 1H). 13C NMR (75MHz, DMSO-d6): δ 154.1
(d, JC−F = 304 Hz), 140.2, 131.2, 129.0, 128.7, 128.5, 128.2, 127.0,
126.2, 115.7 (d, JC−F = 2.9 Hz), 57.6, 45.0 (d, JC−F = 2.2 Hz), 33.5, 30.4.
(S,E)-1-Fluoro-5-(methylthio)-1-(phenylsulfonyl)pent-1-en-3-

aminium 2,2,2-Trifluoroacetate (16). Prepared following procedure G
with 0.88 g compound 11. Yield: 0.60 g (65%). 1H NMR (300 MHz,
DMSO-d6): δ 7.89−7.82 (m, 2H), 7.82−7.63 (m, 1H), 7.57−7.52 (m,
2H), 6.21 (d, JH−F = 32 Hz, 1H), 4.46 (m, 1H), 2.69−2.41 (m, 2H),
2.06 (s, 3H), 2.05−1.75 (m, 2H).
(R,E)-1-(Benzylthio)-4-fluoro-4-(phenylsulfonyl)but-3-en-2-ami-

nium 2,2,2-Trifluoroacetate (17). Prepared following procedure G
with 0.44 g compound 12. Yield: 0.37 g (81%). 1H NMR (300 MHz,
DMSO-d6): δ 8.04 (s, 3H), 7.95−7.84 (m, 2H), 7.77−7.55 (m, 4H),
7.25−7.19 (m, 4H), 6.44 (dd, JH−F = 30 Hz, JH−H = 9.1 Hz, 1H), 4.20−
4.01 (m, 1H), 3.71 (s, 2H), 2.91−2.62 (m, 2H). 13C NMR (75 MHz,
DMSO-d6): δ 161.4, 160.8, 155.5, 136.6, 135.5, 135.0, 129.9, 129.7,
129.2, 129.1, 128.9, 127.9, 117.3, 113.5, 111.1, 77.2, 46.2, 36.2, 33.3.
tert-Butyl ((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)-

pent-1-en-3-yl)amino)-1-oxo-3-phenylpropan-2-yl)carbamate
(18). Synthesized following procedure C with 0.180 g compound 13,
0.135 g boc-L-Phe-OH, 0.162 g TBTU, 0.078 g HOBt, and 0.265 mL
DIEA. Purification by column chromatography (petroleum ether/
EtOAc 3:1). Yield: 0.21 g (73%). 1H NMR (300 MHz, CDCl3): δ
8.00−7.89 (m, 2H), 7.79−7.68 (m, 1H), 7.67−7.55 (m, 2H), 7.39−
7.12 (m, 8H), 7.10−7.00 (m, 2H), 6.00 (dd, JH−F = 32 Hz, JH−H = 8.5
Hz, 1H), 5.82 (d, J = 8.0 Hz, 1H), 4.91 (s, 1H), 4.69 (quint, J = 7.7 Hz,
1H), 4.20 (q, J = 7.5Hz, 1H), 3.04 (dd, J = 13.7, 6.6 Hz, 1H), 2.95 (dd, J
= 13.7, 7.6 Hz, 1H), 2.52 (t, J = 7.2 Hz, 2H), 1.96−1.75 (m, 2H), 1.40
(s, 9H). 13C NMR (75 MHz, CDCl3): δ 170.8, 155.6, 154.8 (d, JC−F =
301 Hz), 140.4, 137.1, 136.6, 134.8, 129.7, 129.4, 129.0, 128.8, 128.7,
128.4, 127.3, 126.4, 117.3 (d, JC−F = 4.7 Hz), 80.6, 56.2, 45.0, 38.4, 35.7,
31.8, 28.4.
Phenyl (S,E)-3-((S)-2-((tert-Butoxycarbonyl)amino)-3-phenylpro-

panamido)-1-fluoro-5-phenylpent-1-Ene-1-sulfonate (19). Synthe-
sized following procedure C with 0.160 g compound 14, 0.114 g boc-
Phe-OH, 0.138 g TBTU, 0.066 g HOBt, and 0.225 mL DIEA.
Purification by column chromatography (petroleum ether/EtOAc 3:1).
Yield: 0.20 g (78%). 1H NMR (300 MHz, CDCl3): δ 7.47−7.35 (m,
2H), 7.35−7.10 (m, 9H), 7.08−6.95 (m, 4H), 5.65 (d, J = 7.9 Hz, 1H),
5.60 (dd, JH−F = 32 Hz, JH−H = 8.3 Hz, 1H), 5.02 (d, J = 7.1 Hz, 1H),
4.68 (q, J = 7.4 Hz, 1H), 4.18 (dd, J = 8.6, 5.6 Hz, 1H), 3.04 (dd, J =
13.4, 6.2 Hz, 1H), 2.85 (dd, J = 13.4, 8.4 Hz, 1H), 2.55−2.35 (m, 2H),
1.83−1.60 (m, 2H), 1.41 (s, 9H). 13C NMR (75 MHz, CDCl3): δ
170.8, 155.8, 149.4, 149.0 (d, JC−F = 297 Hz), 147.0, 140.1, 136.5,
130.2, 129.3, 129.0, 128.8, 128.4, 128.0, 127.4, 126.6, 122.5, 121.3 (d,
JC−F = 5.1 Hz), 80.6, 56.2, 44.8, 38.7, 35.3, 31.7, 28.4.
Phenyl (S,Z)-3-((S)-2-((tert-Butoxycarbonyl)amino)-3-phenylpro-

panamido)-1-fluoro-5-phenylpent-1-ene-1-sulfonate (19-(Z)). Syn-
thesized following procedure C with 0.128 g compound 14-(Z), 0.091 g
boc-L-Phe-OH, 0.110 g TBTU, 0.053 g HOBt, and 0.204 mL DIEA.

Purification by column chromatography (petroleum ether/EtOAc 3:1).
Yield: 0.150 g (81%). 1H NMR (300 MHz, CDCl3): δ 7.46−7.08 (m,
13H), 6.97 (d, J = 6.8 Hz, 2H), 5.94−5.59 (m, 2H), 4.96 (s, 1H), 4.80
(q, J = 8.2 Hz, 1H), 4.25−4.11 (m, 1H), 3.14−2.87 (m, 2H), 2.44−2.17
(m, 2H), 1.82−1.61 (m, 1H), 1.53−1.42 (m, 1H), 1.41 (s, 9H). 13C
NMR (75 MHz, CDCl3): δ 171.0, 155.6, 149.2, 148.0 (d, JC−F = 289
Hz), 140.6, 136.7, 130.2, 129.5, 128.9, 128.6, 128.4, 128.1, 127.2, 126.3,
123.0, 123.0 (d, JC−F = 12 Hz), 80.6, 56.1, 46.1 (d, JC−F = 5.9 Hz), 38.5,
35.7, 31.8, 28.4.

tert-Butyl ((S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-
1-en-3-yl)amino)-1-oxo-3-phenylpropan-2-yl)carbamate (20). Syn-
thesized following procedure C with 0.230 g compound 15, 0.165 g
boc-L-Phe-OH, 0.200 g TBTU, 0.095 g HOBt, and 0.325 mL DIEA.
Purification by column chromatography (petroleum ether/EtOAc 3:1).
Yield: 0.30 g (85%). 1H NMR (300 MHz, CDCl3): δ 7.42−7.15 (m,
11H), 7.13−6.97 (m, 4H), 5.68 (d, J = 8.0 Hz, 1H), 5.53 (dd, JH−F = 33
Hz, JH−H = 8.9 Hz, 1H), 4.99 (br s, 1H), 4.68 (quint, J = 7.8 Hz, 1H),
4.35 (s, 2H), 4.18 (q, J = 7.9 Hz, 1H), 3.03 (dd, J = 13.5, 6.4 Hz, 1H),
2.91 (dd, J = 13.5, 8.0 Hz, 1H), 2.49−2.29 (m, 2H), 1.70−1.56 (m,
2H), 1.42 (s, 9H). 13C NMR (75 MHz, CDCl3): δ 170.6, 155.6, 152.3
(d, JC−F = 301 Hz), 140.3, 136.6, 131.0, 129.5, 129.4, 129.2, 129.0,
128.7, 128.4, 127.3, 126.7, 126.5, 119.7 (d, JC−F = 4.0 Hz), 80.6, 58.8,
56.2, 44.7 (d, JC−F = 1.3 Hz), 38.6, 35.5 (d, JC−F = 1.4 Hz), 31.7, 28.4.

tert-Butyl ((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)-
pent-1-en-3-yl)amino)-1-oxo-3-(m-tolyl)propan-2-yl)carbamate
(21). Synthesized following procedure C with 0.220 g compound 13,
0.173 g boc-L-Phe(3-Me)-OH, 0.198 g TBTU, 0.095 g HOBt, and
0.330 mL DIEA. Purification by column chromatography (petroleum
ether/EtOAc 3:1). Yield: 0.28 g (77%). 1H NMR (300 MHz, CDCl3):
δ 8.00−7.88 (m, 2H), 7.76−7.65 (m, 1H), 7.64−7.53 (m, 2H), 7.31−
7.12 (m, 4H), 7.11−6.88 (m, 5H), 6.04 (dd, JH−F = 32.1 Hz, JH−H = 8.4
Hz, 1H), 5.93 (d, J = 8.0 Hz, 1H), 4.92 (s, 1H), 4.78−4.59 (m, 1H),
4.21 (q, J = 7.3 Hz, 1H), 3.01 (dd, J = 13.8, 6.6 Hz, 1H), 2.92 (dd, J =
13.8, 7.5 Hz, 1H), 2.58−2.46 (m, 2H), 2.31 (s, 3H), 1.93−1.77 (m,
2H), 1.41 (s, 9H). 13C NMR (75 MHz, CDCl3): δ 170.9, 155.62, 154.9
(d, JC−F = 303 Hz), 140.4, 138.7, 137.1, 136.5, 134.8, 130.1, 129.7,
128.9, 128.8, 128.7, 128.4, 128.1, 126.4, 126.4, 117.4 (d, JC−F = 3.6 Hz),
80.6, 56.2, 45.2, 38.2, 35.8, 31.8, 28.4, 21.5.

Phenyl (S,E)-3-((S)-2-((tert-Butoxycarbonyl)amino)-3-(m-tolyl)-
propanamido)-1-fluoro-5-phenylpent-1-ene-1-sulfonate (22). Syn-
thesized following procedure C with 0.280 g compound 14, 0.210 g
boc-L-Phe(3-Me)-OH, 0.242 g TBTU, 0.115 g HOBt, and 0.40 mL
DIEA. Purification by column chromatography (petroleum ether/
EtOAc 3:1). Yield: 0.34 g (75%). 1H NMR (300 MHz, CDCl3): δ 7.40
(t, J = 7.3 Hz, 2H), 7.35−7.08 (m, 7H), 7.08−7.00 (m, 3H), 6.91 (s,
1H), 6.80 (d, J = 7.3 Hz, 1H), 5.78 (d, J = 7.7 Hz, 1H), 5.65 (dd, JH−F =
31.4 Hz, JH−H = 8.3 Hz, 1H), 5.04 (s, 1H), 4.70 (quint, J = 8.2, 7.0 Hz,
1H), 4.18 (quint, J = 8.7, 8.0 Hz, 1H), 3.01 (dd, J = 13.3, 6.1 Hz, 1H),
2.83 (dd, J = 13.3, 8.6 Hz, 1H), 2.55−2.37 (m, 2H), 2.28 (s, 3H), 1.81−
1.65 (m, 2H), 1.42 (s, 9H). 13C NMR (75 MHz, CDCl3): δ 170.9,
155.6, 149.4, 149.0 (d, JC−F = 297 Hz), 140.2, 138.7, 136.5, 130.2,
130.0, 128.9, 128.8, 128.4, 128.1, 128.0, 126.5, 126.4, 122.4, 121.3 (d,
JC−F = 4.9 Hz), 80.6, 56.2, 44.9 (d, JC−F = 1.2 Hz), 38.5, 35.4 (d, JC−F =
0.9 Hz), 31.7, 28.4, 21.4.

tert-Butyl ((S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-
1-en-3-yl)amino)-1-oxo-3-(m-tolyl)propan-2-yl)carbamate (23).
Synthesized following procedure C with 0.230 g compound 15, 0.174
g boc-L-Phe(3-Me)-OH, 0.200 g TBTU, 0.095 g HOBt, and 0.325 mL
DIEA. Purification by column chromatography (petroleum ether/
EtOAc 3:1). Yield: 0.28 g (69%). 1H NMR (300 MHz, CDCl3): δ
7.41−7.12 (m, 9H), 7.04 (d, J = 7.3 Hz, 3H), 6.94 (s, 1H), 6.85 (d, J =
7.3 Hz, 1H), 5.73 (d, J = 7.8 Hz, 1H), 5.56 (dd, JH−F = 32.8 Hz, JH−H =
8.8Hz, 1H), 4.99 (s, 1H), 4.69 (quint, J = 8.3, 7.8Hz, 1H), 4.34 (s, 2H),
4.18 (q, J = 8.7 Hz, 1H), 3.01 (dd, J = 13.6, 6.5 Hz, 1H), 2.87 (dd, J =
13.6, 7.9 Hz, 1H), 2.49−2.33 (m, 2H), 2.30 (s, 3H), 1.72−1.57 (m,
2H), 1.42 (s, 9H). 13C NMR (75 MHz, CDCl3): δ 170.7, 155.6, 152.3
(d, JC−F = 301 Hz), 140.4, 138.7, 136.5, 131.1, 130.1, 129.5, 129.2,
128.9, 128.7, 128.4, 128.1, 126.7, 126.5, 119.8 (d, JC−F = 4.2 Hz), 80.6,
58.8, 56.2, 44.8 (d, JC−F = 1.3 Hz), 38.4, 35.6, 31.7, 28.4, 21.5.
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tert-Butyl ((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)-
pent-1-en-3-yl)amino)-1-oxo-3-(p-tolyl)propan-2-yl)carbamate
(24). Synthesized following procedure C with 0.200 g compound 13,
0.173 g boc-L-Phe(4-Me)-OH, 0.198 g TBTU, 0.095 g HOBt, and 0.30
mL DIEA. Purification by column chromatography (petroleum ether/
EtOAc 3:1). Yield: 0.25 g (77%). 1H NMR (300 MHz, CDCl3): δ 7.94
(d, J = 7.8 Hz, 2H), 7.70 (t, J = 7.2 Hz, 1H), 7.59 (t, J = 7.6 Hz, 2H),
7.35−6.92 (m, 9H), 6.03 (dd, JH−F = 32.0 Hz, JH−H = 8.4 Hz, 1H), 5.89
(d, J = 8.0 Hz, 1H), 4.93 (s, 1H), 4.70 (quint, J = 7.4 Hz, 1H), 4.20 (q, J
= 7.2Hz, 1H), 3.01 (dd, J = 13.6, 6.4 Hz, 1H), 2.91 (dd, J = 13.6, 7.6Hz,
1H), 2.52 (t, J = 7.5 Hz, 2H), 2.33 (s, 3H), 1.95−1.77 (m, 2H), 1.41 (s,
9H). 13C NMR (75MHz, CDCl3): δ 170.9, 155.6, 154.8 (d, JC−F = 301
Hz), 140.4, 137.2, 137.0, 134.7, 133.4, 129.70, 129.65, 129.3, 128.8,
128.7, 128.4, 126.4, 117.4 (d, JC−F = 4.4 Hz), 80.5, 56.2, 45.0, 38.0, 35.8,
31.8, 28.4, 21.2.
Phenyl (S,E)-3-((S)-2-((tert-Butoxycarbonyl)amino)-3-(p-tolyl)-

propanamido)-1-fluoro-5-phenylpent-1-ene-1-sulfonate (25). Syn-
thesized following procedure C with 0.292 g compound 14, 0.220 g
boc-L-Phe(4-Me)-OH, 0.252 g TBTU, 0.121 g HOBt, and 0.410 mL
DIEA. Purification by column chromatography (petroleum ether/
EtOAc 3:1). Yield: 0.39 g (83%). 1H NMR (300 MHz, CDCl3): δ
7.47−7.35 (m, 2H), 7.35−7.15 (m, 6H), 7.10−6.98 (m, 4H), 6.92 (d, J
= 8.0 Hz, 2H), 5.75 (d, J = 7.9 Hz, 1H), 5.62 (dd, JH−F = 31 Hz, JH−H =
9.0 Hz, 1H), 5.05 (d, J = 7.8 Hz, 1H), 4.70 (quint, J = 7.7 Hz, 1H),
4.20−4.08 (m, 1H), 3.00 (dd, J = 13.5, 6.1 Hz, 1H), 2.81 (dd, J = 13.5,
8.3Hz, 1H), 2.53−2.36 (m, 2H), 2.29 (s, 3H), 1.83−1.62 (m, 2H), 1.41
(s, 9H). 13C NMR (75 MHz, CDCl3): δ 170.9, 155.6, 149.4, 149.0 (d,
JC−F = 297 Hz), 140.2, 137.0, 133.3, 130.2, 129.7, 129.2, 128.8, 128.4,
128.0, 126.5, 122.4, 121.4, 121.3, 80.6, 56.3, 44.8 (d, JC−F = 1.5 Hz),
38.3, 35.4, 31.7, 28.4, 21.1.
Phenyl (S,E)-3-((S)-2-((tert-Butoxycarbonyl)amino)-3-(p-tolyl)-

propanamido)-5-phenylpent-1-ene-1-sulfonate (25-(H)). Synthe-
sized following procedure C with 0.34 g compound 14-(H), 0.28 g
boc-L-Phe(4-Me)-OH, 0.32 g TBTU, 0.14 g HOBt, and 0.70 mLDIEA.
Purification by column chromatography (cyclohexane/EtOAc 4:1).
Yield: 0.24 g (42%). 1H NMR (300 MHz, CDCl3): δ 7.42−7.32 (m,
2H), 7.31−7.02 (m, 12H), 6.52 (dd, JH−H = 15.2, 4.6 Hz, 1H), 5.92 (dd,
JH−H = 37.5, 11.8 Hz, 2H), 5.00 (s, 1H), 4.63−4.47 (m, 1H), 4.31−4.18
(q, 1H), 3.08−2.89 (m, 2H), 2.62−2.42 (m, 2H), 2.31 (s, 3H), 1.88−
1.60 (m, 2H), 1.43 (s, 9H). 13C NMR (75 MHz, CDCl3): δ 171.1,
149.5, 149.1, 140.1, 137.3, 133.0, 129.8 (d, J = 3.6 Hz), 129.1 (d, J = 6.7
Hz), 128.6, 128.3, 127.3, 126.4, 124.4, 122.6, 56.5, 49.2, 35.1, 31.7, 28.3,
21.0. mp 93−95 °C.
tert-Butyl ((S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-

1-en-3-yl)amino)-1-oxo-3-(p-tolyl)propan-2-yl)carbamate (26).
Synthesized following procedure C with 0.230 g compound 15, 0.174
g boc-L-Phe(4-Me)-OH, 0.200 g TBTU, 0.095 g HOBt, and 0.325 mL
DIEA. Purification by column chromatography (petroleum ether/
EtOAc 3:1). Yield: 0.290 g (79%). 1H NMR (300 MHz, CDCl3): δ
7.43−7.14 (m, 8H), 7.12−6.99 (m, 4H), 6.96 (d, J = 7.4 Hz, 2H), 5.66
(d, J = 7.8 Hz, 1H), 5.54 (dd, JH−F = 32.9 Hz, JH−H = 8.7 Hz, 1H), 4.98
(s, 1H), 4.69 (quint, J = 8.3 Hz, 1H), 4.34 (s, 2H), 4.15 (q, J = 7.8, 7.4
Hz, 1H), 3.01 (dd, J = 13.6, 5.9 Hz, 1H), 2.85 (dd, J = 13.6, 8.0 Hz, 1H),
2.54−2.33 (m, 2H), 2.30 (s, 3H), 1.70−1.55 (m, 3H), 1.42 (s, 9H). 13C
NMR (75 MHz, CDCl3): δ 170.7, 155.6, 152.3 (d, JC−F = 301 Hz),
140.4, 137.0, 133.4, 131.0, 129.7, 129.5, 129.3, 129.2, 128.7, 128.4,
126.7, 126.5, 119.8 (d, JC−F = 4.0 Hz), 80.5, 58.8, 56.2, 44.7 (d, JC−F =
1.6 Hz), 38.1, 35.6, 31.7, 28.4, 21.2.
(S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-3-

yl)amino)-1-oxo-3-phenylpropan-2-aminium Chloride (27). Synthe-
sized by following procedure F with 0.21 g of compound 18 in 10 mL 4
M HCl/dioxane. Yield: 0.19 g (99%) The crude product was used
without further purification and characterization for the next step.
(S)-1-(((S,E)-1-Fluoro-1-(phenoxysulfonyl)-5-phenylpent-1-en-3-

yl)amino)-1-oxo-3-phenylpropan-2-aminium Chloride (28). Synthe-
sized by following procedure F with 0.20 g of compound 19 in 8mL 4M
HCl/dioxane. Yield: 0.18 g (99%). The crude product was used without
further purification and characterization for the next step.
(S)-1-(((S,Z)-1-Fluoro-1-(phenoxysulfonyl)-5-phenylpent-1-en-3-

yl)amino)-1-oxo-3-phenylpropan-2-aminium Chloride (28-(Z)).
Synthesized by following procedure F with 0.15 g of compound 19-

(Z) in 8 mL 4MHCl/dioxane. Yield: 0.13 g (99%). The crude product
was used without further purification and characterization for the next
step.

(S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-1-en-3-yl)-
amino)-1-oxo-3-phenylpropan-2-aminium Chloride (29). Synthe-
sized by following procedure F with 0.30 g of compound 20 in 10 mL 4
M HCl/dioxane. Yield: 0.26 g (99%). The crude product was used
without further purification and characterization for the next step.

(S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-3-
yl)amino)-1-oxo-3-(m-tolyl)propan-2-aminium Chloride (30). Syn-
thesized by following procedure F with 0.28 g of compound 21 in 8 mL
4 M HCl/dioxane. Yield: 0.25 g (99%). The crude product was used
without further purification and characterization for the next step.

(S)-1-(((S,E)-1-Fluoro-1-(phenoxysulfonyl)-5-phenylpent-1-en-3-
yl)amino)-1-oxo-3-(m-tolyl)propan-2-aminium Chloride (31). Syn-
thesized by following procedure F with 0.34 g of compound 22 in 10
mL 4MHCl/dioxane. Yield: 0.30 g (99%). The crude product was used
without further purification and characterization for the next step.

(S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-1-en-3-yl)-
amino)-1-oxo-3-(m-tolyl)propan-2-aminium Chloride (32). Synthe-
sized by following procedure F with 0.28 g of compound 23 in 8mL 4M
HCl/dioxane. Yield: 0.25 g (99%). The crude product was used without
further purification and characterization for the next step.

(S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-3-
yl)amino)-1-oxo-3-(p-tolyl)propan-2-aminium Chloride (33). Syn-
thesized by following procedure F with 0.25 g of compound 24 in 8 mL
4 M HCl/dioxane. Yield: 0.22 g (99%). The crude product was used
without further purification and characterization for the next step.

(S)-1-(((S,E)-1-Fluoro-1-(phenoxysulfonyl)-5-phenylpent-1-en-3-
yl)amino)-1-oxo-3-(p-tolyl)propan-2-aminium Chloride (34). Syn-
thesized by following procedure F with 0.39 g of compound 25 in 10
mL 4MHCl/dioxane. Yield: 0.34 g (99%). The crude product was used
without further purification and characterization for the next step.

(S)-1-Oxo-1-(((S,E)-1-(phenoxysulfonyl)-5-phenylpent-1-en-3-yl)-
amino)-3-(p-tolyl)propan-2-aminium Chloride (34-(H)). Synthesized
by following procedure F with 0.20 g of compound 25-(H) in 4 mL 4M
HCl/dioxane. Yield: 0.15 g (89%), colorless solid. 1HNMR (300MHz,
DMSO-d6): δ 9.06 (d, J = 8.4 Hz, 1H), 8.57 (s, 3H), 7.48−7.38 (m,
2H), 7.37−7.21 (m, 5H), 7.20−6.97 (m, 7H), 6.58 (dd, J = 15.3, 4.4
Hz, 1H), 6.21 (dt, J = 15.3, 2.1 Hz, 1H), 4.46 (s, 1H), 4.17 (s, 1H),
3.17−2.94 (m, 2H), 2.63−2.50 (m, 2H), 2.23 (d, J = 2.7 Hz, 3H),
1.82−1.62 (m, 2H). 13C NMR (75 MHz, DMSO-d6): δ 167.8, 150.5,
149.1, 141.1, 136.4, 131.7, 130.0, 129.2 (d, J = 5.5 Hz), 128.3 (d, J = 6.1
Hz), 127.4, 125.9, 123.4, 122.6, 53.5, 49.2, 34.3, 31.1, 20.7.

(S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-1-en-3-yl)-
amino)-1-oxo-3-(p-tolyl)propan-2-aminium Chloride (35). Synthe-
sized by following procedure F with 0.29 g of compound 26 in 10 mL 4
M HCl/dioxane. Yield: 0.26 g (99%). The crude product was used
without further purification and characterization for the next step.

Phenyl (S,E)-1-Fluoro-3-((S)-2-(isonicotinamido)-3-phenylpropa-
namido)-5-phenylpent-1-ene-1-sulfonate (2a). Synthesized by fol-
lowing procedure E with 0.14 g of compound 14, 0.10 g compound X,
0.13 g TBTU, 0.062 HOBt, and 0.21 mL DIEA. Column
chromatography: petroleum ether/EtOAc 1:3 to 0:1. Yield: 0.16 g
(73%), colorless solid. mp 71−73 °C. 1H NMR (300 MHz, CDCl3): δ
8.70 (d, J = 5.9 Hz, 2H), 7.64 (d, J = 6.0 Hz, 2H), 7.51 (d, J = 7.6 Hz,
1H), 7.45−7.34 (m, 2H), 7.34−7.11 (m, 9H), 7.12−7.02 (m, 2H), 6.97
(d, J = 6.6 Hz, 2H), 6.22 (d, J = 7.6 Hz, 1H), 5.61 (dd, JH−F = 31.0 Hz,
JH−H = 9.2Hz, 1H), 4.80−4.62 (m, 2H), 3.22 (dd, J = 13.3, 6.2 Hz, 1H),
2.96 (dd, J = 13.3, 9.0 Hz, 1H), 2.52−2.27 (m, 2H), 1.82−1.55 (m,
2H). 13C NMR (75MHz, CDCl3): δ 170.2, 164.8, 149.3, 149.2 (d, JC−F
= 297 Hz), 147.2, 142.1, 139.9, 136.0, 130.3, 129.3, 129.1, 128.8, 128.3,
128.1, 127.7, 126.6, 122.4, 121.8, 120.94 (d, JC−F = 4.8 Hz), 55.7, 44.9
(d, JC−F = 1.9 Hz), 38.9, 35.3, 31.7. mp 71−73 °C. LC−MS (ESI,m/z):
[M + H]+ calcd for C32H30FN3O5S, 588.20; found, 588.3. Purity: 97%.
[α]D

22 10° (c 0.5, CHCl3).
Phenyl (S,Z)-1-Fluoro-3-((S)-2-(isonicotinamido)-3-phenylpropa-

namido)-5-phenylpent-1-ene-1-sulfonate (2a-(Z)). Synthesized by
following procedure E with 0.10 g of compound 14-(Z), 0.073 g
compound X, 0.086 g TBTU, 0.041 g HOBt, and 0.14 mL DIEA.
Column chromatography: petroleum ether/EtOAc 1:3. Yield: 0.12 g
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(79%), colorless solid. 1H NMR (300 MHz, CDCl3): δ 8.65 (d, J = 5.5
Hz, 2H), 7.85 (d, J = 7.4 Hz, 1H), 7.60 (d, J = 5.3 Hz, 2H), 7.44−7.07
(m, 14H), 6.98−6.83 (m, 2H), 6.38 (d, J = 7.2Hz, 1H), 5.58 (dd, JH−F =
20.5 Hz, JH−H = 10.1 Hz, 1H), 4.96 (dt, J = 14.8, 6.6 Hz, 1H), 4.77 (q, J
= 7.7Hz, 1H), 3.24 (dd, J = 13.5, 6.6 Hz, 1H), 3.08 (dd, J = 13.4, 8.7Hz,
1H), 2.37−2.22 (m, 1H), 2.20−2.08 (m, 1H), 1.69−1.52 (m, 1H),
1.43−1.32 (m, 1H). 13C NMR (75 MHz, CDCl3): δ 170.7, 164.9,
149.3, 149.1, 148.25 (d, JC−F = 290 Hz), 141.9, 140.3, 136.4, 130.2,
129.5, 129.0, 128.6, 128.7, 128.2, 127.5, 126.4, 122.5 (d, JC−F = 11.4
Hz), 122.3, 121.8, 55.8, 45.9 (d, JC−F = 5.5 Hz), 38.6, 35.8 (d, JC−F = 2.3
Hz), 31.6. mp 173−175 °C. LC−MS (ESI, m/z): [M + H]+ calcd for
C32H30FN3O5S, 588.20; found, 588.3. Purity: 95%. [α]D

22 13° (c 0.5,
CHCl3).
Phenyl (S,E)-3-((S)-2-(2,3-Dihydrobenzo[b][1,4]dioxine-6-carbox-

amido)-3-phenylpropanamido)-1-fluoro-5-phenylpent-1-ene-1-
sulfonate (2b). Synthesized by following procedure D with 0.10 g of
compound 28, 0.035 g 1,4-benzodioxane-6-carboxylic acid, 0.062 g
TBTU, and 0.10 mL DIEA. Column chromatography: petroleum
ether/EtOAc 2:1. Yield: 0.088 g (71%), colorless solid. 1H NMR (300
MHz, CDCl3): δ 7.46−7.35 (m, 2H), 7.35−7.10 (m, 11H), 7.04 (d, J =
6.5 Hz, 2H), 6.96−6.80 (m, 4H), 6.60 (d, J = 7.4 Hz, 1H), 5.60 (dd,
JH−F = 31.0 Hz, JH−H = 9.0 Hz, 1H), 4.82 (q, J = 7.4 Hz, 1H), 4.67
(quint, J = 7.8 Hz, 1H), 4.34−4.19 (m, 4H), 3.17 (dd, J = 13.2, 6.2 Hz,
1H), 2.96 (dd, J = 13.2, 8.6 Hz, 1H), 2.45−2.26 (m, 2H), 1.72−1.52
(m, 2H). 13C NMR (75 MHz, CDCl3): δ 170.9, 167.0, 149.4, 149.0 (d,
JC−F = 297 Hz), 147.0, 143.6, 140.1, 136.3, 130.2, 129.4, 129.0, 128.6,
128.3, 128.0, 127.4, 126.4, 122.4, 121.4 (d, JC−F = 4.4 Hz), 120.7, 117.5,
116.8, 64.7, 64.3, 55.2, 44.8 (d, JC−F = 2.0 Hz), 38.9, 35.2 (d, JC−F = 1.5
Hz), 31.6. mp 167−168 °C. LC−MS (ESI, m/z): [M + H]+ calcd for
C35H33FN2O7S, 645.2; found, 645.3. Purity: 98%. [α]D

22 12° (c 1,
CHCl3).
Phenyl (S,E)-1-Fluoro-3-((S)-2-(isonicotinamido)-3-(p-tolyl)-

propanamido)-5-phenylpent-1-ene-1-sulfonate (2d). Synthesized
by following procedure D with 0.12 g of compound 34, 0.028 g
isonicotinic acid, 0.073 g TBTU, and 0.12 mL DIEA. Column
chromatography: petroleum ether/EtOAc 1:3. Yield: 0.10 g (77%),
colorless solid. 1HNMR (300MHz, CDCl3): δ 8.69 (d, J = 3.5Hz, 2H),
7.56 (d, J = 3.5 Hz, 2H), 7.44−7.36 (m, 3H), 7.36−7.12 (m, 7H), 7.06
(d, J = 7.7 Hz, 2H), 7.01−6.88 (m, 4H), 6.29 (d, J = 7.7 Hz, 1H), 5.62
(dd, JH−F = 31.0 Hz, JH−H = 9.1Hz, 1H), 4.81−4.63 (m, 2H), 3.16 (dd, J
= 13.4, 5.7 Hz, 1H), 2.92 (dd, J = 12.9, 9.6Hz, 1H), 2.47−2.30 (m, 2H),
2.27 (s, 3H), 1.80−1.56 (m, 3H). 13C NMR (75 MHz, CDCl3): δ
170.3, 165.3, 150.4, 149.3, 149.2 (d, JC−F = 297 Hz), 141.0, 139.9,
137.4, 132.8, 130.2, 129.8, 129.2, 128.8, 128.2, 128.1, 126.6, 122.4,
121.2, 120.9 (d, JC−F = 5.2 Hz), 55.6, 44.8 (d, JC−F = 1.6 Hz), 38.6, 35.4,
31.6, 21.1. mp 78−79 °C. LC−MS (ESI, m/z): [M + H]+ calcd for
C33H32FN3O5S, 602.21; found, 602.3. Purity: 97%. [α]D22 8° (c 0.5,
MeOH).
Phenyl (S ,E ) -3- ( (S ) -2- ( I sonicot inamido)-3- ( (p-to ly l ) -

propanamido)-5-phenylpent-1-ene-1-sulfonate (2d-(H)). Synthe-
sized by following procedure D with 0.21 g of compound 34-(H),
0.054 g isonicotinic acid, 0.014 g TBTU, and 0.28 mL DIEA. Column
chromatography: cyclohexane/EtOAc 1:3. Yield: 0.080 g (35%),
colorless solid. 1H NMR (300 MHz, CDCl3): δ 8.71 (d, J = 13.0 Hz,
2H), 7.65 (d, J = 21.2 Hz, 2H), 7.52−7.41 (m, 1H), 7.42−7.32 (m,
1H), 7.32−7.23 (m, 3H), 7.22−7.15 (m, 4H), 7.15−7.03 (m, 2H),
7.02−6.90 (m, 2H), 6.71−6.59 (m, 1H), 6.51 (dd, J = 15.2, 5.1 Hz,
1H), 6.32 (d, J = 7.7Hz, 1H), 5.99 (dd, J = 15.2, 1.5Hz, 1H), 4.92−4.73
(m, 1H), 4.53 (s, 1H), 3.29−3.13 (m, 1H), 3.07 (dd, J = 13.5, 8.9 Hz,
1H), 2.60−2.40 (m, 2H), 2.32 (s, 3H), 1.83−1.58 (m, 3H). 13C NMR
(75 MHz, CDCl3): δ 170.5, 164.5, 149.4, 148.7, 139.9, 137.6, 132.7,
129.9, 129.1, 128.7, 128.3, 127.4, 126.5, 124.6, 122.5, 126.6, 55.9, 49.6,
35.1, 31.7, 21.1. mp 84−86 °C. LC−MS (ESI,m/z): [M+H]+ calcd for
C33H33N3O5S, 584.21; found, 584.3. Purity: 98%. [α]D

22 11° (c 0.5,
MeOH).
Phenyl (S,E)-3-((S)-2-(2,3-Dihydrobenzo[b][1,4]dioxine-6-carbox-

amido)-3-(p-tolyl)propan-amido)-1-fluoro-5-phenylpent-1-ene-1-
sulfonate (2e). Synthesized by following procedure D with 0.100 g of
compound 34, 0.034 g 1,4-benzodioxane-6-carboxylic acid, 0.060 g
TBTU, and 0.10 mL DIEA. Column chromatography: petroleum

ether/EtOAc 2:1. Yield: 0.094 g (78%), colorless solid. 1H NMR (300
MHz, CDCl3): δ 7.46−7.35 (m, 2H), 7.34−7.23 (m, 5H), 7.23−7.12
(m, 4H), 7.03 (d, J = 7.9 Hz, 2H), 6.97−6.88 (m, 4H), 6.88−6.78 (m,
2H), 6.58 (d, J = 7.7 Hz, 1H), 5.61 (dd, JH−F = 31.2 Hz, JH−H = 9.1 Hz,
1H), 4.85−4.60 (m, 2H), 4.34−4.20 (m, 4H), 3.12 (dd, J = 13.3, 6.1
Hz, 1H), 2.91 (dd, J = 13.3, 8.6 Hz, 1H), 2.44−2.30 (m, 2H), 2.26 (s,
3H), 1.72−1.55 (m, 2H). 13C NMR (75 MHz, CDCl3): δ 170.9, 166.8,
149.4, 148.9 (d, JC−F = 296 Hz), 147.1, 143.6, 140.1, 137.1, 133.2,
130.2, 129.6, 129.3, 128.6, 128.3, 128.0, 126.4, 122.4, 121.5 (d, JC−F =
4.6 Hz), 120.6, 117.5, 116.8, 64.7, 64.3, 55.3, 44.7 (d, JC−F = 1.7 Hz),
38.5, 35.3, 31.6, 21.1. mp 92−93 °C. LC−MS (ESI, m/z): [M + H]+

calcd for C36H35FN2O7S, 659.22; found, 659.3. Purity: 95%. [α]D
22 26°

(c 1, MeOH).
Phenyl (S,E)-3-((S)-2-(3,5-Difluorobenzamido)-3-(p-tolyl)-

propanamido)-1-fluoro-5-phenylpent-1-ene-1-sulfonate (2f). Syn-
thesized by following procedure Dwith 0.10 g of compound 34, 0.030 g
3,5-difluorobenzoic acid, 0.060 g TBTU, and 0.10 mL DIEA. Column
chromatography: petroleum ether/EtOAc 3:1. Yield: 0.097 g (81%),
colorless solid. 1H NMR (300 MHz, CDCl3): δ 7.46−7.10 (m, 12H),
7.04 (d, J = 7.8 Hz, 2H), 6.99−6.84 (m, 5H), 6.23 (d, J = 7.7 Hz, 1H),
5.58 (dd, JH−F = 31.0 Hz, JH−H = 9.2 Hz, 1H), 4.80−4.60 (m, 2H), 3.15
(dd, J = 13.3, 6.0 Hz, 1H), 2.91 (dd, J = 13.3, 9.1 Hz, 1H), 2.49−2.31
(m, 2H), 2.26 (s, 3H), 1.73−1.56 (m, 2H). 13C NMR (75 MHz,
CDCl3): δ 170.6, 164.9 (t, JC−F = 2.6 Hz), 163.0 (dd, JC−F = 251, 12
Hz), 149.3, 149.2 (d, JC−F = 297 Hz), 140.0, 137.4, 136.8 (t, JC−F = 8.5
Hz), 132.9, 130.2, 129.8, 129.2, 128.7, 128.3, 128.1, 126.6, 122.4, 121.0
(d, J = 5.0 Hz), 110.5 (dd, JC−F = 26.2, 8.8 Hz), 107.4 (t, JC−F = 25.4
Hz), 55.8, 44.9 (d, JC−F = 2.4 Hz), 38.5, 35.4 (d, JC−F = 1.6 Hz), 31.7,
21.1. mp 175−177 °C. LC−MS (ESI, m/z): [M + H]+ calcd for
C34H31F3N2O5S, 637.20; found, 637.2. Purity: >99%. [α]D

22 7° (c 0.5,
CHCl3).

Phenyl (S,E)-1-Fluoro-3-((S)-2-(isonicotinamido)-3-(m-tolyl)-
propanamido)-5-phenylpent-1-ene-1-sulfonate (2g). Synthesized
by following procedure D with 0.11 g of compound 31, 0.026 g
isonicotinic acid, 0.067 g TBTU, and 0.11 mL DIEA. Column
chromatography: petroleum ether/EtOAc 1:3. Yield: 0.096 g (77%),
colorless solid. 1HNMR (300MHz, CDCl3): δ 8.62 (d, J = 4.6Hz, 2H),
7.49 (d, J = 4.0 Hz, 2H), 7.39−7.03 (m, 11H), 6.97 (d, J = 7.3 Hz, 1H),
6.94−6.81 (m, 3H), 6.74 (d, J = 7.3 Hz, 1H), 6.10 (d, J = 7.5 Hz, 1H),
5.57 (dd, JH−F = 31.0 Hz, JH−H = 9.1 Hz, 1H), 4.74−4.50 (m, 2H), 3.11
(dd, J = 13.1, 5.7 Hz, 1H), 2.88−2.78 (m, 1H), 2.39−2.21 (m, 2H),
2.17 (s, 3H), 1.72−1.49 (m, 2H). 13C NMR (75 MHz, CDCl3): δ
170.2, 165.3, 150.3, 149.33, 149.25 (d, JC−F = 297 Hz), 147.3, 141.2,
139.9, 138.9, 136.0, 130.2, 130.0, 129.0, 128.8, 128.5, 128.2, 128.1,
126.6, 126.4, 122.4, 121.2, 120.9 (d, JC−F = 5.0 Hz), 55.5, 45.0 (d, JC−F =
2.0 Hz), 38.9, 35.4, 31.6, 21.4. mp 67−68 °C. LC−MS (ESI, m/z): [M
+ H]+ calcd for C33H32FN3O5S, 602.21; found, 602.3. Purity: >99%.
[α]D

22 8° (c 0.5, CHCl3).
Phenyl (S,E)-3-((S)-2-(2,3-Dihydrobenzo[b][1,4]dioxine-6-carbox-

amido)-3-(m-tolyl)propanamido)-1-fluoro-5-phenylpent-1-ene-1-
sulfonate (2h). Synthesized by following procedure D with 0.10 g of
compound 31, 0.034 g 1,4-benzodioxane-6-carboxylic acid, 0.060 g
TBTU, and 0.10 mL DIEA. Column chromatography: petroleum
ether/EtOAc 2:1. Yield: 0.088 g (72%), colorless solid. 1H NMR (300
MHz, CDCl3): δ 7.37−7.27 (m, 2H), 7.27−6.99 (m, 10H), 6.94 (d, J =
7.7 Hz, 1H), 6.91−6.80 (m, 3H), 6.80−6.70 (m, 3H), 6.52 (d, J = 7.7
Hz, 1H), 5.57 (dd, JH−F = 31.1 Hz, JH−F = 9.1 Hz, 1H), 4.73 (q, J = 7.9
Hz, 1H), 4.59 (quint, J = 7.6 Hz, 1H), 4.26−4.09 (m, 4H), 3.07 (dd, J =
13.4, 6.3 Hz, 1H), 2.85 (dd, J = 13.4, 8.5 Hz, 1H), 2.38−2.19 (m, 2H),
2.15 (s, 3H), 1.65−1.46 (m, 2H). 13C NMR (75 MHz, CDCl3): δ
170.9, 166.9, 149.4, 149.0 (d, JC−F = 297 Hz), 147.1, 143.6, 140.1,
138.7, 136.3, 130.2, 130.1, 128.8, 128.6, 128.3, 128.2, 128.0, 126.8,
126.5, 126.4, 122.4, 121.4 (d, JC−F = 3.6 Hz), 120.6, 117.5, 116.8, 64.7,
64.3, 55.2, 44.9 (d, JC−F = 1.1 Hz), 38.8, 35.3, 31.6, 21.4. mp 126−128
°C. LC−MS (ESI, m/z): [M + H]+ calcd for C36H35FN2O7S, 659.22;
found, 659.3. Purity: 98%. [α]D

22 3° (c 0.5, MeOH).
Phenyl (S,E)-3-((S)-2-(3,5-Difluorobenzamido)-3-(m-tolyl)-

propanamido)-1-fluoro-5-phenylpent-1-ene-1-sulfonate (2i). Syn-
thesized by following procedure Dwith 0.10 g of compound 31, 0.030 g
3,5-difluorobenzoic acid, 0.060 g TBTU, and 0.10 mL DIEA. Column
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chromatography: petroleum ether/EtOAc 3:1. Yield: 0.075 g (62%),
colorless solid. 1H NMR (300 MHz, CDCl3): δ 7.36−7.27 (m, 2H),
7.28−7.03 (m, 10H), 7.03−6.94 (m, 2H), 6.94−6.80 (m, 4H), 6.74 (d,
J = 7.4 Hz, 1H), 5.82 (d, J = 7.7 Hz, 1H), 5.54 (dd, JH−F = 30.9 Hz, JH−H
= 9.1 Hz, 1H), 4.68−4.52 (m, 2H), 3.10 (dd, J = 13.4, 6.0 Hz, 1H), 2.80
(dd, J = 13.3, 9.1 Hz, 1H), 2.41−2.21 (m, J = 7.2 Hz, 2H), 2.19 (s, 3H),
1.68−1.57 (m, 2H). 13C NMR (75 MHz, CDCl3): δ 170.3, 165.0 (t,
JC−F = 2.7 Hz), 163.0 (dd, JC−F = 251, 12 Hz), 149.4, 149.3 (d, JC−F =
298 Hz), 139.9, 139.0, 137.0, 136.9, 136.8, 136.1, 130.2, 130.0, 129.1,
128.8, 128.5, 128.3, 128.1, 126.6, 126.4, 122.4, 120.9 (d, JC−F = 5.0 Hz),
110.5 (dd, JC−F = 26, 8.7 Hz), 107.5 (t, JC−F = 25Hz), 55.6, 45.0 (d, JC−F
= 2.3 Hz), 38.8, 35.4, 31.6, 21.4. mp 129−130 °C. LC−MS (ESI,m/z):
[M +H]+ calcd for C34H31F3N2O5S, 637.20; found, 637.3. Purity: 96%.
[α]D

22 9° (c 0.5, MeOH).
Phenyl (S,E)-3-((S)-2-(((Benzyloxy)carbonyl)amino)-3-phenylpro-

panamido)-1-fluoro-5-phenylpent-1-ene-1-sulfonate (2j). Synthe-
sized by following procedure E with 0.090 g of compound 14, 0.076 g
Cbz-L-Phe-OH, 0.082 g TBTU, 0.039 g HOBt, and 0.13 mL DIEA.
Column chromatography: petroleum ether/EtOAc 2:1. Yield: 0.12 g
(78%), colorless solid. 1H NMR (300 MHz, CDCl3): δ 7.48−7.14 (m,
17H), 7.06−6.92 (m, 4H), 5.56 (dd, JH−F = 31.1 Hz, JH−H = 9.0 Hz,
2H), 5.32 (d, J = 5.7 Hz, 1H), 5.06 (s, 2H), 4.68 (quint, J = 7.5 Hz, 1H),
4.22 (d, J = 6.6 Hz, 1H), 3.07 (dd, J = 13.4, 6.0 Hz, 1H), 2.83 (dd, J =
13.4, 8.6 Hz, 1H), 2.52−2.30 (m, 2H), 1.80−1.64 (m, 2H). 13C NMR
(75 MHz, CDCl3): δ 170.3, 156.4, 149.4, 149.0 (d, JC−F = 297 Hz),
140.1, 136.2, 136.1, 130.2, 129.3, 129.1, 128.8, 128.7, 128.5, 128.3,
128.2, 128.0, 127.5, 126.6, 122.5, 121.1 (d, JC−F = 4.6 Hz), 67.4, 56.6,
44.9 (d, JC−F = 1.1 Hz), 38.9, 35.2, 31.7. mp 127−128 °C. LC−MS
(ESI, m/z): [M + H]+ calcd for C34H33FN2O6S, 617.21; found, 617.4.
Purity: >99%. [α]D

22 17° (c 0.5, CHCl3).
Phenyl (S,E)-1-Fluoro-3-((S)-2-(4-methylpiperazine-1-carboxami-

do)-3-phenylpropanamido)-5-phenylpent-1-ene-1-sulfonate (2k).
Synthesized by following procedure E with 0.11 g of compound 14,
0.086 g compound IX, 0.095 g TBTU, and 0.155 mL DIEA. Column
chromatography: DCM/MeOH 95:5. Yield: 0.096 g (59%), colorless
solid. 1H NMR (300 MHz, CDCl3): δ 7.45−7.35 (m, 2H), 7.35−7.14
(m, 10H), 7.06−6.93 (m, 4H), 6.62 (d, J = 7.6Hz, 1H), 5.62 (dd, JH−F =
31.2 Hz, JH−H = 9.1 Hz, 1H), 5.21 (d, J = 7.6 Hz, 1H), 4.66 (quint, J =
7.7 Hz, 1H), 4.45 (q, J = 7.9 Hz, 1H), 3.42−3.24 (m, 4H), 3.05 (dd, J =
13.4, 6.5 Hz, 1H), 2.88 (dd, J = 13.4, 8.4 Hz, 1H), 2.49−2.33 (m, 6H),
2.31 (s, 3H), 1.78−1.52 (m, 3H). 13C NMR (75 MHz, CDCl3): δ
171.8, 156.9, 149.4, 148.9 (d, JC−F = 297 Hz), 140.2, 136.8, 130.2,
129.4, 128.9, 128.7, 128.4, 128.0, 127.3, 126.5, 122.4, 121.5 (d, JC−F =
5.1 Hz), 56.1, 54.4, 45.9, 44.7, 43.6, 39.1, 35.4, 31.6. mp 109−110 °C.
LC−MS (ESI, m/z): [M + H]+ calcd for C32H37FN4O5S, 608.26;
found, 609.3. Purity: >99%. [α]D22 10° (c 0.5, CHCl3).
N-((S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-1-en-3-

yl)amino)-1-oxo-3-phenylpropan-2-yl)isonicotinamide (3a). Syn-
thesized by following procedure E with 0.11 g of compound 15,
0.080 g compound X, 0.095 g TBTU, 0.045 g HOBt, and 0.155 mL
DIEA. Column chromatography: pure EtOAc. Yield: 0.14 g (81%),
colorless solid. 1H NMR (300 MHz, DMSO-d6): δ 8.97 (d, J = 7.9 Hz,
1H), 8.71 (d, J = 4.4 Hz, 2H), 8.35 (d, J = 7.8 Hz, 1H), 7.70 (d, J = 4.4
Hz, 2H), 7.44−7.08 (m, 15H), 5.81 (dd, JH−F = 34.1 Hz, JH−H = 8.8 Hz,
1H), 4.75 (s, 2H), 4.70−4.50 (m, 2H), 3.19−2.87 (m, 2H), 2.49−2.39
(m, 3H), 1.86−1.56 (m, 2H). 13C NMR (75 MHz, DMSO): δ 170.4,
164.8, 151.4 (d, JC−F = 298 Hz), 150.2, 140.9, 140.9, 137.9, 131.0,
129.1, 128.8, 128.6, 128.30, 128.29, 128.1, 127.5, 126.4, 125.9, 121.4,
120.4 (d, JC−F = 3.8 Hz), 57.6, 55.0, 43.7 (d, JC−F = 2.0 Hz), 37.0, 35.0,
30.9. mp 169−171 °C. LC−MS (ESI, m/z): [M + H]+ calcd for
C33H32FN3O4S, 586.22; found, 586.4. Purity: 96%. [α]D

22 9° (c 0.5,
MeOH).
N-((S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-1-en-3-

yl)amino)-1-oxo-3-phenylpropan-2-yl)-2,3-dihydrobenzo[b][1,4]-
dioxine-6-carboxamide (3b). Synthesized by following procedure D
with 0.100 g of compound 29, 0.036 g 1,4-benzodioxane-6-carboxylic
acid, 0.064 g TBTU, and 0.104 mL DIEA. Column chromatography:
petroleum ether/EtOAc 2:1 to pure EtOAc. Yield: 0.096 g (75%),
colorless solid. 1H NMR (300 MHz, DMSO-d6): δ 8.44 (d, J = 8.1 Hz,
1H), 8.24 (d, J = 8.0 Hz, 1H), 7.45−7.09 (m, 17H), 6.89 (d, J = 8.3 Hz,

1H), 5.82 (dd, JH−F = 34.2 Hz, JH−H = 9.0 Hz, 1H), 4.74 (s, 2H), 4.65−
4.47 (m, 2H), 4.34−4.16 (m, 4H), 3.11−2.91 (m, 2H), 2.48−2.35 (m,
2H), 1.87−1.54 (m, 2H). 13C NMR (75 MHz, DMSO-d6): δ 171.0,
165.4, 151.3 (d, JC−F = 297 Hz), 146.1, 142.8, 140.9, 138.2, 131.0,
129.1, 128.7, 128.6, 128.3, 128.1, 127.5, 127.0, 126.2, 125.9, 120.9,
120.5 (d, JC−F = 3.9 Hz), 116.6, 116.5, 64.3, 64.0, 57.6, 55.0, 43.6 (d,
JC−F = 2.4 Hz), 36.9, 35.0, 30.9. mp 204−206 °C (decomposition).
LC−MS (ESI, m/z): [M + H]+ calcd for C36H35FN2O6S, 643.23;
found, 643.3. Purity: >99%. [α]D

22 7° (c 0.5, CHCl3/MeOH 1:1).
N-((S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-1-en-3-

yl)amino)-1-oxo-3-phenylpropan-2-yl)-3,5-difluorobenzamide (3c).
Synthesized by following procedure D with 0.120 g of compound 29,
0.037 g 3,5-difluorobenzoic acid, 0.075 g TBTU, and 0.12 mL DIEA.
Column chromatography: petroleum ether/EtOAc 3:1. Yield: 0.094 g
(65%), colorless solid. 1H NMR (300 MHz, DMSO-d6): δ 8.86 (d, J =
8.2 Hz, 1H), 8.35 (d, J = 7.9 Hz, 1H), 7.56−7.41 (m, 3H), 7.41−7.10
(m, 16H), 5.81 (dd, JH−F = 34.2 Hz, JH−H = 9.1 Hz, 1H), 4.75 (s, 2H),
4.69−4.51 (m, 2H), 3.09 (dd, J = 13.7, 5.1 Hz, 1H), 2.97 (dd, J = 13.7,
10.1 Hz, 1H), 2.49−2.40 (m, 2H), 1.86−1.57 (m, 2H). 13C NMR (75
MHz, DMSO-d6): δ 170.48, 163.7 (t, JC−F = 2.8 Hz), 162.2 (dd, JC−F =
251, 12 Hz), 151.4 (d, JC−F = 298 Hz), 140.9, 137.9, 137.4 (t, JC−F = 8.5
Hz), 137.3, 131.0, 129.1, 128.8, 128.6, 128.3, 128.1, 127.5, 126.4, 126.0,
120.4 (d, JC−F = 4.1 Hz), 110.8 (dd, JC−F = 27, 8.7 Hz), 106.9 (t, JC−F =
26 Hz), 57.6, 55.2, 43.7 (d, JC−F = 2.3 Hz), 37.0, 35.0, 30.9. mp 194−
196 °C (decomposition). LC−MS (ESI, m/z): [M + H]+ calcd for
C34H31F3N2O4S, 621.2; found, 621.3. Purity: >99%. [α]D

22 6° (c 0.5,
CHCl3).

N-((S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-1-en-3-
yl)amino)-1-oxo-3-(p-tolyl)propan-2-yl)isonicotinamide (3d). Syn-
thesized by following procedure Dwith 0.11 g of compound 35, 0.026 g
isonicotinic acid, 0.067 g TBTU, and 0.11 mL DIEA. Column
chromatography: petroleum ether/EtOAc 1:3. Yield: 0.091 g (73%),
colorless solid. 1HNMR (300MHz, CDCl3): δ 8.69 (d, J = 6.0Hz, 2H),
7.61−7.53 (m, 2H), 7.43−7.28 (m, 6H), 7.25−7.14 (m, 3H), 7.07 (d, J
= 7.8 Hz, 2H), 7.01−6.88 (m, 4H), 6.19 (d, J = 7.9 Hz, 1H), 5.55 (dd,
JH−F = 32.6 Hz, JH−H = 9.2 Hz, 1H), 4.76−4.59 (m, 2H), 4.36 (s, 2H),
3.14 (dd, J = 13.5, 6.0 Hz, 1H), 2.93 (dd, J = 13.4, 8.6 Hz, 1H), 2.44−
2.19 (m, 5H), 1.75−1.50 (m, 2H). 13C NMR (75 MHz, CDCl3): δ
170.2, 165.1, 152.5 (d, JC−F = 301 Hz), 141.3, 140.1, 137.3, 132.8,
131.0, 129.8, 129.5, 129.3, 129.2, 128.7, 128.3, 126.7, 126.5, 121.3,
119.4 (d, JC−F = 4.3 Hz), 58.7, 55.6, 44.7 (d, JC−F = 2.2 Hz), 38.4, 35.6
(d, JC−F = 1.6 Hz), 31.6, 21.2. mp 181−183 °C. LC−MS (ESI, m/z):
[M + H]+ calcd for C34H34FN3O4S, 600.24; found, 600.4. Purity: 95%.
[α]D

22 13° (c 0.5, MeOH).
N-((S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-1-en-3-

yl)amino)-1-oxo-3-(p-tolyl)propan-2-yl)-2,3-dihydrobenzo[b][1,4]-
dioxine-6-carboxamide (3e). Synthesized by following procedure D
with 0.110 g of compound 35, 0.037 g 1,4-benzodioxane-6-carboxylic
acid, 0.067 g TBTU, and 0.108 mL DIEA. Column chromatography:
petroleum ether/EtOAc 1:1 to 0:1. Yield: 0.10 g (76%), colorless solid.
1HNMR (300MHz, DMSO-d6): δ 8.41 (d, J = 8.0Hz, 1H), 8.23 (d, J =
8.0 Hz, 1H), 7.43−7.23 (m, 9H), 7.23−7.11 (m, 5H), 7.04 (d, J = 7.9
Hz, 2H), 6.89 (d, J = 8.4 Hz, 1H), 5.81 (dd, JH−F = 34.3 Hz, JH−H = 9.1
Hz, 1H), 4.74 (s, 2H), 4.63−4.47 (m, 2H), 4.32−4.18 (m, 4H), 3.05−
2.87 (m, 2H), 2.49−2.39 (m, 2H), 2.22 (s, 3H), 1.86−1.57 (m, 2H).
13C NMR (75 MHz, DMSO-d6): δ 171.0, 165.4, 151.3 (d, JC−F = 297
Hz), 146.0, 142.8, 140.9, 135.14, 135.10, 131.0, 129.0, 128.8, 128.7,
128.6, 128.3, 127.5, 127.0, 125.9, 121.0, 120.5 (d, JC−F = 3.7 Hz), 116.6,
116.5, 64.3, 64.0, 57.6, 55.1, 43.6 (d, JC−F = 1.6 Hz), 36.6, 35.0, 30.9,
20.6. mp 193−195 °C. LC−MS (ESI, m/z): [M + H]+ calcd for
C37H37FN2O6S, 657.25; found, 657.4. Purity: 97%. [α]D

22 8° (c 0.5,
CHCl3/MeOH 1:1).

