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 Introduction  

 Proteases 

Proteases, also known as proteolytic enzymes, catalyze the hydrolysis of peptides or 

proteins by cleaving peptide bonds, thereupon releasing amino acids or smaller peptides. 

These are encoded by about 2 to 4% of the total genes in all kinds of organisms.1 Proteolytic 

enzymes greatly interest biomedical research due to their involvement in many 

physiological processes. Proteases are present among others in cell-cycle regulation, cell 

death, wound healing, food digestion, and immune and inflammatory responses.2,3 

Noteworthy, peptide bond cleavage is an irreversible process and must be highly regulated. 

In a healthy organism, protease activity is controlled at three levels: (i) expression, (ii) 

activation by post-translational modifications, and (iii) endogenous inhibitors.4 Protease 

dysfunction can play a role in different pathologies.5 

Based on different criteria, proteases can be classified into diverse groups. The broadest 

classification clusters proteases based on the position of the cleaved peptide bond into two 

major groups: exopeptidases and endopeptidases. Exopeptidases exclusively cleave 

peptide bonds from the N-terminal or C-terminal end, known as aminopeptidases and 

carboxypeptidases, respectively.6 Conversely, endopeptidases cleave any bond within the 

target molecule. However, the most widely used classification of peptidases is based on 

their catalytic mechanism.7 The proteases are grouped based on the catalytic element 

present in the active site. Following this principle, they divide into seven types: serine, 

cysteine, threonine, aspartic, glutamic, metallo- and asparagine. Both metallo- and serine 

proteases are the most abundant types.8  

This research has focused on the potential role of serine proteases in Dry Eye Disease (DED) 

and Irritable Bowel Syndrome (IBS). Both disorders are characterized by the activation of 

immune pathways and the release of pro-inflammatory mediators. Therefore, the 
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following sections will highlight the role of serine proteases in immune responses and 

inflammation.  

 Serine proteases 

Serine proteases are essential in many physiological processes and have been widely 

studied by drug discovery researchers. This family accounts for over 40% of all proteases 

described in humans.9 Most serine proteases share an active site formed by a catalytic 

triad, in which the primary amino acid and nucleophile is a serine. An aspartate and a 

histidine accompany the serine. However, serine proteases evolved through time, and 

different families with distinctive catalytic triads can be distinguished. Following the 

MEROPS classification, the families are built based on sequence similarity. Up to the date 

of writing (July 2022), 85 families have been described for the serine proteases. The S1 

family is the most prominent family, populated entirely by endopeptidases.2,10 

Chymotrypsin was the first protease belonging to the S1 family, which structure was 

determined in 1967 by Matthews B.W. et al.11 Consequently, most research papers take its 

sequence numbering as a model. Accordingly, the amino acids corresponding to the 

catalytic triad are Asp102, His57, and Ser195.12 Likewise, this numbering will be used in this 

thesis. 

1.2.1 Mechanism: Peptide bond cleavage  

The mechanism of peptide bond cleavage catalyzed by serine proteases is characterized by 

two phases: acylation and deacylation (Figure 1.1). First, during the acylation process, the 

catalysis of the peptide bond cleavage occurs due to enhancing the Ser195 nucleophilicity 

by hydrogen bond interactions with Asp102 and His57. Then, there is a nucleophilic attack 

by the serine hydroxyl on the carbonyl of the substrate forming a tetrahedral intermediate. 

The oxyanion hole, formed by backbone amides of Gly193 and Ser195, helps stabilize the 

tetrahedral intermediate. In the following step, the tetrahedral intermediate is broken, 

leading to a primary amine displacement and formation of the acyl-enzyme complex. The 
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amine displacement is possible due to a hydrogen transfer from the imidazolium ion of 

His57 to the substrate amide. Subsequently, during the deacylation process, a water 

molecule interacts with His57 allowing the formation of a second tetrahedral intermediate. 

In the last step, a carboxylic acid is formed, and the catalytic triad is regenerated.13 

 
Figure 1.1 Peptide bond cleavage mechanism catalyzed by the serine protease catalytic triad. 

1.2.2 Substrate specificity  

Although the serine protease S1 family shares the same peptide bond cleavage mechanism, 

they can be further classified by their substrate specificity. The specificity of a serine 

protease is determined by the preferred amino acid sequence that will fit into the 

specificity pocket of the active site, also known as P1.14 There are three main subfamilies: 

trypsin-, chymotrypsin-, and elastase-like serine proteases. Amino acid 189, placed at the 

bottom of the P1 pocket, is crucial for specificity between trypsin- and chymotrypsin-like 

serine proteases. An Asp189 in the trypsin-like proteases shifts the specificity towards 

positively charged residues such as Arg or Lys. In contrast, chymotrypsin-like proteases 

prefer hydrophobic amino acids due to their interaction with Ser189. Consistently, at the 
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entrance of the P1 pocket in the first two subfamilies, there are Gly216 and Gly226. 

However, elastase-like proteases have bulkier amino acids, generally Val216 and Thr226. 

Therefore, the specificity of the last subfamily is shifted towards small and non-polar 

residues, such as Val or Ala (Figure 1.2).15  

 
 

 

 

Trypsin-like Chymotrypsin-like Elastase-like 

Figure 1.2 Serine proteases differ in their amino acid specificity. Trypsin-like proteases prefer positively 
charged residues, chymotrypsin-like proteases prefer hydrophobic residues, while elastase-like proteases 
prefer small non-polar residues. 

 Serine proteases in immune responses and inflammation 

Serine proteases are involved in different physiological processes related to immune 

responses, such as inflammation, tissue remodeling, programmed cell death, or pathogen 

clearance.16 Most serine proteases are expressed as zymogens or inactive forms and 

activated a posteriori.17 Moreover, the activity of serine proteases is typically regulated by 

endogenous serine protease inhibitors, known as serpins. Serpins are proteins with a well-

conserved structure. However, they can undergo genetic mutations which impede their 

function.18  

Due to the involvement of serine proteases in human pathologies, they have been 

considered potential biomarkers and drug targets for different pathologies such as cancer, 

lung, cardiovascular, or intestinal disorders.16 This research will focus on the role of serine 

proteases in inflammation and immune responses. An in-depth discussion on the potential 
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role of serine proteases as biomarkers and therapeutic targets is provided in Chapter 3 

(DED) and Chapter 4 (IBS). 

Some serine proteases are directly expressed in cells of the immune system (Figure 1.3). 

For example, tryptase and chymase in mast cells, neutrophil proteases in neutrophils, and 

granzymes in natural killer cells (NK) and cytotoxic T lymphocytes (CTLs). Furthermore, 

proteases are supplied by the pancreas, epithelium, or macrophages.19  

 
Figure 1.3 Serine proteases are directly released by immune cells. Neutrophil elastase, cathepsin G, 
proteinase-3, and neutrophil serine protease 4 by neutrophils; tryptase and chymase by mast cells; and 
granzymes by natural killer cells and cytotoxic T lymphocytes. 

The following sections discuss the different proteases released by immune cells and their 

roles in immunity and inflammation. Further details are given for those proteases 

mentioned later in the following chapters.  

1.3.1 Neutrophil proteases 

Neutrophils are one of the first immune cells to arrive at the site of inflammation. These 

immune cells express different serine proteases, primarily neutrophil elastase (NE), 

cathepsin G (CatG), proteinase-3 (PR3), and neutrophil serine protease 4 (NSP4), and in a 

minor quantity, granzyme A (GrA).20 Proteases are secreted to the medium upon neutrophil 

degranulation.21 However, protease activity is further regulated by post-translational 

modifications and zymogen activation.22 Neutrophil proteases are essential for defending 

the organism against bacterial infections by forming neutrophil extracellular traps (NETs). 
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Additionally, neutrophil proteases play a role in the degradation of extracellular matrix 

(ECM) components, activation of pro-inflammatory cytokines, and increased permeability 

in epithelial cells.23,24 Further, in this thesis, NE and CatG are mentioned giving special 

attention to CatG. 

In human, CatG has simultaneous trypsin- and chymotrypsin-like substrate specificity. Thus, 

it has a preference for Lys and Arg and also Phe in P1. However, its preference lies more 

toward large hydrophobic residues.25 Apart from activating pro-inflammatory cytokines 

and chemokines, CatG promotes inflammation by activating cell surface receptors such as 

protease-activated receptor (PAR)-2 and PAR-4.23 More details about PARs will be given 

later in this thesis. Last, CatG is related to several autoimmune diseases, such as 

rheumatoid arthritis or type 1 diabetes mellitus patients.26 

1.3.2 Mast cells proteases 

Mast cells are immune cells related to allergic reactions due to the efflux of histamine upon 

activation. Their degranulation occurs by different stimuli, especially by high-affinity IgE 

cross-linking.27 Upon release of histamine and heparin, blood vessels are dilated, and 

inflammation is induced. Moreover, they are also related to wound healing and pathogen 

defense.28 Tryptase and chymase are the two main serine proteases stored in mast cells. 

However, other non-specific mast cell serine proteases are also stored, including CatG.29,30  

Tryptase is a trypsin-like serine protease, thus, its P1 specificity is for Arg and Lys. 

Noteworthy, its specificity overlaps with other trypsin-like serine proteases such as trypsin 

and challenges the design of highly selective inhibitors.31 The structure of tryptase is 

formed by four monomers placed in a rectangular frame with the four active sites facing a 

central pore. Tryptase activity is only present when the tetramer structure is established 

and normally stabilized by heparin.32 There are two main types of tryptase, α-tryptase and 

β-tryptase.33 However, only β-tryptase is released in its active form upon degranulation. 

Tryptase plays a role in the degradation of ECM components, the expression and secretion 
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of inflammatory chemokines and cytokines, and the migration and activation of immune 

cells.34 Furthermore, tryptase also acts as a signaling molecule by activating PARs.35 As 

previously mentioned, the presence of tryptase activity has been commonly correlated 

with allergic reactions. Moreover, it is considered to play a pro-inflammatory role in 

pulmonary conditions such as asthma.36 It has also been associated with kidney, 

cardiovascular, and intestinal diseases or autoimmune diseases such as multiple sclerosis 

or arthritis.37–40 

1.3.3 Natural killer cells proteases 

NK and CTLs are responsible for defending the organism by killing infected cells. One of 

their mechanisms of apoptosis induction is mediated by their granule-associated enzymes, 

known as granzymes.41 Degranulation of NK and CTLs occurs upon recognition of an 

infected cell, thereupon releasing granzymes and perforin, which assist the delivery of 

granzymes into the infected cell.42 Among the five released granzymes, GrA with trypsin-

like specificity is the most studied.43 It has been suggested that GrA plays a pro-

inflammatory role by releasing cytokines or remodeling ECM components.44,45 Its presence 

has been described not only in microbial infections but also in rheumatoid arthritis, several 

inflammatory lung diseases, or celiac disease.46–50 

1.3.4 Other serine proteases 

This section mentions other trypsin-like serine proteases used during this PhD thesis.  

 Trypsin 

Trypsin is a pancreatic protease that gives name to the trypsin-like serine protease family. 

In humans, the pancreas secretes three types of trypsin: trypsin-1, trypsin-2, and trypsin-3. 

The three isoforms are structurally similar. Nevertheless, trypsin-3 is resistant to 

endogenous trypsin inhibitors such as soybean trypsin inhibitor (SBTI) and α1-antitrypsin 

inhibitor.51,52 In addition to its digestive role, trypsin can activate pro-enzymes and is crucial 

in wound healing by helping detach adherent cells.53 However, dysregulation of trypsin 
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levels has been associated with some disorders. For example, it has been described as a 

specific biomarker in pancreatitis, cystic fibrosis, and biliary cirrhosis.54–56  

 Thrombin 

Thrombin plays pivotal roles in the coagulation cascade. It is synthesized by the liver and 

secreted to the circulation as a zymogen, known as prothrombin, activated by the 

prothrombinase complex.57 As part of the coagulation cascade, thrombin has two major 

and antagonistic functions. First, it is a procoagulant factor by converting fibrinogen into 

fibrin clots. Opposite, it acts as an anticoagulant through activation of protein C.58 

Moreover, it can activate cellular responses by activating PAR receptors. However, 

upregulated thrombin activity has been correlated with cardiovascular and 

neurodegenerative diseases or intestinal disorders.59–62 

 Urokinase plasminogen activator  

Urokinase plasminogen activator (uPA) is a trypsin-like serine protease belonging to the 

plasminogen activator system together with tissue-type plasminogen activator (tPA), the 

uPA receptor (uPAR), and plasminogen activator inhibitors (PAIs).63 The expression and 

secretion of uPA occur in different human cell types. Its role is related to cell migration and 

tissue remodeling. Furthermore, uPA can activate uPAR, which activates MMPs and leads 

to the degradation of ECM components. Also, it activates signaling cascades by converting 

plasminogen into plasmin.64 Generally, it has been of interest as a therapeutic target for 

many cancer types for its role in promoting tumor growth.65 Additionally, uPA is of interest 

in other diseases such as chronic dermal ulcers or rheumatoid arthritis.66,67  
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 Introduction to activity-based protein profiling  

Proteomics is the large-scale characterization and analysis of proteins in cells, tissue, or 

organisms. The aim is not restricted to identifying proteins but includes studying their 

location and function.68,69 Most proteomic techniques focus on the expression, location, 

and function of the studied proteins. For instance, traditional methods, such as two-

dimension gel electrophoresis coupled to mass spectrometry (MS) or chromatography-

based methods, such as ion-exchange chromatography (IEC), were later complemented by 

other methods suitable for high-throughput screening.68 For example, protein microarrays 

were implemented for protein expression analysis, but exploring the function remained 

challenging.70 Other techniques such as isotope-coded affinity tag labeling (ICAT), stable 

isotope labeling with amino acids in cell culture (SILAC), or isobaric tag for relative and 

absolute quantitation (iTRAQ) were developed for quantitative proteomics.71,72 However, 

protein expression does not take into account protein activity. Post-translational 

modifications, such as zymogen activation or interaction with other proteins or small 

molecules, regulate the activity of proteins.14 Therefore, there was a lack of tools able to 

study active proteins rather than their expression. Hence, activity-based protein profiling 

(ABPP) was designed to overcome this problem and distinguish between active and inactive 

proteins.73 During the last decades, it has been used for different families of enzymes but 

especially proved to be effective for studying proteases.74  

ABPP uses chemical probes, known as activity-based probes (ABP), which react covalently 

with the active form of the target enzyme. These allow detection, visualization, or affinity 

purification of the labeled enzymes (Figure 1.4).75 The applications of ABPs include 

identifying enzyme targets, visualization in vivo, and discovering biomarkers or new 

inhibitors.76–78  
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Figure 1.4 General representation of protease labeling with an activity-based probe and the different analysis 
methods that can be used depending on the reporter tag. 

 Design of activity-based probes 

The general structure of an ABP consists of four parts: (i) a selectivity enhancing group that 

targets a specific enzyme family; (ii) a reporter tag used for visualization or isolation, (iii) a 

warhead or reactive group; and (iv) a linker to connect the three other components.79,80 A 

representation of the general structure is depicted in Figure 1.5. The following section aims 

to develop each part by giving specific examples of developed ABPs targeting trypsin-like 

serine proteases, and several published ABPs are depicted in Figure 1.6. 

 
Figure 1.5 Activity-based probe (ABP) – General structure 
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Figure 1.6 A selection of previously reported ABPs with electrophilic phosphorus and their target enzymes. 

The stereochemistry shown is based on the source literature. 
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1.5.1 Selectivity enhancing group or ligand and linker 

The selectivity enhancing group allows the ABP to target a protease or a family of 

proteases. Structural elements are added to increase the affinity of the probe for the active 

site of the targeted enzyme.81 Most ABPs, previously reported, are based on a short 

peptidic sequence mimicking the protease substrate specificity.82 Moreover, the ligand 

design allows to achieve different degrees of selectivity. Thus, ABPs with a higher selectivity 

will target specifically one protease. In contrast, broad selectivity ABPs can be used to label 

a wide range of proteases simultaneously, for example, a specific protease family.83 

As mentioned previously, even though serine proteases share the same peptide hydrolysis 

mechanisms, different subfamilies can be distinguished when focusing on the selectivity 

pockets, as depicted in Figure 1.2. Moreover, the area surrounding the active site and the 

P1 pocket is formed by other subpockets or fingerprints (P2, P3, P4, etc.) (Figure 1.7).84 

These are characteristic of each protease and are critical to achieving selectivity in a specific 

family (e.g., for tryptase over other trypsin-like serine proteases). When designing ABPs 

resembling the peptidic chain, frequently, these incorporate the amino acids from the 

substrate specificity of the protease under study.85 However, when ABPs do not mimic the 

peptide structure, it is more challenging to achieve selectivity.86 Later in this research, we 

will focus on peptidic ABPs.  

 
Figure 1.7 Schematic representation of an activity-based probe (ABP) with an enhancing selectivity peptidic 
chain fitting in the P1 pocket and P2 and P3 subpockets 
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The first ABPs targeting serine proteases showed a broad reactivity, as it was designed to 

target serine hydrolases, including proteases and esterases, lipases, and amidases.87–89 

These probes did not have a selectivity enhancing group, and their wide-ranging reactivity 

generated complex activity profiles, sometimes difficult to analyze (1.1). Later, the peptidic 

ABPs were designed with natural amino acids as enhancing selectivity moieties. For 

instance, lysine and ornithine were widely used to target trypsin-like serine proteases (1.2-

1.3).90,91 Haedke et al. created an ABP library with different substrate specificities to target 

trypsin, chymotrypsin, and elastase-like proteases.92 Recently, Ferguson et al. designed 

ABPs for trypsin-like serine proteases based on an arginine moiety targeting the P1 

pocket.93 Alternatively, non-natural amino acids mimicking substrate specificity can be 

used. For example, Ides et al. introduced benzyl guanidine as a basic polar moiety in P1 to 

target uPA (1.4).94  

Pan et al. included ABPs targeting the P2 pocket. They suggested that the incorporation of 

the P2 element enhances selectivity and potency. Introducing a P2 proline to a lysine probe 

increased the overall inhibitory potency (1.5), while an asparagine resulted in selectivity 

towards tryptase.91 To target specifically one protease, longer peptidic ABPs have been 

reported. Grzywa et al. developed ABPs targeting neutrophil proteases with diverse 

peptidyl chains. An ABP with the sequence Tag-Linker-Suc-Val-Pro-Phep(O-C6H5)2 (1.6) 

achieved absolute selectivity for CatG over NE and PR3.95 Recently, Lovell et al. reported 

selective ABPs for different families of kallikreins (KLK). These probes consisted of small 

peptides which included non-natural amino acids, such as phenyl guanidine, to mimic 

arginine.96  

Achieving selectivity for one protease by substrate specificity is challenging due to the close 

resemblance and overlap between closely correlated proteases.97 Several techniques have 

been described to elucidate the substrate specificity of related proteases. For example, 

scanning all the natural amino acids in a specific position while maintaining the rest 

unvaried. This technique is known as Positional Scanning Synthetic Combinatorial Libraries 

(PS-SCLs).98 Later, this approach was expanded to unnatural amino acids. This method is 
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called Hybrid Combinatorial Substrate Library (HyCoSuL).99 These techniques could 

elucidate specific characteristics of a targeted protease to design selective ABPs. 

1.5.2 Linker 

The linker or spacer adds separation between the warhead and the reporter tag. The 

primary function of the linker is to avoid steric hindrance between the different parts of 

the probe. Structurally, the linker can chemically differ from a simple alkyl chain to more 

complex polyethyleneglycol chains with different lengths.74  

The 6-aminohexanoic acid linker has been used to develop ABP targeting different serine 

proteases. For example, Kasperkiewicz et al. developed ABP targeting neutrophil proteases 

with a long alkyl chain as a linker.100 Likewise, Kolt et al. and Mahrus et al. designed probes 

targeting GrA (1.7).101,102 Because of the high hydrophobicity of the linker, these probes 

lack good solubility and cell permeability. Alternatively, the use of polyethyleneglycol 

chains can help to overcome this problem. Ferguson et al. recently reported ABPs targeting 

trypsin-like serine proteases with a linker formed by four ethylene glycol moieties.93 Other 

linker approaches include the use of small amino acid sequences. However, this can 

interfere with the specificity of the probe. For example, Kahler et al. used a three amino 

acid linker with an ABP targeting serine proteases.103  

1.5.3 Reporter tag 

The reporter tag enables the detection and visualization of the targeted proteases and 

enrichment purification and identification of the labeled protease. The selection of the 

reporter tag will influence the analytical technique used for detection. Thus, different tags 

are used depending on the end application of the ABP. Three main reporter tags are 

commonly used in ABPP: fluorophores, radioisotopes, and affinity tags. The three can be 

used to visualize labeled proteases in SDS-PAGE electrophoresis. However, while 

fluorophores are used in microscopy and flow cytometry, radioisotopes are widely used for 

in vivo detection.104 On the other hand, affinity tags are used for protein isolation and 
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identification. The most commonly used affinity tag is biotin, which can be used in avidin 

pull-down assays.105 The biotinylated labeled proteases are bound to streptavidin beads 

and eluded for SDS-PAGE or LC-MS/MS analysis.106 Because of the strong interaction of 

biotin and the streptavidin beads, harsh conditions are needed for elution or digestion. 

Usually, part of the labeled proteases are discarded, and contaminants such as natural 

biotinylated proteins are found in the final samples.81 Desthiobiotin can be used instead. 

This is a non-sulfur biotin analog with a lower affinity for streptavidin. Therefore, the 

conditions needed for dissociation are more suitable for the stability of the enzymes, and 

fewer contaminants are present in the final sample.107,108  

Radioisotopes can be used for positron emission tomography (PET) or single photon 

emission calculated tomography (SPECT).94,109 For example, the radiolabeled [18F] probe 

(1.5) developed by Ides et al. targeting uPa was evaluated by ex vivo and in vivo PET 

imaging. It showed promising results in a human breast cancer model.94 Other 

radioisotopes used in ABPs include 125I, 3H, and 111In. Unfortunately, the half-life time of 

radioisotopes reduces their applications significantly. Alternatively, stable isotopes can be 

used as reporter tags. Poreba et al. used stable metal isotope probes analyzed by mass 

cytometry and imaging mass cytometry (IMC) to study human neutrophil elastase.110 

Another technique to quantify stable isotope labeled probes is SILAC.111 

Fluorophores are widely used as reporting tags. There are diverse fluorophores available 

with different absorption and emission wavelengths. For example, fluorescent ABPs 

targeting serine proteases have been developed with Cy5 as a reporter tag. Cy5 is a near-

infrared fluorophore suited for in vivo imaging. With the synthesized probes, Edgington et 

al. detected proteases in gel with complex proteomes and luminal colon fluids from a 

mouse acute colitis model.112 The fluorophore BODIPY was used by Schulz-Fincke et al. to 

label human leukocyte elastase and visualize it in SDS-page gels.113  

Even though the drawbacks of biotin as a reporter tag are mentioned previously, there are 

many examples of its use in ABPP. For instance, Shannon et al. identified several 
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endogenous serine proteases from the S1 family from the mouse pancreas proteome after 

treatment with a biotinylated sulfonyl fluoride probe and enrichment on streptavidin 

beads.114 Likewise, Haedke et al. developed diphenyl phosphonate probes and 

demonstrated their ability to be utilized for mass spectrometry target identification in rat 

pancreas lysates.92 Moreover, proteases labeled with biotin probes can be visualized by 

SDS-PAGE. For example, Pan et al. identified β-tryptase and CatG from degranulated mast 

cells.91 

Furthermore, a reporter tag with dual functionality has been used, where a fluorescence 

and a biotin affinity tag allows the enrichment with avidin beads and visualization with a 

fluorescent scanner.115  

Traditionally, reporter tags have been introduced by peptidic coupling. For example, Pan et 

al. used peptidic coupling to connect the enhancing selectivity moieties, targeting trypsin-

serine proteases and the linker-reporter tag.91 Bulky reporter tags, especially biotin, 

present low cell permeability, adding challenges for their use in vitro or in vivo. 

Alternatively, ABPs can be designed with a smaller tag which does not influence their 

physicochemical properties.104 Furthermore, these may allow the incorporation of the 

reporter tag of choice after forming the covalent bond with the enzyme. Click chemistry is 

used for this purpose, where the probe bears an azide or an alkyne group, and the reporter 

tag the complementary functionality.116 The Huisgen cycloaddition reaction between an 

azide and an alkyne occurs with copper catalysis in aqueous media. This approach allows 

the use of different reporter tags, as the pair azide/alkyne can be incorporated into biotin, 

fluorophores, or radioisotopes (Figure 1.8).116,117 This technique was first used in the field 

of enzyme activity profiling by Speers et al., as they synthesized a rhodamine-alkyne tag 

clicked to an azide phenyl sulfonate ester to label glutathione S-transferases in human 

breast cancer lines.116 
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Figure 1.8 Huisgen cycloaddition reaction between an azide and an alkyne catalyzed by copper. This reaction 
is also known as "click chemistry". The alkyne and azide can be in both linker and selectivity-enhancing groups. 

1.5.4 Warhead 

The warhead can form a covalent link between the ABP and the active site of the enzyme. 

In designing the ABP, it is essential to consider the catalytic mechanism of the desired target 

enzyme. Most warheads have electrophilic character. Therefore, when targeting serine 

proteases, the reactive group should create a covalent interaction with the nucleophilic 

serine in the active site (Figure 1.9).118 The first probe designed to target serine hydrolases 

was based on a fluorophosphonate (FP) warhead.87 As mentioned, FP probes have a broad 

reactivity with all serine hydrolase families, including proteases, lipases, esterases, and 

amidases. Even though FPs showed potential by reacting only with the active enzymes, they 

have a wide-ranging reactivity and display little selectivity. Moreover, they are highly toxic 

due to their interaction with acetylcholinesterase.119 Later, other phosphorylated ABPs 

were developed, such as mixed alkyl-aryl phosphonate esters, phosphoramidates, 

phosphinates, and α-amino diphenyl phosphonates.90,92,103,120 The latest nowadays is the 

most used warhead for serine proteases ABPs. Especially the high selectivity for this family 

makes it the perfect reactive group. Warheads not based on an electrophilic phosphorus 

have also been developed. For example, there are ABPs based on  isocoumarin, oxolactams, 

chloromethyl ketone, sulfonyl fluorides, or sulfonyloxyphtalimides.86,114,121–124  
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Figure 1.9 Serine protease ABPs warheads 

The group of Medicinal Chemistry at the University of Antwerp (UAMC) has extensive 

experience developing diphenyl phosphonate inhibitors targeting different serine protease 

families, for example, dipeptidyl peptidases, kallikrein, caseinolytic protease proteolytic 

subunit (ClpP), or trypsin-like serine proteases, such as uPa.125–129 Moreover, several 

diphenyl phosphonate ABPs have also been developed for uPa.94,130 

 Diphenyl phosphonates  

α-amino diphenyl phosphonates are well-studied compounds targeting serine proteases. 

This warhead is highly interesting due to its lack of reactivity with other protease families, 

such as cysteine or threonine. Moreover, they are not reactive with acetylcholine 

esterases.118  

Inhibitors bearing a diphenyl phosphonate warhead were first described by J. Oleksyszyn 

et al. in 1979, and later, many medicinal chemists got interested in these.131 Diphenyl 

phosphonates have improved selectivity, stability, and toxicity over other phosphorylated 

warheads and are efficient serine proteases inhibitors.132 The phosphonate warhead forms 

a covalent and irreversible bond with the serine of the catalytic triad, demonstrated by 

trypsin and thrombin X-Ray structures and a CatG crystal structure.133,134 The covalent bond 

has a tetrahedral structure resembling the peptide bond cleavage transition state 

described in Figure 1.1. Therefore, these inhibitors have been classified as transition state-

analog or mechanism-based inhibitors.135 The general structure of a diphenyl phosphonate 
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inhibitor is depicted in Figure 1.10. The selectivity enhancing group is placed at R1 and fits 

into the P1 pocket. Whereas the extension of the peptidic chain and, typically, the linker 

and reporter tag on an ABP would be placed in R2. Additionally, not only the two phenoxy 

groups are essential to give an electrophilic character to the phosphorus atom, but also 

adding electron-withdrawing substituents in R3 will increase the phosphorus 

electrophilicity and, therefore, the enzymatic inhibition.136 

 
Figure 1.10 General structure of a diphenyl phosphonate inhibitor, focus on the three variable parts 

The inhibitory mode of action involves the formation of a covalent bond between the 

electrophilic phosphorus and the serine of the enzyme catalytic triad. To begin, the serine, 

backed by the other two catalytic triad residues, attacks the electrophilic phosphorus. 

Then, by the formation of hydrogen bonds, with the oxyanion hole, the phosphonyl is 

stabilized. Consequently, it leads to a pentacoordinate transition state with a negatively 

charged phosphonyl. A phenolate will leave to recover the tetrahedral conformation, 

forming an irreversible covalent bond. Slowly, the enzyme-inhibitor complex will undergo 

aging, and the other phenolate group will hydrolyze (Figure 1.11).  
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Figure 1.11 Inhibition mechanism of α-amino diaryl phosphonates, reference compound: UAMC-0000139.137 

The synthesis of α-amino diaryl phosphonates is based on a one-pot three-component 

reaction known as the Birum-Oleksyszyn reaction. The three components used are benzyl 

carbamate, an aldehyde, and triphenyl phosphite. However, over the years, different 

carbamates and phosphites have been used. The mechanism of the reaction required the 

condensation of the starting materials with acetic acid at 80-85°C (Scheme 1.1a). The 

product was isolated by crystallization in methanol. Even though the first yields described 

were modest, ranging from 35 to 55%.131 Later, higher yields, up to 93%, using the same 

conditions have been reported.138,139 Despite the ease of the reaction procedure and the 

higher yields described, there is a considerable drawback. The reaction is limited to the use 

of aldehydes over other carboxyls, such as ketones. Moreover, acetic acid makes the 

reaction inaccessible for acid-labile protecting groups. In 2005, Van Der Veken et al. 
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reported the replacement of acetic acid for a Lewis acid, such as tin chloride. The Lewis 

acid-catalyzed reaction can be performed at room temperature in dichloromethane 

(Scheme 1.1b). By substituting acetic acid for a Lewis acid, not only a greater yield was 

achieved, but also the scope of the reaction was opened to acid-labile protecting groups, 

for example, tert-butyloxycarbonyl group (Boc), and also to ketones instead of 

aldehydes.140 

 
 

Scheme 1.1 Birum-Oleksyszyn reaction. a) Initial conditions with acetic acid;131 b) Lewis acid-catalyzed 
reaction.140 

 Diphenyl phosphonate ABPs 

The rationale behind the first reported ABPs for serine proteases bearing a diphenyl 

phosphonate was the biotinylation of previously synthesized inhibitors. For example, 

Abuelyaman et al. described two peptidic inhibitors and the respective biotin ABPs 

targeting chymotrypsin. Surprisingly, the biotin analogs displayed higher inhibitory 

potencies.141 Likewise, Hawthorne et al. developed biotinylated analog compounds with 

ornithine (1.2) and lysine (1.3) targeting the trypsin-like serine protease family. However, 

the biotin was directly attached to the α-carbon by a peptide bond, and subsequently, the 

inhibitory potency was reduced significantly.90 Later, these probes were improved by 

adding a linker by Pan et al., who also incorporated proline in the P2 position. These were 

used to visualize recombinant proteases and proteases released from mast cells.91 The 

sequence Pro-Lys phosphonate has also been used with a Cy5 fluorophore for ex vivo and 

in vivo protease visualization in a pancreatitis model.112  
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Efforts have been put into developing probes targeting the different neutrophil 

proteases.100 For example, a phosphonate tripeptide with sequence Val-Pro-Valp(OPh-p-

SCH3)2 equipped with a BODIPY tag was used for selective NE imaging by SDS-PAGE and 

fluorescence analysis.113 A small peptide with sequence Val-Pro-Phe phosphonate coupled 

with a biotin tag was reported to be a highly sensitive probe for detecting CatG in western 

blots and high-throughput 96-well active site-based ELISA.142 Peptidyl di(chlorophenyl) 

phosphonate compounds were biotinylated to act as ABPs to target PR3.143 Kasperkiewicz 

et al. developed diphenyl phosphonate ABPs to target the latest discovered NSP4.144 

Studying the substrate specificity of different human granzymes, Mahrus et al. developed 

selective probes for GrA and B. The probes were small peptides targeting the subpockets 

P1 to P4. In the case of GrA, 4-amidinophenyl was used for P1 to target the trypsin-like 

specificity. These probes were used in cell assays to demonstrate the role of GrA and B in 

NK cell-mediated lysis of target cells.102 

The group UAMC has previously developed ABPs to target uPa with different reporter tags, 

including rhodamine, BODIPY, biotin, Cy5, and 4-fluorobenzamide.130 All these probes had 

a benzyl guanidine moiety targeting the P1 pocket of uPa. This was also used for 

radiolabeling with 18F for PET imaging.94 Later, they developed a 111In probe with a DOTA 

chelator for SPECT imaging.109 However, the stability and the pharmacokinetic properties 

of the tracers were not favorable or moderate for tumor uptake. For instance, the 

fluorinated probe showed slow blood clearance and low plasma stability, whereas the 

indium probe proved useful in two tumor models at 95 h post-injection. Unfortunately, 

there was a high uptake in non-invaded lymph nodes. Thus, the authors suggest the 

modification of the linker and visualization tag to improve the pharmacokinetic profile and 

stability of the tracer.94 

The diphenyl phosphonate warhead has been validated as a powerful tool for the 

development of potent and selective serine protease inhibitors and ABPs. Their specific 

reactivity with the serine in the active site and their good physicochemical and 
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pharmacokinetic properties endorse the use of these compounds for the detection of 

active proteases in vitro and in vivo assays.128 Further development of diphenyl 

phosphonate ABPs targeting trypsin-like serine proteases will be discussed in Chapter 6.  
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 Objectives 

As described in Chapter 1, proteases are abundant enzymes in all organisms and are 

responsible for peptide bond hydrolysis. Proteolytic activity is tightly regulated under 

healthy conditions. However, dysregulation is known to play a role in different pathologies, 

making them potential biomarkers and therapeutic targets. The first objective of this work 

was the study of the potential role of serine proteases, more specifically, trypsin-like serine 

proteases, in different inflammatory pathologies. This is described for Dry eye disease 

(DED) and Irritable bowel syndrome (IBS) in Chapter 3 and Chapter 4, respectively. Proof 

of concept on the potential therapeutic role of trypsin-like serine proteases is given in 

Chapter 5 by the study of previously reported inhibitor UAMC-00050. Further, this doctoral 

thesis in Chapter 6 focuses on the development of an extensive library of activity-based 

probes (ABPs) as a tool to identify and visualize proteases in complex proteomes. Finally, 

novel inhibitors for trypsin-like serine proteases were developed and characterized in 

Chapter 7. The overview of the subjects covered in this doctoral thesis is depicted in Figure 

2.1. 

 
Figure 2.1 Overview of the subjects covered in this doctoral thesis 
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 Unraveling the potential role of serine proteases in inflammatory 

conditions 

DED is a multifactorial ocular surface disease characterized by inflammation and tissue 

damage.145 The pathophysiology of DED is defined by the vicious cycle of DED, 

characterized by ocular surface disruption and hyperosmolarity. These lead to the release 

of pro-inflammatory cells and cytokines.146 To date, the diagnosis and treatment of DED 

present many challenges for clinicians. Therefore, there is a need to identify new 

biomarkers and potential therapeutic targets. The study of proteases in DED in the last 

decades has been focused on the role of metalloproteases (MMPs), especially MMP-9. The 

involvement of MMP-9 in the pathophysiology of DED and its use as a biomarker has been 

widely studied.147 However, studies involving other families of proteases are found in minor 

quantities. This study aimed to set a hypothesis on the role of different families of 

proteases in the pathophysiology of DED to open the possibility for new research on 

identifying new biomarkers. This part of the work was done as part of the 

Marie Skłodowska-Curie Actions consortium, the Integrated Training of Dry Eye Disease 

Drug Development (IT-DED3).148  

IBS is a gut-brain interaction disorder characterized by abdominal pain. Visceral 

hypersensitivity, in its turn, is the major contributing factor that characterizes abdominal 

pain.149 Its pathophysiology is triggered by a disturbance of sensitization pathways at 

different levels.150 The role of serine proteases in the intestinal tract and their potential 

role in IBS and visceral hypersensitivity has been previously reported.151 However, their 

role still needs to be fully understood. This study aimed to illustrate the potential roles of 

serine proteases on the pathophysiology of visceral hypersensitivity and IBS, together with 

their potential as therapeutic targets. This part of the work was done as part of the FWO-

SBO project TRP-sensation.152  
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 Design, synthesis, and characterization of activity-based probes for 

biomarker identification 

Previously, the laboratory of Medicinal Chemistry developed a multi-target trypsin-like 

serine protease diaryl phosphonate inhibitor known as UAMC-00050. This inhibitor is 

characterized by an α-amino diaryl phosphonate warhead which can form a covalent bond 

with the serine of serine proteases in the active site. α-amino diaryl phosphonates are a 

class of compounds that selectively inhibit serine proteases. These have been widely used 

in medicinal chemistry projects to design and synthesize inhibitors and develop ABPs.  

The racemic mixture of UAMC-00050 was used prior to this doctoral thesis to set proof of 

concept of the potential use of serine proteases as a therapeutic target for DED and IBS.  

Even though the promising proof-of-concept that UAMC-00050 had in DED and IBS models, 

the specific proteases that are upregulated in these pathologies still need to be elucidated. 

Therefore, the primary objective of this doctoral thesis was to develop a proteomic tool to 

determine protease activity in biological samples. In recent decades, protease activity has 

been studied by activity-based protein profiling (ABPP). ABPP is a proteomic tool that uses 

chemical probes that react covalently with the active form of a target enzyme to identify 

enzymatic activity, making them attractive for target and biomarker identification.  

ABPs targeting serine proteases have been developed previously with different reactive 

groups. Interestingly, the α-amino diaryl phosphonate warhead has proven to be one of 

the most promising warheads for this family. Most diaryl phosphonate ABPs targeting 

trypsin-like serine proteases in literature mimic the natural basic amino acids ornithine, 

arginine, and lysine. However, we aim to move away from this approach and design several 

synthetic analogs to improve potency and selectivity.  

Furthermore, the newly synthesized probes had to be fully biochemically characterized in 

a panel of trypsin-like serine proteases. This was performed by in-house developed 
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biochemical protocols. Their IC50 values set a preliminary cut-off value and give a first 

evaluation of the compound affinity for the specific enzyme. However, the newly 

synthesized probes were designed to be irreversible compounds. Thus, IC50 values are not 

suitable for affinity description. Kinetic studies complemented the biochemical 

characterization to determine their kinetic constants and mechanism of inhibition. The 

latter had to be further corroborated by another experimental setting. To validate the 

mechanism of inhibition, jump dilutions were performed.  

We aimed to label proteases to describe the potential of the newly synthesized ABPs to 

identify active trypsin-like serine proteases participating in physiological processes. The 

ABPs were used first to label recombinant proteases and later for proteases released from 

degranulated mast cells.  

 Design, synthesis, and characterization of novel trypsin-like serine 

protease inhibitors 

The last goal of this doctoral thesis arose from the results observed during the 

characterization of the ABPs developed in Chapter 6. We described high-affinity probes 

with different inhibitory mechanism than the inhibitor UAMC-00050. Interestingly, a set of 

probes with phenyl guanidine as a side chain emerged as a good starting point for inhibitor 

development. Thus, we developed and characterized two new inhibitors with phenyl 

guanidine as a side chain and an α-amino diaryl phosphonate warhead. Moreover, the new 

inhibitors were fully characterized in the same panel of trypsin-like serine proteases as the 

probes. Finally, a preliminary study of their physicochemical properties was performed to 

determine their suitability for in vivo use.  
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 Proteases and their potential role as biomarkers and 

drug targets in Dry eye disease and ocular surface dysfunction 

 Abstract 

Dry eye disease (DED) is a multifactorial disorder that leads to ocular discomfort, visual 

disturbance, and tear film instability. DED is accompanied by an increase in tear osmolarity 

and ocular surface inflammation. The diagnosis and treatment of DED still present 

significant challenges. Therefore, novel biomarkers and treatments are of great interest. 

Proteases are present in different tissues on the ocular surface. In a healthy eye, proteases 

are highly regulated. However, dysregulation occurs in various pathologies, including DED. 

With this review, we provide an overview of the implications of different families of 

proteases in the development and severity of DED, along with studies involving protease 

inhibitors as potential therapeutic tools. Even though further research is needed, this 

review aims to give suggestions for identifying novel biomarkers and developing new 

protease inhibitors.  

 Introduction 

DED, defined by the Tear Film and Ocular Society (TFOS) in the Dry Eye Workshop II (DEWS) 

report, is a multifactorial disease of the ocular surface defined by the disruption of 

homeostasis of the tear film. The ocular signs accompanying DED are tear film instability 

and hyperosmolarity, ocular surface inflammation and damage, and neurosensory 

abnormalities.145 Consequently, some symptoms patients describe are dryness, itching, 

redness, visual disturbance, and ocular fatigue. The impact of DED on the quality of life 

increases with the disease severity.153 In general, DED affects the ability to perform daily 

activities and work, and in more severe cases, it can instigate mood alterations and 

depression.154 The prevalence of DED ranges from 5% to 50%, depending on the studied 
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population.155 However, prevalence studies can differ due to a lack of heterogeneity in the 

description of DED and whether the study is based on the symptoms or the signs of the 

patients.156 Risk factors for DED include sex and race.157 Furthermore, the constant use of 

screens, wear of contact lenses, environmental conditions, and use of medication are also 

considered risk factors.158 Thus, with the current general population lifestyle, the 

prevalence is expected to increase in the following years. For instance, during the recent 

COVID-19 pandemic, a rise in patients with DED symptoms was described. This increase is 

correlated to wearing a face mask, also known as mask-associated dry eye. The 

misplacement of the face mask potentially displaces the air around the eyes and increases 

the evaporation of tears.159,160 

DED patients can be broadly divided into evaporative dry eye (EDE) and aqueous deficient 

dry eye (ADDE).161 They are not exclusive; thus, patients can present characteristics of the 

two simultaneously. EDE is associated with the dysregulation of the lipid layer of the tear 

film. This leads to excessive evaporation of the aqueous layer, causing hyperosmolarity and 

inflammation of the ocular surface.162 This DED type is commonly associated with 

meibomian gland dysfunction (MGD). The meibomian glands are responsible for 

segregating lipids towards the eyelid margin to form the tear film lipid layer. In patients 

with MGD, the quantity and quality of the lipids are decreased.163 Thus, MGD can lead to 

DED. On the contrary, ADDE is correlated with reduced aqueous production by the lacrimal 

system or the accessory glands.164 ADDE, in itself, can be divided into Sjögren syndrome dry 

eye (SSDE) and non-Sjögren syndrome dry eye (NSSDE).145 Sjögren syndrome is an 

autoimmune disease affecting the exocrine glands, specifically the salivary and lacrimal 

glands, resulting in dryness of mucosal surfaces.165 The DED pathophysiology can be 

described by the vicious circle of dry eye.166 The ocular surface disruption leads to osmotic 

stress. Then, hyperosmolarity initiates stress-related signaling pathways and the release of 

inflammatory cells and cytokines.146 Among the activated signaling pathways, there are the 

nuclear factor kappa beta (NFκB), the mitogen-activated protein kinase (MAPK), and the c-

Jun N-terminal kinase (JNK).167 
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The current diagnosis of DED is based on questionnaires handed to patients. The Ocular 

Surface Disease Index (OSDI) is the most widespread and widely used, which assesses 

symptoms, environmental triggers, and the impact on quality of life. Other tests widely 

performed by clinicians include tear film breakup time, fluorescein breakup time, and the 

Schirmer test.168 Tear film biomarkers for DED are proinflammatory cytokines and 

chemokines, such as interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α), IL-1β, 

interferon-gamma (INF-γ), and IL-8.169 Other biomarkers include matrix metalloprotease-9 

(MMP-9) and vascular endothelial growth factor. A limitation of biomarker identification is 

the variability among different collection methods and instruments.170 

The most common treatment is artificial tear substituents. These bring momentary relief 

by diluting inflammatory markers. However, artificial tears do not have an anti-

inflammatory effect; therefore, they do not tackle the main trigger of DED.171,172 

Cyclosporin A (CyA) was the first approved drug by the Food and Drug Administration (FDA, 

USA) to treat specifically DED. CyA is an immunomodulatory drug that reduces many 

inflammatory markers. Unfortunately, many patients do not respond to CyA or have 

significant side effects.173 Xiidra, a competitive antagonist of lymphocyte function-

associated antigen-1 (LFA-1), was approved in 2016. It takes up to 3 months to reduce the 

symptoms, and many patients experience side effects.174 Finally, topical corticosteroids, 

such as Eysuvis, approved in 2020, can only be used for short periods due to steroid side 

effects.175 

To date, the diagnosis and treatment of DED present many challenges. Thus, there is a 

significant interest in identifying new potential biomarkers and developing new therapies.  

In a healthy eye, proteases and endogenous protease inhibitors are in equilibrium in the 

tear film. On the contrary, the imbalance of their levels can induce different pathologies.176 

Proteases destroy peptides or proteins by cleaving peptide bonds through hydrolysis.177 

Their function is essential in living organisms.178 Proteases are encoded by about 2% to 4% 

of the total genes in all kinds of organisms.8 The MEROPS database (12.0 release), an 
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information source about all peptidases and their inhibitors, includes more than 5000 

proteases.2 Based on their catalytic mechanism, they are divided into seven families: 

aspartic, cysteine, glutamic, metallo-, asparagine, serine, and threonine proteases.10 

Metallo- and serine proteases are the most abundant families.8 

Proteolytic enzymes have raised a great interest in biomedical research due to their 

involvement in many physiological processes. Proteases are relevant in regulating many 

diverse biological processes.179 For example, they modulate protein-protein interactions, 

cell division and replication, wound repair, blood coagulation, digestion, immunity, and 

inflammation.180,181 Due to their role in pivotal biological functions, the malfunction or 

alteration of their expression is correlated with pathological conditions, such as cancer, 

inflammatory, cardiovascular, and neurodegenerative disorders.178 Proteases can also act 

in signaling pathways by activating protease-activated receptors (PARs).182  

Recently, studies involving proteases in the ocular surface have focused on matrix metallo-

, serine, and cysteine proteases.183 In particular, for DED, the role of MMP-9 has been 

widely studied.169 Even though the role of other proteases is less well established, there is 

evidence that serine and cysteine proteases also play a role in the immunity and 

inflammation of DED.184,185 

This review assesses the role of proteases and PARs in ocular surface dysfunction and 

concentrates more specifically on their potential role as biomarkers and therapeutic targets 

in DED. Protease inhibitors with the potential to mitigate symptoms of DED are also 

discussed. 

 Proteases and Dry eye disease 

Proteases play pivotal roles in inflammation and are considered therapeutic targets and 

biomarkers for different pathologies. Different reviews can be found on this 

subject.178,186,187 The correlation between DED and inflammation and the involvement of 
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proteases in inflammatory events show the potential for proteases to become new drug 

targets or biomarkers for DED. The following section describes the different families of 

proteases linked to ocular surface disorders. We summarize their role in inflammation and 

immunity and their involvement in various pathologies, specifically in DED (Figure 3.1). 

 
Figure 3.1 Potential contribution of proteases in Dry eye disease (DED). The disruption of homeostasis of the 
tear film is accompanied by tear instability and hyperosmolarity, and ocular surface inflammation and 
damage. DED is related to corneal epithelial barrier dysfunction, allowing permeability and cell circulation to 
the tear film. This elevates the production of proinflammatory chemokines and cytokines, including the 
metalloprotease MMP-9. Neutrophils and mast cells are innate immune cells in the cornea and conjunctiva 
that, upon degranulation, release biological mediators to the environment, including serine proteases. 
Cathepsin S is a cysteine protease found in the tears of Sjögren syndrome patients. Proteases are known to 
promote the expression and activation of proinflammatory cytokines and impact the degradation of 
extracellular matrix components and the loss of epithelial barrier function. Proteases are also known for 
activating protease-activated receptors (PARs) and starting intracellular signaling. PAR-2 is expressed in 
corneal epithelial cells. In red, the proteases and protease-activated receptors are highlighted. 

3.3.1 Matrix metalloproteases 

MMPs are calcium-dependent proteases that contain a zinc atom. They are responsible for 

tissue remodeling and extracellular matrix degradation.188,189 MMPs can be found as 

secreted or transmembrane proteases. However, they are synthesized as inactive 
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zymogens and activated by different proteases through a process called cysteine switch.190 

Under healthy physiological conditions, the activity of MMPs is further regulated by their 

endogenous inhibitors, known as tissue inhibitors of MMPs (TIMPs). The equilibrium 

between MMPs and TIMPs is crucial to control their activity.191  

MMPs have been shown to affect inflammatory pathways and immune responses in 

different pathologies, including DED. The involvement of MMPs in DED has been 

extensively studied. For example, in an experimental dry eye model, the expression of 

several MMPs (MMP-1, 10, 3, and 9) increased under desiccating stress conditions.192 In 

many reports, the critical role of MMP-9 in response to hyperosmolar stress in DED is 

described.147 

The expression of MMP-9 has been studied in several experimental DED animal models. 

For instance, DED was induced in C57BL6 mice by scopolamine hydrobromide and exposure 

to airflow,193 or extra orbital lacrimal gland removal;194 Balb/C mice were treated with 

benzalkonium chloride (BAC);194 or in New Zealand white rabbits, DED was induced by 

concanavalin A.195 In all these experimental settings, the expression of MMP-9 was 

enhanced, tear production was reduced, and corneal epithelial damage could be 

measured.193–195 Interestingly, the induction of DED to MMP-9 knockout mice improved 

resistance to corneal epithelial barrier damage.196 

Clinical studies report the use of MMP-9 as a DED biomarker due to a direct correlation 

between its upregulation and the development and severity of the disease.197–199 

Moreover, Kook et al., in a study involving 63 SSDE patients, determined that the 

concentration of tear MMP-9 combined with tear osmolarity may help determine the 

severity of SSDE.200 An immunoassay called InflammaDry is commonly used clinically to 

measure MMP-9 levels and discriminate between DED and non-DED patients.201  
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3.3.2 Serine proteases 

Serine proteases are named after the presence of a nucleophilic serine in the active site. 

The active site is composed of a catalytic triad, which is conserved among most of the 

proteases of this family.9 Serine proteases can be further divided by their substrate 

specificity in chymotrypsin-, trypsin- and elastase-like serine proteases.15 They are an 

abundant proteolytic enzyme family that plays pivotal roles in critical physiological 

processes. Their upregulation leads to different malfunctions and pathologies.202 Most of 

the serine proteases are secreted to the extracellular milieu. However, a reduced number 

can be found intracellularly or membrane-bound.203 In a healthy environment, endogenous 

inhibitors, known as SERPINS, regulate serine protease activity.18  

Some serine proteases are directly involved with the immune system and secreted by 

immune cells. For instance, neutrophil proteases are expressed in granulocytes, granzymes 

in lymphocytes, and tryptase and chymase in mast cells.16 These promote pro-

inflammatory cytokine expression and MMP-9 activation and impact the degradation of 

extracellular matrix components and the loss of epithelial barrier function. There is 

evidence of their contribution to several diseases, such as arthritis, asthma, irritable bowel 

syndrome, and multiple sclerosis.204,205 Serine proteases and their endogenous inhibitors 

have been found in the tear fluid on the ocular surface.206 While studies that focus on the 

presence of serine proteases in DED patients are lacking, the dysregulation of expression 

of related immune cells hypothesizes that serine proteases might be secreted upon 

degranulation to the extracellular milieu.  

Neutrophils are an innate immune cell type known to act upon infection or injury. 

Additionally, they play roles in adaptive immunity by interacting with T and B cells.207 They 

play a role in other autoimmune diseases, such as rheumatoid arthritis.208 Upon 

degranulation, serine proteases (cathepsin G, neutrophil elastase, and proteinase-3) are 

released.209 Evidence suggests that neutrophils play a role in DED. Their presence has been 

described in several studies.210,211 Recently, Postnikoff et al. described an increase of the 
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receptor CD66b in DED patients, a secondary marker of neutrophil degranulation.212 

Moreover, hyperosmolarity may promote neutrophil extracellular trap (NET) formation. 

NETs are defense structures formed after neutrophils release chromatin.213 NETs can 

obstruct the ducts of meibomian glands, causing MGD.214 As mentioned earlier, MGD is the 

main cause of EDE.  

Mast cells in the conjunctiva play pivotal roles in allergic conjunctivitis inflammation.215 

Upon activation, mast cells undergo degranulation and release mediators, such as 

histamine, tryptase, and chymase. Tryptase and chymase directly degrade extracellular 

matrix components.216 Tryptase is a trypsin-like serine protease and is only present in mast 

cells, making it the perfect indicator of mast cell degranulation.217 Li et al. studied the effect 

of tryptase on the corneal epithelial barrier function and described that human corneal 

epithelial cells (HCE) exposed to tryptase expresses MMP-9, and the corneal epithelial 

barrier is disturbed.218 Similarly, Ebihara et al. described that chymase could also decrease 

the barrier function in HCE.219 It is known that patients who suffer from ocular allergy can 

develop DED.220 Their close relation derives the hypothesis that mast cell proteases might 

be present in patients with both conditions.  

Studies demonstrate the presence of immune cells on the ocular surface. However, further 

studies are needed to determine the presence of serine proteases released by neutrophils 

and mast cells in patients and validate their therapeutic potential for treating DED.  

3.3.3 Cysteine proteases 

Cysteine proteases, similar to serine proteases, are named after having cysteine as a 

nucleophile in their active site. They are divided into different clans based on sequence 

homology.221 The most abundant is clan C1, which includes papain and calpain 

proteases.222 Most cathepsins belong to this clan, excluding cathepsins A and G, which 

belong to the serine proteases, and cathepsin D and E, belonging to aspartic proteases. 

Cathepsins are lysosomal proteases, playing essential roles in the extracellular matrix. 
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Cystatins regulate cathepsin activity. Their role is to mediate the release of proteases from 

lysosomes and protect the tissues from invading microorganisms or parasites.223  

Cathepsins play roles in arthritis, osteoporosis, Alzheimer’s disease, cancer, and 

apoptosis.224 Focusing on the eye, cathepsins are found in the cornea, retinal pigment 

epithelial cells, optic nerve, and choroid.225 However, their role in health and disease has 

not been investigated in depth. 

Cathepsin S has been correlated with SSDE. It is known for protein and extracellular matrix 

degradation, thus facilitating cell migration and infiltration.226 Cathepsin S is stored in 

lysosomes as a zymogen and activated in late endosomes or lysosomes.227 Li et al. were the 

first to identify the upregulation of cathepsin S expression and activity in lacrimal gland 

acinar cells and subsequently in tears of NOD mice, a mice model of SSDE.228 Later, Hamm-

Alvarez et al. further studied the clinical potential of cathepsin S as a biomarker for SSDE. 

They found that the activity of cathepsin S is higher in SSDE patients compared with healthy 

controls or patients with NSSDE or other autoimmune diseases.229 Cathepsin S may also 

affect the quality of tears by degradation of other tear proteins.230 Yu et al. recently 

investigated the cathepsin S activity in age-related DED. Interestingly, they found a 

significant increase in cathepsin S expression and activity in aged C57BL/6J mice compared 

with young ones. Thus, an aged ocular surface might be prone to an increase in this 

protease. Although cathepsin S is not upregulated in all DED patients, it could be an 

interesting biomarker to discriminate between SSDE and NSSDE and also for age-related 

DED.  

 Protease-activated receptors and Dry eye disease 

Proteases are also known for their role in activating PARs.231 These belong to the seven-

transmembrane G protein-coupled receptors (GPCRs). Thus, PARs are cell-surface proteins 

composed of seven transmembrane domains and three extracellular and three intracellular 

loops.232 PARs differ from other GPCR receptors due to their activation by proteases instead 



Chapter 3 

 

 46 

of activation by a ligand. Especially serine proteases can cleave their N-terminal exodomain 

by proteolysis. The new N-terminal sequence, acting as a tethered ligand, interacts with 

extracellular loop-2, leading to a conformational change of the receptor.233 After that, 

intracellular signaling starts (Figure 3.2). However, this can vary from the receptor subtype, 

the protease responsible for activation, and the activated pathway. Contrarily, some 

proteases can inactivate PARs by cleaving the N-terminus in a different position.234 

Currently, four subtypes of PARs are described from PAR-1 to PAR-4.231 The functions and 

proteases that can cleave and activate them differ from subtypes.235 This section focuses 

on PAR-2 since only studies on this receptor could be found with interest in the ocular 

surface.  

 
Figure 3.2 Activation of protease-activated receptors (PARs) by proteases. Proteases cleave the N-terminal 
exodomain of a specific PAR. The new N-terminal acting as a tethered ligand interacts with the extracellular 
loop-2, starting intracellular signaling. 

The canonical activation of PAR-2 can be performed by several trypsin-like serine proteases, 

including trypsin, thrombin, tryptase, matriptase, plasmin, and some kallikreins. After 

activation, PAR-2 couples with Gαq/11, which leads to the hydrolysis of phosphatidylinositol 

4,5-bisphosphate (PIP2), and the Ca2+/inositol 1,4,5-triphosphate (IP3)/PKC signaling 

pathway is initiated.236 This pathway leads to the activation of NFκB, which induces NFκB-

dependent genes’ induction of proinflammatory cytokines and intracellular adhesion 
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molecule-1 (ICAM-1).237 The canonical activation of PAR-2 has also been related to MAPK 

signaling and subsequent inflammatory response. Other proteases can activate PAR-2 in a 

biased manner, initiating different signaling pathways.238 For instance, studies 

demonstrated that biased activation by neutrophil elastase activates MAPK.239 The 

activation of MAPK and NFκB is also associated with DED inflammatory response.240  

PARs have been widely studied and demonstrated to be potential drug targets and valuable 

biomarkers for many pathologies. For instance, PAR-2 is correlated with visceral 

hypersensitivity in irritable bowel syndrome;241 in the cardiovascular system, it is 

associated with vascular inflammation,242 and airway proteases and PARs have been 

proposed as therapeutic targets for various lung diseases.243 

While the presence of PARs has been widely studied in diverse human tissues and 

pathologies, not much is known about their expression and function in the different human 

eye tissues. The involvement of PARs in DED was never mentioned until recently when 

Joossen et al. described a significant increase in PAR-2 expression on the corneal tissue of 

untreated dry eye rats.185 Several studies indicate the expression of PAR-1 and PAR-2 in 

HCE.218,244,245 Lang et al. also demonstrated that a specific activation of PAR-2 by trypsin 

and thrombin increased the production of the proinflammatory cytokines IL-6, IL-8, and 

TNF-α by HCE.244 These cytokines are also found on the tear film of DED patients. Li et al. 

postulated that tryptase activates PAR-2 in HCE, compromising the barrier function and 

triggering the expression of MMP-9,218 another DED biomarker. Cathepsin S can activate 

PAR-2 in a distinctive site compared with the serine proteases, which proved to cause 

inflammation and neuropathic pain.246 Klinngam et al. showed that the increased secretion 

of IL-6, IL-8, TNF-α, IL-1β, and MMP-9 in HCE treated with cathepsin S is correlated with 

PAR-2 expression.247 

Although little is known about the function of PAR-2 in DED, studies demonstrating their 

presence in corneal epithelial cells and their ability to increase the levels of 



Chapter 3 

 

 48 

proinflammatory cytokines support the hypothesis of the participation of these receptors 

in DED inflammatory responses.  

 Protease inhibitors and Dry eye disease 

Only a limited number of papers on this subject are reported. However, with evidence that 

proteases play a role in the pathophysiology of DED, protease inhibitors could potentially 

be new therapeutics. This section summarizes the studies and results with protease 

inhibitors in DED animal models (Table 3.1). 

3.5.1 MMP-9 inhibitors 

Mori et al. studied PES_103, a synthetic water-soluble small molecule targeting the 

catalytic domain of MMP-9. They administered 0.1% PES_103 to an experimental reduced 

lacrimation mice model twice a day. This treatment showed an increase in tear 

production.248 In another study, a divalent PAMAM-based MMP-9 inhibitor showed 

increased tear production in an experimental rabbit dry eye model, in which the 

administration of atropine sulfate by ocular instillations induced DED. Moreover, there was 

no sign of corneal damage.249 Similarly, RSH-12, an MMP-9 peptide inhibitor, showed 

reduced signs of DED in a rabbit model. Treatment for 7 days showed an increase in tear 

volume and a decrease in tear breakup time.250  

3.5.2 Serine protease inhibitors 

The serine protease inhibitor A3K (SERPINA3K) belongs to the endogenous serine protease 

inhibitor family. SERPINA3K has effects on other ocular treatments, such as corneal 

injury.251 A study by Hu et al. described a reduced TNF-α-induced disruption of the rabbit 

corneal endothelial barrier.252 Z. Lin et al. studied the effect of the inhibitor on dry eye and 

squamous metaplasia, an ocular surface pathology commonly occurring under prolonged 

tear deficiency conditions.253 This study used a mouse animal model, where DED was 

induced by BAC.254 Both BAC and SERPINA3K were administered twice a day for 16 days. 
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Mice treated with SERPINA3K showed a significant reduction in DED development. They 

showed minor epithelial damage and reduced inflammatory response in the cornea. They 

postulate that SERPINA3K can decrease DED severity by reducing TNF-α.  

PEDF is a 50 kDa glycoprotein belonging to the serpin family.255 In the eye, it is expressed 

in multiple tissues, such as the cornea, retina, choroid, and ciliary muscles.256 Singh et al. 

first demonstrated that treatment with recombinant PEDF in a dry eye model inhibits the 

maturation of corneal dendritic cells, reduces Th17 generation, and suppresses the 

expression of proinflammatory cytokines on the ocular surface. The mice received 1 μl of 

100 μg/ml topical recombinant murine PEDF via ocular surface instillations three times a 

day for 7 days. DED was induced in mice in a controlled environment chamber.257 A 

subsequent study postulates that PEDF reduces DED severity by significantly reducing 

corneal fluorescein staining scores.258  

Recently, Joossen et al. described a serine protease inhibitor, UAMC-00050, to treat 

inflammation in DED.185 UAMC-00050 is a synthetic diaryl phosphonate small-molecule 

inhibitor that targets several trypsin-like serine proteases.128 They reported in vivo studies 

carried out in a rat animal model, where DED was induced by the surgical removal of the 

exorbital lacrimal gland.259 The animals were treated for 24 days, twice a day. UAMC-00050 

at a concentration of 5 mM appeared to be the most promising treatment compared with 

cyclosporin A and vehicle animals. Fluorescein scores showed that UAMC-00050 reduces 

tissue damage significantly, and the expression of inflammatory cytokines, IL-1α and TFN-

α, were significantly reduced. UAMC-00050, at a concentration of 5 mM, was able to reduce 

inflammatory cell infiltration (CD3+ and CD45+) and MMP-9 activity. The accumulation of 

pro-MMP9 and the decrease in active MMP-9 could show that serine proteases have a role 

in activating MMP-9 in DED.185 
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 Conclusions and Future Directions/Perspectives 

Tear proteins are a good indicator of health and disease on the ocular surface. The 

metalloprotease MMP-9 has been widely studied as a biomarker of DED, and it is commonly 

used in clinical settings to diagnose DED. There is enough evidence that not only MMP-9 is 

a relevant protease in DED pathophysiology. Furthermore, protease inhibitors could be 

used as a potential treatment for DED, which would tackle inflammation directly. However, 

there is a lack of studies focused on different protease families, such as the serine or 

cysteine proteases. Even though the tear proteome is very complex, identifying 

upregulated proteases in DED patients could open a window for new biomarkers and 

potentially new protease inhibitors as a novel DED treatment.  