N-((S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-1-en-3-
yl)amino)-1-oxo-3-(p-tolyl)propan-2-yl)-3,5-difluorobenzamide
(3f). Synthesized by following procedure D with 0.12 g of compound
35, 0.036 g 3,5-difluorobenzoic acid, 0.073 g TBTU, and 0.12 mL
DIEA. Column chromatography: petroleum ether/EtOAc 3:1 to pure
EtOAc. Yield: 0.12 g (81%), colorless solid. 1H NMR (300 MHz,
DMSO-d6): δ 8.82 (d, J = 8.1 Hz, 1H), 8.32 (d, J = 8.0 Hz, 1H), 7.61−
7.40 (m, 3H), 7.40−7.23 (m, 8H), 7.23−7.10 (m, 5H), 7.05 (d, J = 7.9
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Hz, 2H), 5.79 (dd, JH−F = 33.9 Hz, JH−H = 9.3 Hz, 1H), 4.75 (s, 2H),
4.65−4.48 (m, 2H), 3.02 (dd, J = 13.5, 5.1 Hz, 1H), 2.92 (dd, J = 13.6,
10.0 Hz, 1H), 2.48−2.39 (m, 1H), 2.22 (s, 3H), 1.83−1.56 (m, 2H).
13C NMR (75 MHz, DMSO-d6): δ 170.5, 163.86, 163.7 (t, JC−F = 2.6
Hz), 162.1 (dd, JC−F = 251, 12 Hz), 151.3 (d, JC−F = 298 Hz), 140.9,
137.4 (t, JC−F = 8.4 Hz), 135.3, 134.8, 131.0, 129.0, 128.7, 128.6, 128.3,
127.5, 126.0, 120.4 (d, JC−F = 4.0 Hz), 110.8 (dd, JC−F = 26, 8.4 Hz),
106.9 (t, JC−F = 25 Hz), 57.6, 55.3, 43.7 (d, JC−F = 1.5 Hz), 36.6, 35.0,
30.9, 20.6. mp 196−198 °C (decomposition). LC−MS (ESI,m/z): [M
+ H]+ calcd for C35H33F3N2O4S, 635.22; found, 635.3. Purity: 95%.
[α]D22 9° (c 0.5, MeOH/CHCl3 1:1).
Phenyl (S,E)-1-Fluoro-3-((S)-2-(isonicotinamido)-3-(m-tolyl)-

propanamido)-5-phenylpent-1-ene-1-sulfonate (3g). Synthesized
by following procedure D with 0.11 g of compound 32, 0.026 g
isonicotinic acid, 0.067 g TBTU, and 0.11 mL DIEA. Column
chromatography: petroleum ether/EtOAc 1:3. Yield: 0.086 g (69%),
colorless solid. 1HNMR (300MHz, CDCl3): δ 8.68 (d, J = 4.7Hz, 2H),
7.56 (d, J = 5.7 Hz, 2H), 7.40 (d, J = 7.6 Hz, 1H), 7.37−7.28 (m, 5H),
7.25−7.11 (m, 4H), 7.04 (d, J = 7.6 Hz, 1H), 6.99−6.90 (m, 3H), 6.84
(d, J = 7.5 Hz, 1H), 6.24 (d, J = 7.8 Hz, 1H), 5.57 (dd, JH−F = 32.5 Hz,
JH−H = 9.1Hz, 1H), 4.78−4.58 (m, 2H), 4.36 (s, 2H), 3.15 (dd, J = 13.4,
6.2 Hz, 1H), 2.93 (dd, J = 13.4, 8.5 Hz, 1H), 2.43−2.26 (m, 2H), 2.24
(s, 3H), 1.74−1.48 (m, 2H). 13C NMR (75 MHz, CDCl3): δ 170.2,
165.2, 152.5 (d, JC−F = 301 Hz), 150.3, 141.2, 140.1, 138.8, 136.0,
131.0, 130.0, 129.5, 129.2, 129.0, 128.7, 128.4, 128.3, 126.7, 126.5,
126.5, 121.2, 119.4 (d, JC−F = 4.1 Hz), 58.7, 55.5, 44.8 (d, JC−F = 2.3
Hz), 38.7, 35.6, 35.7, 31.6, 21.4. mp 81−82 °C. LC−MS (ESI, m/z):
[M + H]+ calcd for C34H34FN3O4S, 600.24; found, 600.4. Purity: 95%.
[α]D

22 7° (c 0.5, MeOH).
N-((S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-1-en-3-

yl)amino)-1-oxo-3-(m-tolyl)propan-2-yl)-2,3-dihydrobenzo[b][1,4]-
dioxine-6-carboxamide (3h). Synthesized by following procedure D
with 0.11 g of compound 32, 0.037 g 1,4-benzodioxane-6-carboxylic
acid, 0.067 g TBTU and 0.11 mL DIEA. Column chromatography:
petroleum ether/EtOAc 2:1 to 0:1. Yield: 0.094 g (69%), colorless
solid. 1H NMR (300 MHz, DMSO-d6): δ 8.43 (d, J = 8.1 Hz, 1H), 8.25
(d, J = 8.0 Hz, 1H), 7.46−7.23 (m, 9H), 7.23−7.03 (m, 6H), 6.97 (d, J
= 7.2 Hz, 1H), 6.90 (d, J = 8.3Hz, 1H), 5.83 (dd, JH−F = 34.2 Hz, JH−H =
9.0 Hz, 1H), 4.74 (s, 2H), 4.64−4.49 (m, 2H), 4.39−4.17 (m, 4H),
3.08−2.86 (m, 2H), 2.49−2.38 (m, 2H), 2.23 (s, 3H), 1.87−1.55 (m,
2H). 13C NMR (75 MHz, DMSO-d6): δ 171.0, 165.5, 151.3 (d, JC−F =
298 Hz), 146.1, 142.8, 140.9, 138.2, 137.0, 131.0, 129.8, 128.7, 128.6,
128.3, 127.9, 127.5, 127.1, 126.9, 126.2, 125.9, 120.9, 120.5 (d, JC−F =
4.2 Hz), 116.6, 116.5, 64.3, 64.0, 57.6, 55.0, 43.6 (d, JC−F = 0.9 Hz),
36.9, 35.1, 30.9, 21.0. mp 188−190 °C. LC−MS (ESI, m/z): [M + H]+

calcd for C37H37FN2O6S, 657.25; found, 657.4. Purity >99%. [α]D
22 11°

(c 0.5, CHCl3).
N-((S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-1-en-3-

yl)amino)-1-oxo-3-(m-tolyl)propan-2-yl)-3,5-difluorobenzamide
(3i). Synthesized by following procedure D with 0.12 g of compound
32, 0.036 g 3,5-difluorobenzoic acid, 0.073 g TBTU, and 0.12 mL
DIEA. Column chromatography: petroleum ether/EtOAc 2:1. Yield:
0.11 g (77%), colorless solid. 1H NMR (300 MHz, DMSO-d6): δ 8.83
(d, J = 8.1 Hz, 1H), 8.33 (d, J = 7.8 Hz, 1H), 7.61−7.02 (m, 17H), 6.98
(d, J = 7.1 Hz, 1H), 5.81 (dd, JH−F = 34.1 Hz, JH−H = 9.0 Hz, 1H), 4.74
(s, 2H), 4.67−4.46 (m, 2H), 3.04 (dd, J = 13.5, 4.7 Hz, 1H), 2.93 (dd, J
= 13.5, 4.7 Hz, 1H), 2.48−2.39 (m, 2H), 2.23 (s, 3H), 1.83−1.59 (m,
2H). 13CNMR (75MHz, DMSO-d6): δ 170.5, 163.8 (t, JC−F = 2.7 Hz),
162.1 (dd, JC−F = 247 Hz, 13 Hz), 151.3 (d, JC−F = 298 Hz), 140.9,
137.9, 137.5 (t, JC−F = 8.5 Hz), 137.1, 131.0, 129.8, 128.8, 128.6, 128.3,
128.0, 127.5, 127.0, 126.2, 126.0, 120.42 (d, JC−F = 3.5 Hz), 110.8 (dd,
JC−F = 25Hz, 8.6 Hz), 106.8 (t, JC−F = 26Hz), 57.6, 55.2, 43.7 (d, JC−F =
2.0 Hz), 36.9, 35.0, 30.9, 21.0. mp 176−178 °C. LC−MS (ESI, m/z):
[M+H]+ calcd for C35H33F3N2O4S, 635.22; found, 635.3. Purity >99%.
[α]D22 6° (c 0.5, CHCl3).
N-((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-

3-yl)amino)-1-oxo-3-phenylpropan-2-yl)isonicotinamide (4a).11

Synthesized by following procedure E with 0.14 g of compound 13,
0.107 g compound X, 0.13 g TBTU, 0.062 g HOBt, and 0.21 mLDIEA.
Column chromatography: DCM/MeOH 19:1. Yield: 0.17 g (75%),

colorless solid. 1HNMR (300MHz, CDCl3): δ 8.71 (br, 2H), 7.95 (d, J
= 7.5 Hz, 2H), 7.76−7.54 (m, 5H), 7.50 (d, J = 7.4 Hz, 1H), 7.40−7.08
(m, 8H), 6.99 (d, J = 6.4 Hz, 2H), 6.40 (d, J = 7.7 Hz, 1H), 6.03 (dd,
JH−F = 31.9 Hz, JH−H = 8.8 Hz, 1H), 4.87−4.60 (m, 2H), 3.21 (dd, J =
13.5, 6.3 Hz, 1H), 3.08 (dd, J = 13.5, 8.2 Hz, 1H), 2.49 (t, J = 7.4 Hz,
2H), 1.96−1.68 (m, 2H). 13C NMR (75 MHz, CDCl3): δ 170.3, 164.9,
155.1 (d, JC−F = 301 Hz), 149.4, 142.1, 140.2, 137.1, 136.2, 134.9,
129.7, 129.4, 129.1, 128.8, 128.7, 128.3, 127.7, 126.50, 121.7, 117.0 (d,
JC−F = 5.3 Hz), 55.6, 45.1, 38.8, 35.7 (d, JC−F = 1.9 Hz), 31.8. mp 184−
187 °C. LC−MS (ESI, m/z): [M + H]+ calcd for C32H30FN3O4S,
572.20; found, 572.4. Purity: 95%. [α]D22 11° (c 0.5, CHCl3).

N-((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-
3-yl)amino)-1-oxo-3-phenylpropan-2-yl)-2,3-dihydrobenzo[b][1,4]-
dioxine-6-carboxamide (4b). Synthesized by following procedure D
with 0.100 g of compound 27, 0.036 g 1,4-benzodioxane-6-carboxylic
acid, 0.064 g TBTU, and 0.104 mL DIEA. Column chromatography:
petroleum ether/EtOAc 1:1. Yield: 0.084 g (67%), colorless solid. 1H
NMR (300MHz, DMSO-d6): δ 8.43 (d, J = 8.0Hz, 1H), 8.35 (d, J = 7.8
Hz, 1H), 7.94 (dt, J = 7.3, 1.7 Hz, 2H), 7.85 (tt, J = 7.3, 1.2 Hz, 1H),
7.73 (tt, J = 6.7, 1.1 Hz, 2H), 7.43−7.06 (m, 12H), 6.89 (d, J = 8.3 Hz,
1H), 6.30 (dd, JH−F = 34.0 Hz, JH−H = 8.9 Hz, 1H), 4.68−4.47 (m, 2H),
4.33−4.18 (m, 4H), 3.10−2.90 (m, 2H), 2.59−2.50 (m, 2H), 1.96−
1.73 (m, 2H). 13C NMR (75 MHz, DMSO-d6): δ 171.0, 165.4, 153.0
(d, JC−F = 296 Hz), 146.1, 142.8, 140.8, 138.2, 136.6, 135.2, 130.1,
129.1, 128.27, 128.26, 128.1, 128.0, 127.0, 126.3, 125.9, 120.9, 119.2 (d,
JC−F = 4.8 Hz), 116.6, 116.5, 64.3, 64.0, 54.9, 43.8 (d, JC−F = 1.6 Hz),
36.9, 35.0 (d, JC−F = 2.3 Hz), 31.0. mp 187−189 °C. LC−MS (ESI, m/
z): [M + H]+ calcd for C35H33FN2O6S, 629.2; found, 629.3. Purity
>99%. [α]D

22 3° (c 0.5, CHCl3).
3 , 5 -D ifluo ro -N - ( ( S ) - 1 - ( ( ( S , E ) - 1 -fluo ro - 5 - pheny l - 1 -

(phenylsulfonyl)pent-1-en-3-yl)amino)-1-oxo-3-phenylpropan-2-
yl)benzamide (4c). Synthesized by following procedure D with 0.124 g
of compound 27, 0.039 g 3,5-difluorobenzoic acid, 0.079 g TBTU, and
0.125 mL DIEA. Column chromatography: petroleum ether/EtOAc
2:1. Yield: 0.12 g (81%), colorless solid. 1H NMR (300 MHz, CDCl3):
δ 7.99−7.90 (m, 2H), 7.73−7.63 (m, 1H), 7.57 (t, J = 7.6 Hz, 2H),
7.37−7.09 (m, 12H), 7.00−6.91 (m, 2H), 6.87 (tt, J = 8.5, 2.3 Hz, 1H),
6.37 (d, J = 7.7 Hz, 1H), 5.96 (dd, JH−F = 31.8 Hz, JH−H = 8.9 Hz, 1H),
4.82−4.61 (m, 2H), 3.14 (dd, J = 13.5, 6.4 Hz, 1H), 3.03 (dd, J = 13.5,
8.2 Hz, 1H), 2.45 (t, J = 7.7Hz, 2H), 1.88−1.72 (m, 2H). 13CNMR (75
MHz, CDCl3): δ 170.6, 165.0 (t, JC−F = 2.8 Hz), 163.0 (dd, JC−F = 251,
12 Hz), 155.2 (d, JC−F = 301 Hz), 140.2, 137.1, 136.8 (t, JC−F = 8.3 Hz),
136.2, 134.8, 129.7, 129.4, 129.1, 128.8, 128.7, 128.3, 127.6, 126.5,
116.9 (d, JC−F = 5.1 Hz), 110.5 (dd, JC−F = 27, 8.7 Hz), 107.4 (t, JC−F =
25 Hz), 55.7, 45.1 (d, JC−F = 1.5 Hz), 38.7, 35.7, 31.8. mp 90−92 °C.
LC−MS (ESI,m/z): [M+H]+ calcd for C33H29F3N2O4S, 607.2; found,
607.3. Purity: 95%. [α]D22 5° (c 0.5, MeOH).

N-((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-
3-yl)amino)-1-oxo-3-(p-tolyl)propan-2-yl)isonicotinamide (4d).
Synthesized by following procedure D with 0.10 g of compound 33,
0.024 g isonicotinic acid, 0.063 g TBTU, and 0.10 mL DIEA. Column
chromatography: pure EtOAc. Yield: 0.094 g (83%), colorless solid. 1H
NMR (300 MHz, CDCl3): δ 8.69 (d, J = 3.8 Hz, 2H), 7.95 (d, J = 7.7
Hz, 2H), 7.70 (t, J = 7.3 Hz, 1H), 7.65−7.46 (m, 4H), 7.30−7.23 (m,
1H), 7.23−7.01 (m, 7H), 6.96 (d, J = 6.8 Hz, 2H), 6.32 (d, J = 7.8 Hz,
1H), 6.01 (dd, JH−F = 31.9 Hz, JH−H = 8.8 Hz, 1H), 4.84−4.60 (m, 2H),
3.15 (dd, J = 13.6, 5.7 Hz, 1H), 3.01 (dd, J = 13.4, 8.2 Hz, 1H), 2.46 (t, J
= 7.6 Hz, 2H), 2.32 (s, 3H), 1.90−1.73 (m, 2H). 13C NMR (75 MHz,
CDCl3): δ 170.3, 165.4, 155.12 (d, JC−F = 301 Hz), 150.7, 140.8, 140.1,
137.4, 137.1, 134.8, 132.9, 129.8, 129.7, 129.3, 128.8, 128.7, 128.3,
126.5, 121.0, 116.9 (d, JC−F = 4.8 Hz), 55.4, 45.0 (d, JC−F = 1.7 Hz),
38.4, 35.8, 31.8, 21.2. mp 84−86 °C. LC−MS (ESI, m/z): [M + H]+

calcd for C33H32FN3O4S, 586.22; found, 586.4. Purity: 96%. [α]D
22 12°

(c 0.5, MeOH).
N-((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-

3-yl)amino)-1-oxo-3-(p-tolyl)propan-2-yl)-2,3-dihydrobenzo[b]-
[1,4]dioxine-6-carboxamide (4e). Synthesized by following procedure
Dwith 0.065 g of compound 33, 0.023 g 1,4-benzodioxane-6-carboxylic
acid, 0.041 g TBTU, and 0.066 mL DIEA. Column chromatography:
petroleum ether/EtOAc 2:1 to 1:1. Yield: 0.057 g (70%), colorless
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solid. 1H NMR (300 MHz, CDCl3): δ 8.00−7.90 (m, 2H), 7.75−7.65
(m, 1H), 7.64−7.53 (m, 2H), 7.26 (s, 1H), 7.23−7.03 (m, 8H), 6.93
(dd, J = 7.8, 1.5 Hz, 2H), 6.85 (d, J = 8.4 Hz, 1H), 6.79 (d, J = 7.7 Hz,
1H), 6.70 (d, J = 7.9 Hz, 1H), 6.02 (dd, JH−F = 32.0 Hz, JH−H = 8.7 Hz,
1H), 4.83 (q, J = 7.5 Hz, 1H), 4.68 (quint, J = 7.7 Hz, 1H), 4.34−4.21
(m, 4H), 3.13 (dd, J = 13.6, 6.3 Hz, 1H), 3.02 (dd, J = 13.6, 7.8 Hz, 1H),
2.54−2.38 (m, 2H), 2.31 (s, 3H), 1.87−1.69 (m, 2H). 13C NMR (75
MHz, CDCl3): δ 170.8, 166.8, 154.8 (d, JC−F = 300 Hz), 147.0, 143.6,
140.3, 137.3, 137.0, 134.7, 133.3, 129.7, 129.6, 129.3, 128.8, 128.6,
128.4, 126.9, 126.3, 120.6, 117.62 (d, JC−F = 5.1 Hz), 117.5, 116.8, 64.7,
64.3, 55.1, 44.9 (d, JC−F = 1.7 Hz), 38.3, 35.7, 31.8, 21.2. mp 95−97 °C.
LC−MS (ESI, m/z): [M + H]+ calcd for C36H35FN2O6S, 643.23;
found, 643.3. Purity: 96%. [α]D

22 13° (c 1, CHCl3).
3 , 5 -D ifluo ro -N - ( ( S ) - 1 - ( ( ( S , E ) - 1 -fluo ro - 5 - pheny l - 1 -

(phenylsulfonyl)pent-1-en-3-yl)amino)-1-oxo-3-(p-tolyl)propan-2-
yl)benzamide (4f). Synthesized by following procedure D with 0.065 g
of compound 33, 0.020 g 3,5-difluorobenzoic acid, 0.041 g TBTU, and
0.066 mL DIEA. Column chromatography: petroleum ether/EtOAc
3:1. Yield: 0.059 g (73%), colorless solid. 1HNMR (300MHz, CDCl3):
δ 8.00−7.91 (m, 2H), 7.74−7.63 (m, 1H), 7.62−7.53 (m, 2H), 7.31 (d,
J = 7.6 Hz, 1H), 7.25−7.09 (m, 7H), 7.05 (d, J = 8.0 Hz, 2H), 6.97−
6.82 (m, 3H), 6.39 (d, J = 7.7 Hz, 1H), 5.98 (dd, JH−F = 31.9 Hz, JH−H =
8.8 Hz, 1H), 4.83−4.60 (m, 2H), 3.11 (dd, J = 13.5, 6.3 Hz, 1H), 2.99
(dd, J = 13.5, 8.2 Hz, 1H), 2.52−2.40 (m, 2H), 2.31 (s, 3H), 1.90−1.74
(m, 2H). 13C NMR (75 MHz, CDCl3): δ 170.7, 164.95 (t, JC−F = 2.9
Hz), 163.02 (dd, JC−F = 251, 12 Hz), 155.12 (d, JC−F = 301 Hz), 140.2,
137.3, 137.2, 136.9 (t, JC−F = 8.3 Hz), 134.8, 133.0, 129.8, 129.7, 129.3,
128.8, 128.7, 128.3, 126.5, 117.05 (d, JC−F = 4.8 Hz), 110.50 (dd, JC−F =
27, 9.4 Hz), 107.37 (t, JC−F = 25Hz), 55.6, 45.1 (d, JC−F = 1.6 Hz), 38.3,
35.7 (d, JC−F = 1.5 Hz), 31.8, 21.2. mp 174−176 °C. LC−MS (ESI, m/
z): [M + H]+ calcd for C34H31F3N2O4S, 621.21; found, 621.3. Purity:
95%. [α]D

22 9° (c 0.5, MeOH).
N-((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-

3-yl)amino)-1-oxo-3-(m-tolyl)propan-2-yl)isonicotinamide (4g).
Synthesized by following procedure D with 0.10 g of compound 30,
0.024 g isonicotinic acid, 0.063 g TBTU, and 0.10 mL DIEA. Column
chromatography: pure EtOAc. Yield: 0.071 g (63%), colorless solid. 1H
NMR (300 MHz, CDCl3): δ 8.69 (d, J = 5.2 Hz, 2H), 7.94 (d, J = 7.5
Hz, 2H), 7.74−7.65 (m, 1H), 7.63−7.48 (m, 4H), 7.34−7.11 (m, 6H),
7.11−6.88 (m, 5H), 6.31 (d, J = 7.8 Hz, 1H), 6.01 (dd, JH−F = 31.9 Hz,
JH−H = 8.8 Hz, 1H), 4.84−4.59 (m, 2H), 3.16 (dd, J = 13.5, 6.2 Hz, 1H),
3.00 (dd, J = 13.5, 8.4 Hz, 1H), 2.45 (t, J = 7.5 Hz, 2H), 2.29 (s, 3H),
1.89−1.73 (m, 2H). 13C NMR (75 MHz, CDCl3): δ 170.3, 165.4,
155.10 (d, JC−F = 301 Hz), 150.6, 140.9, 140.1, 138.8, 137.0, 136.0,
134.7, 130.1, 129.7, 129.0, 128.8, 128.7, 128.4, 128.3, 126.5, 126.4,
121.1, 116.9 (d, JC−F = 5.2 Hz), 55.4, 45.1 (d, JC−F = 1.9 Hz), 38.7, 35.8
(d, JC−F = 1.4 Hz), 31.8, 21.5. mp 182−184 °C. LC−MS (ESI, m/z):
[M + H]+ calcd for C33H32FN3O4S, 586.22; found, 586.4. Purity: 95%.
[α]D

22 3° (c 0.5, CHCl3).
N-((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-

3-yl)amino)-1-oxo-3-(m-tolyl)propan-2-yl)-2,3-dihydrobenzo[b]-
[1,4]dioxine-6-carboxamide (4h). Synthesized by following procedure
D with 0.10 g of compound 30, 0.035 g 1,4-benzodioxane-6-carboxylic
acid, 0.063 g TBTU, and 0.10 mL DIEA. Column chromatography:
petroleum ether/EtOAc 1:1. Yield: 0.10 g (84%), colorless solid. 1H
NMR (300MHz, DMSO-d6): δ 8.44 (d, J = 8.1Hz, 1H), 8.38 (d, J = 7.8
Hz, 1H), 7.94 (dt, J = 7.3, 1.5 Hz, 2H), 7.89−7.80 (m, 1H), 7.80−7.68
(m, 2H), 7.42−7.30 (m, 2H), 7.29−7.02 (m, 8H), 6.98 (d, J = 6.9 Hz,
1H), 6.90 (d, J = 8.3 Hz, 1H), 6.31 (dd, JH−F = 34.0 Hz, JH−H = 8.9 Hz,
1H), 4.65−4.46 (m, 2H), 4.27 (d, J = 5.4 Hz, 4H), 3.08−2.84 (m, 2H),
2.61−2.50 (m, 2H), 2.25 (s, 3H), 1.96−1.72 (m, 2H). 13C NMR (75
MHz, DMSO-d6): δ 171.1, 165.5, 152.9 (d, JC−F = 295 Hz), 146.1,
142.8, 140.8, 138.1, 137.0, 136.6, 135.2, 130.1, 129.8, 128.3, 128.3,
128.2, 127.9, 127.0, 126.9, 126.2, 125.9, 121.0, 119.3 (d, JC−F = 4.3 Hz),
116.6, 116.5, 64.3, 64.0, 55.0, 43.8 (d, JC−F = 1.5 Hz), 36.8, 35.4, 31.0,
21.0. mp 186−188 °C. LC−MS (ESI, m/z): [M + H]+ calcd for
C36H35FN2O6S, 643.23; found, 643.3. Purity: >99%. [α]D

22 11° (c 1,
CHCl3).
3 , 5 -D ifluo ro -N - ( ( S ) - 1 - ( ( ( S , E ) - 1 -fluo ro - 5 - pheny l - 1 -

(phenylsulfonyl)pent-1-en-3-yl)amino)-1-oxo-3-(m-tolyl)propan-2-

yl)benzamide (4i). Synthesized by following procedureDwith 0.10 g of
compound 30, 0.031 g 3,5-difluorobenzoic acid, 0.063 g TBTU, and
0.10 mLDIEA. Column chromatography: petroleum ether/EtOAc 2:1.
Yield: 0.075 g (62%), colorless solid. 1H NMR (300 MHz, CDCl3): δ
7.95 (d, J = 7.5 Hz, 2H), 7.72−7.64 (m, 1H), 7.57 (t, J = 7.6 Hz, 2H),
7.29−7.23 (m, 1H), 7.25−6.81 (m, 13H), 6.38 (d, J = 7.7 Hz, 1H), 6.01
(dd, JH−F = 31.8Hz, JH−H = 8.8Hz, 1H), 4.81−4.60 (m, 2H), 3.12 (dd, J
= 13.5, 6.5 Hz, 1H), 2.98 (dd, J = 13.5, 8.1 Hz, 1H), 2.45 (t, J = 7.7 Hz,
2H), 2.28 (s, 3H), 1.88−1.74 (m, 2H). 13C NMR (75 MHz, CDCl3): δ
170.6, 165.02 (t, JC−F = 2.4 Hz), 162.99 (dd, JC−F = 251, 12 Hz), 155.14
(d, JC−F = 301 Hz), 140.2, 138.8, 137.1, 136.8 (t, JC−F = 8.4 Hz), 136.2,
134.8, 130.1, 129.7, 129.0, 128.8, 128.7, 128.4, 128.3, 126.5, 117.0 (d,
JC−F = 4.9 Hz), 110.5 (dd, JC−F = 26, 8.7 Hz), 107.4 (t, JC−F = 25 Hz),
55.6, 45.2 (d, JC−F = 1.6 Hz), 38.5, 35.7, 31.8, 21.4. mp 176−178 °C.
LC−MS (ESI, m/z): [M + H]+ calcd for C34H31F3N2O4S, 621.21;
found, 621.3. Purity >99%. [α]D22 5° (c 0.5, MeOH/CHCl3 1:1).

N-((S)-1-(((S,E)-1-Fluoro-5-(methylthio)-1-(phenylsulfonyl)pent-
1-en-3-yl)amino)-1-oxo-3-phenylpropan-2-yl)-4-methylpiperazine-
1-carboxamide (4j). Synthesized by following procedure E with 0.11 g
of compound 16, 0.089 g compound IX, 0.088 g TBTU, 0.042 g HOBt,
and 0.14 mL DIEA. Column chromatography: DCM/MeOH 19:1.
Yield: 0.11 g (73%), colorless solid. (300MHz, CD2Cl2): δ 7.85 (dd, J =
7.3, 1.7 Hz, 2H), 7.71−7.59 (m, 1H), 7.59−7.47 (m, 2H), 7.25−7.13
(m, 3H), 7.12−7.01 (m, 3H), 5.99 (dd, JH−F = 32.4 Hz, JH−H = 8.8 Hz,
1H), 5.06 (d, J = 7.7 Hz, 1H), 4.76−4.59 (m, 1H), 4.41 (q, J = 7.2 Hz,
1H), 3.21 (q, J = 4.5 Hz, 4H), 3.02−2.79 (m, 2H), 2.31−2.25 (m, 2H),
2.22 (t, J = 5.1 Hz, 4H), 2.16 (s, 3H), 1.90 (s, 3H), 1.82−1.60 (m, 2H).
(75 MHz, CD2Cl2): δ 172.3, 157.5, 155.0 (d, JC−F = 298 Hz), 137.6,
137.2, 135.2, 130.1, 129.9, 129.1, 127.4, 118.2 (d, JC−F = 4.9 Hz), 56.3,
55.1, 54.0, 46.4, 44.7 (d, JC−F = 1.8 Hz), 44.3, 39.0, 33.8, 30.4, 15.7. mp
110−112 °C. HR-MS (ESI, m/z): [M + Na]+ calcd for
C27H35FN4O4S2, 585.1981; found, 585.1973. [α]D22 12° (c 1, CHCl3).

N-((S)-1-(((S,E)-1-Fluoro-5-(methylthio)-1-(phenylsulfonyl)pent-
1-en-3-yl)amino)-1-oxo-3-phenylpropan-2-yl)isonicotinamide (4k).
Synthesized by following procedure E with 0.11 g of compound 16,
0.074 g compound X, 0.088 g TBTU, 0.042 g HOBt, and 0.14 mL
DIEA. Column chromatography: DCM/MeOH 95:5. Yield: 0.098 g
(66%), colorless solid. (300 MHz, CD2Cl2): δ 8.70 (d, J = 4.5 Hz, 2H),
7.94 (d, J = 7.5 Hz, 2H), 7.76−7.53 (m, 5H), 7.44−7.15 (m, 9H), 7.07
(d, J = 7.3 Hz, 1H), 6.26 (d, J = 7.8 Hz, 1H), 6.04 (dd, JH−F = 32.2 Hz,
JH−H = 8.8 Hz, 1H), 4.92−4.55 (m, 2H), 3.23−3.00 (m, 2H), 2.44−
2.24 (m, 2H), 2.05−1.91 (m, 3H), 1.88−1.74 (m, 2H). (75 MHz,
CD2Cl2): δ 170.0, 165.2, 151.4, 150.6, 140.7, 139.4, 137.0, 136.2,
134.8, 129.6, 129.3, 128.9, 128.6, 127.3, 120.8, 55.1, 45.3, 38.3, 29.8,
15.2. mp 64−66 °C. HR-MS (ESI, m/z): [M + Na]+ calcd for
C27H28FN3O4S2, 564.1403; found, 564.1411. [α]D

22 21° (c 1, CHCl3).
N-((S)-1-(((R,E)-1-(Benzylthio)-4-fluoro-4-(phenylsulfonyl)but-3-

en-2-yl)amino)-1-oxo-3-phenylpropan-2-yl)-4-methylpiperazine-1-
carboxamide (4l). Synthesized by following procedure E with 0.11 g of
compound 17, 0.077 g compound IX, 0.076 g TBTU, 0.036 g HOBt,
and 0.13 mL DIEA. Column chromatography: DCM/MeOH 9:1.
Yield: 0.093 g (63%). (300MHz, CDCl3): δ 8.02−7.91 (m, 2H), 7.79−
7.67 (m, 1H), 7.67−7.54 (m, 2H), 7.43−7.09 (m, 10H), 6.81 (dd, J =
47.2, 7.8 Hz, 1H), 6.16 (dd, J = 43.5, 31.8, 8.6 Hz, 1H), 5.15 (dd, J =
14.7, 7.4 Hz, 1H), 4.93−4.75 (m, 1H), 4.52 (m, 1H), 3.64 (s, 2H),
3.54−3.30 (m, 4H), 3.18−2.99 (m, 2H), 2.67−2.47 (m, 2H), 2.50−
2.38 (m, 4H), 2.36 (s, 3H). (75 MHz, CDCl3): δ 171.7, 156.9, 137.4,
137.4, 137.0, 136.93, 136.90, 136.87, 134.8, 129.7, 129.5, 129.4, 129.0,
128.9, 128.85, 128.76, 127.5, 127.3, 127.2, 116.6, 116.57, 116.5, 77.2,
55.9, 5588, 54.4, 54.4, 45.9, 45.8, 44.5, 44.3, 43.55, 38.8, 38.6, 36.5, 35.1,
35.0. mp 84−86 °C. HR-MS (ESI, m/z): [M + Na]+ calcd for
C32H37FN4O4S2, 647.2138; found, 647.2152. [α]D

22 −13° (c 1, CHCl3).
Synthesis of the Metabolites. tert-Butyl 4-(((S)-1-(((S,E)-1-Fluoro-

5-phenyl-1-(phenylsulfonyl)pent-1-en-3-yl)amino)-1-oxo-3-phenyl-
propan-2-yl)carbamoyl)piperazine-1-carboxylate (36). Compound
XIII (0.31 g) was dissolved in DCM and cooled to 0 °C. 0.11 g HOBt,
0.26 g TBTU, and 0.42 mL DIEA were added and the mixture was
stirred for 30 min. 0.24 g of compound 13 was added and the mixture
was stirred for an additional 24 h at rt. The reaction was stopped with 7
equiv of water and the mixture was washed with a saturated solution of
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NaHCO3 and brine, dried with Na2SO4, and the solvent was removed
under reduced pressure. The crude product was purified by column
chromatography (cyclohexane/EtOAc 1:1), resulting in a colorless oil
(0.21 g, 45%). 1H NMR (300 MHz, CDCl3): δ 7.97−7.88 (m, 2H),
7.74−7.65 (m, 1H), 7.63−7.53 (m, 2H, H-27), 7.35−7.11 (m, 8H),
7.02 (ddd, J = 7.8, 3.2, 1.5 Hz, 2H), 6.54 (d, J = 41.8Hz, 1H), 5.99 (dd, J
= 32.0, 8.7 Hz, 1H), 5.11 (d, J = 27.5 Hz, 1H), 4.71−4.56 (m, 1H), 4.47
(d, JC−F = 10.3 Hz), 3.45−3.17 (m, 8H), 3.14−2.91 (m, 2H), 2.56−
2.36 (m, 2H), 1.95−1.62 (m, 2H), 1.46 (s, 9H). 13C NMR (75 MHz,
CDCl3): δ 171.6, 157.0, 154.7, 140.4, 137.1 (d, J = 7.3 Hz), 136.8,
134.8, 129.7, 129.4, 128.9, 128.8, 128.7, 128.4, 127.3 (d, J = 5.1 Hz),
126.4, 117.4, 80.4, 56.1, 45.1, 43.7, 38.5, 35.8, 31.8, 28.5.
(S)-4-((1-Ethoxy-1-oxo-3-phenylpropan-2-yl)carbamoyl)-1-

methylpiperazine 1-oxide (28).Compound IX (1.3 g) was dissolved in
DCM and cooled to 0 °C. 0.7 g of 3-chloroperbenzoic acid was added
and the mixture was stirred for 16 h. Triphenylphosphine was added to
stop the reaction. The solvent was removed under reduced pressure,
giving the crude product as a colorless oil (0.82 g, 63%). 1H NMR (300
MHz,methanol-d4): δ 7.35−7.11 (m, 5H), 4.87 (t, J = 2.0Hz, 4H), 4.49
(td, J = 5.9, 2.9 Hz, 1H), 4.22−4.03 (m, 2H), 3.47−3.40 (m, 1H),
3.23−2.87 (m, 4H), 2.39 (d, J = 2.9 Hz, 3H), 2.04−1.89 (m, 2H),
1.26−1.10 (m, 3H). 13C NMR (75 MHz, methanol-d4): δ 174.4, 159.3,
138.8, 130.2, 129.4, 127.8, 62.2, 57.0, 55.2, 45.6, 44.1, 38.5, 14.4.
(S)-4-((1-Carboxy-2-phenylethyl)carbamoyl)-1-methylpiperazine

1-oxide (38).Compound 37 (0.65 g) was dissolved in THF and cooled
to 0 °C, and 0.33 g of LiOH in water was added dropwise. The mixture
was stirred for 3 h at room temperature. The product was isolated from
the aqueous phase giving a colorless solid (0.31 g, 53%). 1H NMR (300
MHz, DMSO-d6): δ 11.49 (s, 1H), 7.39−6.82 (m, 5H), 4.15−3.96 (m,
1H), 3.96−3.67 (m, 1H), 3.16−2.68 (m, 8H), 2.50 (s, 2H), 2.33 (s,
3H). 13C NMR (75 MHz, DMSO-d6): δ 173.9, 157.1, 138.6, 129.3,
128.2, 126.4, 55.8, 51.9, 42.0, 40.8, 36.4.
Ethyl Isonicotate (39). Isonicotinic acid (2.46 g) was dissolved in 40

mL ethanol and 1 mL of concentrated H2SO4 was added dropwise. The
mixture was refluxed for 24 h and the solvent was removed under
reduced pressure. The residue was extracted with DCM and the
combined extracts were washed with a saturated solution of NaHCO3,
resulting in a colorless oil (2.2 g, 73%). 1H NMR (300 MHz, DMSO-
d6): δ 8.83−8.73 (m, 2H), 7.88−7.73 (m, 2H), 4.34 (q, J = 7.1 Hz, 2H),
1.32 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, DMSO-d6): δ 164.8,
150.8, 137.2, 122.6, 61.7, 14.1.
4-(Ethoxycarbonyl)pyridine 1-Oxide (40). Compound 39 (1.51 g)

was dissolved in DCM and cooled to 0 °C. 1.73 g of 3-chloroperbenzoic
acid was added and the mixture was stirred for 16 h. Triphenylphos-
phine was added to stop the reaction. The solvent was removed under
reduced pressure, giving the crude product that was further purified by
column chromatography (cyclohexane/EtOAc 1:6), resulting in a
colorless oil (0.24 g, 29%). 1H NMR (300 MHz, DMSO-d6): δ 8.43−
8.19 (m, 2H), 7.97−7.77 (m, 2H), 4.31 (q, J = 7.1 Hz, 2H), 1.31 (t, J =
7.1 Hz, 3H). 13C NMR (75 MHz, DMSO-d6): δ 163.7, 139.9, 126.85,
125.7, 61.9, 14.5.
4-Carboxypyridine 1-Oxide (41). Compound 40 (0.20 g) was

dissolved in THF and cooled to 0 °C. 0.20 g of LiOH was dissolved in
water and added dropwise to the mixture, then stirred for 3 h at rt. The
product was isolated from the aqueous phase giving a colorless solid
(0.17 g, 100%). 1H NMR (300 MHz, DMSO-d6): δ 8.31 (d, J = 6.2 Hz,
2H), 7.82 (d, J = 6.2 Hz, 2H). 13C NMR (75 MHz, DMSO-d6): δ
165.00, 139.8, 127.5, 127.1.
4-(((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-

3-yl)amino)-1-oxo-3-phenylpropan-2-yl)carbamoyl)piperazin-1-
ium Chloride (1a).A 4M solution of HCl in dioxane (3mL) was added
to 0.208 g of compound 36. The mixture was stirred for 12 h and the
solvent was removed under reduced pressure. The residue was washed
three times with diethyl ether in an ultrasonic bath and then lyophilized,
resulting in a colorless solid (0.177 g, 93%). 1H NMR (300 MHz,
DMSO-d6): δ 8.53 (s, 2H), 8.10−7.97 (m, 2H), 7.98−7.66 (m, 3H),
7.40−6.89 (m, 11H), 6.51 (dd, J = 32.7, 9.8 Hz, 1H), 4.58−4.40 (m,
1H), 4.33−3.93 (m, 1H), 3.61−3.44 (m, 8H), 3.09−2.83 (m, 4H),
2.34−1.78 (m, 2H). 13C NMR (75 MHz, DMSO-d6): δ 163.2, 157.2,
139.3, 136.6, 135.8, 132.6, 130.2, 129.1, 128.1, 126.1, 119.7, 117.8,

115.1, 57.2, 52.4, 46.0, 42.4, 42.4, 36.5, 35.2, 35.0, 33.3. mp 93−94 °C.
LC−MS (ESI, m/z): [M + H]+ calcd for C31H35FN4O4S, 579.24;
found, 579.3. Purity: 98%. [α]D

22 10° (c 0.5, MeOH).
4-(((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-

3-yl)amino)-1-oxo-3-phenylpropan-2-yl)carbamoyl)-1-methylpi-
perazine 1-oxide (1b). Compound 38 (0.20 g) was dissolved in a 1:1
mixture of DCM/DMF and cooled to 0 °C. 0.05 gHOBt, 0.11 g TBTU,
and 0.20 mL DIEA were added, and the mixture was stirred for 30 min
until all components dissolved. 0.10 g of compound 13were added, and
the mixture was stirred for an additional 48 h at room temperature. The
reaction was stopped by adding 7 equiv of water and the residue was
extracted with EtOAc and washed with water (2×), NaHCO3 (2×), 1
M HCl (2×), and brine (1×). The solvent was removed under reduced
pressure and the crude product was purified by preparative HPLC and
eluted with 70%water and 30%ACN, resulting in a colorless oil (0.04 g,
23%). 1HNMR (300MHz, DMSO-d6): δ 10.13 (s, 1H), 8.43−7.45 (m,
10H), 7.33−7.03 (m, 5H), 6.33−6.26 (m, 1H), 5.81 (dd, J = 22.1, 10.2
Hz, 1H), 5.50−5.28 (m, 1H), 4.48 (q, J = 8.0 Hz, 1H), 4.36−4.20 (m,
2H), 3.71−3.12 (m, 8H), 2.50 (quint, J = 1.9 Hz, 3H), 2.06 (d, J = 43.8
Hz, 2H), 2.04−1.64 (m, 2H). 13C NMR (300 MHz, DMSO-d6): δ
172.0, 157.3, 142.4, 139.6, 136.9, 134.0, 129.8, 129.0, 128.9, 128.6,
128.2, 127.7, 126.0, 105.6, 60.2, 57.2, 50.4, 42.5, 36.9, 30.4. LC−MS
(ESI, m/z): [M + H]+ calcd for C32H37FN4O5S, 609.25; found, 609.4.
Purity: 99%. [α]D

22 4° (c 0.5, MeOH).
4-(((S)-1-Oxo-1-(((S,E)-1-(phenoxysulfonyl)-5-phenylpent-1-en-3-

yl)amino)-3-(p-tolyl)propan-2-yl)carbamoyl)pyridine 1-Oxide (2l).
Compound 41 (0.038 g) was dissolved in DCM and cooled to 0 °C.
0.036 g HOBt, 0.087 g TBTU, and 0.19 mL DIEA were added and the
mixture was stirred for 30 min. Then, 0.14 g of compound 34-(H) was
added and the mixture was stirred for an additional 24 h at room
temperature. The reaction was stopped by adding 7 equiv of water and
the residue was extracted with DCM and washed with water (2×),
NaHCO3 (2×), 1 M HCl (2×), and brine (1×). The solvent was
removed under reduced pressure and the product was further purified
by column chromatography (EtOAc/MeOH 9:1), resulting in a
colorless solid (0.021 g, 13%). 1H NMR (300 MHz, DMSO-d6): δ
9.11−8.90 (m, 1H), 8.51−8.39 (m, 1H), 8.36−8.20 (m, 2H), 7.91−
7.78 (m, 2H), 7.52−7.38 (m, 2H), 7.37−7.29 (m, 2H), 7.27−7.18 (m,
6H), 7.15−7.00 (m, 4H), 6.68 (dt, J = 15.4, 4.0 Hz, 1H), 6.35 (dd, J =
15.4, 3.0 Hz, 1H), 4.72 (q, J = 10.1, 9.0 Hz, 1H), 4.41 (s, 1H), 3.13−
2.92 (m, 2H), 2.66−2.46 (m, 2H), 2.22 (s, 3H), 1.27−1.09 (m, 2H).
13C NMR (75 MHz, DMSO-d6): δ 171.4, 163.6, 149.6, 141.4, 139.3,
136.0, 135.0, 130.4, 129.5, 129.3, 128.8 (d, J = 3.6 Hz), 127.9, 126.3,
125.5, 123.6, 123.0, 55.9, 49.4, 39.9 (m), 34.5, 31.6, 21.1. mp 112−114
°C. LC−MS (ESI, m/z): [M + H]+ calcd for C33H33N3O6S, 600.21;
found, 600.3. Purity: 97%. [α]D

22 6° (c 0.5, MeOH).
Enzyme Assays. Fluorometric Assays. Rhodesain was expressed as

published previously.34 The increase of fluorescence upon cleavage of
the fluorogenic substrate Cbz-Phe-Arg-AMC (Bachem) by rhodesain,
CatB, or CatL was monitored using a TECAN Infinite F200 Pro
fluorimeter (δ excitation: 365 nm, δ emission: 460 nm). The enzymes
were diluted from a stock solution (rhodesain: 4 mg/mL in 10 mM
sodium citrate buffer, pH 5.5; CatB (human liver, Calbiochem): 0.532
mg/mL; CatL (human liver, Calbiochem): 0.266 mg/mL) with
enzyme buffer (rhodesain: 50 mM sodium acetate pH 5.5, 5 mM
EDTA, 200mMNaCl and 2mMDTT; CatB/CatL: 50mMTris−HCl,
5 mM EDTA, 200 mMNaCl, 2 mMDTT, pH 6.5) and were incubated
for 1 h at rt. Assays were performed in black, flat-bottom 96-well
microtiter plates (Greiner bio-one) with a total volume of 200 μL at 37
°C. Inhibitors and the substrate were prepared as stock solutions in
DMSO. Dilution series of inhibitors in DMSO with a minimum of
seven different concentrations were prepared in duplicate at least. 180
μL assay buffer (rhodesain: 50 mM sodium acetate pH 5.5, 5 mM
EDTA, 200 mM NaCl, and 0.005% Brij35; CatB/CatL: 50 mM Tris−
HCl, 5 mM EDTA, 200 mM NaCl, 0.005% Brij35, pH 6.5) was added
to the 96-well plates, then 5 μL of the respective enzyme in enzyme
buffer, followed by 10 μL DMSO with or without inhibitor and finally 5
μL substrate (final substrate concentrations for rhodesain 10 μM, for
CatB 100 μM, and for CatL 6.5 μM). Fluorescence emission was
monitored directly after addition of the substrate. The presented data
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are mean values of three independent measurements. Standard
deviations are less than 10% unless otherwise depicted.
Screening of activity against the catalytically active subunits of the

proteasome (commercially obtained from Enzo) and Dengue virus
NS2/NS3 protease was performed with an inhibitor concentration of
11 μM in DMSO.68 Human 20S proteasome (from human
erythrocytes, 0.5 mg/mL) was diluted with enzyme buffer (for
trypsin-like activity: 50 mM Tris−HCl, 50 mM NaCl, 0.5 mM
EDTA, pH 7.4; for α-chymotrypsin-/caspase-like activity: 50 mM
Tris−HCl, 25 mM KCl, 10 mM NaCl, 1 mM MgCl2, 0.03% SDS, pH
7.5). Trypsin-like activity was measured with the fluorogenic substrate
boc-Leu-Arg-Arg-AMC (Bachem), α-chymotrypsin-like activity with
Succ-Leu-Leu-Val-Tyr-AMC (Bachem), and caspase-like activity with
Cbz-Leu-Leu-Glu-AMC (Bachem). Measurements were conducted in
in black, flat-bottom 96-well microtiter plates (Greiner bio-one) by
successive addition of 180 μL enzyme buffer, 5 μL proteasome in
enzyme buffer, 10 μL inhibitor (11 μM in DMSO) or 10 μL pure
DMSO, and 5 μL of the respective substrate (final substrate
concentrations for trypsin-like activity 85 μM, α-chymotrypsin-like
activity 70 μM, and caspase-like activity 80 μM). Fluorescence emission
was monitored directly after addition of the substrate. Dengue virus
NS2B/NS3 protease was diluted from a stock solution (1mg/mL) with
enzyme buffer (50 mM Tris−HCl, 1 mM Chaps, 20% glycerol).68

Screening was performed with the substrate boc-Gly-Arg-Arg-AMC
(Bachem) in black, flat-bottom 96-well microtiter plates (Greiner bio-
one) by successive addition of 180 μL enzyme buffer, 5 μL Dengue
protease in enzyme buffer, 10 μL inhibitor (11 μM in DMSO) or 10 μL
pure DMSO, and 5 μL of the substrate (final substrate concentration
100 μM). Fluorescence emission was monitored directly after addition
of the substrate.
The presented inhibition data for all enzymes are mean values of

three independent measurements. Standard deviations are less than
10% unless otherwise depicted.
Calculations. The GraFit program (version 5.0.13, 2006, Erithacus

Sofware Ltd., UK) was used for data analysis and non-linear regression.
For inhibitors showing time-independent inhibition (2a-(Z), 2k, 2j,

3a−3i, and 4a−4l), the residual enzyme activity was plotted against the
inhibitor concentration. IC50 values were obtained by non-linear
regression using the equation
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with v0 = enzyme activity in the absence of inhibitor, vi = enzyme activity
in the presence of inhibitor, [I] = inhibitor concentration, and S = slope
factor.
Ki values were obtained by correcting the IC50 values to zero

substrate concentration using the Cheng−Prusoff relationship32
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Rhodesain: [S] = 10 μM, KM = 0.8265 μM, CatL: [S] = 6.25 μM, KM
= 6.5 μM, CatB: [S] = 100 μM, and KM = 150 μM.
Calculation for the inhibitors with slow, tight-binding properties

(2a−2i) is presented in the Results and Discussion section.
Dilution Assays. Rhodesain (5 μL from 4 mg/mL stock solution)

in enzyme buffer (85 μL) was incubated for 30 min with inhibitors (10
μL in DMSO) at concentrations corresponding to 10-fold the IC50
value obtained from fluorometric enzyme assay to ensure complete
inhibition. These mixtures (2 μL) were diluted 100-fold in assay buffer
(198 μL) containing 5 μL substrate (400 μM) to give a final substrate
concentration of 10 μM. Recovery of enzyme activity was measured
immediately using a fluorescence readout. Rhodesain with DMSO and
no inhibitor added was used as a reference while the irreversible
inhibitor K11777 was used as an irreversible control.
Dialysis Experiments. Dialysis experiments for rhodesain were

performed in a custom-built dialysis chamber, allowing the parallel
examination of five samples.26 A 3.5 kDa MW cut-off dialysis tubing
(Carl Roth, Zellutrans MWCO 3.5 kDa) was cut into half and placed in

the instrument, separating a continuous flow of buffer from five cavities
at the top of the instrument, where the samples (800 μL) were added.
Therefore, 20 μL rhodesain in enzyme buffer was added to 740 μL assay
buffer and 40 μL DMSO with or without inhibitor. Inhibitor
concentrations of 10-fold the IC50 value were chosen in order to
guarantee complete inhibition. After incubation for 30 min, the
mixtures were transferred to the cavities in the instrument and dialyzed
against a continuous flow of assay buffer containing 5% DMSO (300
mL/h). Samples (97.5 μL) were taken at different time points (10, 30,
60, and 120 min) and 2.5 μL of a substrate solution was added to give a
final substrate concentration of 10 μM. Enzyme activity was determined
by directly measuring the fluorescence emission. The results are given
in fractional activity of uninhibited rhodesain used in the same
experiment as positive control.

Docking Procedures. Procedure for Non-covalent Docking with
FlexX/LeadIT (vs. 2.1.3).11 Non-covalent docking experiments were
performed using the crystal structure of rhodesain with covalently
bound inhibitor K11777 (pdb entry 2p7u).60 The binding site was
defined as a 6.5 Å shell aroundK11777. Water molecules present in the
crystal structure were omitted except HOH-512, which mediates
hydrogen bonding between the inhibitor and the peptide backbone.
Generation of 3D-coordinates and energy minimization of the ligands
were accomplished with the Molecular Operating Environment
(MOE2014.09) using theMMFF94x force field.26 Docking calculations
were executed with LeadIT version 2.1.3.27 The results presented in
Table 1 are those with the best HYDE score69,70 selected from the 10
highest-priced solutions according to FlexX score (Table 7.1).

Procedure for Covalent Docking with DOCKTITE.60 Covalent
docking was performed with the DOCKTITE software implementation
(version 1.2) for Molecular Operating Environment (MOE, 2014.09;
Chemical Computing Group ULC, 1010 Sherbooke St. West, Suite
#910, Montreal, QC, Canada, H3A 2R7, 2021)11,27 using the crystal
structure of rhodesain with covalently bound inhibitor K11777 (pdb
entry 2p7u).60 Energy minimization of the ligands was performed with
MOE using the MMFF94x force field.71 The different warheads were
implemented into the DOCKTITE warhead filter file as described in
the DOCKTITE manual. The standard DOCKTITE protocol was
followed as described. The main pharmacophore docking step was
performed without pharmacophore restriction for the nucleophilic
sulfur of Cys25. The Amber12:EHT force field72 was used for the
pharmacophore docking step. Docking solutions were rescored with the
MOE implemented scoring functions Affinity dG and additionally with
the external empirical scoring function DSX.73 The results shown in
Table S1 are those with the best DSX scores.

Mass Spectrometry (MS). ESI MS Analysis. Lyophilized rhodesain
was reconstituted at 4 mg/mL in 50 mMNaOAc, 200 mMNaCl, and 5
mM EDTA (pH 5.5). Prior to MS analysis, rhodesain was purified by
weak anion exchange (WAX) chromatography using an ÄKTA protein
purification system (GE Healthcare) equipped with a ProPac WAX-
10G 4 × 50 mm guard and a ProPac WAX-10 4 × 250 mm analytical
column (Thermo Fisher Scientific). 100 μL of rhodesain stock solution
(4 mg/mL) was diluted in 20 mM imidazole, 1 mMDTT in water (pH
6.0) to a final volume of 1 mL, and separated running a gradient from 0
to 40% B in 40 min. Mobile phase A was 20 mM imidazole, 1 mMDTT
in water (pH 6) and Solvent B 1 MNaCl, 20 mM imidazole, and 1 mM
DTT in water (pH 6). Collected fractions were tested for activity.