Several techniques can monitor and quantify protein expression in complex proteomes, for 

example, the enzyme-linked immunosorbent assay (ELISA) or protein microarrays.261,262 

However, these techniques analyze protein expression rather than activity. The activity of 

proteins is regulated by post-translational modifications, such as zymogen activation or 

interaction with other proteins or small molecules.14 Therefore, it is of interest to identify 

active proteases. Activity-based protein profiling (ABPP) is a proteomic tool that uses 

activity-based probes (ABPs) to identify active enzymes in a complex proteome. The 

reactive group of the probe interacts with the active site of the protease, and later, it is 

identified by electrophoresis or mass spectrometry (Figure 3.3).75 Peng et al. published an 

interesting review on the prospective application of ABPP with ocular proteases.263  

After identifying upregulated proteases in DED, efforts could be moved to the design of 

selective inhibitors for a specific protease with therapeutic potential. Other techniques, 

such as X-ray crystallography, can determine the protease structure and, together with 

molecular docking, help to design novel inhibitors.262,264 
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Figure 3.3 Tear protease identification by activity-based protein probes (ABPs). Proteases present in DED 
patients are labeled with an ABP for a specific protease family. The reactive group of the ABP would bind to 
the active enzymes. The bound proteases can be isolated and analyzed by electrophoresis and/or mass 
spectrometry. 
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 Serine proteases and their potential role as biomarkers 

and therapeutic targets of Irritable bowel syndrome 

 Irritable bowel syndrome and visceral hypersensitivity 

Irritable bowel syndrome (IBS) is a disorder affecting the gut-brain axis characterized by 

abdominal pain, in association with alterations in bowel habits in the absence of major 

histological abnormalities in the intestine.265 The Rome IV criteria set the standards for 

diagnosis. The minimal symptoms are abdominal pain and changes in stool frequency 

and/or form. However, other common symptoms include gas, bloating, and cramping. 

These symptoms must be recurring at least once a week during the last three months, and 

the symptoms-onset must be ongoing for at least six months.149 Due to its chronic 

character, IBS significantly impacts the quality of life and is linked to substantial patient and 

healthcare costs.266 Following the Rome IV criteria, IBS affects, on average, 4% of the 

population worldwide.267 Noteworthy, this prevalence is higher in females than in the male 

population in most regions.268 Potential risk factors include diet, genetics, disturbances in 

the gut microbiome, gastrointestinal infection, and physiological factors such as stress or 

depression.269,270  

IBS patients can be divided into three subtypes based on stool type, a predominance of 

diarrhea (IBS-D), constipation (IBS-C), or mixed (IBS-M), when a patient cannot be clearly 

classified, it is considered as unsubtyped (IBS-U).271 The diagnosis of IBS is based on a 

physical and psychological evaluation of the patient and several laboratory studies such as 

blood or stool tests. Moreover, complementary tests for other pathologies are routine, 

such as serological testing for coeliac disease.272 The treatment of IBS mainly focuses on 

targeting the motility disturbances exclusively. These are primarily symptomatic therapies. 

However, only a limited amount of treatments focus on abdominal pain.273 Unfortunately, 
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effective treatment is still lacking, and the diagnosis is not always accurate, and therefore, 

further research in identifying new biomarkers and novel therapies is an absolute priority.  

IBS is a multifactorial disorder, and its pathophysiology is still under debate. Several 

mechanisms contribute to the development of IBS, including microbiome alteration, 

intestinal barrier disruption, activation of immune cells, altered bowel motility, or 

sensitization of visceral nociceptors.186 The mechanism characterizing abdominal pain is 

visceral hypersensitivity, an increased perception of stimuli in the gastrointestinal tract.150 

This occurs by a disturbance of sensitization pathways at different levels. Mechanical, 

thermal, or chemical information in the gut wall is sensed by primary afferent neurons 

whose cell bodies are located at the dorsal root ganglia. This information is translated to 

different cerebral somatosensory areas through secondary neurons in the spinal cord. The 

signal is then interpreted and perceived as harmful due to cognitive and emotional 

biasing.150,274,275 Furthermore, there is evidence that gastrointestinal inflammation plays a 

role in visceral hypersensitivity. Activated inflammatory cells release inflammatory 

mediators such as histamine, cytokines, serotonin, or proteases at the peripheral level. It 

is known that these mediators can sensitize peripheral neurons, hence contributing to 

visceral hypersensitivity.276  

Proteases, as mentioned in Chapter 1, are enzymes that catalyze the hydrolysis of peptide 

bonds.2 They are present in high concentrations in the gastrointestinal tract, where they 

have essential functions in digestion.203 However, during inflammation, epithelial and 

immune cells release proteolytic enzymes, which can disrupt the intestinal barrier and 

activate signaling pathways.277 Moreover, it is known that proteases can mediate visceral 

hypersensitivity by activating protease-activated receptors (PAR).278 Despite different 

families of proteases, serine proteases are suggested to play a role in the development and 

severity of IBS and visceral hypersensitivity.16 Thus, the following sections focus on the 

involvement of serine proteases and PARs in the pathophysiology of visceral 

hypersensitivity in IBS and the therapeutic potential of serine protease inhibitors (Figure 

4.1). 



Serine proteases and Irritable bowel syndrome 

 

 59 

 
Figure 4.1 Potential contribution of serine proteases in Irritable bowel syndrome (IBS) and visceral 
hypersensitivity. IBS is a gut-brain disorder occurring in the intestinal walls. Lumen proteases contribute to 
intestinal epithelial barrier dysfunction, allowing permeability and cell circulation to the lamina propia. 
Neutrophils and mast cells are innate immune cells present in the intestine wall that, upon degranulation, 
release serine proteases (neutrophil elastase, cathepsin G, tryptase, chymase). Furthermore, proteases from 
immune cells and trypsin-3 expressed by epithelial cells can signal to visceral nociceptors and mediate visceral 
hypersensitivity via protease-activated receptors (PARs). PARs are expressed in intestinal epithelial cells and 
visceral sensory nerve endings. In red, the proteases and PARs are highlighted.  

 Serine proteases in IBS and visceral hypersensitivity 

Proteases are abundant in the gastrointestinal tract and are secreted by the pancreas, 

microbiota, macrophages, and epithelial and inflammatory cells such as neutrophils or 

mast cells.203 For instance, a correlation between mast cell infiltration in the bowel wall and 

the development and severity of abdominal pain in IBS has been described.279 Mast cells 

are immune cells that undergo degranulation and secrete pro-inflammatory mediators 

upon activation.280 Recently, Aguilera-Lizarraga et al. provided evidence that mast cells in 

the rectal mucosa of IBS patients are more prone to degranulate with IgE stimulation by 

food antigens, thus releasing proteases.281 Tryptase-1 and -2, herein referred to as 

tryptase, are trypsin-like serine proteases restricted to mast cells. An upregulated tryptase 

expression has been found in colonic biopsies of IBS patients.40,282,283 Likewise, trypsin-3 is 

expressed by the intestinal epithelium, and its expression has been found higher in IBS 

colonic biopsies compared to healthy controls.282 Recently, Buhner et al. described the 
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upregulation of elastase-like proteases in colonic biopsies supernatants from IBS 

patients.283 Additionally, elevated trypsin-serine protease activity was measured in both 

colon biopsies and feces in several studies.284,285 Noteworthy, fecal protease activity might 

not help sensitize intestinal nociceptors; however, it might play a role in intestinal epithelial 

barrier dysfunction.286   

Studies demonstrate the presence of elevated expression and activity of serine proteases 

in IBS patients. However, there is a need for tests that can identify which proteases are 

involved unambiguously due to a lack of selectivity of these techniques. Activity-based 

probes (ABPs) can help to elucidate this uncertainty. The warhead of the ABP can react 

covalently with the target enzyme, which can be identified by mass spectrometry after 

purification. This technique has already been used in the field of IBS proteases.205 

 Protease-activated receptors (PARs) in visceral hypersensitivity in IBS 

PARs are cell-surface signaling proteins belonging to the seven-transmembrane G protein-

coupled receptors (GPCRs).232 Similarly to a few GPCRs, such as rhodopsin and some 

hormone receptors, the receptor agonist is embedded within its structure. Contrary to 

other GPCRs, though, PARs are activated by cleavage of the N-terminal exodomain by 

proteases, especially serine proteases, thereby revealing a tethered ligand. For more 

details on the activation of PARs by serine proteases, refer to Section 3.4. Moreover, PARs 

can be activated by peptides mimicking the tetrahedral ligand sequence. 

To date, four different types of PARs are described, from PAR-1 to PAR-4, and they are 

expressed in different kinds of cells in the intestine, including epithelial cells and 

neurons.287 Noteworthy, the activation of the different PARs affects visceral 

hypersensitivity differently. While activation of PAR-4 has an antinociceptive effect 

(reduction of pain), the activation of PAR-2 induces pronociceptive effects, thus increasing 

the perception of pain. In mice, PAR-1 has been reported to have an antinociceptive effect, 
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while in humans, there is growing evidence that this receptor may be the most important 

member of this GPCR family in mediating visceral hypersensitivity.186 

Several studies demonstrate the involvement of PARs in visceral hypersensitivity. The 

antinociceptive properties of PAR-1 have been evaluated by the administration of PAR-1 

agonists TFFLR-NH2 and thrombin to capsaicin-evoked visceral nociception male ddY mice 

and carrageenan-induced male Wistar rats, observing a suppression of visceral pain.288,289 

Likewise, activation of PAR-4 by agonist AYPGKF-NH2 or cathepsin G reduced visceral 

hypersensitivity in C57BL/6J mice infused with IBS-D fecal supernatants.290 Contrary, 

Kawabata et al. and Coelho et al. demonstrated that treating male Wistar rats with PAR-2 

agonist SLIGRL-NH2 or trypsin increases visceral hypersensitivity.291,292 The involvement of 

PAR-2 has been further evaluated by experimental knock-out (KO) models. Valdez-Morales 

et al. demonstrated that neuronal excitability of colonic dorsal root ganglia (DRGs) was 

enhanced in C57BL/6 wild-type mice but not in PAR-2-KO mice.241 

Even though agonists/antagonists of PARs can reduce visceral hypersensitivity, these 

compounds have not reached the clinic so far. One of the main reasons being that while 

the interaction site between proteases and PARs is high affinity, the interaction site of the 

receptor with its tethered ligand is intrinsically low affinity. Thus, serine protease inhibitors 

have been put forward in recent years as an alternative to target abdominal pain in IBS.  

 Serine proteases inhibitors in IBS and visceral hypersensitivity  

Even though the role of serine proteases in the pathophysiology of IBS has been widely 

studied, the identity of dysregulated proteases participating in the pathophysiology of IBS 

remains elusive. Consequently, the research for effective serine protease inhibitors with a 

therapeutic role in IBS is limited. To date, no protease inhibitors are in clinical trials or have 

been marketed for IBS (September 2022). Nevertheless, serine protease inhibitors have 

been used in preclinical studies. This section summarizes the studies and results with 

protease inhibitors in IBS and visceral hypersensitivity (Table 4.1). 
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Nafamostat mesylate, also known as FUT-175, is a synthetic serine protease inhibitor with 

broad specificity.301,302 Cenac et al. induced visceral hypersensitivity to male C57BL/6 mice 

by an intracolonic infusion of supernatants from biopsies of IBS patients. When these 

supernatants were previously treated with nafamostat, visceral hypersensitivity was 

significantly decreased. Moreover, they demonstrated a reduced sensitization of mice 

neurons after treating the supernatants with nafamostat.293 Similar results were observed 

by Wang et al., with the difference that mice were infused with IBS-D fecal supernatants.294 

Moreover, the Laboratory of Experimental Medicine and Pediatrics (Division of 

Gastroenterology) at the University of Antwerp demonstrated that a single intraperitoneal 

injection of nafamostat in a post-colitis rat model could significantly attenuate visceral 

hypersensitivity. Colitis was induced in male Sprague-Dawley rats by an intrarectally 2,4,6-

trinitrobenzene sulphonic acid (TNBS) enema containing 4 mg of TNBS in 50% ethanol.295 

Recently, they corroborated these findings in a neonatal acetic acid mouse model. 

Hypersensitivity was induced in C57BL/6 mice by an intracolonically infusion of 20 µL of a 

0.5% acetic acid solution in 0.9% NaCl.296 A closely structurally related serine protease 

inhibitor, camostat mesylate or FOY-305, was tested in female Sprague-Dawley rats. 

Intragastric pretreatment with camostat mesylate could lower visceral hypersensitivity 

induced by acute restraint stress.297  

Diaryl phosphonates were described as irreversible inhibitors and have been widely studied 

for different targets.303 UAMC-00050 and UAMC-001162 were developed by the 

Laboratory of Medicinal Chemistry at the University of Antwerp as trypsin-like serine 

protease inhibitors with a broad spectrum. These compounds were studied in two animal 

models of IBS. First, the effect of UAMC-00050 and UAMC-001162 was tested in the post-

colitis TNBS-induced model described before, together with nafamostat mesylate. Both 

successfully reversed visceral hypersensitivity with a dose of 1 mg·kg-1 and 2.5 mg·kg-1, 

respectively.295 When UAMC-00050 is administered intracolonically, higher concentrations 

are needed [5 mg·kg-1].298 These results were recently confirmed in the neonatal acetic 

acid-induced mouse model.296  
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Last, Moussa et al. studied the effect of a soy extract characterized by the presence of 

isoflavones and trypsin-like protease inhibitors known as Bowman-Birk inhibitors (BBI) in 

female Wistar rats. The first study induced hypersensitivity with an intracolonic TNBS dose 

of 80 mg·kg-1 in 50% ethanol.299 In a consequent analysis, hypersensitivity was caused by 

acute stress.300 They postulate that the treatment with soy extract reduces 

hypersensitivity. However, they correlate this effect to the isoflavones, as the treatment 

with an estrogen receptor antagonist reversed these observations. However, they also 

observe a decrease in fecal proteolytic activity, which correlates with BBI inhibitory 

potency.299,300  

 Conclusions 

The involvement of proteases in the pathophysiology of IBS and visceral hypersensitivity 

has been explored in recent years. Proteases have been suggested as potential novel 

biomarkers for IBS, and protease inhibitors are a promising novel therapeutic strategy to 

explore.  

Nevertheless, further research is needed to unravel the role of proteases. The main 

limitation is the little knowledge of the specific proteases dysregulated in IBS and visceral 

hypersensitivity. Under healthy conditions, proteases have many important physiological 

roles, such as functions in the coagulation cascade, and their inhibition could generate 

severe problems, such as unintended bleeding.304 Thus, it is important to unambiguously 

characterize the upregulated protease activity in IBS patients. Furthermore, further 

research to design specific and selective inhibitors targeting these proteases is needed to 

minimize the side effects.  
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The upscaled synthesis is based on:  

Davide Ceradini, Pavel Cacivkins, Alba Ramos-Llorca, Kirill Shubin.  
 
Improved Synthesis of the Selected Serine Protease uPA Inhibitor UAMC-00050, a Lead 
Compound for the Treatment of Dry Eye Disease. Org. Process Res. Dev., 2022, 26, 10, 2937-
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 The proof of concept: the inhibitor UAMC-00050 

 Introduction 

Diaryl phosphonates have been described as irreversible serine protease inhibitors, which 

can form a covalent bond with the serine alcohol in the active site. UAMC-00050 is a small 

diaryl phosphonate inhibitor developed by the laboratory of Medicinal Chemistry of the 

University of Antwerp (UAMC) (Figure 5.1). Initially, it was designed as a highly potent and 

irreversible inhibitor for uPA (IC50 = 0.0042 µM).129 Later, a multi-target inhibition profile 

was described, achieving nanomolar potencies for matriptase (IC50 = 0.0025 µM) or KLK4 

and 8 (IC50 = 0.0016 µM) and submicromolar potencies for tryptase (IC50 = 0.028 µM).185 

Many of the proteases inhibited, such as tryptase, cathepsin G, or thrombin, are involved 

in inflammatory and extracellular matrix degradation processes. Such processes also occur 

in Dry eye disease (DED) and Irritable bowel syndrome (IBS), as mentioned in Chapters 3 

and 4. UAMC-00050 has been tested previously in DED and IBS models, and the results 

were published before this PhD started.185,295 In the following sections, the results are 

summarized.  

In this chapter, we describe a new synthetic route on a larger scale and the biochemical 

evaluation of the two enantiomers of UAMC-00050. Moreover, the experimental section 

gives a detailed explanation of all the biochemical methods developed during this PhD. 

 
Figure 5.1 UAMC-00050 structure 
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5.1.1 Dry eye disease and UAMC-00050 

DED is a multifactorial disease of the ocular surface accompanied by disruption of the tear 

film homeostasis. The symptoms of DED are tear film instability and hyperosmolarity. The 

diagnosis and treatment are still challenging. Moreover, the prevalence is expected to keep 

rising in the following years.145,305 Because proteases may play a role in DED, it was 

hypothesized that UAMC-00050 could become a potential treatment. The effect of UAMC-

00050 in a DED animal model was evaluated after local application in a teardrop 

formulation. The detailed results can be found in Joossen C. et al.185  

DED was induced in female Wistar rats by removing the exorbital lacrimal gland. The 

animals were treated with two concentrations of UAMC-00050 (0.5 mM and 5 mM), and 

the results were compared with animals treated with vehicle and cyclosporin A (CyA). 

UAMC-00050 at a concentration of 5mM proved to be the best-performing treatment in 

this experimental setting.  

UAMC-00050 [5mM] showed the lowest fluorescein scores, indicating reduced tissue 

damage, while vehicle and CyA did not show a significant reduction. Likewise, the best 

results of inflammatory cytokines concentration in tear fluid were observed on UAMC-

00050 [5mM] treated animals. They showed the lowest concentrations of Interleukin (IL)-

1α and tumor necrosis factor (TNF)-α.  

They studied the expression of tryptase, which was increased in the conjunctival and 

corneal tissue of animals with DED. As expected, UAMC-00050 did not reduce the tryptase 

expression as it only inhibits its activity.  

This study can be used as a preliminary proof-of-concept of the involvement of trypsin-like 

serine proteases in ocular inflammation and DED and the potential of UAMC-00050 and 

serine protease inhibitors as a potential treatment. 
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5.1.2 Irritable bowel syndrome and UAMC-00050 

IBS is a disorder of the gut-brain axis accompanied by abdominal pain and alteration of 

stool frequency and/or form.149 This disorder affects 4% of the world population, with a 

higher prevalence in females. The costs related to the diagnosis and the non-effective 

treatment create a heavy burden for patients and healthcare systems. Visceral 

hypersensitivity and intestinal permeability contribute to the pathophysiology of IBS, and 

proteases have been suggested as mediators of these processes. Therefore, the effect of 

the serine protease inhibitor UAMC-00050 was studied in two animal models of IBS as a 

potential therapeutic treatment. The detailed results can be found in Ceuleers et al. (2018, 

2022) and Hanning et al.295,296,298  

First, the effect of UAMC-00050 was studied in a rat model of post-inflammatory IBS. Colitis 

was induced in male Sprague-Dawley rats by an intrarectally 2,4,6-trinitrobenzene 

sulphonic acid (TNBS) enema containing 4 mg of TNBS in 50% ethanol. Visceral 

hypersensitivity was monitored by the visceromotor response (VMR) 3 days post-colitis. 

VMR is the nociceptive reflex in which abdominal muscles contract in response to colorectal 

balloon distension.306 The animals were treated with an intraperitoneal injection 30 min 

prior to the VMR experiment with different concentrations of UAMC-00050, UAMC-

001162, and nafamostat. UAMC-00050 [1 mg·kg-1] restored sensitivity to normal values and 

had no effect in control animals. Moreover, they demonstrated that the expression of 

trypsin-3 and tryptase are upregulated in post-colitis rats. However, UAMC-00050 does not 

alter their expression as it only inhibits protease activity.295 

In the same animal model, Hanning et al. administered intracolonically different 

concentrations of UAMC-00050 30 min prior to the VMR experiment. They demonstrated 

that local administration of UAMC-00050 [5 mg·kg-1] reduces trypsin-like serine protease 

activity on colon tissue. Moreover, visceral hypersensitivity was normalized to control 

values when treated with UAMC-00050 [2.5 mg·kg-1] and even lower with a higher 

concentration [5 mg·kg-1].298 
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Recently, Ceuleers et al. (2022) corroborated the potential of UAMC-00050 as a promising 

compound for the treatment of visceral pain in a neonatal acetic acid-induced mouse 

model. IBS was induced in C57BL/6 mice by an intracolonically infusion of 20 µL of a 0.5% 

acetic acid solution in 0.9% NaCl. The animals were treated with a single intraperitoneal 

injection of UAMC-00050 or nafamostat 30 min prior to the VMR experiment. 

Administration of UAMC-00050 [2 mg·kg-1] could completely reverse visceral 

hypersensitivity to control values.296  

Analyzing all these studies on the effect of UAMC-00050 in different IBS animal models, we 

can conclude that serine protease inhibitors potentially reduce visceral hypersensitivity in 

these experimental settings. Thus, proving that serine proteases play a pivotal role in 

developing this pathology and giving evidence that serine protease inhibitors may be a 

potential therapeutic strategy for treating abdominal pain.  

 Results and discussion  

5.2.1 Up-scaled chemical synthesis 

The upscaled chemical synthesis of UAMC-00050 to a 10 g scale was performed by PhD 

student Davide Ceradini at the Latvian Institute of Organic Synthesis (LIOS) in Riga, Latvia, 

where I did an academic secondment for one month within the IT-DED3 consortium. The 

synthetic route is depicted in Scheme 5.1. In red are the conditions used in the previous 

synthetic route, and in blue are the new conditions.  
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Scheme 5.1 Synthesis of UAMC-00050 – Old synthetic route vs. New up-scaled route  
Old synthetic route: (a) Boc2O, Et3N, dioxane, rt; (b) DMP, DCM, 0 oC to rt (60% - 2 steps); (c) Benzyl carbamate, 
diaryl phosphite, Cu(OTf)2, CH3CN, rt, 16 h (20%); (d) TFA/DCM (1:2) rt, 3 h (>90%); (e) N, N'-Bis-Boc-1-
Guanylpyrazole, Et3N, CH3CN, 36 h (40%); (f) DOWEX 1x8 Cl, EtOH/H2O (2:1), rt, 32 h (>90%). 
New up-scaled route: (i) Boc2O, EtOAc, rt (99%), (ii) NaOCl, TEMPO, KBr, Toluene/EtOAc (1:1), 0 oC; NaHSO3, 
EtOH, rt (80%); (iii) Na2CO3, EtOAc/H2O, rt (89%); (iv) Benzyl carbamate, triaryl phosphite, Y(OTf)3, CH3CN/THF 
(1:1), TFAA, rt (44%); (v) HCl 4N dioxane, rt (99%); (vi) NH2CN, Sc(OTf)3, CH3CN/iPrOH (1:1), rt (72%). 

The entire description and optimization can be found in Ceradini et al.307 In summary, the 

old synthetic route showed several problems regarding yield, hazardous reagents, 

environmental footprint, and process scalability. An optimized process for the scalable 

multigram preparation of the α-aminophosphonate UAMC-00050 was developed. 

Environmental unfriendly solvents were removed (e.g., DCM), and hazardous reagents 

were replaced with more handleable compounds and more efficient atom economy (e.g., 

N, N'-Bis-Boc-1-Guanylpyrazole). Furthermore, every reaction was investigated to obtain 

the maximum yield, and all the flash chromatography purifications were replaced with plug 

filtration and slurry purifications. The key step of the route, the Birum-Oleksyzyn reaction, 

a three-component reaction between an aldehyde, a carbamate, and a phosphite, was 

widely investigated. Trifluoroacetic anhydride (TFAA) proved to be an essential additive, 

improving the reactivity of the diaryl phosphite and increasing the reaction yield. The 

overall yield was increased from 3% in the discovery route to 22% in the process 

development route.  
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5.2.1 Evaluation of UAMC-00050 enantiomers 

UAMC-00050 is synthesized as a mixture of enantiomers with two configurations of the α-

carbon of the phosphonate. Noteworthy, it has been used as a racemic mixture in previous 

studies, as the enantioselective synthesis of this compound is not available. However, it 

was previously reported by Walker et al. that serine protease inhibition depends on the 

configuration of the phosphonate. This is explained by the fact that the phosphonate (R)-

isomer directly compares with the (S)-isomer of natural amino acids.308 Thus, only the (R)-

isomer is expected to exhibit inhibition.  

PhD student Davide Ceradini at LIOS separated the two enantiomers of intermediate 5.5 

by preparative HPLC with a CHIRALPAK IG column (250x30 nm-5µm) (Figure 5.2). Followed 

by the removal of the Boc-protection to achieve the two enantiomers of UAMC-00050 (5.7). 

However, the absolute configuration was not determined. Therefore, we call them 

enantiomer 1 (E1) and 2 (E2).  

The racemic mixture of UAMC-00050 and the two enantiomers were biochemically 

evaluated in β-tryptase and urokinase plasminogen activator (uPA) at UAMC. Their half-

maximal inhibitory concentration (IC50) values were determined, and the kinetic progress 

curves were measured to determine the inhibition mechanism (Table 5.1).  

Figure 5.2 Chiral chromatogram of the racemic mixture of intermediate 5.5 with the two 
enantiomers 
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Table 5.1 Biochemical evaluation of racemic mixture of UAMC-00050 and the two enantiomers in uPA and β-
tryptase 

# 
β-tryptase uPAa β-tryptase uPAa 

IC50 (µM)b kapp (M-1 s-1)c 

UAMC-00050 R (5.7) 
0.023 ± 
0.004 

0.0042 ± 
0.0006 

Rev. 
49x104 ± 39x103 

Irrev. 

UAMC-00050 E1 (5.8) 
0.161 ±  

0.04 
0.0193 ± 
0.0008 

N.D. 
26x103 ± 20x102 

Irrev. 

UAMC-00050 E2 (5.9) 
0.006 ± 
0.001 

0.0023 ± 
0.0004 

Rev. 
97x104 ± 90x103 

Irrev. 

a Panel of serine proteases abbreviations: urokinase plasminogen activator (uPA) 
b Half maximal inhibitory concentration (IC50) value is the concentration of inhibitor required to reduce the 
enzyme activity to 50% after a 15 min preincubation with the enzyme at 37 °C and activity measurements as 
mentioned in the Experimental section. IC50 values are calculated from two independent experiments; when 
SD was higher than three times the average value, a third independent experiment was run (mean ± SD). 
c kapp values are calculated from two independent experiments; when SD was higher than three times the 
average value, a third independent experiment was run (mean ± SD) 

The IC50 of the enantiomers show that the enantiomer E2 has a higher inhibitory potency 

than the other enantiomer and the racemic mixture in both enzymes. Surprisingly, the 

other enantiomer was also an inhibitor despite being less potent. In the study published by 

Walker et al., they encountered similar observations.308 For tryptase, UAMC-00050 E2 is 4- 

and 27-fold more potent than the racemic mixture and E1, respectively, whereas, for uPA, 

the differences are 2- and 8-fold.  

The kinetic curves showed that the racemic mixture and the two enantiomers behave in 

the same manner. For β-tryptase, UAMC-00050 has a reversible mechanism. Contrary, it 

inhibits uPA irreversibly. For the latter, the second-order rate constant (kapp) was 

determined. The kapp values show a similar trend to the IC50. The enantiomer E2 (kapp = 

97x104 M-1 s-1) is 2-fold more potent than the racemic mixture (kapp = 49x104 M-1 s-1) and 37-

fold more potent than E1 (kapp = 26x103 M-1 s-1). 
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  Conclusions and future perspectives 

UAMC-00050 is a diaryl phosphonate inhibitor developed by UAMC.128 It is a multi-target 

trypsin-like serine protease inhibitor with a high affinity for different proteases within this 

enzymatic family. Previously, it showed promising results in animal models of DED and IBS. 

Moreover, it served as a proof of concept that serine protease inhibitors might be a 

therapeutic agent for these diseases. Unfortunately, UAMC-00050 inhibits broadly trypsin-

like serine proteases; therefore, it is impossible to establish which serine proteases play a 

role in these diseases. Further evaluation is needed to unravel this aspect. Later, UAMC-

00050 could be further optimized to gain selectivity towards those targets.  

Within the collaboration of the IT-DED3 consortium, the synthetic route of UAMC-00050 

was modified to a scale of 10.0 g in LIOS, Riga (Latvia). This new synthetic pathway is more 

efficient and greener and is translatable to other diaryl phosphonates that might be of 

interest in the future. 

Up to date, only the racemic mixture of UAMC-00050 has been evaluated. During the PhD, 

the two enantiomers of UAMC-00050 were available for biochemical evaluation, and their 

IC50 and kinetic progress curves were measured. Surprisingly, both enantiomers showed 

inhibitory potency towards β-tryptase and uPA. However, enantiomer E1, with supposably 

the (R)-configuration, displayed higher affinity. It is known that the (R)-configuration of the 

diphenyl phosphonates resembles the (S)-configuration of natural amino acids. Therefore, 

it is supposed to fit better on the active site of serine proteases. However, determination 

of the absolute configuration should be done to prove this.  

The study of UAMC-00050 on trypsin-like serine proteases and in pathology models opens 

future research toward the determination of which serine proteases are involved in DED 

and IBS and the development of new serine protease inhibitors as therapeutic agents for 

these diseases.  
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 Experimental section 

5.4.1 Chemistry 

The synthesis of UAMC-00050 with the old synthetic route was already reported.128 In this 

section, the synthesis performed at LIOS (Riga, Latvia) for a scale of 10.0 g is described.  

Unless otherwise specified, all commercially available reagents were used as received. 1H, 

13C, and 31P NMR spectra were obtained on a 400 MHz Bruker Avance 400 spectrometer at 

400, 101, and 162 MHz, respectively. Chemical shifts (δ) are reported in parts per million 

(ppm) relative to the residual DMSO peak. Multiplicities are given as s (singlet), d (doublet), 

t (triplet), q (quartet), and m (multiplet). Complex splittings are described by a combination 

of these abbreviations, i.e., dd (doublet of doublets). Reaction conversion was estimated 

by LC-MS on Waters Acquity UPLC H-class instrument, column Waters Acquity UPLC BEH-

C18, 2.1 × 50 mm, 1.7 µm, eluent 5–95% CH3CN in 0.1% aq. HCOOH; flow rate: 0.8 mL/min; 

detection Waters PDA Detector (200-300 nm). HPLC were recorded with Waters Alliance 

instrument equipped with 2695 separations module, consisting of quaternary pump, 

degasser, autosampler, and column heater, Waters 2489 dual wavelength absorbance 

detector was used for detection of analytes or Shimadzu Prominence-I LC-2030C, column 

prevail organic acid or Apollo C18-13, 4.6 × 150 mm, eluent 25 – 95% or 40 – 95% CH3CN in 

0.1% aq. H3PO4: flow rate: 1.0 mL/min, temp. = 40 °C, detector at 254 nm. HRMS spectra 

were acquired on an electrospray ionization mass spectrometer with a TOF analyzer, using 

the following parameters: positive ionization mode, drying gas 10 mL/min and 325 °C, 

fragment or ionization 100 V. 

Tert-butyl (4-(2-oxoethyl)phenyl)carbamate (5.2) (i) To a 500 mL flask equipped with a 

magnetic stirrer, were added 5.1 (10.0 g, 0.073 mol, 1.0 eq.), EtOAc (200 mL) and di-tert-

butyl dicarbonate (17.50 g, 0.08 mol, 1.1 eq.). The mixture was stirred for 16 h at 20-25 °C, 

and then heptane (100 mL) was added to the reaction mixture. A silica pad with 180 g of 

silica gel was prepared in a 350 mL glass filter, the solution was poured on the filter and 
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washed with 500 mL of EtOAc/heptane 2:1, then the solvent was removed to yield tert-

butyl (4-(2-hydroxyethyl)phenyl)carbamate (17.0 g, 0.072 mol, 99% yield) as a white solid. 