For mass spectrometric analysis, the WAX fraction containing active
rhodesain was further diluted in 50 mMNaOAc, 200 mMNaCl, 5 mM
EDTA, and 5 mM DTT (pH 5.5) and incubated for 1 h at rt. After the
addition of the inhibitors at a final concentration of 10 μM, samples
were analyzed by LC−MS using a nanoAcquity UPLC system (Waters
Corporation) coupled to a nano-ESI-Q-TOF mass spectrometer
(Synapt G2-S HDMS, Waters Corporation). Rhodesain without
compound served as control. Protein−drug complexes were loaded
onto a 200 μm × 5 cm PepSwift Monolithic PS-DVB column from
Dionex (Thermo Scientific) using direct injection mode. For LC
separation, two mobile phases were used. Mobile phase A contained
0.1% formic acid (FA) and 3% DMSO in ultrapure water, whereas
mobile phase B consisted of 0.1% FA and 3% DMSO in ACN. A
gradient of 10−90%mobile phase B was run over 7 min at a flow rate of
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2000 nL/min. Column temperature was set to 45 °C. After separation,
the column was rinsed with 90% of mobile phase B and re-equilibrated
under initial conditions. All MS analyses were conducted in positive-
mode ESI.
MALDI-TOF MS Analysis. For this analysis, a recombinant rhodesain

mutant expressed in Pichia pastoris was used as described in the enzyme
assay section. The lyophilized protein was reconstituted in buffer A (pH
5.5, 50mMNaOAc, 200mMNaCl, 5 mMEDTA) at a concentration of
4 mg/mL (= 174 μM). This stock solution was diluted into buffer B
(pH 5.5, 50 mMNaOAc, 200 mMNaCl, 5 mMEDTA, 5 mMDTT) to
a final protein concentration of 1 or 10 μM and incubated for
approximately 1 h, after which the compound of interest (4mM stock in
DMSO) was added at a final inhibitor concentration of 100 μM. Later,
the analytes were desalted using Zeba Spin Desalting Columns (7 kDa
MWCO, 0.5 mL; Thermo Fisher Scientific) in accordance with the
manufacturer’s instructions and afterward coprecipitated with a
MALDI-matrix, utilizing two separate approaches: For the first method,
a thin layer of sinapinic acid (saturated ethanolic solution) was
prepared on the target, onto which, after film formation, a volumetric
3:1 mixture of matrix-solution to analyte solution was applied. For the
second method, using a mixture of α-cyano-4-hydroxycinnamic acid
and 2,5-dihydroxybenzoic acid,40,44 the preparation of a basal matrix
film was omitted and a volumetric 1:1 mixture of matrix-solution to
analyte solution was prepared and applied to the target. After
evaporation of the solvents (ca. 15 min), measurements were carried
out on a rapifleX MALDI-TOF/TOF mass spectrometer (Bruker
Daltonik GmbH, Bremen, Germany). The instrument is equipped with
a scanning smartbeam 10 kHz Nd:YAG laser at a wavelength of 355 nm
and a 10 bit 5 GHz digitizer. The acceleration voltage was set to 20 kV
and the mass spectra were recorded in positive ion linear mode.
Calibration was done with the Bruker protein calibration standard II in
a mass range from 10 to 70 kDa. Samples were measured at a laser
power of 100% (sinapinic acid) or 70% (matrix mixture), with random
walk ionization across the sample spot. As control samples, rhodesain in
buffer B with a DMSO concentration matching the samples, rhodesain
incubated with a reportedly non-covalent inhibitor,11 and a known
covalent-irreversible inhibitor (K11777)74 were used. Data analysis was
performed using the open-source software mMass.68

QM/MMComputations.MD simulations were performedwith the
Amber program package (version 2018) in combination with the
FF14SB force field. The unknown parameters for the ligand were
calculated using GAFF.75 The obtained enzymatic system was balanced
with sodium ions. We added an octahedral water envelope of 10 Å
consisting of TIP3Pwater molecules Figure S11).76 All MD simulations
were performed under periodic boundary conditions in three
consecutive steps. In the first step, the cage of water molecules and
then the whole system was minimized. In the next step, the system was
heated in a controlled way from 0 to 300 K at 1 bar, using the SHAKE
algorithm77 employing the Langevin or Berendsen thermostat.77,78 In
the last step, the actual MD simulation with a duration of at least 10 ns
was performed.
We used the subtractive QM/MM approach employing the

electrostatic embedding scheme as implemented in the program
package Gaussian (version 2016).79 The QM part is specified in Figure
S12. Please note that larger QM spaces did not lead to considerably
changes (Table S4). For the QM part, we employed the ωB97XD
functional in combination with the 6-31+G* basis sets.80−82 The TAO-
Toolkit was used.83 For the intrinsic reaction coordinate (IRC)
computations, the transition states were determined using the Berny-
Algorithm.84 All transition states were proved by frequency
calculations.
The reaction paths were characterized by a two-step procedure. The

covalent step of the inhibition mechanism first consists of the attack of
the sulfur center of the thiolate group of Cys25 on the C2 center of the
alkene group. Additionally, a proton transfer from the protonated
His152 moiety to the C1 center occurs (Figure 1). Because it is unclear
whether both steps proceed subsequently or simultaneously, we first
computed two-dimensional scans selecting the distances R(Scys−C2)
and R(HHis−C1) as main reaction parameters (Figure 14). By varying
the main reaction parameters and optimizing all other internal

coordinates for each pair of main coordinates, a minimum energy
path (MEP) from the reactant to the product is obtained, which gives
the first information about the shape of the reaction path. Starting from
the barriers obtained in these scans, we performed intrinsic reaction
coordinate (IRC) simulations. Due to the roughness of the computed
PES, often more than one transition state was found for the two-
dimensional surface. In such cases, we started IRC from each TS to
ensure that they lead to similar reactants and products. This was indeed
the case. One example is shown in Figures S8 and S10 in which
computations started from slightly different TS but yielded comparable
shapes for the reaction paths. The same holds for the second step of the
reaction path given in Figure 16. For this frame, we found four TS
whose IRCs all lead to very similar results.

Antitrypanosomal Activity and Cytotoxicity. Antritrypanoso-
mal activity of 2a, 2d, 2e, 3d, 4d, and 4e against the T. brucei brucei
BS449 cell line, a descendant of the Lister 427 strain,85,86 was
determined using the ATPlite assay as described previously.56,57,87 2a,
2d, 2e, 3d, 4d, and 4ewere prepared as 5 mM stock solutions in DMSO
and diluted in HMI-9 medium in multiple steps (1:3, then 1:10, and
subsequently in ten 1:2 dilution steps using separate microplates). In
white 96-well microplates (PerkinElmer), 10 μL of the final 101
dilutions were added to 90 μL of a cell suspension containing 2500
cells/mL, leading to final concentrations of each tested compound from
16.67 μM to 32.55 nM in the microplates. As a negative control, 0.3%
DMSO was added to the cell suspension corresponding to the highest
DMSO concentration added by compound application. Addition of
10% DMSO served as a positive control because all cells die at this
concentration. The plates were prepared as triplicates and incubated for
24 and 48 h at 37 °C and 5% CO2. After the respective incubation time,
50 μL ATPlite 1 step solution (PerkinElmer) was added to each well.
The plate was shaken orbitally for 2 min and luminescence was
measured at room temperature with an Infinite M200 PRO plate reader
(Tecan Trading AG). The measured luminescence was plotted against
the compound concentration to obtain a dose−response curve. The
EC50 values were determined using GraFit version 5.013 (Erithacus
Software Ltd.).

Antitrypanosomal activity of the compounds 1, 4a, 4j, and 4l was
determined as described previously using the Alamar Blue assay.54,55

Cytotoxicities against the macrophage cell line J774.1 and HeLa cells
were investigated according to previously described methods.12,88

In Vitro Metabolism Studies. Rat liver microsomes were
purchased from Sigma-Aldrich and characterized for cytochrome
P450, cytochrome B5, and the activity of CYP1A, CYP3A, CYP2C, and
cytochrome c reductase. The assay was performed as published
previously.68

First, NADPH was generated by incubating potassium phosphate
buffer (395 μL, 100 mM, pH 7.4), MgCl2 (25 μL, 80 mM), glucose-6-
phosphate (25 μL, 100 mM), NADP disodium salt (25 μL, 20 mM),
and glucose-6-dehydrogenase (25 μL, 100 IU/mL, Sigma-Aldrich) at
37 °C for 10 min. After addition of the microsomes (25 μL, 20 mg/mL)
and incubation (10 min) at 37 °C, the inhibitors (1 μL, 5.21 mM in
acetonitrile) were added to the mixture and the incubation continued at
37 °C for 60 min. Aliquots of 50 μL were taken at 0, 15, 30, 45, and 60
min and added to 100 μL of ice-cold acetonitrile to stop the reaction.
The samples were centrifuged at 4 °C, 10,000g for 10 min. The
supernatant was analyzed by LC−MS/MS using an Agilent Poroshell
120 EC-C18 150× 2.10 mm 4 μm column; mobile phase: compound 1
(35% acetonitrile, 55% H2O, 10% of a 0.1% solution of formic acid in
water) and compound 2d-(H) (55% acetonitrile, 35% H2O, 10% of a
0.1% solution of formic acid in water). Ion chromatograms were
obtained using electronic filters for the ions of interest. Control
incubations were performedwith potassium phosphate buffer instead of
microsomes. The LC−MS chromatograms and their corresponding
mass spectra were analyzed using MestReNova (v. 12.0.4).89

In Vivo Distribution Studies. Animals and Treatments. 60 male
and female CD1 mice of 35−45 g body weight (56−62 days of age)
were purchased from Charles River Laboratories, Sulzfeld, Germany.
Five mice per cage were housed in a controlled room (22 °C, 50−65%
humidity; day/night cycle of 12/12 h) with free access to water and the
standard laboratory diet (Altromin, Germany). After 7 days of
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acclimatization, they were randomly divided into eight groups in which
each group received four different testing compounds (1, 2d-(H)) at a
dose of 25 mg/kg by i.p. injection or oral gavage (p.o.). Compound 1
was diluted in 1%DMSO, while 2d-(H)was diluted in 2% DMSO. The
i.p. injection was given once only while the p.o. administrations were
given for 4 days, twice daily (8 doses in total) at 9 and 18 o’clock. The
dose of 25 mg/kg was chosen based on preliminary tests. 60 min after
the administration of the testing compounds, blood was collected
(about 0.2 mL) from the facial vein using a lancet (Goldenrod animal
lancet). At the end of the experiment (3 h after the last drug
administration), the animals were sacrificed by decapitation under
isoflurane anesthesia. Trunk blood was collected, and the brain was
removed and homogenized. Experiments were carried out according to
the German Law for Animal Protection and were registered with
Regierungspras̈idium Darmstadt (FR/1021). All efforts were made to
minimize animal numbers and animal suffering.
Microdialysis Experiments. Mice were anesthetized with isoflurane

(induction dose 5%, maintenance dose 1.5% v/v in synthetic air) (Air
Liquide, Düsseldorf, Germany) and placed in a stereotaxic frame
(Stoelting, Chicago, IL, USA). A Y-shaped, concentric microdialysis
probe with a molecular weight cutoff of 30 kDa and an exchange area of
2 mm was manufactured as described previously.90 The probe was
implanted in the hippocampus with the following coordinates from
bregma: AP −2.0 mm; L +2.0 mm; DV −2.3 mm.91 The mice were
allowed to recover overnight. On the next day, the probes were perfused
(rate: 2 μL/min) with artificial cerebrospinal fluid (aCSF; 147 mM
NaCl, 4 mM KCl, 1.2 mM CaCl2, and 1.2 mM MgCl2) for 4 h and
dialysates were collected every 20 min. After dialysates were collected
for 1 h for equilibration, the test compound was given as described
above. A blood sample was collected 1 h after administration of the test
compound. At the end of the experiment (3 h after the last drug
administration), the animals were sacrificed by decapitation under
isoflurane anesthesia. Trunk blood was collected, and the brain was
removed and homogenized.
Sample Preparation and LC−MS Analysis. The blood was

centrifuged at 4 °C, 1500g for 20 min and the plasma supernatant
was extracted with acetonitrile and centrifuged again at 4 °C, 10,000g
for 10 min. The supernatant was analyzed by LC−MS using an Agilent
Poroshell 120 EC-C18 150 × 2.10 mm 4 μm column; mobile phase:
compound 1 (35% acetonitrile, 55% H2O, 10% of a 0.1% solution of
formic acid in water) and compound 2d-(H) (55% acetonitrile, 35%
H2O, 10% of a 0.1% solution of formic acid in water). Ion
chromatograms were obtained using electronic filters for the ions of
interest. The LC−MS chromatograms and their corresponding mass
spectra were analyzed using MestReNova (v. 12.0.4).89

The brain tissue was homogenized using a mixture of acetonitrile/
MilliQ-water (ratio 2:1, 2 mL per 300 mg brain) in a tissue grinder
(Potter S, B. Braun,Melsungen, Germany) at 1,500 rpm and 15 strokes.
Afterward, the homogenate was centrifuged at 4 °C, 10,000g for 10 min
and the supernatant was lyophilized. The lyophilizate was extracted
with 400 μL acetonitrile and this extract was analyzed via LC−MS as
described above. The fractions of the microdialysate were used without
further processing. The AUC that was obtained from the extracted ion
chromatograms was normalized to a volume of 500 μL for the plasma
samples or a weight of 450 mg for the brain homogenates. The average
AUC for every sample was calculated from experiments performed in
triplicate.
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tetraacetic acid; EtOAc, ethyl acetate; ESI, electrospray
ionization; Glu, glutamate; Gly, glycine; HAT, Human African
Trypanosomiasis; HeLa cells, Henrietta Lacks cells; HOBt,
hydroxybenzotriazole; HPhe, homophenylalanine; HPLC, high-
pressure liquid chromatography; HWE, Horner−Wadsworth−
Emmons; i.p., intraperitoneal; KHMDS, potassium bis-
(trimethylsilyl)amide; LC, liquid chromatography; Leu, leucin;

LHMDS, lithium bis(trimethylsilyl)amide; MALDI, matrix-
assisted laser desorption/ionization; mCPBA, meta-chloroper-
benzoic acid; Me, methyl; Met, methionine; MM, molecular
mechanics; MOE, molecular operating environment; MS, mass
spectrometry; MS-Cl, mesyl chloride; mp, melting point;
NADPH, nicotinamide adenine dinucleotide phosphate (re-
duced form); n-BuLi, n-butyllithium; n.d., not determined;
NHS, N-hydroxysuccinimide; NMR, nuclear magnetic reso-
nance; NTD, neglected tropical disease; PDB, Protein Database;
Ph, phenyl; Phe, phenylalanine; Pip, piperazine; ppm, parts per
million; Pyr, pyridine; QM, quantum mechanics; RMSD, root-
mean-square deviation; rt, room temperature; SAR, structure−
activity relationship; SPR, surface plasmon resonance; Succ, N-
succinyl; T. b. gambiense, Trypanosoma brucei gambiense; T. b.
rhodesiense, Trypanosoma brucei rhodesiense; TBTU, 2-(1H-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tetrafluorobo-
rate; TEA, triethyl amine; TFA, trifluoroacetic acid; THF,
tetrahydrofuran; TLC, thin layer chromatography; TOF, time of
flight; Tris, tris(hydroxymethyl)aminomethane; Trp, trypto-
phan; Tyr, tyrosine; UV, ultraviolet; val, valine; VS, vinyl
sulfone; X-ray, energetic high-frequency electromagnetic
radiation
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MALDI-TOF MS spectra of complexes of rhodesain with different inhibitors and different 

matrix substances.

Figure S1. MALDI-TOF spectra of rhodesain (ca. 23 kDa) in the presence of different inhibitors 

(tenfold molar excess of inhibitor to protein). A matrix mixture of α-cyano-4-hydroxycinnamic 

acid and 2,5-dihydroybenzoic acid was used as matrix substance. The figures show the relevant 

range of the spectrum to display [M+H]+ which were baseline corrected.
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2: Rhodesain Inhibitors on the Edge of Reversibility-Irreversibility. 

Commonly, electrophilic warheads each convey one specific reaction mechanism with a catalytic thiol. 

A nitrile reacts in a reversible addition to a thioimidate, an acrylamide reacts in an irreversible Michael 

addition. However, there is interest in warheads with multiple possible reaction sites. This was especially 

researched in the context of the proteasome subunits that have two nucleophilic residues at their  

N-terminal threonine, which can be addressed simultaneously by dual-reactive keto epoxides like 

carfilzomib.200 Another example is the halomethyl ketone warhead against serine or cysteine proteases, 

for which an initially reversible state is rearranged to an irreversible product.609 Against human cathepsin 

L, keto vinylester and keto vinylsulfone warheads were investigated in the past, which can have up to 

four possible positions for a nucleophilic attack.610 The keto vinylester warhead has been investigated 

both computationally and experimentally against rhodesain.611–613 On the topic of the covalency of 

ketone-based inhibitors of parasitic cysteine proteases, there is one publication that discusses 

crystallographic data of a putatively non-covalently binding hydroxymethyl ketone with still nanomolar 

Ki value.253 This is an uncommon observation since peptidic recognition sequences without a suitable 

warhead for a covalent reaction tend to show no relevant inhibition.253,614 

In this study, a side-by-side comparison of dual reactive warheads was performed and complemented by 

similar, purely irreversible Michael acceptors, all bearing the peptide sequence of K11777. The 

warheads were acrylate (11), hydroxy vinylester (14), keto vinylester (15), hydroxy vinylsulfone (18), 

and keto vinylsulfone (19). Rhodesain was used as a model protease for these mechanistic investigations. 

As is established for Michael acceptor-based warheads, they were first evaluated assuming irreversible 

kinetics. But since the two ketone-derived warheads can follow an alternative, reversibly covalent 

reaction path, and showed slower inactivation rates than the classical Michael acceptors, a time-

independent evaluation of the initial state data was also performed to have a metric for the reversible 

equilibrium. Selectivity against related cathepsins B and L was evaluated. Since the peptidic recognition 

unit of K11777 was employed, the observed low selectivity was mostly unexpected. To add information 

to the binding mode of these multifaceted inhibitors, the covalency of binding was verified by  

MALDI-TOF mass spectrometry. This elucidated that the method could discriminate irreversible binders 

with low affinity or low reactivity. Reversibility was assessed with dilution as well as dialysis assays, 

which corroborated the mechanistic assumption that both reactions happen in parallel, generating 

covalent reversibly and irreversibly inhibited populations of rhodesain at any given time. Naturally, with 

time, the irreversible mode dominates. A combination of computational methods (namely non-covalent 

and covalent docking, as well molecular dynamics simulations) showed that both expected reactions can 

take place with comparable probability. Taken together, this publication gave further mechanistic insight 

into a class of warheads with a dual mode of action. The observed tendency for the irreversible option 

proportional to concentration and time can be advantageous with regards to a lysosomotropic effect of 

these basic molecules.615 If they accumulate in the lysosome and are trapped there for extended periods, 

the irreversible reaction with lysosomal proteases becomes favored. 
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The following publication quoted within “” (pages 117–137) is the same as the manuscript cited here. 

The appended Supporting Information represents an abridged version. The full version can be accessed 

online at doi:10.1016/j.bioorg.2024.107830.  



Publications 

117 

“

  

Rhodesain inhibitors on the edge of reversibility-irreversibility

Laura Agost-Beltrán a, Collin Zimmer b, Hans Joachim Räder c, Christian Kersten b,d,  
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A B S T R A C T

A comparative study of Michael acceptor and keto-Michael acceptor inhibitors of the cysteine protease rhodesain 
has been performed. Five new inhibitors have been prepared bearing the peptide structure of the known cysteine 
protease inhibitor K11777 and differing on the warhead. For the preparation of the Michael acceptor warhead, a 
Horner-Wadsworth-Emmons reaction was used. In the synthetic routes of the keto-Michael acceptor warheads, 
keto-enoate and keto-vinyl sulfone, a metathesis reaction and a radical sulfonylation were the key steps, 
respectively. Interestingly, keto-Michael acceptors inhibited rhodesain through a dual mode of action, showing 
reversibility at low inhibitor concentrations and irreversibility at high inhibitor concentrations.

1. Introduction

Neglected tropical diseases (NTDs) are a diverse group of infectious 
diseases that mainly affect the impoverished communities without basic 
sanitation in tropical countries, although some have a much larger 
geographical distribution. The number of people affected by NTDs is 
higher than 1 billion and 1.6 billion people require NTD interventions 
(both preventive and curative) [1].

In particular, Human African Trypanosomiasis (HAT) or sleeping 
sickness is one of the diseases caused by protozoa of the Trypanosomatid 
family, together with Chagas disease (Trypanosoma cruzi) and Leish-
maniasis. HAT is endemic in Sub-Saharan Africa and it is caused by two 
subspecies of the protozoan Trypanosoma brucei: T. b. gambiense and T. b. 
rhodesiense [2]. It is a vector-borne disease transmitted by tse-tse flies. 
Although many efforts by non-profit agencies and World Health Orga-
nization have been made and the number of cases and casualties related 
to the disease have decreased considerably, millions of people still 
remain at risk of infection [3]. The disease is fatal when untreated and 
the current treatments, like nifurtimox-eflornithine combination ther-
apy and fexinidazole [4] cause serious side effects and resistance. 

Therefore, there is an urgent need to develop new alternatives to miti-
gate the devastating effects of the disease.

The Target-Based Drug Design is an approach to identify new com-
pounds against NTDs [5]. Among the targets, the cysteine protease 
rhodesain is a lysosomal protease essential for the development of 
T. brucei rhodesiense and has been identified as a target for the search of 
new drugs against the disease [6–8]. The mechanism of action of rho-
desain resembles that of other cysteine proteases belonging to the 
papain family with the participation of the catalytic triad Cys25/ 
His162/Asn182.

Vinyl sulfone K11777 [9] is a well-known irreversible inhibitor of 
cysteine proteases like rhodesain. The conjugate addition of the thiolate 
of the cysteine to the double bond results in a carbanion that is subse-
quently protonated by the histidine (Scheme 1A), originating an irre-
versible enzyme-inhibitor (E-I) complex.

However, concerns about toxicity of irreversible inhibitors have 
risen and, consequently, new strategies are being developed to obtain 
new reversible inhibitors. For example, halogenated vinyl sulfones were 
reported as an alternative to irreversible vinyl sulfones [10]. Also, pre-
vious reports of inhibitors having carbonyl warheads were active against 

Abbreviations: HAT, Human African trypanosomiasis; e.g., exempli gratia (for example); CatL, cathepsin L; catB, cathepsin B; NMR, Nuclear Magnetic Resonance; 
MALDI, Matrix Assisted Laser Desorption/Ionization; TOF, Time of Flight; MS, Mass Spectrometry; Rf, retention factor; IR, Infrared; r.t., room temperature; min, 
minutes; h, hours; EWG, electron withdrawing group; pdb, protein data bank; Trp, tryptophan; Cys, cysteine; His, histidine; Asn, asparagine; Asp, aspartate; Gly, 
glycine; Gln, glutamine; Mu, morpholinyl urea; Cha, L-cyclohexylalanine; Ser, serine.
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Contents lists available at ScienceDirect

Bioorganic Chemistry

journal homepage: www.elsevier.com/locate/bioorg

https://doi.org/10.1016/j.bioorg.2024.107830
Received 1 April 2024; Received in revised form 12 September 2024; Accepted 16 September 2024  

Bioorganic�Chemistry�153������ �107830�

Available�online�19�September�2024�
0045-2068/©�2024�Elsevier�Inc.�All�rights�are�,
�
,�
	��including�those�for�text�and�data�
)�)�(��AI��,�)�)�(��and�similar�technologies.�



Publications 

118 

  

cysteine proteases [11].
In this work, we have designed and synthesized keto-vinyl sulfones 

and studied their activity as inhibitors of cysteine proteases. Interest-
ingly, the introduction of a ketone group conjugated with the vinyl 
sulfone moiety changed the irreversible character of the vinyl sulfones 
into a dual reversible/irreversible mechanism. The new compounds 
follow a reversible behavior at low concentrations of the inhibitor, but 
they act irreversibly at high concentrations. Thus, these results suggest 
the introduction of a ketone group as an attractive strategy to modify the 
mode of action of Michael acceptors.

2. Results and discussion

2.1. Design of inhibitors

The chemical structure of a peptidyl protease inhibitor has two parts: 
the recognition part, consisting of a peptide backbone specifically 
recognized by the sites of the active center of the protein, and the 
reactive part, known as warhead, which is an electrophilic group that 
reacts with the nucleophile of the enzyme, e.g. a thiol in case of cysteine 
proteases [12]. The warhead controls the inhibition kinetics [13]: in 
case of covalent reversible inhibitors, it reacts with the nucleophilic 
thiol and forms a reversible complex with the enzyme that resembles the 
intermediate thioorthoamide of the native catalytic cycle during sub-
strate cleavage (Scheme 1B). On the contrary, in case of irreversible 
inhibitors, the warhead reacts with the thiol of the cysteine by forming a 
stable product, as shown with inhibitor K11777 in Scheme 1A.

During our studies for the design of new warheads, we became 
interested in the preparation and study of inhibitors having keto- 
Michael acceptor warheads as a combination of irreversible Michael 
acceptors and the reversible attack on the carbonyl of the natural sub-
strate (Fig. 1). In the present work, we performed a comparative study of 
six inhibitors having the same recognition part, the one from the known 
inhibitor K11777, but differing on the warhead. Two of these inhibitors 
(unsaturated ester 11 and vinyl sulfone K11777) are Michael acceptors. 
Other two of them, γ-keto-α,β-unsaturated ester 15 and γ-keto- 
α,β-unsaturated sulfone 19, are keto-Michael acceptors. Also, γ-hydroxy- 
α,β-unsaturated ester 14 and γ-hydroxy-α,β-unsaturated sulfone 18 
bearing a Michael-acceptor moiety and a secondary alcohol were pre-
pared and tested.

2.2. Synthesis

Inhibitors were synthesized as indicated in Scheme 2.
Carboxylic acid 3 was prepared in a three-step sequence starting 

from phenylalanine as previously reported [10,14]. Weinreb amide 5, 
readily prepared from L-homophenylalanine, was deprotected and 
coupled with carboxylic acid 3 using standard peptide coupling condi-
tions to afford compound 9. Then, intermediate 9 was reduced to 
aldehyde 10, which was subsequently reacted with triethyl phospho-
noacetate via Horner-Wadsworth-Emmons reaction, yielding vinyl ester 
11 as an (E)-isomer.

For the preparation of inhibitor 15, tert-butoxy carbonyl homo-
phenylalaninal 6 was reacted with vinylmagnesium bromide to give 
vinyl alcohol 7 as a 1/0.61 mixture of diastereoisomers, being the anti 
isomer the major one, as predicted by the Felkin-Anh model [15,16]. 
Then, compound 7 was submitted to metathesis reaction with ethyl 
acrylate using 2nd generation Hoveyda-Grubb’s catalyst. The reaction 
afforded the γ-hydroxy-α,β-unsaturated ester 12 in good yield (68 %). 
Then, the metathesis product 12 was deprotected and coupled with 
building block 3 giving γ-hydroxy-α,β-unsaturated ester 14, that was 
oxidized to the keto-vinyl ester 15.

The synthesis of inhibitor 19 was accomplished by radical alkene 
sulfenylation [17] of vinyl alcohol 7 using phenyl sulfinate in the 
presence of iodine and sodium acetate. The resulting compound 16 was 
then deprotected and coupled with 3. The obtained alcohol vinyl sulfone 
18 was finally oxidized using Dess-Martin periodinane to yield keto- 
vinyl sulfone 19.

Inhibitor K11777 was prepared as previously described [10].
a) Bis(trichloromethyl) carbonate, NaHCO3 (aq), CH2Cl2, ice bath, 

15 min, 97 %. b) 1-Methylpiperazine, CH2Cl2, r.t., 2 h, 94 %. c) 
Ammonium formate, ethanol, Pd/C, r.t., 2 h, 100 %. d) Di-tert-butyl 
dicarbonate, NaHCO3 (aq), THF, r.t., overnight, 100 %. e) DCC, 
HOBt⋅xH2O, DIPEA, N,O-dimethylhydroxylamine hydrochloride, 
CH2Cl2, ice bath to r.t., overnight, 83 %. f) LiAlH4, dry THF, ice bath, 2 h, 
87 %. g) Vinylmagnesium bromide (1 M in THF), dry zinc chloride, dry 
THF, −78 ◦C to 0 ◦C, overnight, then Rochelle salt (aq), 52 %. h) TFA, 
CH2Cl2, ice bath, 1 h 5 min. i) DCC, HOBt⋅xH2O, DIPEA, 3, CH2Cl2, ice 
bath to r.t., overnight, 66 % (two steps). j) LiAlH4, dry THF, ice bath, 2 h, 
57 %. k) NaH, triethyl phosphonoacetate, dry THF, −78 ◦C, 10 min, then 
10, −78 ◦C to 0 ◦C, overnight, 84 %. l) Ethyl acrylate, 2nd generation 
Hoveyda-Grubb’s catalyst, CH2Cl2, reflux at 50 ◦C, 5 h, 68 %. m) TFA, 
CH2Cl2, ice bath, 1 h 5 min. n) DCC, HOBt⋅xH2O, DIPEA, 3, CH2Cl2, ice 
bath to r.t., overnight, 50 % (two steps). o) DMP, CH2Cl2, −5 ◦C, over-
night, 73 %. p) Phenyl sulfinate, iodine, sodium acetate, acetonitrile, 
reflux, 41 h, 40 %. q) TFA, CH2Cl2, ice bath, 1 h 5 min. r) DCC, 
HOBt⋅xH2O, DIPEA, 3, CH2Cl2, ice bath to r.t., overnight, 42 % (two 
steps). s) DMP, CH2Cl2, −5 ◦C, overnight, 100 %.

Enzyme assays. Compounds 11, 14, 15, 18, 19 and K11777 were 
tested against rhodesain (Table 1) and against human cathepsins B and L 

Scheme 1. A) Covalent irreversible inhibition of K11777. B) Cleavage of the natural substrate.
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for selectivity (Table 2). Michael acceptors 11 and K11777, as well as 
hydroxy Michael acceptor 14, inhibited rhodesain in an irreversible 
way. Compound 18 was a poor inhibitor showing less than 50 % inhi-
bition at 20 µM of the inhibitor. Contrastingly, keto Michael acceptors 
15 and 19 were potent inhibitors of rhodesain displaying a dual mode of 
action: they showed reversibility at low concentrations and acted irre-
versibly at high concentrations (Table 1).

When comparing the same structure with an alcohol group or with a 
ketone group (14 vs 15, 18 vs 19), the presence of the ketone clearly 
increases the inhibitory potency, as it can be seen when comparing the 
k2nd values. The ketone would favor the formation of a thiohemiketal 

intermediate (mechanism I from Scheme 3 and Fig. 1) similarly to the 
thioorthoamide of natural substrate (Scheme 1B). Also, the hydroxyl 
group can possibly force a different conformation of the ligand in the 
active center placing the electrophilic carbon further away from the 
thiolate of the cysteine residue. It can form hydrogen bonds with other 
amino acids that prevent the proper entrance of the inhibitor in the 
active site. Another explanation for the observed lower activity of the 
alcohols may be the lower electrophilicity of the β-carbon due to the lack 
of electron withdrawal as compared to its keto-Michael acceptor 
counterpart.

When comparing the irreversible kinetic parameters of esters 11 and 

Fig. 1. Rational design of keto-Michael acceptors.

Scheme 2. Synthesis of inhibitors.
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15 containing the ethyl ester in the P1′ position, the Ki decreases 4-fold 
when the extra carbonyl is present (compound 15), which is translated 
in an increase of the affinity towards the protein. However, compound 
15 shows a lower kinact value, meaning that the covalent irreversible 
reaction is slower. This fact supports the theory that keto-Michael ac-
ceptors present a dual mode of action (see Scheme 3), as when only the 
Michael acceptor group is present, the attack exclusively takes place on 
the β-position of the double bond giving irreversible inhibition, whereas 
when the carbonyl is also present, the Michael addition is competing 
with the reversible addition on the carbonyl, resulting in the decelera-
tion of the irreversible reaction and in a dual mode of action. This 
decrease in the kinact value can also be related to the fact that the β po-
sition to be attacked for the irreversible reaction in compound 15 is one 
bond away from the position to be attacked in the endogenous substrate, 

thus the distance between nucleophile and electrophile is higher. These 
two phenomena (decrease in both Ki and kinact) result in k2nd values of 
the same order of magnitude for both compounds.

When comparing the irreversible kinetic parameters of compounds 
K11777 and 19, containing the phenyl sulfone in the P1′ position, there 
is a 2-fold decrease on the Ki value when the carbonyl is present (com-
pound 19), which means that its affinity for the protein is slightly 
higher. Also, the previously described effect for kinact is observed, so the 
same explanation could be applied in this case. These two phenomena 
result again in k2nd values in the same order of magnitude for both 
compounds.

Finally, when comparing both families of compounds (esters vs. 
sulfones), it can be stated that the presence of the phenyl sulfone moiety 
in the P1′ site significantly increases the activity of the inhibitors, 
probably because it extends further into the S1′ pocket, forming in-
teractions that the ester moiety cannot provide (see Docking section).

Compounds 11, 14, 15 and 19 gave sub-micromolar activity for 
cathepsins B and L (Table 2) being keto-vinyl sulfone 19 the most active 
one with similar values to K11777. It is also worth mentioning that the 
selectivity towards human cathepsin L increases almost 6-fold when 
comparing compound 15 with compound 11 and is similar in both 
compounds for human cathepsin B, with the inhibition of rhodesain 
always being favored (around 4-fold) (Table 2). The selectivity of 14 
towards rhodesain is surprisingly good, but its low potency does not 
make it such an interesting compound. When comparing compound 19 
with K11777, the affinity towards CatL increases, thus decreasing the 
selectivity for rhodesain (from 4-fold for K11777 to 2.3-fold for com-
pound 19) although there is still a preferential inhibition of the main 
target, and the affinity towards CatB is still very low in comparison to 
rhodesain, providing a selective index of about 20-fold.

Table 1 
Inhibition data against rhodesain.

Rhodesain

Irreversible Reversible

Kinetic behavior Compound kinact (s−1) Ki (µM) k2nd (M−1⋅s−1) IC50 (µM) Ki (µM)

Irreversible 11 0.0094 ± 0.0005 0.1982 ± 0.0391 (4.87 ± 0.87) ⋅104 – –
Irreversible 14 0.0010 ± 0.0001 0.0743 ± 0.0203 (1.35 ± 0.23) ⋅104 – –
Dual mode 15 0.0038 ± 0.0017 0.0485 ± 0.0347 (7.76 ± 2.47) ⋅104 0.391 ± 0.028 0.030 ± 0.002
Irreversible K11777 a 0.0132 0.020 6.6⋅105 – –
Irreversible 18 n.d.b n.d.b n.d.b – –
Dual mode 19 0.0021 ± 0.0004 0.0123 ± 0.0037 (1.73 ± 0.13) ⋅105 0.509 ± 0.033 0.039 ± 0.003

Values are mean values of at least three measurements.
a Previously published data [8].
b Less than 50 % inhibition at 20 µM of the inhibitor; n.d. = not determined.

Table 2 
Inhibition data against CatL and CatB.

Compound Ki CatL (µM) Ki CatB (µM) SI CatLa SI CatBb

11 0.210 ± 0.073 (i) 0.814 ± 0.080 (i) 1.1 4.1
14 1.283 ± 0.007 (i) 0.881 ± 0.114 (i) 17.3 11.9
15 0.179 ± 0.009 (r) 0.134 ± 0.011 (r) 6.0 4.5
K11777 c 0.080 (i) 0.390 (i) 4 19.5
18 n.d. n.d. – –
19 0.088 ± 0.003 (r) 0.826 ± 0.062 (r) 2.3 21.2

n.d.: not determined; (i) Ki determined using irreversible kinetics equations; (r) 
Ki determined using reversible kinetics equations.
Values are mean values of at least two independent measurements.

a SI CatL=Selectivity Index for CatL = Ki (CatL)/Ki (rhodesain).
b SI CatB = Selectivity Index for CatB = Ki (CatB)/Ki (rhodesain).
c Previously published data [8].

Scheme 3. Dual mode of action of keto-Michael acceptors.
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The progression curves against rhodesain for vinyl ester 11 showed a 
clear time-dependency while the time-dependency for alcohol vinyl 
ester 14, keto-vinyl ester 15 and keto-vinyl sulfone 19 was not so pro-
nounced (Figs. S1 to S4). Thus, for elucidating the mode of action of 
these inhibitors, dilution and dialysis experiments were performed 
against rhodesain using previously described methods [18,19].

In the dilution assay, the enzyme was incubated with an excess of 
inhibitor (10-fold the IC50 concentration) to ensure total inhibition. 
Then, the mixture was diluted 100-fold and the fluorescence emission 
was measured. DMSO was used as blank control, a previously reported 
nitrile inhibitor (Mu-Cha-Ser(Bn)-CN) [20] as reversible control and 
K11777 as irreversible control. In case of irreversible binding, no re-
covery should be observed whereas for reversible binding, the enzyme 
activity should be recovered after dilution. The results are shown in 
fractional activity of uninhibited rhodesain in Fig. 2.

As it was expected, the irreversible control did not recover any ac-
tivity and the reversible control recovered almost all of it (96 %). 
Regarding the compounds of interest, alcohol vinyl ester 14 and alcohol 
vinyl sulfone 18 recovered to an activity of 50 % and 61 %, respectively, 
whereas vinyl ester 11, keto-vinyl ester 15 and keto-vinyl sulfone 19 did 
not significantly recover any. Even though compounds 14 and 18 
behaved as reversible inhibitors, due to their very low reactivity 
(Table 1), it could happen that they are irreversible inhibitors which 
slowly react with the enzyme and then, at the point of dilution and also 
afterwards, there is still rhodesain activity that can produce fluores-
cence. On the other hand, compounds 11, 15 and 19 behaved as irre-
versible inhibitors.

To further study the kinetic behavior of the most active compounds 
(15 and 19), a dialysis assay was performed using a custom-built dialysis 
chamber. DMSO was used as blank control, nitrile inhibitor [20] as 
reversible control and compound K11777 as irreversible control. The 
samples were dialyzed for 30 min and the fluorescence emission of 
samples drawn at several time points was recorded after addition of 
substrate.

For irreversible inhibitors, fluorescence should not be recovered 
whereas for reversible inhibitors, a recovery of the enzyme activity 
should be observed due to the diffusion of the inhibitor dissociated from 

the enzyme across the membrane. The results are shown in fractional 
activity of uninhibited rhodesain at different times in Fig. 3.

As expected, the irreversible control (K11777) did not recover any 
activity over time and the reversible control recovered to an activity of 
63 % after 30 min. Regarding the compounds of interest, both keto-vinyl 
ester 15 and keto-vinyl sulfone 19 did not significantly recover any 
activity, which confirms its irreversible behavior. The slight recovery of 
the activity observed in compounds 15 and 19 could be related to its 
dual reversible-irreversible character, since in the short period between 
preparation of solutions and start of the dialysis, a fraction of enzyme is 
expected to always be reversibly inhibited and thus activity is rescuable 
by dilution.

Despite these results indicating a covalent irreversible mode of ac-
tion of keto-Michael acceptors 15 and 19, the time-dependency on the 
progression curves was not very pronounced, especially for low con-
centrations of the inhibitors. Therefore, it can be hypothesized that a 
dual mode of action takes place, as it was previously demonstrated by 
computational studies with keto-enoates (Scheme 3) [21].

Due to this dual behavior, the progression curves show the kinetics 
resulting from two different reactions: the initial reversible attack on the 
carbonyl, as the original attack position in the endogenous substrate 
(mechanism I) and the irreversible Michael addition on the double bond 
conjugated with the EWG, i.e. ester or sulfone (mechanism II). This dual 
mode mechanism would be at the origin of inhibitors containing Michael 
acceptors reported by other groups [22].

In reference to the calculations performed for the determination of 
kinetic parameters, compound 11 showed irreversible behavior in both 
the progression curves and the dilution assay; thus, the kinetic param-
eters were calculated using the irreversible kinetics equations (detailed 
in part 4.3. of the SI). Compounds 14 and 18 recovered fluorescence in 
the dilution assay, but this recovery was attributed to their low reac-
tivity, so they were considered to be irreversible and the parameters 
corresponding to their kinetics were calculated using the irreversible 
kinetics equations. Compounds 15 and 19 did not show time- 
dependency in the progression curves, especially at low concentra-
tions, but behaved as irreversible compounds in the dilution and dialysis 
assays; therefore, in these two cases, the kinetic parameters were 

Fig. 2. Dilution assay with rhodesain. Nitrile (orange), K11777 (grey), 11 (yellow), 14 (light blue), 15 (light green), 18 (dark red) and 19 (purple). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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obtained using both reversible and irreversible kinetics equations. As it 
can be seen in Table 1, the Ki values for 15 and 19 calculated with both 
the reversible and irreversible approaches match quite well. This fact 
validates the Ki values calculated with the irreversible equations, even 
though the corresponding errors are higher than 10 % due to the bad fit 
of kobs vs. inhibitor concentration caused by the lack of curvature of the 
progression curves.

MS Analysis. To further characterize the interaction between rho-
desain and the ligands, MALDI-TOF Mass Spectrometry was performed. 
In this experiment, K11777 was used as a covalent control. A covalent 
protein–ligand adduct was found for K11777 and compounds 11, 14, 15 
and 19 (Fig. S19–S27). No adduct was found for alcohol 18. These 
findings suggest that the cysteine of the active center covalently reacts 
with the electrophilic warheads of the cited compounds.

Non-covalent docking. Non-covalent docking of inhibitors 11 
(Fig. 4), 15 (Fig. 5) and 19 (Fig. 6) provided rational results, as all the 
amino acid residues were properly addressed to the binding pockets and 
the electrophilic carbons were predicted to be near to the catalytic triad 
(Cys25, His162, and Asn182), especially to the nucleophilic sulfur atom 
of Cys25, suggesting a high probability of nucleophilic attack and co-
valent complex formation. A summary of docking parameters is shown 
in Table S3.

It is worth mentioning that in both inhibitors 15 and 19 the distance 
to the carbonyl carbon is lower than the distance to the β-carbon 
(Table S3), which agrees with the addition to the carbonyl group being 
the first reaction to occur.

The docking poses from K11777 and 11 were overlapped (Fig. 7) and 
a high similarity was observed. Even though the atoms forming the 
warhead are different, they position themselves in a very similar way in 
which one of the sulfone oxygens from K11777 overlaps with the ethyl 
ester oxygen of 11 and both can form a hydrogen bond interaction with 
Trp184.

The docking poses from 15 and 19 were also overlapped (Fig. 8) and 
analogous poses were observed. In the first place, both ketone groups are 
positioned in the same direction. Moreover, one of the sulfone oxygens 
from 19 overlaps with the oxygen of the ester’s carbonyl from com-
pound 15, allowing the formation of a hydrogen bond with Gln19. Also, 
the ethyl ester oxygen from 15 is situated towards Trp184, which could 
also result in a hydrogen bond interaction. Finally, the position of the 
sulfone’s aromatic ring suggests a possible π-π interaction with Trp184. 
Then, the affinity increase observed in compound 19 with respect to 
inhibitor K11777 could be attributed to the fact that the keto-vinyl 
sulfone moiety can extend further into the S1′ pocket being able to 
establish an extra interaction with Trp184. This new interaction has 
been previously observed in fluorovinylsulfonates [23].

Covalent docking. To further support these findings, covalent 
docking was performed with compounds K11777 as a positive control, 
11, 15 and 19 (Table S2). The covalent re-docking of K11777 well 
reproduced the crystallographic binding mode with an RMSD of 1.4 Å, 
indicating a suitable docking protocol. For 11, 15 and 19 (Figs. 9–10), 
predicted binding modes show similar interactions with the formation of 
a thiohemiacetal (score: −16.92) being slightly favored over the Michael 

Fig. 3. Dialysis assay with rhodesain. Nitrile (orange), K11777 (grey), 15 (light green) and 19 (purple). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

Fig. 4. Non-covalent docking of compound 11. Distance from S (Cys25) to warhead: A = 4.60 Å.
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addition reaction (score: −14.06) (Table S2).
Molecular dynamic simulations. While the reaction mechanisms 

of vinyl sulfones and sulfonates [10,23], and keto-enoates [21] were 
detailly described previously, keto-vinyl sulfone 19 was followed up by 
MD simulations. Three independent simulations were performed start-
ing from the non-covalent docking pose (Fig. 6) and untethered struc-
tures re-generated from the covalent docking poses for hemithioacetal 

formation (mechanism I) and Michael addition (mechanism II) thus 
generating pre-reaction, non-covalent complex structures. All simula-
tions show a very stable rhodesain with backbone RMSD-deviation of 
around 1 Å compared to the starting structure (Fig. S29). Ligand 
binding modes quickly equilibrate as well with 2–4 Å deviation to 
starting structure. Except for the simulation starting from the untethered 
hemithioacetal, both nucleophilic carbon atoms (Cβ of the vinyl sulfone 

Fig. 5. Non-covalent docking of compound 15. Distances from S (Cys25) to warhead: A = 3.92 Å; B = 4.31 Å.

Fig. 6. Non-covalent docking of compound 19. Distances from S (Cys25) to warhead: A = 4.23 Å; B = 4.97 Å.

Fig. 7. Overlay of non-covalent docking poses of compounds K11777 and 11.
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Fig. 8. Overlay of non-covalent docking poses of compounds 15 and 19.

Fig. 9. Covalent docking of compound 19 forming a thiohemiacetal with Cys25 (mechanism I).

Fig. 10. Covalent docking of compound 19 after Michael addition of Cys25 over the double bond (mechanism II).
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moiety and the carbonyl C) stay in proximity to the Cys-25 thiolate with 
a distance of 3–4 Å (Fig. S29B and D), comparable to Cβ of K11777 
(Fig. S29 A). Similarly, the thiolate is vastly perpendicular or to the 
plane of the electrophilic carbon atoms or with angles slightly higher 
than 90◦ (Fig. S30). Taken together, both reaction mechanisms (Scheme 
3) are possible from geometric analysis due to proximity and angles 
≥90◦ [24], Using Molecular Mechanic Generalized Born Surface Area 
(MM/GBSA) continuum solvation models, the binding free energies of 
the different poses were estimated (Table 3). The pose that equilibrates 
further away from the catalytic Cys-25 (Fig. S29C) has the lowest 
binding free energy of −37.6 kcal/mol. All other complexes are more 
favorable and in a similar affinity range between −46.2 and −50.8 kcal/ 
mol. During the simulation starting from the untethered covalent 
docking pose (mechanism II) shows a conformational change of the 
ligand after around 10 ns (Fig. S29B) in which the carbonyl oxygen atom 
orients into the oxyanion hole and after 25 ns adapts a very stable 
conformation in which both electrophilic carbon atoms are close to Cys- 
25 thiolate with the carbonyl carbon atom being slightly closer. For this 
complex (25–50 ns, Table 3), the MM/GBSA predicted binding free 
energy is −50.8 kcal/mol and hence slightly lower compared to the 
initial binding mode where the distance is closer to the Cβ (−46.2 kcal/ 
mol). For the stable binding mode found in the simulations starting from 
the non-covalent docking pose, a MM/GBSA score of −50.4 kcal/mol 
was calculated, but with the thiolate being closer to Cβ. These findings 
indicate that there is not large energetical difference between poses with 
closer proximity between S- and either the carbonyl C or Cβ. Assuming 
this allows for reactions with both sites and mechanism I being revers-
ible, over time and/or at high concentrations, the irreversible Michael 
addition product (mechanism II) might accumulate resulting in the 
observed time-dependent irreversible binding mode of action.

3. Conclusions

Five new inhibitors have been prepared with the common peptide 
structure of the known inhibitor K11777 but differing on the warhead: 
one of the inhibitors is the unsaturated ester 11 which along with vinyl 
sulfone K11777 are Michael acceptors; other two are keto-Michael ac-
ceptors: γ-keto-α,β-unsaturated ester 15 and γ-keto-α,β-unsaturated 
sulfone 19; and γ-hydroxy-α,β-unsaturated ester 14 and γ-hydroxy- 
α,β-unsaturated sulfone 18 were also prepared.

A comparative study in terms of in vitro activity against the cysteine 
proteases rhodesain, cathepsin B, and cathepsin L has been carried out. 
Interestingly, keto-Michael acceptors inhibited rhodesain through a dual 
mode of action: they are reversible at low inhibitor concentration and 
irreversible at high inhibitor concentration. In contrast, Michael ac-
ceptors without a keto group are irreversible inhibitors. Non-covalent 
and covalent docking studies explain the dual mode of action of the 

keto-Michael inhibitors with the ketone and double bond positioned in a 
close distance to the thiolate of Cys25 and suggest the formation of non- 
polar interactions between inhibitor 19 and residue Trp184 at S1′ site, 
unlike ester 15. Also, the geometric features from the lowest energy 
poses derived from the molecular dynamic simulations are in agreement 
to a dual mode of action of the keto-Michael acceptor inhibitors.

This work demonstrates that keto-Michael acceptor follow a revers-
ible/irreversible mechanism as compared to the irreversible mode of 
Michael acceptor counterparts. Further biological studies with these 
compounds are underway in our lab and will be reported in the near 
future.

4. Experimental section

4.1. Synthesis

General information. Unless otherwise specified, all reactions were 
carried out under nitrogen atmosphere with magnetic stirring. All sol-
vents and reagents were obtained from commercial sources and were 
purified according to standard procedures before use [25]. 1H and 13C 
NMR spectra were measured in CDCl3 solution (1H: singlet at 7.27 ppm; 
13C: triplet at 77.0 ppm) or CD3OD solution (1H: singlet at 4.87 ppm and 
pentet at 3.31 ppm; 13C: septet at 49.0 ppm) at 30 ◦C on a 300 or 400 
MHz NMR spectrometer. IR spectra were recorded on an ATR spec-
trometer. Mass spectra were measured in a QTOF I (quadrupole–hexa-
pole TOF) mass spectrometer with an orthogonal Z-spray-electrospray 
interface (ESI). Rotary power was measured with a polarimeter. EM 
Science Silica Gel 60 was used for liquid chromatography, while TLC 
was performed with precoated plates (Kieselgel 60, F254, 0.25 mm).

Benzyl (S)-2-isocyanato-3-phenylpropanoate (1). Hydrochloride salt 
(S)-phenylalanine benzyl ester (2.180 g, 7.470 mmol, 1 eq) was dis-
solved in a mixture of saturated NaHCO3 aqueous solution and CH2Cl2 
(28.5 mL: 28.5 mL). Triphosgene (0.739 g, 2.490 mmol, 0.33 eq) was 
added under an ice bath. The reaction was stirred for 15 min. Then, 
organic and aqueous phases were separated, and the aqueous phase was 
extracted with CH2Cl2 (3 × 20 mL). The organic phases were combined, 
washed with brine (2 × 20 mL), and dried over MgSO4. The solvent was 
removed under reduced pressure to give benzyl (S)-2-isocyanato-3- 
phenylpropanoate as a white solid (2.030 g, Yield = 97 %).

Rf (Hex:AcOEt, 1:1) = 0.80.
1H NMR (400 MHz, CDCl3) δ 7.40–7.25 (m, 8H), 7.16–7.09 (m, 2H), 

5.26–5.18 (m, 2H), 4.29 (dd, J = 7.5, 4.8 Hz, 1H), 3.15 (dd, J = 13.8, 4.8 
Hz, 1H), 3.04 (dd, J = 13.8, 7.5 Hz, 1H) ppm.

13C NMR (75 MHz, CDCl3) δ 170.5, 135.5, 134.9, 129.5, 128.9, 
128.9, 128.8, 127.6, 68.3, 58.7, 40.1 ppm.

HRMS (ESI) m/z calculated for C17H15NO3Na+ [M+Na]+: 304.0944, 
found: 304.0948.

IR (ATR) 3064, 3030, 2974, 2207, 1722, 1566, 1495, 1454, 1379 
cm−1.

m.p. 127–129 ◦C.
Benzyl (4-methylpiperazine-1-carbonyl)-L-phenylalaninate (2). 1 

(2.030 g, 7.216 mmol, 1 eq) was dissolved in CH2Cl2 (34 mL). 1-Meth-
ylpiperazine (831 µL, 7.505 mmol, 1.04 eq) was added and the 
mixture was stirred overnight. The solvent was removed under reduced 
pressure and the crude benzyl (4-methylpiperazine-1-carbonyl)-L-phe-
nylalaninate was obtained as a transparent oil (m = 2.69 g, Yield = 94 
%) and used in the next step without further purification.

Rf (Hex:AcOEt, 1:1) = 0.83.
1H NMR (400 MHz, CDCl3) δ 7.30–7.13 (m, 8H), 7.10–7.06 (m, 2H), 

5.66 (d, J = 7.8 Hz, 1H), 5.13 (d, J = 12.3 Hz, 1H), 5.03 (d, J = 12.3 Hz, 
1H), 4.80 (dd, J = 14.0, 6.9 Hz, 1H), 3.36–3.26 (m, 4H), 3.08 (qd, J =
13.7, 6.6 Hz, 2H), 2.25–2.18 (m, 4H), 2.17 (s, 3H) ppm.

13C NMR (75 MHz, CDCl3) δ 172.5, 156.5, 136.2, 135.3, 129.3, 
128.6, 128.4, 128.4, 126.9, 67.1, 54.4, 54.4, 45.8, 43.5, 38.2 ppm.

HRMS (ESI) m/z calculated for C22H28N3O3
+ [M+H]+: 382.2131, 

found: 382.2133.

Table 3 
MM/GBSA results for different non-covalent binding modes of compound 19 and 
reference ligand K11777. Calculations were performed for 50 ns production MD 
omitting initial 1 ns equilibration. Values are average ± standard deviation.

Starting Structure Time frame MM/GBSA 
(kcal/mol)

Untethered rhodesain-K11777 
complex (pdb: 2P7U)

0–50 ns −46.14 ±
5.15

Rhodesain-19 complex 
(untethered from covalent 
docking, mechanism II)

0–50 ns −48.76 ±
4.91

0–25 ns (S- closer to Cβ) −46.20 ±
5.00

25–50 ns (S- closer to 
carbonyl)

−50.82 ±
3.86

Rhodesain-19 complex 
(untethered from covalent 
docking, mechanism I)

0–50 ns (overall large 
distance between S- and 
electrophiles)

−37.64 ±
5.13

Rhodesain-19 complex (non- 
covalent docking)

0–50 ns (S- closer to Cβ) −50.40 ±
3.73
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(4-Methylpiperazine-1-carbonyl)-L-phenylalanine (3). 2 (2.690 g, 
7.050 mmol) was dissolved in ethanol (150 mL). Ammonium formate 
(4.580 g, 70.500 mmol, 10 eq) and Pd/C (0.120 g) were added. The 
reaction was refluxed for 2 h. The resulting solution was filtered through 
Celite and the solvent was removed under reduced pressure. The crude 
was recrystallized with MeOH. The pure product was isolated as a white 
powder (m = 2.048 g, Yield = 100 %).

Rf (Hex:AcOEt, 1:1) = 0.77.
1H NMR (300 MHz, CD3OD) δ 9.23 (s, 1H), 7.25–7.12 (m, 5H), 5.64 

(s, 1H), 4.56 (dd, J = 12.2, 6.1 Hz, 1H), 3.64–3.45 (m, 2H), 3.45–3.28 
(m, 2H), 3.20 (dd, J = 13.7, 5.3 Hz, 1H), 3.08 (dd, J = 13.7, 6.3 Hz, 1H), 
2.78–2.54 (m, 4H), 2.44 (s, 3H) ppm.

13C NMR (75 MHz, CD3OD) δ 178.1, 158.8, 139.7, 130.5, 129.2, 
127.4, 58.0, 54.6, 44.6, 43.2, 39.2 ppm.

IR (ATR) 3500–2500 (broad), 3024, 3017, 2968, 2945, 1627, 1572, 
1539, 1434, 1391, 975 cm−1.

HRMS (ESI) m/z calculated for C15H22N3O3
+ [M+H]+: 292.1656, 

found: 292.1659.
m.p. 149–151 ◦C (Lit: [26] 121–123 ◦C).
(S)-2-((tert-Butoxycarbonyl)amino)-4-phenylbutanoic acid (4). L- 

Homophenylalanine (5.120 g, 28.000 mmol, 1 eq) was dissolved in THF 
(15 mL) and a solution of Na2CO3 (2.968 g, 31.000 mmol, 1.1 eq) in 
distilled water (100 mL) was added followed by addition of di-tert-butyl 
dicarbonate (6.975 g, 31.000 mmol, 1.1 eq) in 75 mL of THF. The 
mixture was stirred overnight, diluted with distilled water (100 mL), 
and acidified with KHSO4 to pH=3. The organic product was extracted 
with CH2Cl2 (3 × 75 mL). The combined organic extracts were dried on 
Na2SO4 and concentrated under reduced pressure to give the crude 
product as a pale yellowish oil (m = 8.144 g, Yield = 100 %), which was 
used in the next step without further purification.

Rf (Hex:AcOEt, 1:1) = 0.38.
Major rotamer:
1H NMR (300 MHz, CDCl3) δ 8.50 (broad s, 1H), 7.29–7.17 (m, 5H), 

5.10 (d, J = 7.2 Hz, 1H), 4.37 (d, J = 4.3 Hz, 1H), 2.72 (t, J = 7.9 Hz, 
2H), 2.28–2.13 (m, 1H), 1.99 (td, J = 14.7, 7.4 Hz, 1H), 1.45 (s, 9H).

13C NMR (101 MHz, CDCl3) δ 177.3, 155.8, 140.8, 128.6, 128.6, 
126.3, 80.4, 53.4, 34.2, 31.8, 28.4, 27.5 ppm.

IR (ATR) 3317, 3200–2400 (broad), 3015, 2978, 2929, 1707, 1655, 
1498, 1460, 1394, 1368, 1260, 1159, 1051, 910, 731, 700 cm−1.

HRMS (ESI) m/z calculated for C15H21NO4Na+ [M+Na]+: 302.1363, 
found: 302.1366.

Optical rotation: [α]25
D = 0.1412 (c = 0.85, CH2Cl2).

tert-Butyl (S)-(1-(methoxy(methyl)amino)-1-oxo-4-phenylbutan-2-yl) 
carbamate (5). 4 (6.238 g, 22.332 mmol, 1 eq) was dissolved in THF 
(125 mL) and the solution was cooled to 0 ◦C. DCC (5.445 g, 26.128 
mmol, 1.17 eq), HOBt⋅xH2O (3.640 g, 26.128 mmol, 1.17 eq), and 
DIPEA (16.7 mL, 96.028 mmol, 4.3 eq) were added and the mixture was 
stirred for 15 min before N,O-dimethylhydroxylamine hydrochloride 
(2.600 g, 26.128 mmol, 1.17 eq) was added. Then, the mixture was 
allowed to warm up to r.t. and stirred overnight. Filtration of side 
product DCU was carried out several times (immersion of the solution in 
an ice bath to favor precipitation of DCU is recommended). THF was 
removed under reduced pressure and the crude was redissolved in 
CH2Cl2 (50 mL). The organic phase was washed with 1 M HCl (3 × 50 
mL), NaHCO3 saturated solution (3 × 50 mL), H2O (50 mL), and brine 
(50 mL). The organic phase was dried over MgSO4 and concentrated 
under vacuum. The crude product was purified by Silica Gel Column 
Chromatography (Hex:AcOEt, gradient from 8:2 to 7:3) to obtain the 
pure product as a transparent oil (m = 5.952 g, Yield = 83 %).

Rf (Hex:AcOEt, 7:3) = 0.39; Rf (Hex:AcOEt, 1:1) = 0.45.
1H NMR (400 MHz, CDCl3) δ 7.26 (s, 2H), 7.21–7.15 (m, 3H), 5.24 

(d, J = 8.2 Hz, 1H), 4.68 (s, 1H), 3.62 (s, 3H), 3.16 (s, 3H), 2.79–2.61 (m, 
2H), 2.09–1.97 (m, 1H), 1.89–1.77 (m, 1H), 1.45 (s, 9H) ppm.

13C NMR (101 MHz, CDCl3) δ 173.2, 155.7, 141.3, 128.6, 128.5, 
126.1, 79.7, 61.6, 50.2, 34.7, 32.2, 31.8, 28.5 ppm.

IR (ATR) 3321, 3050, 2974, 2933, 1707, 1655, 1495, 1454, 1445, 
1390, 1245, 1163, 992, 701 cm−1.

HRMS (ESI) m/z calculated for C17H26N2O4Na+ [M+Na]+: 
345.1785, found: 345.1786.

Optical rotation: [α]25
D = 0.1371 (c = 1.75, CH2Cl2).

tert-Butyl (S)-(1-oxo-4-phenylbutan-2-yl)carbamate (6). A solution of 
5 (3.429 g, 10.643 mmol, 1 eq) in THF (70 mL, 6.5 mL/mmol) was 
placed in an ice bath. Powdered LiAlH4 (1.249 g, 31.928 mmol, 3 eq) 
was slowly added. The reaction mixture was stirred until completion (1 
h 20 min) and subsequently quenched by addition of aqueous saturated 
Rochelle salt solution (70 mL). The organic phases were extracted with 
AcOEt (3 × 70 mL), washed with brine (70 mL), dried over MgSO4, and 
concentrated over reduced pressure. Purification by Silica Gel Column 
Chromatography (Hex:AcOEt, gradient from 8:2 to 7:3) was performed 
and the pure product was obtained as a transparent oil (m = 4.866 g, 
Yield = 87 %).

Rf (Hex:AcOEt, 8:2) = 0.46, Rf (Hex:AcOEt, 7:3) = 0.51.
1H NMR (300 MHz, CDCl3) δ 9.54 (s, 1H), 7.33–7.16 (m, 5H), 5.18 

(d, J = 5.2 Hz, 1H), 4.33–4.15 (m, 1H), 2.71 (t, J = 7.9 Hz, 2H), 
2.30–2.14 (m, 1H), 1.88 (td, J = 15.4, 7.8 Hz, 1H), 1.47 (s, 9H) ppm.

13C NMR (101 MHz, CDCl3) δ 199.7, 155.6, 140.7, 128.7, 128.5, 
126.4, 80.2, 59.6, 31.5, 30.9, 28.4 ppm.

IR (ATR) 3347, 3027, 2978, 2930, 2863, 1685, 1498, 1450, 1380, 
1249, 746, 701 cm−1.

HRMS (ESI) m/z calculated for C15H21NO3Na+ [M+Na]+: 286.1414, 
found: 286.1418.

Optical rotation:[α]25
D = 0.0125 (c = 1.60, CH2Cl2).

tert-Butyl ((3S)-4-hydroxy-1-phenylhex-5-en-3-yl)carbamate (7). To a 
stirred solution of 6 (0.706 g, 2.841 mmol, 1 eq) in THF (74 mL, 26 mL/ 
mmol), dry ZnCl2 (0.852 g, 6.250 mmol, 2.2 eq) was added. The reaction 
was stirred for 10 min until ZnCl2 was totally dissolved. Then, it was 
placed in an acetone-liquid N2 bath at −78 ◦C and the vinylmagnesium 
bromide (12.5 mL 1 M in THF, 12.500 mmol, 4.4 eq) was added drop- 
wise. The mixture was allowed to warm-up to 0 ◦C and it was fol-
lowed by TLC until completion (1.5 h). NH4Cl (75 mL) was added to 
quench the reaction. Organic and aqueous phases were separated. Then, 
the aqueous phase was extracted with ethyl acetate (3 × 50 mL), washed 
with brine, dried over MgSO4, and concentrated under vacuum. The 
reaction crude was purified by Silica Gel Column Chromatography (Hex: 
AcOEt, gradient from 9:1 to 7:3) to afford a colorless oil (0.865 g, Yield 
= 52 %).

Rf (Hex:AcOEt, 7:3) = 0.51.
Proportion of diastereoisomers: A:B = 1:0.61.
Major diastereoisomer A (minor Rf):
1H NMR (400 MHz, CDCl3) δ 7.38–7.33 (m, 2H), 7.28–7.24 (m, 3H), 

6.01–5.85 (m, 1H), 5.37 (dt, J = 17.2, 1.4 Hz, 1H), 5.26 (dt, J = 10.5, 
1.3 Hz, 1H), 5.13–4.92 (m, 1H), 4.24–4.15 (m, 1H), 3.77–3.62 (m, 1H), 
3.42–3.24 (m, 1H), 2.87–2.65 (m, 2H), 2.06–1.64 (m, 2H), 1.53 (s, 9H) 
ppm.

13C NMR (75 MHz, CDCl3) δ 156.5, 141.7, 138.2, 128.4, 128.4, 
125.8, 116.0, 79.3, 74.5, 54.6, 33.7, 32.6, 28.4 ppm.

Minor diastereoisomer B (highest Rf):
1H NMR (400 MHz, CDCl3) δ 7.38–7.33 (m, 2H), 7.28–7.24 (m, 3H), 

6.01–5.85 (m, 1H), 5.37 (dt, J = 17.2, 1.4 Hz, 1H), 5.26 (dt, J = 10.5, 
1.3 Hz, 1H), 5.13–4.92 (m, 1H), 4.34–4.24 (m, 1H), 3.88–3.66 (m, 1H), 
3.57–3.42 (m, 1H), 2.87–2.65 (m, 2H), 2.06–1.64 (m, 2H), 1.55 (s, 9H) 
ppm.

13C NMR (75 MHz, CDCl3) δ 156.7, 141.7, 137.0, 128.4, 128.4, 
125.9, 116.5, 79.7, 75.3, 55.0, 33.7, 31.6, 28.4 ppm.

HRMS (ESI) m/z calculated for C17H25NO3Na+ [M+Na]+: 314.1727, 
found: 314.1732.

IR (ATR) 3362 (broad), 3060, 2978, 2930, 2863, 1684, 1521, 1245, 
1167, 1014 cm−1.

Optical rotation: [α]25
D = −0.2087 (c = 1.15, CH2Cl2).

(S)-1-(Methoxy(methyl)amino)-1-oxo-4-phenylbutan-2-aminium 2,2,2- 
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trifluoroacetate (8). 5 (2.417 g, 7.502 mmol, 1 eq) was dissolved in 
CH2Cl2 (21.3 mL, 2.84 mL/mmol) and the solution was placed in an ice 
bath. Then, a 1:1 mixture of TFA and CH2Cl2 (0.46 mL TFA: 0.46 mL 
CH2Cl2, 1.5 mL/mmol each) was slowly added and the reaction was 
stirred until TLC showed completion (1 h and 45 min). Then, the solvent 
was evaporated and the crude was co-evaporated several times (x3) with 
CH2Cl2 to eliminate the excess of TFA. The product was obtained as a 
pale brown oil and used in the peptide coupling without further 
purification.

Rf (Hex:AcOEt, 1:1) = 0.
1H NMR (400 MHz, CDCl3) δ 9.56 (s, 1H), 7.82 (s, 2H), 7.32–7.15 (m, 

5H), 4.39–4.31 (m, 1H), 3.55 (s, 3H), 3.17 (s, 3H), 2.83 (ddd, J = 14.2, 
8.3, 6.0 Hz, 1H), 2.77–2.69 (m, 1H), 2.31–2.14 (m, 2H) ppm.

HRMS (ESI) m/z calculated for C12H19N2O2
+ [M]+: 223.1441, found: 

223.1447.
N-((S)-1-(((S)-1-(Methoxy(methyl)amino)-1-oxo-4-phenylbutan-2-yl) 

amino)-1-oxo-3-phenylpropan-2-yl)-4-methylpiperazine-1-carboxamide 
(9). Deprotected compound 8 (1.262 g, 3.751 mmol, 1 eq) was dissolved 
in CH2Cl2 (37.5 mL, 10 mL/mmol) and the solution was placed in an ice 
bath. 3 (1.202 g, 4.126 mmol, 1.1 eq) was added and the mixture was 
stirred for 10 min. HOBt⋅xH2O (0.575 g, 4.126 mmol, 1.1 eq) was added 
and the reaction was stirred for 10 min. The, DIPEA (2.6 mL, 15.004 
mmol, 4 eq) was added and the reaction was stirred for additional 10 
min. Finally, EDC⋅HCl (0.880 g, 4.501 mmol, 1.2 eq) was added and the 
reaction was stirred overnight at r.t. The reaction was quenched with 
distilled water (35 mL). Organic and aqueous phases were separated and 
the aqueous phase was extracted with CH2Cl2 (3 × 35 mL). The collected 
organic phases were washed with brine, dried over MgSO4, and 
concentrated in vacuum. The crude product was purified by Silica Gel 
Column Chromatography (CH2Cl2:MeOH = 9:1) to obtain the pure 
product as a white solid (m = 1.222 g, Yield = 66 %).

Rf (CH2Cl2:MeOH, 9:1) = 0.44.
1H NMR (400 MHz, CDCl3) δ 7.27–7.12 (m, 10H), 6.77 (d, J = 8.2 Hz, 

1H), 5.02 (d, J = 7.2 Hz, 1H), 4.98–4.86 (m, 1H), 4.64 (q, J = 6.7 Hz, 
1H), 3.61 (s, 3H), 3.40–3.29 (m, 4H), 3.16 (s, 3H), 3.09 (d, J = 6.6 Hz, 
2H), 2.67–2.52 (m, 2H), 2.38–2.29 (m, 4H), 2.27 (s, 3H), 2.06–1.99 (m, 
1H), 1.91–1.81 (m, 1H) ppm.

13C NMR (101 MHz, CDCl3) δ 171.8, 156.9, 141.2, 137.0, 129.6, 
128.7, 128.6, 128.5, 127.0, 126.1, 61.6, 55.5, 54.6, 49.1, 46.1, 43.8, 
38.7, 34.1, 32.2, 31.6 ppm.

HRMS (ESI) m/z calculated for C27H38N5O4
+ [M+H]+: 496.2918, 

found: 496.2924.
IR (ATR) 3284, 3060, 3027, 2933, 2851, 1648, 1618, 1532, 1439, 

1290, 1264, 1006 cm−1.
m.p. 137–139 ◦C.
Optical rotation: [α]25

D = −0.2727 (c = 1.10, CH2Cl2).
4-Methyl-N-((S)-1-oxo-1-(((S)-1-oxo-4-phenylbutan-2-yl)amino)-3- 

phenylpropan-2-yl)piperazine-1-carboxamide (10). A solution of 9 (1.222 
g, 2.466 mmol, 1 eq) in THF (16 mL, 6.5 mL/mmol) was placed in an ice 
bath. Powdered LiAlH4 (0.236 g, 5.918 mmol, 2.4 eq) was slowly added. 
The reaction mixture was stirred until completion (3 h) and subse-
quently quenched by addition of aqueous saturated Rochelle salt solu-
tion (30 mL). The organic phases were extracted with AcOEt (3 × 30 
mL), washed with brine (80 mL), dried over MgSO4, and concentrated 
over reduced pressure. Purification by Silica Gel Column Chromatog-
raphy (CH2Cl2:MeOH, gradient from 9:1 to 85:15) was performed and 
the pure product was obtained as a pale yellow oil (m = 0.532 g, Yield =
57 %).

Rf (CH2Cl2:MeOH, 85:15) = 0.43.
Proportion of diastereoisomers: A:B = 1:0.66.
Major diastereoisomer A (lowest Rf):
1H NMR (300 MHz, CDCl3) δ 9.39 (s, 1H), 7.32–7.11 (m, 9H), 

7.11–7.05 (m, 2H), 5.35–5.23 (m, 1H), 4.78–4.41 (m, 1H), 4.40–4.13 
(m, 1H), 3.38–3.29 (m, 4H), 3.09 (d, J = 7.2 Hz, 2H), 2.64–2.43 (m, 2H), 
2.39–2.28 (m, 4H), 2.27 (s, 3H), 2.18–2.05 (m, 1H), 1.87–1.72 (m, 1H) 

ppm.
13C NMR (101 MHz, CDCl3) 199.2, 172.9, 157.1, 140.6, 137.0, 

129.5, 128.7, 128.7, 128.5, 127.1, 126.4, 58.4, 55.9, 54.5, 46.0, 43.8, 
38.7, 31.4, 30.3 ppm.

Minor diastereoisomer B (highest Rf):
1H NMR (300 MHz, CDCl3) δ 9.30 (s, 1H), 7.32–7.11 (m, 9H), 

7.11–7.05 (m, 2H), 5.35–5.23 (m, 1H), 4.78–4.41 (m, 1H), 4.28 (m, 1H), 
3.38–3.29 (m, 4H), 3.09 (d, J = 7.2 Hz, 2H), 2.64–2.43 (m, 2H), 
2.39–2.28 (m, 4H), 2.27 (s, 3H), 2.18–2.05 (m, 1H), 1.87–1.72 (m, 1H) 
ppm.

13C NMR (101 MHz, CDCl3) 199.2, 172.9, 157.1, 140.5, 137.1, 
129.4, 128.8, 128.7, 128.5, 127.1, 126.4, 58.4, 55.8, 54.5, 46.0, 43.8, 
38.7, 31.4, 30.4 ppm.

HRMS (ESI) m/z calculated for C25H33N4O3
+ [M+H]+: 437.2547, 

found: 437.2553.
IR (ATR) 3280, 3060, 3026, 2930, 2855, 2795, 1656, 1618, 1528, 

1439, 1264, 1144 cm−1.
m.p. 79–80 ◦C.
Optical rotation: [α]25

D = −0.2105 (c = 0.95, CH2Cl2).
Ethyl (S,E)-4-((S)-2-(4-methylpiperazine-1-carboxamido)-3-phenyl-

propanamido)-6-phenylhex-2-enoate (11). A solution of triethyl-2- 
phosphonoacetate (0.06 mL, 0.285 mmol, 1.5 eq) in THF (1 mL, 3.5 
mL/mmol) was added dropwise to a −78 ◦C suspension of 60 % sodium 
hydride (0.011 g, 0.285 mmol, 1.5 eq) in THF (0.8 mL, 2.7 mL/mmol). 
The mixture was stirred for 10 min at −78 ◦C, before a solution of 10 
(0.091 g, 0.190 mmol, 1 eq) in THF (0.55 mL, 2.8 mL/mmol) was added 
dropwise. The mixture was allowed to warm-up to 0 ◦C and the reaction 
was stirred overnight. Then, the reaction was quenched with saturated 
aqueous solution of ammonium chloride (3 mL). The phases were 
separated and the aqueous phase was extracted with CH2Cl2 (3 × 3 mL), 
dried over Na2SO4, and concentrated in vacuum. The crude product was 
purified by silica gel column chromatography (CH2Cl2: MeOH, gradient 
from 95:5 to 9:1) and the pure product was obtained as a white solid (m 
= 0.061 g, Yield = 84 %). For major purity, the product was crystallized 
with acetonitrile.

Rf (CH2Cl2:MeOH, 9:1) = 0.5.
Proportion of diastereoisomers: A:B = 1:0.54.
Major diastereoisomer A:
1H NMR (400 MHz, CDCl3) δ 7.29–7.14 (m, 8H), 7.10–7.03 (m, 2H), 

6.78 (dd, J = 15.7, 5.3 Hz, 1H), 6.59–6.73 (m, 1H), 5.85 (dd, J = 15.7, 
1.2 Hz, 1H), 5.28–5.12 (m, 1H), 4.63–4.47 (m, 2H), 4.21–4.10 (m, 2H), 
3.38–3.27 (m, 4H), 3.13–3.00 (m, 2H), 2.45 (t, J = 7.9 Hz, 2H), 
2.33–2.27 (m, 4H), 2.26 (s, 3H), 1.85–1.61 (m, 2H), 1.24 (t, J = 7.1 Hz, 
3H) ppm.

13C NMR (101 MHz, CDCl3) δ 171.8, 166.3, 157.1, 147.3, 140.9, 
137.2, 129.5, 128.8, 128.6, 128.4, 127.1, 126.2, 121.4, 60.5, 56.1, 54.6, 
49.9, 46.1, 43.8, 38.5, 35.8, 31.9, 14.3 ppm.

Minor diastereoisomer B:
1H NMR (400 MHz, CDCl3) δ 7.29–7.14 (m, 8H), 7.10–7.03 (m, 2H), 

6.68 (dd, J = 15.7, 5.8 Hz, 1H), 6.59–6.73 (m, 1H), 5.69 (dd, J = 15.7, 
1.4 Hz, 1H), 5.28–5.12 (m, 1H), 4.63–4.47 (m, 2H), 4.21–4.10 (m, 2H), 
3.38–3.27 (m, 4H), 3.13–3.00 (m, 2H), 2.61–2.50 (m, 2H), 2.33–2.27 
(m, 4H), 2.26 (s, 3H), 1.85–1.61 (m, 2H), 1.29 (t, J = 7.2 Hz, 3H) ppm.

13C NMR (101 MHz, CDCl3) δ 171.8, 166.3, 157.1, 147.2, 141.0, 
137.0, 129.5, 128.8, 128.6, 128.5, 127.1, 126.2, 121.4, 60.5, 56.1, 54.6, 
49.9, 46.1, 43.9, 38.8, 36.0, 31.9, 14.4 ppm.

HRMS (ESI) m/z calculated for C29H39N4O4
+ [M+H]+: 507.2966, 

found: 507.2971.
IR (ATR) 3276, 3060, 3027, 2933, 2851, 1715, 1655, 1618, 155, 

1443, 1290, 1264 cm−1.
m.p. 117–119 ◦C.
Optical rotation: [α]25

D = −0.0824 (c = 1.70, CH2Cl2).
Ethyl (5S,E)-5-((tert-butoxycarbonyl)amino)-4-hydroxy-7-phenylhept- 

2-enoate (12). To a solution of 7 (0.551 g, 1.520 mmol, 1 eq) in CH2Cl2 
(15 mL, 10 mL/mmol), ethyl acrylate (0.84 mL, 7.599 mmol, 5 eq) and 
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2nd generation Hoveyda Grubb’s catalyst (29.5 mg, 0.046 mmols, 0.03 
eq) were added at r.t. and the mixture was refluxed at 50 ◦C for 5 h. The 
reaction crude was concentrated under vacuum and purified by Silica 
Gel Column Chromatography (hexane: ethyl acetate, 7:3) to afford a 
pale brown oil (m = 0.456 g, Yield = 68 %).

Rf (Hex:AcOEt, 7:3) = 0.31.
Proportion of diastereoisomers: A:B = 1:0.22.
Major diastereoisomer A:
1H NMR (400 MHz, CDCl3) δ 7.30–7.23 (m, 2H), 7.20–7.13 (m, 3H), 

6.92 (dd, J = 15.6, 4.4 Hz, 1H), 6.08 (dd, J = 15.5 Hz, 1.5 Hz, 1H), 4.85 
(d, J = 9.2 Hz, 1H), 4.33 (broad s, 1H), 4.17 (q, J = 7.1 Hz, 2H), 
3.70–3.57 (m, 1H), 3.48–3.37 (m, 1H), 2.79–2.69 (m, 1H), 2.69–2.61 
(m, 1H), 1.99–1.75 (m, 2H), 1.41 (s, 9H), 1.26 (t, J = 7.1 Hz, 3H) ppm.

13C NMR (101 MHz, CDCl3) δ 166.4, 156.5, 147.6, 141.5, 128.6, 
128.5, 126.1, 121.8, 79.9, 73.0, 60.5, 54.6, 33.1, 32.6, 28.4, 14.3 ppm.

Minor diastereoisomer B:
1H NMR (400 MHz, CDCl3) δ 7.30–7.23 (m, 2H), 7.20–7.13 (m, 3H), 

6.88 (dd, J = 15.6, 4.4 Hz, 1H), 6.12 (dd, J = 15.5 Hz, 1.5 Hz, 1H), 4.76 
(d, J = 7.9 Hz, 1H), 4.38 (broad s, 1H), 4.18 (q, J = 7.1 Hz, 2H), 
3.70–3.57 (m, 1H), 3.48–3.37 (m, 1H), 2.79–2.69 (m, 1H), 2.69–2.61 
(m, 1H), 1.99–1.75 (m, 2H), 1.45 (s, 9H), 1.28 (t, J = 7.1 Hz, 3H) ppm.

13C NMR (101 MHz, CDCl3) δ 166.4, 157.1, 146.2, 141.2, 128.6, 
128.5, 126.2, 122.6, 80.3, 74.4, 60.6, 55.3, 32.6, 32.0, 28.4, 14.3 ppm.

HRMS (ESI) m/z calculated for C20H29NO5Na+ [M+Na]+: 386.1938, 
found: 386.1943.

IR (ATR) 3358 (broad), 3027, 2978, 2933, 1685, 1498, 1249, 1163 
cm−1.

Optical rotation minor diastereoisomer B: [α]25
D =−0.2526 (c = 1.90, 

CH2Cl2).
(3S,E)-7-Ethoxy-4-hydroxy-7-oxo-1-phenylhept-5-en-3-aminium 2,2,2- 

trifluoroacetate (13). 12 (0.221 g, 0.608 mmol, 1 eq) was dissolved in 
CH2Cl2 (1.7 mL, 2.84 mL/mmol) and the solution was placed in an ice 
bath. Then, a 1:1 mixture of TFA and CH2Cl2 (0.9 mL TFA: 0.9 mL 
CH2Cl2, 1.5 mL/mmol each) was slowly added and the reaction was 
stirred until TLC showed completion (1 h and 35 min). Then, the solvent 
was evaporated and the crude was co-evaporated several times (x3) with 
CH2Cl2 to eliminate the excess of TFA. The product was obtained as a 
pale brown oil that became a pale brown solid after long time in the high 
vacuum pump. The crude was used in the peptide coupling without 
further purification.

Rf (Hex:AcOEt, 7:3) = 0.
Ethyl (5S,E)-4-hydroxy-5-((S)-2-(4-methylpiperazine-1-carboxamido)- 

3-phenylpropanamido)-7-phenylhept-2-enoate (14). 13 (0.608 mmol, 1 
eq) was dissolved in CH2Cl2 (6 mL, 10 mL/ mmol) and the solution was 
placed in an ice bath. 3 (0.195 g, 0.669 mmol, 1.1 eq) was added and the 
mixture was stirred for 5 min. HOBT⋅xH2O (0.093 g, 0.608 mmol, 1.1 
eq) was added and the reaction was stirred for 10 min. EDC⋅HCl (0.143 
g, 0.730 mmol, 1.2 eq) was added and the reaction was stirred for 5 min. 
DIPEA (0.42 mL, 2.432 mmol, 4 eq) was finally added and the mixture 
was stirred for 18 h at r.t. NH4Cl (6 mL) was added to quench the re-
action. The organic phases were separated and the aqueous phase was 
extracted with CH2Cl2 (3 × 6 mL). The collected organic phases were 
washed with brine (20 mL). The organic layer was dried over MgSO4 and 
concentrated under vacuum. The reaction crude was purified by Silica 
Gel Column Chromatography (CH2Cl2:MeOH, gradient from 95:5 to 
85:15) to afford a white solid (m = 0.180 g, Yield = 50 %).

Rf (CH2Cl2:MeOH, 9:1) = 0.37.
Mixture of diastereoisomers: A:B:C:D=1:0.69:0.24:0.17.
Major diastereoisomer A:
1H NMR (400 MHz, CDCl3) δ 7.24–7.04 (m, 11H), 6.78 (dd, J = 15.5, 

4.3 Hz, 1H), 6.06 (dd, J = 15.6, 1.7 Hz, 1H), 5.25 (d, J = 7.6 Hz, 1H), 
4.58–4.50 (m, 1H), 4.40–4.22 (m, 1H), 4.15 (q, J = 7.2 Hz, 2H), 
4.04–3.85 (m, 1H), 3.38–3.23 (m, 4H), 3.11–2.97 (m, 2H), 2.64–2.49 
(m, 1H), 2.42–2.34 (m, 1H), 2.33–2.25 (m, 4H), 2.22 (s, 3H), 1.97–1.58 
(m, 2H), 1.25 (t, J = 7.1 Hz, 3H) ppm.

13C NMR (101 MHz, CDCl3) δ 173.1, 166.4, 157.2, 147.4, 141.5, 
137.0, 129.4, 128.7, 128.5, 128.5, 127.1, 126.1, 122.0, 72.3, 60.5, 56.1, 
54.5, 54.1, 46.1, 43.8, 38.5, 33.1, 32.4, 14.3 ppm.

HRMS (ESI) m/z calculated for C30H41N4O5
+ [M+H]+: 537.3071, 

found: 537.3080.
IR (ATR) 3280 (broad), 3060, 3027, 2933, 2855, 1715, 1618, 1528, 

1454, 1290 cm−1.
m.p. 78–80 ◦C.
Optical rotation major diastereoisomer A: [α]25

D =−0.1217 (c = 1.15, 
CH2Cl2).

Ethyl (S,E)-5-((S)-2-(4-methylpiperazine-1-carboxamido)-3-phenyl-
propanamido)-4-oxo-7-phenylhept-2-enoate (15). 14 (0.095 g, 0.177 
mmol, 1 eq) was dissolved in CH2Cl2 (7 mL, 40 mL/mmol) and placed in 
the cryocool at −5 ◦C under N2 atmosphere. Then, DMP (1.139 g, 2.683 
mmol, 9 eq) was added in one portion and the reaction was stirred 
overnight. NaHCO3 and Na2S2O3 solution (1.2 g/100 mL each) was 
added and the reaction was stirred for 1 h. The phases were separated 
and the product was extracted with CH2Cl2 (x3). The collected organic 
phases were dried over MgSO4 and concentrated over vacuum. The 
crude product was purified by Silica Gel Column Chromatography 
(CH2Cl2:MeOH, gradient from 9:1 to 88:12) to afford a yellow oil that 
became a foamy yellow solid in the high vacuum pump (m = 0.117 g, 
Yield = 73 %).

Rf (CH2Cl2:MeOH, 88:12) = 0.59.
Mixture of diastereoisomers: A:B = 1:0.43.
Major diastereoisomer A:
1H NMR (400 MHz, CDCl3) δ 7.30–7.12 (m, 9H), 7.13–7.02 (m, 2H), 

7.09 (d, J = 15.8 Hz, 1H), 6.70 (d, J = 15.8 Hz, 1H), 5.26–5.10 (m, 1H), 
4.72 (dt, J = 11.8, 5.9 Hz, 1H), 4.69–4.60 (m, 1H), 4.25 (q, J = 7.2 Hz, 
2H), 3.40–3.31 (m, 4H), 3.11–3.04 (m, 2H), 2.55–2.41 (m, 2H), 
2.39–2.32 (m, 4H), 2.28 (s, 3H), 2.17–2.04 (m, 1H), 1.92–1.73 (m, 1H), 
1.31 (t, J = 7.1 Hz, 3H) ppm.

13C NMR (101 MHz, CDCl3) δ 197.0, 172.3, 165.1, 157.0, 140.4, 
137.0, 136.0, 132.6, 129.4, 128.8, 128.6, 128.6, 127.1, 126.5, 61.6, 
57.2, 55.8, 54.4, 45.8, 43.6, 38.5, 32.7, 31.4, 14.2 ppm.

Minor diastereoisomer B:
1H NMR (400 MHz, CDCl3) δ 7.30–7.12 (m, 9H), 7.13–7.02 (m, 2H), 

7.06 (d, J = 15.9 Hz, 1H), 6.65 (d, J = 15.8 Hz, 1H), 5.26–5.10 (m, 1H), 
4.72 (dt, J = 11.8, 5.9 Hz, 1H), 4.69–4.60 (m, 1H), 4.22 (d, J = 7.3 Hz, 
2H), 3.40–3.31 (m, 4H), 3.11–3.04 (m, 2H), 2.55–2.41 (m, 2H), 
2.39–2.32 (m, 4H), 2.29 (s, 3H), 2.17–2.04 (m, 1H), 1.92–1.73 (m, 1H), 
1.29 (t, J = 7.1 Hz, 3H) ppm.

13C NMR (101 MHz, CDCl3) δ 196.7, 172.3, 165.2, 157.0, 140.5, 
136.9, 136.1, 132.6, 129.4, 128.7, 128.6, 128.6, 127.1, 126.4, 61.6, 
57.2, 55.8, 54.4, 45.8, 43.6, 38.5, 32.6, 31.4, 14.2 ppm.

HRMS (ESI) m/z calculated for C30H39N4O5
+ [M+H]+: 535.2915, 

found: 535.2920.
IR (ATR) 3258, 3060, 3027, 2933, 2851, 1703, 1655, 1618, 1536, 

1443, 1290, 1260 cm−1.
m.p. 71–73 ◦C.
Optical rotation of the mixture A:B = 1:0.96: [α]25

D = −0.2571 (c =
1.4, CH2Cl2).

tert-Butyl ((3S,E)-4-hydroxy-1-phenyl-6-(phenylsulfonyl)hex-5-en-3-yl) 
carbamate (16). To a solution of 7 (0.374 g, 1.283 mmol, 1 eq) in 
acetonitrile (26 mL, 20 mL/mmol) were added dry sodium acetate 
(0.316 g, 3.850 mmol, 3 eq), benzenesulfinic acid sodium salt (1.290 g, 
7.701 mmol, 6 eq), and iodine (0.977 g, 3.850 mmol, 3 eq) and the 
reaction was stirred under reflux for 41 h. A saturated solution of 
Na2S2O3 (12 mL/mmol) was added to stop the reaction and a saturated 
solution of NaHCO3 (12 mL/mmol) was added to basify the pH. Organic 
and aqueous phases were separated and the aqueous phase was 
extracted with AcOEt (×3). The reaction crude was purified by Silica Gel 
Column Chromatography (Hex:AcOEt, gradient from 7:3 to 1:1) to 
afford a white solid (m = 0.221 g, Yield = 40 %).

Rf (Hex:AcOEt, 7:3) = 0.28.
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Proportion of diastereoisomers: A:B = 1:0.92.
Major diastereoisomer A:
1H NMR (400 MHz, CDCl3) δ 7.90–7.83 (m, 2H), 7.63–7.56 (m, 1H), 

7.55–7.48 (m, 2H), 7.31–7.25 (m, 2H), 7.22–7.11 (m, 3H), 6.96 (dd, J =
14.9, 3.2 Hz, 1H), 6.67 (d, J = 14.9 Hz, 1H), 4.83–4.64 (m, 1H), 
4.45–4.37 (m, 1H), 3.84–3.69 (m, 1H), 3.65–3.37 (m, 1H), 2.76–2.59 
(m, 2H), 2.00–1.71 (m, 2H), 1.40 (s, 9H) ppm.

13C NMR (101 MHz, CDCl3) δ 156.8, 146.1, 141.1, 140.5, 133.5, 
131.5, 129.4, 128.7, 128.5, 127.8, 126.3, 80.5, 72.7, 54.8, 32.5, 28.5, 
28.4 ppm.

Minor diastereoisomer B:
1H NMR (400 MHz, CDCl3) δ 7.90–7.83 (m, 2H), 7.63–7.56 (m, 1H), 

7.55–7.48 (m, 2H), 7.31–7.25 (m, 2H), 7.22–7.11 (m, 3H), 6.93 (dd, J =
14.8, 3.1 Hz, 1H), 6.70 (d, J = 14.9 Hz, 1H), 4.83–4.64 (m, 1H), 
4.45–4.37 (m, 1H), 3.84–3.69 (m, 1H), 3.65–3.37 (m, 1H), 2.76–2.59 
(m, 2H), 2.00–1.71 (m, 2H), 1.43 (s, 9H) ppm.

HRMS (ESI) m/z calculated for C23H29NO5SNa+ [M+Na]+: 
454.1659, found: 454.1664.

IR (ATR) 3381 (broad), 3060, 3027, 2974, 2926, 1659, 1521, 1290, 
1249, 1144 cm−1.

Optical rotation: [α]25
D = −0.6286 (c = 0.35, CH2Cl2).

(3S,E)-4-Hydroxy-1-phenyl-6-(phenylsulfonyl)hex-5-en-3-aminium 
2,2,2-trifluoroacetate (17). 16 (0.243 g, 0.563 mmol, 1 eq) was dissolved 
in CH2Cl2 (1.6 mL, 2.84 mL/mmol) and the solution was placed in an ice 
bath. Then, a 1:1 mixture of TFA and CH2Cl2 (0.84 mL TFA: 0.84 mL 
CH2Cl2, 1.5 mL/mmol each) was slowly added and the reaction was 
stirred until TLC showed completion (1 h and 45 min). Then, the solvent 
was evaporated and the crude was co-evaporated several times (x3) with 
CH2Cl2 to eliminate the excess of TFA. The product was obtained as a 
pale brown oil that became a pale brown solid after long time in the high 
vacuum pump. The crude was used in the peptide coupling without 
further purification.

Rf (Hex:AcOEt, 6:4) = 0.
N-((2S)-1-(((3S,E)-4-Hydroxy-1-phenyl-6-(phenylsulfonyl)hex-5-en-3- 

yl)amino)-1-oxo-3-phenylpropan-2-yl)-4-methylpiperazine-1-carboxamide 
(18). 17 (0.563 mmol, 1 eq) was dissolved in CH2Cl2 (6 mL, 10 mL/ 
mmol) and the solution was placed in an ice bath. 3 (0.180 g, 0.619 
mmol, 1.1 eq) was added and the mixture was stirred for 5 min. 
HOBT⋅xH2O (0.085 g, 0.619 mmol, 1.1 eq) was added and the reaction 
was stirred for 10 min. EDC⋅HCl (0.132 g, 0.676 mmol, 1.2 eq) was 
added and the reaction was stirred for 5 min. DIPEA (0.39 mL, 2.252 
mmol, 4 eq) was finally added and the mixture was stirred for 18 h at r.t. 
NH4Cl (6 mL) was added to quench the reaction. The organic phases 
were separated and the aqueous phase was extracted with CH2Cl2 (3 × 6 
mL). The collected organic phases were washed with 1 M HCl (3 × 20 
mL), NaHCO3 saturated solution (3 × 20 mL), and brine (20 mL). The 
organic layer was dried over MgSO4 and concentrated under vacuum. 
The reaction crude was purified by Silica Gel Column Chromatography 
(CH2Cl2: MeOH, gradient from 98:2 to 88:12) to afford a transparent oil 
that became a white solid after long hours in the high vacuum pump (m 
= 0.142 g, Yield = 42 %).

Rf (CH2Cl2:MeOH, 95:5) = 0.41.
Proportion of diastereoisomers: A:B = 1:0.23.
Major diastereoisomer A (minor Rf):
1H NMR (300 MHz, CDCl3) δ 7.89–7.81 (m, 2H), 7.60–7.54 (m, 1H), 

7.53–7.46 (m, 2H), 7.29–7.07 (m, 11H), 6.85 (dd, J = 14.9, 3.2 Hz, 1H), 
6.65 (dd, J = 14.9, 1.6 Hz, 1H), 5.06 (d, J = 7.3 Hz, 1H), 4.47–4.31 (m, 
2H), 3.74–3.58 (m, 1H), 3.47–3.14 (m, 5H), 3.05 (dd, J = 14.1, 6.4 Hz, 
1H), 2.92 (dd, J = 14.0, 8.5 Hz, 1H), 2.68–2.52 (m, 2H), 2.33–2.24 (m, 
4H), 2.23 (s, 3H), 1.99–1.90 (m, 2H) ppm.

13C NMR (75 MHz, CDCl3) δ 174.0, 157.5, 145.9, 141.1, 140.2, 
137.1, 133.6, 131.0, 129.4, 129.4, 128.8, 128.6, 128.5, 127.8, 127.1, 
126.2, 72.1, 55.9, 54.8, 54.5, 46.1, 43.8, 37.5, 32.3, 31.7 ppm.

Minor diastereoisomer B (major Rf):
1H NMR (300 MHz, CDCl3) δ 7.87–7.82 (m, 2H), 7.62–7.55 (m, 1H), 

7.53–7.47 (m, 2H), 7.35–7.15 (m, 9H), 7.10–7.03 (m, 2H), 6.86 (dd, J =
14.9, 3.2 Hz, 1H), 6.58 (dd, J = 14.9, 2.0 Hz, 1H), 6.48 (d, J = 8.1 Hz, 
1H), 4.89 (d, J = 6.1 Hz, 1H), 4.43–4.33 (m, 2H), 4.05–3.95 (m, 1H), 
3.40–3.18 (m, 5H), 3.09 (dd, J = 13.7, 7.0 Hz, 1H), 2.99 (dd, J = 13.7, 
8.0 Hz, 1H), 2.70–2.43 (m, 2H), 2.33–2.27 (m, 4H), 2.25 (s, 3H), 
1.72–1.63 (m, 2H) ppm.

13C NMR (75 MHz, CDCl3) δ 173.3, 157.4, 144.3, 141.0, 140.3, 
137.0, 133.6, 132.0, 129.4, 129.3, 129.1, 128.7, 128.5, 127.8, 127.4, 
126.3, 72.4, 56.7, 54.5, 54.1, 46.1, 43.9, 38.1, 32.4, 31.1, 30.6 ppm.

HRMS (ESI) m/z calculated for C33H41N4O5S+ [M+H]+: 605.2792, 
found: 605.2798.

IR (ATR) 3280 (broad), 3060, 3030, 2922, 2851, 1617, 1524, 1446, 
1290, 1264, 1140, 1085 cm−1.

m.p. 143–145 ◦C.
Optical rotation major diastereoisomer A: [α]25

D =−0.3478 (c = 0.35, 
CH2Cl2).

Optical rotation minor diastereoisomer B: [α]25
D =−0.2462 (c = 0.33, 

CH2Cl2).
4-Methyl-N-((S)-1-oxo-1-(((S,E)-4-oxo-1-phenyl-6-(phenylsulfonyl) 

hex-5-en-3-yl)amino)-3-phenylpropan-2-yl)piperazine-1-carboxamide 
(19). 18 (0.096 g, 0.159 mmol, 1 eq) was dissolved in CH2Cl2 (2 mL, 10 
mL/mmol) and placed in the cryocool at −5 ◦C under N2 atmosphere. 
Then, DMP (0.208 g, 0.476 mmol, 3 eq) was added in one portion and 
the reaction was stirred for 18 h. NaHCO3 and Na2S2O3 solution (1.2 g/ 
100 mL each) was added, and the reaction was stirred for 1 h. The phases 
were separated, and the product was extracted with CH2Cl2 (x3). The 
collected organic phases were washed with brine, dried over MgSO4, 
and concentrated over vacuum. The pure product was obtained as an 
intense yellow solid (m = 0.096 g, Yield = 100 %).

Rf (CH2Cl2:MeOH, 95:5) = 0.60.
Described as a mixture of diastereoisomers A and B:
1H NMR (400 MHz, CDCl3) δ 7.90–7.84 (m, 2H), 7.70–7.63 (m, 1H), 

7.59–7.53 (m, 2H), 7.31–7.14 (m, 10H), 7.11–7.08 (m, 1H), 7.07–7.05 
(m, 1H), 7.05–7.03 (m, 1H), 5.14–5.02 (m, 1H), 4.67–4.51 (m, 2H), 
3.38–3.28 (m, 4H), 3.10–2.01 (m, 2H), 2.55–2.49 (m, 1H), 2.44 (t, J =
7.6 Hz, 1H), 2.36–2.29 (m, 4H), 2.26 (s, 3H), 2.14–2.01 (m, 1H), 1.79 
(dt, J = 15.4, 7.9 Hz, 1H) ppm.

Major diastereoisomer A:
13C NMR (75 MHz, CDCl3) δ 195.9, 172.6, 170.9, 157.2, 141.7, 

140.2, 138.5, 137.0, 134.5, 132.9, 129.8, 129.4, 128.8, 128.7, 128.6, 
128.4, 127.1, 126.5, 57.5, 55.8, 54.4, 46.0, 43.7, 38.1, 32.0, 31.4 ppm.

Minor diastereoisomer B:
13C NMR (75 MHz, CDCl3) δ 195.5, 172.5, 170.9, 157.1, 141.7, 

140.2, 138.6, 136.9, 134.5, 133.0, 129.8, 129.4, 128.8, 128.7, 128.6, 
128.4, 127.1, 126.5, 57.7, 55.7, 54.5, 45.9, 43.7, 38.1, 32.0, 31.4 ppm.

HRMS (ESI) m/z calculated for C33H39N4O5S+ [M+H]+: 603.2636, 
found: 603.2641.

IR (ATR) 3261, 3056, 3027, 2922, 2851, 1618, 1525, 1446, 1290, 
1263, 1144, 1081 cm−1.

m.p. 123–124 ◦C.
Optical rotation mix of A and B: [α]25

D = −0.3000 (c = 0.20, CH2Cl2).
Enzyme assays.
a) Inhibition assay. Rhodesain was expressed as previously 

described [10,27] and human cathepsins B and L were commercial 
(Sigma-Aldrich, 219364 and 219402, respectively). Proteolytic activ-
ities against rhodesain, cathepsin L and cathepsin B were determined 
using a fluorescence-based assay, as previously described [10,27,28]. 
Increase of fluorescence upon cleavage of the fluorogenic substrate Cbz- 
Phe-Arg-AMC (Bachem) was monitored using a TECAN Infinite F200 Pro 
fluorimeter (λ excitation: 380 nm, λ emission: 460 nm). Assays were 
performed in white, flat-bottom 96-well microtiter plates (Greiner bio- 
one) with a total volume of 200 µL consisting of 180 µL assay buffer, 
5 µL enzyme in enzyme buffer, 10 µL DMSO with or without inhibitor, 
and 5 µL substrate. Initial screens were performed at a fixed concen-
tration of 20 µM. Dilution series of active inhibitors with at least seven 
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different concentrations were prepared in duplicates/triplicates and 
fluorescence emission was monitored directly after addition of the 
substrate. For more detailed information, measuring conditions for all 
the proteases are summarized in Table S2).

b) Dilution assays. Previously activated rhodesain (10 µL from 200 
nM solution in enzyme buffer) in assay buffer (8 µL) was incubated for 
10 min with inhibitors (2 µL in DMSO) at concentrations corresponding 
to 10-fold* the IC50 value (or Ki

app value for irreversible inhibitors) ob-
tained from fluorometric enzyme assay to ensure complete inhibition. 
These mixtures (2 µL) were diluted 100-fold in assay buffer (193 µL) and 
substrate (5 µL from 400 µM solution in DMSO). Recovery of enzyme 
activity was measured immediately using a fluorescence readout. Rho-
desain with DMSO (no inhibitor) was used as a blank control, nitrile 
inhibitor [20] was used as a reversible control, and K11777 was used as 
an irreversible control. The results are given in fractional activity of 
uninhibited rhodesain (only DMSO, no inhibitor) used in the same 
experiment as blank control.

*For compounds 14 and 18, 20-fold was used. For the reversible 
control, 100-fold was used.

c) Dialysis experiments. Dialysis experiments for rhodesain were 
performed in a custom-built dialysis chamber [18], allowing the parallel 
examination of five samples. A 13 kDa MW cut-off cellulose tubing was 
used as the dialysis membrane, separating a chamber with continuous 
flow of assay buffer from five cavities at the top of the instrument, where 
the samples were added.

Therefore, rhodesain (25 µL from 80 nM rhodesain in enzyme buffer; 
2 nM end concentration of enzyme) was added to 900 μL of assay buffer 
(containing 0.2 mM of DTT) and 50 μL of DMSO with or without in-
hibitor. Inhibitor concentrations of 10-fold* the IC50 value (or Ki

app) 
during the incubation were chosen to guarantee complete inhibition. 
After incubation for 10 min, the mixtures (800 µL) were transferred to 
the cavities in the instrument and dialyzed against a continuous flow of 
assay buffer containing 0.2 mM of DTT and 5 % DMSO (approximate 
flow rate of 300 mL/h). Aliquots (58.5 μL) were taken in duplicates at 
different time points (0, 10, and 30 min) and substrate (1.5 µL from 400 
µM solution in DMSO; 10 μM end concentration of substrate) was added. 
Enzyme activity was immediately determined by measuring the fluo-
rescence emission. The results are given in fractional activity of unin-
hibited rhodesain (only DMSO, no inhibitor) used in the same 
experiment as blank control. Also, nitrile [20] was used as a reversible 
control and K11777 was used as an irreversible control.

*For the reversible control, 100-fold was used.
Mass spectrometry (MS). Mass spectrometric experiments were 

performed as described before [23,29]. Lyophilized rhodesain was dis-
solved to 10 µM in buffer (pH = 5.5, 50 mM NaOAc, 200 mM NaCl, 5 mM 
EDTA, 5 mM DTT) and incubated at r.t. for 30–60 min to activate the 
enzyme. Afterwards, each inhibitor (dissolved in DMSO) was added to 
100 µL of the solution of activated rhodesain, resulting in 100 µM in-
hibitor with 2.5 % residual DMSO.

The solutions of protein alone or protein-inhibitor complexes were 
desalted by using Zeba Spin Desalting Columns (7 kDa MWCO, 0.5 mL; 
Thermo Fisher Scientific) following the manufacturer’s instructions. On 
the target, desalted sample solutions were mixed 1:1 with a MALDI- 
matrix, using two different methods: method a. Sinapinic acid, satu-
rated solution in ACN/water 1:1 with 0.1 % TFA and/or method b. 1 part 
α-cyano-4-hydroxy-cinnamic acid 20 mg/mL in ACN/5 % formic acid in 
water (70/30) and 1 part 2,5-dihydroxybenzoic acid 20 mg/mL in ACN/ 
1 % TFA in water (70/30) [30]. Then, the mixtures were left in the fume 
hood for cocrystallization (ca. 15 min).

The instrument used for the measurements was a rapifleX MALDI- 
TOF/TOF mass spectrometer (Bruker Daltonik GmbH, Bremen, Ger-
many). It is equipped with a scanning smart beam 10 kHz Nd:YAG laser 
at a wavelength of 355 nm and a 10 bit 5 GHz digitizer. The acceleration 
voltage was set to 20 kV and the mass spectra were recorded in positive 
ion linear mode. Calibration was done with the Bruker protein calibra-
tion standard II in a mass range from 10 to 70 kDa. Samples were 

measured at a laser power of 70–100 % with random walk ionization 
across the sample spot. Rhodesain incubated with compound K11777, a 
known covalent irreversible inhibitor, was used as a control sample.

Data analysis was performed using the open-source software mMass 
[31]. Since [M+H]+ was evaluated, the spectra were cropped to the 
range of 22–27 kDa, and the signal intensity was normalized to the 
highest signal in this range. The baseline was corrected using standard 
settings. The mass shifts (Δm/z) are calculated from the rhodesain signal 
in the negative control subtracted from the adduct peak in the respective 
sample, if present, and compared to the calculated exact mass of the 
inhibitor (mex).

Non-covalent docking. Non-covalent docking using the crystal 
structure of rhodesain with covalently bound inhibitor K11777 (pdb: 
2p7u) was performed to reveal the affinity and geometry of the pre- 
reacted enzyme-inhibitor complexes for all the inhibitors. The in-
hibitors were built based on the K11777 structure using Discovery 
Studio software [32]. The binding site was defined as a gridbox (12.75, 
19.50 and 14.25 Å) around bound K11777. Water molecules present in 
the crystal structure were omitted. Docking calculations were executed 
with Autodock Vina 1.2.5 [33,34]. Visualization of selected docking 
poses was performed with Autodock Tools 1.5.7 [35]. The resulting 
complexes were analyzed using VMD visualization software 1.9.4a53 
[36].

Covalent docking. Covalent docking using the molecular operating 
environment (MOE) [37] was performed as described previously 
[20,23]. Briefly, the rhodesain K11777 complex structure (pdb: 2p7u) 
[38] was protonated in MOE for physiological and assay pH of 5.5. The 
covalently bound ligand was untethered from Cys-25 and the catalytic 
diad protonated to form an ion pair. The covalent molecular docking 
setup was validated by re-docking of K11777 generating 30 poses and 
using the London dG-scoring function and induced fit refinement to 
yield 5 final poses (top1 pose: docking score = − 16.49 and RMSD =
1.4 Å) for further visual inspection. Ligands of interest 11, 15 and 19 
were protonated for pH = 5.5 resulting in positively charged piperazine 
moieties and energetically minimized with the MMFF94x force field 
[39] using MOE. Docking was performed under identical conditions as 
K11777 using the Michael addition reaction (11, 15, 19) and the 
reversible carbonyl reaction to form a hemithioacetal (15, 19). The 
resulting complexes were analyzed using PyMOL visualization software 
3.0.3. [40]. Best scoring poses of 19 resembling the interactions of 
K11777 were subjected to MD simulations.

Molecular dynamic simulations. MD simulations were performed 
as described previously [41,42]. Briefly, non-covalent complex struc-
tures of 19 based non-covalent docking, and Michael addition and 
hemithioacetal-forming covalent docking and untethering the covalent 
bond. Likewise, for comparison K11777 was also untethered and sub-
jected to MD. Rhodesain was protonated using MOE resulting in stan-
dard amino acid protonation states except the catalytic dyad forming the 
ion pair between His-162 (HIP) and Cys-25 (CYM), protonated Asp-57 
(ASH) as described previously [43,44] and protonated His-115 (HIP). 
Ligands were parameterized using the Generalized Amber Force Field 
(GAFF2) [45] with AM1-BCC charges [46] using antechamber [47] of 
the AmberTools24 [48,49]. Complexes including crystallographic water 
molecules were built with tleap and minimized over 200-time steps with 
sander prior neutralization with Na+-ions and adding a TIP3P [50]
waterbox exceeding the protein–ligand complex by 10.0 Å in every 
dimension. MD simulations were performed with NAMD2.14 [51] and 
the AMBER force field (ff19SB) [52]. After 1 ns of equilibration using a 
100–300 K heating protocol with gradually decreasing harmonic con-
straints on protein and ligand atoms, 50 ns of production were per-
formed with an NPT ensemble using periodic boundary conditions and a 
vdW cut-off at 14.0 Å. Rigid bond length allowed time steps of 2 fs. 
Simulations were analyzed using VMD-1.9.3.[36] 1-trajectory (1A) 
MM/GBSA calculations were performed using MMPBSA.py [53] for 50 
ns simulations with an interval of 0.1 ns, GB model igb5 [54] from 
AmberTools and a salt concentration of 0.1 M. If different ligand 
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conformations were observed during MD, time frames were adapted 
accordingly (Table 3).

Author contributions

The manuscript was written through contributions of all authors. All 
authors have given approval to the final version of the manuscript.

CRediT authorship contribution statement

Laura Agost-Beltrán: Writing – original draft, Methodology, 
Investigation. Collin Zimmer: Investigation, Data curation. Hans Joa-
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cysteine proteases rhodesain and TbCatB: A valuable approach to treat human 
African trypanosomiasis, Mini Rev. Med. Chem. 16 (17) (2016) 1374–1391, 
https://doi.org/10.2174/1389557515666160509125243.

[7] D. Steverding, D.W. Sexton, X. Wang, S.S. Gehrke, G.K. Wagner, C.R. Caffrey, 
Trypanosoma brucei: chemical evidence that cathepsin L is essential for survival 
and a relevant drug target, Int. J. Parasitol. 42 (5) (2012) 481–488, https://doi. 
org/10.1016/j.ijpara.2012.03.009.

[8] A. Latorre, T. Schirmeister, J. Kesselring, et al., Dipeptidyl nitroalkenes as potent 
reversible inhibitors of cysteine proteases rhodesain and cruzain, ACS Med. Chem. 
Lett. 7 (12) (2016) 1073–1076, https://doi.org/10.1021/ 
acsmedchemlett.6b00276.

[9] J.T. Palmer, D. Rasnick, J.L. Klaus, D.Y. Bromme, Vinylsulfones as mechanism- 
based cysteine protease inhibitors, J. Med. Chem. 38 (1995) 3193–3196.

[10] T. Schirmeister, J. Kesselring, S. Jung, et al., Quantum chemical-based protocol for 
the rational design of covalent inhibitors, J. Am. Chem. Soc. 138 (27) (2016) 
8332–8335, https://doi.org/10.1021/jacs.6b03052.

[11] L. Zhang, D. Lin, X. Sun, U. Curth, C. Drosten, L. Sauerhering, S. Becker, K. Rox, R. 
L. Hilgenfeld, Crystal structure of SARS-CoV-2 main protease provides a basis for 
design of improved a-ketoamide inhibitors, Science 368 (2020) 409–412, https:// 
doi.org/10.1126/science.abb3405.

[12] Lopes F, Santos MMM, Moreira R. Designing covalent inhibitors: A medicinal 
chemistry challenge. Biomed. Chem., 2012, Chapter 1.2, 44-59. doi: 10.1515/ 
9783110468755-002.

[13] N.V. Mehta, M.S. Degani, The expanding repertoire of covalent warheads for drug 
discovery, Drug Discov. Today 28 (12) (2023) 103799–103837, https://doi.org/ 
10.1016/j.drudis.2023.103799.

[14] B.E. Cathers, C. Barrett, J.T. Palmer, R.M. Rydzewski, pH dependence of inhibitors 
targeting the occluding loop of cathepsin B, Bioorg Chem. 30 (4) (2002) 264–275, 
https://doi.org/10.1016/S0045-2068(02)00009-3.
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5. MALDI-TOF spectra 

MALDI is a soft ionization technique that can discriminate between covalent and non-

covalent binding, as the formation of non-covalent adducts can be suppressed by using 

an acidic matrix. This fact is attributed to the disruption of salt bridges and subsequent 

destabilization of the non-covalent protein-ligand complexes.2 This technique has been 

previously used for verifying the covalency of similar covalent-reversible compounds.3 

In the resulting spectra (S19 to S27), it can be observed a peak corresponding to 

rhodesain (around 23.3 kDa)3 or/and, in case of covalent adduct formation, a peak that 

shows a mass shift corresponding to the mass of the compound bound to rhodesain. In 

most measurements, rhodesain is detected with one dominant and some minor signals; 

this multiplicity can be due to adducts with matrix.3–5 Another possible explanation for 

the multiplicity would be general heterodispersity in polymeric samples. 