1H NMR (400 MHz, DMSO-d6) δ (ppm) 9.20 (s, 1H), 7.35 (d, J = 8 Hz, 2H), 7.09 (d, J = 8 Hz, 

2H), 4.95 (s, 1H), 3.56 (q, J = 8 Hz, 2H), 2.65 (t, J = 8 Hz, 2H,), 1.47 (s, 9H). (ii) To a 500 mL 

flask equipped with a magnetic stirrer were added the Boc-protected alcohol (17.30 g, 

0.073 mol, 1.0 eq.), dissolved in EtOAc (90.0 mL) and TEMPO (114 mg, 0.73 mmol, 0.01 eq.) 

dissolved in toluene (90.0 mL), then potassium bromide (869 mg, 7.3 mmol, 0.1 eq.) 

dissolved in NaHCO3 sat. (67.0 mL). The mixture was vigorously stirred for 10 minutes in an 

ice bath, then sodium hypochlorite 13% (67.0 mL) was added dropwise in 5 minutes. The 

reaction was vigorously stirred for 10 min., then was quenched with sodium thiosulfate 

10% (250.0 mL), the reaction mixture was washed with EtOAc (3 x 200 mL), and the 

combined organic layers were then washed with brine (500 mL), dried with Na2SO4 (250.0 

g). The solvent was removed by rotary evaporation. The crude aldehyde was then dissolved 

in ethanol 96% (340.0 mL) in a 500 mL flask equipped with a magnetic stirrer. Sodium 

bisulfite (11.71 g, 0.113 mol, 1.5 eq.) dissolved in 20 mL of deionized water was added 

dropwise in 5 min., the mixture was stirred for 18 h at 20-25 °C and 1 h at 0 °C, and the 

solid was filtrated, washed with cold ethanol 96% (300 mL). And dried in a vacuum for 16 h 

to yield sodium 2-(4-((tert-butoxycarbonyl)amino)phenyl)-1-hydroxyethane-1-sulfonate 

(18.47 g, 0.058 mol, 80% yield) a white solid. 1H NMR (400 MHz, D2O) δ (ppm) 7.30 (d, J = 2 

Hz, 4H), 4.61 (dd, J = 11.3 Hz, 1H), 4.32 (dd, J = 16.4 Hz, 1H), 2.88 (dd, J = 12.1 Hz, 1H), 1.50 

(s, 9H). (iii) To a 500 mL flask were added the previous intermediate (19.68 g, 0.085 mol, 

1.0 eq.) dissolved in deionized water (260 mL), sodium carbonate (17.20 g, 0.162 mol, 2.2 

eq.), and EtOAc (300 mL), the mixture was stirred for 3 h at 20-25 °C, the solution was 

placed in a 1.0 L separation funnel and extracted with EtOAc (3 x 250 mL), the combined 

organic layers were washed with brine (400 mL) and dried on Na2SO4 (250 g), the solvent 

was removed with vacuum to yield 5.2 (17.79 g, 0.076 mmol, 89% yield) as pale yellow 

solid. 1H NMR (400 MHz, DMSO-d6) δ (ppm) 9.63 (t, J = 4 Hz, 1H), 9.32 (s, 1H), 7.43 (d, J = 8 

Hz, 2H), 7.11 (d, J = 8 Hz, 2H), 3.66 (d, J = 4 Hz, 2H), 1.47 (s, 9H). 
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Tert-butyl (4-(2-(((benzyloxy)carbonyl)amino)-2-(bis(4-acetamidophenoxy)phosphoryl) 

ethyl)phenyl)carbamate (5.3) To a 500 mL flask equipped with a magnetic stirrer were 

added in this order: compound 5.2 (10.0 g, 0.043 mol, 1.0 eq.), yttrium triflate (2.30 g, 4.3 

mmol) dissolved in dry-CH3CN (130.0 mL), benzyl carbamate (6.50 g, 0.043 mol, 1.0 eq.), 

tris(4-acetamidophenyl) phosphite (23.00 g, 0.043 mol, 1.0 eq.), dry-THF (130.0 mL) and 

trifluoroacetic anhydride (5.98 mL, 0.043 mol, 1.0 eq.). The mixture was stirred for 4 h at 

20-25 °C. The solvent was removed, and the residue was dissolved in a solution of 

EtOAc/ethanol 4:1 (500 mL). The organic phase was washed with NaOH 0.5 M (4 x 500 mL) 

and brine (500 mL). The organic layers were collected together, dried on Na2SO4 (300 g), 

and the solvent was removed with vacuum. A silica pad with 200 g of silica gel was packed 

in a 500 mL glass filter, and the residue was dissolved in a solution of 

heptane/EtOAc/ethanol 21:5:2 (250 mL). The mixture was poured through the filter and 

washed with EtOAc/heptane 2:1 (2000 mL) to collect fraction 1, the collection flask was 

changed, and the silica pad was washed with EtOAc/ethanol 3:1 (1000 mL) to collect 

fraction 2, the solvent was removed from fraction 2 to yield 5.3 as a yellow foamy solid. 

The crude product was dissolved in acetone (100 mL), and a solution of NaHCO3 0.5% (200 

mL) was added dropwise. The solid was filtered, washed with MTBE (100 mL), and dried in 

vacuum overnight. The dry solid was suspended in EtOAc/acetone 19:1 (300 mL), stirred 

for 24 h, filtered, washed with EtOAc (100 mL), and dry in vacuum overnight to yield 5.3 

(13.55 g, 0.019 mol, 44% yield) as white solid. 1H NMR (400 MHz, DMSO-d6) δ (ppm) 10.00 

(s, 2H), 9.32 (s, 1H), 8.11 (d, J = 8 Hz, 1H), 7.57 (m, 4H), 7.39 (d, J = 8 Hz, 2H,), 7.30 (m, 3H), 

7.19 (d, J = 8 Hz, 2H), 7.12 (m, 6H), 4.97 (dd, J = 32.12 Hz, 2H), 4.42 (q, J = 12 Hz, 1H), 3.18 

(d, J = 12 Hz, 1H), 2.90 (m, 1H), 2.04 (s, 6H), 1.49 (s, 9H).  

4-(2-(((benzyloxy)carbonyl)amino)-2-(bis(4-acetamidophenoxy)phosphoryl) ethyl) 

benzenaminium chloride (5.4) In a 500 mL flask equipped with a magnetic stirrer, were 

added in this sequence: compound 5.3 (10.00 g, 0.014 mol, 1.0 eq.) and 4 M HCl in dioxane 

(150 mL), the solution was stirred for 3 h at 20-25 °C, and then the solvent was removed 

with vacuum. The residue was dissolved in dry-EtOH (100 mL), and the solution was added 

dropwise to 1000 mL of EtOAc, and the mixture was stirred for 30 min. at 20-25 °C, the 
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precipitate was filtered and dried in vacuum overnight to yield 5.4 (9.05 g, 0.014 mmol, 

99% yield) as an off-white powder. 1H NMR (400 MHz, DMSO-d6) δ (ppm) 10.09 (d, J = 4 Hz, 

2H), 9.76 (s, 2H), 8.17 (d, J = 12 Hz, 1H), 7.658 (m, 4H), 7.38-7.28 (m, 5H), 7.21 (t, J = 8 Hz, 

5H), 7.09 (m, 4H), 4.96 (dd, J = 20, 12 Hz, 2H), 4.45 (m, 1H), 3.25 (m, 1H), 2.99 (m, 1H), 2.03 

(s, 6H).  

Benzyl (1-(bis(4-acetamidophenoxy)phosphoryl)-2-(4-guanidinophenyl)ethyl)carbamate 

(5.7) In a 50 mL flask were added compound 5.4 (5.00 g, 7.7 mmol, 1.0 eq.), Sc(OTf)3 (377 

mg, 0.77 mmol, 0.1 eq.) dissolved in 15.4 mL of dry-THF/abs-EtOH (2:1 v/v) and cyanamide 

(3.23 g, 77.0 mmol, 10.0 eq.). The flask was flushed with Argon for 10 min., and the solution 

was left to stir for 96 h. The solvent was removed, and the crude product was dissolved in 

50 mL of abs-EtOH, dropped in 500 mL of iPrOAc at rt, and stirred for 1 h. The solid was 

filtered, washed with 250 mL of iPrOAc, and dried in vacuum overnight. The crude material 

was dissolved in 500 mL of deionized water/EtOH (10:1 v/v) and pre-loaded on a 300 g 

YMC-DispoPack AT reverse phase column. The column was eluted with deionized 

water/(CH3CN/EtOH 9:1) gradient 0-100%. The solid was collected from the selected tubes, 

and the solvent was removed with freeze-drying to yield 5.7 (3.64 g, 5.54 mmol, 72% yield). 

1H NMR (400 MHz, DMSO-d6) δ (ppm) 10.04 (s, 2H), 8.44 (s, 1H), 8.18 (d, J = 12 Hz, 1H), 7.97 

(s, 3H), 7.57 (m, 4H), 7.35 (d, J = 8 Hz, 2H), 7.29 (m, 3H), 7.19 (m, 2H), 7.10 (m, 6H), 4.97 

(dd, J = 20.12 Hz, 2H), 4.46 (q, J = 8 Hz, 1H), 3.22 (m, 1H), 3.00 (m, 1H), 2.03 (s, 6H).  

5.4.2 Development of biochemical protocols 

For this chapter, UAMC-00050 was tested in recombinant uPA and β-tryptase. However, 

this section explains the development of all biochemical protocols for the trypsin-like serine 

proteases used during this doctoral thesis and utilized later in Chapters 6 and 7. These 

include trypsin-3, thrombin, and cathepsin G. Neutrophil elastase and chymotrypsin have 

also been used in Chapter 6. However, the measurements were performed by the 

Laboratory of Medical Biochemistry at the University of Antwerp and the Laboratory for 

Intestinal Neuroimmune Interactions at KU Leuven.  
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 IC50 determination 

The IC50 is the most used measure to define the inhibitory potency of a molecule. It 

describes the concentration needed to inhibit a specific biological process.309 In the case of 

enzymatic activity, the IC50 value is defined as the concentration of inhibitor required to 

reduce the enzyme activity to 50%.  

Protocols to determine the inhibitory potency for uPA and tryptase were already present 

at UAMC. The IC50 values were determined using a spectrophotometric or fluorogenic 

assay. A summary of the conditions used in the original protocols is described in Table 5.2, 

and more details are given in the following discussion.  

Table 5.2 Assay conditions of the original IC50 protocols for urokinase plasminogen activator (uPA) and 
tryptase present at the Laboratory of Medicinal Chemistry (UAMC). 

Enzyme Substrate Buffer 

uPAa  
(~20 nM) 

pyro-Glu-Gly-Arg-pNA 
(250 µM) 

50 mM HEPES 
(pH 8.1) 

Tryptase 
(1:200) 

Tosyl-Gly-Pro-Arg-pNA 
(0.5 mM) 

50 mM Tris-HCl, 0.02% Triton-X 
(pH 8.0) 

a Abbreviations: Urokinase plasminogen activator (uPA) 

 
The protocol to determine the inhibitory potency for uPA was used as previously described. 

However, the final substrate concentration was modified to the Km value. 310  

Final IC50 protocol for uPA: Enzymatic activity was measured for 30 min at 37 °C using uPA 

(recombinant urokinase plasminogen activator, HYPHEN BioMed) and chromogenic 

substrate pyro-Glu-Gly-Arg-pNA (Km = 80 μM) in HEPES buffer (50 mM HEPES) at pH 8.1 

(25°C). The readout consisted of evaluating the protease-mediated release of the 

chromophore para-nitroaniline (pNA) from the substrate. Absorbance was monitored at λ 

= 405 nM. Each reaction mixture had a total volume of 200 µL and contained the inhibitor 

in DMSO (5 µL), the enzyme in buffer (145 µL) at an approximate concentration of 20 nM, 

and the chromogenic substrate in water (50 µL) at a final concentration of 80 µM. The 
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inhibitor was preincubated for 15 min with the enzyme at 37 °C before adding the 

substrate.  

To corroborate that the protocol was reproducible in my hands, the IC50 value of racemic 

UAMC-00050 was determined and compared to the previously published value (IC50 = 4.2 

nM) (Figure 5.3).  

 
Figure 5.3 Determination of IC50 value of UAMC-00050 with two independent experimental results 

The protocol to determine the inhibitory potency of tryptase already in place at UAMC did 

not have consistency and was not reproducible in my hands. The protocol used a stock 

solution of tryptase diluted 1:100 in 10 mM MES buffer and 2 M NaCl (pH 6.1). In a micro-

plate were added 15 µL of inhibitor and 15 µL of tryptase and buffer (1:200). The buffer 

used was 50 mM Tris-HCl, 0.02% Triton-X (pH 8.0). After 15 min of incubation, 15 µL of 

Tosyl-Gly-Pro-Arg-pNA (Km = 1.5 mM) were added with a final concentration of 0.5 mM. 

Suppliers of enzyme and substrate were not mentioned.  

The first step to improving the protocol was decreasing the DMSO percentage. This was 

solved by increasing the concentration of the substrate stock solution. Next, to reduce 

pipetting errors, the volumes were increased for easier handling of the multi-channel 

pipette. Even though the protocol used more quantity of substrate and enzyme, therefore 

being more expensive, the assay was more reliable and reproducible. Last, the 

concentration of tryptase was modified to find the best readout possible with the least 

enzyme (final well concentration = 0.125 nM).  
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Despite the changes, the enzyme seemed to not be stable under the assay conditions, as 

the absorbance measured was close to the blank in some experiments. Tryptase is only 

active when it is presented as a tetramer structure. This structure is stabilized by heparin 

or high quantities of NaCl.32 After checking several protocols for tryptase in literature, the 

buffer was modified to 50 mM Tris 120 mM NaCl pH 8,0 + 0,1 mg/mL BSA + 50 µg/mL 

heparin. 311–315 

Last, the chromogenic substrate was substituted with the fluorogenic Boc-Gln-Ala-Arg-

AMC. The readout consisted of evaluating the protease-mediated release of the 

fluorophore 7-amino-4-methyl coumarin (AMC). The Km of the substrate was measured by 

incubating the enzyme with different substrate concentrations ranging from 1 to 1000 µM 

and calculated by fitting the data to the Michaelis-Menten equation of GraphPad9. 

Final IC50 protocol for tryptase: Enzymatic activity was measured for 30 min at 37 °C using 

tryptase (recombinant tryptase β-2, EnzoLife Sciences) and fluorogenic substrate Boc-Gln-

Ala-Arg-AMC (Km = 146 μM) in Tris buffer (50 mM Tris, 120 mM NaCl, 0.1 mg/mL BSA, 0.1 

mg/mL heparin) at pH 8.0 (25°C). Each reaction mixture had a total volume of 200 µL and 

contained the inhibitor in DMSO (5 µL), the enzyme in buffer (145 µL) at a concentration of 

0.125 nM, and the fluorogenic substrate in buffer (50 µL) at a final concentration of 150 

µM. The inhibitor was preincubated for 15 min with the enzyme at 37 °C before adding the 

substrate. The readout consisted of evaluating the protease-mediated release of the 

fluorophore AMC from the substrate. Fluorescence was monitored at an excitation of 380 

nm and an emission of 460 nm. 

The protocols for determining the IC50 for trypsin-3 and thrombin were developed by the 

Laboratory for Intestinal Neuroimmune Interactions at KU Leuven and used at UAMC under 

the same conditions and reagents when needed. Before use, an already known IC50 was 

determined to corroborate the reproducibility of the assay in my hands.  
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Final IC50 protocol for trypsin-3: Enzymatic activity was measured for 30 min at 37 °C using 

trypsin-3 (recombinant trypsin-3, R&D) and fluorogenic substrate tosyl-Gly-Pro-Arg-AMC 

(Km = 22.5 μM) in Tris buffer (100 mM Tris, 1 mM CaCl2) at pH 8.0 (25°C). Each reaction 

mixture had a total volume of 200 µL and contained the inhibitor in DMSO (5 µL), the 

enzyme in buffer (145 µL) at a concentration of 1.5 nM, and the fluorogenic substrate in 

buffer (50 µL) at a final concentration of 25 µM. The inhibitor was preincubated for 15 min 

with the enzyme at 37 °C before adding the substrate. The readout consisted of evaluating 

the protease-mediated release of the fluorophore AMC from the substrate. Fluorescence 

was monitored at an excitation of 380 nm and an emission of 440 nm. 

Final IC50 protocol for thrombin: Enzymatic activity was measured for 30 min at 37 °C using 

thrombin (recombinant thrombin, R&D) and fluorogenic substrate Boc-Val-Pro-Arg-AMC 

(Km = 15 μM) in TRIS buffer (50 mM Tris HCl, 50 mM Tris base, 10 mM CaCl2, 150 mM NaCl) 

at pH 8.3 (25°C). Each reaction mixture had a total volume of 200 µL and contained the 

inhibitor in DMSO (5 µL), the enzyme in buffer (145 µL) at an approximate concentration of 

0.5 nM, and the fluorogenic substrate in buffer (50 µL) at a final concentration of 15 µM. 

The inhibitor was preincubated for 15 min with the enzyme at 37 °C before adding the 

substrate. The readout consisted of evaluating the protease-mediated release of the 

fluorophore AMC from the substrate. Fluorescence was monitored at an excitation of 380 

nm and an emission of 440 nm. 

The protocol for determining of the IC50 for cathepsin G was developed by the Laboratory 

of Medical Biochemistry at the University of Antwerp and used at UAMC under the same 

conditions and reagents when needed. The intensity of the readout of cathepsin G with the 

equipment available at UAMC was low, which induced a higher error in some assays. 

However, the concentrations were kept to compare the assays performed at the two 

laboratories. Before use, an already known IC50 was determined to corroborate the 

reproducibility of the assay in my hands.  
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Final IC50 protocol for cathepsin G: Enzymatic activity was measured for 30 min at 37 °C 

using cathepsin G (cathepsin G human neutrophil, Sigma-Aldrich) and fluorogenic substrate 

Suc-Ala-Ala-Pro-Phe-AMC (Km = 130 μM) in Tris buffer (50 mM Tris, 120 mM NaCl) at pH 8.0 

(25°C). Each reaction mixture had a total volume of 100 µL and contained the inhibitor in 

DMSO (5 µL), the enzyme in buffer (45 µL) at a concentration of 100 nM, and the 

fluorogenic substrate in buffer (50 µL) at a final concentration of 130 µM. The inhibitor was 

preincubated for 15 min with the enzyme at 37 °C before adding the substrate. The readout 

consisted of evaluating the protease-mediated release of the fluorophore AMC from the 

substrate. Fluorescence was monitored at an excitation of 380 nm and an emission of 440 

nm. 

IC50 values were obtained by fitting the data with the four-parameter logistics equation 

using GraphPad Prism 9. The IC50 determination was the average of two independent 

experimental results. This value was accepted when the standard deviation of the two 

independent experiments was lower than three times the IC50. Contrary, a third 

independent experiment was performed. 

 Development of a protocol for determination of kapp 

The kapp is used as a potency measurement for irreversible inhibitors. These display a time-

dependent inhibition, and the IC50 value is not the ideal measure to describe their inhibitory 

potency. Most irreversible inhibitors have a two-step mechanism depicted in Scheme 5.2, 

where EI represents the initial reversible enzyme-inhibitor complex, and E-I represents the 

irreversible complex. The reversible equilibrium constant K1 describes the formation of EI, 

and the irreversible inactivation is described by kinact. The overall process is defined by the 

observed rate constant (kobs).316  

 
Scheme 5.2 Two-step mechanism for irreversible inhibitors 
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The general protocol for kinetic assays was previously reported in published papers by the 

University of Antwerp.126,129,310 Progress curves were recorded in pseudo-first-order 

conditions ([I]0>>[E]0) and with less than 10% conversion of the substrate during the entire 

time course. In these conditions, dA/dt decreases exponentially with time. For a simple 

pseudo-first-order inactivation process, the activity after incubation with inhibitor (vi) 

varies with the inhibitor concentration (i), as described in the following equation:  

vi = v0 · e-kit 

where v0 is the activity in the absence of an inhibitor, ki is the second-order rate constant 

of inactivation, and t is the time.  

The inhibitor was mixed with the substrate and incubated for a period of 15 minutes. Then, 

the buffer solution with the enzyme was added at the time zero. The progress curves show 

the release of pNA or AMC as a function of time. Initially, no inhibitor is bound to the 

enzyme, and the tangent to the progress curve (dA/dt) is proportional to the free enzyme 

concentration. The free enzyme concentration decreases over time due to inhibitor binding 

kinetics. The progress curves were fitted with the integrated rate equation with GraFit7 to 

yield a value for kobs, a pseudo-first-order rate constant.  

At = Ao + vs·t + (vi-vs)·(1-e-kobs·t)/kobs 

where At is the absorbance or fluorescence at time t, A0 is the absorbance or fluorescence 

at time zero, vi is the initial rate, and vs is the velocity at the steady-state. Finally, the kapp 

was calculated from the slope of the linear part of the plot of kobs vs. the inhibitor 

concentration ([I]0).  

Progress curves of uPA using the same conditions used for the IC50 determination did not 

meet the acceptance requirements. The control did not show linearity throughout the 

assay time. Therefore substrate depletion was affecting the kinetic curves. To avoid a 
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substrate depletion higher than 10% and achieve a linear control, the concentration of uPA 

was reduced to half compared to the concentration used for IC50 determination.  

Final progress curve protocol for uPA: Progress curves were measured by the release of 

pNA for 1 hour at 37oC using uPA (recombinant urokinase plasminogen activator, HYPHEN 

BioMed) and chromogenic substrate pyro-Glu-Gly-Arg-pNA (Km = 80 μM) in HEPES buffer 

(50 mM HEPES) at pH 8.1 (25°C). Absorbance was monitored at λ = 405 nM. Each reaction 

mixture had a total volume of 200 µL and contained the inhibitor in DMSO (5 µL), the 

enzyme in buffer (145 µL) at an approximate concentration of 10 nM, and the chromogenic 

substrate in water (45 µL) at a final concentration of 80 µM. The inhibitor was mixed with 

the substrate and incubated for a period of 15 minutes. Then, the buffer solution with the 

enzyme was added at the time zero.  

The progress curves for β-tryptase and trypsin-3 with the concentrations used for IC50 

determination did not show substrate depletion throughout the time course of the assay. 

Therefore, the same enzyme and substrate conditions were used.  

Final progress curve protocol for tryptase: Progress curves were measured by the release 

of AMC for 1 hour at 37oC using tryptase (recombinant tryptase β-2, EnzoLife Sciences) and 

fluorogenic substrate Boc-Gln-Ala-Arg-AMC (Km = 146 μM) in Tris buffer (50 mM Tris, 120 

mM NaCl, 0.1 mg/mL BSA, 0.1 mg/mL heparin) at pH 8.0 (25°C). Fluorescence was 

monitored at an excitation of 380 nm and an emission of 460 nm. Each reaction mixture 

had a total volume of 200 µL and contained the inhibitor in DMSO (5 µL), the enzyme in 

buffer (145 µL) at a concentration of 0.125 nM, and the fluorogenic substrate in buffer (45 

µL) at a final concentration of 150 µM. The inhibitor was mixed with the substrate and 

incubated for a period of 15 minutes. Then, the buffer solution with the enzyme was added 

at the time zero.  

Final progress curve protocol for trypsin-3: Progress curves were measured by the release 

of AMC for 1 hour at 37oC using trypsin-3 (recombinant trypsin-3, R&D) and fluorogenic 
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substrate tosyl-Gly-Pro-Arg-AMC (Km = 22.5 μM) in Tris buffer (100 mM Tris, 1 mM CaCl2) 

at pH 8.0 (25°C). Fluorescence was monitored at an excitation of 380 nm and an emission 

of 440 nm. Each reaction mixture had a total volume of 200 µL and contained the inhibitor 

in DMSO (5 µL), the enzyme in buffer (145 µL) at a concentration of 1.5 nM, and the 

fluorogenic substrate in buffer (45 µL) at a final concentration of 25 µM. The inhibitor was 

mixed with the substrate and incubated for a period of 15 minutes. Then, the buffer 

solution with the enzyme was added at the time zero.  

The protocol for determining the kapp for thrombin was developed together with the 

Laboratory for Intestinal Neuroimmune Interactions at KU Leuven and used at UAMC under 

the same conditions and reagents when needed. Before use, an already measured kapp was 

determined to corroborate the reproducibility of the assay in my hands. The data sets were 

processed and analyzed at UAMC. To avoid substrate depletion, the enzyme concentration 

had to be modified compared to the conditions used for IC50 determination.  

Final progress curve protocol for thrombin: Progress curves were measured by the release 

of AMC for 1 hour at 37oC using thrombin (recombinant thrombin, R&D) and fluorogenic 

substrate Boc-Val-Pro-Arg-AMC (Km = 15 μM) in Tris buffer (50 mM Tris HCl, 50 mM Tris 

base, 10 mM CaCl2, 150 mM NaCl) at pH 8.3 (25°C). Fluorescence was monitored at an 

excitation of 380 nm and an emission of 440 nm. Each reaction mixture had a total volume 

of 200 µL and contained the inhibitor in DMSO (5 µL), the enzyme in buffer (145 µL) at an 

approximate concentration 0.25 nM, and the fluorogenic substrate in buffer (50 µL) at a 

final concentration of 15 µM. The inhibitor was mixed with the substrate and incubated for 

a period of 15 minutes. Then, the buffer solution with the enzyme was added at the time 

zero.  

The protocol for the determination of the kapp for cathepsin G was developed by the 

Laboratory of Medical Biochemistry at the University of Antwerp and used at UAMC under 

the same conditions and reagents when needed. Before use, an already measured kapp was 

determined to corroborate the reproducibility of the assay in my hands. 
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Final progress curve protocol for cathepsin G: Progress curves were measured by the 

release of AMC for 1 hour at 37oC using cathepsin G (cathepsin G human neutrophil, Sigma-

Aldrich) and fluorogenic substrate Suc-Ala-Ala-Pro-Phe-AMC (Km = 130 μM) in Tris buffer 

(50 mM Tris, 120 mM NaCl) at pH 8.0 (25°C). Fluorescence was monitored at an excitation 

of 380 nm and an emission of 440 nm. Each reaction mixture had a total volume of 100 µL 

and contained the inhibitor in DMSO (5 µL), the enzyme in buffer (45 µL) at a concentration 

of 100 nM, and the fluorogenic substrate in buffer (50 µL) at a final concentration of 130 

µM. The inhibitor was mixed with the substrate and incubated for a period of 15 minutes. 

Then, the buffer solution with the enzyme was added at the time zero.  

 Development of jump dilution protocol  

The kinetic progress curves can suggest the type of mechanism of inhibition. While an 

irreversible inhibitor will have a steady-state velocity equal to zero, for a reversible 

compound, the steady-state rate will differ from zero. Moreover, the plot of kobs versus [I] 

is a straight line for simple bimolecular reactions, and for an irreversible inhibitor, the line 

goes through the origin or close to it. However, the experimental error can be significant 

and is not proof of irreversibility. For a reversible reaction, the Y-intercept of the plot of 

kobs versus [I] is the off-rate constant (koff). For slow-binding inhibitors, when the koff is very 

slow, these can appear to be irreversible. Therefore, it is necessary to perform additional 

assays, such as jump dilutions, to corroborate the irreversible nature. These use an inhibitor 

concentration of 10-fold the IC50 for the incubation, and a posteriori, the reaction mixture 

is diluted 10-fold or 100-fold before adding the substrate. In the case of an irreversible 

inhibitor, enzymatic activity is not regained, whereas, in the case of a reversible compound, 

a slow release of the inhibitor and a gradual increase of the enzymatic activity rate is 

observed.316,317 

The protocols for the jump dilution assay used for uPA, β-tryptase, trypsin-3, and thrombin 

were developed at UAMC. While the buffer, substrate concentration, and pre-incubation 

period were kept like the previous assays, the desired enzyme concentration had to be 

determined not to observe residual enzymatic activity after the dilution. This was especially 
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challenging to obtain the desired readability within the detection limit of the 

spectrophotometer and not observe residual activity after the dilution. The pre-incubation 

enzyme concentration was 2.5x to 4x the one used in the previous assays. All protocols 

were validated by analyzing a compound with a known mechanism of inhibition. 

The results of the jump dilutions of some compounds for Cathepsin G, shown in the 

experimental section of Chapter 6, have a different protocol. This was developed and 

performed by the Laboratory of Medical Biochemistry at the University of Antwerp. 

However, the rest of the jump dilutions for cathepsin G were measured at UAMC following 

a protocol similar to the other proteases. The concentrations used for enzyme and 

substrate were the same as the protocol developed by the Laboratory of Medical 

Biochemistry. To validate the protocol, the jump dilution of a compound analyzed by the 

Laboratory of Medical Biochemistry was also measured by the newly developed protocol. 

Final jump dilution protocol: Progress curves were measured by the release of pNA or AMC 

for 16 hours at 37oC using the recombinant enzymes and substrates specified in the 

previous protocols. Absorbance and fluorescence were measured, as previously 

mentioned. Each reaction mixture had a total volume of 200 µL and contained the inhibitor 

in DMSO (5 µL), the enzyme in buffer (145 µL) at a concentration 2.5x to 4x the one used 

in previous assays and the chromogenic or fluorogenic substrate in buffer (50 µL) at a final 

concentration equal to the Km. The inhibitor was preincubated for 15 min with the enzyme 

at 37 °C before dilution. The diluted reaction mixtures were allowed to reach equilibrium 

for 30 min before adding the substrate.  

 



 

 

 

 

 

  



 

 

 



 

 

 
 
 
 

CHAPTER 6 
 CHEMICALLY DIVERSE ACTIVITY-BASED 

PROBES WITH UNEXPECTED INHIBITORY 

MECHANISMS TARGETING TRYPSIN-LIKE 

SERINE PROTEASES  
 
 

 
Published as:  

Alba Ramos-Llorca, Lisse Decraecker, Valerie Cacheux, Irena Zeiburlina, Michelle De bruyn, 
Louise Battut, Carlos Moreno-Cinos, Davide Ceradini, Eric Espinosa, Gilles Dietrich, Maya 
Berg, Ingrid De Meester, Pieter Van Der Veken, Guy Boeckxstaens, Anne-Marie Lambeir, 

Alexandre Denadai-Souza and Koen Augustyns. 
 
Chemically Diverse Activity-Based Probes With Unexpected Inhibitory Mechanisms 
Targeting Trypsin-Like Serine Proteases. Frontiers in Chemistry, 2023, 10, 1089959. 
 
Responsible for chemical synthesis, biochemical and kinetic characterization of 
molecules, and writing of the manuscript.  



 

 

  



Activity-based probes targeting trypsin-like serine proteases 

 

 95 

 Chemically diverse activity-based probes with 
unexpected inhibitory mechanisms targeting trypsin-like serine 
proteases  

 Abstract 

Activity-based probes (ABP) are molecules that bind covalently to the active form of an 

enzyme family, making them an attractive tool for target and biomarker identification and 

drug discovery. The present study describes the synthesis and biochemical characterization 

of novel ABPs targeting trypsin-like serine proteases. We developed an extensive library of 

ABPs with “clickable” affinity tags and a diaryl phosphonate warhead. A wide diversity was 

achieved by including natural amino acid analogs as well as basic polar residues as side 

chains. A detailed enzymatic characterization was performed in a panel of trypsin-like 

serine proteases. Their inhibitory potencies and kinetic profile were examined, and their 

IC50 values, mechanism of inhibition, and kinetic constants were determined. The ABPs with 

a benzyl guanidine side chain showed the highest inhibitory effects in the panel. 

Surprisingly, some of the high-affinity probes presented a reversible inhibitory mechanism. 

On the other hand, probes with different side chains exhibited the expected irreversible 

mechanism. For the first time, we demonstrate that not only irreversible probes but also 

reversible probes can tightly label recombinant proteases and proteases released from 

human mast cells. Even under denaturing SDS-PAGE conditions, reversible slow-tight-

binding probes can label proteases due to the formation of high-affinity complexes and 

slow dissociation rates. This unexpected finding will transform the view on the required 

irreversible nature of ABPs. The diversity of this library of ABPs, combined with a detailed 

enzyme kinetic characterization, will advance their applications in proteomic studies and 

drug discovery. 
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 Introduction 

In recent years, many efforts have been carried out to study the expression and function 

of proteins in biological organisms. This provided new insights into the pathophysiology of 

different diseases and disorders. Activity-based protein profiling (ABPP) is a proteomics 

technique that uses activity-based probes (ABPs) to visualize and characterize enzyme 

activity within a complex proteome. These chemical probes are designed to react 

covalently with the active form of a target enzyme and allow their detection or isolation. 

Thus, ABPs give information about the activity level of an enzyme rather than its expression 

level.75,318 This feature represents a considerable advantage since protease activity is tightly 

regulated. All ABPs share a similar structure consisting of four parts: (i) a warhead or 

reactive group; (ii) a selectivity enhancing group that targets a specific enzyme family; (iii) 

a reporter tag used for visualization or isolation, and (iv) a linker or spacer to connect the 

three other components.79,80 

ABPs have the potential for target and biomarker identification in different pathologies.319 

The most common application for ABPs is detecting and visualizing active enzymes in 

biological samples, including in vitro samples, and visualization in animal models in vivo. 

However, uptake of the ABPs by living organisms can be problematic due to their bulkiness. 