 

5.1. Matrix mixture: 1 part α-cyano-4-hydroxy-cinnamic acid with 1 part 2,5-
dihydroxybenzoic acid 

 

Figure S19. Rhodesain without inhibitor (negative control). 
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Figure S20. Adduct between rhodesain and K11777 (Δm/z found = 566 Da 

(mex = 574 Da)). 

 

Figure S21. Adduct between rhodesain and 15 (Δm/z found = 518 Da 

(mex = 534 Da)). 

 

5.2. Matrix: Sinapinic acid 
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Figure S22. Rhodesain without inhibitor (negative control). 

 

Figure S23. Adduct between rhodesain and K11777 (Δm/z found = 574 Da 

(mex = 574 Da)). 

 

Figure S24. Adduct between rhodesain and 11 (Δm/z found = 490 Da 

(mex = 506 Da)). 
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Figure S25. Adduct between rhodesain and 15 (Δm/z found = 517 Da 

(mex = 534 Da)). 

 

Figure S26. Adduct between rhodesain and 19 (Δm/z found = 606 (mex = 602 Da)). 

 

Figure S27. Adduct between rhodesain and 14 (Δm/z found = 513 Da 

(mex = 536 Da)). 

 

6. Docking 
Docking of alcohols 14 and 18 did not provide any rational pose in which the residues 

of the ligand were occupying the pockets (S1’ to S3) of the enzyme and the electrophilic 

carbon was near Cys25.   

The previously co-crystallized reference ligand K11777 was redocked with rhodesain 

(pdb: 2p7u)
6
 to prove that the docking procedures could generate reasonable binding 

modes. As a result, the non-covalent docking provided successful results (Figure S28). 
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3: Substitution-Induced Mechanistic Switching in SNAr-Warheads for Cysteine 

Proteases. 

The principal mode of inhibition by SNAr warheads culminates in the irreversible substitution of a 

leaving group, usually a halogen. This has been investigated for inhibitors of a wide variety of enzymes 

with relevantly reactive cysteines, e.g., proteases and kinases. The underlying reaction path for this 

nucleophilic substitution crosses a non-covalent π- and a covalent σ-complex prior to the elimination of 

the halogen. The required number for electron-withdrawing residues additional to the leaving group on 

these warheads is commonly one or two depending on the targeted nucleophile.125,194,195 Characteristic 

is the irreversible nature of these inhibitors. However, in a previous study, an inhibitor with 

fluorodinitrobenzene warhead positioned at the N-terminus of a dipeptide inhibitor with unchanged  

C-terminus was described to arrest the π-complex as a stable reaction intermediate.251 It was described 

that it had pronounced effect against rhodesain, and that only its ester prodrug was active in 

antitrypanosomal cell culture experiments.  

To probe the SNAr reaction path in this study, different electron-deficient arenes were implemented on 

a peptide backbone with proven affinity towards rhodesain, which was used as the target protease. All 

potential inhibitors were characterized by their in vitro affinity. This showed that two electron-

withdrawing substituents are required for this warhead to show inhibition. It also elucidated the possible 

level of impact by hetarene analogy, halogen exchange and the exact positioning of the warhead. With 

one of the warheads that showed inhibition, a retro-inverso approach was designed for the peptide 

sequence to gain insight on the influence of the backbone, which elucidated a limitation of applicability 

to the initial peptide sequence. For inhibitors 2, 3, and 9 with the most interesting inhibition profiles, the 

modes of inhibition were elucidated in more detail. The inhibition results were combined with data on 

covalency by MALDI-TOF mass spectrometry to distinguish the non-covalent π- from the two covalent 

states. Reversibility was characterized by a dilution assay and apparent kinetics in the inhibition assay 

to distinguish the full substitution reaction from the reversible states. This was complemented by 

quantum mechanical computations of the most probable reaction progresses to identify the possibility 

for stable σ-complexes. Shown by the employed binding mode characterization techniques, the three 

stable intermediates of the SNAr reaction could be captured by the inhibitors, namely a non-covalent 

reversible dinitrophenyl-substituted peptide (π-complex), a covalent reversible fluorodinitrophenyl-

substituted peptide (σ-complex), and a covalent irreversible fluorodinitrobenzoyl-substituted peptide 

(fluoride as the leaving group). For 2, 3, and 9, the selectivity towards the related human cathepsins B 

and L was described, which was similarly high as for the previously described non-covalent inhibitor 

that shared the peptide recognition sequence. The abovementioned discrepancy in the past study between 

inhibition of rhodesain in vitro (free C-terminus) and antitrypanosomal activity (esterified C-terminus) 

was experimentally assessed by describing the impact on passive permeability of these modifications 

on the scaffold under investigation. Indeed, there was a large improvement of permeability through 
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esterification, as assessed by parallel artificial membrane permeation assay, which rationalizes the 

published observations experimentally in the context of esters as suitable prodrug modifications for 

carboxylic acid moieties.616 Taken together, this study expanded the data available on SNAr warheads 

employed against cysteine proteases, by using complementary methods that together can elucidate the 

crucial factors of covalency and reversibility for electrophilic warheads. It could also shed light on 

optimization requirements for cell experiments in the context of increasing permeability. 

Own contribution: Heterologous expression of rhodesain, characterization of the in vitro affinity, 

inhibition kinetics, and selectivity, including inner-filter effect correction, reversibility assessment by 

dilution assay, characterization of the covalency of inhibitor binding by  

MALDI-TOF-MS, reactivity assessment towards a model thiol in an aqueous solution,  

non-covalent docking, assessment of passive permeation by PAMPA, writing and editing of the 

manuscript. 

Contribution from others: Inhibitor synthesis, reactivity study against a model thiolate in an organic 

solvent, quantum mechanical calculation of the reaction progress, writing and editing of the manuscript. 

 

This work was published in Molecules. 

Article reprinted with permission of Molecules 2024, 29(11), 2660, “Substitution-Induced Mechanistic 

Switching in SNAr-Warheads for Cysteine Proteases”, Copyright © 2024 The Authors. Published by 

MDPI. 
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Abstract: The aim of this study was to investigate the transition from non-covalent reversible
over covalent reversible to covalent irreversible inhibition of cysteine proteases by making delicate
structural changes to the warhead scaffold. To this end, dipeptidic rhodesain inhibitors with different
N-terminal electrophilic arenes as warheads relying on the SNAr mechanism were synthesized and
investigated. Strong structure–activity relationships of the inhibition potency, the degree of covalency,
and the reversibility of binding on the arene substitution pattern were found. The studies were
complemented and substantiated by molecular docking and quantum-mechanical calculations of
model systems. Furthermore, the improvement in the membrane permeability of peptide esters in
comparison to their corresponding carboxylic acids was exemplified.

Keywords: electrophilic warhead; SNAr; rhodesain; covalency; reversibility; permeability

1. Introduction
Rhodesain (TbCatL), a key cysteine protease of the deadly human parasite Trypanosoma

brucei, is considered a validated drug target for the treatment of human African trypanoso-
miasis [1–3]. This infectious disease, caused by two regional subspecies of the pathogen,
still poses a burden to countries, mainly in rural central Africa, where 500–1000 people are
newly diagnosed per year and three million people are at risk of contracting the disease [4].
In the past decades, the WHO has taken significant efforts to tackle this problem: while
chemotherapy has proven effective on the individual level, vector control targeting the
transmitting tsetse fly has been effective in controlling the disease spread. This progressed
its “elimination as a public health problem” with the goal of “elimination of transmission”
by 2030 [5]. The ongoing research and clinical trials on this disease still result in the dis-
covery and even approval of novel drugs, and remarkable advances have been achieved
in the last five years in the context of efficacy, application, and side effects (fexinidazole,
approved in 2021, and acoziborole, in phase II/III clinical trials) [6,7].

Protease inhibition in general is a relevant contributor to clinical disease management,
especially for viral infectious diseases such as hepatitis C, acquired immune deficiency
syndrome (AIDS), and COVID-19 [8,9]. In research, the concept is also employed for
autoimmune diseases, and different types of cancer [10]. Due to the high similarity of the
binding sites of cysteine proteases of the papain family (e.g., cathepsins L and S), rhodesain
is an interesting model system for mechanistic investigations on other targets. It can be

Molecules 2024, 29, 2660. https://doi.org/10.3390/molecules29112660 https://www.mdpi.com/journal/molecules
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produced in large quantities in a straightforward fashion using standard molecular biology
methods [11], and in contrast to many commercially available enzymes, it is exceptionally
stable and retains catalytic activity for extended periods and under a variety of conditions.
On a structural level, it possesses the precatalytically deprotonated active-site cysteine of
the CA clan proteases, a highly reactive nucleophile [12].

To address this active-site nucleophile, there are numerous reports on covalent rhode-
sain inhibitors, but data on non-covalent ones are scarce, especially on a mechanistic
level [13–15]. In a previous project on this topic, fluorine- and nitro-substituted arenes as
warheads in combination with a dipeptidic binding motif suitable for rhodesain [16,17]
were identified as a novel class of inhibitors. The SNAr-reaction path—the underlying
principle of the inhibition mode of these compounds—is characterized by multiple stages,
starting with the formation of a non-covalent ⇡-complex between nucleophile and elec-
trophile, followed by the formation of a covalent Meisenheimer-type anion (�-complex) [18].
The anion can be oxidized, yielding the so-called Zimmermann product; the substitution
reaction can take place by elimination of a leaving group, or the addition can revert back
to the original reactants via the ⇡-complex. The application of electron-deficient arenes
in the context of addressing (non-)catalytic cysteines irreversibly through a substitution
reaction has been described on different targets, e.g., peroxisome proliferator-activated
receptors (PPARs) [19], the bacterial enzyme sortase A (SrtA) [20], the fibroblast growth
factor receptor 4 (FGFR4) [21], S6 kinase �2 (S6K2) [22], and DNA methyltransferase 2
(DNMT2) [23]. While the electrophiles look similar to the ones described for rhodesain, the
inhibition mechanism differs substantially. The previously identified arene-based rhodesain
inhibitors surprisingly act via a non-covalent mechanism [17,24]. One of these compounds,
specifically with a free C-terminus, was identified as a highly affine and selective inhibitor
of rhodesain [17]. Initial mechanistic experiments and theoretical investigations pointed
to a nucleophilic attack onto the arene that only progresses until the ⇡-, rather than the
�-complex [17]. MALDI-TOF mass spectrometry (MS) later provided further experimental
validation that the reaction stops at the non-covalent ⇡-complex [24]. Its effect is supported
by anti-trypanosomal data from a cell-based assay and has been explained by the prodrug
concept in the context of cell permeability [17].

As a follow-up, we now conducted a systematic structure activity relationship (SAR)
study to further elucidate the criteria for affinity and to assess the prerequisite electrophilic-
ity necessary to stop the described reaction on either intermediate on the reaction path
to a complete (and irreversible) SNAr reaction. The inhibition of rhodesain was assessed
using classical fluorimetric substrate displacement assays. The covalency of binding was
investigated using matrix-assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF-MS) with an acidic matrix to suppress the formation of non-covalent
complexes. The (ir)reversibility of inhibition was shown, and the experimental findings
on covalency and reversibility were substantiated by quantum-mechanical (QM) calcula-
tions and docking to suggest explanations on a molecular level. For the most interesting
compounds, selectivity against related human cysteine proteases was investigated. Further-
more, experimental reasoning for the observed anti-trypanosomal activity of ester derivates
in a cellular context is given with results from a parallel artificial membrane permeability
assay (PAMPA).

2. Results
2.1. Design and Synthesis

To investigate binding orientation and inhibition modes, two strategies were followed:
(A) We used the general structure of Ar-Phe-Leu-OH, relating to the dipeptide phenylalanine-

leucine, with “Ar” being an electron-deficient arene attached to the Phe-N-terminus,
and “-OH” signifying the free carboxylic acid at the C-terminal leucine (Figure 1a). With
this, we expanded the SAR study for the arene moiety of the not-yet-explored acid
counterparts of the previously described esters (compounds 1–12) [17]. Starting from
an arene with only one electron-withdrawing substituent, the influence of substituent
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number, identity, and position, and the presence of an adequate leaving group were
investigated in an effort to observe differences in interaction with the nucleophilic
thiolate in rhodesain.

(B) Employing the concept of retro-inverso peptides [25,26], we combined homopheny-
lalanine (hPhe, a strong interactor with rhodesain’s S1 subpocket) and Ala (an ex-
pected weak interactor) in an inverted sequence and chirality. With this, we wanted
to further probe the directionality of ligand binding (compounds 13–16). Addition-
ally, we transferred the motif of N-terminal, electron-deficient arene and unprotected
C-terminus onto the dipeptide of the known irreversible pan-cathepsin inhibitor
K11777 [27] (Phe-hPhe) and the respective retro-inverso derivate (compounds 17–18).
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All inhibitor candidates were synthesized using known strategies [17]. We started 
from the commercially available N-(carbobenzyloxy)-L-phenylalanine and L-leucine tert-
butyl ester hydrochloride, which were linked using standard coupling procedures. After 
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(SI)). The free carboxylic acid was then obtained via trifluoroacetic acid-promoted ester 
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Figure 1. (A) Starting from the lead compound I [17], an SAR study was performed investigating the
effect of the electrophilicity and leaving group properties of the N-terminal arene “Ar” of the Ar-Phe-
Leu-OH scaffold. (B) Dipeptidic motifs (based on Ala-hPhe and Phe-hPhe) with inversed sequence
and/or chirality (retro-inverso) were employed to assess the binding directionality. (C) Schematic
representation of two possible orientations in which the electrophilic arene interacts with the catalytic
Cys-25 (inhibitor C-terminus as red circle, arene as cyan hexagon). Protein subpocket nomenclature
after Schechter and Berger [28] (created using BioRender.com).

All inhibitor candidates were synthesized using known strategies [17]. We started
from the commercially available N-(carbobenzyloxy)-L-phenylalanine and L-leucine tert-
butyl ester hydrochloride, which were linked using standard coupling procedures. After
hydrogenolytic deprotection of the N-terminus, the warheads were attached using different
reaction conditions (for further information, we refer to the Supporting Information (SI)).
The free carboxylic acid was then obtained via trifluoroacetic acid-promoted ester cleavage
(Scheme 1).
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Scheme 1. Synthesis of the tested peptides. Yields and detailed reaction conditions can be found in 
the SI. 
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steps. The detailed procedures for the preparation of these compounds can be found in 
the SI. 

2.2. Inhibition Assay 
Inhibition of rhodesain was assessed using Z-Phe-Arg-AMC as a fluorogenic sub-

strate [29]. IC50 or KIapp were determined depending on the time dependency of the pro-
gress curves. Because a competitive mode of inhibition can be assumed [17], Ki (for re-
versible inhibition) and KI (for irreversible inhibition) were calculated using the Cheng–
Prusoff equation [30]. Selectivity towards human cathepsins L and B (HsCatL, HsCatB) 
was assessed for the most active compounds. The results can be found in Table 1. 

Table 1. Overview of inhibition data (rhodesain) for synthesized compounds. Results are averages 
including standard deviation of at least two replicates for all compounds. 

Compound Ki or KI [nM] Compound Ki or KI [nM] 
1 (39 ± 4) × 103 10 (14 ± 2) × 103 

2 # 2.8 ± 0.2 11 (13 ± 2) × 103 
3 # 1.9 ± 0.1 12 (25 ± 4) × 103 
4 (17 ± 2) × 103 13 (13 ± 1) × 103 
5 (44 ± 5) × 103 14 (27 ± 2) × 103 
6 (102 ± 9) × 103 15 (22 ± 4) × 103 
7 (50 ± 4) × 103 16 (13 ± 2) × 103 
8 (30 ± 3) × 103 17 (6 ± 0) × 103 

9 * (53 ± 7) × 103 18 (12 ± 1) × 103 
I # 4.0 ± 1.3 [17]  

# = Selectivity indices calculated as [Ki (off-target)/Ki (main target)] towards both HsCatL and HsCatB 
were >1800 and >2600 for 2 and 3, respectively, and >375 for I (published data [17]); * = irreversible 
inhibition, kinact = 0.022 ± 0.002 s−1, and k2nd = (4.1 ± 0.6) × 102 M−1s−1. 

An interesting observation is that the number of strongly inhibiting arene motifs is 
highly limited. The strongest inhibition was displayed by compounds 2 and 3, showing Ki 
values in the single-digit nM range. They showed the previously described [17] high de-
gree of selectivity towards the investigated human off-target cathepsins, which seems to 
be characteristic of the most active inhibitors. All but compound 9 showed linear progress 

Scheme 1. Synthesis of the tested peptides. Yields and detailed reaction conditions can be found in
the SI.

We tried to utilize solid-phase synthesis for the preparation of the homophenylalanine-
bearing dipeptides. However, this strategy suffered from low yields for two substrates and
failed to deliver the envisioned product in one case. We therefore reverted to the previous
approach, which worked for all depicted molecules in good yields over four steps. The
detailed procedures for the preparation of these compounds can be found in the SI.

2.2. Inhibition Assay
Inhibition of rhodesain was assessed using Z-Phe-Arg-AMC as a fluorogenic sub-

strate [29]. IC50 or KI
app were determined depending on the time dependency of the

progress curves. Because a competitive mode of inhibition can be assumed [17], Ki (for
reversible inhibition) and KI (for irreversible inhibition) were calculated using the Cheng–
Prusoff equation [30]. Selectivity towards human cathepsins L and B (HsCatL, HsCatB) was
assessed for the most active compounds. The results can be found in Table 1.

Table 1. Overview of inhibition data (rhodesain) for synthesized compounds. Results are averages
including standard deviation of at least two replicates for all compounds.

Compound Ki or KI [nM] Compound Ki or KI [nM]

1 (39 ± 4) ⇥ 103 10 (14 ± 2) ⇥ 103

2 # 2.8 ± 0.2 11 (13 ± 2) ⇥ 103

3 # 1.9 ± 0.1 12 (25 ± 4) ⇥ 103

4 (17 ± 2) ⇥ 103 13 (13 ± 1) ⇥ 103

5 (44 ± 5) ⇥ 103 14 (27 ± 2) ⇥ 103

6 (102 ± 9) ⇥ 103 15 (22 ± 4) ⇥ 103

7 (50 ± 4) ⇥ 103 16 (13 ± 2) ⇥ 103

8 (30 ± 3) ⇥ 103 17 (6 ± 0) ⇥ 103

9 * (53 ± 7) ⇥ 103 18 (12 ± 1) ⇥ 103

I # 4.0 ± 1.3 [17]
# = Selectivity indices calculated as [Ki (off-target)/Ki (main target)] towards both HsCatL and HsCatB were
>1800 and >2600 for 2 and 3, respectively, and >375 for I (published data [17]); * = irreversible inhibition, kinact =
0.022 ± 0.002 s�1, and k2nd = (4.1 ± 0.6) ⇥ 102 M�1s�1.

An interesting observation is that the number of strongly inhibiting arene motifs is
highly limited. The strongest inhibition was displayed by compounds 2 and 3, showing
Ki values in the single-digit nM range. They showed the previously described [17] high
degree of selectivity towards the investigated human off-target cathepsins, which seems to
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be characteristic of the most active inhibitors. All but compound 9 showed linear progress
curves, indicating fast-reversible inhibition (Figure 2). The irreversibility of inhibition for
compound 9 was proven by dilution assays (SI-Figure S6) as described in the literature [29].
The degree of covalency and therefore a distinction between ⇡- or �-complex formation
in the inhibited state of the complex between rhodesain and 2 or 3 cannot be made with
this data alone, but is further assessed below (Sections 2.3 and 2.5). Consequently, the
results in Table 1 indicate that from an electrostatic view, aniline derivatives with two
nitro groups as strongly electron-withdrawing substituents in the absence or presence
of an additional fluorine substituent as a suitable leaving group are necessary for strong
reversible inhibition (e.g., cpd. 2 and 3). From the benzamide derivatives, compound 9
with fluoro-dinitro-substitution shows time-dependent progress curves in the inhibition
assay and undergoes an irreversible reaction with rhodesain.
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Figure 2. Progress curves (left) and IC50 determination for the time-independent inhibitors 2 and
3, and kobs-[I] diagram, KI

app, and kinact for the irreversible inhibitor 9 (right); “n” is the number of
replicate measurements for each depicted concentration.

The explanation for high-affinity binding with strong inhibition and a distinction
between covalent or non-covalent modes of inhibition is naturally based on multiple
aspects. Reasoning can, for example, be based on electrostatic properties as prerequisites
for the nucleophilic attack, but also on the presence of a suitable leaving group, favorable
positioning inside the active site, and optimal bond geometries during transition states.
All are important factors in deciding about stable complexes, covalent bond formation,
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and substitution. By discussing electrostatic and leaving group properties, the following
structure–activity relationships can be inferred. Starting from aniline as the arene portion,
substituents with increasing electron-withdrawing properties were employed. First, the
mono-nitro-substituted products (ortho- (1) and para- (4); meta- was not easily accessible)
were evaluated; they did not show inhibition. Second, an additional fluorine atom was
installed as a �I substituent and a potential leaving group (5), which also did not result
in inhibition. Following the analogy of replacing nitro groups with ring nitrogen [31],
while simultaneously exchanging fluorine with chlorine (6), did not produce an active
inhibitor either. Only after transitioning to the dinitro-substituted anilines with or without
an additional fluorine substituent (2 and 3) was strong inhibition observed again with a
time-independent character. The Ki values obtained were in the single-digit nM range as for
the previously reported fluoro-dinitro-bearing inhibitor I (compare Table 1 and Figure 2).
Exchanging the fluoro-dinitro-aniline with a benzamide motif (9), thereby exchanging the
+M-amine nitrogen with a �M-carbonyl substituent, resulted in a drop in affinity, but
interestingly in the only compound showing time-dependent inhibition in the series. This
is due to irreversible inhibition of rhodesain (compare Figure 2 and SI-Figure S6). A similar
substitution of the aniline with a benzamide motif while retaining a monofluoro-mononitro
substitution (10 and 11) was ineffective. Likewise, limiting the electron-donating effect of
the aniline nitrogen by transformation to a urea motif on a monofluoro-mononitro scaffold
did not produce an active inhibitor (7). A chlorine-substituted hetarene carboxamide (8)
also did not yield relevant inhibition. Moreover, the exchange of fluorine with chlorine
on the fluoro-dinitrobenzamide scaffold (12) also abolished the time-dependent mode of
inhibition, indicating that a substitution reaction with chloride as leaving group does not
take place.

Validating experiments regarding the inner-filter effect and reactivity towards unspe-
cific nucleophiles are depicted in the SI (SI-Figures S1–S5). Most compounds of the aniline
series show a relevant inner-filter effect at concentrations exceeding 10 µM, which was
considered in the performed calculations. In contrast to compounds 2 and 3, compound 9
shows relevant reactivity towards unspecific nucleophiles (water and DTT) over the course
of minutes to hours, which underlines its high electrophilicity.

2.3. Mass Spectrometric Analysis
Using MALDI-TOF-MS, differentiation between non-covalent and covalent ligand-

target complexes is possible if acidic matrices are used that interfere with ionic and dipole
interactions (i.e., suppress non-covalent interactions) [32]. Using this method, the non-
covalent inhibition mechanism of lead compound I was proven, as no adduct could be
detected by MALDI-TOF MS, but a respective adduct peak was detected using the native
ESI-MS technique, which allows for the detection of non-covalent complexes [17,24].

The MALDI method was applied to the novel compounds (Figure 3). For 2, no adduct
was found using MALDI-TOF-MS, advocating for the dominant formation of the non-
covalent ⇡-complex. For 3, the constitutional isomer of I, an adduct corresponding to
the mass of the inhibitor was observed, indicating the formation of a covalent �-complex,
but not the elimination of any leaving group. This difference can be explained by the
relative substitution pattern with the assumption that the ipso-carbon of the fluorine is the
most electron-deficient one (as shown by the reaction of 3 and 9 with other nucleophiles;
SI-Figures S2–S4). In I, the electron density on the fluorine-substituted aryl-carbon is
expected to be higher than in the novel compound with a changed substitution pattern. The
o,p-dinitro pattern in 3 can more effectively withdraw electron density than the m,p-dinitro
pattern in I, leading to the conclusion that the predominant inhibition product of 3 under
assay conditions is the �-complex depicted below. In addition to differences in electron
distribution, unfavorable geometries can affect �-complex formation or later prohibit the
full progression of the substitution. An adduct was also found for 9, albeit with a shift lower
than the mass of the inhibitor, indicating both the formation of the covalent bond and the
full substitution of fluoride, which is in line with its irreversible inhibition data (Figure 3),
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its reactivity towards other nucleophiles (SI-Figures S2–S4), and the quantum-mechanical
calculations explained below (Section 2.5).
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Figure 3. MALDI-TOF-MS (sinapinic acid matrix) with calculated and experimentally determined
mass shifts, and depiction of assumed reaction products; “calculated DM” states mass shifts for
possible SNAr products. For “experimental DM”, mean m/z of the most dominant shifted peak for
each of the compounds was subtracted from mean m/z of rhodesain [M+H]+; replicate measurements
for each compound are indicated as “n = x”.

2.4. Docking
All tested compounds were docked into the active site of rhodesain (pdb: 2p7u [33])

using LeadIT. For each compound, the 10 poses ranked highest were manually inspected
to identify common binding features. Besides general positioning, the minimal distance
between the catalytic thiolate of rhodesain’s Cys-25 and any arene carbon (as proxy for
⇡-complex formation) or halogen-bound carbon (expected point of attack for �-complex
formation) was calculated using Pymol.
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As expected, two major orientations can be described (substrate or inverse-substrate
orientation), with the arene positioned in either the S2 or S10 pocket, respectively (shown for
I, 2, 3, and 9 in Figure 4). In all benzamide-type and urea-containing inhibitors, the arene
was reliably placed in the S2 pocket with substrate orientation. The aniline-derived series
can adopt both orientations with different preferences depending on the arene employed.
For 2 with an arene warhead in S10, the Phe side chain is positioned into the S1 pocket,
while Leu is placed into the S2 pocket. The smallest predicted distance between Cys-25 and
an arene-carbon is 3.0 Å. The same general orientation is adopted by I, with the smallest
distance of 3.5 Å, and the distance between Cys-25 and the fluorine-bound carbon is 4.8 Å
(oriented away). For 3, the arene is in the S2 pocket with a more substrate-like binding
orientation of side chains with a frontal C-terminus. The smallest Cys-25/arene distance
here is 3.2 Å and the distance to the fluorine-bound carbon is 4.2 Å, oriented more towards
the cysteine compared to I. The predicted unfavorable arene position in terms of C-F to
Cys-25 distance in I compared to 3 can be another argument for the observed difference in
the covalency of the inhibition complex (⇡- vs. �-complex). Compound 9 is also positioned
in the substrate-like orientation with arene in S2, but with larger distances to Cys-25 (3.9 Å
as minimal distance to the arene and 4.9 Å to the fluorine-bound carbon), which might be a
reason for the observed drop in affinity. The same argument holds true for chlorine analog
12 (SI-Figure S7B).
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Figure 4. Representative predicted docking poses for compounds 2, 3, 9 (in pink), and I (in blue) in
the active site of rhodesain (pdb 2p7u [27]). Catalytic Cys-25 is depicted as sticks (yellow), and the
rest of the binding site as a surface with labeled subpockets (gray).

Inferring from the docking poses, high degrees of inhibition can be achieved by
engaging the active site in both orientations, but it seems like covalently addressing the
catalytic cysteine is more easily achieved from the S2 pocket in the substrate orientation
than from the S10 site in inverse orientation (with a sufficiently electrophilic arene). This
hypothesis requires verification by crystallographic experiments and/or simulations that
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take the enzyme flexibility into account, but it indicates a second layer of reason in addition
to electron deficiency of the arene as to why some compounds react covalently, while
others bind non-covalently. Interestingly, the compounds with N-terminal (R)-hPhe-based
peptidic sequences might be unfavorable in general, as they can force the neighboring
arene away from Cys-25 (as depicted for 18 in SI-Figure S7A), indicating why they were
inactive in the assays.

2.5. Quantum-Chemical Calculations
To explain the inhibition mechanisms observed using mass spectrometric analysis,

we performed quantum-chemical calculations on compounds I, 2, 3, and 9 reacting with a
methyl thiolate nucleophile. As shown in Figure 5, we first calculated the ⇡-complexes of
the compounds, which were all very similar in energy (compared to the separated reac-
tants). We chose to compare the electronic energies obtained in the calculation because in
an enzymatic environment a non-covalent complex is formed prior to the reaction and the
bond formation occurs without the entropic penalty. The corresponding free energy reac-
tion paths are shown in SI-Figure S8. Compounds I, 3, and 9 are able to react in the defined
SNAr reaction, while compound 2, which does not contain a fluorine substituent, remains
in the non-covalent ⇡-complex. The energy barrier associated with the nucleophilic attack
(TS1), leading to the formation of the Meisenheimer/�-complex, is highest for compound I,
followed by compound 3. Additionally, the �-complex of I is less stable than the ⇡-complex
(DE = +9 kJ·mol�1), causing this inhibitor to remain in a non-covalent complex with rhode-
sain. The arene with the highest number of electron-withdrawing groups, compound 9,
yields the lowest energy barrier for the formation of the �-complex (DE = +23 kJ mol�1).
The resulting Meisenheimer complex is exothermic, with DE = �49 kJ mol�1, and by cross-
ing a small barrier (TS2, DE = �24 kJ mol�1), the strongly exergonic substitution product
is obtained. Thus, our calculations closely match the experimental observations of an
irreversible reaction of 9 with rhodesain. For compound 3, the �-complex is calculated to
be slightly exothermic, with DE = �13 kJ mol�1, with a barrier of DE = +6 kJ mol�1 for TS2.
Our QM model calculations suggest that both compounds 3 and 9 would react irreversibly.
However, the enzymatic environment can strongly influence warhead reactivity patterns, as
seen for (fluoro)vinylsulfones [24]. Consequently, for 3, the substitution might not be able
to proceed completely due to enzymatic interactions, as discussed in the mass spectrometry
section. In conclusion, although our QM calculations are not able to depict the influence of
the enzymatic environment, they can provide insights into the intricate reactivity patterns
of electron-deficient arenes with a thiolate.

2.6. Parallel Artificial Membrane Permeability Assay (PAMPA)
For the presented class of inhibitors, cell data are available for carboxylic acid I and its

ester [17]. While being highly active against rhodesain, the free acid did not show strong
effects in cell-based assays, in contrast to its ester, which did not inhibit isolated rhodesain
but exhibited notable anti-trypanosomal activity [17]. Due to its higher lipophilicity, the
ester was reasoned to be cell-permeable, releasing free acid as a highly potent rhodesain
inhibitor after hydrolysis. The carboxylic acid is then trapped inside the cell due to its
charge (cpKA is 4.8 for 2 and 5.2 for 3 [33]). By the same argument, the free acid cannot enter
the cells efficiently under cell culture conditions (pH = 7.4). To experimentally substantiate
this hypothesis, we compared the passive permeability of the compounds as carboxylic
acids (2 and 3) and as tert-butyl esters (20 and 21) using a standard PAMPA setup with
propranolol and methotrexate as suitably well- and poorly permeable control substances,
respectively, and candesartan and candesartan cilexetil as a comparative model for an
acid–ester drug/prodrug pair (Table 2).
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Table 2. Determined and literature permeabilities for the compounds under investigation. “Papp =
apparent permeability”. Error is only given for compounds that displayed detectable permeation (n
for all compounds was �2). “-” = No literature value available.
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As expected, all esters (candesartan cilexetil, 20 and 21) clearly show increased per-
meability over their acid counterparts. Generally, limited permeability is not uncommon
for peptidic compounds, even with blocked termini [38,39]. In this context, the strong
increase in permeability from 2 to 20 is remarkable. These findings experimentally clarify
the previous observation in cell cultures for the acid–ester pair of I (EC50 of 20 µM vs.
100 nM) [17].

3. Discussion
To further investigate the mode of inhibition for dipeptidic rhodesain inhibitors car-

rying an N-terminal electrophilic arene as a warhead and an unprotected C-terminus, we
investigated 18 different compounds following two strategies. By modulating the arene
warhead (compounds 1–12), we identified two highly affine and selective reversible in-
hibitors with Ki values of 2.8 and 1.9 nM (2 and 3) and an irreversible inhibitor with a k2nd
value of 4.1 ⇥ 102 M�1s�1 (9). Focusing on a distinction between the SNAr intermediates of
non-covalent ⇡-complex (2), covalent reversible �-complex (3), and irreversible substitution
(9), we identified a representative substitution pattern for the warhead that mediates each
of these steps as the predominant binding state, which was experimentally proven by
MALDI-TOF mass spectrometry, clarifying binding stability in the context of covalent bond
formation. This was underlined by quantum-mechanical calculations, indicating that these
are indeed the energetically most favorable states in each case. While they all form an ener-
getically similar ⇡-complex, only 3 and 9 showed an exothermic �-complex for the attack
at the fluorine-bound carbon. The retro-inverso approach (compounds 13–18) underlined
that the peptidic sequence and exact positioning of the arene is also a sensitive deciding
factor for affinity. Molecular docking simulations elucidated favorable orientations that
also suggested two different engagement possibilities between arene and Cys-25 through
either the S2 or S10 pocket, adding indications for covalent engagement of the catalytic
cysteine. Finally, PAMPA was used to prove that the C-terminal esters have markedly
increased membrane permeability than their acid homologs, providing explanation for the
difference in anti-trypanosomal effect described previously.

4. Materials and Methods
See also Supplementary Materials.

4.1. Enzyme Sources
Rhodesain was heterologously expressed from P. pastoris as described in the liter-

ature [11,29], which is described in detail in the SI. Human cathepsins L and B were
commercially available from EMD Millipore (Burlington, MA, USA).

4.2. Enzyme Assays
Fluorimetric enzyme assays were performed as described in the literature [29]. Infor-

mation regarding buffers, concentrations, the employed substrate, as well as data analysis
for linear and non-linear regression is given in the SI. In short, the cleavage of a fluorogenic
substrate by the protease of interest is detected in the presence of different concentrations
of inhibitors. After regression, apparent values (IC50 and KI

app) were obtained, which were
then mathematically corrected to comparable affinity values (Ki and KI). For the irreversible
compound with non-linear regression, the kinetic kinact value was also plotted, from which
k2nd was calculated.

4.3. MALDI-TOF Mass Spectrometry
Protein mass spectrometry was performed as described before [24], but also described

in detail in the SI. In short, rhodesain was incubated with a surplus of inhibitor under con-
ditions similar to those of the enzyme assays described above to enable complex formation.
This sample was desalted and then incorporated into a sinapinic acid matrix, which was
then subjected to mass spectrometry. Data analysis was performed using mMass [40].
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4.4. PAMPA
The principle is described in the literature [41], and the details are described in the SI.

An artificial membrane consisting of phosphatidylcholine dissolved in n-dodecane was
employed to control equilibration between two connected aqueous compartments, of which
one contained the compound of interest. This model for compound permeation through a
cell membrane was incubated, and the resulting concentration in the acceptor compartment
was quantified spectroscopically.

4.5. Docking
The non-covalent docking was performed according to the literature [17] using FlexX,

with details described in the SI.

4.6. QM Calculations
All calculations were performed using the ORCA 5.0.4 program package [42]. Geome-

try optimizations were performed using !B97X-D3 [43,44] \ma-def2-SVP [45,46] with Au-
toAux auxiliary basis sets [47]. All stationary points were confirmed by frequency analysis,
and implicit solvation in water was included using the CPCM solvation method [48]. Free
energies included a concentration correction resulting from the change in standard states
going from gas phase to condensed phase [49,50]. The structures depicted in SI-Figure S9
were utilized as model compounds, with methyl thiolate as the model nucleophile.

4.7. Synthetic Procedures
The general procedure for the synthesis of these compounds is shown here. For the

detailed procedures as well as the analytical data, we refer to the Supporting Information.
Unless stated otherwise, all solvents and reagents were obtained from commercial suppliers
and used without prior purification.

4.8. General Procedure for Amide Coupling (GP1)
To a round-bottom flask, benzyloxycarbonyl (Cbz)-protected amino acid (1.01 Eq.), hy-

droxybenzotriazole monohydrate (HOBt·H2O 1.01 Eq.), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC·HCl, 1.01 Eq.), 4-dimethylaminopyridine (DMAP, 1.01
Eq.), and the hydrochloride of the corresponding tert-butyl-protected amino acid (1.0 Eq.)
were added and dissolved in dry dichloromethane (DCM, ca. 0.1 m). Triethylamine (2.0 Eq.)
was added, and the mixture was stirred for 12 h. After the addition of water (20 mL), the
phases were separated, and the organic phase was washed with saturated ammonium
chloride solution. Afterwards, the organic phase was dried over sodium sulfate (Na2SO4),
filtered, and the solvent removed under reduced pressure. The product was used without
further purification.

4.9. General Procedure (GP2) for the Deprotection of Cbz-Protected Amines
In a round-bottom flask, the Cbz-protected amine was dissolved in ethanol (EtOH) or

tetrahydrofurane (THF), and 10 wt% of Pd/C (5 wt%) was added. The flask was evacuated
and flushed with hydrogen three times and then stirred under a slight overpressure of
hydrogen until TLC showed full conversion of the starting material (roughly one hour in
ethanol and 24 h in THF). The reaction mixture was filtered through celite, and the solvent
evaporated.

4.10. General Procedure (GP3) for the SNAr
To a 0.1 m solution of the amine in ethanol, the corresponding aromatic compound

(1.0 Eq.) was added. N,N-Diisopropylethylamine (DIPEA, 2.0 Eq.) was added, and the
reaction mixture was stirred until TLC showed full conversion. Twice as much water as
ethanol was added, and the resulting mixture was extracted three times with ethylacetate
(EtOAc, roughly the same volume as the ethanol used). The combined organic extracts
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were dried over Na2SO4, and the solvent was removed under reduced pressure. The crude
product was purified using flash column chromatography.

4.11. General Procedure (GP4) for the Deprotection of Tert-Butyl-Protected Acids
To an ice-cold solution of the corresponding ester in DCM (1 m), trifluoroacetic acid

(TFA, 50 Eq.) was added. The reaction mixture was stirred for 3 h at rt, and the solvent
was removed under reduced pressure. Traces of TFA were removed via co-evaporation
with toluene. The crude product was purified using either column chromatography or
preparative HPLC.

4.12. General Procedure (GP5) for Solid-Phase Synthesis
4.12.1. Loading and Capping

In total, 3.7 g chlorotriethylchloride resin was washed with DCM for 30 min and the
DCM was filtered. The fluorenylmethoxycarbonyl (Fmoc)-protected amino acid (0.81 mmol)
was dissolved in 100 mL of a 4% collidine/DCM mixture and added to the resin. The
mixture was shaken for 12 h, the solvent filtered, and the resin washed three times with
25 mL DCM.

Then, 20 mL of a capping solution (DCM/MeOH/DIPEA, 17:2:1) was added and
stirred for 1 h at rt. The solvent was filtered, and the resin was washed four times with
20 mL DCM and dimethylformamide (DMF).

4.12.2. Determination of the Loading
Here, 1.5 mg of the resin was shaken in 1 mL of a 20% piperidine/DMF mixture for

30 min. The solution was filtered and diluted with 5 mL of methanol (MeOH). The mixture
was then transferred to a cuvette. The absorption spectrum was measured, and the loading
B was calculated using the following equation:

B =
A289nm ⇥ V

"289nm ⇥ d ⇥ m
(1)

4.12.3. Coupling on the Solid Phase
The resin was washed three times with 20 mL DMF and then shaken for 1 h with 20 mL

of a 20% piperidine/DMF solution. The solvent was filtered and a solution consisting of
the corresponding amino acid (5.0 Eq.), HATU (4.5 Eq.), and HOAt (4.5 Eq.) in 20 mL of a
20% piperidine/DMF was added, and the mixture was shaken for 12 h.

4.12.4. Capping and Fmoc Deprotection
The resin was filtered from the solvent and washed three times with the same volume

of DMF and then three times with 25 mL DCM. Then, 20 mL of the capping solution was
added and shaken for 1 h at rt. The solution was filtered, and the resin was washed four
times with 20 mL DCM and DMF. In total, 20 mL of a 20% piperidine/DMF mixture was
added and shaken for 1 h. The resin was again washed five times with 20 mL DMF and
three times with DCM.

4.12.5. Aromatic Substitution and Cleavage from the Resin
1,3-Difluoro-4,6-dinitrobenzene (363 mg, 1.78 mmol, 2.2 Eq.) in 20 mL EtOH was

added to the resin. DIPEA (0.28 mL, 1.62 mmol, 2.0 Eq.) was added and shaken overnight
at rt. The solution was filtered, and the resin washed three times with 20 mL DCM. The
resin was dried for 1 h and shaken with a mixture of 18 mL TFA, 1 mL H2O, and 1 mL
triisopropylsilane for 3 h. The mixture was filtered and removed under reduced pressure.
The crude product was purified using preparative HPLC.
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Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/molecules29112660/s1: Inner-filter-effect analysis and spectroscopic char-
acteristics (SI-Figure S1); Stability measurements towards general substitution reactions (SI-Figures
S2–S5); Reversibility assessment (SI-Figure S6); Discussion on inactive compounds from strategies A
and B with a focus on positional reasoning (SI-Figure S7); Quantum-mechanical free-energy calcula-
tions (SI-Figure S8); Methods for assays and QM calculations (SI-Table S1, SI-Figure S9, SI-Table S2);
Synthetic procedures and compound characterization (NMR Spectra 1–115), Cartesian coordinates of
QM calculation structures. References [40–57] are also cited in Supplementary Materials.
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Inner-filter effect and spectroscopic characteristics 
 
Since especially the aniline-derivatives were found to have relatively low-energy absorption maxima, e.g., 

due to a p-nitro-aniline push-pull system (compare SI-Figure S1A), the inner filter effect must be ruled 

out as an influencing factor for the inhibition data.  

To this end, fluorescence of free AMC (λex = 380 nm, λem = 460 nm; 10 µM in assay buffer) was measured 

in absence and presence of inhibitor and the resulting reduction in fluorescence was analyzed for the 

potential to influence kinetic measurements of inhibition. The effect is independent on the concentration 

of AMC, but dependent on the concentration of the inhibitor, therefore different concentrations of the latter 

were assessed (compare SI-Figure S1B) [1]. 

It is evident that while the nitro-anilines have the potential for assay interference, this problem does only 

occur at high concentrations (≥10 µM), which was taken into account for affinity calculations (see the 

method for the cathepsin assays). For compounds 2 and 3, the inhibition results were not mathematically 

corrected since the correction of assay output ([FU/s]) for each inhibitor concentration <10 µM would only 

have been <5 %. By analysis of the UV-spectra of 2 and 3, it is evident that their influence at higher 

concentrations is mainly by primary inner-filter effect (absorption of exciting light), and only to a lesser 

extent by secondary inner-filter effect (absorption of emitted light) [2]. Even though 9 causes fluorescence 

interference at highest concentrations (8% at 500 µM and 23% at 1000 µM), this does not need to be 

corrected for in the utilized time-dependent mode of evaluation (therefore not depicted). 
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A 

 
B 

 
SI-Figure S1: (A) Absorption spectra of 2, 3 and 9 with different concentrations, visualizing a potential need for mathematical 
correction at high concentrations for nitroanilines. (B) Experimental proof that mathematical correction of attenuation of AMC 
fluorescence is only necessary for inhibitor concentrations ≥10 µM. For 2 and 3 at 10 µM attenuation of fluorescence signal 
is 14 and 11 %, respectively. At concentrations relevant for IC50 evaluation, no relevant interference is detected. 

 
Stability measurements towards general substitution reactions 
 
2, 3 and 9 (from 20 mM stock solutions in DMSO) were diluted into NH4OAc buffer (pH 5.5) to final 
concentrations of 100 µM, 125 µM or 1 mM and incubated in buffer alone or in presence of as much DTT 
as present in the fluorimetric rhodesain assay and the MALDI-TOF experiment, respectively. This was 
recorded with absorption spectroscopy (results depicted in SI-Figure S2) on a Tecan Spark 10M plate 
reader in UV-transparent 96-well plates (Greiner UV-Star®, 655801, 200 µL volume per sample) or with 
LCMS (see “measurement setup for LCMS” as described under the method for PAMPA; results depicted 
in SI-Figure S3). 
The aniline derivates 2 and 3 show no relevant tendency towards either side reaction in an aqueous 
system at pH 5.5 over the course of the time necessary for the employed assays. There is a small 
difference detectable in reactivity of 3 with 5 mM DTT: a slight but time-dependent change in UV-spectrum 
was found where the maximum at 265 nm decreased in intensity, indicating a small degree of degradation 
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that is not observed with lower DTT concentration or with 2 at all. The formation takes place on a much 

larger timescale as the time for detection in the assays (minutes vs. hours) and is therefore irrelevant to 

the performed evaluations. 

However, 9 shows a clear time-dependent change in its UV-spectrum and analysis of the reaction by 

repeated LCMS analysis indicates the formation of the phenol (substitution of fluoride) over the course of 

hours. This also seems to happen in the DMSO stock solution to a small degree after some usage 

(explains the presence of phenol at 0 min). Accordingly, in presence of DTT, both the phenol and the 

thioether are detected by MS for this compound. 

 

SI-Figure S2: Time-dependent absorption spectra for 2, 3 and 9 indicating the instability of 9 towards both water and DTT 

even at slightly acidic pH = 5.5. Spectra for 9 were buffer-corrected prior to display. 
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SI-Figure S3: Time-dependent degradation of 1 mM 9 to the putative phenol (∆m/z = −2 Da was interpreted as a F→OH 

exchange) in presence of ammonium acetate buffer pH 5.5 (A), and to the putative phenol and a putative DTT adduct in the 

mentioned buffer + 125 µM DTT (B). Some possible reaction products are shown (C) with the suggested structures of detected 

m/z (in either A or B) in blue. Alignment of TIC and DAD chromatograms was performed manually due to a known instrumental 

error, retention time for column dead volume with DMSO peak was excluded for clarity.  
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For 3 a substitution experiment in an organic solvent with an in situ generated thiolate was also performed: 
The peptide (46 mg, 0.1 mmol) was dissolved in dry methanol and a mixture of triethylamine (38 µL, 
0.3 mmol) and 2-phenylethanethiol (27 µL, 0.2 mmol) was added. The reaction mixture was stirred for 
one minute and LCMS analysis of the sample was performed. The reaction control only showed one 
product, resulting from the substitution of fluoride from the aromatic system. No further reaction was 
observed, even after stirring for prolonged time (up to 3 h). 

N
H

O NH

Me Me
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OH

F
O2N

NO2
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N
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Me Me
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OH

S
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SI-Figure S4: LCMS analysis of the reaction of 3 with low-MW thiol in the presence of a base indicated almost immediate 
quantitative conversion to the substitution product. 

 
It is worth noting that in our analysis of the novel compounds, for both the aniline and the benzamide, the 
substitution of fluoride, which is expected to be the best leaving group of the system, seems to be largely 
preferred over the substitution of the nitro group reported under forced conditions on I in the literature [3]. 

In this regard, the compounds are therefore expected to react preferentially with the catalytic cysteine in 
rhodesain under covalent binding (if it occurs) to the fluorine-bearing carbon.  
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The benzamide is not stable in water in both the presence and absence of DTT. In the presence of DTT, 
this might already be relevant on a minute-timescale. To investigate this influence, its inhibition of 
rhodesain was reassessed in DTT-free conditions (tris(2-carboxyethyl)phosphine = TCEP used as a non-
nucleophilic reducing agent for enzyme activation). Only slightly improved affinity (KIapp = 0.2 mM instead 
of 0.7 mM) was recorded as depicted in SI-Figure S5. The reactivity towards water should not be seriously 
relevant on that timescale, even though it is expected to complicate all analysis towards this compound. 
Reduced affinity due to the elongation of the scaffold by the carbonyl group and the concomitant changes 
in conformation and binding interactions is expected to be the main reason for the high observed KIapp. 

 
SI-Figure S5: Example progress curves, kobs-[I]-diagram, KIapp, and kinact for the time-dependent inhibitor 9 using TCEP for 
rhodesain activation to enable inhibitor assessment in absence of low-MW thiol. 
 

Reversibility assessment for time-dependent inhibitor 9 
 
To assess reversibility of the time-dependent inhibitor [4], and to therefore discriminate between slow-
reversible and irreversible inhibition, rhodesain was incubated with compound 9 for 1.5 h, at an inhibitor 
concentration of 400 µM (7.5x KI) to enable the quantitative progression of a covalent irreversible reaction 
if one is possible. The same incubation was performed with DMSO alone as a negative control and in 
presence of 500 nM K11777 as a positive irreversible control. After this incubation period, the samples 
were diluted 1:100 (to 4 µM of compound 9 (0.075x KI)) into assay buffer containing substrate to record 
the degree of recovery of enzymatic activity over the course of 10 min. It is evident that compound 9 could 
not be displaced by the substrate after incubation and behaved like the irreversible control K11777. The 
results are depicted in SI-Figure S6. 
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SI-Figure S6: Results of dilution assay to analyze reversibility of inhibition (n = 2). Raw activity of rhodesain after dilution was 

0.68 ± 0.05 FU/s which is in the expected range for the concentration and instrument settings. Activity of rhodesain after 

incubation with either K11777 or 9 and subsequent dilution was −0.01 ±0.00 FU/s in both cases, indicating no recovery of 

enzymatic activity as expected from irreversible inhibitors.  
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Discussion on inactive compounds from strategies A and B with a focus on positional reasoning 
 
The compounds containing a hPhe were designed to mimic K11777’s binding interactions but overall did 

not show strong inhibition in the in vitro assay. The docking elucidated that this positioning can indeed be 

unfavorable for the used warhead as it greatly increased its distance from Cys-25. This is also reflected 

in their assay data: the N-terminal (R)-hPhe-containing peptides (Ki(14) = 27 µM, and Ki(18) = 12 µM; 

docking: arene positioned in S1’) are weak inhibitors, probably through forcing the arene away from the 

catalytic Cys-25 if the (R)-hPhe side-chain is positioned optimally (as depicted for 18 in SI-Figure S7-A). 

In contrast, compounds with C-terminal (S)-hPhe are predicted to guide the N-terminal arene to the S2 

pocket, similarly to 3 or 9, but with different side-chain orientations (Ki(17) = 6 µM , and Ki(13) = 13 µM). 

However, since none of the hPhe-containing compounds showed striking inhibition, and the differences 

between them were marginal, this amino acid is unfavorable when employing N-terminal electrophilic 

arenes as warheads against rhodesain.  

SI-Figure S7: A) Predicted binding mode for 18 (pink), overlayed with redocked K11777 (light green) in the active site of 

rhodesain (pdb: 2p7u). The positioning of Phe and hPhe side chains results in an unfavorable orientation of the electrophilic 

arene away from Cys-25. B) Predicted binding mode for 12 (dark green), and 9 (blue) in the active site of rhodesain (pdb: 

2p7u). Both are predicted to be able to assume similar positioning of the arene but with larger distance to Cys-25 for the 

chlorine-substituted 12 (5.8 Å and 7.0 Å, as smallest distance, and distance to C-Cl, respectively). 

  

A B 
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Quantum-mechanical free energy calculations 
 
The reaction paths include separately optimized reactants (R), the π-complex of the thiolate and the 

aromatic compound, transition states (TS), Meisenheimer/σ-complex and the product following the 

elimination of a fluoride anion (P). The free energies of the reactions are shown in SI-Figure S8.  

These calculations are in line with the reactivity experiments for 3 and 9 described above and the 

published reactivity of I. Compound I slowly reacts with thiolate at room temperature [3], corresponding to 

the higher energy barrier, and the endergonic σ-complex. Compound 3 performs this reaction more 

readily, reflecting the lower energy barriers compared to I, and the exergonic progression. Finally, 

compound 9 with the most favorable energy profile for the reaction was shown to undergo substitution 

with the less nucleophilic thiol already. 

 

 

 
SI Figure S8: Free energy reaction paths for model compounds I, 3, and 9. The π-complex of the reactants, the transition 

state for the formation of the Meisenheimer complex (TS1), the Meisenheimer/σ-complex and the transition state for the 

elimination of the fluoride (TS2) were calculated, yielding the substitution product (P). The respective C-R1 and S-CR1 distances 

are given in SI-Table S2. 
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Methods 
 

Rhodesain expression 
 
Rhodesain was recombinantly expressed in P. pastoris according to a method adapted from literature 

[5,6]: The Pichia pastoris X-33 mutant, stably transformed with the rhodesain ∆C gene cloned into the 

pPICZαA vector, was cultured in buffered minimal glycerol supplemented with ampicillin (BMGAmp) at 
30 °C to an optical density (λ = 600 nm) of 2–3. To induce AOX1-controlled expression, BMGAmp was 
exchanged for buffered minimal methanol with ampicillin (BMMAmp). Incubation was continued for 72 h, 
and 0.5 % (V/V) methanol was added every 12 h. After this period, cells were pelleted by centrifugation 
and discarded. The culture supernatant containing secreted rhodesain was filtered (0.2 µm filter, cellulose 
acetate), adjusted to 2 M sodium chloride and loaded overnight onto a Phenylsepharose FF (high sub) 
column (V = 20 mL), equilibrated to chromatography conditions described below, attached to an ÄKTA 
start system. Hydrophobic interaction chromatography was performed by gradient elution with falling 
concentrations of sodium chloride (2 M to 0 M) in 20 mM sodium citrate buffer (pH 5.5). Rhodesain was 
eluted afterwards with MQ-water. The eluate was concentrated with centrifugal filter units (10 kDa MWCO, 
regenerated cellulose) to a volume ≤ 5 mL. Subsequently, size exclusion chromatography was performed 
with 20 mM sodium citrate buffer with 200 mM sodium chloride (pH 5.5) on an ÄKTA start system 
equipped with a HiLoad 16/600 Superdex 75 pg column. Rhodesain-containing fractions were pooled and 
then dialyzed against MQ-water for 4 h (dialysis tubing, 6 kDa MWCO, regenerated cellulose). The 
desalted rhodesain solution was lyophilized overnight and stored at ≤5 °C. 
 
BMGAmp / BMMAmp: 
1 % (V/V) glycerol OR 0.5 % (V/V) methanol 
100 mM potassium phosphate buffer pH 6 
3.4 g/L yeast nitrogen base without amino acids, without ammonium sulphate 
10 g/L ammonium sulphate 
0.4 mg/L biotin 
100 mg/L ampicillin 
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Rhodesain, CatL, CatB Assays 

 

Continuous fluorometric measurements with a Tecan Spark 10M reader in a 96 well plate format was 

used to evaluate activity [6]. Rhodesain, HsCatB and HsCatL were diluted in their respective activation 

buffer prior to use. Rhodesain was incubated in this for 30–60 min prior to use. The enzyme of interest 

(5 µL) was incubated with the inhibitor in question (10 µL), and its specific substrate (5 µL) in the 

respective assay buffer. The fluorescence signal was measured every 30 s for 10 min at room 

temperature with the corresponding excitation/emission wavelengths (λex = 380 nm / λem = 460 nm). The 

final concentrations and buffer compositions are depicted in SI-Table S1. Inner-filter effect corrections 

were performed as described in literature [1] if deviations >5% were detected. 

 

SI-Table S1: Information on assay conditions. [E] = final enzyme concentration, [S] = final substrate concentration in well. 

Enzyme HsCatB HsCatL Rhodesain (TbCatL) 

Enzyme storage buffer 50 mM NaOAc, 1 mM 

EDTA, pH = 5.0 

20 mM malonate, 400 mM 

NaCl, 1 mM EDTA, 

pH = 5.5 

50 mM NaOAc, 200 mM 

NaCl, 5 mM EDTA, 

pH = 5.5 

Activation buffer 50 mM TRIS, 200 mM NaCl, 5 mM EDTA, 2 mM DTT, 

pH = 6.5 

50 mM NaOAc, 200 mM 

NaCl, 5 mM EDTA, 5 mM 

DTT, pH = 5.5 

Assay buffer 50 mM TRIS, 200 mM NaCl, 5 mM EDTA, pH = 6.5 50 mM NaOAc, 200 mM 

NaCl, 5 mM EDTA, 0.005 % 

Brij 35, pH = 5.5 

Manufacturer EMD EMD In-house expression 

[E] 3 nM 5 nM 0.5 nM 

Substrate structure Z-Phe-Arg-AMC 

[S] 100 µM 6.25 µM 10 µM 

KM 150 µM 6.5 µM 0.827 µM 

 

For the evaluation of 9 in absence of DTT (depicted in SI-Figure S5): 5 nM final rhodesain concentration 

that was activated before in presence of TCEP (alternative activation buffer: 5 mM DTT → 5 mM TCEP) 

was used to generate a similar slope in a control measurement in absence of inhibitor as for the 

measurements with DTT. 
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Data evaluation. 
Time-independent behavior 
For inhibitors that behaved time-independently during the measurements (i.e., F-t-diagrams show 
constant slope), IC50 values using defined dilution series for each compound were calculated with 
GraphPad PRISM by fitting the remaining enzymatic activity to a four parameter IC50 equation with Y [%] 
as the residual enzyme activity, Ymax as the maximum value of the dose response curve at inhibitor 
concentrations [I] = 0 µM, Ymin as the minimum value at high inhibitor concentrations and s as the Hill 
coefficient. 