Alternatively, conjugation with the reporter tag can be done in situ by click chemistry. The 

probe precursors are added to living cells or tissues and then undergo the reaction with a 

fluorophore or affinity label to yield the ABP. Subsequently, the probes can be visualized or 

identified by different techniques.74,320 

Different analytical tools can detect the complex enzyme-ABP. The method used depends 

on the reporter tag of choice. Fluorescent or radioactive labels could be detected by SDS-

PAGE gel, imaging by microscopy, or flow cytometry.77,321,322 Whereas, Western blots are 

used for biotinylated probes.97,104 The latter can also be used to isolate or purify the 

targeted enzyme before detection. The strong interaction of biotin with immobilized avidin 

makes it a good strategy for enzyme affinity purification and mass spectrometry (MS) 
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detection, thereby allowing the unambiguous identification of active proteases.81,106 

Unfortunately, the conditions needed to dissociate the biotin-avidin interaction are harsh 

and sometimes unsuitable for the analysis. Alternatively, desthiobiotin, an analog of biotin 

which does not contain sulfur, can be used. Desthiobiotin has a lower affinity with avidin, 

therefore the ABPs and enzymes can better tolerate the dissociation conditions.107,108 

ABPs have been designed for various enzyme families.323–325 Specifically, they have been 

widely studied for many proteases,73 such as cysteine,326,327 metalloproteases,328 and 

serine proteases.114 Serine proteases represent one of the largest classes of proteases 

expressed in the human degradome. Unlike cysteine proteases, which are predominantly 

intracellular, most serine proteases are secreted enzymes, thereby active players in cell-to-

cell communication in health and disease. Unambiguous identification of active serine 

proteases released by cells has been hindered by the limitations of classical studies based 

on enzymatic substrates and inhibitors due to the catalytic overlap among proteases, while 

the use of ABPs for this purpose has made its proof.205  

The first probe targeting serine proteases was based on a fluorophosphonate warhead, 

designed to react covalently with the active site serine residue on serine hydrolases. 

However, it has a wide-ranging reactivity and did not show selectivity towards serine 

proteases.87 Other warheads reported for this enzyme family include isocoumarins,121 

sulfonyloxyphtalimides,123 and diphenyl phosphonates.94  

Diphenyl phosphonate (DPP) is a well-studied reactive group. The phosphorus can react 

with the serine hydroxyl on the active site to form a covalent bond. Thus, it has the required 

characteristics to design selective and irreversible ABPs. Therefore, it was previously used 

to develop irreversible inhibitors and ABPs targeting serine proteases.128,132,138  

Within the human degradome, serine proteases can be divided into three main subfamilies 

known as trypsin-, chymotrypsin-, and elastase-like, depending on their substrate 

specificity. The specificity of a protease is determined by the preferred amino acid 
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sequence that will fit into the specificity pocket of the active site.15 In this study, we focus 

on trypsin-like serine proteases. These have an aspartic acid residue at the bottom of the 

primary substrate binding pocket (S1). Thus their preference is shifted towards basic and 

polar residues such as lysine or arginine.202  

The first synthesized α-aminoalkyl diphenyl phosphonate ABPs targeting trypsin-like 

proteases were described by Hawthorne et al.90 These were based on lysine (Biotin-Lys-

DPP) and ornithine (Bio-Orn-DPP) as a selectivity enhancing group. Similarly, Pan et al. 

described a lysine ABP by adding a pegylated linker. Additionally, they described a 

promising ABP with two residues, lysine in P1 and proline in P2 (Biotin-PK-DPP).91 More 

recently, Reihill et al. described an arginine probe (Biotin-Arg-DPP) as an inhibitor for 

channel-activating proteases.93,329,330 Moreover, several “clickable” benzyl guanidine 

probes conjugated with different reporter tags were reported, for instance, biotin (Biotin-

p-guanidino-Phe-DPP).130 This was proven to be a potential Positron emission tomography 

(PET) imaging agent if coupled with a radioactive label.94 (Figure 6.1) 

 
Figure 6.1 Chemical structure of published biotinylated ABPs targeting trypsin-like serine proteases. The 
stereochemistry shown is based on the source literature. 

Driven by the need to identify new biomarkers in pathologies where serine proteases are 

upregulated and inspired by previously reported irreversible serine protease inhibitors and 

ABPs, this study reports the synthesis and characterization of a library of ABPs for trypsin-

like serine proteases. The idea was to move away from the ABPs mimicking the natural 



Activity-based probes targeting trypsin-like serine proteases 

 

 99 

basic amino acids lysine and arginine and to design several different synthetic analogs to 

improve potency and selectivity. The ABPs described are based on a DPP warhead with a 

biotin or desthiobiotin tag attached by click chemistry. We performed an extensive 

biochemical characterization and demonstrated the ability of these ABPs to differently 

label trypsin-like serine proteases, both recombinant enzymes and also from degranulated 

mast cells. Thus, these ABPs have the potential to be used in more complex pathological 

samples to identify active trypsin-like proteases participating in physiological processes as 

well as dysregulated enzymes potentially promoting disease. Therefore, these could 

represent a valuable tool with translational prospects for target identification and 

biomarker discovery. 

 Results and discussion  

6.3.1 Chemical synthesis  

With the aim to achieve a range of chemical tools able to identify different trypsin-like 

serine proteases in complex proteomes, the first goal of this study was to obtain an 

extensive and diverse library of ABPs. Trypsin-like serine proteases interact favorably with 

basic and polar residues in the S1 pocket.15 Previously reported diaryl phosphonate ABPs 

targeting this family incorporated ornithine and the trypsin-like natural substrate, lysine.91 

Other studies included benzyl guanidine as the selectivity enhancing moiety.94 Pan et al. 

described a promising ABP for trypsin with a two amino acid diphenyl phosphonate with 

proline and lysine.91 To broaden the probe library, not only amino acids lysine and arginine 

were included but also other non-natural amino acid analogs with different polar and basic 

moieties and a two amino acid probe with proline and lysine. In addition to residues 

targeting the trypsin-like family, phenylalanine and valine were introduced to target 

chymotrypsin and elastase-like serine proteases.  

Although diaryl phosphonate ABPs targeting serine proteases have been reported in the 

literature, this study aimed to develop a common and accessible synthetic strategy for a 
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wide-ranging library. Therefore, instead of adding the reporter tag by commonly used 

peptidic coupling,91,329 the pegylated linker was added by click-chemistry. More specifically, 

the Huisgen 1,3-dipolar cycloaddition between an azide and an alkyne forms a 1,2,3-

triazole moiety.331 This approach requires an initial probe bearing the warhead with a 

terminal alkyne. The synthetic strategy depicted in Scheme 6.1 was inspired by the 

previously described route used for benzyl guanidine ABPs synthesis.94,130  

 
Scheme 6.1 General synthesis of diaryl phosphonate alkyne probes by the Birum-Oleksyszyn reaction; (i) 
Lewis acid, solvent, rt, 16h; (ii) TFA, DCM, rt, 2-5h or HCl (4M, dioxane), rt, 2-5h. 

The primary step of the diaryl phosphonate probe synthesis is the Birum-Oleksyszyn 

reaction, first described by Oleksyszyn et al.131 in 1979 and later optimized by Van Der 

Veken et al.140 in 2005. This is a three-component reaction involving an aldehyde, a 

carbamate, and a triaryl phosphite, catalyzed by an acid (Scheme 6.1). The product can 

contain an acid-labile Boc-protecting group if a Lewis acid is used as the catalyst instead of 

a Brønstead acid. The aldehyde carries the selectivity enhancing group targeting the 

enzyme S1 pocket. Thus, various aldehydes were used to extend the chemical space (6.1-

6.7). The pent-4-yn-1-yl carbamate (6.8) was prepared from the corresponding alcohol to 

conjugate the precursor with the reporting tag (Scheme S6.1). To add further diversity, 

triaryl phosphites (6.9-6.11) with two different substituents in para-position were prepared 

from phosphorus trihalides (Scheme S6.2-S6.3).  
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The Birum-Oleksyszyn step required protected nitrogen aldehydes. Thus, for most 

products, the commercial alcohols were first protected with a Boc group, followed by Dess 

Martin periodinane (DMP) oxidation to achieve the desired aldehyde (6.4-6.5, 6.7) (Scheme 

S6.4). However, other protecting or oxidation strategies were needed for the aliphatic 

amines and the benzyl methyl amine.  

The synthesis of 4-aminobutanal (6.3) required a double Boc protection of the 

corresponding alcohol before a Swern oxidation (Scheme S6.5). In contrast, the double Boc 

protection of 5-aminopentanal was insufficient to achieve yields higher than 5% in the 

Birum-Oleksyszyn reaction. It is suggested that the catalytic quantity of Lewis acid is enough 

to deprotect one of the Boc groups. Since Boc protection was not adequate, other synthetic 

strategies were assessed. The described synthesis of a diphenyl phosphonate probe with 

lysine and proline-lysine by Pan et al. was achieved by phthalimide protection.91 

Unfortunately, in our hands, the phosphonate was readily hydrolyzed when deprotecting 

with hydrazine. A study by Hamilton et al. also postulated that they experienced 

inconsistency with hydrazine-mediated phthalimide deprotection.332 Therefore, we 

explored a novel synthetic strategy with the use of an azide group instead of the primary 

amine. Hence, the desired lysine alkyne probes (6.29b-6.30b) were obtained from 5-

azidopentanal (6.26), and the further reduction to a primary amine was best achieved with 

polymer-supported triphenylphosphine in THF (Scheme 6.2). The same synthetic strategy 

was used for the proline-lysine alkyne probe (6.31b). The proline and the alkyne were 

introduced by peptidic coupling (Scheme S6.6). A similar approach was used to obtain the 

benzylmethylamine aldehyde (6.6), as the corresponding alcohol was not commercially 

available (Scheme S6.7).  

The Boc protecting groups of the diarylphosphonates were removed using acid treatment 

with hydrogen chloride in dioxane or trifluoroacetic acid in dichloromethane (DCM). 
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Scheme 6.2 Synthesis of alkyne probes with Lysine as selectivity enhancing moiety (i) NaN3, H2O, 80 °C, 18 h; 

(ii) DMP, DCM, 0 °C to rt, 4 h; (iii) phosphite 9 or 10, carbamate 8, Lewis acid, DCM, rt, 16 h; (iv) Polymer 

supported triphenylphosphine, THF, rt, 72 h. 

The previously reported synthesis of benzylamine alkyne probes 6.16 and 6.17 used 

Cu(OTf)2 as a catalyst in DCM and tetrahydrofuran (THF), respectively. However, for the 

synthesis of benzylamine 4-acetamidophendiphenyl phosphonate (6.17), low yields were 

reported (<5%).130 For the synthesis of this library, these catalyst and solvent combinations 

were kept. However, other Lewis acids and solvents were assessed when low yielding. A 

summary of the conditions used is shown in Table 6.1. For example, for the synthesis of 

6.17, the yield was increased from 5 to 19% when using BF3(OEt)2 in acetonitrile (CH3CN). 

For the benzylamine alkyne probe with unsubstituted diphenyl phosphonate (6.16), the 

combination of Cu(OTf)2 in DCM worked in a similar yield range as reported.130 These 

conditions were used for all the unsubstituted products (R2 = H). However, for substituted 

diaryl phosphonates, either Bi(OTf)3 in THF (6.15), BF3(OEt)2 in CH3CN (6.17-6.18, 6.28), or 

Cu(OTf)2 in THF (6.20-6.21) were more successful. Interestingly, Bi(OTf)3 has recently been 

reported as one of the best-performing catalysts for the Birum-Oleksyszyn reaction in an 

extensive optimization of the synthesis of inhibitor UAMC-00050.128,333  

All the alkyne probes with a basic amine, except all the lysine analogs, were elongated for 

further chemical space exploration by adding a guanidine moiety. The protected guanidine 

was inserted with N, N’-bis(tert-butoxycarbonyl)-1-guanylpyrazole in a mixture of 1:1 of 

CH3CN/DCM, reducing the previously reported reaction time from 3 days to 16 hours.130 

Later, the guanidine was deprotected by acid treatment before biochemical 

characterization (6.32b-6.41b) (Scheme 6.3).  
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Table 6.1 Birum-Oleksyszyn reaction conditions 

# R1 R2 Lewis acid Solvent Yield, %a 

6.12 
 

H Cu(OTf)2 DCM 62 

6.13  H Cu(OTf)2 DCM 55 

6.14 

 

H Cu(OTf)2 DCM 5 

6.15 Cl Bi(OTf)3 THF 10 

6.16 

 

H Cu(OTf)2 DCM 29 

6.17 NHCOCH3 BF3(OEt)2 CH3CN 19 

6.18 Cl BF3(OEt)2 CH3CN 10 

6.19 

 

H Cu(OTf)2 DCM 50 

6.20 NHCOCH3 Cu(OTf)2 THF 34 

6.21 Cl Cu(OTf)2 THF 41 

6.22 
 

H Cu(OTf)2 DCM 45 

6.23 
 

H Cu(OTf)2 DCM 46 

6.27 

 

H Cu(OTf)2 DCM 71 

6.28 NHCOCH3 BF3(OEt)2 CH3CN 59 

a Isolated yield 
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Scheme 6.3 Guanylation of alkyne probes; (i) N, N'-Bis-Boc-1-Guanylpyrazole, Et3N, DCM/CH3CN (1:1), rt, 16 
h; (ii) TFA, DCM, rt, 2-5 h or HCl (4M, dioxane), rt, 2-5 h. 

The obtained alkyne probes can be conjugated to different visualization tags such as 

rhodamine, biotin, BODIPY, or radiolabeled 4-fluorobenzamide. In this study, we used the 

affinity tags biotin and desthiobiotin. For the synthesis of the biotin and desthiobiotin 

probes, the alkyne probe reacted with an azide attached to the reporting tag by click 

chemistry (Scheme 6.4). This produced full-conversion reactions with easy purifications. 

When the precursors presented basic nitrogens, these had to be Boc-protected before the 

cycloaddition to allow easier purifications (6.29a-6.39a). In the last step, the clicked probes 

were deprotected by acid treatment (6.45b-6.59b).  

 
Scheme 6.4 Synthesis of biotin and desthiobiotin probes by click chemistry with reporter tag azide; (i) 
Biotin/Desthiobiotin-(PEG)3-Azide, CuSO4·5 H2O, Ascorbic acid (Na salt), THF/H2O (1:1), rt, 16 h; (ii) TFA, DCM, 
rt, 2-5h or HCl (4M, dioxane), rt, 2-5 h. 
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6.3.2 Biochemical characterization  

The alkyne, biotin, and desthiobiotin probes were tested in a panel of different proteases. 

The probes were designed to target irreversibly different families of trypsin-like serine 

proteases. In addition, to test their selectivity, chymotrypsin and elastase-like proteases 

were also assessed. The panel included four trypsin-like proteases, as well as cathepsin G 

(CatG), which shares characteristics with chymotrypsin and trypsin-like proteases, and 

finally, chymotrypsin (ChTryp) and neutrophil elastase (NE).  

The IC50 values of the alkyne probes were used as a first screening cut-off. All the alkyne 

probes were initially screened at three concentrations (10, 1, and 0.1 µM). The probes with 

an IC50 higher than 10 µM were not analyzed further, whereas the rest were submitted to 

an exact IC50 determination. The results of this first screening are presented in Table 6.2. 

Based on these results, only the most promising alkyne probes (6.29-6.39) were clicked to 

biotin or desthiobiotin (6.45-6.59). These were analyzed in the same manner. Since the 

alkyne probes share the same warhead and selectivity enhancing group (R1) with the biotin 

and desthiobiotin probes, inhibitory potencies were similar (Table 6.3), as could be 

expected. Considering that biotin presents a strong interaction with avidin and may present 

challenges during the ABP profiling, we have based our study primarily on the desthiobiotin 

probes. The results of the four biotin probes analyzed are shown in the Supplementary 

Information (Table S6.1).  
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Table 6.2 IC50 values of diarylphosphonate alkyne probes against a panel of serine proteases 

 

# R1 R2 
Trypsin-3 β-tryptase Thrombin uPAa CatGa ChTrypa NEa 

IC50 (M)b 

6.12 
 

H >10 >10 >10 >10 >10 
1.54 ± 

1.34 
>10 

6.13  H >10 >10 >10 >10 >10 >10 >10 

6.14b  H >10 >10 >10 >10 >10 >10 >10 

6.16b 

 

H 
6.85 ± 

0.80 
>10 >10 >10 

3.74 ± 

0.27 

2.67 ± 

0.57 
>10 

6.17b NHCOCH3 
3.71 ± 

0.71 
>10 

2.97 ± 

0.07 
>10 

0.37 ± 

0.008 

0.49 ± 

0.28 
>10 

6.18b Cl 
1.72 ± 

0.19 
>10 

7.88 ± 

0.61 

6.38 ± 

0.52 

0.36 ± 

0.01 

0.19 ± 

0.14 
>10 

6.19b 

 

H 
9.06 ± 

1.10 
>10 

6.59 ± 

3.90 
>10 >10 

8.52 ± 

1.81 
>10 

6.20b NHCOCH3 N.D.c >10 N.D.c >10 >10 N.D.c N.D.c 

6.21b Cl N.D.c >10 N.D.c >10 >10 N.D.c N.D.c 
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Table 6.2 continued 

# R1 R2 
Trypsin-3 β-tryptase Thrombin uPAa CatGa ChTrypa NEa 

IC50 (M)b 

6.22b 
 

H 
3.82 ± 

0.19 
>10 >10 

2.30 ± 

0.10 

5.26 ± 

0.68 
>10 >10 

6.23b 
 

H >10 >10 >10 >10 >10 >10 >10 

6.29b 

 

H 
0.07 ± 

0.02 

3.96 ± 

0.50 

7.36 ± 

0.25 

5.27 ± 

0.15 
>10 

5.87 ± 

3.39 
>10 

6.30b NHCOCH3 
0.006 ± 

6x10-4 

0.68 ± 

0.05 

1.18 ± 

0.07 

2.44 ± 

0.35 

0.56 ± 

0.002 
>10 >10 

6.31b Pro-Lys H 
0.09 ± 

0.03 

2.98 ± 

0.05 

0.18 ± 

0.003 

2.52 ± 

0.29 
>10 >10 >10 

6.32b 

 

H 
0.03 ± 

0.007 

3.74 ± 

0.53 

0.85 ± 

0.13 

4.80 ± 

0.08 

7.57 ± 

0.58 
>10 >10 

6.33b Cl 
0.04 ± 

0.008 

0.17 ± 

0.01 

0.11 ± 

0.007 

0.25 ± 

0.03 

2.76 ± 

0.05 
>10 N.D.c 

6.34b 

 

H 
0.001 ± 

3x10-4 

0.63 ± 

0.03 

8.49 ± 

2.25 

0.008 ± 

3x10-4 

0.45 ± 

0.02 
>10 >10 

6.35b NHCOCH3 < 0.001 
0.05 ± 

0.003 

1.11 ± 

0.05 

0.005 ± 

0.001 

0.06 ± 

0.006 
>10 >10 

6.36b Cl < 0.001 
0.07 ± 

0.02 

1.77 ± 

0.05 

0.005 ± 

3x10-4 

0.34 ± 

0.008 

3.23 ± 

1.21 
>10 
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Table 6.2 continued 

a Panel of serine proteases abbreviations: urokinase plasminogen activator (uPA), cathepsin G (catG), chymotrypsin (ChTryp), neutrophil elastase (NE) 
b Half maximal inhibitory concentration (IC50) value is the concentration of inhibitor required to reduce the enzyme activity to 50% after a 15 min preincubation 
with the enzyme at 37 °C and activity measurements as mentioned in the Experimental section. IC50 are calculated from two independent experiments; when SD 
was higher than three times the average value, a third independent experiment was run (mean ± SD) 
c N.D., not determined 

# R1 R2 
Trypsin-3 β-tryptase Thrombin uPAa CatGa ChTrypa NEa 

IC50 (M)b 

6.37b 

 

H 
0.23 ± 

0.01 

0.90 ± 

0.10 
>10 

1.79 ± 

0.003 

0.64 ± 

0.03 
>10 >10 

6.38b NHCOCH3 
0.04 ± 

0.015 

0.12 ± 

0.02 
>10 

1.52 ± 

0.4 

0.13 ± 

0.01 
>10 N.D.c 

6.39b Cl 
0.09 ± 

0.009 

0.07 ± 

0.004 
>10 

0.22 ± 

0.06 

0.09 ± 

0.022 
>10 N.D.c 

6.40b 
 

H >10 >10 >10 >10 
6.16 ± 

0.48 
>10 >10 

6.41b 
 

H 
0.04 ± 

0.002 

8.37 ± 

0.44 

0.03 ± 

0.001 
>10 >10 >10 >10 
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Table 6.3 IC50 values of diarylphosphonates desthiobiotin probes against a panel of serine proteases 

 

# R1 R2 
Trypsin-3 β-tryptase Thrombin uPAa CatGa ChTrypa NEa 

IC50 (M)b 

6.42 

  
H >10 >10 >10 >10 

3.23 ± 

0.29 

2.07 ± 

0.85 
>10 

6.44  H >10 >10 >10 >10 >10 >10 
4.70 ± 

0.20 

6.45b 

 

H 
0.22 ± 

0.02 

0.80 ± 

0.05 

0.61 ± 

0.17 
>10 >10 >10 N.D.c 

6.46b Cl 
0.07 ± 

0.002 

0.04 ± 

0.006 

0.04 ± 

0.006 

0.42 ±  

0.05 
>10 >10 N.D.c 

6.47b 

 

H 
0.52 ± 

0.24 

2.49 ±  

0.19 

3.55 ±  

0.17 

4.62 ±  

0.17 
>10 >10 >10 

6.49b NHCOCH3 
0.09 ± 

0.005 

1.11 ±  

0.05 

1.18 ±  

0.04 

6.75 ±  

0.52 

4.47 ±  

0.51 
>10 >10 

6.50b 

 

H 
0.03 ± 

0.01 

0.36 ±  

0.07 

3.52 ±  

0.39 

0.02 ± 

0.0001 

0.36 ± 

0.004 

1.64 ±  

0.50 
>10 

6.52b NHCOCH3 
0.01 ± 

0.001 

0.07 ± 

0.003 

0.76 ±  

0.02 

0.01 ± 

0.003 

0.05 ± 

0.007 
>10 >10 

6.54b Cl 
0.008 ± 

0.002 

0.11 ± 

0.009 

0.20 ±  

0.02 

0.006 ± 

0.0001 

0.12 ±  

0.01 

5.60 ±  

1.06 
>10 
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Table 6.3 continued 

a Panel of serine proteases abbreviations: urokinase plasminogen activator (uPA), cathepsin G (catG), chymotrypsin (ChTryp), neutrophil elastase (NE) 
b Half maximal inhibitory concentration (IC50) value is the concentration of inhibitor required to reduce the enzyme activity to 50% after a 15 min preincubation 
with the enzyme at 37 °C and activity measurements as mentioned in the Experimental section. IC50 are calculated from two independent experiments; when SD 
was higher than three times the average value, a third independent experiment was run (mean ± SD) 
c N.D., not determined 

 

# R1 R2 
Trypsin-3 β-tryptase Thrombin uPAa CatGa ChTrypa NEa 

IC50 (M)b 

6.55b 
 

 

H 
0.24 ± 

0.01 

0.37 ±  

0.09 
>10 

2.22 ±  

0.07 

1.62 ±  

0.09 
>10 N.D.c 

6.56b NHCOCH3 
0.22 ± 

0.004 

0.39 ±  

0.10 
>10 

5.19 ±  

0.08 

0.62 ± 

0.009 
>10 N.D.c 

6.57b Cl 
0.18 ± 

0.07 

0.02 ± 

0.0002 
>10 

0.16 ± 

0.04 

0.12 ±  

0.04 
>10 N.D.c 

6.58b Pro-Lys H 
0.16 ± 

0.004 

6.41 ± 

 0.15 

0.16 ± 

0.004 

6.51 ±  

1.15 

2.90 ±  

0.15 
>10 N.D.c 
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Because ABPs are designed to be irreversible serine protease inhibitors, the IC50 is 

exclusively used as a first discriminatory evaluation. When an inhibitor is irreversible, its 

IC50 value not only depends on the substrate and enzyme concentration but also on the 

time of incubation with the enzyme before the reaction is started by adding the substrate. 

Kinetic progress curves can show whether an inhibitor displays time-dependent inhibition. 

The progress curve in the presence of an irreversible inhibitor will show final velocities 

equal to zero (Figure 6.2C). In contrast, for a reversible inhibitor, progress curves have a 

non-zero final steady-state velocity (Figure 6.2A).317 To corroborate the inhibitory 

mechanism of the compounds, jump-dilution assays were performed. These use an 

inhibitor concentration of 10-fold the IC50 for the incubation, and a posteriori, the reaction 

mixture is diluted 10-fold or 100-fold before adding the substrate. In the case of an 

irreversible inhibitor, enzymatic activity is not regained (Figure 6.2D), whereas, in the case 

of a reversible compound, a slow release of the inhibitor and a gradual increase of the 

enzymatic activity rate is observed (Figure 6.2B).316,317 The jump-dilution assays confirmed 

the behavior described by the progress curves. The results for all probes and proteases are 

presented in the Supplementary Information (Table S6.2). 

A. B. 

  
C. D. 

  

Figure 6.2 Kinetic progress curves; legend concentrations in µM (A, C) and jump dilutions (B, D) of β-tryptase; 
A & B. Reversible compound 6.52b; C & D. Irreversible compound 6.56b. 
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The apparent second-order rate constants (kapp) were derived from the kinetic progress 

curves. The results of the kinetic assays resemble those expected for a two-step reversible 

slow-binding or irreversible mechanism. Thus, the rate constant kapp accounts for the initial 

reversible enzyme-inhibitor complex (EI) affinity and the formation rate of the reversible 

high-affinity complex (E*I) or the irreversible enzyme-inhibitor complex (E-I). As kapp 

describes the affinity and the reactivity of the inhibitors, it is the best metric to discriminate 

between the different inhibitors. The kapp values are shown in Table 6.4.  

The equilibrium association constants were derived from the progress curves of trypsin-3, 

β-tryptase, and thrombin to better describe the affinity of the reversible compounds. The 

equilibrium constant K1 describes the formation of EI, whereas the overall process is 

defined by KI*.316 The equilibrium constants are shown in Table 6.5. 

.
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Table 6.4 kapp values of selected alkyne and desthiobiotin probes against a panel of trypsin-like serine proteases and the description of the mechanism of inhibition 
defined by the progress curves: slow-binding (Rev.) or irreversible (Irrev.) 

# R1 R2 
Alk / 

DtBa 

Trypsin-3 β-tryptase Thrombin uPAb CatGb 

kapp (M-1 s-1)c 

6.32b 

 

H 

Alk 
18x102 ± 66 

Irrev. 

41 ± 5 

Irrev. 

64 ± 8 

Rev. 

41 ± 4 

Irrev. 

*d 

Rev. 

6.45b DtB 
17x102 ± 122 

Irrev. 

237 ± 42 

Irrev. 

19 ± 2 

Rev. 
N.D. N.D. 

6.33b 

Cl 

Alk 
35x102 ± 40 

Irrev. 

28x102 ± 82 

Irrev. 

11x102 ± 42 

Rev. 

15x102 ± 12 

Irrev. 

*d 

Rev. 

6.46b DtB 
92x102 ± 349 

Irrev. 

75x102 ± 1475 

Irrev. 

63x102 ± 290 

Rev. 

940 ± 37 

Irrev. 
N.D. 

6.34b 

 

H 

Alk 
40x103 ± 2642 

Rev. 

712 ± 41 

Rev. 

17 ± 1 

Rev. 

75x102 ± 725 

Irrev. 

*d 

Rev. 

6.50b DtB 
49x103 ± 2979 

Rev. 

32x102 ± 613 

Rev. 

47 ± 5 

Rev. 

33x103 ± 12x103 

Irrev. 

*d 

Rev. 

6.35b 

NHCOCH3 

Alk 
*d 

Rev. 

70x102 ± 582 

Rev. 

128 ± 5 

Rev. 

13x104 ± 30x103 

Irrev. 

477 ± 67 

Rev. 

6.52b DtB 
86x103 ± 8250 

Rev. 

18x103 ± 1184 

Rev. 

49 ± 5 

Rev. 

38x103 ± 4175 

Irrev. 

*d 

Rev. 

6.36b 

Cl 

Alk 
29x103 ± 6499 

Rev. 

61x103 ± 6860 

Rev. 

251 ± 16 

Rev. 

32x104 ± 29x103 

Irrev. 

*d 

Rev. 

6.54b DtB 
*d 

Rev. 

*d 

Rev. 

*d 

Rev. 

23x104 ± 36x103 

Irrev. 

*d 

Rev. 
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Table 6.4 continued 

# R1 R2 
Alk / 

DtBa 

Trypsin-3 β-tryptase Thrombin uPAb CatGb 

kapp (M-1 s-1)c 

6.37b 

 

H 

Alk 
293 ± 34 

Irrev. 

375 ± 34 

Irrev. 
N.D. 

124 ± 23 

Irrev. 

582 ± 2 

Irrev. 

6.55b DtB 
231 ± 18 

Irrev. 

347 ± 19 

Irrev. 
N.D. 

77 ± 1 

Irrev. 

301 ± 85 

Irrev. 

6.38b 

NHCOCH3 

Alk 
358 ± 6 

Irrev. 

20x102 ± 54 

Irrev. 
N.D. 

215 ± 7 

Irrev. 

14x102 ± 52 

Irrev. 

6.56b DtB 
334 ± 85 

Irrev. 

321 ± 2 

Irrev. 
N.D. 

62 ± 2 

Irrev. 

420 ± 37 

Irrev. 

6.39b 

Cl 

Alk 
11x102 ± 164 

Irrev. 

45x102 ± 547 

Irrev. 
N.D. 

25x102 ± 86 

Irrev. 

23x102 ± 347 

Rev. 

6.57b DtB 
13x102 ± 340 

Irrev. 

65x102 ± 1203 

Irrev. 
N.D. 

25x102 ± 11 

Irrev. 

11x102 ± 117 

Rev. 

6.41b 
 

H Alk 
17x102 ± 142 

Irrev. 

27 ± 2 

Irrev. 

41x102 ± 38 

Irrev. N.D. N.D. 

6.31b Pro-Lys H Alk 
13x102 ± 28 

Irrev. 

136 ± 3 

Irrev. 

13x102 ± 5 

Irrev. 

188 ± 1 

Irrev. 
N.D. 

aAlk: alkyne probe; DtB: desthiobiotin probe 
bPanel of serine proteases abbreviations: urokinase plasminogen activator (uPA), cathepsin G (catG) 
ckapp are calculated from two independent experiments; when SD was higher than three times the average value, a third independent experiment was run (mean 
± SD) 
dkapp determination is not possible by curve fitting 
N.D.: IC50 is greater than 10 µM, and progress curves were not performed 
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Table 6.5. Apparent equilibrium constants of the first step of slow-binding (K1) and the overall process (KI*) for the reversible probes 

# 
Trypsin-3 β-tryptase Thrombin 

K1 (μM)b KI* (μM)b K1 (μM)b KI* (μM)b K1 (μM)b KI* (μM)b 

6.32b N.D.a N.D.a N.D.a N.D.a 22.6 ± 5 0.45 ± 0.03 

6.45b N.D.a N.D.a N.D.a N.D.a 9.97 ± 1.0 1.14 ± 0.11 

6.33b N.D.a N.D.a N.D.a N.D.a 4.13 ± 0.7 0.28 ± 0.04 

6.46b N.D.a N.D.a N.D.a N.D.a 0.95 ± 0.2 0.07 ± 0.009 

6.34b 0.029 ± 0.005 0.003 ± 0.0003 15.8 ± 5 1.11 ± 0.09 134 ± 26 4.93 ± 0.51 

6.50b 0.098 ± 0.022 0.003 ± 0.0002 3.28 ± 0.5 0.41 ± 0.03 *c 1.55 ± 0.25 

6.35b 0.001 ± 0.0001 1x10-4 ± 1x10-5 3.20 ± 1.8 0.12 ± 0.01 32.7 ± 4 0.63 ± 0.04 

6.52b 0.017 ± 0.0005 0.001 ± 7x10-5 0.68 ± 0.07 0.06 ± 0.003 *c 0.62 ± 0.08 

6.36b 0.008 ± 0.0008 0.001 ± 0.0001 0.34 ± 0.07 0.09 ± 0.01 9.03 ± 0.5 0.03 ± 0.002 

6.54b 0.006 ± 0.0005 8x10-4 ± 3x10-5 0.13 ± 0.03 0.02 ± 0.001 *c 0.06 ± 0.006 

aN.D.: compounds have an irreversible mechanism of inhibition, K1 was not calculated 
bK1 and KI* are calculated from two independent experiments; when SD was higher than three times the average value, a third independent experiment was run 
(mean ± SD) 
cK1 determination is not possible by curve fitting 
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Since the alkyne probes and their corresponding biotin/desthiobiotin analogs behave 

similarly, we will limit the discussion on the relationship between structure and activity to 

the alkyne probes. The IC50 values (Table 6.2) of the benzyl guanidine probes (6.34b-6.36b) 

show their preference for trypsin-3 and uPA (nanomolar range) and, to a lesser extent, for 

β-tryptase and CatG, whereas the inhibition of thrombin is negligible. Despite the lower 

potency against β-tryptase and CatG, compound 6.35b is the most potent probe of the 

library for β-tryptase (IC50 = 0.05 ± 0.003 µM) and CatG (IC50 = 0.06 ± 0.006 µM). On the 

other hand, for thrombin, the benzyl guanidine probes were only in the micromolar range. 

Despite being the most potent compounds, the progress curves of the benzyl guanidines 

show an unexpected reversible inhibition of all trypsin-like proteases tested, except for 

uPA, where the inhibition is irreversible (Table 6.4). The irreversible inhibition of uPA 

correlates with previous studies on similar diphenyl phosphonates inhibitors.129 The 

unexpected reversible inhibition is not related to the chemical properties of the probes, 

such as low stability or low reactivity, but is dependent on their interaction with the 

protease.126 Diphenyl phosphonates have been previously described as transition state 

analogs due to the resemblance with the transition state of peptide hydrolysis. For this type 

of inhibitor, very high-affinity interactions are expected.132 A reason for not being 

irreversible might be that the warhead proximity and the geometry toward the serine 

residue on the active site are not ideal for the nucleophilic attack.334 Alternatively, the 

compounds could behave as reversible covalent inhibitors where a covalent bond is formed 

and subsequently hydrolyzed.317,335  

The kapp values of the benzyl guanidines derived from the progress curves correlate with 

the trends observed for the IC50 values. The benzyl guanidine probes show strong inhibition 

of trypsin-3, β-tryptase, and uPA, weaker for CatG and much weaker for thrombin. For 

trypsin-3, these probes are at least 10-fold more potent than any of the other probes. The 

same occurs for β-tryptase, where the kapp of the bis(4-chlorophenyl)phosphonate probe 

6.36b (kapp = 61x103 ± 6860 M-1 s-1) is 10-fold higher than the second best probes, arginine 

6.33b, and phenyl guanidine 6.39b. Noteworthy, for uPA, the probe 6.36b with kapp = 
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32x104 ± 29x103 M-1 s-1 is at least 100-fold more potent than the other probes with different 

side chains. For all reversible benzyl guanidine probes, the values of KI* are at least 10-fold 

lower than the corresponding K1 for trypsin-3 and β-tryptase (Table 6.5). This is consistent 

with high-affinity E*I complexes and slow dissociation off-rates. For example, the bis(4-

acetamidophenyl)phosphonate alkyne probe (6.35b) and the bis(4-

chlorophenyl)phosphonate desthiobiotin probes (6.54b) presented a sub-nanomolar 

affinity for trypsin-3 with KI*= 1x10-4 ± 1x10-5 and 8x10-4 ± 3x10-5 μM, respectively. The rest 

of the benzyl guanidine probes showed nanomolar affinities for trypsin-3. On β-tryptase, 

sub-micromolar affinities are achieved with bis(4-chlorophenyl)phosphonate alkyne probe 

(6.36b) and both substituted diphenyl phosphonate desthiobiotin probes (6.52b, 6.54b).  

The phenyl guanidine probes (6.37b-6.39b) also demonstrated strong sub-micromolar 

inhibitory potencies (Table 6.2). For β-tryptase and CatG, the IC50 values are in the same 

range as for the benzyl guanidine probes (6.34b-6.36b). For instance, the IC50 for β-tryptase 

and CatG for the bis(4-chlorophenyl)phosphonate alkyne probe (6.39b) are 0.07 ± 0.004 

and 0.09 ± 0.022 µM, respectively, which is in the same range as for the best-performing 

benzyl guanidine probe 6.35b. For trypsin-3 and uPA, the phenyl guanidine probes lost 

about 100-fold potency compared to the benzyl guanidine analogs. At the concentrations 

tested, there was no inhibition of thrombin.  

However, in contrast to the benzyl guanidine probes that were only irreversible for uPA, 

the compounds with phenyl guanidine as a side chain demonstrate irreversible inhibition 

for all proteases evaluated, excluding the bis(4-chlorophenyl)phosphonate probes (6.39b, 

6.57b), which, surprisingly, act reversibly on CatG (Table 6.4). For this series of compounds, 

the phosphonate aryl substituents (R2) have a significant influence on the kapp, with the 

bis(4-chlorophenyl)phosphonate probe 6.39b as the best-performing for all the proteases. 

This probe has kapp values around 20x102 M-1 s-1 for trypsin-3, β-tryptase, uPA, and CatG. 

Whereas the benzyl and phenyl guanidine probes did not show potency towards thrombin, 

the piperidine-1-carboximidamide 6.41b is the most potent thrombin inhibitor with an IC50 
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= 0.03 ± 0.001 µM. It is an equipotent inhibitor for trypsin-3 and has weak inhibition for β-

tryptase. There is no inhibition for uPA and CatG. This is also reflected in the kapp values 

obtained from the progress curves with irreversible inhibition of thrombin, trypsin-3, and 

β-tryptase (Table 6.4). 

Among the probes mimicking the natural amino acids, the arginine side chain proved to be 

the more interesting for most proteases. In particular, the bis(4-chlorophenyl)phosphonate 

probes 6.33b showed high potency and irreversibility for trypsin-3, β-tryptase, and uPA. A 

similar kapp value was obtained for thrombin, although with a reversible inhibition. The 

lysine mimicking probes (6.29b, 6.30b) had nanomolar inhibition for trypsin-3 but were less 

potent for β-tryptase, thrombin, uPA, and CatG. The ornithine probe (6.14b) was inactive 

in all the proteases tested.  

In previous studies, the Pro-Lys mimicking probe was reported to be promising for trypsin-

3 with higher inhibitory potency than the Lys probe, but it was less active on β-tryptase.91 

In our study, the proline-lysine diphenyl phosphonate alkyne (6.31b) probe was used as a 

reference compound. This probe showed indeed potent, irreversible inhibition of trypsin-

3 and thrombin, whereas the inhibition of β-tryptase and uPA was also irreversible but less 

potent. However, compared to this reference compound, it is possible to select a more 

potent probe from our library for each investigated protease. 

In general, our results demonstrate that compounds with a terminal guanidine showed 

significantly higher potencies than their amine analogs. For example, the less basic aniline 

probes 6.16b-6.18b and 6.19b-6.21b were inactive or presented IC50 higher than 1 µM. The 

only exceptions are the submicromolar IC50 values of 6.17b and 6.18b for CatG and 

chymotrypsin, reflecting the preference of these proteases for aromatic amino acids. In 

addition, the optimal length of the selectivity enhancing group (R1) for this panel of trypsin-

like proteases lies between 6 and 8 atoms from the α-carbon. Generally, compounds with 

shorter or longer R1 groups significantly have reduced inhibitory potency. For instance, the 
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benzyl methyl guanidine alkyne probe (6.40b) only showed an affinity for uPA with an IC50 

= 6.16 ± 0.48 µM. 

The compounds were tested in chymotrypsin and neutrophil elastase to test selectivity 

over other protease families. All compounds were not potent for neutrophil elastase, 

including compound 6.13, designed to target elastase-like proteases. Likewise, most 

compounds were not potent or only slightly potent for chymotrypsin, except the above-

mentioned 6.17b and 6.18b.  

Concludingly, under these assay conditions, the most potent alkyne probe for trypsin-3 

based on the kapp values is the benzyl guanidine 6.34b, with a 5-fold selectivity for uPA, 55-

fold over β-tryptase, and over 2000-fold for thrombin. Noteworthy, this probe shows a 

reversible slow-binding inhibitory mechanism. In case that an irreversible probe would be 

needed, the arginine 6.32b combines high potency with at least 30-fold selectivity over the 

other tested proteases. For β-tryptase, several potent reversible probes, such as 6.36b, 

were obtained, but these probes are not selective for trypsin-3 and uPA. In contrast, probes 

6.33b and 6.39b are also potent for β-tryptase and show an irreversible mechanism of 

inhibition. The preferred probe for thrombin is the 4-piperidine-1-carboximidamide 

(6.41b), with potent irreversible inhibition and excellent selectivity over β-tryptase, uPA, 

and CatG. All the probes described in this study are irreversible with uPA. Furthermore, this 

enzyme has a clear preference for the benzyl guanidine side chain. Last, CatG does not have 

a clear preference between benzyl guanidine and phenyl guanidine probes. However, 

benzyl guanidine probes have a reversible mechanism, whereas phenyl guanidine probes 

are generally irreversible.  

6.3.3 Labeling and detection of recombinant proteases 

To further characterize the newly synthesized compounds and their potential to be used as 

ABPs, nine desthiobiotin probes were used to label and detect recombinant proteases. The 

arginine (6.45b-6.46b) and the proline-lysine (6.58b) desthiobiotin probes were used as 
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reference compounds. Whereas the benzyl guanidine (6.50b, 6.52b, 6.54b) and phenyl 

guanidine probes (6.55b-6.57b) were used to determine whether the mechanism of 

inhibition (reversible or irreversible) is an obstacle to visualizing the proteases. Samples of 

human recombinant proteases (trypsin-3, β-tryptase, and CatG) were incubated with the 

different probes before electrophoresis and detection with NeutrAvidin-HRP on a Western 

blot. Figure 6.3A illustrates the ability of the desthiobiotin probes to indicate the presence 

of the corresponding trypsin-like enzyme. Surprisingly, the reversible probes with benzyl 

guanidine as a side-chain (6.50b, 6.52b, 6.54b) can label trypsin-3, β-tryptase, and CatG 

under denaturing conditions. This effect can be explained due to the strong interactions 

between the active site of the protease and the probes. The high affinity and the slow off-

rates were described in Table 6.5 by the equilibrium constants KI*. Assuming that there is 

an excess of inhibitor over enzyme, the free inhibitor concentration must be very low, lower 

than the KI*, in order for the complex to dissociate. Therefore, the high-affinity complex 

E*I survives during the whole process of labeling, gel electrophoresis, and visualization.  

All the probes tested can label recombinant trypsin-3. However, the phenyl guanidine side 

chain is the least promising for this enzyme (6.55b-6.57b). For β-tryptase, the probes with 

natural amino acids as a side chain (6.45b, 6.46b, 6.58b) are not good ABP candidates. Both 

benzyl guanidine and phenyl guanidine show similar labeling intensity. Nevertheless, the 

probes with bis(4-chlorophenyl)phosphonate (6.54b, 6.57b) showed a slightly better 

resolution for the β-tryptase bands. Last, CatG could be labeled by most of the probes, 

except for the arginine (6.45b) and phenylguanidine (6.55b) unsubstituted diphenyl 

phosphonate probes. 

In summary, the benzyl guanidine probes are compounds with a high affinity for trypsin-

like serine proteases. Although they showed a reversible mechanism of inhibition for 

trypsin-3, β-tryptase, and CatG, surprisingly, these can label the recombinant proteases in 

a Western blot assay. 
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Figure 6.3 Validation of newly synthesized desthiobiotin probes for detection of trypsin-like proteases. A. 
Labeling and detection of recombinant proteases in a SDS-PAGE-Blot. B. Tryptase-like activity was measured 
from the stimulated mast cells of two donors by a spectrophotometric assay with a fluorogenic substrate. 
IgE/DNP stimulated mast cells were used. The tryptase-like activity is expressed as U/L. C. Labeling of mast 
cell supernatants and identification of proteases. D. Detection of tryptase in mast cell supernatants with anti-
mast cell tryptase antibody, visualized by Western blot. 

6.3.4 Labeling of mast cell supernatants and functional proteomic profiling 

The last step to characterize the newly synthesized compounds as potential ABPs was to 

perform an experiment on biological samples and exemplify the ability of these ABPs to 

label proteases within a complex proteome. Human mast cells from two donors were 

stimulated to degranulate with IgE/DNP. Mast cells are immune cells that, upon 

degranulation, release mediators and play pivotal roles in allergic and inflammatory 

diseases.280,281,336 Mast cell granules predominantly contain histamine and tryptase. Other 

serine proteases that are associated with mast cell degranulation include soluble and 

transmembrane chymases and CatG.337,338 First, tryptase-like activity was measured from 

the stimulated mast cells by a spectrophotometric assay with a fluorogenic substrate 
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(Figure 6.3B), which was increased compared to the vehicle. Then, mast cell supernatants 

were labeled with arginine (6.46b), benzyl guanidine (6.54b), and phenyl guanidine (6.57b) 

bis(4-chlorophenyl)phosphonate desthiobiotin probes. Probes 6.54b and 6.57b were 

chosen due to the good labeling of recombinant tryptase. Again, arginine probe 6.46b was 

used as a reference compound. Figure 6.3C shows that the three probes can label proteases 

in a complex proteome. The absence of bands when the samples are pre-treated with a 

cocktail of protease inhibitors indicates that the probes only target active proteases. It is 

worth noticing that samples from non-stimulated mast cells can also be labeled. Thereby, 

these probes are also successful at highlighting the constitutive release of proteases, which 

is relevant in a physiological setting.337 For both donors, there are two overlapping bands 

around 30 kDa. The second donor shows an extra band at 37 kDa. After staining with an 

anti-tryptase antibody, only the lower bands are observed (Figure 6.3D). These most likely 

represent α- and β-tryptase.339 The additional band at 37 kDa might be related to another 

protease. The benzyl guanidine bis(4-chlorophenyl)phosphonate desthiobiotin (6.54b) 

which is the most potent probe for β-tryptase, displayed the best resolution, even though 

it shows a reversible slow-binding mechanism.  

 Conclusions 

ABPP is a powerful proteomic tool which enables researchers to detect and visualize active 

enzymes within a complex proteome. ABPP uses chemical probes designed to react 

covalently with the target enzyme. This tool is attractive in target and biomarker 

identification and drug discovery programs.  

This study focuses on the serine protease family, specifically trypsin-like serine proteases. 

Most ABPs previously reported targeting this family used a diphenyl phosphonate as a 

warhead. However, there is a lack of chemical diversity as most of the reported probes 

contain natural amino acid mimetics as selectivity-enhancing moieties. This study aimed to 

develop an extensive library of ABPs targeting trypsin-like serine proteases with a wide-

ranging chemical diversity.  
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An efficient synthetic route has been implemented for probes bearing a diphenyl 

phosphonate warhead. A combination of different side chains targeting trypsin-like 

proteases and the modification of the electrophilicity of the diphenyl phosphonate 

warhead achieved the desired extensive library of probes. First, the alkyne probes were 

synthesized, and then the most promising ones were clicked to biotin and desthiobiotin as 

reporter tags. Furthermore, this synthetic route allows a straightforward approach to 

couple diverse reporter tags. Thus, alternative tags will enable other applications, such as 

visualization by fluorescence or PET. 

To determine the inhibitory potency of the synthesized probes, their IC50 values were 

determined as a first measurement. However, since the probes were designed to be 

irreversible inhibitors, the IC50 value is not a good parameter to describe their potency. 

Therefore, kinetic progress curves were measured to determine the mechanism and the 

kinetic constants of inhibition.  

For trypsin-3, β-tryptase, and uPA, the benzyl guanidine probes presented the highest 

inhibitory potencies. Surprisingly, only for uPA, the interaction was irreversible, whereas a 

reversible slow-binding mechanism with trypsin-3, β-tryptase, thrombin, and CatG was 

observed. The phenyl guanidines, on the other hand, are good irreversible probes for 

trypsin-3, β-tryptase, and CatG. The preferred probe for thrombin is the 4-piperidine-1-

carboximidamide, with potent irreversible inhibition and excellent selectivity over β-

tryptase, uPA, and CatG.  

Last, we demonstrated that our probes can label recombinant proteases and tryptase 

released from mast cell degranulation. Surprisingly, not only the irreversible ABPs but also 

the probes that presented a reversible slow-binding mechanism can label proteases under 

denaturing conditions. 

Concludingly, these new probes for trypsin-like proteases offer significant advantages in 

terms of potency over the traditional probes mimicking the natural amino acids arginine 
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and lysine. Detailed enzyme kinetic studies learn that, surprisingly, not all diaryl 

phosphonates show irreversible inhibition and that the inhibitory mechanism of a specific 

probe can differ from one protease to another. Even more surprising is the observation 

that irreversible binding is not needed to maintain protease labeling under denaturing 

conditions, but that reversible slow-tight binding is also sufficient.  

 Experimental section 

6.5.1 Chemistry 

Reagents were obtained from commercial sources and were used without further 

purification. Characterization of all compounds was done with 1H and 13C NMR and mass 

spectrometry. 1H and 13C NMR spectra were recorded on a 400 MHz Bruker Avance III 

Nanobay spectrometer with Ultrashield working at 400 and 100 MHz, respectively, and 

analyzed by use of MestReNova or TopSpin analytical chemistry software. Chemical shifts 

(δ) are in parts per million (ppm), and coupling constants (J) are in hertz (Hz). The signal 

splitting patterns were described as s = singlet, d = doublet, t = triplet, q = quartet, p = 

pentuplet, dd = doublet of doublet, dt = doublet of triplet, td = triplet of doublet, tt = triplet 

of triplet, ddd = doublet of doublet of doublet, br = broad, and m = multiplet. The LC−MS 

analysis was performed on a Waters UPLC−MS system equipped with a TUV and QDa 

detector; the column used is an Acquity UPLC BEH C18 (1.7 μm, 2.1 × 50 mm), and as eluent, 

a mixture of 0.1% FA in H2O, 0.1% FA in CH3CN, H2O, and CH3CN. The wavelengths for UV 

detection were 254 and 214 nm.  

When necessary, flash chromatography separations were carried out using a Biotage 

Isolera One purification system equipped with an internal variable dual-wavelength diode 

array detector (200−400 nm). Silica gel columns were used for normal phase purifications, 

and reverse-phase purifications were done using C18 cartridges, both from Büchi or 

Biotage. Dry sample loading was done by self-packing sample cartridges using Celite 545. 

Gradients used varied for each purification.  
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HRMS involved the following: the dry samples of final compounds were dissolved in CH3CN 

to a concentration of 0.1 mM and then diluted 10x in a solution 50:50 of CH3CN:H2O. 

Every reaction was performed under an N2 atmosphere if not stated otherwise. Several 

synthetic procedures used to prepare intermediates and final products are summarized 

here as “General Procedures”. Target compounds were obtained with a purity >95% and as 

amorphous solids unless stated otherwise. 

 General procedures 

GENERAL PROCEDURE A: Boc protection; Di-tert-butyl dicarbonate (1.1 eq.) was added to a 

solution of selected amine (1 eq.) in EtOH (1M) at room temperature and was stirred for 3 

h. The reaction mixture was concentrated under reduced pressure to yield the desired 

protected amine.  

GENERAL PROCEDURE B: Dess Martin periodinane oxidation; Dess-Martin periodinane (1.2 

eq.) was added portion-wise to a solution of selected primary alcohol (1 eq.) in DCM (0.2 

M) at 0 oC. The mixture was stirred at room temperature for 4 h. Then, the solvent was 

removed under reduced pressure. The crude product was purified by column 

chromatography on silica gel (SiO2, EtOAc in heptane, 0/100 to 100/0). The desired 

fractions were collected and concentrated to yield the corresponding aldehyde.  

GENERAL PROCEDURE C: Birum-Oleksyzyn reaction; Selected aldehyde (1 eq.), pent-4-yn-

1-yl carbamate (1 eq.), and triphenyl phosphite (if not stated otherwise) (1.1 eq.) were 

dissolved in anhydrous solvent (0.3 M). Then the Lewis acid (0.1 eq.) was added, and the 

mixture was stirred at room temperature for 16 h. Then the solvent was evaporated and 

the residue dissolved in the minimum amount of CH3OH. The solution was kept at −20 °C 

for 48 h and then filtrated. When precipitation did not succeed, the crude was purified by 

flash column chromatography (SiO2, EtOAc in heptane, 0/100 to 100/0) and, if still not pure, 

by reverse phase column chromatography (C18, CH3CN in H2O, 20/80 to 100/0). The desired 
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fractions were collected and concentrated to yield the corresponding α-amino 

diarylphosphonate as a racemic mixture. 

GENERAL PROCEDURE D: Boc deprotection with TFA; TFA (100 eq.) was added to a solution 

of the selected protected amine (1 eq.) in DCM (0.02 M) at room temperature and was 

stirred for 1-5 h. The volatiles were removed under reduced pressure to yield the 

corresponding deprotected amine as a trifluoroacetate salt.  

GENERAL PROCEDURE E: Boc deprotection with HCl; The selected protected amine was 

stirred in HCl (4 M in dioxane) (0.03 M) at room temperature for 1-5 h. The volatiles were 

removed under reduced pressure to yield the corresponding deprotected amine as a 

hydrochloride salt.  

GENERAL PROCEDURE F: Azide deprotection; Polymer supported triphenylphosphine (2 eq.) 

was suspended in anhydride THF (0.1 M) and stirred for 30 min, then the azide (1 eq.) was 

added. The mixture was stirred at rt for 24 h. Then, water (0.05 M) was added, and the 

mixture was stirred at rt for 3 h. The polymer was removed by filtration and washed with 

THF and H2O. The filtrate was concentrated under reduced pressure and then diluted in 

EtOH. Di-tert-butyl dicarbonate (2 eq.) and triethylamine (2 eq.) were added to the 

solution. The reaction mixture was stirred at rt for 40 min. The solvent was removed under 

reduced pressure. The crude product was purified by column chromatography on silica gel 

(SiO2, EtOAc in Heptane, 0/100 to 20/80) to yield the corresponding protected amine. 

GENERAL PROCEDURE G: Guanylation; Triethylamine (6 eq.) was added to a solution of N, 

N'-bis-Boc-1-guanylpyrazole (2 eq.) and selected amine (1 eq.) in DCM/CH3CN (1:1, 0.1 M) 

at room temperature. The mixture was stirred for 2-48 h, and the solvent was removed 

under reduced pressure. EtOAc was added, and the mixture was washed with a solution of 

HCl (1N), saturated NaHCO3 and brine. The organic layer was dried over Na2SO4 and 

concentrated. The crude product was purified by flash chromatography (SiO2, EtOAc in 

heptane, 0/100 to 100/0) to yield the corresponding protected guanidine.  
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GENERAL PROCEDURE H: Click chemistry; L-Ascorbicacidsodium salt (0.6 eq.), BlueCopper 

(2 eq.) and the selected alkyl carbamate (1 eq.) were added to a solution of biotin or 

desthiobiotin azide (1 eq.) in THF/H2O (1:1, 0.02 M). The reaction mixture was stirred at 

room temperature for 16 h. After reaction completion, excess copper was removed by 

adding Chelex and subsequent filtration. The crude product was purified by reverse phase 

column chromatography (C18, CH3CN in H2O, 20/80 to 100/0). The desired fractions were 

collected and concentrated to yield the desired activity-based probe. 

 Synthesis and chemical characterization  

N, N’-bis-tert-butyloxycarbonyl 5-aminobutan-1-al (6.3) A solution of DMSO (2.0 mL, 27.6 

mmol) in DCM (14 mL) was added over 30 min to a stirred solution of oxalyl chloride (1.2 

mL, 13.82 mmol) in DCM (52.5 mL) at -78 °C. Upon completion of the addition, the mixture 

was stirred at -78 °C for 5 min, followed by adding S6.7 (2 g, 6.91 mmol) in DCM (14 mL) 

over 30 min at -78 °C. The solution was stirred for 40 min after addition completion. Then, 

triethylamine (5.78 mL, 41.5 mmol) was added dropwise over 10 min. The reaction mixture 

was let warm to 0 °C and stirred for 1 h. Water was added, followed by ether. The organic 

layer was washed with water (2x) and brine (2x). The organic layer was dried over Na2SO4, 

filtered and concentrated under reduced pressure to yield 6.3 (1.98 g, 6.89 mmol, 100% 

yield) as a yellow oil. 1H NMR (400 MHz, CDCl3) δ (ppm) 9.71 (t, J = 1.3 Hz, 1H), 3.54 (t, J = 

7.1 Hz, 2H), 2.40 (td, J = 7.3, 1.3 Hz, 2H), 1.83 (q, J = 7.2 Hz, 2H), 1.43 (s, 18H). No ionization 

was found.  

Tert-butyl (4-(2-oxoethyl)phenyl)carbamate (6.4) General procedure B with tert-butyl (4-

(2-hydroxyethyl)phenyl)carbamate (2 g, 8.43 mmol) to yield 6.4 (1.66 g, 7.06 mmol, 84% 

yield). 1H NMR (400 MHz, CDCl3) δ 9.71 (t, J = 2.5 Hz, 1H), 7.38 (t, J = 12.5 Hz, 2H), 7.17–7.08 

(m, 2H), 3.63 (d, J = 2.5 Hz, 2H), 1.53 (d, J = 7.0 Hz, 9H). No ionization was found. 

Tert-butyl (4-formylphenyl)carbamate (6.5) General procedure B with tert-butyl (4-

(hydroxymethyl)phenyl)carbamate (2.7 g, 12.09 mmol) to yield 6.5 (1.67 g, 7.55 mmol, 62% 
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yield). 1H NMR (400 MHz, CDCl3) δ (ppm) 9.88 (s, 1H), 7.81 (d, J = 8.5 Hz, 2H), 7.54 (d, J = 

8.5 Hz, 2H), 7.00 (br s, 1H), 1.51 (s, 9H). MS (ESI) m/z 222.2 [M+H]+. 

Tert-butyl (4-(2-oxoethyl)benzyl)carbamate (6.6) A solution of diisopropyl aluminium 

hydride (10 mL, 1M, 9.29 mmol) was added dropwise to a solution of S6.15 (1.73 g, 6.19 

mmol) in anhydrous toluene (30 mL) at -78 oC. The solution was stirred at -78 oC for 1 h and 

was quenched by adding CH3OH, followed by adding 10% solution of Rochelle salt. The 

suspension was diluted in EtOAc, and the layers were separated. The aqueous layer was 

extracted with EtOAc (2 x 50 mL), and the combined organic layers were dried over MgSO4, 

filtered and concentrated under reduced pressure to yield 6.6 (1.30 g, 5.21 mmol, 84% 

yield). 1H NMR (400 MHz, CDCl3) δ (ppm) 9.73 (t, J = 2.3 Hz, 1H), 7.28 (d, J = 8.0 Hz, 2H), 7.18 

(d, J = 8.1 Hz, 2H), 4.93 (br s, 1H), 4.31 (d, J = 6.0 Hz, 2H), 3.68 (d, J = 2.5 Hz, 2H), 1.46 (s, 

9H). MS (ESI) m/z 523.3 [2xM+Na]+. 

Tert-butyl 4-formylpiperidine-1-carboxylate (6.7) General procedure B with S6.3 (1.0 g, 

4.64 mmol) to yield 6.7 (0.99 g, 4.64 mmol, 99% yield). 1H-NMR (400 MHz, CDCl3) δ (ppm) 

9.65 (s, 1H), 3.97 (br s, 2H), 2.97-2.87 (m, 2H), 2.45-2.35 (m, 1H), 1.89 (d, J = 13.0 Hz, 2H), 

1.61-1.52 (m, 2H), 1.45 (s, 9H). No ionization was found. 

Pent-4-yn-1-yl carbamate (6.8) Trichloroacetylisocyanate (5 mL, 42.0 mmol) was added to 

a solution of 4-pentyn-1-ol (3.23 mL, 35.0 mmol) in dry DCM (70 mL) at 0 °C. The reaction 

mixture was allowed to warm up to room temperature and was stirred for 1h. The solvent 

was removed under vacuo, and the mixture was dissolved in CH3OH (70 mL) and water (10 

mL). Potassium carbonate (7.25 g, 52.5 mmol) was added portion-wise, and the mixture 

was stirred overnight at room temperature. The solvent was removed under vacuo, and 

water (100 mL) was added. The aqueous layer was extracted with EtOAc (3 x 100mL). The 

combined organic layers were washed with brine solution, dried over MgSO4, and removed 

the solvent under vacuo. The crude product was recrystallized from DCM/heptane to yield 

6.8 (4.289 g, 33.7 mmol, 96.0% yield). 1H NMR (400 MHz, CDCl3) δ (ppm) 4.76 (s, 2H), 4.16 
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(t, J = 6.3 Hz, 2H), 2.29 (td, J = 7.1, 2.7 Hz, 1H), 1.97 (t, J = 2.7 Hz, 1H), 1.89 – 1.80 (m, 2H). 

MS (ESI) m/z 150 [M+Na]+.  

Tris (4-acetamidophenyl) phosphite (6.10) Triethylamine (0.95 mL, 6.86 mmol) was added 

dropwise to a stirred solution of phosphorus trichloride (0.2 mL, 2.287 mmol) and 

acetaminophen (1.037 g, 6.86 mmol) in THF (20 mL) at 0 °C. Upon addition completion, the 

reaction mixture was stirred at 0 °C for 15 min and then was slowly left to reach room 

temperature and stirred for 2 h. The mixture was filtered through a celite pad, and the 

filtrate was concentrated under reduced pressure. The crude product 6.10 was obtained as 

a white foam (1.1 g, 2.28 mmol, 100%) and used for the next synthetic step without further 

purification. MS (ESI) m/z 482.2 [M+H]+. 

Tris(4-chlorophenyl) phosphite (6.11) Phosphorustribromide (0.6 mL, 6.32 mmol) was 

added to a solution of 4-chlorophenol (2.436 g, 18.95 mmol) and triethylamine (3.52 mL, 

25.3 mmol) in dry diethyl ether (20 mL) at 0 oC. Following the addition, the mixture was 

warmed to room temperature and stirred for 1 h. The mixture was filtered through a celite 

pad. The filtrate was washed with a solution of HCl (1N, 20 mL), a saturated solution of 

NaHCO3 (20 mL) and brine. The organic layer was concentrated under reduced pressure. 

The crude product was purified by flash column chromatography (SiO2, Heptane 100%) to 

yield 6.11 (1.76 g, 4.26 mmol, 67% yield). 1H NMR (400 MHz, CDCl3) δ 7.04 (dd, J = 8.9, 1.1 

Hz, 6H), 7.29 (dt, J = 8.9, 2.0 Hz, 6H). No ionization was found.  

Pent-4-yn-1-yl (1-(diphenoxyphosphoryl)-2-phenylethyl)carbamate (6.12) General 

procedure C with 1 (0.483 mL, 4.16 mmol) and copper (II) trifluoromethanesulfonate in 

DCM to yield 6.12 (1.21 g, 2.59 mmol, 62% yield). 1H NMR (400 MHz, CDCl3) δ (ppm) 7.38-

7.09 (m, 15H), 5.08 (d, J = 10.5 Hz, 1H), 4.86-4.72 (m, 1H), 4.13-3.99 (m, 2H), 3.48-3.36 (m, 

1H), 3.13-2.97 (m, 1H), 2.16 (td, J = 10.5, 2.3 Hz, 2H), 1.96 (t, J = 2.6 Hz, 1H), 1.75-1.67 (m, 

2H). 13C NMR (100 MHz, CDCl3) δ (ppm) 155.7, 155.6, 150.3, 150.2, 150.0, 149.9, 135.8, 

135.7, 129.8, 129.7, 129.3, 128.5, 127.0, 125.5, 125.3, 120.6, 120.5, 120.4, 120.3, 83.0, 68.9, 
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63.9, 50.0, 48.4, 36.0, 35.9, 27.7, 15.0. MS (ESI) m/z 464.2 [M+H]+. HRMS for C26H26N1O5P1, 

mass calculated 464.1621, mass measured 464.1634. 