𝑦 [%𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦] = ௬ౣ౗౮ି௬ౣ౟౤

ଵା൬ [౅]
౅ిఱబ

൰
ೞ + 𝑦୫୧୬      eq. 1 

It is assumed that the inhibitors bind competitively in respect to the substrate [7]. Due to the dependence 
of the IC50 value on the substrate affinity and concentration, the Ki values were calculated with the Cheng-
Prusoff equation, using the final substrate concentration [S] and the Michaelis-Menten constant KM to 
generate comparable data [8]. 

𝐾୧ =  ୍େఱబ
ଵା [ೄ]

಼౉

           eq. 2 

 
Time-dependent behavior 
For inhibitors that behaved time-dependently during the measurements (i.e., F-t-diagrams show reducing 
slopes over time), KIapp and kinact values using defined dilution series for each compound were calculated 
with GraphPad PRISM by fitting the kobs values (derived from plotting the measured F-t-diagram to eq. 3) 
to each concentration. The irreversible reaction necessary for this type of evaluation was shown with 
rhodesain (SI-Figure 6). 

𝐹௧ = 𝐹଴ + (𝐹௠௔௫ − 𝐹଴) ∗ (1 − 𝑒ି௞೚್ೞ∗௧)       eq. 3 

𝑘௢௕௦ = ௞೔೙ೌ೎೟[ூ]
௄಺
ೌ೛೛ା[ூ]          eq. 4 

It is assumed that the inhibitors bind competitively in respect to the substrate [7]. Due to the dependence 
of the KIapp value on the substrate affinity and concentration, the KI values were calculated with the Cheng-
Prusoff equation, using the final substrate concentration [S] and the Michaelis-Menten constant KM to 
generate comparable data. 

𝐾୍ =  ௄಺
ೌ೛೛

ଵା [ೄ]
಼౉

           eq. 5 
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MALDI-TOF experiment 

 

Mass spectrometric experiments were performed as described before [9]. Lyophilized rhodesain was first 

reconstituted at 10 µM in buffer containing reducing agent (pH = 5.5, 50 mM NaOAc, 200 mM NaCl, 5 mM 

EDTA, 5 mM DTT) and incubated at r.t. for 30–60 min to ensure full activation of the enzyme. Afterwards, 

each inhibitor was added to 100 µL of 10 µM activated rhodesain solution (final concentrations: 100 µM 

inhibitor, 2.5 % DMSO). 

Prior to MS analysis, protein alone or protein-inhibitor complexes were desalted by using Zeba Spin 

Desalting Columns (7 kDa MWCO, 0.5 mL; Thermo Fisher Scientific) in accordance with the 

manufacturer’s instructions. On the target, desalted sample solutions were mixed 1:1 with a MALDI-

matrix: Sinapinic acid, saturated solution in ACN/water 1:1 with 0.1 % TFA. Then, the mixtures were left 

in the fume hood for cocrystallization until dry. 

After evaporation of the solvents (ca. 15 min), measurements were carried out on a rapifleX MALDI-

TOF/TOF mass spectrometer (Bruker Daltonik GmbH, Bremen, Germany). The instrument is equipped 

with a scanning smart beam 10 kHz Nd:YAG laser at a wavelength of 355 nm and a 10 bit 5 GHz digitizer. 

The acceleration voltage was set to 20 kV and the mass spectra were recorded in positive ion linear mode. 

Calibration was done with the Bruker protein calibration standard II in a mass range from 10 to 70 kDa. 

Samples were measured at a laser power of 70–100 % with random walk ionization across the sample 

spot. As control sample, rhodesain incubated with compound K11777, a known covalent irreversible 

inhibitor, was used which showed the expected mass shift representative of covalent adduct formation 

(data now shown). 

Data analysis was performed using the open-source software mMass [10]. [M+H]+ was evaluated, so 

cropping from 22–27 kDa was performed. Signal intensity was normalized to highest signal in this range. 

Baseline was corrected with standard settings. Mass shifts were calculated from rhodesain signal in 

negative control (m/z was 23383 ± 22 Da (n = 5)) subtracted from adduct peak in the respective sample, 

if present. 

 

PAMPA 

 

A general literature-known principle was used [11]. Propranolol hydrochloride was sourced from 

Changzou Yabang Pharmaceutical (Fagron GmbH & Co. KG). Candesartan cilexetil was sourced as a 

chemical reference standard from the EDQM (catalogue code Y0001388). Candesartan was liberated 

and purified from this as described at the end of the synthesis section. 
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Incubation setup consisted of donor (top) plate (Sigma Aldrich, MAIPNTR10), 5 µL artificial membrane 

(1 % (w/v) L-α-phosphatidyl choline, Sigma Aldrich P3556, in n-dodecane, Sigma Aldrich 8205430100), 

acceptor (bottom) plate (Greiner, 655074). Measurement setup for direct spectroscopy consisted of UV-

transparent measurement plate (Greiner UV-Star®, 655801), Tecan Spark 10M® well plate reader, 200 µL 

sample volume, λ = 200–650 nm. Analysis of absorption spectra was performed with AUC function in 

GraphPad Prism. Measurement setup for LCMS consisted of an Agilent 1100 series HPLC system 

coupled to an Agilent 1100 series LC/MSD Trap with electron spray ionization (ESI). An Agilent Poroshell 

120 EC-C18, 150x2.10 mm, 4 μm column or an Agilent Zorbax SB-Aq 4.6 × 150 mm, 5 μm column was 

used. A linear gradient was used for elution with a ternary pump using [water/ACN/water + 0.1 % formic 

acid] that changes ratios from 80/10/10 to 0/90/10 over the course of 6 min, followed by 4 min of isocratic 

elution (0.7 mL/min). Injection volume was 100 µL. Areas of peaks in the chromatogram (detection-

λ = 210 nm) were used to calculate the AUCs. Retention time and mass spectrum recorded in positive 

ionization mode were used to assign species. Analysis was performed using MestreNova. 

Compound solutions were diluted from 20 mM stock solution in DMSO to 100 µM in a buffered (DPBS 

pH 7.4 or TRIS 50 mM pH 7.4) aqueous solution with 5 % (TRIS) or 50 % (DPBS) final content of DMSO 

(“donor solution”). Similarly prepared solutions (buffer + solvent) were used as “acceptor solutions”. 

150 µL of donor solution was applied onto the artificial membrane which had been applied first to the 

donor plate. This was sealed (Greiner, 676070, Viewseal sealer). 400 µL of acceptor solution was applied 

to the acceptor plate. Incubation setup was assembled and left for 7 h. After this time, acceptor and 

reference solutions were analyzed. 

The experiment was performed in duplicates on each day. The acceptor solutions of those were measured 

separately (direct spectroscopic detection) or mixed 1:1 prior to analysis (LCMS detection). Reference 

solutions were prepared by simply mixing the indicated volumes of donor and acceptor solutions at the 

start of the incubation period and analyzed later with the acceptor solutions. 

Calculations of apparent permeability Papp were performed using the following equation with VD and VA 

as volumes of donor and acceptor solutions (0.15 cm3 and 0.4 cm3), AUCA and AUCEq as the area of the 

measured and baseline-corrected spectrum of sample and reference solutions, A as the porosity-

corrected filter area (0.3019 cm2*0.7 = 0.2113 cm2) and t as the incubation time given in seconds. 

𝑃௔௣௣ = −
௏ವ∗௏ಲ∗୪୬ቆଵି

ಲೆ಴ಲ
ಲೆ಴ಶ೜

ቇ

(௏ವା௏ಲ)∗஺∗௧
         eq. 6 

All compounds except for esters 20 and 21 were evaluated under standard conditions suitable for both 

LC-based and direct spectroscopic quantification (5% DMSO, TRIS buffer pH 7.4). Since these esters 

were found to have poor aqueous solubility to an extent that complicated detection, 50 % DMSO in DPBS 
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was used for these compounds to ensure dissolution and spectroscopy was used for quantification (2, 3, 
propranolol and methotrexate were evaluated like this additionally and behaved identically in both 
conditions). 
 
Docking 
Docking was performed as described previously [7]. In short, the crystal structure containing K11777 (pdb: 
2p7u) [12] was used for docking without retention of crystallized water. The ligands were energy 
minimized with MMFF94x forcefield [13] in MOE (v.2022.02, Molecular Operating Environment, Chemical 
Computing Group Inc., Canada). Docking calculations were performed with FlexX (v.2.3.2, LeadIT/FlexX, 
BiosolveIT GmbH, Germany) and the top 10 poses were manually inspected for binding interactions in 
Pymol (v.2.4.0, Schrödinger). 
 
QM calculations 
 
All calculations were performed with the ORCA 5.0.4 program package [14]. Geometry optimizations were 
performed with ωB97X-D3 [15,16] \ma-def2-SVP [17,18] with the AutoAux auxiliary basis sets [19]. All 
stationary points were confirmed by frequency analysis and implicit solvation in water was included with 
the CPCM solvation method [20]. Free energies included a concentration correction resulting from the 
change in standard states going from gas phase to condensed phase [21,22]. The structures depicted in 
SI-Figure S9 were utilized as model compounds with methyl thiolate as the model nucleophile. Starting 
in the π-complex, the S-CR1 distances were gradually shortened in a relaxed scan. Subsequently, the 
highest energy point was subjected to a TS optimization to confirm a true transition state. The same 
procedure was conducted for TS2, elongating the C-R1 distances starting from the σ-complex. The C-R1 

and S-CR1 distances for all calculated structures are given in SI-Table S2.  
 

 
SI Figure S9: Model compounds utilized for QM reaction path calculations.  
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SI-Table S2: Distances of the leaving group to the attacked aromatic carbon atom (C-R1) as well as from the thiolate to the 
carbon atom (S-CR1) for all computed structures of compounds I, 3, and 9.  

[Å] Cpd I Cpd 3 Cpd 9 

 C-R1 S-CR1 C-R1 S-CR1 C-R1 S-CR1 

π-complex 1.34 4.26 1.42 4.68 1.32 4.21 

TS1 1.36 2.43 1.35 2.47 1.33 2.57 

σ-complex 1.43 1.85 1.44 1.86 1.44 1.84 

TS2 1.75 1.80 1.81 1.80 1.85 1.77 

P - 1.76 - 1.75 - 1.74 

  



Publications 

174 

4: Ligand-Based Design of Selective Peptidomimetic uPA and TMPRSS2 Inhibitors 

with Arg Bioisosteres. 

An arginine in P1 position is a common denominator for affinity against a panel of serine proteases with 

trypsin-like substrate preference. It conveys ionic interactions with an anchoring aspartate moiety in the 

active site, which is exploited for both peptidomimetic inhibitors (e.g., melagatran)617, as well as 

structurally unrelated inhibitors (WX-UK1)618 which mainly rely on these non-covalent interactions for 

affinity. Two of these serine proteases are urokinase-type plasminogen activator (uPA), which is 

involved in the remodeling of tumor microenvironments, and transmembrane protease serine subtype 2 

(TMPRSS2), which is involved in cell entry of coronaviruses like SARS-CoV-2. In preliminary studies 

on uPA and TMPRSS2, inhibitors based on a tri- or tetrapeptide backbone with capped N-terminus and 

an α-keto benzothiazole warhead, which conveys a covalent reversible mode of inhibition, were 

evaluated.148,613  

In this study, structural modifications included the substitution of the P1 arginine for different aliphatic 

or aromatic guanidines, as well as amino acid exchange and shortening of the P2–P4 positions, and 

variations on the benzothiazole portion of the warhead. These modifications were assessed in the context 

of their influence on affinity towards the target proteases and structurally related off-targets, as well as 

in the context of their influence on passive permeability. It is established that most inhibitors bearing 

arginine-mimetics have poor permeability. This is not always an issue in cellular studies, as the target in 

these two cases are located on the outer side of the cell membrane, but with regards to in vivo studies, 

oral bioavailability is desirable. The α-keto benzothiazole warhead is known to positively contribute to 

lipophilicity and through that, also to permeability619, so it was evaluated how inhibitors combining the 

polar arginine-mimetics and the apolar α-keto benzothiazole fair in a parallel artificial membrane 

permeation assay. While no passive permeation could be observed, the arginine-mimetic moiety seems 

to at least alleviate solubility problems that can occur for more lipophilic backbones with an  

α-keto benzothiazole warhead.620 Both low permeability and good solubility is attributable to their high 

basicity (pKa ≥ 10), which conveys a level of polarity that the lipophilic warhead cannot compensate, 

underlined by the low logD7.4 values. The cyclohexyl guanidine for uPA and the phenyl guanidine for 

TMPRSS2, respectively, were found to be the most optimal arginine-mimetic in terms of affinity and 

selectivity. The modulations on the warhead resulted in not more than a moderate increase in affinity, 

but a reduction in selectivity. Lastly, a special focus can be placed on a shortened dipeptide inhibitor that 

has exceptional affinity towards TMPRSS2 with good selectivity, and the most promising logD7.4 value 

despite no obvious improvement to passive permeability. Taken together, this study provides a selection 

of inhibitors with high affinity and good selectivity that are suitable for extended cell-based assays due 

to their chemical stability and inhibition potency. However, it could also be shown that masking 

strategies for the arginine-mimetics as prodrugs (e.g., hydroxy guanidine, carbamate)621,622 or cyclic 

amidines623, or alternative approaches to increased permeability through formulation are required for 
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further drug development efforts. The study also provided inhibitor 33 with improved ligand efficiency 

and the most drug-like physicochemical parameters suitable for further optimizations. 

Own contribution: Protein similarity calculations for the employed serine proteases, spectroscopic 

characterization of the α-keto hetaryl warheads, LCMS-based assessment of the inhibitors’ stability in 

an aqueous solution, calculation of physicochemical parameters (pKa, logP, logD7.4) for arginine-

mimetic inhibitors, PAMPA assessment of passive permeability, writing parts and editing of the 

manuscript. 

Contribution from others: Inhibitor synthesis and characterization of the in vitro affinity and selectivity, 

writing and editing of the manuscript. 

 

This work was published in the International Journal of Molecular Sciences. 

Article reprinted with permission of Int. J. Mol. Sci. 2024, 25(3), 1375, “Ligand-Based Design of 

Selective Peptidomimetic uPA and TMPRSS2 Inhibitors with Arg Bioisosteres“, Copyright © 2024 The 

Authors. Published by MDPI. 
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Abstract: Trypsin-like serine proteases are involved in many important physiological processes like
blood coagulation and remodeling of the extracellular matrix. On the other hand, they are also
associated with pathological conditions. The urokinase-pwlasminogen activator (uPA), which is
involved in tissue remodeling, can increase the metastatic behavior of various cancer types when
overexpressed and dysregulated. Another member of this protease class that received attention
during the SARS-CoV 2 pandemic is TMPRSS2. It is a transmembrane serine protease, which
enables cell entry of the coronavirus by processing its spike protein. A variety of different inhibitors
have been published against both proteases. However, the selectivity over other trypsin-like serine
proteases remains a major challenge. In the current study, we replaced the arginine moiety at the
P1 site of peptidomimetic inhibitors with different bioisosteres. Enzyme inhibition studies revealed
that the phenylguanidine moiety in the P1 site led to strong affinity for TMPRSS2, whereas the
cyclohexylguanidine derivate potently inhibited uPA. Both inhibitors exhibited high selectivity over
other structurally similar and physiologically important proteases.

Keywords: trypsin-like serine proteases; covalent reversible inhibitors; enzyme inhibition study;
protease inhibitors; peptidomimetic sequence; arginine bioisosteres

1. Introduction

With over 600 different proteins, proteases represent an important class of enzymes [1].
Approximately one-third of all known proteolytic enzymes are serine proteases [2]. Ac-
cording to the MEROPS database of peptidases, these enzymes are classified into clans
by their catalytic mechanism and into families on the basis of a common ancestry [3].
The largest family of serine proteases are the trypsin-like proteases (TLPs). The catalytic
triad of TLPs harbors a nucleophilic serine residue in combination with aspartate and
histidine, which increase the nucleophilicity of the serine. The trypsin-like substrate speci-
ficity is characterized by the positively charged side chain of arginine or lysine in the P1
position [3,4]. Numerous important physiological processes rely on trypsin-like serine
proteases. This includes hemostasis, the immune response system and extracellular matrix
remodeling [5–8]. Dysregulation of these enzymes can lead to severe pathological incidents,
which range from cardiovascular disorders to cancer progression or neurodegenerative and
inflammation processes [8–10]. Moreover, proteases often are virulence factors in infectious
diseases. As an example, tropical and subtropical countries are heavily affected by dengue
virus infections, where the viral NS2B-NS3 trypsin-like serine protease is essential for the
replication process of the virus [11]. Undoubtedly, this class of enzymes includes promising
targets in various diseases, and the scientific community still strives to discover more drug
candidates [7].

The urokinase-type plasminogen activator (uPA) is one member of the trypsin-like
serine proteases. The enzyme is involved in the fibrinolytic system [12]. The binding of
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Publications 

177 

  

Int. J. Mol. Sci. 2024, 25, 1375 2 of 15

uPA to its specific glycolipid-anchored uPA receptor (uPAR) on cell surfaces enables the
conversion of plasminogen to the serine protease plasmin [13]. This mediates extracellular
proteolysis and the activation of several further proteases, like activating growth factors
and metalloproteases, which catalyze the degradation and remodeling of extracellular
matrix components [14,15]. Unfortunately, pathophysiological mechanisms like tumor
angiogenesis, tumor progression and metastasis profit from these events, and therefore, in-
hibition of this protease could be beneficial for the mitigation, or even prevention, of tumor
proliferation (Figure 1 left side) [14,15]. Blocking of the catalytic activity was achieved by
specific antibodies, overexpression of the endogenous inhibitors PAI-1 and small-molecule
inhibitors [16–18]. One of the most promising peptidomimetic inhibitors, mesupron® (up-
amostat, WX-671, RHB-107, Wilex AG, Heidelberg, Germany), led to reduced metastasis
and extended lifespan in clinical trials on pancreatic and breast cancer patients [19]. Hence,
uPA can be considered as a promising drug target to block tumor dissemination.
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the S1 pocket and the superimposition of both proteases (red/blue). (B) Created with PyMOL (Ver-

sion 2.4.0, Schrödinger, LLC, New York, NY, USA). 

Figure 1. (A) Ligand-based design of covalent-reversible uPA (left) and TMPRSS2 (right) inhibitors
with arginine bioisosteres. (A) Created with BioRender.com. (B) Visualization of the uPA structure
(red, PDB: 7VM4) containing the catalytic triad (Asp102, His57, Ser195) and Asp189 in the S1 pocket,
TMPRSS2 (blue, PDB: 7MEQ) containing the catalytic triad (Asp345, His296, Ser441) and Asp435
in the S1 pocket and the superimposition of both proteases (red/blue). (B) Created with PyMOL
(Version 2.4.0, Schrödinger, LLC, New York, NY, USA).

Another proteolytic enzyme that belongs to the trypsin-like serine proteases is the
human transmembrane protease serine subtype 2 (TMPRSS2). It has been shown to play
an important role for viral host cell entry, and received increased attention during the
SARS-CoV-2 pandemic due to its ability to enable cell entry and spread of the coronaviruses
SARS-CoV-2, SARS-CoV and MERS-CoV [20–24]. The entry of these viruses is mediated by
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the spike protein, which is located at the viral cell surface. TMPRSS2 processes the spike
protein after binding of the virus to the angiotensin-converting enzyme 2 receptor (ACE2),
initiating the entry into lung cells (Figure 1 right side) [23,25]. Additionally, viral cell entry
can occur via the endosomal pathway, whereby the spike protein is processed by cathepsin
L [26]. Studies have demonstrated that inhibition of TMPRSS2 blocks the viral host cell
entry and replication of SARS-CoV-2 in lung epithelial Calu-3 cells [27,28]. Previous work,
in cooperation with Mailänder et al. showed that peptidomimetic inhibitors efficiently
reduce TMPRSS2 activity, block SARS-CoV-2 spike-driven entry and prevent SARS-CoV-2
infection in CaCo-2 cells [29]. This highlights the opportunity for an alternative therapeutic
strategy, besides targeting of the viral host proteases papain-like protease (PLpro) and the
3C-like- or “main protease” (3CL- or Mpro) [30–32].

In the past decades, several uPA inhibitors have been disclosed, most of them with
non-covalent reversible or covalent-irreversible inhibition mode [16,33]. On the contrary,
only few covalent-reversible inhibitors are found in the literature [34]. Such inhibitors
could combine the benefits from both concepts: the high-affinity properties and extended
residence time by covalent modification of the catalytic serine residue and the reduced
risk for unwanted side effects and toxicity by a reversible binding mechanism [35–37].
Furthermore, in order to minimize the risk for side effects, it is of great importance to
inhibit the target protease selectively. This, however, is a major challenge due to the high
structural similarity within the trypsin-like serine protease family.

In 2021, the group around Huang et al. created a homology structure model of the
TMPRSS2 serine protease domain, and revealed a high similarity between the homology
model and the structure of the uPA [38]. This led to the idea to transfer the design of the
synthesized uPA inhibitors to the previously published TMPRSS2 inhibitors, to receive an
improved set of inhibitors in terms of off-target selectivity (Figure 1) [29].

Herein, we describe the ligand-based development of peptidomimetic inhibitors, which
started with Ac-Gly-L-Thr-L-Ala-L-Arg-ketobenzothiazole (kbt) as a covalent-reversible uPA
inhibitor discovered in previous work [39]. We substituted the P1-arginine moiety with a
variety of bioisosteres, inspired by the serine protease inhibitor camostat, and furthermore
modified the benzothiazole structure [40,41]. The cyclohexyl-and phenylguanidine moiety
presented the most promising results during the enzyme inhibition studies. Therefore,
we translated this structure motif to the suitable peptide sequence Ac-L-Asn-L-Pro-L-Arg-
kbt from our previous work towards TMPRSS2 [29]. Within this study, we successfully
enhanced the affinity and selectivity for both main-target proteases by systematic variation
of different structural elements.

2. Results

2.1. Chemistry
All tested peptidomimetic inhibitors were synthesized in multistep reactions. First,

the peptide sequences (P2–P4) of the inhibitors were prepared via a standard fmoc solid
phase peptide synthesis (SPPS) protocol, which is described in detail in the Supporting
Information. The P1 derivatives with the ketobenzothiazole moiety as warhead were
prepared as described in Schemes 1 and 2.

2.1.1. Synthesis of the (Homo)arginine-Based Inhibitors
Boc-protected N!-2,2,4,6,7-pentamethyl-dihydrobenzofuran-5-sulfonyl (pbf)-L-arginine

4, which was used as the starting material for the arginine-based inhibitors 14a–f and 15,
was modified to the Weinreb amide 5. The ketobenzothiazole derivatives 12a–f and 13 were
obtained by alkylation of 5 with the respective heterocycles 10a–f and 11. The benzothia-
zole 10a and the benzothiophene 10f were commercially available, whereas the 6-fluoro-,
6-chloro-, 6-bromo-, 6-methoxybenzothiazoles 10b–e and 4,5,6,7-tetrahydrothiazole 11 had
to be synthesized by desamination of the commercially available 2-amino precursors 6b–e

and 9. The 2-amino-4,5,6,7-tetrahydrothiazole 9 was prepared from cyclohexane 7 and
thiourea 8 with iodine. The preparation of the homoarginine inhibitor 20 started with
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the guanylation of boc-protected L-lysine 16 with N,N’-bis-(carbobenzoxy)-1-H-pyrazole-
1-carboxamidine, yielding compound 17. Afterwards, 17 was converted to the ketoben-
zothiazole 19, in analogy to the arginine derivatives. After boc-deprotection of the amino
group, the P1 precursor derivatives were coupled with the Ac-Gly-L-Thr(OtBu)-L-Ala-OH
peptide 3 using 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo [4,5-b]pyridinium 3-
oxide hexafluorophosphate (HATU) as the coupling reagent. Final deprotection of the
(homo)arginine and threonine side chain under acidic conditions and purification via
RP-HPLC yielded the inhibitors 14a–f, 15 and 20.
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bis-(carbobenzoxy)-1-H-pyrazole-1-carboxamidine, Et3N, DMF, rt, 72 h, quant.

2.1.2. Synthesis of the Phenyl/Cyclohexylguanidine-Based Inhibitors
The preparation of the p-phenyl- and p-cyclohexylguanidine-based inhibitors both

started with boc-protected p-nitro-L-phenylalanine 24. The reduction of the nitro group
was carried out with 5% Pd/C in methanol to yield 25, whereas the hydrogenation of the
benzene ring and the nitro group using the Adam’s catalyst under acidic conditions yielded
the cyclohexane derivative 34. The amine group of both compounds was guanylated with
N,N0-bis-(carbobenzoxy)-1-H-pyrazole-1-carboxamidine. The bis-cbz-protected intermedi-
ates (26, 35) were converted, in a similar way to the arginine-based inhibitors (Section 2.1.1),
to the Weinreb amides 27 and 36 and later to the ketobenzothiazole derivatives 28 and
37. After removal of the boc-protecting groups, the respective peptide sequences 3, 21–23,
which were synthesized via a standard fmoc solid-phase synthesis (SPPS), were coupled
with the p-phenyl- and cyclohexylguanidine precursor derivatives. After final deprotection
of the side chains in TFA/DCM and purification via RP-HPLC, the inhibitors 29–33 and
38–39 were obtained. Starting with m-nitro-L-phenylalanine 40, the inhibitor 45 was pre-
pared in analogy to the 5-step synthetic process of the p-phenylguanidine derivatives 29–33.
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The synthesized final compounds 14a–f, 15, 20, 29–33, 38–39, 45 showed two peaks with
identical m/z ratio and similar retention times in initial chromatographic analyses. This is
due to the partial epimerization of the a-carbon in the P1 amino acid portion during the
reaction of the Weinreb amide with lithium-benzothiazole solution. Since the faster eluting
epimer was always isolated via RP-HPLC in very large excess, while the other diastereomer
was obtained only in traces, we supposed the first one to be the L-epimer, and used it for
all inhibition studies [42].
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2.2. Enzyme Inhibition Studies
The inhibitory activity of the synthesized compounds towards the respective main-

and off-target proteases was measured via fluorometric and colorimetric assays. Thus,
fluorogenic AMC- or colorimetric pNA-based substrates with a peptide sequence suitable
for the tested protease were utilized (see Supplementary Figure S2). At first, the compounds
were screened against five proteases (uPA, TMPRSS2, matriptase, tPA, thrombin, factor
Xa) at 20 µM, and a cut-off value of 80% inhibition at this concentration was set, for
the differentiation between nonactive (n.a.) and active inhibitors. Due to the reversible
inhibition mechanism of the ketobenzothiazole derivates, the IC50 values were determined
with Graphpad Prism 9, and afterwards converted to the corresponding Ki values for an
adequate comparison between the inhibitory activities of the compounds toward all tested
proteases. The Ki values were calculated using the Cheng–Prusoff equation [43].

2.2.1. Inhibition Studies with uPA Inhibitors
At first, we investigated the selectivity profile of the starting compound 14a, which

exhibited good inhibition of uPA with a Ki value of 141 nM. 14a was originally synthe-
sized for the analysis of reactivity and selectivity studies of peptidomimetic covalent
inhibitors [40]. The peptide sequence Ac-L-Gly-L-Thr-L-Ala-L-Arg was used, because of its
literature-known selectivity for uPA vs. tPA [44]. Due to the similar and important physi-
ological roles of uPA and tPA, a good selectivity is necessary to avoid severe side effects
concerning ECM degradation and cell proliferation [5,45,46]. Furthermore, the trypsin-like
serine proteases thrombin and factor Xa were chosen because of their important roles in
blood coagulation, as well as matriptase as a representative of a transmembrane protease,
which is involved in the remodeling of plasma membranes and other lipid matrix forma-
tions [47–49]. Due to their structural similarity (calculated sequence similarity is given
in Tables 1–3) to uPA and their physiological roles, they resemble important off-targets.
As expected, 14a did not show inhibition of tPA, and only moderate selectivities for uPA
towards thrombin (14a Ki = 4390 nM) and factor Xa (14a Ki = 3360 nM) with inhibition
constants in the low micromolar range. In contrast, a lower Ki value was obtained for
mapriptase (14a Ki = 32 nM). Exchanging the arginine side chain with a p-phenyl- or cyclo-
hexylguanidine moiety enhanced the inhibitory properties. Both derivates resulted in more
affine inhibitors (29 Ki = 29 nM, 38 Ki = 39 nM), with a significant improvement in their
selectivity profiles. The inhibitors 29, 38 did not inhibit tPA, thrombin and factor Xa, and
the selectivity indices for matriptase (29 Ki = 132 nM, 38 Ki = 626 nM) were improved. The
inhibitors 20 and 45, which contain the homoarginine and m-substituted phenylguanidine
moiety, did not show inhibition of all tested proteases at 20 µM, which highlights the
importance of the alkyl chain length and the p-position of the guanidine element for proper
binding into the S1 pocket. Additionally, all compounds were tested against the TMPRSS2
because of the aforementioned structure similarity to uPA [38]. The results indicated a
strong affinity to the TMPRSS2 protease with Ki values in the nanomolar range of the
arginine, phenyl- and cyclohexyl derivates (14a Ki = 5 nM, 29 Ki = 10 nM, 38 Ki = 73 nM).
Based on these results, a SAR study with the phenyl- and cyclohexylguanidine moiety as
arginine bioisosteres for new TMPRSS2 inhibitors was performed, which is described in
Section 2.2.2 [29].

Besides the arginine replacement in the P1 position, we also evaluated the influ-
ence of modifications of the benzothiazole moiety (cpds. 14b–f, 15). The introduction
of the electronegative halogen atoms fluorine, chlorine and bromine in position 6 led to
an approximately two-fold increase in the affinity for the chloro- and bromo-derivates
(14c Ki = 82 nM, 14d Ki = 60 nM), and a three-fold loss of affinity for the fluoro-derivate
(14b Ki = 388 nM). Other modifications, like the electron-donating methoxy group in po-
sition 6 (14e Ki = 178 nM), the exchange of the benzene ring system with a cyclohexyl
ring (15 Ki = 435 nM) or the replacement of the benzothiazole with a benzothiophene
ring, led to a decrease in or complete loss of the affinity towards the uPA. Selectivity
studies were performed with the chloro- and bromo-derivates 14c–d, because they were
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the only inhibitors with slightly better affinity than the nonsubstituted ketobenzothiazole
inhibitor 14a. They revealed similar affinity to TMPRSS2 (14c Ki = 9 nM, 14d Ki = 6 nM)
and matriptase (14c Ki = 59 nM, 14d Ki = 38 nM), and reduced selectivity vs. thrombin
(14c Ki = 456 nM, 14d Ki = 450 nM) and factor Xa (14c Ki = 2447 nM, 14d Ki = 2847 nM) in
comparison to 14a.

Table 1. Inhibition data (Ki values and selectivity indices [SI]) of the synthesized uPA inhibitors 14a,
20, 29, 38, 45 towards uPA, TMPRSS2, matriptase, tPA, thrombin and factor Xa.
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2.2.2. Inhibition Studies with TMPRSS2 Inhibitors
The selection of the peptide sequence Ac-L-Asn-L-Pro-L-Arg was based on the results

of previous work. The published inhibitor Ac-L-Asn-L-Pro-L-Arg-kbt showed Ki values
in the single-digit nanomolar range (Ki = 2.5 nM) and a good selectivity vs. thrombin
(Ki = 1046 nM) [29]. Unfortunately, only slight selectivity could be observed over factor
Xa (Ki = 41.1 nM), and almost no difference in inhibition potency between TMPRSS2 and
matriptase (Ki = 5.2 nM). Therefore, we tried to improve the selectivity profile by substi-
tuting the arginine side chain in the P1 position with the previously used phenyl- and
cyclohexylguanidine moiety. Both derivates 30, 39 showed an increase in selectivity for TM-
PRSS2 towards matriptase, with the phenylguanidine-based compound being more affine
for TMPRSS2 (30 Ki = 5 nM) than the cyclohexyl derivate (39 Ki = 44 nM), but also show-
ing a better inhibition of the matriptase for the phenylguanidine derivate (30 Ki = 60 nM,
39 Ki = 1198 nM). 30–33 and 39 did not inhibit tPA, thrombin and factor Xa. In addi-
tion, 30 and 39 showed a moderate selectivity for TMPRSS2 over uPA (30 Ki = 479 nM,
39 Ki = 936 nM). Based on these results, and due to the overall good affinity and selectivity
parameters, we decided to maintain the phenylguanidine moiety in the P1 position and
implement P2 modifications with phenyl- and cyclohexylalanine (Phe, Cha) instead of
proline. The latter is based on results obtained with hepsin inhibitors from the group of
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Kwon et al. [40]. The inhibitor 31 with the P2 phenylalanine residue showed inhibition of
TMPRSS2 in the subnanomolar range (31 Ki = 0.4 nM) and a significant increase in selectiv-
ity over matriptase (31 Ki = 252 nM) and uPA (31 Ki = 3574 nM). The inhibitor 32 with the
cyclohexylalanine residue in P2 position also showed very good selectivity over matriptase
(32 Ki = 3333 nM) and uPA (32 Ki = 2688 nM), but less affinity to TMPRSS2 (32 Ki = 34 nM).
In an attempt to improve the drug-like properties of the designed inhibitors, we synthesized
the shortened compound 33. This led to a slightly less active TMPRSS2 inhibitor, but still in
the low nanomolar range (33 Ki = 5 nM). The selectivity profile for TMPRSS2 inhibition
over matriptase (33 Ki = 1443 nM) and uPA (33 Ki = 5264 nM) is still very promising.

Table 2. Inhibition data (Ki values and selectivity indices [SI]) of the synthesized uPA inhibitors 14a–f,
15 towards uPA, TMPRSS2, matriptase, tPA, thrombin and factor Xa.
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ensures high aqueous solubility, even in the presence of the rather hydrophobic benzo-
heteroarenes. The latter motif conveys reliable detectability by spectroscopy-based methods
(�max = 305–350 nm, depending on substitution pattern). The inhibitors also were found to
be sufficiently stable in the utilized aqueous system (50 mM TRIS, pH = 7.4) over the course
of the assay (7 h at room temperature) and under elevated temperature conditions (17 h at
37 �C). Computed physicochemical properties, absorption spectra and stability studies are
depicted in Supplementary Figures S4 and S5 and Table S1.

Table 3. Inhibition data (Ki values and selectivity indices [SI]) of the synthesized TMPRSS2 inhibitors
30–33, 39 towards TMPRSS2, uPA, matriptase, tPA, thrombin and factor Xa.
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However, all presented compounds were found to have very low permeabilities
(Pe < 1 ⇥ 10�6 cm/s) without any indication of improvement between the structural mod-
ifications (as exemplified for 38 in Figure 2). This result is not surprising. The pKa (of
the protonated guanidine function) of all compounds is calculated to be �10 (Marvin JS
23.11.0), meaning that in assay (or physiologic) conditions, all compounds are expected
to be fully (�99.75%) protonated, and therefore remarkably hydrophilic. Most of the pre-
sented compounds have negative logD7.4 values, with 33 being the exception (logD7.4 = 1.2;
compare Supplementary Table S1). This level of lipophilicity, however, was still not enough
to exert measurable permeability. For approved drugs with similar structural characteristics
(e.g., camostat, melagatran, xylometazoline, metformin), only very limited permeabilities
are described as well [50–53]. All this indicates the pronounced hindering effect of the
guanidine group for passive permeation.

The discussed properties of the presented compounds can be paralleled to BCS class III
compounds, namely their high aqueous solubility and low permeability. For these types of
drugs, one major option to improve permeability is to remove charge from the molecule. In
amidine-containing drugs, where charge is almost pH-independent due to their immense
basicity, this was addressed by conversion to the amidoxime (ximelagatran or mesupron®)
or carbamate prodrugs (dabigatran) with lower basicities [19,50,54]. For the guanidine
moiety, the conversion to N-hydroxyguanidine is possible [55]. In a technological approach
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to improved absorption, possible options for oral application are the formulation with
permeation enhancing agents, or lipophilic counter ions [56]. For intravenous applica-
tions, nanoparticular formulations can be applied (e.g., for doxorubicin or for protease
inhibitors) [57,58]. Of course, combinations of both chemical and technological approaches
should be employed for optimization.
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Figure 2. (A) Analysis of PAMPA permeable control propranolol HCl. (B) Analysis of PAMPA
impermeable control methotrexate. (C) Analysis of PAMPA for 38, representative of all synthesized
final compounds of this study. All absorption spectra were baseline-corrected with the measured
buffer spectrum at � � 450 nm prior to AUC calculations. The reference spectra represent manually
prepared samples, equivalent to a maximally permeated experimental sample. The acceptor spectra
result from membrane permeation experiments and their AUC are proportional to the concentration
of permeated compound.

3. Discussion

Trypsin-like serine proteases present attractive drug targets for treatment against
many diseases, which can be of malignant cellular or viral origin [9,11]. Over the past
decades many potent inhibitors were designed with remarkable affinity for the target
protease. But most of them lack selectivity because of the highly structural similarity
between the proteases. Within our study, we describe a systematic ligand-based approach to
enhance affinities and selectivities. Starting from the previous published covalent reversible
ketobenzothiazole inhibitor Ac-Gly-L-Thr-L-Ala-L-Arg-kbt 14a, we modified the P1 arginine
side chain with different bioisosteres [39]. The results indicate that the cyclohexylguanidine
moiety fits best for uPA inhibition. The inhibitor 38 showed remarkable inhibition with
a Ki value of 39 nM and a very good selectivity profile towards the other trypsin-like
serine proteases. The modification of the benzothiazole moiety did not improve either the
inhibitory properties nor the selectivity profiles, rendering the original kbt warhead the
most promising.

The transfer of the P1-arginine replacement with the promising phenyl- and cyclo-
hexylguanidine moieties to the previously published TMPRSS2 inhibitor Ac-L-Asn-L-Pro-
L-Arg-kbt was a success, leading to a subnanomolar TMPRSS2 inhibitor 31 (Ki = 0.4 nM),
with significantly increased selectivity over other trypsin-like serine proteases [29]. Fur-
thermore, the shortened peptide sequence of the TMPRSS2 inhibitor 31 led to the more
drug-like candidate 33, with still very good inhibitory and selectivity properties. In terms
of permeability, the inhibitor scaffold (and especially the shortened compound 33) leaves
the opportunity for improvement in a focused structure-permeability relationship study.
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4. Materials and Methods

The materials as well as the methods used for this study are described in the Sup-
porting Information. The authors have cited additional references within the Supporting
Information [29,39,40,43,59–72]. Supplementary Figures of the protein similarity calcu-
lation (Figure S1), fluorometric inhibition assays (Figures S2 and S3), absorption spec-
tra (Figure S4), stability studies (Figure S5), NMR-spectra and HPLC-chromatograms
(Figures S6a–S21c) and Table S1 of the computation of physicochemical parameters can be
accessed in the supporting information.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms25031375/s1.

Author Contributions: P.M.: design, synthesis and enzyme inhibition studies, writing—original
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Abbreviations

Ac acetyl
Ac-Gly acetylglycine
AcOH acetic acid
Ala alanine
AMC 7-amino-4-methyl coumarine
Asn asparagine
Boc: t-butyloxy carbonyl
Cbz benzyloxycarbonyl
Cha cyclohexylalanine
DCM dichloromethane
DIEA N,N-diisopropylethylamine
DMSO dimethylsulfoxide
Et3N triethylamine
Fmoc 9-Fluorenylmethoxycarbonyl
h hours
HATU 2-(7-azabenzotriazol-1-yl)-N,N,N0,N0-tetramethyluronium hexafluorophosphate
MeOH methanol
MERS-CoV Middle East Respiratory Syndrome
n-BuLi n-butyllithium
OtBu O-tert-butyl
Pbf N!-2,2,4,6,7-pentamethyl-dihydrobenzofuran-5-sulfonyl
Phe phenylalanine
pNA para-nitroanilide
Pro proline
quant quantitative
RP-HPLC reversed phase high pressure liquid chromatography
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rt room temperature
SARS-CoV-2 severe acute respiratory syndrome coronavirus type 2
SPPS solid phase peptide synthesis
TA thioanisole
TBTU 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate
TFA trifluoroacetic acid
THF tetrahydrofurane
TLP trypsin-like serine protease
TMPRSS2 transmembrane protease serine subtype 2
tPA tissue-type plasminogen activator
trt triphenylmethyl
uPA urokinase-type plasminogen activator
uPAR urokinase-type plasminogen activator receptor
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Protein Similarity Calculations 

The similarity of the investigated serine proteases was compared using MOE 2022.02. Their biological assemblies 
were loaded using their pdb accession codes (uPA: 7VM4, TMPRSS2: 7MEQ, tPA: 1BDA, Factor Xa: 1XKB, 
Thrombin: 1D6W, Matriptase 1: 2GV6), aligned, and superimposed. For similarity calculations, only the binding 
sites were selected. 

Figure S1: (left) visual binding site alignment of all six serine proteases, (right) matrix for calculated sequence similarities of 
the binding sites. 

 

  

binding site alignment similarity 
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Fluorometric inhibition assays 

The inhibitory activities of the compounds against the proteases were determined by enzyme inhibition assays 
with fluorogenic or colorimetry-based substrates. The fluorescence, caused by cleaved AMC from the fluorogenic 
substrates (uPA, matriptase, TMPRSS2, thrombin), was measured in white flat-bottom 96-well plates from 
Greiner Bio-One using a Tecan Infinite F200 Pro plate reader. The absorption, caused by cleaved pNA from 
colorimetric substrates (factor Xa and tPA), was measured in transparent flat-bottom 96-well plates from Greiner 
Bio-One using a Tecan Spark 10M plate reader. All measurements with the main-target proteases (uPA and 
TMRPSS2) were performed as triplicates and with the off-target proteases (matriptase, factor Xa, tPA, thrombin) 
as duplicates. The substrates and the compounds were prepared as stock solutions in DMSO. Each well contained 
a total volume of 200 µL, consisting of 185 µL buffer, 5 µL inhibitor in DMSO or pure DMSO as negative control, 
5 µL substrate in DMSO and 5 µL enzyme solution in buffer. Dilution series were prepared for the determination 
of the inhibition constants. The fluorescence signal and absorbance were measured every 30 s for 10 min at 25 
or 37 °C with the corresponding excitation/emission (λex = 380 nm / λem = 460 nm) and absorbance 
(λabs = 405 nm) wavelengths, depending on the targeted protease. IC50 values for the reversible inhibitors were 
calculated with Graphpad Prism 9 by fitting the remaining enzymatic activity to the four parameter IC50 equation 
with Y [%] as the residual enzyme activity , Ymax as the maximum value of the dose response curve at inhibitor 
concentrations [I] = 0 µM, Ymin as the minimum value at high inhibitor concentrations and s as the hill 
coefficient.[1] The fluorescence progress curves and sigmoidal dose-response curve for inhibition of uPa by 
compound 38 is shown exemplary in Figure S2.  

𝑦 =
𝑦୫ୟ୶ − 𝑦୫୧୬

1 + ൬ [I]
ICହ଴

൰
௦ + 𝑦୫୧୬ 

 
Figure S2: (left) Fluorescence progress curves for inhibition of uPa by cpd. 38. (right) Plot showing the respective IC50 value 
from sigmoidal fit. 

 

Due to the dependence of the IC50 value on the substrate affinity and concentration, the Ki  values were calculated 
with the Cheng-Prusoff equation, using the final substrate concentration [S] and the Michaelis-Menten constant 
KM, (2) for appropriate comparison of the inhibitory activities to the other enzymes and inhibitors.[1] 

𝐾୧ =  
ICହ଴

1 + [𝑆]
𝐾୑

 

KM values were determined by fitting to the Michaelis-Menten equation using Graphpad Prism 9 with v [ΔF/min] 
as the substrate hydrolysis rate, vmax as the maximum slope of the dose-response curve, and the substrate [S] 
concentration.[1] The different substrates were serially diluted in DMSO. The measurement was done in analogy 
to the determination of the inhibitory activity, but with 5 µL pure DMSO instead of inhibitor solution. The 
fluorescence progress curves and Michaelis-Menten curve of the specific substrate of uPA is shown exemplarily 
in Figure S3.  

𝑣 =  
𝑣୫ୟ୶ ∙  [S]
𝐾୑ +  [S]

 

2 

1 
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Figure S3: (left) Fluorescence progress curves of cleavage of Z-Gly-Gly-Arg-AMC by uPA. (right) Michaelis-Menten curve 
showing the respective KM value. 

Buffers and substrates  

The following buffers and substrates were used for the respective assays: uPA (50 mM Tris HCl pH = 7.9, 150 mM 
NaCl, 10 mM CaCl2, 0.005% TX-100, 240 µM Z-Gly-Gly-Arg-AMC (KM: 296.23 ± 49.49 µM), 37 °C, 9 U/mL uPA)[2]; 
TMPRSS2 (25 mM Tris HCl pH = 8.0, 150 mM NaCl, 5 mM CaCl2, 0.001% TX-100, 100 µM Boc-Gln-Ala-Arg-AMC 
(KM: 68.63 ± 6.64 µM), 25 °C, 3 nM TMPRSS2)[3]; matriptase (50 mM Tris HCl pH = 8.0, 150 mM NaCl, 5 mM CaCl2, 
0.0001% TX-100, 100 µM Boc-Leu-Arg-Arg-AMC (KM: 36.13 ± 5.78 µM, 25 °C, 6 nM matriptase)[4]; tPA (50 mM 
Tris HCl pH = 8.3, 250 µM N-methylsulfonyl-D-Phe-Gly-Arg-pNA (KM: 148.89 ± 29.72 µM), 37 °C, 0.4 ng/µL tPA)[5]; 
thrombin (50 mM Tris HCl pH = 8.0, 100 mM NaCl, 5 mM CaCl2, 0.01% Tween-20, 200 µM Z-Gly-Gly-Arg-AMC 
(KM: 49.70 ± 7.15 µM), 25 °C, 10 nM thrombin)[6]; factor Xa (50 mM Tris HCl pH = 7.5, 150 mM NaCl, 10 mM 
CaCl2, 0.005% Brij-35, 100 µM Z-D-Arg-Gly-Arg-pNA (KM: 249.12 ± 21.59 µM), 37 °C, 0.1 ng/µL factor Xa)[7]. 
 
Human uPa and tPA was purchased from Sigma Aldrich, TMPRSS2 from Cusabio, factor Xa and thrombin from 
Bio-techne. Matriptase was expressed under the conditions described below. 

Protein expression and purification of matriptase 1 

Recombinant human matriptase 1 was expressed as described previously with slight adaptations.[8,9] In short, 
the pQE-30 vector containing the zymogen of the catalytic domain of matriptase (uniport: Q9Y5Y6 aa 596–855) 
with an N-terminal hexa-histidine tag, was transformed into competent Escherichia coli (E. coli) BL21 Gold (DE3) 
cells (Agilent Technologies, Santa Clara, CA, USA). The transformed bacteria were grown at 37 °C and 160 rpm in 
LB medium (10 L) containing 100 µg/mL ampicillin. After reaching an optical density (OD600) of ~0.8 
overexpression was induced by adding 1 mM isopropyl-β-D-thiogalactopyranosid (IPTG) and the cells were 
incubated over night at 20 °C. Cells were harvested by centrifugation (9000 rpm at 4 °C for 15 min), resuspended 
in 250 mL cold lysis buffer (50 mM TRIS·HCl pH 8.0, 10% (v/v) glycerol, 300 mM NaCl, 0.1% (v/v) TritonX-100, RNase, 
DNase, lysozyme, 1 mM dithiothreitol (DTT)) and lysed by sonication (Sonoplus HD 2200; Bandelin, Berlin, 
Germany). Inclusion bodies were isolated by centrifugation (20000 rpm at 4 °C for 1 h) and resuspended in 
500 mL solubilization buffer (50 mM TRIS·HCl pH 8.0, 5% (v/v) glycerol, 6 M urea, 20 mM imidazole). After stirring 
the suspension overnight at 4 °C the mixture was centrifuged (20000 rpm at 4 °C for 1 h) again to remove 
insoluble impurities. Matriptase 1 was purified by immobilized metal affinity chromatography (IMAC) using a 
HisTrap HP 5 ml column (Cytiva Europe GmbH, Freiburg im Breisgau, Germany). The protein was washed with 5 
column volumes (CV) wash buffer (50 mM TRIS·HCl pH 8.0, 6 M urea, 20 mM imidazole), and elution was 
achieved with a linear gradient of elution buffer (50 mM TRIS·HCl pH 8.0, 6 M urea, 200 mM imidazole). 
Matriptase 1 containing fractions were pooled and refolded by two-step dialysis against 2 L of dialysis buffer 1 
(50 mM TRIS·HCl pH 9.0, 1 mM β-ME, 3 M urea) and 2 L of dialysis buffer 2 (50 mM TRIS·HCl pH 9.0, 1 mM β-ME) 
at 4 °C for > 8 h each. For further purification, anion exchange chromatography (AEX) on a HiTrap 5 mL column 
(Cytiva Europe GmbH) was utilized. Dialysis buffer 2 was used as AEX wash buffer (5 CV) and Matriptase was 
eluted with a linear gradient of dialysis buffer 2 and AEX elution buffer (50 mM TRIS·HCl pH 9.0, 1 mM β-ME, 1 M 
NaCl). Fractions containing matriptase, were pooled, flash-frozen in liquid nitrogen and stored at −80°C.  
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Absorption spectra. 

Method: Measurement setup for UV spectroscopy consisted of UV-transparent measurement plate (Greiner UV-
Star®, 655801), Tecan Spark 10M® well plate reader, 200 µL sample volume (5% DMSO/Tris buffer pH 7.4), 
λ = 250–400 nm. 
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Figure S4: Absorption spectra of a representative set of inhibitors with regards to the warhead λmax. Recorded from 55 µM 
(27 µM for 15) solutions in 5% DMSO/Tris buffer pH 7.4. 

The absorption spectra show the expected absorption maximum > 250 nm that corresponds to the annealed 
heteroarenes. The range ≤ 250 nm was not evaluated due to the presence of DMSO, but the absorption maxima 
of the isolated aromatic systems (Phe, aryl-guanidines) are expected to be detected there. 

The spectra change with identity or substitution pattern of the annealed system: benzothiophene has a lower-
wavelength λmax = 305 nm compared to benzothiazole (λmax = 310 nm), while cyclohexyl thiazole shows 
λmax = 330 nm. Halogen substitution of the benzothiazole has a weak bathochromic effect [H (λmax = 310 nm) < F 
(λmax = 315 nm) < Cl = Br (λmax = 320 nm)], while methoxy substitution has a distinct bathochromic effect 
(λmax = 350 nm). 

  



Publications 

197 

  

7 
 

Computation of physicochemical parameters. 

Method: pKa was calculated using MarvinJS 23.11.0 (https://playground.calculators.cxn.io/). Only the pKa of the 
protonated guanidine moiety is reported, since it is the only relevant pH-responsive group in an aqueous 
medium. logP was calculated using molinspiration v2022.08 (https://www.molinspiration.com/cgi/properties), 
logD7.4 was computed using MarvinJS 23.2.0 (https://plugins.calculators.cxn.io/logd/). 

Table S1: List of compounds evaluated for some computed physicochemical properties (pKA, logP, logD7.4) 
sorted from most hydrophilic to most hydrophobic of the set. 

compound cpKa (guanidine) clogP clogD7.4 
MTX - −2.0 −5.7 
15 11.3 −2.2 −4.5 
14a 11.7 −2.0 −4.5 
14e 11.3 −1.9 −4.5 
14b 11.2 −1.8 −4.5 
20 11.7 −1.5 −4.2 
14f 11.8 −0.9 −4.2 
14c 11.2 −1.3 −4.0 
14d 11.7 −1.2 −3.8 
38 11.8 −0.8 −3.4 
45 10.0 −0.7 −3.1 
29 10.0 −0.6 −3.1 
39 12.1 0.4 −2.9 
30 10.0 0.6 −2.3 
31 10.0 1.7 −0.9 
32 10.0 2.7 −0.2 
33 10.0 2.4 1.2 
PRO - 3.0 0.8 
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Stability studies. 

Method: 10–20 mM stock solutions of inhibitors in DMSO were diluted into ACN/water or solutions in ACN/water 
were prepared directly from solid and then analyzed by LC/MS (“stock”). Alternatively, stock solutions were 
diluted into DMSO/buffer for PAMPA, incubated either for 7 h at room temperature or 17 h at 37 °C and then 
analyzed by LC/MS (“room temperature” or “37 °C”). Samples at room temperature were concentrated by 
lyophilization to ca. 10x the original concentration prior to analysis. The LC/MS method is the same as described 
in the PAMPA section as “measurement setup for LC/MS”. The chromatograms depicted in the results section 
are always in the following order: “stock”, then “room temperature”, then “37 °C”. 
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Figure S5: Stability analyses of a representative set of inhibitors. The depictions consist of compound structure and number, 
then analysis at t0, then analysis after 7 h at room temperature, then analysis after 12 h at 37 °C. 

Parallel Artificial Membrane Permeation Assay 

The general principle reported in ref. [10] was used. 

Compound solutions were diluted from 10–20 mM stock solutions in DMSO to 100–400 µM in a buffered (TRIS 
50 mM pH 7.4) aqueous solution with 5% final content of DMSO (“donor solution”). A similarly prepared solution 
(buffer + 5% DMSO) was used as “acceptor solutions”. Incubation setup consisted of donor (top) plate (Sigma 
Aldrich, MAIPNTR10), 5 µL artificial membrane (1 % (w/v) L-α-phosphatidylcholine, Sigma Aldrich P3556, in n-
dodecane, Sigma Aldrich 8205430100), acceptor (bottom) plate (Greiner, 655074). 150 µL of donor solution was 
applied onto the artificial membrane which was applied first to the donor plate. This upper compartment was 
sealed (Greiner, 676070, Viewseal sealer). 400 µL of acceptor solution was applied to the acceptor plate. 
Incubation setup was assembled and left for 7 h at room temperature. Reference solutions were prepared by 
simply mixing the indicated volumes of donor and acceptor solutions at the start of the incubation period and 
analyzed later with the acceptor solutions. The experiment was performed in duplicates.  

Measurement setup for spectroscopy consisted of UV-transparent measurement plate (Greiner UV-Star®, 
655801), Tecan Spark 10M® well plate reader, 200 µL sample volume, λ = 200–650 nm. Analysis of UV data was 
performed with AUC function in GraphPad Prism using the indicated wavelength range. Acceptor and reference 
spectra were baseline-corrected to buffer spectrum at a wavelength range without absorption (λ = 450–500 nm). 

Measurement setup for LC/MS consisted of Agilent 1100 series HPLC system coupled to an Agilent 1100 series 
LC/MSD Trap with electron spray ionization (ESI). An Agilent Poroshell 120 EC-C18, 150x2.10 mm, 4 μm column 
was used. A linear gradient was used for elution with a ternary pump using [water/ACN/water + 0.1% formic 
acid] changing ratios from 80/10/10 to 0/90/10 over the course of 10 min (0.7 mL/min). Injection volume was 
100 µL. Areas of peaks in the chromatogram (detection-λ = 210 nm) were used to calculate the AUCs. Retention 
time and mass spectrum recorded in positive ionization mode were used to assign species. Analysis was 
performed using Mestrenova 12.0.2. 
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Calculations of effective permeability Pe were performed using the following equation with VD and VA as volumes 
of donor and acceptor solutions (0.15 cm3 and 0.4 cm3, respectively), AUCacc and AUCref as the area of the 
measured and baseline-corrected spectrum of acceptor and reference solutions after incubation, A as the 
porosity-corrected filter area (0.3019 cm2*0.7 = 0.2113 cm2) and t as the incubation time given in seconds. 

𝑃௘ = −
௏ವ∗௏ಲ∗୪୬ቆଵି

ಲೆ಴ೌ೎೎
ಲೆ಴ೝ೐೑

ቇ

(௏ವା௏ಲ)∗஺∗௧
 

Lit. values for propranolol (Lit-Pe(propranolol) = 8.3–13.9 *10−6 cm/s [11,12], measured Pe = 9.0 ± 
0.2*10−6 cm/s) and methotrexate (Lit-Pe(methotrexate) = 0.0 *10−6 cm/s [13], measured Pe = 0*10−6 cm/s) were 
replicated ensuring reliability of data for novel compounds. 

 

Synthesis 

General Methods and Materials:  

All reagents and solvents were purchased commercially and used as provided by the supplier without further 
purification. Solvents for synthesis, extraction, and chromatography were of analytical grade. Moisture-sensitive 
reactions were carried out under argon atmosphere as indicated, and anhydrous solvents were used as provided 
by the commercial supplier. Reaction progress was monitored by thin-layer chromatography using Alugram Xtra 
F254 silica plates from Macherey-Nagel and/or LC-MS (Agilent 1100 series HPLC system and an Agilent Poroshell 
120 EC-C18, 150 x 2.10 mm, 4 µm column coupled to an Agilent 1100 series LC/MSD Trap with electron spray 
ionization (ESI)). The identities and purities of compounds were determined by the same LC-MS system with a 
gradient of acetonitrile and water (+0.1% formic acid). Signals were detected at 210/254 nm with quantitation 
by AUC and masses were determined in positive ionization mode (ESI). HPLC purification was performed with 
the Agilent 1290 II Infinity Preparative LC System using an InfinityLab Pursuit XRs C18, 30 x 250mm, 5 µm, 
preparative LC column and a gradient method (10% ACN (0.1% formic acid) to 100% ACN (0.1% formic acid)). 
Flash chromatography was performed with the Biotage IsoleraTM One system using prepacked columns from 
Biotage. Silica gel (0.040 – 0.063 mm) from Macherey-Nagel was used for column chromatography. Optical 
rotations [𝛼]஽ଶ଴ were measured on an P3000 polarimeter from Krüss at 20 °C and are reported in ml·dm-1·g-1 with 
the concentration c being g/100 ml. Fourier-transformed ATR-corrected IR spectra were measured on an Avatar 
330 single crystal spectrometer from ThermoNicolet. Melting points (uncorrected) were measured with an MPM-
H3 using semi-open capillaries. NMR spectra were recorded as stated individually on Bruker Fourier 300 MHz, 
Bruker Avance DSX 400 MHz and Bruker Avance III 600 MHz. Chemical shifts are indicated in parts per million 
(ppm), with the solvent resonance (CDCl3 or DMSO-d6 from Deutero GmbH) as internal standard. The purity of 
all compounds tested in biological assays was ≥95% as determined by LC-MS. 

  

4 



Publications 

202 

5: Dual Strategy to Design New Agents Targeting Schistosoma mansoni: Advancing 

Phenotypic and SmCB1 Inhibitors for Improved Efficacy. 

Schistosomiasis is a neglected tropical disease currently still defined as a public health problem by the 

WHO. On the technical side, they judge the available diagnostics to be insufficient and urge the advance 

of scientific understanding, as well as effective therapeutic interventions.517 Currently and for the past 

50 years, praziquantel is the main drug in use.624 Its mode of action was only recently elucidated with 

the description of its binding site at a transient receptor potential melastatin ion channel (TRPPZQ), which 

activates aberrant Ca2+-influx and subsequent parasite death.625,626 One obstacle to drug design for this 

parasite is its membrane constitution. In its adult lifecycle stage, it covers its cell body with at least two 

bilayer membranes (“tegumental membrane”), hindering cell permeation by drugs.627–629 

Since translation of in vitro to cell-based assays is complicated by the parasite’s tegumental membrane, 

the study presented here not only included the in vitro characterization of inhibition potency and kinetics 

of a large set of peptide inhibitors with covalent warheads, but also a phenotypic screening on both the 

infantile and adult stage of parasite development. The inhibitor sets investigated for this study were 

initially repurposed from other projects on the human proteasome, T. brucei CatL, human CatS, and 

Staphylococcus aureus sortase A. After gaining insight into their phenotypic effects, two strategies were 

introduced starting from structures with marked phenotypic activity. The first newly synthesized set was 

based on the keto vinylester-based proteasome inhibitor KS309 with low affinity for SmCatB1 

(= SmCB1). Modifications that increased the lipophilicity, as well as different warheads, and 

peptidomimetic moieties (azapeptide, N-methylation, inversed sequence) were evaluated. A significant 

correlation between logP and cellular effect could be observed for this set. The second set of novel 

inhibitors were derived from the two TbCatL inhibitors SJ605 and SJ606. These were optimized for 

their in vitro inhibition of SmCatB1. A significant correlation with cellular effect was observed for both 

logP and non-covalent affinity against SmCatB1. Following the suggestions from flexibility correlations, 

rigid N-terminal capping groups were evaluated. Since the recognition sequence was shortened, only 

low to moderate selectivity against related proteases was achieved. A special focus was put on the 

effectiveness against adult schistosomes due to the tegumental membrane alluded to before. To 

rationalize a link between in vitro affinity towards SmCatB1 and this effect, passive permeability was 

characterized by PAMPA. This elucidated special features for irreversible inhibitors, for which low 

permeability can also result in a sufficient cellular effect, even with moderate non-covalent affinity. 

Additionally, the antischistosomal activity of the most effective inhibitor 2h was corroborated by 

describing its high permeability in addition to its high affinity. Taken together, this publication presents 

inhibitors designed by two distinct approaches, for which the predictive value of calculated 

physicochemical parameters was discussed. These inhibitors were described in the context of their 

cellular effect against hard-to-target lifecycle stages of S. mansoni, and the in vitro data against SmCatB1 

was connected to their cellular effect by their passive permeability. 
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Own contribution: Evaluating the passive permeability of the SJ-series by PAMPA, correlating the 

passive permeability with inhibition data against isolated target and cellular effect, writing parts and 

editing of the manuscript. 

Contribution from others: Inhibitor synthesis and characterization of the in vitro affinity, inhibition 

kinetics, and selectivity, antischistosomal effect, correlation of the physicochemical parameters (logP, 

PSA) with inhibition data against the isolated target and the cellular effect, non-covalent and covalent 

docking, writing and editing of the manuscript. 

 

This work was published in ACS Infectious Diseases. 

Article reprinted with permission from ACS Infect. Dis. 2024, 10, 5, 1664–1678, “Dual Strategy to 

Design New Agents Targeting Schistosoma mansoni: Advancing Phenotypic and SmCB1 Inhibitors for 

Improved Efficacy” Copyright © 2024 American Chemical Society. Published by American Chemical 

Society. 

 

The following publication quoted within “” (pages 204–218) is the same as the manuscript cited here. 

The Supporting Information can be accessed online at doi:10.1021/acsinfecdis.4c00020.   
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Dual Strategy to Design New Agents Targeting Schistosoma
mansoni: Advancing Phenotypic and SmCB1 Inhibitors for Improved
E!cacy
Natalie Fuchs,§ Robert A. Zimmermann,§ Marvin Schwickert,§ Annika Gunkel, Collin Zimmer,
Mergim Meta, Kevin Schwickert, Jennifer Keiser, Cécile Haeberli, Werner Kiefer,
and Tanja Schirmeister*

Cite This: ACS Infect. Dis. 2024, 10, 1664−1678 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: In this study, we have identified and optimized two lead structures from an in-house screening, with promising results
against the parasitic flatworm Schistosoma mansoni and its target protease S. mansoni cathepsin B1 (SmCB1). Our correlation analysis
highlighted the significance of physicochemical properties for the compounds’ in vitro activities, resulting in a dual approach to
optimize the lead structures, regarding both phenotypic e!ects in S. mansoni newly transformed schistosomula (NTS), adult worms,
and SmCB1 inhibition. The optimized compounds from both approaches (“phenotypic” vs “SmCB1” approach) demonstrated
improved e"cacy against S. mansoni NTS and adult worms, with 2h from the “SmCB1” approach emerging as the most potent
compound. 2h displayed nanomolar inhibition of SmCB1 (Ki = 0.050 μM) while maintaining selectivity toward human o!-target
cathepsins. Additionally, the greatly improved e"cacy of compound 2h toward S. mansoni adults (86% dead worms at 10 μM, 68% at
1 μM, 35% at 0.1 μM) demonstrates its potential as a new therapeutic agent for schistosomiasis, underlined by its improved
permeability.
KEYWORDS: schistosomiasis, cathepsin-B-like protease, structure−activity relationship study, covalent inhibition

Schistosomiasis is an acute or chronic infectious disease that
can be caused by di!erent species of the genus

Schistosoma, a family of human blood flukes. More than 240
million patients are a!ected by this disease worldwide, most of
them in sub-Saharan Africa.1−3 Of all five Schistosoma species
that can cause schistosomiasis in humans, Schistosoma mansoni
is the most widespread, throughout Africa, the Middle East,
and even the Americas.4 Infections can lead to intestinal or
hepatic forms of schistosomiasis.5 During its life cycle, S.
mansoni depends on two di!erent hosts, freshwater snails of
the genus Biomphalaria for asexual replication, and a
mammalian host for sexual replication.4 Upon completing
asexual replication, the snails release cercariae into the
freshwater. These infectious cercariae penetrate human skin
exposed to contaminated water and start their sexual
replication within the human body. Over the next 5−7
weeks, this larval stage, called schistosomula, develops into
matured schistosomes until they begin to mate.4 Female
schistosomes are capable of producing hundreds of eggs

daily.6,7 Egg migration into the intestinal lumen, where they are
excreted with feces, completes the sexual reproduction process.
Once released into freshwater, the eggs will hatch and release
ciliated miracidia, which can now infect the snail hosts to begin
asexual replication.6 Fecal excretion of eggs is not quantitative,
meaning that a considerable number of eggs remain in the
human body.7 After 1−2 weeks, the eggs die, no matter if they
reach freshwater.4 Hundreds of trapped, partially dead eggs in
the human body can induce severe inflammatory reactions that
may cause the full picture of the schistosomiasis disease.8,9

Received: January 9, 2024
Revised: April 18, 2024
Accepted: April 18, 2024
Published: April 30, 2024

Articlepubs.acs.org/journal/aidcbc

© 2024 American Chemical Society
1664

https://doi.org/10.1021/acsinfecdis.4c00020
ACS Infect. Dis. 2024, 10, 1664−1678

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 M

A
IN

Z 
on

 M
ay

 1
6,

 2
02

4 
at

 1
6:

15
:0

8 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.



Publications 

205 

  

Today, the only approved drug for the treatment of
schistosomiasis is praziquantel (PZQ). Although praziquantel
was introduced in the 1970s, very few cases of treatment failure
have been reported.10 With a reported cure rate of ∼90%, PZQ
remains a powerful tool to fight schistosomiasis. Despite the
achieved success, the actual mechanism of action remained
elusive until 2021, when Park and co-workers demonstrated
that the transient receptor potential melastatin type 8 ion
channel (Trpm8) is the target of praziquantel.11 However, to
control or even eradicate this disease, it seems necessary to
pursue further drug development to obtain a drug with a
broader activity range, also covering the juvenile stage and treat
those patients who have shown resistance to PZQ. By focusing
on additional targets that are vital to the parasite, an improved
treatment could be accomplished. Recent publications have
shown that the cathepsin-B-like protease of S. mansoni
(SmCB1) presents a promising target for low-molecular-weight
inhibitors, since its inhibition is lethal to S. mansoni.12−14

Previous studies also showed that suppression of SmCB1
activity in early-stage schistosomula had a long-term e!ect on
their growth and development, underlining a certain
vulnerability arising from this target.15
To date, several SmCB1 inhibitors have been reported. One

well-known example is the pan-cathepsin inhibitor K11777
(IC50 = 0.0021 μM, ksecond = 8.8 × 104 M−1 s−1), an irreversible
vinylsulfone.13,16 It has proven to be e"cient against

schistosomes in mice, reducing both worm numbers and egg
production.14 Based on the K11777 sca!old, Jiĺkova ́ and co-
workers have developed the potent irreversible SmCB1
inhibitors WRR-391 (IC50 = 0.2 nM, ksecond = 2.1 × 105
M−1 s−1) and WRR-286 (IC50 = 0.6 nM, ksecond = 2.0 × 105
M−1 s−1).13,16 The compounds are e!ective against newly
transformed schistosomula (NTS) at concentrations of 10 μM
(WRR-391 and WRR-286) and 1 μM (WRR-286 only) after
72 h.13 Additionally, the same authors introduced azapeptide
nitriles as covalent-reversible SmCB1 inhibitors with high
e"cacy against NTS.12 However, their e"cacy against S.
mansoni adults has not yet been published.
In order to discover new potential antischistosomal

compounds, we developed a workflow (see Graphical
Abstract) starting with a screening that includes 76
compounds, providing us with lead structures (for all
structures and data see Supporting Information) for a dual
optimization approach. We then performed a correlation
analysis of the entire screening data to obtain optimization
ideas. From these ideas, we designed new compounds with
higher lipophilicity and decreased structural flexibility, also
using molecular docking approaches to improve a"nity for
SmCB1. The new compounds were synthesized and tested on
the target enzyme as well as in a phenotypic assay.

Figure 1. Workflow of the initial screening of in-house compounds. All compounds were screened for SmCB1 inhibition in a fluorometric enzyme
assay as well as for their e"cacy in a phenotypic assay against NTS and adult worms.

Figure 2. Phenotypic screening of in-house library compounds−top 3 compounds with screening results (% dead NTS and S. mansoni adult worms
at the respective concentration) and Ki values.

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Article

https://doi.org/10.1021/acsinfecdis.4c00020
ACS Infect. Dis. 2024, 10, 1664−1678
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■ RESULTS AND DISCUSSION
Screening. We initiated our search for lead structures with

antischistosomal activity by screening an in-house library of 76
compounds. The library consisted of several cysteine protease-
targeting inhibitors decorated with di"erent covalent warheads,
such as fluorovinylsulfon(at)es, nitriles, aldehydes, 4-oxoe-
noates, nitroalkenes, and acrylamides.17−22 The compounds
were tested in phenotypic assays on NTS and S. mansoni
adults.23 In addition, we evaluated all compounds for their
inhibitory e"ect on SmCB1 using a fluorometric enzyme assay
to analyze potential correlations with the results of the
phenotypic assay. We determined IC50 and Ki values for all
compounds exhibiting SmCB1 inhibition >50% at 20 μM. In
the phenotypic assay, all substances were initially analyzed at
10 μM on NTS. If an e#cacy of >70% dead NTS was
achieved, a second screening was performed at 1 μM on NTS
and at 10 μM on S. mansoni adults. Lower compound
concentrations of 1 and 0.1 μM were tested on adult worms
when 70% activity (i.e., >70% dead worms) was achieved in
the respective previous screening. A table with all data from the
screening can be found in the Supporting Information. The
procedure of the initial screenings is depicted in Figure 1.
The top three compounds (KS309, SJ605, SJ606) from the

phenotypic screening against S. mansoni adults are shown in
Figure 2. While two of them are vinylsulfonate-based cysteine
protease inhibitors (SJ605, SJ606), originally developed for
rhodesain,18,19 the third is a 4-oxoenoate-based bortezomib
congener with S,R-configuration.24 All three compounds are
highly active against NTS at 10 μM (100% e#cacy, i.e., 100%
dead NTS). Although SJ605 and SJ606 exhibit high SmCB1
inhibition with Ki values in the low nanomolar range, a reduced
e#cacy against adult worms at 10 μM (55% dead worms for
SJ605, 58% dead worms for SJ606) was achieved. In contrast,

KS309 shows weak inhibition of SmCB1 (Ki > 100 μM) but a
stronger e"ect on adult worms (76% at 10 μM, 29% at 1 μM)
in the phenotypic assay, indicating that it addresses another
target.
Based on these findings, we pursued a dual strategy to

increase the antischistosomal e"ect of both compound classes
on adult S. mansoni. In order to maximize their e"ect, we also
focused on improving their physicochemical properties, such as
lipophilicity, since the substances have to pass two cell
membranes to reach their target site.25 This resulted in two
approaches, the “phenotypic” approach focusing on KS309
derivatization and the “SmCB1” approach focusing on SJ605/
SJ606 derivatizations.24

Chemistry. Compounds 1a−m were prepared by TBTU
peptide coupling chemistry. Synthesis of their respective
warheads was achieved by Horner−Wadsworth−Emmons
(HWE) reactions. All synthetic pathways are described in
detail in the Supporting Information.
The fluorovinylsulfone- and -sulfonate-based inhibitors 2a−

q were synthesized as previously published. A schematic
overview is shown in Scheme S7 in the Supporting
Information.17,18,25

Correlations and Hit Optimizations. Correlation
Analysis. To identify correlations and ideas for optimization,
we calculated several important physicochemical parameters
(S log P, TPSA, KierFlex) using molecular operating environ-
ment (MOE) (see Table S1 in the Supporting Information).26
With these data, we performed a correlation analysis for each
physicochemical parameter as well as for the SmCB1 inhibition
with the observed e"ects in the phenotypic screening,
including NTS (10, 1 μM inhibitor concentration) and S.
mansoni adults (10 μM inhibitor concentration). The resulting
correlation factors and their respective p-values are shown in

Figure 3. Correlations between Ki values or physicochemical parameters and the e"ects found in the phenotypic screenings. (A) All compounds (n
= 76). Left: e"ect on NTS at 1 μM vs Ki (SmCB1) in μM (n = 27, p = 0.025). Right: e"ect on NTS at 1 μM vs S log P (n = 27, p = 0.021). (B)
Compounds of the SJ600 series (SJ600-SJ620, n = 16). Left: e"ect on NTS at 10 μM vs Ki (SmCB1) in μM (n = 16, p = 0.005). Middle: e"ect on
NTS at 10 μM vs S log P (n = 16, p = 0.005). Right: e"ect on NTS at 10 μM vs KierFlex (n = 16, p = 0.032).

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Article

https://doi.org/10.1021/acsinfecdis.4c00020
ACS Infect. Dis. 2024, 10, 1664−1678
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Table S2 in the Supporting Information. Only p-values < 0.05
are considered statistically significant. Respective diagrams are
shown in Figure 3.
There is a slight, but statistically significant, correlation

between the Ki values and the e!ects in the phenotypic
screening against NTS at 1 μM (p = 0.025). The correlation
factor (r) is negative (r = 0.43), implying that lower Ki values
lead to higher e!ects in vitro. For S. mansoni adults, this
correlation is not significant (p = 0.18). Since the expression
levels of proteases fluctuate in di!erent stages of development,
adult worms may overcome inhibition of SmCB1 more
e!ectively than NTS. Candidate proteases may be S. mansoni
cathepsin D or cathepsin L which are also involved in the
digestion of blood hemoglobin. Furthermore, an additional
second membrane has to be crossed in adult worms which may
play a role for the in vitro activity of the compounds.15,27,28
The positive correlation factor between S log P and the e!ect
against NTS (r = 0.44 for 1 μM inhibitor concentration)
indicates that higher S log P values are beneficial (p = 0.021).
TPSA and molecular flexibility (KierFlex) do not have
significant e!ects.
Since two compounds from the SJ600 series (i.e., SJ600−

SJ620), namely, SJ605 and SJ606, are among the top three, we
decided to analyze the subset containing only these structurally
related compounds (n = 16, results in Table S3 in the
Supporting Information). The compounds are known to be
potent cysteine protease inhibitors with low cytotoxicity as
reported by Jung et al.19
Again, there is a significant negative correlation (p = 0.005)

between the Ki value for SmCB1 and the e!ects against NTS at
10 μM inhibitor concentration (r = 0.67). The S log P values
correlate with the e!ect against NTS at 10 μM (r = 0.66, p =

0.005) as well. Within this compound set, an additional
correlation between the molecular flexibility (KierFlex) and the
e!ect against NTS at 10 μM (r = 0.54, p = 0.032) can be
found, suggesting that lower flexibility is advantageous. KIER’s
definition of flexibility is structure based upon molecular size,
branching, cycles, and number of heteroatoms.29
The discussed correlations for the complete compound set

and the SJ600 subgroup are shown in Figure 3. In summary,
stronger correlations are found within the SJ600 subgroup as
can also be drawn from the correlation factors (for example
NTS 10 μM vs Ki: all compounds r = 0.27 vs SJ600 subgroup r
= 0.67).

Derivatization of KS309. In a first approach, we
investigated the structural modifications of KS309 (Figure
4). To increase lipophilicity, we reduced the number of
hydrogen-bond donors by methylating one of each of the
amide bond nitrogen atoms (1a, 1b). Furthermore, the e!ect
of replacing the polar pyrazinoyl moiety in P3 with the more
lipophilic Cbz (1c) and Boc (1d) groups was investigated as
such modifications have also been shown to be e!ective in
SmCB1 inhibitor design.12 Since 4-oxoenoates exhibit high
reactivity against nucleophiles, we tested alternative warheads
such as propargylamide (1e), nitrile (1f), and vinylsulfonate
(1g). To analyze the e!ect of inverted amide bonds, the
acrylamide derivative 1h was prepared. The precursors 1i and
1j of vinylsulfonate 1g were also tested due to their higher
lipophilicity. Synthesizing 4-oxoenoates and vinylsulfonates
causes epimerization at P1. To avoid the separation of
diastereomers at a later stage of the synthetic procedure, we
prepared the P1 azapeptide derivative 1k of KS309. In
addition, truncated derivatives (1l, 1m) of KS309 were
synthesized and tested.

Figure 4. Modifications of KS309.

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Article

https://doi.org/10.1021/acsinfecdis.4c00020
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We evaluated the KS309 derivatives for their SmCB1
inhibition as well as their e!cacy on NTS and S. mansoni
adults. The results are listed in Table 1. Additionally,
calculated S log P values and topological polar surface areas
(TPSA) are given.
From this new compound series, 1g, 1i, and 1j showed

higher activity on S. mansoni adults (93−100% vs 76 ± 6% at
10 μM; 36−45, vs 29 ± 2% at 1 μM) compared to KS309. 1a,
1b, and 1d-(E) exhibited slightly lower e!cacy (61−65% at 10
μM), while all other compounds appeared to be distinctly less
e!cient (<60% at 10 μM). A correlation between the
reduction of the TPSA compared to KS309 (<127 Å2) and
the increase in e!cacy on adult worms could not be observed.
Although 1i and 1j with TPSAs of 111, and 82 Å2, respectively,
showed higher e!cacy, other compounds with TPSAs ranging
from 82 to 119 Å2 (1a−c, 1d-(E), 1d-(Z), 1e and 1h) were
less e!cient. On the other hand, a statistically significant
correlation between S log P values and e!cacies on NTS at 10
μM could be observed (r = 0.84, p = 0.0001), suggesting that
higher S log P values result in higher e!cacy (see Table S4 and
Figure S126 in the Supporting Information). Compounds with
S log P values of ≥2.04 (KS309, 1a−c, 1d-(E), 1d-(Z), 1g, 1i,
1j, and 1l) appeared to have an e!cacy of at least 96% at 10
μM. For compounds with S log P values ranging from 0.99 to
2.03, the activities were only 39−61%. This correlation was
also observed for S. mansoni adults at 10 μM (r = 0.69, p =
0.015). Overall, 1g as well as its precursors 1i and 1j showed
the highest activities within the new compound series on both
NTS and S. mansoni adults. Interestingly, 1g and 1j even
exhibited stronger inhibition of SmCB1 compared to KS309
(68−80, vs 58% at 20 μM), albeit weak compared to the SJ-
series (SJ605/SJ606). Substituting the 4-oxoenoate warhead
of KS309 with a less reactive vinylsulfonate (1g), retained the
same TPSA (127 Å2) but increased the S log P value (3.27 vs
2.04). Replacing the polar pyrazinoyl moiety of 1g with a more
lipophilic Boc group (1j) did not change e!cacy, although it
decreased the TPSA (111 vs 127 Å2) and increased the S log P
value (4.58 vs 3.27, 1g and 2.04, KS309). In summary, the
antischistosomal e"ect could be increased. It appeared that the
vinylsulfonate moiety is the most suitable to achieve higher
e!cacy, assumably due to its inherent higher lipophilicity.
However, the target of the KS309 derivatives remains

unknown. Therefore, rather than focusing on the phenotypic
approach by optimizing the series, we focused on optimizing
the SJ605/SJ606 inhibitors, since their in vitro e"ects
appeared to correlate with SmCB1 inhibition.

Derivatization of the SJ600 Series Compounds. The
correlation analysis suggested that higher rigidity results in
higher activity in the phenotypic assay (see Table S3 in the
Supporting Information). Nevertheless, the SmCB1 inhibition
should not be compromised since it also correlates with the
e"ect in NTS. Figure 5 shows noncovalent docking poses
(generated with LEADIT)30 for lead structures SJ605 (

Table 1. Physicochemical Parameters and In Vitro E!ects of 1a−m

NTS e"ect (%)b S. mansoni adults e"ect (%)b

cpd S log Pa TPSA (Å2) SmCB1 inhibition at 20 μM (%)b at 10 μM at 1 μM at 10 μM at 1 μM
KS309 2.04 127 58 ± 5 100 ± 0 23 ± 12 76 ± 6 29 ± 2
1a 2.38 119 11 ± 6 100 ± 0 48 ± 0 61 ± 4 n. d.
1b 2.38 119 12 ± 9 96 ± 0 44 ± 6 48 ± 0 n. d.
1c 4.01 111 67 ± 0 98 ± 2 15 ± 8 65 ± 2 36 ± 6
1d-(E) 3.34 111 42 ± 6 100 ± 0 78 ± 2 61 ± 0 n. d.
1d-(Z) 3.34 111 47 ± 1 100 ± 0 40 ± 0 40 ± 2 n. d.
1e 1.10 113 18 ± 7 46 ± 0 n. d. n. d. n. d.
1f 0.99 137 10 ± 8 39 ± 0 n. d. n. d. n. d.
1g 3.27 127 68 ± 4 100 ± 0 38 ± 4 100 ± 0 43 ± 0
1h 1.86 113 9 ± 4 48 ± 2 n. d. n. d. n. d.
1i 3.85 82 9 ± 1 98 ± 2 27 ± 4 93 ± 4 36 ± 2
1j 4.58 111 80 ± 1 100 ± 0 65 ± 0 100 ± 0 45 ± 2
1k 1.45 131 17 ± 6 50 ± 13 33 ± 5 47 ± 10 n. d.
1l 2.61 82 7 ± 8 100 ± 0 14 ± 2 58 ± 2 n. d.
1m 2.03 85 3 ± 8 61 ± 4 32 ± 2 34 ± 0 n. d.

aCalculated using MOE 2019.01.26 b% Dead after 72 h (compared to DMSO control).

Figure 5. Noncovalent docking poses for lead compounds SJ605 and
SJ606 obtained with LeadIT.30 Images were generated using
PYMOL.31 The ligand interaction map was generated with MOE.26
PDB ID: 3s3r.16 (A) Docking pose for SJ605 (pale green). Overlay
with K11777 (gray). Important interactions are shown as yellow
dashes. Hyde score: −34 kJ/mol. (B) Docking pose for SJ606 (deep
teal). Overlay with K11777 (gray). Important interactions are shown
as yellow dashes. Hyde score: −25 kJ/mol.
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Figure 6. Optimized vinylsulfon(at)e-based compounds 2a−q.

Table 2. Inhibition Data from Fluorometric Enzyme Assay for Fluorovinylsulfon(at)es 2a−qa,b

SmCB1 CatB CatL

cpd R Ki (μM) kinact (s−1) ksecond (M−1 s−1) Ki (μM) or %inh @20 μM SI Ki (μM) or %inh @ 20 μM SI
K11777 0.0029 ± 0.0005b 4.7 × 10−3 1.6 × 106

2a A 5.8 ± 1.5 30% >3 45% >3
2b A 4.7 ± 0.3b 1.1 × 10−4 23 38% >4 n. i. >4
2c B 6.7 ± 0.8b 2.3 × 10−4 34 29% >3 24% >3
2d C 2.2 ± 0.8b 1.6 × 10−4 73 41% >9 41% >9
2e D >100 n. d. n. d. 28% n. d. 30% n. d.
2f E 2.5 ± 0.6b 2.5 × 10−4 1.0 × 102 22% >8 32% >8
2g A 0.72 ± 0.01b 1.8 × 10−3 2.5 × 103 n. i. >28 43% >28
2h B 0.050 ± 0.003b 7.0 × 10−4 1.4 × 104 29% >400 37% >400
2i C 1.6 ± 0.4b 3.0 × 10−4 1.9 × 102 31% >13 28% >13
2j D 2.3 ± 1.0b 5.0 × 10−4 2.2 × 102 20% >9 26% >9
2k E 0.83 ± 0.07b 1.3 × 10−3 1.5 × 103 6.5 ± 1.0 7.8 0.54 ± 0.05 7.8
2l F 0.078 ± 0.007b 1.1 × 10−3 1.4 × 104 0.41 ± 0.06 5.3 4.8 ± 0.28 5.3
2m G >100 n. d. n. d. n. i. n. d. 20% n. d.
2n H 0.030 ± 0.020b 2.4 × 10−3 8.0 × 104 1.0 ± 0.2 33 2.2 ± 0.2 73
2o I 0.050 ± 0.030b 1.8 × 10−3 3.6 × 104 48% >400 0.37 ± 0.03 7.4
2p J 0.41 ± 0.30b 5.4 × 10−3 1.3 × 104 39% >49 8.2 ± 2.1 20
2q K 0.15 ± 0.04b 2.8 × 10−3 1.8 × 104 0.26 ± 0.01 1.7 2.3 ± 0.2 15

an. d., not determined; n. i., no inhibition at 20 μM inhibitor concentration; %inh at 20 μM, mean inhibition in % from three independent
measurements at 20 μM inhibitor concentration with SD < 20%; SI, selectivity index. bTime-dependent inhibition.
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Ki = 1.8 nM) and SJ606 (Ki = 3.4 nM) revealing that the most
important interactions occur with the S1′ and S1 subsites.
Gly144 and Gly269 both interact with the amide group
between P1 and P2, and Gln94 can form an H-bond with the
sulfonyl-oxygen atom as well as with Trp292. The residues in
P2/P3 do not form essential interactions in the active site since
the residues rather protrude from the binding site.
Based on these interactions, we decided to modify the P2/

P3 residues while maintaining the P1′ and P1 residues. To
enhance rigidity, we chose various bi- or tricycles in P2, such as
indole, DHBD, and several others, resulting in compounds
2a−q (Figure 6). We prepared irreversible vinylsulfones (2b−
f) and -sulfonates (2g−q) as well as one compound with a
reversible α-fluorovinylsulfone warhead (2a).
SmCB1 Inhibition and Structure−Activity Relation-

ship. We tested all new vinylsulfon(at)e-based compounds in
fluorometric enzyme assays to evaluate their inhibitory activity
for SmCB1 and their selectivity toward o!-target cathepsins
(assay conditions in the Supporting Information). The results
are shown in Table 2.
All new vinylsulfone-based compounds except compound 2e

(Ki > 100 μM) are good SmCB1 inhibitors with Ki values in
the low micromolar range. The covalent reaction occurs slowly
(kinact around 10−4 s−1) and there is moderate selectivity
toward cathepsins B and L. 2a, an α-fluorovinylsulfone, is the
only inhibitor in the series that reversibly inhibits the enzyme
by a covalent-reversible Michael addition.17,18 The Ki is in the
same range as for the irreversible vinylsulfones with only little
selectivity toward CatB and CatL.
Table 2 also shows the inhibition data for vinylsulfonate-

based compounds 2g−q. Notably, their inhibitory potency is
much better in comparison to their vinylsulfone counterparts,
for example, 2h (Ki = 0.050 μM, Figure S121 in the Supporting
Information) vs 2c (Ki = 6.7 μM). Moreover, the kinact values
of most vinylsulfonates are higher than those of the
vinylsulfone counterparts, suggesting a faster covalent bond
formation. Since vinylsulfonates proved to be more potent
SmCB1 inhibitors, we designed and synthesized additional
compounds with improved physicochemical properties, such as
S log P and TPSA (2l−q). With these compounds, we
obtained Ki values in the nanomolar range. Among these, 2n
(Ki = 0.030 μM) and 2o (Ki = 0.050 μM) were found to be the
top two compounds in terms of inhibitory potency. However,
2h performs better in terms of selectivity (>400-fold toward
CatB and CatL) compared to the moderate selectivity of 2n
(33-fold vs CatB, 73-fold vs CatL) and 2o (>400-fold vs CatB,
7.4-fold vs CatL).
Docking and SAR Discussion. Docking scores and Hyde

scores (Table S6 in the Supporting Information) for the new
SJ compounds were generated using LEADIT.30 Since we
maintained the P1′ and P1 residues of SJ605 and SJ606
(Figure 7B), we still observed interactions between Gly144
and Gly269 with the amide bond as well as an additional H-
bond with Gly143 in the noncovalent docking computations.
Gln94 and Trp292 are also involved in H-bond formation with
the sulfonyl group. The docking poses for top compound 2h
overlapping with SJ606 is shown in Figure 7, revealing that the
important interactions with Gly144 and Gly269 and the amide
bond between P1 and P2 were conserved.
2i surprisingly shows a very weak SmCB1 inhibition (Ki >

100 μM) which is not reflected by its Hyde score (−33 kJ/
mol). Looking at the docking poses of both 2i and SJ606, we
noticed that the distance between the β-carbon of the

vinylsulfonate double bond and the sulfur atom of the
nucleophilic Cys100 that undergoes the covalent reaction is
increased from 2.9 to 4.3 Å (Figure S129 in the Supporting
Information). Covalent reactions occur more readily at
distances up to 3.5 Å, which could explain the poor inhibitory
activity.33 The same may apply for 2m (Ki > 100 μM) for
which a distance of 3.9 Å was found. Additionally, covalent
docking for 2i and 2m did not yield reasonable docking poses
which would resemble the cocrystallized ligand. The covalent
docking scores for 2h, 2i, 2l, and 2m and the distances for
compounds 2a−q are listed in Table S6 in the Supporting
Information.

In Vitro Activity in Phenotypic Assay. The results for
the phenotypic assay of 2a−q compared to leads SJ605 and
SJ606 as well as the approved drug PZQ are shown in Table 3.
All compounds were tested against NTS and S. mansoni adults.
Compared to starting compounds SJ605 and SJ606, several

vinysulfonate-based inhibitors are more active against NTS and
S. mansoni adults. Especially compounds 2h, 2i, 2k, and 2p are
outstanding since they display a high e"cacy (≥75%) against
S. mansoni adults at 10 μM. 2h has the highest e"cacy in the
series with 68% at 1 μM and 35% at 0.1 μM, which is in a
similar range as PZQ (IC50 = 0.16 μM).35 Notably, 2h and 2p
(S. mansoni adults: 75% dead at 10 μM, 23% dead at 1 μM)
share a high structural similarity, also with SJ606. This
indicates that the DHBD/DHBO moiety is beneficial for
phenotypic e"cacy, particularly in S. mansoni adults. A
correlation analysis suggests that lower Ki values result in a
higher e"cacy in NTS at 10 μM (r = −0.47, p = 0.048, Table
S5 in the Supporting Information). Similarly, a slight
correlation was found between TPSAs (ranging from 75 up
to 110 Å2) and e"cacies (r = 0.55, p = 0.023, Table S5 in the
Supporting Information).
Although the initial correlation analysis suggested that a

higher lipophilicity could be beneficial, this is not the case for
the new vinylsulfon(at)e-based compounds. An example is 2e
with the highest S log P in the series (6.15) but only limited
potency (NTS: 42% at 10 μM, S. mansoni adults: n. d.). In
contrast, 2k is one of the top compounds (NTS: 100% at 10
μM, S. mansoni adults: 86% at 10 μM) with one of the lowest
S log P values (4.22). Flexibility also seems to have a smaller
impact on e"cacy than assumed. The top compounds’
KierFlex values range from 5.54 to 6.59, whereas compounds
with a higher rigidity, such as 2a (5.09), 2b (5.14), and 2f
(5.09), did not perform as well in the phenotypic assay.

Figure 7. Molecular docking of 2h and the initial lead SJ606.
Noncovalent docking with LEADIT, images were generated with
PYMOL, ligand interaction map generated with MOE.26,31 PDB ID:
3s3r.16 Overlay of 2h (violet) and SJ606 (deep teal). Important active
site interactions are shown as yellow dashes. Hyde score: −39 kJ/
mol.32

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Article

https://doi.org/10.1021/acsinfecdis.4c00020
ACS Infect. Dis. 2024, 10, 1664−1678

1670



Publications 

211 

  

In summary, several factors combine to influence phenotypic
e!cacy in schistosomes. Regardless, compound 2h displays
high potency and should be considered for further studies.
Permeability Study. An assessment of permeability by

parallel artificial membrane permeability assay (PAMPA) was
performed to add another factor for reasonable drug design36
and to link a!nity against SmCB1 with e"ects in cell-based
experiments. In numbers, high permeability was set to Papp ≥ 2
× 10−6 cm/s37,38 which was correlated with an e"ect against
adult schistosomes ≥50% at 10 μM (compare Table 3).
Correctly predicted from its favorable physicochemical

properties, PZQ showed the best permeability, underlining
its position as an e"ective drug. This PAMPA data is in line
with reported Caco-2 apparent permeability for PZQ (Papp,lit. =
44 × 10−6 cm/s vs Papp = 45.4 ± 18.7 × 10−6 cm/s, n = 6).39
The most promising compound of this study, 2h, which

showed an e"ect comparable to PZQ, also showed high,
although slightly lower permeability (Papp = 8.01 ± 2.83 × 10−6

cm/s, n = 6) when compared to PZQ. This permeability seems
to still ensure su!cing concentrations in the targeted cell. In
direct contrast to 2h, compound 2n has the same a!nity to the
target enzyme but has a remarkably lower permeability (Papp <
1 × 10−6 cm/s, n = 4), which underscores the observed
inactivity in the cell-based assay.
An interesting case can be described for 2i as it shows only

limited a!nity to SmCB1, but both high permeability (8.32 ±
2.03 × 10−6 cm/s, n = 6) and considerable activity (86% at 10
μM) against adult worms. Possible hypotheses are that a
compound with su!cient permeability does not require
extraordinary a!nity to show a desired e"ect in cellular
testing, especially in the context of covalent irreversible
inhibitors or that there are relevant other mechanisms
contributing to the overall antischistosomal e"ect. The same
phenomenon occurs for 2g (Papp = 9.70 ± 2.02 × 10−6 cm/s, n
= 6). On the other hand, SJ606 protrudes as a compound with
low permeability (Papp < 1 × 10−6 cm/s, n = 6) but remarkably
high a!nity against SmCB1, and a resulting relevant cellular

e"ect. Similar observations can be made for K11777 which
shows low PAMPA permeability, but with high a!nity and an
irreversible mode of inhibition, antischistosomal e"ects can be
observed over long incubation periods.13 These cases indicate
a plausible cooperative e"ect between a!nity against SmCB1
and permeability, where lacking properties in one aspect can be
(at least partially) compensated by the other.

■ CONCLUSIONS AND PERSPECTIVES
Using a screening with 76 compounds, we have identified two
lead structures, KS309 and the SJ600-sca"old (SJ605, SJ606),
which showed promising results against NTS and S. mansoni
adults and/or the target protease SmCB1. KS309 was most
e"ective against S. mansoni adults at 10 μM but did not show
relevant inhibition of the target protease SmCB1 at 100 μM.
SJ605 and SJ606, on the other hand, were less e"ective against
S. mansoni at 10 μM but displayed strong SmCB1 inhibition in
the low nanomolar range. A correlation analysis revealed the
importance of several physicochemical properties for the
phenotypic e!cacy, such as higher S log P values or, in the case
of the SJ600s, higher structural rigidity. Therefore, we started a
dual approach to optimize the lead structures with regard to
physicochemical properties. The “phenotypic approach” using
KS309 resulted in 14 new derivatives with altered
physicochemical properties yielding three optimized com-
pounds (1g, 1i, 1j). 1g (SmCB1 inhibition: 68% at 20 μM; S.
mansoni adults: 100% dead at 10 μM, 43% at 1 μM) and 1j
(SmCB1 inhibition: 80% at 20 μM; S. mansoni adults: 100%
dead at 10 μM, 45% dead at 1 μM) emerged to be the most
potent compounds in this series, although their main target
remains unknown. The “SmCB1 approach” using SJ605 and
SJ606 as leads resulted in 17 new derivatives with higher
rigidity and lower TPSAs including seven compounds with
improved e!cacy (2g, 2h, 2j−m, 2p). Several compounds
displayed strong SmCB1 inhibition in the nanomolar range
with improved phenotypic e!cacy compared to SJ605 and
SJ606. Vinylsulfonates generally proved to be more e"ective

Table 3. Physicochemical Parameters and In Vitro E!ects of 2a−q Compared to Praziquantel (PZQ) and SJ605, SJ606

NTS S. mansoni adults

cpd R S log Pa TPSA (Å2)a KierFlexa,b e"ect (%)c 10 μM e"ect (%)c 1 μM e"ect (%)c 10 μM e"ect (%)c 1 μM e"ect (%)c 0.1 μM
SJ605 5.81 101.57 7.96 100 ± 0 33 ± 12 55 ± 4 n. d. n. d.
SJ606 5.31 120.03 8.22 100 ± 0 30 ± 0 58 ± 5 n. d. n. d.
2a A 5.18 79.03 5.30 60 ± 1 38 ± 2 n. d. n. d. n. d.
2b A 4.89 79.03 5.14 85 ± 1 40 ± 3 27 ± 2 n. d. n. d.
2c B 4.18 81.70 6.11 92 ± 0 27 ± 1 29 ± 0 n. d. n. d.
2d C 5.69 79.03 5.75 100 ± 0 48 ± 1 31 ± 2 n. d. n. d.
2e D 6.15 75.27 6.36 42 ± 4 27 ± 1 n. d. n. d. n. d.
2f E 4.28 91.92 5.09 75 ± 2 38 ± 4 47 ± 6 n. d. n. d.
2g A 4.82 88.26 5.59 100 ± 0 27 ± 1 63 ± 6 n. d. n. d.
2h B 4.11 90.93 6.59 88 ± 0 33 ± 0 86 ± 2 68 ± 0 35 ± 2
2i C 5.63 88.30 6.19 100 ± 0 42 ± 2 86 ± 2 57 ± 0 n. d.
2j D 6.08 84.50 6.84 100 ± 0 35 ± 1 31 ± 2 n. d. n. d.
2k E 4.22 101.20 5.54 100 ± 0 33 ± 2 86 ± 2 36 ± 0 n. d.
2l F 4.22 101.20 5.54 100 ± 0 33 ± 2 63 ± 2 n. d. n. d.
2m G 6.04 81.70 6.24 100 ± 0 44 ± 4 71 ± 4 29 ± 4 n. d.
2n H 4.48 98.50 5.74 100 ± 0 48 ± 8 42 ± 4 n. d. n. d.
2o I 4.48 98.50 5.74 100 ± 0 40 ± 4 38 ± 8 n. d. n. d.
2p J 4.14 93.73 6.37 100 ± 0 58 ± 10 75 ± 0 23 ± 2 n. d.
2q K 3.33 98.50 5.83 100 ± 0 44 ± 4 40 ± 2 n. d. n. d.
PZQd 2.63 40.62 3.10 IC50: 1.5 μg/mLd = 4.8 μM IC50: 0.05 μg/mLd = 0.16 μM

aCalculated with MOE.26 bKIER molecular flexibility index.29 c% Dead after 72 h (compared to DMSO control). dMeister et al.34
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than vinylsulfones. The most potent compound, 2h, shows
nanomolar SmCB1 inhibition while maintaining selectivity
toward human o!-target cathepsins (Ki [SmCB1] = 50 nM, SI
> 400). Underlining its potential for drug development, it
shows adequate permeability (Papp = 8.01 ± 2.83 × 10−6 cm/s)
for utilization in living systems. The e"cacy of 2h toward S.
mansoni adults has improved enormously (86% at 10 μM, 68%
at 1 μM and 35% at 0.1 μM), demonstrating e"cacy in a
similar range as found for the approved drug PZQ (S. mansoni
adults IC50 = 0.16 μM).
Further optimization of 2h has the potential to yield even

more potent compounds, o!ering a promising alternative to
the currently only available drug PZQ.10

■ METHODS
General Procedures. General Procedure ATBTU

Coupling with Amine Hydrochlorides. To a 0 °C cold
solution of the carboxylic acid (1.0 equiv) in DCM and/or
DMF, HOBt·H2O (1.0 equiv) and 2,4,6-collidine (2.0 equiv)
or DIPEA (3.5 equiv) were added. After stirring at 0 °C for 30
min, TBTU (1.0 equiv) was added. The solution was stirred
for further 30 min at 0 °C, and the amine hydrochloride (1.0
or 1.1 equiv) was added. After stirring at rt overnight, the
solvent was removed under reduced pressure. If DMF was
used, it was removed by co-distillation with n-heptane (3 mL ×
150 mL) under reduced pressure. The residue was taken up in
ethyl acetate and washed with saturated NaHCO3 solution
(3×) and 1 M HCl (3×). The filtrate was concentrated under
reduced pressure to yield the desired product. If necessary,
further purification by column chromatography was conducted.
General Procedure BHWE Reaction with Glyoxylic Acid

Ethyl Ester. Anhydrous LiCl (1.2 equiv) was placed in a
Schlenk flask under an argon line at 0 °C, and a solution of the
dimethylphosphonate (1.0 equiv) in dry ACN (10 mL) was
added. DIPEA (1.0 equiv) was added, and the mixture was
stirred at 0 °C for 15 min. Then, a solution of ethyl glyoxylate
(freshly distilled over P2O5, 2.0 equiv) in dry ACN (10 mL)
was slowly added and stirred for 1 h at 0 °C. The reaction was
quenched by the addition of citric acid solution (10% in water,
10 mL), and extracted with ethyl acetate (4 mL × 30 mL). The
combined organic extracts were dried over Na2SO4, and the
solvent was removed by distillation under reduced pressure.
The resulting crude product was purified by column
chromatography on silica gel.
General Procedure CHWE Reaction with Other

Aldehydes. Anhydrous LiCl (1.2 equiv) was placed in a
Schlenk flask under an argon line at 0 °C, and a solution of the
diethylphosphonate (1.0 equiv) in dry ACN (10 mL) was
added. DBU (1.0 equiv) was added, and the mixture was
stirred at 0 °C for 15 min. Then, a solution of the aldehyde
(1.0 equiv) in dry ACN (10 mL) was slowly added and stirred
for 1 h at 0 °C. The reaction was quenched by the addition of
citric acid solution (10% in water, 10 mL), and extracted with
ethyl acetate (4 mL× 30 mL). The combined organic extracts
were dried over Na2SO4, and the solvent was removed by
distillation under reduced pressure. The resulting crude
product was purified by column chromatography on silica gel.
General Procedure DHWE Reaction with Boc-Homo-

phenylalaninal.18 The corresponding phosphonate (1−3, 1
equiv) was dissolved in dry THF and cooled to −80 °C. Then,
LHMDS (1 M in THF, 1.4 equiv) was added over 20 min. The
aldehyde (5, 0.95 equiv) was dissolved in THF and added to
the solution. After stirring for 2 h, the mixture was warmed to

rt. THF was removed under reduced pressure and the residue
was extracted with EA (3×). The combined organic extracts
were washed with water (3×) and brine (1×). The extract was
dried over Na2SO4, and volatiles were removed under reduced
pressure. After column chromatographic workup (CH/EA
6:1), the products were obtained as colorless oils.

General Procedure DBoc Deprotection. To a solution of
the Boc-protected amine in DCM, TFA was added dropwise at
0 °C. The reaction was stirred overnight. Subsequently, all
volatiles were removed under reduced pressure. The product
was then lyophilized to remove TFA. Alternatively, 4 M HCl in
dioxane was used at room temperature.
The fluorovinylsulfone- and -sulfonate-based inhibitors 2a−

q were synthesized as previously published.17,18,25
Recombinant Expression and Purification of SmCB1.

Pichia pastoris yeast cells harboring a pPICZαA vector coding
for SmCB1 were kindly donated by the group of Prof. Dr.
Michael Mares ̌ (Institute of Organic Chemistry and Bio-
chemistry of the Czech Academy of Sciences, Prague, Czech
Republic). Expression was conducted according to the
literature.40 In brief, yeast cells were grown in 100 mL of
BMG medium at 30 °C overnight. The medium was then used
to inoculate 500 mL of BMG medium, the yeast cells were
again grown overnight at 30 °C. Yeast cells were harvested by
centrifugation at 20 °C and 4000g for 40 min, and then
suspended in 2 L of BMM medium to induce overexpression of
SmCB1. The medium was split into 250 mL batches and yeast
cells were grown for 4 days at 30 °C, pH was adjusted every 12
h with 25% ammonia solution, and overexpression was
maintained by adding 2.5 mL methanol every 12 h to 250
mL of medium. After 4 days yeast cells were harvested by
centrifugation at 4 °C and 4700g for 45 min. The supernatant
was then centrifuged again for 15 min and 15,000g at 4 °C.
Clear supernatant was filtered using a 0.45 μM membrane and
DTT was added to a final concentration of 1 mM, pH was
adjusted to 6.0 using 25% ammonia solution. To isolate
SmCB1 from the medium, hydrophobic interaction chroma-
tography (HIC) was used. Therefore, sodium chloride was
added to the medium until a final concentration of 2 M was
reached. For isolation and purification, an ÄKTA start device
was used. Medium was loaded on a column packed with
phenyl sepharose and several column volumes of wash bu!er
(25 mM sodium citrate, pH 6.0, 2 M sodium chloride, 2.5 mM
DTT, 1 mM EDTA) were applied to remove unspecific bound
impurities. Finally, SmCB1 was eluted in a gradient from 0 to
100% elution bu!er (25 mM sodium citrate, pH 6.0, 2.5 mM
DTT, 1 mM EDTA). In a further purification step, SmCB1 was
loaded on a Superdex 16/600 75 pg column equilibrated in
elution bu!er. Until further use, enzyme was stored at −80 °C
after flash freezing in liquid nitrogen.

Autoactivation of SmCB1. Inactive zymogen of SmCB1
was activated by autoactivation as described in the literature.41
Zymogen was diluted to a final concentration of 2 μM in
activation bu!er (100 mM sodium acetate pH 5.0, 2.5 mM
DTT, 1 mM EDTA, 0.1% PEG 6000), dextran sulfate 500 kDa
was added to a final concentration of 10 mg/L to induce
autocleavage of SmCB1. Cleavage was performed at 37 °C for
6 h, until no inactive zymogen could be detected by SDS-Page.

Fluorometric Enzyme Assays. SmCB1. The assay was
modified after Jilkova et al.16 Assay bu!er (100 mM sodium
citrate, 2.5 mM DTT, 1 mM EDTA, 0.1% PEG 6000, pH 6.0)
was incubated with 1 nM activated SmCB1 at 37 °C for 10
min. Afterward, inhibitor in DMSO or DMSO (negative
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control) was added followed by 20 μM of the substrate Z-Phe-
Arg-AMC (Bachem, Bubendorf, Switzerland). The mixture was
measured at 37 °C for 10 min (screening) or 30 min (IC50, Ki)
on a Tecan Spark (δ excitation: 365 nm, δ emission: 460 nm;
Tecan Group, Man̈nedorf, Switzerland) plate reader using
black Greiner Bio-One Chimney 96-well microtiter plates
(Greiner Bio-One GmbH, Frickenhausen, Germany). Inhibitor
screening concentrations started at 50 μM, followed by 20 μM,
1 μM, 200 nM, and 50 nM. IC50 or Ki values were determined
for compounds with >50% inhibition at 20 μM.
KM Determination. The assay was performed as described

above using various substrate concentrations (1.25−100 μM).
GraFit (version 5.0.13, 2006, Erithracus Software Ltd., U.K.)42
was used for data analysis and nonlinear regression. The KM
value was calculated as described by Michaelis−Menten
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+ [ ]

v
v
K

S
S0

max

M

where v0 is the initial velocity; vmax is the maximal velocity; and
[S] is the substrate concentration.
IC50 and Ki Calculations. We used GraFit (version 5.0.13,

2006, Erithracus Software Ltd., U.K.) for data analysis and
nonlinear regression. For compounds without a time-depend-
ent mode of inhibition ((fluorinated) vinylsulfones vs SmCB1,
CatB, CatL; vinylsulfonates vs CatB, CatL), we plotted residual
enzyme activity in % against the inhibitor concentration in μM,
obtaining IC50 values by nonlinear regression

=
+ [ ]( )

v
v

1

o
Si

I
IC50

where v0 is the enzyme activity without inhibitor; vi is the
enzyme activity in the presence of inhibitor; [I] is the inhibitor
concentration; and S is the slope factor.
Ki values were calculated with the Cheng−Pruso! equation

to correct IC50 values to zero substrate concentration:43
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SmCB1: [S] = 20 μM, KM = 4.3 μM. CatB: [S] = 100 μM, KM
= 150 μM. CatL: [S] = 6.25 μM, KM = 6.5 μM.
For compounds with a time-dependent mode of inhibition

(vinylsulfonates vs SmCB1), the KI values were calculated as
previously published for irreversible binders.18
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where E is the enzyme; I is the inhibitor, k is the reaction
constant; [E---I] is the noncovalent enzyme−inhibitor
complex; EI is the covalent enzyme−inhibitor complex.
Pseudo-first-order rate constants kobs were determined for

individual inhibitor concentrations according to a continuous
method by Tian and Tsou,44 monitoring the formation in the
presence of inhibitor as a function of time and fitted to the
following equation

[ ] = [ ] · +·P P (1 e ) offt
k tobs

where [P]t is the product concentration at time t; [P]∞ is the
product concentration at infinite time; and o! is the o!set
value.

Followed by plotting the kobs values against the inhibitor
concentrations [I] and fitting to a hyperbolic equation:

= ·[ ]
+ [ ]

k
k

K
I

I
i

obs
I
app

The resulting dissociation constant of the initial enzyme−
inhibitor complex KI

app was then corrected to zero substrate
concentration with the Cheng−Pruso! relationship, giving the
KI value.43 The first-order rate constant ki was further used to
calculate second-order rate constants (ksecond).