Pent-4-yn-1-yl (1-(diphenoxyphosphoryl)-2-methylpropyl)carbamate (6.13) General 

procedure C with 2 (0.253 mL, 2.77 mmol) and copper (II) trifluoromethanesulfonate in 

DCM to yield 6.13 (0.63 g, 1.517 mmol, 55% yield). 1H NMR (400 MHz, CDCl3) δ (ppm) 7.39-

7.27 (m, 4H), 7.25-7.10 (m, 6H), 5.24 (d, J = 10.4 Hz, 1H), 4.44 (ddd, J = 19.6, 12.9, 4.0 Hz, 

1H), 4.21 (td, J = 6.4, 3.2 Hz, 2H), 2.50-2.37 (m, 1H), 2.27 (td, J = 7.0, 2.8 Hz, 2H), 2.00 (t, J = 

2.8 Hz, 1H), 1.84 (p, J = 6.6 Hz, 2H), 1.16-1.08 (m, 6H). 13C NMR (100 MHz, CDCl3) δ (ppm) 

156.3, 150.3, 150.0, 129.8, 125.4, 120.6, 83.0, 69.2, 64.4, 53.3, 29.2, 27.8, 20.4, 17.7, 15.1. 

MS (ESI) m/z 416.2 [M+H]+. HRMS for C22H26N1O5P1, mass calculated 416.1621, mass 

measured 416.1611.  

Tert-butyl (tert-butoxycarbonyl)(4-(diphenoxyphosphoryl)-4-(((pent-4-yn-1-

yloxy)carbonyl)amino) butyl) carbamate (6.14a) General procedure C with 6.3 (2.2 g, 7.66 

mmol) and copper (II) trifluoromethanesulfonate in DCM to yield 6.14a (215 mg, 0.34 

mmol, 5% yield). 1H NMR (400 MHz, CDCl3) δ (ppm) 7.31 (q, J = 7.9 Hz, 4H), 7.20-7.13 (m, 

4H), 7.12 (d, J = 8.5 Hz, 2H), 5.15 (d, J = 10.3 Hz, 1H), 4.56-4.43 (m, 1H), 4.23-4.10 (m, 2H), 

3.63 (t, J = 6.6 Hz, 2H), 2.25 (td, J = 7.0, 2.6 Hz, 2H), 1.97 (t, J = 2.6 Hz, 1H), 1.88-1.77 (m, 

4H), 1.48 (s, 18H). MS (ESI) m/z 653.3 [M+Na]+. 

Pent-4-yn-1-yl (4-amino-1-(diphenoxyphosphoryl)butyl)carbamate trifluoroacetate salt 

(6.14b) General procedure D with 6.14a (70 mg, 0.13 mmol) to yield 6.14b (71 mg, 0.13 

mmol, 99% yield). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 7.89 (d, J = 9.84 Hz, 1H), 7.39 

(t, J = 7.9 Hz, 4H), 7.28-7.22 (m, 2H), 7.19 (d, J = 7.8 Hz, 4H), 4.51-4.39 (m, 1H), 4.25-4.12 

(m, 2H), 3.07-2.97 (m, 2H), 2.32-2.26 (m, 3H), 2.21-2.10 (m, 1H), 2.01-1.89 (m, 2H), 1.89-

1.77 (m, 3H). 13C NMR (100 MHz, Methanol-d4) δ (ppm) 157.3, 157.2, 150.2, 150.1, 150.0, 

149.9, 129.6, 129.6, 125.5, 125.4, 120.4, 120.3, 120.2, 120.1, 82.4, 68.9, 63.8, 38.6, 27.7, 

26.0, 25.9, 23.8, 23.7, 14.3. MS (ESI) m/z 431.3 [M+H]+. HRMS for C22H27N2O5P1, mass 

calculated 431.1730, mass measured 431.1747. 
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Tert-butyl (4-(bis(4-chlorophenoxy)phosphoryl)-4-(((pent-4-yn-1-

yloxy)carbonyl)amino)butyl) (tert-butoxycarbonyl)carbamate (6.15a) General procedure 

C with 6.3 (1 g, 3.48 mmol), 6.11, and bismuth(III) trifluoromethanesulfonate in THF to yield 

6.15a (210 mg, 0.35 mmol, 10% yield). 1H NMR (400 MHz, CDCl3) δ (ppm) 7.31-7.26 (m, 4H), 

7.10 (dd, J = 12.8, 8.5 Hz, 4H), 5.10 (d, J = 10.0 Hz, 1H), 4.59 (br s, 1H), 4.52 – 4.38 (m, 1H), 

4.19 (t, J = 6.2 Hz, 2H), 3.18 (br d, J = 5.7 Hz, 2H), 2.26 (td, J = 7.0, 2.5 Hz, 2H), 2.10 (m, 1H), 

1.98 (t, J = 2.6 Hz, 1H), 1.87 – 1.61 (m, 5H), 1.43 (s, 9H). MS (ESI) m/z 621.1 [M+Na]+. 

Pent-4-yn-1-yl (4-amino-1-(bis(4-chlorophenoxy)phosphoryl)butyl)carbamate 

trifluoroacetate salt (6.15b) General procedure D with 6.15a (150 mg, 0.25 mmol) to yield 

6.15b (123 mg, 0.246 mmol, 98% yield). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 7.88 (d, 

J = 9.8 Hz, 1H), 7.41 (d, J = 8.8 Hz, 4H), 7.24 – 7.16 (m, 4H), 4.52 – 4.40 (m, 1H), 4.26 – 4.10 

(m, 2H), 3.08 – 2.94 (m, 2H), 2.33 – 2.25 (m, 3H), 2.22 – 2.05 (m, 1H), 2.02 – 1.75 (m, 5H). 

MS (ESI) m/z 499.1 [M+H]+.  

Pent-4-yn-1-yl (2-(4-((tert-butoxycarbonyl)amino)phenyl)-1-

(diphenoxyphosphoryl)ethyl)carbamate (6.16a) General procedure C with 6.4 (1.40 g, 5.99 

mmol) and copper (II) trifluoromethanesulfonate in DCM to yield 6.16a (1.0 g, 1.72 mmol, 

29% yield). 1H NMR (400 MHz, DMSO-d6) δ 9.28 (s, 1H), 8.00 (d, J = 9.5 Hz, 1H), 7.45 – 7.32 

(m, 6H), 7.27 – 7.14 (m, 8H), 4.40 (dd, J = 26.5, 9.5 Hz, 1H), 3.90 (dtd, J = 17.0, 10.8, 6.2 Hz, 

2H), 3.17 (d, J = 14.6 Hz, 1H), 2.96 – 2.84 (m, 1H), 2.77 (t, J = 2.5 Hz, 1H), 2.13 (td, J = 7.0, 

2.5 Hz, 2H), 1.66 – 1.54 (m, 2H), 1.46 (s, 9H). MS (ESI) m/z 601.3 [M+Na]+.  

Pent-4-yn-1-yl (2-(4-aminophenyl)-1-(diphenoxyphosphoryl)ethyl)carbamate 

hydrochloride salt (6.16b) General procedure E with 6.16a (120 mg, 0.207 mmol) to yield 

6.16b (98 mg, 0.207 mmol, 99% yield). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 7.89 (d, J 

= 9.9 Hz, 1H), 7.50 (d, J = 8.2 Hz, 2H), 7.38 (q, J = 8.1 Hz, 6H), 7.26 (d, J = 7.2 Hz, 2H), 7.24-

7.17 (m, 4H), 4.73-4.61 (m, 1H), 4.08-3.94 (m, 2H), 3.46 (dt, J = 14, 4.3 Hz, 1H). 3.17-3.05 

(m, 1H), 2.26 (t, J = 2.6 Hz, 1H), 2.19 (td, J = 7.1, 2.6 Hz, 2H), 1.71 (p, J = 6.7 Hz, 2H). 13C NMR 

(100 MHz, Methanol-d4) δ (ppm) 156.9, 150.3, 150.2, 150.0, 149.9, 137.8, 137.6, 130.8, 
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129.6, 129.6, 125.5, 125.4, 122.5, 120.4, 120.3, 120.2, 120.1, 82.4, 68.8, 63.5, 34.4, 34.3, 

27.7, 14.2. MS (ESI) m/z 479.3 [M+H]+. HRMS for C26H27N2O5P1, mass calculated 479.1730, 

mass measured 479.1727. 

Pent-4-yn-1-yl (1-(bis(4-acetamidophenoxy)phosphoryl)-2-(4-((tert-

butoxycarbonyl)amino)phenyl)ethyl) carbamate (6.17a) General procedure C with 6.4 

(0.75 g, 3.19 mmol), 6.10 and boron trifluoride etherate in CH3CN to yield 6.17a (420 mg, 

0.60 mmol, 19% yield). 1HNMR (400 MHz, CDCl3) δ (ppm) 8.35 (s, 2H), 7.33 (t, 4H, J= 7.54 

Hz), 7.28 (m, 2H), 7.11 (d, 2H, J=8.08), 6.96 (d, 2H, J=8.25 Hz), 6.91 (d, 2H, J=8.35 Hz), 6.76 

(br s, 1H), 4.75-4.61 (m, 1H), 4.14-3.97 (m, 2H), 3.35-3.22 (m, 1H), 3.05-2.92 (m, 1H), 2.12 

(t, 2H, J=6.54 Hz), 2.04 (s, 6H), 1.97-1.91 (m, 1H), 1.72-1.62 (m, 2H), 1.50 (s, 9H). MS (ESI) 

m/z 710.0 [M+NH4]+. 

Pent-4-yn-1-yl (2-(4-aminophenyl)-1-(bis(4-

acetamidophenoxy)phosphoryl)ethyl)carbamate trifluoroacetate salt (6.17b) General 

procedure D with 6.17a (120 mg, 0.173 mmol) to yield 6.17b (100 mg, 0.169 mmol, 97% 

yield). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 7.54 (d, J = 8.8 Hz, 4H) 7.38 (d, J = 8.4 Hz, 

2H), 7.18 (d, J = 8.4 Hz, 2H), 7.17-7.11 (m, 4H), 4.71-4.59 (m, 1H), 4.08-3.96 (m, 2H), 3.49-

3.41 (m, 1H), 3.15-3.04 (m, 1H), 2.25 (t, J = 2.4 Hz, 1H), 2.22-2.17 (m, 2H), 2.11 (s, 6H), 1.74-

1.66 (m, 2H). 13C NMR (100 MHz, Methanol-d4) δ (ppm) 170.2, 130.8, 122.6, 121.0, 120.9, 

120.6, 120.5, 120.3, 120.2, 82.4, 68.8, 63.5, 27.7, 22.3, 14.2. MS (ESI) m/z 593.2 [M+H]+. 

HRMS for C30H33N4O7P1, mass calculated 593.2160, mass measured 593.2155. 

Pent-4-yn-1-yl (1-(bis(4-chlorophenoxy)phosphoryl)-2-(4-((tert-

butoxycarbonyl)amino)phenyl)ethyl) carbamate (6.18a) General procedure C with 6.4 

(0.88g, 3.74 mmol), 6.11 and boron trifluoride etherate in CH3CN to yield 6.18a (234 mg, 

0.361 mmol, 10%). 1H NMR (400 MHz, CDCl3) δ 7.34-7.2234 (m, 6H), 7.14 (d, J = 8.6 Hz, 2H), 

7.09 (dd, J = 8.8, 1.2 Hz, 2H), 7.02 (dd, J = 8.7, 1.2 Hz, 2H), 6.68 (br s, 1H), 4.93 (d, J = 10.3 

Hz, 1H,), 4.77-4.59 (m, 1H), 4.10-3.98 (m, 2H), 3.32 (dd, J = 14.7, 12.9, 4.6 Hz, 1H), 2.97 (dt, 
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J = 14.3, 10.3 Hz, 1H), 2.14 (td, J = 6.9, 2.6 Hz, 2H), 1.96 (t, J = 2.7 Hz, 1H), 1.73 (p, J = 6.7 Hz, 

2H), 1.68-1.54 (m, 2H), 1.49 (s, 9H). MS (ESI) m/z 669.2 [M+Na]+. 

Pent-4-yn-1-yl 2-(4-aminophenyl)-1-(bis(4-chlorophenoxy)phosphoryl)ethyl carbamate 

hydrochloride salt (6.18b) General procedure E with 6.18a (230 mg, 0.355 mmol) to yield 

6.18b (200 mg, 0.343 mmol, 96% yield). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 7.99 (br 

d, J = 9.3 Hz, 1H), 7.50 (d, J = 8.0 Hz, 2H), 7.43-7.34 (m, 6H), 7.20 (td, J = 8.3, 1.2 Hz, 4H), 

4.75-4.59 (m, 1H), 4.07-3.93 (m, 2H), 3.44 (dt, J = 14.0, 4.1 Hz, 1H), 3.10 (ddd, J = 25.1, 14.4, 

9.9 Hz, 1H), 2.26 (t, J = 2.4 Hz, 1H), 2.17 (td, J = 7.4, 2.6 Hz, 2H), 1.69 (p, J = 6.6 Hz, 2H). 13C 

NMR (100 MHz, Methanol-d4) δ (ppm) 158.3, 150.3, 150.2, 139.4, 132.3, 131.0, 130.9, 

124.2, 123.4, 123.1, 83.8, 70.3, 64.9, 51.0, 35.7, 29.1, 15.6. MS (ESI) m/z 547.1 [M+H]+.  

Pent-4-yn-1-yl ((4-((tert-butoxycarbonyl)amino)phenyl)(diphenoxyphosphoryl)methyl) 

carbamate (6.19a) General procedure C with 6.5 (1.67 g, 7.55 mmol) and copper(II) 

trifluoromethanesulfonate in DCM to yield 6.19a (2.12 g, 3.76 mmol, 50% yield). 1H NMR 

(400 MHz, CDCl3) δ 7.48-7.01 (m, 12H), 6.89 (d, J = 8.3 Hz, 2H), 6.55 (s, 1H), 5.75 (dd, J = 9.9, 

5.7 Hz, 1H), 5.50 (dd, J = 22.4, 10.2 Hz, 1H), 4.26-4.06 (m, 2H), 2.23 (t, J = 6.5 Hz, 2H), 1.95 

(t, J = 2.5 Hz, 1H), 1.80 (p, J = 6.5 Hz, 2H), 1.51 (s, 9H). MS (ESI) m/z 587.2 [M+Na]+.  

Pent-4-yn-1-yl ((4-aminophenyl)(diphenoxyphosphoryl)methyl)carbamate 

trifluoroacetate salt (6.19b) General procedure D with 6.19a (57 mg, 0.101 mmol) to yield 

6.19b (57 mg, 0.099 mmol, 98% yield). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 8.66 (br d, 

J = 10.4 Hz, 1H), 7.70 (d, J = 7.7 Hz, 2H), 7.41-7.25 (m, 6H), 7.24-7.14 (m, 2H), 7.08 (d, J = 7.3 

Hz, 2H), 7.00 (d, J = 8.1 Hz, 2H), 5.70 (br d, J = 23.2 Hz, 1H), 4.27-4.08 (m, 2H), 2.33-2.20 (m, 

3H), 1.83 (br t, J = 6.1 Hz, 2H). 13C NMR (100 MHz, Methanol-d4) δ (ppm) 158.3, 151.6, 151.3, 

135.4, 134.5, 131.3, 131.0, 126.9, 123.7, 121.5, 83.9, 70.3, 65.4, 53.8, 29.2, 15.7. MS (ESI) 

m/z 465.2 [M+H]+. HRMS for C25H25N2O5P1, mass calculated 465.1574, mass measured 

465.1583. 
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Pent-4-yn-1-yl ((bis(4-acetamidophenoxy)phosphoryl)(4-((tert-butoxycarbonyl)amino) 

phenyl)methyl) carbamate (6.20a) General procedure C with 6.5 (1.68 g, 7.59 mmol), 6.10, 

and copper (II) trifluoromethanesulfonate in THF to yield 6.20a (1.73 g, 2.56 mmol, 34% 

yield). 1H NMR (400 MHz, DMSO-d6) δ (ppm) 9.98 (s, 1H), 9.43 (s, 1H), 8.66 (d, J = 9.51 Hz, 

1H), 7.53-7.42 (m, J = 8.8 Hz, 8H), 6.99 (d, J = 8.8 Hz, 2H), 6.90 (d, J = 6.8 Hz, 2H), 5.40 (dd, 

J = 22, 10.3 Hz, 1H), 4.12-3.96 (m, 2H), 2.80 (s, 1H), 2.23 (td, J = 7.2, 2.6 Hz, 2H), 2.01 (s, 6H), 

1.72 (p, J = 6.7 Hz, 2H), 1.47 (s, 9H). MS (ESI) m/z 701.4 [M+Na]+. 

Pent-4-yn-1-yl ((4-aminophenyl)(bis(4-acetamidophenoxy)phosphoryl)methyl) 

carbamate trifluoroacetate salt (6.20b) General procedure D with 6.20a (0.8 g, 1.179 

mmol) to yield 6.20b (0.68 g, 1.173 mmol, 99% yield). 1H NMR (400 MHz, Methanol-d4) δ 

(ppm) 7.73 (dd, J = 8.7, 2.3 Hz, 1H), 7.50 (t, J = 9.0 Hz, 2H), 7.42 (d, J = 8.6 Hz, 1H), 7.02 (d, J 

= 7.7 Hz, 1H), 6.95 (d, J = 7.6 Hz, 1H), 4.26 – 4.08 (m, 0H), 2.29 (d, J = 9.8 Hz, 0H), 2.10 (s, 

2H), 1.82 (p, J = 6.4 Hz, 1H). 13C NMR (100 MHz, Methanol-d4) δ (ppm) 170.2, 145.8, 145.7, 

136.2, 134.9, 131.9, 130.0, 129.9, 122.7, 121.0, 120.9, 120.3, 120.3, 120.2, 82.3, 68.8, 64.0, 

53.0, 51.4, 39.0, 27.7, 22.3, 14.3. MS (ESI) m/z 601.2 [M+Na]+. HRMS for C29H31N4O7P1, mass 

calculated 579.2003, mass measured 579.2013. 

Pent-4-yn-1-yl ((bis(4-chlorophenoxy)phosphoryl)(4-((tert-

butoxycarbonyl)amino)phenyl)methyl)carbamate (6.21a) General procedure C with 6.5 

(1.69 g, 7.64 mmol), 6.11, and copper (II) trifluoromethanesulfonate in THF to yield 6.21a 

(2 g, 3.16 mmol, 41% yield). 1 H NMR (400 MHz, CDCl3) δ (ppm) 7.48 – 7.32 (t, J = 9.7 Hz, 

4H), 7.29 (d, J = 8.2 Hz, 2H), 7.18 (d, J = 9.0 Hz, 2H), 7.08 (d, J = 9.0 Hz, 2H), 6.81 (d, J = 8.4 

Hz, 2H), 6.61 (s, 1H), 5.52 (dd, J = 21.9, 10.2 Hz, 1H), 4.22-4.10 (m, 2H), 2.27-2.18 (m, 2H), 

1.95 (t, J = 2.7 Hz, 1H), 1.79 (p, J = 6.7 Hz, 2H), 1.54 (s, 9H).  MS (ESI) m/z 655.2 [M+Na]+. 

Pent-4-yn-1-yl ((4-aminophenyl)(bis(4-chlorophenoxy)phosphoryl)methyl)carbamate 

trifluoroacetate salt (6.21b) General procedure D with 6.21a (0.8 g, 1.263 mmol) to yield 

6.21b (0.65 g, 1.216 mmol, 96% yield). 1H NMR (400 MHz, Methanol-d4) δ 7.72 (dd, J = 8.7, 

2.3 Hz, 2H), 7.40 (d, J = 8.4 Hz, 2H), 7.34 (t, J = 9.5 Hz, 4H), 7.10 (d, J = 8.8 Hz, 2H), 7.01 (d, J 
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= 10.4 Hz, 2H), 5.73 (d, J = 21.8 Hz, 1H), 4.26 – 4.09 (m, 2H), 2.34 – 2.17 (m, 3H), 1.87 – 1.76 

(m, 2H). 13C NMR (100 MHz, Methanol-d4) δ (ppm) 156.7, 148.6, 148.5, 133.6, 133.1, 130.9, 

130.8, 129.9, 129.8, 129.6, 129.5, 122.2, 121.7, 121.6, 121.6, 121.6, 82.4, 68.9, 64.0, 53.0, 

51.4, 29.5, 29.4, 27.7, 22.3, 14.3. MS (ESI) m/z 555.1 [M+Na]+. HRMS for C25H23N2O5Cl2P1, 

mass calculated 533.0794, mass measured 533.0775. 

Pent-4-yn-1-yl (2-(4-(((tert-butoxycarbonyl)amino)methyl)phenyl)-1 

(diphenoxyphosphoryl)ethyl) carbamate (6.22a) General procedure C with 6.6 (1.30 g, 

5.21 mmol) and copper(II) trifluoromethanesulfonate in DCM to yield 6.22a (1.4 g, 2.362 

mmol, 45% yield1H NMR (400 MHz, CDCl3) δ (ppm) 7.37-7.27 (m, 4H), 7.24-7.08 (m, 10H), 

5.23-5.06 (m, 1H), 4.96-4.67 (m, 2H), 4.29 (d, J = 5.6 Hz, 2H), 4.14-3.98 (m, 2H), 3.45-3.31 

(m, 1H), 3.02 (dt, J = 14.5, 10.0 Hz, 1H), 2.13 (t, J = 6.7 Hz, 2H), 1.97 (t, J = 2.7 Hz, 1H), 1.70 

(p, J = 6.7 Hz, 2H), 1.46 (s, 9H). MS (ESI) m/z 615.2 [M+Na]+.  

Pent-4-yn-1-yl (2-(4-(aminomethyl)phenyl)-1-(diphenoxyphosphoryl)ethyl)carbamate 

hydrochloride salt (6.22b) General procedure E with 6.22a (42 mg, 0.071 mmol) to yield 

6.22b (37 mg, 0.070 mmol, 99% yield). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 7.95 (d, J 

= 10.1 Hz, 1H), 7.49-7.32 (m, 8H), 7.28-7.14 (m, 6H), 4.71-4.57 (m, 1H), 4.10 (s, 2H), 4.06-

3.91 (m, 2H), 3.78-3.60 (m, 1H), 3.42 (dt, J = 14.0, 4.3 Hz, 1H), 3.07 (ddd, J = 25.6, 13.3, 8.4 

Hz, 1H), 2.26 (t, J = 2.2 Hz, 1H), 2.16 (td, J = 7.3, 2.4 Hz, 2H), 1.69 (p, J = 6.7 Hz, 2H). 13C NMR 

(100 MHz, Methanol-d4) δ (ppm) 158.3, 151.7, 151.6, 151.4, 151.3, 139.4, 139.3, 133.1, 

131.1, 131.0, 130.2, 126.8, 126.7, 121.8, 121.5, 83.9, 70.2, 64.8, 51.3, 44.0, 35.9, 29.2, 15.6. 

MS (ESI) m/z 493.2 [M+H]+. HRMS for C27H29N2O5P1, mass calculated 493.1887, mass 

measured 493.1881. 

Tert-butyl 4-((diphenoxyphosphoryl)(((pent-4-yn-1-yloxy)carbonyl)amino)methyl) 

piperidine-1-carboxylate (6.23a) General procedure C with 6.7 (0.99 g, 4.69 mmol) and 

copper(II) trifluoromethanesulfonate in DCM to yield 6.23a (1.2 g, 2.15 mmol, 46% yield). 

1H-NMR (400 MHz, CDCl3) δ (ppm) 7.35 – 7.27 (m, 4H), 7.21 – 7.14 (m, 4H), 7.14 – 7.10 (m, 

2H), 5.24-5.15 (m, 1H), 4.52-4.39 (m, 1H), 4.26-4.09 (m, 4H), 2.79-2.61 (br s, 2H), 2.30-2.12 
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(m, 3H), 2.01-1.91 (m, 2H), 1.87-1.73 (m, 3H), 1.44 (s, 9H), 1.40-1.32 (m, 1H). MS (ESI) m/z 

579.2 [M+Na]+.  

Pent-4-yn-1-yl ((diphenoxyphosphoryl)(piperidin-4-yl)methyl)carbamate 

trifluoroacetate salt (6.23b) General procedure D with 6.23a (32 mg, 0.057 mmol) to yield 

6.23b (26 mg, 0.057 mmol, 99%). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 7.40 (t, J=7.88 

Hz, 4 H), 7.28-7.22 (m, 2H), 7.22-7.16 (m, 4H), 4.47 (dd, J = 19.2, 6.3 Hz, 1H), 4.25 - 4.13 (m, 

2H), 3.47 (t, J = 11.3 Hz, 2H), 3.13 - 3.01 (m, 2H), 2.46 - 2.34 (m, 1H), 2.32 – 2.26 (m, 3H), 

2.26 – 2.17 (m, 2H), 1.88 – 1.79 (m, 2H), 1.79 – 1.66 (m, 2H). 13C NMR (100 MHz, Methanol-

d4) δ (ppm) 157.4, 157.3, 150.1, 150.0, 149.9, 149.8, 129.7, 129.6, 125.5, 125.4, 120.4, 

120.4, 120.2, 120.1, 82.3, 68.9, 63.9, 52.7, 51.1, 43.4, 43.3, 34.8, 34.7, 27.8, 26.3, 26.2, 24.8, 

24.7, 14.3. MS (ESI) m/z 457.3 [M+H]+. HRMS for C24H29N2O5P1, mass calculated 457.1887, 

mass measured 457.1903. 

5-azidopentan-1-ol (6.25) Sodiumazide (1.074 g, 16.52 mmol) was added to a solution of 

pentamethylenebromohydrin (1 mL, 8.26 mmol) in H2O (15 mL). The reaction mixture was 

stirred at 80 °C for 18 h. After cooling down to room temperature, the aqueous solution 

was extracted with DCM (3 x 20 mL). The combined organic layers were dried over 

anhydrous MgSO4, filtered and concentrated under reduced pressure to yield 6.25 (1.00 g, 

7.80 mmol, 94% yield) as a colourless oil used for the next step without any further 

purification. 1H NMR (400 MHz, CDCl3) δ (ppm) 1.36-1.47 (m, 2H), 1.50-1.65 (m, 4H), 2.06 

(br t, J = 4.2 Hz, 1H), 3.26 (t, J = 6.7 Hz, 2H), 3.63 (dd, J = 6.2, 4.0 Hz, 2H). No ionization was 

found. 

5-azidopentanal (6.26) General procedure B with 6.25 (1 g, 7.74 mmol) to yield 6.26 (0.48 

g, 3.81 mmol, 49% yield). 1H NMR (400 MHz, CDCl3) δ (ppm) 1.64-1.55 (m, 2H), 1.75-1.64 

(m, 2H), 2.47 (td, J = 6.8, 1.4 Hz, 2H), 3.28 (t, J = 7.0 Hz, 2H), 9.74 (t, J = 1.5 Hz, 1H). No 

ionization was found. 
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Pent-4-yn-1-yl (5-azido-1-(diphenoxyphosphoryl)pentyl)carbamate (6.27) General 

procedure C with 6.26 (0.99 g, 7.81 mmol) and copper (II) trifluoromethanesulfonate in 

DCM to yield 6.27 (2.62 g, 5.57 mmol, 71% yield). 1H NMR (400 MHz, CDCl3) δ (ppm) 7.38-

7.27 (m, 4H), 7.22-7.07 (m, 6H), 5.22 (br d, J = 10.4 Hz, 1H), 4.74 (br s, 1H), 4.53-4.39 (m, 

1H), 4.25-4.11m, 2H), 3.28 (t, J = 6.4 Hz, 2H), 2.34-2.18 (m, 2H), 2.13-1.99 (m, 1H), 1.97 (q, 

J = 2.6 Hz, 1H), 1.89-1.43 (m, 6H). MS (ESI) m/z 471.3 [M+H]+. 

Pent-4-yn-1-yl (5-azido-1-(bis(4-acetamidophenoxy)phosphoryl)pentyl)carbamate (6.28) 

General procedure C with 6.26 (0.481 g, 3.78 mmol), tris(4-acetamidophenyl) phosphite 

and Boron trifluoride etherate in CH3CN to yield 6.28 (1.3 g, 2.22 mmol, 59% yield). 1H NMR 

(400 MHz, CDCl3) δ (ppm) 8.78 (d, J = 9.7 Hz, 2H), 7.30 (dd, J = 8.7, 5.5 Hz, 4H), 6.89 (t, J = 

8.3 Hz, 4H) 5.98 (d, J = 10.1 Hz, 1H), 4.51-4.35 (m, 1H), 4.23-4.14 (m, 2H), 3.27 (t, J = 6.0 Hz, 

2H), 2.22 (td, J = 6.7, 2.7 Hz, 2H), 2.05-1.94 (m, 9H), 1.79 (p, J = 6.5 Hz, 2H), 1.72-1.44 (m, 

4H). MS (ESI) m/z 585.3 [M+H]+. 

Tert-butyl pent-4-yn-1-yl (1-(diphenoxyphosphoryl)pentane-1,5-diyl)dicarbamate 

(6.29a) General procedure F with 6.27 (0.765 g, 1.627 mmol) to yield 6.29a (0.49 g, 0.91 

mmol, 64% yield). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 7.36 (t, J = 7.7 Hz, 4H), 7.22 (td, 

J = 7.4, 3.1 Hz, 2H), 7.13-7.19 (m, 4H), 4.38 (ddd, J = 15.7, 13.4, 3.5 Hz, 1H), 4.12 (m, 2H), 

4.09 (t, J = 6.3 Hz, 2H), 3.06 (t, J = 6.0 Hz, 2H), 2.22-2.32 (m, 4H), 1.97-2.10 (m, 1H), 1.72-

1.92 (m, 4H), 1.45-1.52 (m, 2H), 1.43 (s, 9H). MS (ESI) m/z 445.3 [(M-Boc)+H]+.  

Pent-4-yn-1-yl (5-amino-1-(diphenoxyphosphoryl)pentyl)carbamate trifluoroacetate salt 

(6.29b) General procedure D with 6.29a (57 mg, 0.105 mmol) to yield 6.29b (52 mg, 0.093 

mmol, 89% yield). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 7.81 (d, J = 9.8 Hz, 1H), 7.37 (t, 

J = 7.5 Hz, 4H), 7.22 (t, J = 7.4 Hz, 2H), 7.16 (d, J = 8.6 Hz, 4H), 4.48-4.34 (m, 1H), 4.24-4.08 

(m, 2H), 2.93 (t, J = 6.9 Hz, 2H), 2.31-2.23 (m, 3H), 2.14-1.99 (m, 1H), 1.98-1.45 (m, 7H).13C 

NMR (100 MHz, Methanol-d4) δ (ppm) 158.7, 151.6, 151.4, 131.0, 126.7, 121.8, 121.6, 83.9, 

70.3, 65.1, 40.5, 29.8, 29.2, 27.9, 23.9, 23.7, 15.7. MS (ESI) m/z 445.3 [M+H]+. HRMS for 

C23H29N2O5P1, mass calculated 445.1887, mass measured 445.1899. 
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Tert-butyl pent-4-yn-1-yl (1-(bis(4-acetamidophenoxy)phosphoryl)pentane-1,5-

diyl)dicarbamate (6.30a) General procedure F with 6.28 (0.20 g, 0.342 mmol) to yield 6.30a 

(0.078 g, 0.119 mmol, 35% yield). 1H NMR (400 MHz, CDCl3) δ (ppm) 8.73 (d, J = 14.8 Hz, 

2H), 7.93 (d, J = 8.1 Hz, 4H), 6.90 (dd, J 13.7, 8.7 Hz, 4H), 5.99 (d, J = 9.5 Hz, 1H), 4.83 (t, J = 

5.8 Hz, 1H), 4.48-4.32 (m, 1H), 4.17 (t, J = 5.9 Hz, 2H), 3.13-2.97 (m, 2H), 2.27-2.12 (m, 3H), 

2.03 (s, 9H), 1.97 (t, J = 2.8 Hz, 2H), 1.79 (p, J = 6.7 Hz, 2H), 1.36-1.60 (m, 13H). MS (ESI) m/z 

559.2 [(M-Boc)+H]+. 