=k
k
K2nd
i

I

Selectivity toward Human Cathepsins. Cathepsin B
(CatB, Sigma-Aldrich, Darmstadt, Germany) and cathepsin L
(CatL, Sigma-Aldrich, Darmstadt, Germany) were incubated in
enzyme bu!er (50 mM tris-HCl, 5 mM EDTA, 200 mM NaCl,
2 mM DTT, pH 6.5) at room temperature for 20−30 min.
Assay bu!er (50 mM tris-HCl, 5 mM EDTA, 200 mM NaCl,
0.005% Brij35, pH 6.5) was mixed with cathepsin B or L in
enzyme bu!er, then inhibitor in DMSO or DMSO (negative
control) was added, followed by 100 μM (CatB) or 6.25 μM
(CatL) substrate Z-Phe-Arg-AMC (Bachem, Bubendorf,
Switzerland). Measurements were performed on a Tecan
Spark (δ excitation: 365 nm, δ emission: 460 nm;
TecanGroup, Man̈nedorf, Switzerland) plate reader on black
Greiner Bio-One Chimney 96-well microtiter plates (Greiner
Bio-One GmbH, Frickenhausen, Germany). Inhibitor screen-
ing concentrations started at 20 μM, followed by 1 μM, 200
nM, and 50 nM. Ki values were determined for inhibitors with
>50% inhibition at 20 μM.18

In Vitro Studies on S. mansoni. In vitro and in vivo
studies investigating activity against Schistosoma spp. were
carried out at the Swiss Tropical and Public Health Institute
following Swiss national and cantonal regulations on animal
welfare (Basel, Switzerland; permission no. 520). Female mice
(NMRI strain; age 3 weeks; weight ca. 20−22 g) were
purchased from Charles River (Sulzfeld, Germany) and
infected by subcutaneously (s.c.) injecting approximately 100
S. mansoni (Liberian strain, respectively) cercariae. Mice were
maintained in polycarbonate cages under environmentally
controlled conditions (temperature ∼25 °C; humidity ∼70%;
12 h light and 12 h dark cycle) with free access to water and
food.
M199 culture medium and RPMI 1640 culture medium

(Gibco, Waltham MA) were used for assays of S. mansoni
newly transformed schistosomula (NTS) and adult S. mansoni,
respectively. Both media were supplemented with 1% penicillin
(10,000 U/ml) and streptomycin (10 mg/mL) solution
(Bioconcept AG, Allschwil, Switzerland) and 5% v/v
inactivated fetal calf serum (iFCS, Bioconcept AG, Allschwil,
Switzerland).
Cercariae of S. mansoni were obtained from infected

intermediate host snails (Biomphalaria glabrata) and mechan-
ically transformed to NTS as described previously.23
Adult Schistosoma spp. of both sexes were collected from

infected mice, washed with phosphate-bu!ered saline (PBS,
pH 7.4, Sigma-Aldrich, Buchs, Switzerland), and maintained in
RPMI 1640 culture medium at 37 °C in an atmosphere of 5%
CO2 until use.
Approximately 50 NTS or at least three adult schistosomes

of both sexes, respectively, were incubated in culture medium
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with the test compounds at 37 °C, 5% CO2 for 3 days in 96-
well plates (cat. no. 83.3924, Sarstedt, Nümbrecht, Germany)
Phenotypes were evaluated by microscopic readout (Carl
Zeiss, Germany, magnification 10−40×) using a viability scale
scoring death, changes in motility, viability, and morphological
alterations.23
Molecular Docking. Noncovalent Approach. The protein

crystal structure of SmCB1 with reference ligand K11777
(3s3r) was loaded into PyMOL and water molecules were
removed.16,31 Molecular modeling was performed using MOE
(version 2019.01)26 with energy minimizing using an
MMFF94× force field.45 Docking calculations were performed
using LeadIT (version 2.3.2)30 from BioSolveIT GmbH and
scores were determined using a FlexX and Hyde algorithm.33
The binding site was defined in a 6.5 Å radius around the
reference ligand. Redocking results and score tables are shown
below.
Covalent Approach. Covalent docking was performed with

MOE. The receptor was prepared using the three-dimensional
(3D) protonation tool inside MOE. For the covalent reaction
of the warhead, the already existing template reaction was used.
Initial 30 poses from the triangle match placement with
London ΔG scoring were rescored using the A!nity ΔG
scoring function and induced fit refinement implemented in
MOE. Ten poses were kept and visually inspected for binding
geometry the interactions matching between the docked
inhibitor pose and cocrystallized ligand with the enzyme.
The poses best matching inspected interaction patterns are
further discussed.
Permeability. Permeability was assessed using the parallel

artificial membrane permeability assay (PAMPA), originally
developed for the purpose of predicting oral absorption of drug
candidates.46 For this, an incubation setup, and a measurement
setup both relying on the 96-well format were utilized. The
incubation setup consisted of a donor (top) plate (Sigma-
Aldrich, MultiScreen IP Filter Plate, 0.45 μm, clear, nonsterile,
MAIPNTR10), and an acceptor (bottom) plate (Greiner,
white Polystyrene, 655074). The detection setup comprised an
ultraviolet (UV)-transparent measurement plate (Greiner UV-
Star, 655801) and a Tecan Spark well plate reader. An
alternative detection setup comprised a high-performance
liquid chromatography−mass spectrometry (HPLC-MS) sys-
tem as described under the General, Instruments and Software,
and Syntheses sections in the SI.
Donor solutions of compounds of interest were made from

stock solutions in DMSO or acetonitrile, which were diluted to
100 or 400 μM into Dulbecco’s phosphate-bu"ered saline
(DPBS, Sigma D5652, in MQ water; pH = 7.4) or TRIS-HCl
bu"er (pH = 7.4), with final 5 or 50% (v/v) DMSO or 5% (v/
v) acetonitrile, depending on the respective compound’s
detectability and solubility. For each experiment, 5 μL of
artificial membrane (1% (w/v) L-α-phosphatidylcholin, Sigma-
Aldrich P3556, in n-dodecane, Sigma-Aldrich 8205430100)
was first applied to the donor plate membrane, then 150 μL of
donor solution was added. This was sealed to avoid
evaporation (Greiner, 676070, Viewseal sealer, clear). To the
corresponding acceptor well, 400 μL of acceptor solution
(DPBS supplemented with the same solvent content as in the
respective donor solution) was applied. After assembly of the
top and bottom plates, the setup was left to incubate at room
temperature without shaking for 5−7 h. To create a reference
solution, donor and acceptor solutions were simply mixed in
the ratio mentioned above to emulate full equilibration.

After the incubation period, 200 μL of acceptor solution and
reference solution were each transferred to the measurement
plate and absorption was measured in 5 nm steps over a range
of 200−600 nm wavelength. Spectrum-specific wavelength
ranges were used for each compound to determine the “area
under curve” (AUC) for acceptor and reference solutions.
DPBS supplemented with appropriate solvent was used to
determine the lower-wavelength limit for the calculations and
to baseline-correct the sample spectra. Analysis was performed
using GraphPad Prism with the “area under curve” (AUC)
function. The baseline for absorption was set to the lowest
absorption measured in the range of wavelengths in each
experiment. Alternatively, acceptor and reference solutions
were analyzed with the same liquid chromatography−mass
spectrometry (LC-MS) method and the compound peak areas
detected at 210 nm were used for quantification.
Calculation of apparent permeability was performed using

the following equation, in which VD and VA represent volumes
of donor and acceptor solutions (0.15, and 0.4 cm3),
respectively; AUCA and AUCEq represent the areas of the
measured and baseline-corrected spectrum of sample and
reference solution, respectively; A corresponds to the porosity-
corrected filter area (0.3019 × 0.7 cm2 = 0.2113 cm2); and t
indicates the incubation time given in seconds.

=
◊ ◊

+ ◊ ◊
P

V V

V V A t

ln 1
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D A
AUC
AUC

D A
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ikjjj y{zzz
For evaluation, all compounds with Papp ≥ 2.0 × 10−6 cm/s

were deemed as well permeable and values <2.0 × 10−6 cm/s
as poorly permeable.37,38
In all performed experiments, propranolol hydrochloride

(Fagron, 700556−0004) was used as a su!ciently permeable
control substance (Papp,Lit = 8.3−13.9 × 10−6 cm/s vs Papp =
11.0 ± 3.3 × 10−6 cm/s, n = 47 in all used PAMPA
conditions).47,48
PZQ was dissolved in ACN and assayed at 100 or 400 μM

donor concentration for 5 or 7 h in DPBS with 5% ACN. 2h
was dissolved in DMSO and assayed at 400 μM donor
concentration for 5 h in (DPBS) with 50% DMSO. 2n was
dissolved in DMSO and assayed at 100 μM donor
concentration for 7 h in DPBS with 5% DMSO. 2i was
dissolved in DMSO and assayed at 400 μM donor
concentration for 5 h in DPBS with 50% DMSO. 2g was
dissolved in DMSO and assayed at 400 μM donor
concentration for 5 h in DPBS with 50% DMSO. All
aforementioned compounds were quantified using the well
plate-based detection method, while K11777 was assayed at
100 μM donor concentration for 7 h in TRIS bu"er with 5%
DMSO and was quantified using the LC-MS-based method.
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Brynda, J.; Lepsí̌k, M.; Mertlíková-Kaiserová, H.; Emal, C. D.; Renslo,
A. R.; Roush, W. R.; Horn, M.; Caffrey, C. R.; Mares,̌ M. Druggable
Hot Spots in the Schistosomiasis Cathepsin B1 Target Identified by
Functional and Binding Mode Analysis of Potent Vinyl Sulfone
Inhibitors. ACS Infect. Dis. 2021, 7 (5), 1077−1088.
(14) Abdulla, M.-H.; Lim, K.-C.; Sajid, M.; McKerrow, J. H.;
Caffrey, C. R. Schistosomiasis Mansoni: Novel Chemotherapy Using
a Cysteine Protease Inhibitor. PLoS Med. 2007, 4 (1), No. e14.
(15) Correnti, J. M.; Brindley, P. J.; Pearce, E. J. Long-Term
Suppression of Cathepsin B Levels by RNA Interference Retards
Schistosome Growth. Mol. Biochem. Parasitol. 2005, 143 (2), 209−
215.
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6: Structural Modifications of Covalent Cathepsin S Inhibitors: Impact on Affinity, 

Selectivity, and Permeability. 

Inhibition of CatS is a versatile therapeutic option for treating several solid tumors because the targets 

are dysregulated tumor-associated immune cells, mainly macrophages. A normalization of the 

immunological tumor microenvironment can reduce tumor growth and metastasis, and increase 

susceptibility to cytostatic agents. The progress of CatS inhibitors from preclinical models to clinical 

applications requires a shift in design strategies surpassing improved affinity and selectivity. Both 

pharmacokinetic characterization as well as options for functionalization to accommodate potential 

complex application concepts were identified as requisites. 

In general, two sets of inhibitors can be distinguished within this study. The first was focused on 

modifying the peptidic backbone of inhibitors carrying the nitrile warhead. To this end, recognition 

motifs of different literature drug candidates were combined or expanded upon. The second set focused 

on a hydrazone functionalization approach that encompassed different carbonyl-based warheads. For all 

potential inhibitors investigated, affinity towards cathepsin S was characterized with respect to fast or 

slowly reversible or irreversible inhibition kinetics. Selectivity was assessed for the related human 

cathepsins B and L. Since permeability can be a challenge for peptidomimetic inhibitors, it was assessed 

for all synthesized derivates by PAMPA and correlated with calculated physicochemical parameters 

(logP and PSA) to derive information that could guide further drug design choices. For the  

nitrile-bearing inhibitors with variable backbones, a correlation between logP and permeability as well 

as structure-defined cutoffs for PSA that conveyed passive permeability were identified. Of value for 

unrelated drug design campaigns was the identification of exchangeable amino acids or capping groups 

that convey quantifiable influences on permeability. Peptidomimetic aryl trifluoroethylamines were 

identified to result in higher permeability than a carboxamide-based capping group, and differences 

between three carboxamide capping groups showed a trend for the explored aliphatic options. For the 

warhead-exchanged structures, a permeability equivalence could be identified between nitrile and 

aldehyde warheads. A similar observation was made for hPhe and OBnSer as P1 amino acids. Apart 

from this, the performed functionalization of the carbonyl-based warheads elucidated multiple 

advantages. The hydrazone group was chosen as a capping group due to its pH-sensitive stability, which 

was shown to enable liberation of the reactive warhead in the more acidic tumor microenvironment, 

especially on the promising inhibitor 45. This masking of the high reversible reactivity of the aldehyde 

warhead is expected to reduce off-target effects. The employed model hydrazones had poor passive 

permeability, but even this can be exploited in a parenteral formulation because it could enable favored 

distribution from the vascular system into the tumor tissue under the effect of the enhanced permeability 

and retention (EPR) effect.630 Lastly, choosing different hydrazines or hydrazides for the generation of 

the hydrazone can in the future enable pH-sensitive reversible linking to surface-modified nanoparticles 

for a targeted therapy approach. Mechanistically, the analysis of the ketone-based warheads with 
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different possible leaving groups (sulfonylmethyl ketone 44, chloromethyl ketone 48, acylthiomethyl 

ketone 49, acyloxymethyl ketone 50, hydroxymethyl ketone 51) elucidated cases with a dual-reactive, 

irreversible warhead that surprisingly favor the reversible reaction of the catalytic cysteine with the 

carbonyl group. This strongly underlined that the leaving group is a decisive factor towards or against 

irreversibility. Taken together, the peptidic recognition sequences of established CatS inhibitors were 

modulated in a combinatorial approach, and the impact of these modifications on inhibition and 

permeability was investigated. The results on permeability were put into the context of physicochemical 

parameters and structure-permeability guidelines were discovered for further work on ligand-derived 

protease inhibitors. In the context of a warhead exchange study, a reversible capping approach was 

implemented and characterized to enable pH-sensitive linker conjugation, and warhead reactivity was 

investigated in more detail. 

Own contribution: Evaluating the passive permeability of all final inhibitors by PAMPA, correlating the 

passive permeability with physicochemical parameters (logP, PSA), LCMS-based aqueous stability 

analysis and reactivity assessment towards a model thiol for 44, writing and editing of the manuscript. 

Contribution from others: Inhibitor synthesis and characterization of the in vitro affinity, inhibition 

kinetics, and selectivity, reversibility assessment by dilution assay, non-covalent and covalent docking, 

hydrazone liberation assay, writing and editing of the manuscript. 

 

This work was published in ACS Medicinal Chemistry Letters. 

Article reprinted with permission from ACS Med. Chem. Lett. 2024, 15, 6, 837–844, “Structural 

Modifications of Covalent Cathepsin S Inhibitors: Impact on Affinity, Selectivity, and Permeability” 
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Structural Modifications of Covalent Cathepsin S Inhibitors: Impact
on A!nity, Selectivity, and Permeability
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ABSTRACT: Cathepsin S (catS) is a member of the cysteine
protease family with limited tissue distribution, which is
predominantly found in antigen-presenting cells. Due to over-
expression and overactivity of catS in numerous cancers, inhibition
of catS is supposed to improve the antitumor response. Here, we
explore the potential of small-molecule catS inhibitors emphasizing
their in vitro pharmacodynamics and pharmacokinetics. Membrane
permeability of selected inhibitors was measured with a Parallel
Artificial Membrane Permeation Assay and correlated to calculated
physicochemical parameters and inhibition data. The binding
kinetics and inhibition types of potent and selective new inhibitors with unexplored warheads were investigated. Our unique
approach involves reversible masking of these potent warheads, allowing for further customization without compromising a!nity or
selectivity. The most promising inhibitors in this study include covalent aldehyde and ketone derivatives reversibly masked as
hydrazones as potential candidates for therapeutic interventions targeting catalytic enzymes and modulating the immune response in
cancer.
KEYWORDS: Cathepsin S, covalent inhibition, structure−activity relation, membrane permeability, reversible warheads

Cysteine cathepsins are essential enzymes of the papain-like
family of proteases with several physiological functions,

such as extracellular matrix degradation and processing of
damaged proteins in the endolysosomal pathway.1 Cathepsin S
(catS) takes a special role, since this protease is stable and
catalytically active at neutral pH, and it has a limited tissue
distribution (mainly in antigen-presenting cells, e.g. dendritic
cells).2 CatS has emerged as a potential target for several
pathological conditions such as Sjögren’s syndrome, psoriasis,
andmany types of cancer.3,4 It is overexpressed and overactive in
several tumors such as follicular lymphoma, breast cancer, or
astrocytoma, and many mechanisms that explain how catS is
involved in tumor progression are known.5,6 CatS is also found
extracellularly and is known to degrade extracellular matrix
proteins and to drive angiogenesis.7 It is a major regulator of
antigen processing and presentation via the MHC-II pathway in
antigen-presenting cells (APCs).8,9 In a follicular lymphoma
model, the overexpression and overactivation of the enzyme led
to the shift from the MHC-II to the MHC-I pathway, thus
inducing a favored activation of regulatory CD4+ T cells over
cytotoxic CD8+ T cells, which ultimately led to a suppression of
the antitumor immune response.5,6,10 One possible strategy to
tackle this immune-suppressive milieu of the tumor micro-

environment (TME) is the use of small-molecule catS inhibitors,
since catS is involved in the polarization of APCs from the M1
phenotype to the M2 phenotype.3,5,6 The use of inhibitory
antibodies, siRNA, and knockout experiments has already
shown that the antitumor immune response could be enhanced
through the inhibition of catS, by shifting the ratio of CD8+ T
cells to CD4+ T cells toward the cytotoxic CD8+ T cells.5,6
Furthermore, inhibition of several cathepsins with a pan-
cathepsin inhibitor led to polarization of tumor-associated
macrophages and a shift from M2 macrophages to M1
macrophages, ultimately leading to an increase of pro-
inflammatory mediators.11 To date, several small-molecule
inhibitors have been reported, many of them targeting the
active site cysteine (Cys-25) in an either reversible or
irreversible covalent manner.12,13 As of today, none of the
developed clinical candidates have been approved by the FDA
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and most of the developed inhibitors were designed for use in
autoimmune diseases.14 There has been an emergency approval
for the first nitrile-based cysteine protease-targeting inhibitor
nirmatrelvir in combination with the CYP-450 inhibitor
ritonavir for the short-term treatment of COVID-19 infections
in 2021. This clinical setting is di!erent from the requirements
of chronic catS inhibitor administration in autoimmune and
oncological diseases. Clinical development of catS inhibitors has
not led to approvals so far; nevertheless, the search for covalent
modulators of cysteine proteases is on the rise.15 Figure 1 shows

the structures of nirmatrelvir and three developed catS
inhibitors, consisting of the irreversible pan-cathepsin inhibitor
K11777, the noncovalent inhibitor LY3000328, and the
covalent-reversible nitrile inhibitor petesicatib.1,12,16,17
In this study, we further explored peptidomimetic small-

molecule inhibitors starting from nitriles with a focus on their
pharmacodynamics (a"nity and binding kinetics) and pharma-
cokinetics (membrane permeability). Additionally, through the
exchange of the nitrile warhead with α-substituted ketones or an
aldehyde, a set of newly generated inhibitors was synthesized
and tested for their a"nity and selectivity toward catS (Figure
2). One goal was the development of inhibitors with masked
warheads, which can be further decorated with advanced
reversible linker systems in the future. So far, in many cases, the
developed small-molecule inhibitors have been derivatized with
bulky linkers, leading to a dramatic structural change, which can
lead to a loss in a"nity or selectivity toward the target enzyme.20
With our approach, highly potent and reactive warheads such as
aldehyde or electron-deficient ketones can be masked reversibly
as hydrazones, lowering the rate of o!-target reactions while
retaining the high a"nities toward the target protease after
controlled release. Two selected inhibitors (an aldehyde and a
ketone) were therefore transformed to hydrazones for reversible
warhead capping. Subsequently, the ability to release the free
inhibitor in an acidic environment was inspected.
We aimed for a combinatorial approach with two catS

selective inhibitors as starting points. Through merging and
further derivatizing the P1, P2, and P3 substituents, which all
have an impact on binding a"nity, with aromatic and
nonaromatic substituents that have proven to increase a"nities
toward the target enzyme, we aimed to gain insight into the

selectivity profiles and membrane permeability of newly
generated compounds.12,13 Therefore, we prepared nitrile-
based inhibitors with five di!erent P3 residues frequently
encountered in catS inhibitor design: three attached to the
peptide as aryl-amides (pyridine-, 2H-tetrahydropyran-, and
morpholine-4-carboxamide) and two attached as aryl-trifluor-
oethylamines (TFE) as amide isosters (4-fluoro- and 4-
nitrophenyl-TFE). The amide isosters are used with in vivo
application in mind, since they o!er increased metabolic
stability.12 In P2, we chose L-cyclohexyl alanine (Cha) and a
methylated and oxidized cysteine, since these residues in P2 led
to the most potent and selective inhibitors in previous
studies.12,13,21 To gain information regarding whether a residue
addressing the S1 subpocket or a substituent designed for
occupying the S1′ site would be more beneficial, we prepared
our inhibitors with three di!erent P1 amino acids containing the
nitrile warhead, namely, O-benzyl-L-serine (OBnSer), L-
homophenylalanine (hPhe), and 1-aminocyclopropane-1-car-
boxylic acid (Acc). Although some of the synthesized inhibitors
were already tested against catS in the past, we present them here
again with novel data on o!-target a"nities, as well as membrane
permeability.12,13 Replacement of the nitrile warhead of one of
the starting structures with electron-deficient ketones and an
aldehyde led to new catS inhibitors from which two could be
capped as hydrazones. In the future, this strategy opens the
possibility of reversibly attaching the potential immunomodu-
lators on di!erent carrier systems. The pH-dependent release of
the free inhibitor from hydrazone was explored for two selected
inhibitors via HPLC/MS.
The detailed synthesis procedure of all final inhibitors with

Schemes S1−S3 can be accessed in the Supporting Information
(SI).

Figure 1. Structures, inhibition data against catS, and bioavailabilities
(F%) of developed cathepsin S inhibitors and nirmatrelvir. Warheads
are highlighted in blue.17−19

Figure 2. Aim and scope of the present study: (A) combinatorial SAR
study through merging of two potent catS inhibitors and further
substitutions, and (B) subsequent warhead replacement and reversible
capping of the warhead. Created with BioRender.com.

ACS Medicinal Chemistry Letters pubs.acs.org/acsmedchemlett Letter

https://doi.org/10.1021/acsmedchemlett.4c00050
ACS Med. Chem. Lett. 2024, 15, 837−844
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All synthesized inhibitors were tested against catS and o!-
target cathepsins L and B (catL, catB) in fluorometric enzyme
assays and their inhibition constants (Ki for all, Ki* for slowly

reversible, kinact and k2nd for irreversible binders) deter-
mined.21,22 Finally, the membrane permeability of selected
inhibitors was measured with a Parallel Artificial Membrane

Table 1A. Inhibition Data for Nitrile-Based Inhibitors 22−41a

Ki [nM]

compound P3 P2 P1/P1′ catSb catB catL
Trifluoroethyl Amines

34 4-Nitro-phenyl- SO2Me hPhe 3.6 ± 1.8 36 ± 1 >10 000
33 4-Nitro-phenyl- SO2Me OBnSer 13 ± 2 82 ± 8b >10 000
37 4-Nitro-phenyl- SO2Me Acc 7.8 ± 0.7 >12 000 >10 000
22 4-Fluoro-phenyl- SO2Me OBnSer 2.4 ± 0.2 157b 1951b

36c 4-Fluoro-phenyl- SO2Me Acc 1.0 ± 0.1 1670b 7106b

25 4-Fluoro-phenyl- Cha hPhe 146 ± 15 >12 000 >10 000
26 4-Fluoro-phenyl- Cha OBnSer 11 ± 3 >12 000 >10 000
38 4-Fluoro-phenyl- Cha Acc 20 ± 1 >12 000 1498b

Carboxamides
27c Morpholine-4- Cha hPhe 5.7 ± 0.5 7847b 2536b

28c Morpholine-4- Cha OBnSer 1.2 ± 0.1 1054b 543b

39c Morpholine-4- Cha Acc 1.5 ± 0.1 >12 000 385b

30 Tetrahydropyran-4- Cha hPhe 382 ± 10 >12 000 6335
29 Tetrahydropyran-4- Cha OBnSer 61 ± 7 >12 000 5036
40 Tetrahydropyran-4- Cha Acc 117 ± 8 >12 000 1675
32 Pyridine-4- Cha hPhe 13 ± 1 1667b 1463b

31c Pyridine-4- Cha OBnSer 11 ± 1 1906b 1024b

41 Pyridine-4 Cha Acc 13 ± 1 >12 000 716b
aData are shown as mean ± SD of at least duplicate experiments. bKi values were obtained from Ki

app values, using the Cheng−Pruso! equation.
cInhibition data against catS for these compounds have already been published elsewhere and were reproduced in this study.12,13

Table 1B. Inhibition Data for Aldehyde- (45), Ketone-Based Inhibitors (44−51), and Hydrazones (46 and 47)a

Ki/Ki* [nM] kinact (s−1)/k2nd (M−1 s−1) Ki
b [nM]

Cpd X catS catB catL
45 H 0.039 ± 0.005/0.016 ± 0.001c − 64 ± 6 17 ± 2
44 CH2SO2Ph 331 ± 40/43 ± 13c − >510 >600
46e − 2.2 ± 0.2 − 142 ± 9 21 ± 1
47e − 989 ± 150 − >12 000 >2500
50 CH2OBz 25 ± 2b − >2550 >600
49 CH2SBz 165 ± 18b − >10 000 >3000
51 CH2OH 67 ± 3b − >2550 >600
48 CH2Cl 0.5 ± 0.1b 0.0023 ± 0.0002/4.3 × 106 ± 1.2 × 106 n.d.f n.d.f

52 vinylsulfoneg 3.0 ± 0.6d 0.020 ± 0.001/7.2 × 106 ± 2.4 × 105 n.d.f n.d.f
aData are shown as mean ± SD of at least duplicate experiments. bKi values were obtained from Ki

app values using the Cheng−Pruso! equation. cKi
and Ki* values were obtained from Ki

app and Ki* app. dkinact and k2nd were determined from plotting kobs values against inhibitor concentration, as
described previously.22 eInhibitory activity of 46 stems mainly from unmasked 45, whereas, for hydrazone 47, the inhibition of liberated 44 is of
minor impact, estimated from reported a"nities of carbonyl species 44 and 45, and expected liberated amount by cleavage assays (Figure S7). fn.d.
= not determined. gData taken from ref 22.

ACS Medicinal Chemistry Letters pubs.acs.org/acsmedchemlett Letter

https://doi.org/10.1021/acsmedchemlett.4c00050
ACS Med. Chem. Lett. 2024, 15, 837−844
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Permeation Assay (PAMPA) and correlated with the inhibition
data and with calculated physicochemical parameters (log P;
topological polar surface area, TPSA). For a more-detailed
description on the assay procedure, see the methods section in
the SI. The results for the nitrile-based inhibitors are
summarized in Table 1A; the results for the inhibitors with
other warheads are listed in Table 1B.
The exchange of the di!erent side chains between the nitrile-

based inhibitors produced eight new inhibitors with a"nities in
the low double-digit nanomolar range or even lower, similar to
the starting compounds 28 and 36, with Ki values of 1.2 nM and
1.0 nM, respectively (Table 1A).22,23 It was also observed that
the tetrahydropyran derivatives and inhibitor 25 showed
significantly higher Ki values, compared to those of 28 and 36.
Overall, the selectivity against the o!-targets catB and catL
remained in the same range, e.g., compound 37 retained a good
selectivity of >1500 over catB, compared to 1670 for starting
inhibitor 36, and even higher selectivity compared to the other
starting inhibitor 28 (1054 over catB; see the SI). Compound 34
reached a higher selectivity over catL, compared to the second
starting molecule 28 (>2778 over catL vs 453 for compound 28
vs catL, as given in the SI) (see Table 1A).
Exchanging the nitrile warhead of starting compound 28 with

an aldehyde (45) led to a subnanomolar inhibitor with good
selectivities over catB (≥1600; see the SI) and catL (≥435; see
the SI), respectively. Further variations of the aldehyde included
several α-substituted ketones which are known to react covalent-
reversibly (through their ketone moiety) or depending on the
quality of the leaving group in the α-position, irreversibly with
papain-like cysteine proteases.24 Visually inspecting the progress
curves of the aldehyde (45) and the chloromethylketone (48)
indicated time-dependent inhibition for both inhibitors. Since
aldehydes react covalent-reversibly, compound 45was evaluated
as a slow-reversible binder of catS, while the chloromethylketone
warhead of 48 is an irreversible inactivator of cysteine-
proteases.25 For the determination of Ki and Ki* of 45, we
followed a procedure well described for slow-reversible tight
binders (see Figure S1).26,27 The plotting of the initial velocity vi
against the inhibitor concentration leads to Ki

app and a similar
plotting of the steady-state velocity (vs) against the inhibitor
concentration gives access to Ki* app, which can then be
transformed to the corresponding Ki and Ki* app values with
the Cheng−Pruso! equation.26
For the chloromethylketone (48) plotting kobs values against

the inhibitor concentration as described previously for
irreversible inhibitors, revealed a subnanomolar inhibition
constant and a second-order rate of 4.3 × 106 ± 1.2 × 106
M−1 s−1, which confirms the high reactivity of this inhibitor class.
To our surprise, 50 did not show time-dependent inhibition in

the time scale of the assay. The acyloxymethylketone warhead is
known to eventually react irreversibly by substitution of the
phenyl carboxylate leaving group.24 The analogous thio
derivative 49 also did not show time-dependent inhibition,
leading us to the assumption that, for both inhibitors, a very slow
irreversible step follows the reversible enzyme−inhibitor
complex formation as described by Brady et al.29 We were
able to determineKi values for the non-time-dependent first step
of the inhibition process (Table 1B). Hydroxymethylketone
inhibitor 51 did not exhibit time-dependent inhibition, as
expected for this type of warhead; therefore, the Ki value was
calculated.25 Finally, inhibitor 44with a new type of warhead (α-
sulfonylphenyl methylketone) clearly showed time-dependent
inhibition. To di!er between reversible and irreversible binding,

dilution assays (Figure 3) were performed for selected inhibitors
with new warheads against catS (44 and 49−52; see Table 1B).

Ki and Ki* app values for the slow-reversible inhibitor 44 were
then calculated as described for 45 (Table 1B).22
The results of the dilution assays confirmed the irreversible

binding behavior of acyloxymethyl ketone 50 (cyan, Figure 3A)
since the enzyme activity did not recover, similar to the
irreversible vinylsulfone control inhibitor 52 (green). Compar-
ing the progress curves of the dilution assays of nitrile inhibitor
36 (blue) with the hydroxymethylketone 51 (dark blue)
confirmed the reversibility of both warheads, which is well-
described in the literature, since the hydroxymethylketone
inhibitor 51 has no adequate leaving group.7,30 Interestingly,
inhibitors 49 (orange) and 44 (purple) seem to show a
reversible binding behavior, since, for both, a recovery of the
enzyme activity was observed. In the case of 44, the progress
curve is time-dependent, which indicates slow, reversible
binding. Inspecting the noncovalent docking poses of 44 and
50 inside the active site of catS indicated that the electrophilic
carbon atoms of 44 and 50 are in similarly close proximity to the

Figure 3. (A) Dilution assay of DMSO control (red), compounds 51
(dark blue), 36 (reversible nitrile, blue), 49 (orange), 44 (purple), 50
(cyan), and irreversible control 52 (vinylsulfone, green). Inhibitors
were incubated at 20-fold Ki or Ki* app concentrations followed by 100-
fold dilution, resulting in enzyme recovery in cases of DMSO and
compounds 51, 36, 49 (linear progress curves), and 44 (time-
dependent progress curve). Progress curves of (B) inhibitor 45, catS
and (C) inhibitor 50, catS, showing the time-dependent inhibition by
cpd 45 and non-time-dependent inhibition by cpd 50.

ACS Medicinal Chemistry Letters pubs.acs.org/acsmedchemlett Letter

https://doi.org/10.1021/acsmedchemlett.4c00050
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nucleophilic thiol of Cys-25 (distance: 2.9 and 3.4 Å for 44; 2.7
and 3.8 Å for 50; see Figure 4). Interestingly, inhibitor 50 has

more polar interactions with the binding pocket, compared to 44
(Figure 4), which could help to understand the lowerKi of 50, in
comparison to 44.
The inhibitory potency of 46 is mainly attributed to traces of

cleaved aldehyde 45, whereas that for 47 (≤5% free 44 under
assay conditions) is mainly attributed to the noncleaved
hydrazone. The hydrazone derivative 47 showed a 3-fold drop
in a!nity toward catS, compared to unmasked 44, and 46 even
had a 56-fold drop in a!nity, compared to free aldehyde 45,
proving the successful masking of both inhibitors. To investigate
the liberation, both hydrazones were incubated in an acidic (pH
4 as artificial lysosomal conditions) and neutral (pH 7.4)
environment (see the SI for a detailed description of the
methodology). After incubating the respective inhibitor for 24 h
at 37 °C, the amount of free aldehyde 45 and ketone 44 was
higher at the lower pH value, compared to physiological
conditions, indicating a higher cleavage rate under acidic
conditions, especially for 46 (80% free inhibitor after 24 h at
pH 4). The cleavage of 47 was slower (13% free inhibitor after
24 h at pH 4), indicating a lower hydrolysis rate. These findings
highlight the reversible nature of the capped warheads especially
under acidic conditions, as they appear in many tumors (Figures
S7−S15).6
For the clinical candidates presented in Figure 1, oral

bioavailability was shown during the drug development
process.31−35 However, some catS inhibitors in the literature
su"er from poor experimental permeability (<0.5 × 10−6 cm/
s).36 To underline the utility of the newly synthesized
compounds in in cellulo and in vivo contexts, their ability to
cross membranes was assessed. For this determination, the well-
established high-throughput PAMPA approach was used, and
detection/quantification was performed by HPLC/MS.37 By
observing a compound’s time-dependent permeation of an
artificial membrane derived from phospholipids in n-dodecane, a
good estimation of its passive permeability can be made.38,39 To
rationalize this for future derivatization campaigns, a correlation
with the log P and TPSA of the compounds is depicted in Figure
5 (all compounds are calculated to be predominantly uncharged
in physiologic media).40 The correlation between physicochem-
ical parameters such as log P, PAMPA permeability, and human
intestinal absorption can be employed in the context of
biopharmaceutics class determination.41

For most Acc-containing nitrile inhibitors, very low
permeabilities (oftentimes with no permeation detected) were
observed. This is also reflected in their low log P values of 1.3−
2.5. Another highly hydrophilic structure hindering permeation
appears to be the methylsulfonyl alanine as the P2moiety, which
can be inferred from the comparison of 36, 22, and 38. While the
exchange of P1 to OBnSer (36 → 22) increases the log P value
by 1 and does not promote a real improvement in permeability
in this case, the exchange of P2 to cyclohexyl alanine (36 → 38)
increases the log P value by ca. 3, resulting in a compound with
acceptable permeability. Therefore, 38 is the only compound
with Acc in P1 that shows detectable permeation, while no
compound with methylsulfonyl alanine as P2 showed
appreciable permeation. Note that the combination of the
lipophilic fluoro-aryl TFE and Cha moieties in P3 and P2,
respectively, can result in unfavorable physicochemical proper-
ties due to high lipophilicity if a larger hydrophobic P1 amino
acid is used (i.e., 25, 26). Excessive lipophilicity is the reason
why four inhibitors (25, 26, 49, and 50, log P≥ 4.8) could not be
assessed with this method, due to a combination of low aqueous
solubility and their structurally inherent low detectability (weak
ionizability and/or spectrophotometric properties). In contrast,
well-balanced lipophilicities can be described for six inhibitors
(27−32) with log P values of 3.0−4.3 that, therefore, show
appreciable permeabilities ((2−7) × 10−6 cm/s). In this
subgroup, the hPhe-containing inhibitor always has slightly
better permeability than the OBnSer-containing analogue.
Additionally, a di"erence in the impact of the P3 residue can

Figure 4. Noncovalent docking poses of 44 ((A) pink C atoms) and
(50 (B), green C atoms) inside the active site of catS (pdb entry:
1MS6). Polar interactions between the inhibitors and active site amino
acids are depicted as yellow dashed lines. The distance between the
sulfur atom of Cys-25 and the electrophilic C atoms of 44 and 50 is
depicted as a red dashed line and the distance is given in Å.

Figure 5. (A) Correlation of log P and permeability (Pe) for 19
compounds. (B) Correlation of TPSA and permeability (Pe), divided
into two subsets (6 Acc nitriles and 13 others). “Cut-o"” depicts the
e"ective permeability value, above which compounds were considered
relevantly permeable (Pe > 1 × 10−6 cm/s).

ACS Medicinal Chemistry Letters pubs.acs.org/acsmedchemlett Letter
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be observed in which the permeability trends are tetrahydropyr-
an = morpholine > pyridine. Another observation is that the
exchange of the warhead between nitrile and aldehyde (28 →
45) does not strongly influence the permeability, which is also
reflected by identical log P values, indicating the possible
transfer of the structure-related trends to the respective
aldehydes. As depicted in Figure 5A, the trend for the presented
compound set (Table 2) is that, in most cases, a log P value of >3
is required for good permeation and in the log P range of 3−5, a
loose proportionality between log P and Pe is seen. This
underlines the necessity of detailed structure−permeability
relationship studies to predict the influence of distinct structural
modifications, in addition to the facile calculation of log P.
The correlation between the permeability and TPSA also

shows interesting relations. The best permeability is observed
for compounds with TPSAs of 91−104 Å2. If the threshold is
exceeded (TPSA values of 108−154 Å2), it results in a drastic
decrease in permeation due to increased hydrophilicity. The
most impactful moiety in this context seems to be the P3
nitrobenzene (e.g., in 33, 34, and 37) and, after that, the P2
methylsulfonyl alanine. The compounds with TPSA values of
>110 Å2 are assumed to not have the ability to be e!ectively
immersed in an apolar membrane and are therefore not
transported through it. However, there are other compounds
with seemingly adequate TPSA values (91−99 Å2) that still have
low permeability, namely most Acc nitriles. This can be
attributed to the fact that the TPSA is an absolute measure. If
the relatively smaller total surface area of the P1 Acc nitriles is
considered, it becomes obvious that much of their surface area is
polar, in contrast to the other compounds with comparable
TPSA values that carry the much larger OBnSer or hPhe in P1.
38 seems to be the exception to the detrimental Acc e!ect, which
indicates that it can be balanced out by the introduction of very
lipophilic moieties, as reasoned above. The mentioned
distinction of Acc nitriles from other nitriles in the set is also
visible in Figure 5B. Each depicted subset has its own cuto! for
permeability, which is lower for Acc nitriles (<90 Å2) than for
the other compounds (<110 Å2).
While 47 could not be assessed for permeability due to

solubility limitations, the hydrazone 46 has low permeability
(0.1± 0.1× 10−6 cm/s), probably due to the high TPSA, despite
its adequate log P value. This is important, because it underlines
the utility of the warhead modification. It not only limits its
strong electrophilicity but also hinders its cell permeation until it

arrives in an environment as acidic as the TME, where the more-
permeable and more-reactive warhead is liberated.
In summary, we successfully synthesized 17 nitrile inhibitors

as well as five ketone-based inhibitors and one aldehyde
inhibitor of catS and tested them on this interesting target and
on o!-target cathepsins in fluorometric enzyme assays. The
exchange of di!erent side chains among nitrile-based inhibitors
produced some inhibitors with a"nities that were comparable to
that of the starting compounds and elucidated some clear a"nity
limitations. The starting compounds 28 and 36 already
exhibited excellent Ki values, laying the background for the
subsequent modifications. Two of the newly produced
inhibitors even showed improved selectivities against o!-target
cathepsins B and L over the starting molecules. Introducing an
aldehyde warhead in place of the nitrile led to a subnanomolar
inhibitor with favorable selectivities.
The aldehyde and ketone derivatives showed time-dependent

inhibition and suggested slow-reversible binding for certain
compounds. Acyloxymethylketone 50 exhibited irreversible
behavior in the dilution assay, while hydroxymethylketone 51
and surprisingly 49 displayed reversible characteristics. The
introduction of a new warhead, α-sulfonylphenyl methylketone
(44), demonstrated time-dependent reversible inhibition.
Furthermore, warhead-masking hydrazone derivatives 46 and
47 were synthesized and examined, revealing their susceptibility
to cleavage under acidic conditions. The clear di!erence in
liberation kinetics (for 46: 50% liberated after 24 h at pH 7.4 vs
50% liberated after 2 h at pH 4) are promising for delivery
systems with targeted release in the acidic TME (e.g.,
attachment of the aldehyde to nanoparticles as a hydrazone)
where pH values below 7 are commonly encountered.42 The
reversible attachment to nano carriers via the hydrazone moiety
is expected to render the low membrane permeability of the
hydrazones irrelevant by overriding the pharmacokinetic
properties.
The assessment of membrane permeability highlighted some

nitriles (esp. 30) and the aldehyde (45) as promising novel
candidates for in vivo studies while underlining challenges for
inhibitors with strong hydrophilic groups. Correlation analyses
between log P, TPSA, and permeability provided insights into
the structural factors influencing transport across membranes
and gave indications for future structural modification
campaigns guided by calculated physicochemical properties.

Table 2. Permeability (Pe) as Determined by PAMPA (n≥ 4), andCalculated Physicochemical Parameters logP and TPSA for the
Listed Compounds Clustered by Structural Featuresa

Cpd Pe [× 10−6 cm/s] log P TPSA [Å2] Cpd Pe [× 10−6 cm/s] log P TPSA [Å2]
Nitriles, Acc P1 Nitriles, Other

36 0.0 ± 0.0 1.5 99 27 6.0 ± 1.0 4.3 94
37 0.0 ± 0.0 1.3 145 28 4.7 ± 0.6 3.6 104
38 4.9 ± 0.4 4.8 65 29 4.1 ± 1.1 3.4 100
39 0.0 ± 0.0 2.5 94 30 6.6 ± 0.4 4.1 91
40 0.1 ± 0.2 2.2 91 31 2.0 ± 0.3 3.0 104
41 0.0 ± 0.0 1.9 95 32 2.5 ± 1.1 3.8 95

Nitriles, Methylsulfonyl Alanine P2 Aldehyde, Ketones, Hydrazone
22 0.0 ± 0.0 2.6 108 45 4.5 ± 1.4 3.6 97
33 0.7 ± 0.1 2.4 154 44b 0.8 ± 0.5 3.5 131
34 0.0 ± 0.0 3.2 145 51 0.0 ± 0.0 2.3 117

46 0.1 ± 0.1 4.5 121
alogP and TPSA were calculated using the Molinformation molecular properties calculator (https://www.molinspiration.com/).28 bInstability
detected (see Figures S3−S6 for stability investigations); only peaks with the expected concomitant m/z signal were used for quantification.
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To conclude, this comprehensive investigation provides
valuable insights into the design and behavior of catS inhibitors,
paving the way for further optimization and development of
potential therapeutic candidates.
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Permeability (PAMPA) 
A General principle after Lit Kansy et al. was used.17 Incubation setup consisted of donor (top) 
plate (Sigma Aldrich, MAIPNTR10), 5 µL artificial membrane (1 % (w/v) L-α-phosphatidyl-
choline, Sigma Aldrich P3556, in n-dodecane, Sigma Aldrich 8205430100), acceptor (bottom) 
plate (Greiner, 655074).  

Measurement setup for LC/MS consisted of Agilent 1100 series HPLC system coupled to an 
Agilent 1100 series LC/MSD Trap with electron spray ionization (ESI). An Agilent Poroshell 120 
EC-C18, 150 x 2.10 mm, 4 μm column (for all new compounds) or an Agilent Zorbax SB-Aq 
4.6 × 150 mm, 5 μm column (for propranolol and methotrexate) was used. A linear gradient 
was employed for elution with a ternary pump using [water/ACN/water + 0.1% formic acid] 
that changes the ratio from 80/10/10 to 0/90/10 over the course of 6 min (0.7 mL/min), then 
stays constant for 4 min. Injection volume was 100 µL. Areas of peaks in the chromatogram 
(detection-λ = 210 nm or 254 nm) were used to calculate the AUCs. Retention time and mass 
spectra recorded in positive ionization mode were used to assign species. Analysis was 
performed using Mestrenova 12.0.2. 

Compound solutions were diluted from 5–20 mM stock solution in DMSO to 100 µM in a 
buffered (TRIS 50 mM pH 7.4) aqueous solution with 5% final content of DMSO (“donor 
solution”). Similarly prepared solutions (buffer + solvent) were used as “acceptor solutions”. 
150 µL of donor solution was applied onto the artificial membrane which was applied first to 
the donor plate. This was sealed (Greiner, 676070, Viewseal sealer). 400 µL of acceptor 
solution was applied to the acceptor plate. Incubation setup was assembled and left for 7 h. 
After this time, acceptor and reference solutions were analyzed with LCMS.  

On each day, the experiments were performed in duplicates. The acceptor solutions of those 
were combined prior to analysis. Reference solutions were prepared by simply mixing the 
indicated volumes of donor solutions and acceptor buffer at the start of the incubation period 
and analyzed later with the acceptor solutions. 

Calculations of effective permeability Pe were performed using the following equation with VD 
and VA as volumes of donor and acceptor solutions (0.15 cm3 and 0.4 cm3), AUCA and AUCEq as 
the area of the measured and baseline-corrected spectrum of sample and reference solutions, 
A as the porosity-corrected filter area (0.3019 cm2*0.7 = 0.2113 cm2) and t as the incubation 
time given in seconds. 

𝑃𝑒 = −
𝑉𝐷∗𝑉𝐴∗ln(1−

𝐴𝑈𝐶𝐴
𝐴𝑈𝐶𝐸𝑞

)

(𝑉𝐷+𝑉𝐴)∗𝐴∗𝑡
     (6) 

Propranolol was used as a control with high permeability (Pe(Lit) = 8–14 *10−6 cm/s, was 
determined with n = 18 to 10.4 ± 2.9 *10−6 cm/s), metoprolol as a control with poor 
permeability (Pe(Lit) = 0.7–1.5 *10−6 cm/s; with n = 4 experimental Pe = 0.3 ± 0.1 *10−6 cm/s), 
and methotrexate as a control with no permeability (Pe(Lit) = 0 *10−6 cm/s, was determined 
with n = 18 to 0.0 ± 0.0 *10−6 cm/s).18–20  
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Molecular Docking 
Two different docking approaches were followed, since the inhibitors were designed to react 
covalently with the active site cysteine-25 of cathepsin S. First, a conventional non-covalent 
docking was performed, to estimate affinity and geometry of the pre-organized enzyme-
inhibitor complex, secondly a covalent docking was used to determine the final covalent 
enzyme-inhibitor complex. 

In both docking setups a crystallographic reference ligand (BLN) was used for validation via 
redocking (Table S2). 

Molecular docking experiments were performed using the following crystal structures freely 
available in the protein data bank (PDB):21 cathepsin S covalently bound to morpholine-4-
carboxylic acid [1s-(2-benzyloxy-1r-cyano-ethylcarbamoyl)-3-methyl-butyl]amide (PDB entry 
1MS6).22 All ligands were energetically minimized before docking with Molecular operating 
environment (MOE 2020.09)23 using the MMF94x force field.24 

 

Docking approach 1: non-covalent docking with LeadIT 

The non-covalent docking was performed with LeadIT-2.3.2.25 The receptor was prepared in 
MOE with the protonate3D functionality and the covalent bonds between the co-crystallized 
ligands and the corresponding protease were untethered via the Builder tool in MOE. The 
binding site was defined as a 6.5 Å shell around the bound reference ligand. Water molecules 
that form at least three hydrogen bonds with the receptor and ligand were kept as part of the 
binding site. The docking was performed under default settings using the enthalpy-entropy 
hybrid approach with 2000 solutions per iteration and fragmentation. Only the top pose of the 
initial docking was kept and re-scored using the HYDE scoring function.26  

Docking approach 2: covalent docking with MOE 

Covalent docking was performed with MOE (version 2020.09). The receptors were prepared 
using the 3D protonation tool inside MOE. For the covalent reaction of the different warheads, 
the already existing template reactions were used or customized using the combinatorial 
library tool of MOE. Initial 30 poses from the triangle match placement with London ∆G scoring 
were re-scored using the Affinity ∆G scoring function and induced fit refinement implemented 
in MOE. 10 Poses were kept and visually inspected for binding geometry the interactions 
matching between the docked inhibitor pose and co-crystallized ligand with the enzyme. The 
poses best matching inspected interaction patterns are further discussed. 
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Table S1: Redocking of reference ligand BLN. 

 

 

Table S2: Results of molecular docking analysis for cathepsin S (pdb-ID: 1MS6). 

Cpd Distance (electrophilic 
C-Cys25-S) / Å 

FlexX score 
(kJ/mol) 

Hyde 
score 

(kJ/ mol) 

Covalent 
docking score 
(Affinity ∆G, 

MOE/ kcal/mol) 
44 2.7, 3.8* –29.9 –7 –5.8 
45 2.8 –26.6 –49 –3.9 
49 3.1, 2.8* –24.9 –20 –4.4 
50 2.9, 3.4* –28.2 –29 –5.9 
51 2.6 –26.5 –36 –4.8 

*These inhibitors contain two possible electrophilic carbon atoms. 

  

Enzyme (pdb entry) Reference 
ligand ID 

Redocking FlexX 
(RMSD/ Å) 

FlexX score (kJ/mol) 

Cathepsin S (1MS6) BLN 0.94 –18.0 
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Stability Analyses for Compound 44 
Compound 44 carries a α-sulfonylphenyl methylketone warhead that is currently rarely 
described in literature in the context of protease inhibition.27 To validate the findings from the 
enzyme inhibition assays, its stability in aqueous conditions and against thiol nucleophiles in 
general was analyzed. In Figure S3, some hypothetical reactions are depicted (as described for 
vinyl sulfones, and acyloxy methyl ketones, respectively).3,28 

 
Figure S3: Keto-enol-tautomerism and hypothetical reactivity towards thiol nucleophile in reactions described for similarly 
structured warheads. 

Method: For non-aqueous conditions, DMSO was used as the solvent, and 2-phenylethane-1-
thiol (PhEtSH, 2 mM) as nucleophile in presence of triethylamine (TEA, 2 mM) as base to 
generate PhEtS− in solution, modified from literature.7 For aqueous conditions, different 
50 mM buffer systems (NH4HCO3 for pH 6.5, and TRIS-HCl for pH 7.4, supplemented with 
DMSO to ensure solubility) with 0 mM or 2.5 mM dithiothreitol (DTT) as a model thiol were 
utilized, reflecting the employed buffers in enzyme inhibition assays and PAMPA. Incubations 
were performed in all cases with 200 µM of 44 for the indicated time at 30 °C. Analysis was 
performed with the Agilent 1100 series HPLC system and software as described earlier. 
Injection volumes were 100 µL for aqueous conditions and 10 µL for non-aqueous conditions. 
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First, the results from the reactivity experiment towards PhEtS− are discussed. It is described 
in literature that 10 min of incubation time and 2 eq. of nucleophile can be enough to observe 
relevant formation of covalent adducts.2 As shown in Figure S4, after 1 h of incubation and 
10 eq. of nucleophile, no relevant formation of products is observed. While no PhEtSH is 
consumed, a 10 % reduction in AUC for 44, and a small additional peak at tR = 6.4 min was 
detected that has the same m/z as compound 44 which is therefore attributed to the tautomer 
depicted in Figure S4. With this experiment, we ruled out the irreversible substitution of the 
sulfone group with elimination of a sulfinic acid leaving group. This is in line with reactivity 
results described for similarly structured α-sulfonyl amide tool compounds.29  

 
Figure S4: Stability of compound 44 (tR = 6.3 min, m/z = 600 Da) against thiolate in DMSO. The signal at 6.1 min is attributed 
to PhEtSH, the signal at 8.1 min is not characterized, but is also formed in background measurements without 44. 

Next, the stability in aqueous systems is described. It is evident from Figures S5 and S6 that in 
aqueous systems, the formation of the putative tautomer (β-hydroxyvinyl sulfone) is the most 
impactful reaction. Additionally, depending on the presence or absence of DTT, more products 
are formed indicating insufficient stability over periods >1 . This is expected to have only minor 
influence over the 10 min period at room temperature that is necessary to record inhibition 
data. However, over longer periods, as are necessary for dilution assay and PAMPA, this can 
impact evaluation. Noteworthy are the degradation products with tR = 5.7 min (m/z = 492 Da) 
in conditions without DTT and with tR = 5.3 min (m/z = 646 Da) in conditions with DTT as their 
difference in m/z is 154 Da which corresponds to the mass of DTT, indicating that the first 
substance can react with thiols. Their structures were not investigated further, but due to the 
surplus of DTT present during the dilution assay, it is not expected that this degradation 
strongly impacts the results from this assay. For PAMPA, however, the formation of 
degradation products in general (due to unknown formation kinetics and individual 
permeabilities) introduces a large error in the corresponding value for permeability which is 
denoted in Table 2 of the manuscript.  
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Figure S5: Stability of 44 (tR = 6.3 min, m/z = 600 Da) in catS-assay-like buffer (top: without DTT. bottom: with DTT) detected 
at 210 nm. Retention times and AUCs are indicated. 

 

Figure S6: Stability of 44 (tR = 6.3 min, m/z = 600 Da) in PAMPA buffer (50 mM TRIS pH 7.4) detected at 210 nm (top and 
bottom) and detected with mass filter of 600 ± 0.25 Da (middle). Spectrophotometrically and mass spectrometrically 
detected chromatograms were aligned. Retention times and AUCs (absolute or relative) are indicated. 
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Conclusion and Outlook 

The published work that is presented in this thesis had the overarching motive to generate data towards 

the improvement of biological applications of covalent protease inhibitors. To achieve this, two major 

focuses were placed, namely the in-depth mechanistic investigation of inhibitors harboring different 

reversibly and irreversibly acting warheads and the possible optimizations towards improved 

permeability of these inhibitors. 

Binding mode investigations were performed that revolved around affinity, selectivity, reversibility and 

covalency of different types of warheads against the cysteine protease rhodesain that is involved in the 

pathology of Human African Trypanosomiasis. By establishing a MALDI-TOF-MS-based method for 

the assessment of covalency for inhibitors, a rational option for clarifying questions on mechanistic 

implications of structural modifications was realized. It nicely supplements computational methods to 

model overall reaction progresses like QM/MM calculations, as well as the time-dependent evaluation 

of the experimental data collected from activity-based assays, and specific reversibility assays. This was 

applied to inhibitors with α-fluorovinylsulfon(at)e warheads that were found to be distinct from their 

non-fluorinated progenitors in both binding mode and inhibition kinetics, yet all share the formation of 

a covalent bond with the target enzyme. Also, inhibitors with dual covalent warheads that can exhibit 

reversible and irreversible reactions were characterized and the implications of their slowly irreversible 

mode of action was discussed. The findings from the project on SNAr-warheads provide a basis for a 

closer look on sensitive deciding factors for covalency and reversibility, like the electrophilicity and 

precise substitution pattern on the electron-deficient arene.  

Until now, only nitriles have been explored as reversibly covalent warheads in approved cysteine 

protease inhibitors. Especially the α-fluorovinylsulfon(at)e-based inhibitors have proven to be a 

promising alternative, based on their efficiency combined with low toxicity and the potential for 

distribution to the central nervous system when equipped with a suitable recognition sequence.  

Follow-up experiments require the characterization of these α-fluorovinylsulfon(at)es in animal models 

of the disease to contextualize their effect in a complex biological system with direct pathophysiological 

relevance.631 

Further variations on the SNAr warheads could include the implementation of alternatives to the nitro 

groups which are commonly disfavored in terms of toxicity632 or the investigation of other (het)aryl 

scaffolds and leaving groups633. To fully elucidate the observed bidirectional binding of these inhibitors, 

longer peptides or extended side-chains could be implemented to address more of rhodesain’s open and 

superficial active site. In a similar way, a decapeptide MMP2 inhibitor with inverse directional binding 

mode is described.634 

The second objective of the projects described herein was to give rationalization to ligand-derived 

protease inhibitors with respect to passive permeability. To this end, a target-independent assessment of 
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passive permeability was performed for different projects using a parallel artificial membrane 

permeation assay. This assay has a high throughput and versatile options for detection, enabling the 

characterization of a broad set of different molecules. The value it brings to drug development is the 

early inclusion of a pharmacokinetic marker, which can elucidate important factors for structural choices 

that positively or negatively affect the outcome in preclinical studies. This was exemplified by the 

influence of charge in the studies on SNAr warheads against cysteine proteases and α-keto benzothiazole-

bearing serine protease inhibitors. In studies involving cellular assays like the one on S. mansoni, 

permeability results can explain observed effects or their absence. In general, knowledge on the 

equivalence of structural elements can convey security to drug design choices, which was expanded 

upon in the study on CatS inhibitors. 

The relevance of the prodrug approach for peptide-based inhibitors was shown twice. In the study on 

SNAr warheads, negative charge in the form of a free carboxylate moiety was identified to be a strong 

negative determinant for passive permeability. This was exemplified for the dipeptides of the study and 

for candesartan, all examples for which the ester group represented a prodrug modification suitable to 

convey permeability. The characterized serine protease inhibitors with an arginine-derived sequence 

elucidated the same limitation for strong basic moieties. With its almost permanent charge in aqueous 

environments, a shortened drug-like molecule with strong inhibition data was identified for suitable 

prodrug modifications. The transformation of the guanidine to a hydroxy guanidine or a carbamate was 

identified as a required next step for its further development. Another option would be the inclusion of 

the basic group in an aromatic system, which would reduce affinity but improve permeability. 

Vinylsulfone-based SmCatB1 inhibitors were characterized regarding their permeability in the context 

of a parasitic organism that is especially challenging to penetrate due to its tegumental membrane. In 

subsequent studies, the irreversible inhibitors of SmCatB1 can be modified to their reversible fluorinated 

analogs and further modifications to the peptide recognition sequence can be made to improve selectivity. 

For the most promising inhibitors from the phenotypic approach, cellular target engagement studies 

would be most logical to rationalize their structural improvements.  

For CatS inhibitors as TME modulators, viable structural alternatives were identified in terms of 

permeability, onto which design strategies can fall back in case one of the preclinical CatS inhibitors 

encounters development problems related to factors like toxicology or pharmacodynamic effects. Apart 

from this, the quantified permeability contributions of building blocks are expected to contribute 

valuably to prospective drug development campaigns against various protease targets. An especially 

interesting candidate against CatS is the described aldehyde-bearing inhibitor that was identified as 

permeable and both highly affine and slowly reversible. Additionally, this moiety gives opportunity for 

reversible conjugation strategies tailored for tumor therapy that can include the introduction of  

pH-sensitive linkers modulated to respond to the tumor microenvironment, and the conjugation to 

macromolecular drug delivery systems to influence distribution.  
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