Pent-4-yn-1-yl (5-amino-1-(bis(4-acetamidophenoxy)phosphoryl)pentyl)carbamate 

hydrochloride salt (6.30b) General procedure E with 6.30a (42 mg, 0.064 mmol) to yield 

6.30b (25.3 mg, 0.043 mmol, 67% yield). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 7.55 (d, 

J = 8.5 Hz, 4H), 7.11 (d, J = 8.7 Hz, 4H), 4.38 (ddd, J = 16.8, 13.4, 3.6 Hz, 1H), 4.24-4.08 (m, 

2H), 3.77-3.70 (m, 1H), 3.69-3.67 (m, 2H), 3.60-3.55 (m, 1H), 2.93 (t, J = 7.2 Hz, 2H), 2.31-

2.24 (m, 3H), 2.11 (s, 6H), 2.06-1.45 (m, 8H). 13C NMR (100 MHz, Methanol-d4) δ (ppm): 

171.6, 158.7, 137.7, 122.4, 122.0, 121.7, 83.9, 73.6, 72.5, 70.3, 68.2, 65.2, 62.2, 40.5, 29.8, 

29.2, 27.8, 23.8, 15.7. MS (ESI) m/z 559.2 [M+H]+. 

Tert-butyl (5-(diphenoxyphosphoryl)-5-(1-(hex-5-ynoyl)pyrrolidine-2-

carboxamido)pentyl) carbamate (6.31a) General procedure F with S6.11 (1.0 g, 1.810 

mmol) to yield 6.31a (112 mg, 0.179 mmol, 10% yield). 1H NMR (400 MHz, CDCl3) δ (ppm): 

7.70 (br d, J = 10.1 Hz, 1H), 7.38-7.25 (m, 4H), 7.25-7.18 (m, 2H), 7.18-7.11 (m, 4H), 7.09 (d, 

J = 8.2 Hz, 1H), 5.05 (br t, J = 5.4 Hz, 1H), 4.82-4.65 (m, 2H), 4.44 (d, J = 8.0 Hz, 1H), 3.67-

3.57 (m, 1H), 3.50-3.31 (m, 2H), 3.14-2.98 (m, 2H), 2.48 (td, J = 7.2, 3.3 Hz, 1H), 2.44-2.30 

(m, 1H), 2.27 (td, J = 6.8, 2.6 Hz, 1H), 2.24-1.45 (m, 13H), 1.41 (s, 9H). MS m/z 648.3 

[M+Na]+.  

(5-(diphenoxyphosphoryl)-5-(1-(hex-5-ynoyl)pyrrolidine-2-carboxamido)pentyl) 

carbamate trifluoroacetate salt (6.31b) General procedure D with 6.31a (42.6 mg, 0.07 

mmol) to yield 6.31b (41 mg, 0.06 mmol, 94% yield). 1H NMR (400 MHz, Methanol-d4) δ 

(ppm) 7.44-7.30 (m, 4H), 7.30-7.05 (m, 6H), 4.79-4.68 (m, 2H), 4.47 (dd, J = 8.7, 5.3 Hz, 1H), 
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3.79-3.54 (m, 4H), 3.32 (t, J = 1.7 Hz, 1H), 3.06-2.87 (m, 2H), 2.53 (t, J = 7.3 Hz, 1H), 2.34-

1.38 (m, 15H). 13C NMR (100 MHz, Methanol-d4) δ (ppm) 175.1, 173.8, 151.6, 151.4, 131.0, 

126.9, 121.9, 121.7, 121.6, 84.3, 70.4, 61.2, 47.5, 45.9, 40.7, 34.1, 30.9, 29.2, 27.4, 25.9, 

25.8, 25.0, 23.5, 18.6. MS m/z 526.3 [M+H]+. HRMS for C29H36N3O5P1, mass calculated 

526.2465, mass measured 526.2457. 

N, N’-bis-tert-butoxycarbonyl pent-4-yn-1-yl (1-(diphenoxyphosphoryl)-4-

guanidinobutyl) carbamate (6.32a) General procedure G with 6.14b (173 mg, 0.32 mmol) 

to yield 6.32a (128 mg, 0.19 mmol, 60% yield). 1HNMR (400 MHz, CDCl3) δ (ppm) 11.49 (s, 

1H), 8.37 (t, J = 5.27 Hz, 1H), 7.31 (q, J = 8.0 Hz, 4H), 7.18 (t, J = 6.7 Hz, 4H), 7.13 (d, J = 8.5 

Hz, 2H), 5.42 (d, J = 10.3 Hz, 1H), 4.56-4.43 (m, 1H), 4.25-4.13 (m, 2H), 3.59-3.36 (m, 2H), 

2.26 (dt, J = 7.0, 2.6 Hz, 2H), 2.16 -2.04 (m, 1H), 1.97 (t, J = 2.6 Hz, 1H), 1.88-1.78 (m, 4H), 

1.48 (s, 9H), 1.47 (s, 9H). MS (ESI) m/z 673.1 [M+H]+. 

Pent-4-yn-1-yl (1-(diphenoxyphosphoryl)-4-guanidinobutyl)carbamate trifluoroacetate 

salt (6.32b) General procedure D with 6.32a (34 mg, 0.05 mmol) to yield 6.32b (29 mg, 0.05 

mmol, 98% yield). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 7.85 (d, J = 9.8 Hz, 1H), 7.57 (t, 

J = 5.4 Hz, 1H), 7.37 (t, J = 7.9 Hz, 4H), 7.26-7.19 (m, 2H), 7.16 (d, J = 8.2 Hz, 4H), 4.5-4.36 

(m, 1H), 4.23-4.10 (m, 2H), 3.28-3.19 (m, 2H), 2.30-2.23 (m, 3H), 2.16-2.05 (m, 1H), 1.97-

1.65 (m, 5H). 13C NMR (100 MHz, Methanol-d4) δ (ppm) 157.4, 157.2, 150.2, 150.1, 150.0, 

149.9, 129.6, 129.6, 125.5, 125.4, 120.4, 120.4, 120.2, 120.1, 82.4, 68.9, 63.8, 40.3, 27.8, 

26.0, 25.0, 25.0, 14.3. MS (ESI) m/z 473.1 [M+H]+. HRMS for C23H29N4O5P1, mass calculated 

473.1948, mass measured 473.1940. 

N, N’-bis-tert-butoxycarbonyl pent-4-yn-1-yl (1-(bis(4-chlorophenoxy)phosphoryl)-4-

guanidinobutyl) carbamate (6.33a) General procedure G with 6.15b (150 mg, 0.245 mmol) 

to yield 6.33a (137 mg, 0.185 mmol, 75% yield). 1H NMR (400 MHz, CDCl3) δ 11.48 (s, 1H), 

8.37 (t, J = 5.5 Hz, 1H), 7.28 (t, J = 7.1 Hz, 4H), 7.11 (dd, J = 19.9, 8.0 Hz, 4H), 5.63 (d, J = 10.2 

Hz, 1H), 4.56-4.42 (m, 1H), 4.19 (t, J = 6.2 Hz, 2H), 3.63-3.50 (m, 1H), 3.45-3.33 (m, 1H), 2.27 
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(td, J = 7.0, 2.6 Hz, 2H), 2.13 – 2.01 (m, 1H), 1.98 (t, J = 2.6 Hz, 1H), 1.89 – 1.71 (m, 5H), 1.48 

(s, 9H), 1.46 (s, 9H). MS (ESI) m/z 763.3 [M+Na]+. 

Pent-4-yn-1-yl (1-(bis(4-chlorophenoxy)phosphoryl)-4-guanidinobutyl)carbamate 

trifluoroacetate salt (6.33b) General procedure D with 6.33a (30 mg, 0.04 mmol) to yield 

6.33b (21 mg, 0.039 mmol, 96% yield). 1H NMR (400 MHz, Methanol-d4) δ 7.84 (d, J = 9.8 

Hz, 1H), 7.39 (d, J = 8.9 Hz, 4H), 7.24 – 7.13 (m, 4H), 4.51 – 4.33 (m, 1H), 4.16 (q, J = 6.3 Hz, 

2H), 3.31 – 3.17 (m, 2H), 2.30 – 2.24 (m, 3H), 2.16 – 2.02 (m, 1H), 1.97 – 1.65 (m, 5H). 13C 

NMR (100 MHz, Methanol-d4) δ (ppm) 158.6, 150.3, 150.1, 150.0, 149.9, 132.3, 132.1, 

131.0, 131.0, 123.4, 123.3, 123.1, 123.0, 83.8, 70.2, 65.2, 41.6, 30.9, 30.8, 29.2, 27.4, 26.3, 

26.2, 15.7. MS (ESI) m/z 541.1 [M+H]+. HRMS for C23H27N4O5Cl2P1, mass calculated 

541.1169, mass measured 541.1142. 

N, N’-bis-tert-butoxycarbonyl pent-4-yn-1-yl (1-(diphenoxyphosphoryl)-2-(4-

guanidinophenyl)ethyl) carbamate (6.34a) General procedure G with 6.16b (1.21 g, 2.350 

mmol) to yield 6.34a (910 mg, 1.26 mmol, 54% yield). 1H NMR (400 MHz, DMSO-d6) δ 11.43 

(s, 1H), 9.98 (s, 1H), 8.04 (d, J = 9.6 Hz, 1H), 7.49 (d, J = 8.5 Hz, 2H), 7.45 – 7.37 (m, 4H), 7.29 

(d, J = 8.5 Hz, 2H), 7.27 – 7.16 (m, 6H), 4.53 – 4.40 (m, 1H), 3.98 – 3.85 (m, 2H), 3.24 (d, J = 

14.1 Hz, 1H), 3.03 – 2.91 (m, 1H), 2.77 (t, J = 2.6 Hz, 1H), 2.13 (td, J = 7.1, 2.3 Hz, 2H), 1.64 

– 1.55 (m, 2H), 1.51 (s, 9H), 1.41 (s, 9H). MS (ESI) m/z 601.3 [M+Na]+.  

Pent-4-yn-1-yl (1-(diphenoxyphosphoryl)-2-(4-guanidinophenyl)ethyl)carbamate 

trifluoroacetate salt (6.34b) General procedure D with 6.34a (70 mg, 0.097 mmol) to yield 

6.34b (50 mg, 0.096 mmol, 99% yield). 1H NMR (400 MHz, CDCl3) δ (ppm) 9.80 (s, 1H), 7.36 

– 7.24 (m, 7H), 7.23 – 7.12 (m, 6H), 7.08 (t, J = 6.9 Hz, 5H), 5.71 (d, J = 10.2 Hz, 1H), 4.77 – 

4.62 (m, 1H), 4.12 – 3.93 (m, 2H), 3.41 – 3.27 (m, 1H), 3.06 (dd, J = 24.5, 10.4 Hz, 1H), 2.15 

(td, J = 6.9, 2.4 Hz, 2H), 1.95 (t, J = 2.5 Hz, 1H), 1.71 (p, J = 6.6 Hz, 2H). 13C NMR (101 MHz, 

CDCl3) δ (ppm) 156.62, 156.07, 156.00, 149.96, 149.86, 149.73, 149.63, 136.18, 133.01, 

131.07, 130.04, 129.92, 125.89, 125.76, 125.67, 120.52, 120.48, 120.31, 120.27, 82.88, 
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77.24, 69.22, 64.22, 27.61, 14.89. MS (ESI) m/z 521.3 [M+H]+. HRMS for C27H29N4O5P1, mass 

calculated 521.1948, mass measured 521.1936. 

N,N’-bis-tert-butyloxycarbonyl pent-4-yn-1-yl (1-(bis(4-acetamidophenoxy)phosphoryl)-

2-(4-guanidinophenyl)ethyl) carbamate (6.35a) General procedure G with 6.17b (68.5 mg, 

0.097 mmol) to yield 6.35a (80 mg, 0.096 mmol, 99% yield). 1H NMR (400 MHz, DMSO-d6) 

δ (ppm) 11.43 (s, 1H), 9.98 (s, 1H), 8.04 (d, J = 9.6 Hz, 1H), 7.49 (d, J = 8.5 Hz, 2H), 7.45 – 

7.37 (m, 4H), 7.29 (d, J = 8.5 Hz, 2H), 7.27 – 7.16 (m, 6H), 4.53 – 4.40 (m, 1H), 3.98 – 3.85 

(m, 2H), 3.24 (d, J = 14.1 Hz, 1H), 3.03 – 2.91 (m, 1H), 2.77 (t, J = 2.6 Hz, 1H), 2.13 (td, J = 

7.1, 2.3 Hz, 2H), 1.64 – 1.55 (m, 2H), 1.51 (s, 9H), 1.41 (s, 9H). MS (ESI) m/z 835.0 [M+H]+.  

Pent-4-yn-1-yl (1-(bis(4-acetamidophenoxy)phosphoryl)-2-(4-guanidinophenyl)ethyl) 

carbamate trifluoroacetate salt (6.35b) General procedure D with 6.35a (70 mg, 0.084 

mmol) to yield 6.35b (51 mg, 0.080 mmol, 96% yield). 1H NMR (400 MHz, Methanol-d4) δ 

(ppm) 7.55 (m, 4H), 7.40 (d, J = 8.4 Hz, 2H), 7.22 (d, J = 8.4 Hz, 2H), 7.13 (m, 4H), 4.68-4.54 

(m, 1H), 4.02 (m, 1H), 3.40 (m, 1H), 3.12 (m, 1H), 2.23 (t, J = 2.8 Hz, 1H), 2.18 (m, 2H), 2.11 

(s, 6H), 1.71 (m, 2H). 13C NMR (100 MHz, Methanol-d4) δ (ppm) 170.3, 157.1, 157.0, 156.6, 

146.1, 146.0, 145.8, 145.7, 136.4, 136.3, 136.2, 133.6, 130.5, 125.2, 121.0, 120.9, 120.7, 

120.6, 120.4, 120.3, 82.4, 68.8, 63.6, 34.5, 27.8, 22.4, 14.2. MS (ESI) m/z 635.3 [M+H]+. 

HRMS for C31H35N6O57P1, mass calculated 635.2378, mass measured 635.2382. 

N,N’-bis-tert-butyloxycarbonyl pent-4-yn-1-yl (1-(bis(4-chlorophenoxy)phosphoryl)-2-(4-

guanidinophenyl) ethyl) carbamate (6.36a) General procedure G with 6.18b (0.170 g, 

0.291 mmol) to yield 6.36a (165.4 mg, 0.209 mmol, 81% yield). 1H NMR (400 MHz, CDCl3) δ 

(ppm) 11.63 (br s, 1H), 10.31 (br s, 1H), 7.54 (d, J = 8.5 Hz, 2H), 7.29 (d, J = 9.3 Hz, 2H), 7.23 

(d, J = 7.3 Hz, 2H), 7.17 (d, J = 7.3 Hz, 2H), 7.11 (d, J = 8.1 Hz, 2H), 7.03 (d, J = 8.0 Hz, 2H), 

5.71-5.38 (m, 1H), 4.83-4.63 (m, 1H), 4.14-3.94 (m, 2H), 3.35-3.21 (m, 1H), 2.99 (dd, J = 12.3, 

10.2 Hz, 1H), 2.15 (br s, 2H), 1.98 (t, J = 2.6 Hz, 1H), 1.70 (p, J = 6.0 Hz, 2H), 1.52 (s, 9H), 1.49 

(s, 9H). MS (ESI) m/z 791.2 [M+H]+. 
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Pent-4-yn-1-yl (1-(bis(4-chlorophenoxy)phosphoryl)-2-(4-guanidinophenyl)ethyl) 

carbamate trifluoroacetate salt (6.36b) General procedure D with 6.36a (52.7 mg, 0.067 

mmol) to yield 6.36b (47 mg, 0,067 mmol, 100% yield). 1H NMR (400 MHz, Methanol-d4) δ 

(ppm) 7.44-7.34 (m, 6H), 7.28-7.15 (m, 6H), 4.64 (ddd, J = 15.8, 13.5, 3.8 Hz, 1H), 4.02 (t, J 

= 6.2 Hz, 2H), 3.40 (dt, J = 14.2, 4.3 Hz, 1H), 3.13-3.00 (m, 1H), 2.25 (t, J = 2.8 Hz, 1H), 2.19 

(td, J = 7.1, 2.4 Hz, 2H), 1.70 (p, J = 6.4 Hz, 2H). 13C NMR (100 MHz, Methanol-d4) δ (ppm) 

161.3, 158.1, 150.2, 149.9, 137.5, 135.1, 132.3, 131.9, 131.1, 126.6, 123.4, 123.1, 83.8, 70.3, 

65.0, 51.3, 35.8, 29.2, 27.8, 15.7. MS (ESI) m/z 589.1 [M+H]+. HRMS for C27H27N4O5Cl2P1, 

mass calculated 589.1169, mass measured 589.1188. 

N,N’-bis-tert-butyloxycarbonyl pent-4-yn-1-yl ((diphenoxyphosphoryl)(4-

guanidinophenyl)methyl)carbamate (6.37a) General procedure G with 6.19b (1.75 g, 3.49 

mmol) to yield 6.37a (1.38 g, 1.953 mmol, 56% yield). 1H NMR (400 MHz, CDCl3) δ (ppm) 

11.62 (s, 1H), 10.38 (s, 1H), 7.64 (d, J = 8.0 Hz, 2H), 7.46 (d, J = 8.3 Hz, 2H), 7.31 (t, J = 8.0 

Hz, 2H), 7.24 (t, J = 7.9 Hz, 2H), 7.21-7.04 (m, 4H), 6.91 (d, J = 8.3 Hz, 2H), 5.70 (dd, J = 9.9, 

3.0 Hz, 1H), 5.52 (dd, J = 22.8, 5.5 Hz, 1H), 4.26-4.08 (m, 2H), 2.25 (t, J = 6.2 Hz, 2H), 1.96 (t, 

J = 2.5 Hz, 1H), 1.81 (p, J = 6.8 Hz, 2H), 1.53 (s, 9H), 1.50 (s, 9H). MS (ESI) m/z 729.3 [M+Na]+.  

Pent-4-yn-1-yl ((diphenoxyphosphoryl)(4-guanidinophenyl)methyl)carbamate 

trifluoroacetate salt (6.37b) General procedure D with 6.37a (57 mg, 0.081 mmol) to yield 

6.37b (50.6 mg, 0.081 mmol, 100% yield). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 8.65 

(br d, J = 9.6 Hz, 1H), 7.69 (dd, J = 8.2, 2.0 Hz, 2H), 7.29-7.38 (m, 6H), 7.21 (t, J = 7.6 Hz, 2H), 

7.10 (d, J = 8.2 Hz, 2H), 7.05 (d, J = 7.8 Hz, 2H), 5.74-5.59 (m, 1H), 4.25-4.08 (m, 2H), 2.32-

2.22 (m, 3H), 1.82 (p, J = 6.5 Hz, 2H). 13C NMR (100 MHz, Methanol-d4) δ (ppm) 158.0, 151.4, 

136.7, 134.9, 131.0, 126.9, 126.5, 121.6, 83.8, 70.3, 65.3, 29.2, 15.7. MS (ESI) m/z 507.2 

[M+H]+. HRMS for C26H27N4O5P1, mass calculated 507.1792, mass measured 507.1796. 

N,N’-bis-tert-butyloxycarbonyl pent-4-yn-1-yl ((bis(4-acetamidophenoxy)phosphoryl)(4-

guanidinophenyl) methyl) carbamate (6.38a) General procedure G with 6.20b (680 mg, 

1.173 mmol) to yield 6.38a (765 mg, 0.932 mmol, 79% yield). 1H NMR (400 MHz, Methanol-
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d4) δ (ppm) 7.53 (d, J = 8.4 Hz, 2H), 7.57-7.46 (m, 6H), 7.04 (d, J = 9.1 Hz, 2H), 6.94 (d, J = 

8.7 Hz, 2H), 5.59 (d, J = 22.3 Hz, 1H), 4.24-4.09 (m, 2H), 2.30 – 2.22 (m, 3H), 2.09 (d, J = 3.4 

Hz, 6H), 1.81 (p, J = 6.6 Hz, 2H), 1.57 (s, 9H), 1.45 (s, 9H). MS (ESI) m/z 821.5 [M+H]+. 

Pent-4-yn-1-yl ((bis(4-acetamidophenoxy)phosphoryl)(4-guanidinophenyl) methyl) 

carbamate (6.38b) General procedure D with 6.38a (100 mg, 0.122 mmol) to yield 6.38b 

(76 mg, 0.122 mmol, 99% yield). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 7.67 (d, J = 6.9 

Hz, 2H), 7.51 (dd, J = 8.8, 5.2 Hz, 4H), 7.33 (d, J = 8.3 Hz, 2H), 7.02 (dd, J = 22.3, 8.7 Hz, 4H), 

5.64 (d, J = 22.8 Hz, 1H), 4.24 – 4.06 (m, 2H), 2.31-2.23 (m, 3H) 2.10 (s, 6H), 1.86 – 1.73 (m, 

2H). 13C NMR (100 MHz, Methanol-d4) δ (ppm) 170.2, 156.9, 156.8, 156.5, 146.1, 146.0, 

145.8, 145.7, 136.3, 136.2, 135.3, 135.3, 133.4, 129.8, 129.7, 125.1, 121.0, 120.9, 120.4, 

120.4, 120.3, 120.3, 82.4, 68.9, 53.0, 51.4, 27.8, 22.3, 14.3. MS (ESI) m/z 621.3 [M+H]+. 

HRMS for C30H33N6O7P1, mass calculated 621.2221, mass measured 621.2243. 

N,N’-bis-tert-butyloxycarbonyl pent-4-yn-1-yl ((bis(4-chlorophenoxy)phosphoryl)(4-

guanidinophenyl)methyl) carbamate (6.39a) General procedure G with 6.21b (670 mg, 

1.25 mmol) to yield 6.39a (970 mg, 1.251 mmol, 100% yield). 1H NMR (400 MHz, CDCl3) δ 

(ppm) 11.62 (s, 1H), 10.39 (s, 1H), 7.64 (d, J = 8.4 Hz, 2H), 7.43 (d, J = 7.1 Hz, 2H), 7.27 (d, J 

= 8.8 Hz, 2H), 7.20 (d, J = 8.4 Hz, 2H), 7.05 (d, J = 8.4 Hz, 2H), 6.82 (d, J = 8.3 Hz, 2H), 5.68 

(dd, J = 10.2, 3.0 Hz, 1H), 5.51 (dd, J = 21.8, 9.9 Hz, 1H), 4.26 – 4.08 (m, 2H), 2.29-2.20 (m, 

2H), 1.97 (t, J = 2.6 Hz, 1H), 1.87-1.76 (m, 2H), 1.53 (s, 9H), 1.50 (s, 9H). MS (ESI) m/z 777.2 

[M+H]+. 

Pent-4-yn-1-yl ((bis(4-chlorophenoxy)phosphoryl)(4-guanidinophenyl)methyl)carbamate 

(6.39b) General procedure D with 6.39a (100 mg, 0.129 mmol) to yield 6.39b (70 mg, 0.121 

mmol, 94% yield). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 7.67 (d, J = 6.8 Hz, 2H), 7.42 – 

7.29 (m, 6H), 7.13 (d, J = 8.6 Hz, 2H), 7.06 (d, J = 8.7 Hz, 2H), 5.69 (d, J = 22.8 Hz, 1H), 4.24 

– 4.07 (m, 2H), 2.31-2.24 (m, 3H), 1.87 – 1.71 (m, 1H, CH2), 1.18 (t, J = 7.0 Hz, 2H). 13C NMR 

(100 MHz, Methanol-d4) δ (ppm) 158.4, 156.8, 156.5, 135.4, 133.07, 129.8, 129.7, 129.6, 

129.6, 125.1, 121.8, 121.7, 121.7, 121.6, 68.9, 64.0, 53.0, 51.5, 29.5, 27.7, 14.3. MS (ESI) 
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m/z 575.1 [M+H]+. HRMS for C26H25N4O5Cl2P1, mass calculated 575.1012, mass measured 

575.1030. 

N,N’-bis-tert-butyloxycarbonyl pent-4-yn-1-yl (1-(diphenoxyphosphoryl)-2-(4-

(guanidinomethyl)phenyl) ethyl) carbamate (6.40a) General procedure G with 6.22b 

(0.995 g, 1.640 mmol) to yield 6.40a (0.65 g, 0.885 mmol, 54% yield). 1H NMR (400 MHz, 

CDCl3) δ (ppm) 11.50 (s, 1H), 8.57 (t, J = 5.0 Hz, 1H), 7.38-7.07 (m, 14H), 5.02 (d, J = 10.5 Hz, 

1H), 4.84-4.69 (m, 1H), 4.61 (d, J = 5.1 Hz, 1H), 4.14-4.00 (m, 2H), 3.39 (ddd, J = 14.4, 9.9, 

4.5 Hz, 1H), 3.03 (dt, J = 14.5, 10.0 Hz, 1H), 2.15 (t, J = 6.7 Hz, 2H), 1.97 (t, J = 2.5 Hz, 1H), 

1.71 (p, J = 6.5 Hz, 2H), 1.51 (s, 9H), 1.48 (s, 9H). MS (ESI) m/z 535.1 [(M-2Boc)+H]+.  

Pent-4-yn-1-yl (1-(diphenoxyphosphoryl)-2-(4-

(guanidinomethyl)phenyl)ethyl)carbamate trifluoroacetate salt (6.40b) General 

procedure D with 6.40a (50 mg, 0.068 mmol) to yield 6.40b (41 mg, 0,063 mmol, 93% yield). 

1H NMR (400 MHz, Methanol-d4) δ (ppm) 7.93 (d, J = 9.8 Hz, 1H), 7.36 (dd, J = 16.7, 7.7 Hz, 

6H), 7.29 (d, J = 8.3 Hz, 2H), 7.23 (t, J = 7.1 Hz, 2H), 7.18 (d, J = 7.9 Hz, 4H), 4.69-4.51 (m, 

1H), 4.38 (br s, 2H), 4.00 (oct, J = 6.0 Hz, 2H), 3.39 (dt, J = 13.8, 3.8 Hz, 1H), 3.04 (ddd, J = 

26.2, 13.5, 8.9 Hz, 1H), 2.25 (t, J = 2.7 Hz, 1H), 2.17 (td, J = 7.2, 2.7 Hz, 2H), 1.69 (p, J = 6.8 

Hz, 2H). 13C NMR (100 MHz, Methanol-d4) δ (ppm) 158.7, 158.4, 151.7, 151.4, 138.1, 137.9, 

136.4, 131.0, 130.9, 128.6, 126.9, 126.8, 124.3, 121.9, 121.6, 83.9, 70.2, 64.9, 51.3, 45.7, 

35.9, 29.2, 15.7. MS (ESI) m/z 535.2 [M+H]+. HRMS for C28H31N4O5P1, mass calculated 

535.2105, mass measured 535.2081. 

N,N'-bis-tert-butyloxycarbonyl pent-4-yn-1-yl ((1-carbamimidoylpiperidin-4-

yl)(diphenoxyphosphoryl) methyl) carbamate (6.41a) General procedure G with 6.23b (1.2 

g, 2.10 mmol) to yield 6.41a (0.95 g, 1.36 mmol, 65% yield). 1H-NMR (400 MHz, CDCl3) δ 

(ppm) 10.15 (br s, 1H), 7.39-7.30 (m, 4H), 7.24-7.10 (m, 6H), 5.23 (d, J = 10.5 Hz, 1H), 4.50 

(ddd, J = 20.1, 10.6, 4.4 Hz, 1H), 4.22 (dt, J = 6.5, 2.2 Hz, 2H), 3.71 (q, J = 7.0 Hz, 1H), 3.02 – 

2.86 (m, 2H), 2.28 (dt, J = 7.0, 2.6 Hz, 2H), 2.01 (t, J = 2.6 Hz, 1H), 1.89 – 1.77 (m, 3H), 1.71 

– 1.54 (m, 2H), 1.50 (s, 18H), 1.24 (t, J = 7.0 Hz, 2H). MS (ESI) m/z 699.4 [M+H]+.  
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Pent-4-yn-1-yl ((1-carbamimidoylpiperidin-4-

yl)(diphenoxyphosphoryl)methyl)carbamate trifluoroacetate salt (6.41b) General 

procedure D with 6.41a (75 mg, 0.107 mmol) to yield 6.41b (52 mg, 0.104 mmol, 97% yield). 

1H NMR (400 MHz, Methanol-d4) δ (ppm) 7.37 (t, J = 7.94 Hz, 4H), 7.26 – 7.20 (m, 2H), 7.19 

– 7.14 (m, 4H), 4.43 (dd, J = 18.6, 6.6 Hz, 1H), 4.23 – 4.09 (m, 2H), 3.99 – 3.88 (m, 2H), 3.20 

– 3.06 (m, 2H), 2.43 – 2.31 (m, 1H), 2.31 - 2.24 (m, 3H), 2.07 (d, J = 13.8 Hz), 1.86 – 1.76 (m, 

2H), 1.65 -1.46 (m, 2H). 13C NMR (100 MHz, Methanol-d4) δ (ppm) 157.5, 157.4, 156.2, 

150.2, 150.1, 149.9, 149.8, 129.7, 129.6, 125.5, 125.4, 120.4, 120.4, 120.1, 120.1, 82.4, 68.8, 

63.8, 52.9, 51.4, 45.3, 45.1, 36.3, 36.2, 28.7, 28.6, 27.8, 27.3, 27.2, 14.3. MS (ESI) m/z 499.3 

[M+H]+. HRMS for C25H31N4O5P1, mass calculated 499.2105, mass measured 499.2098. 

3-(1-(18-((4R,5S)-5-methyl-2-oxoimidazolidin-4-yl)-13-oxo-3,6,9-trioxa-12-azaoctadecyl)-

1H-1,2,3-triazol-4-yl)propyl (1-(diphenoxyphosphoryl)-2-phenylethyl)carbamate (6.42) 

General procedure H with 6.12 (112 mg, 0.241 mmol) and S6.16 to yield 6.42 (68 mg, 0.077 

mmol, 32% yield). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 7.61 (s, 1H), 7.42-7.14 (m, 15H), 

4.71-4.60 (m, 1H), 4.52 (t, J = 5.1 Hz, 2H), 4.01-3.91 (m, 2H) 3.86 (t, J = 5.0 Hz, 2H), 3.84-

3.75 (m, 1H), 3.71-3.63 (m, 1H), 3.62-3.53 (m, 8H), 3.49 (t, J = 5.5 Hz, 2H), 3.39 (dt, J = 14.3, 

4.3 Hz, 1H), 3.33 (t, J = 5.6 Hz, 2H), 3.05 (ddd, J = 14.3, 13.1, 9 Hz, 1H), 2.65 (t, J = 7.6 Hz, 

2H), 2.18 (t, J = 7.6 Hz, 2H), 1.85 (p, J = 6.9 Hz, 2H), 1.61 (p, J = 6.9 Hz, 2H), 1.52-1.24 (m, 

6H), 1.08 (d, J = 6.6 Hz, 3H).13C NMR (100 MHz, Methanol-d4) δ (ppm) 176.1, 166.1, 158.3, 

151.6, 151.4, 147.8, 138.1, 131.0, 130.3, 129.5, 127.9, 126.8, 124.1, 121.8, 121.6, 121.5, 

71.5, 71.4, 71.2, 70.5, 70.4, 69.4, 65.1, 57.3, 51.4, 51.3, 40.3, 36.9, 36.2, 31.1, 30.7, 30.2, 

29.7, 27.1, 26.8, 22.6, 15.7. MS (ESI) m/z 878.5 [M+H]+. HRMS for C44H60N7O10P1, mass 

calculated 878.4212, mass measured 878.4178. 

3-(1-(13-oxo-17-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-3,6,9-

trioxa-12-zaheptadecyl)-1H-1,2,3-triazol-4-yl)propyl (1-(diphenoxyphosphoryl)-2-

phenylethyl)carbamate (6.43) General procedure H with 6.12 (52.1 mg, 0.112 mmol) and 

S6.18 to yield 6.43 (35 mg, 0.039 mmol, 34% yield). 1H NMR (400 MHz, Methanol-d4) δ 

(ppm) 7.68 (s, 1H), 7.41-7.16 (m, 15H), 4.66 (ddd, J = 15.5, 12.0, 3.5 Hz, 1H), 4.52 (t, J = 5.0 
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Hz, 2H), 4.46 (dd, J = 8.0, 4.5 Hz, 1H), 4.26 (dd, J = 8.0, 4.5 Hz, 1H), 4.01 – 3.91 (m, 2H), 3.89 

– 3.83 (m, 2H), 3.57 (d, J = 12.0 Hz, 8H), 3.50 (t, J = 5.5 Hz, 2H), 3.39 (ddd, J = 12.0, 8.0, 4.0 

Hz, 1H), 3.34 (d, J = 5.5 Hz, 2H), 3.21-3.12 (m, 1H), 3.05 (ddd, J = 14.0, 12.0, 9.0 Hz, 1H), 2.89 

(dd, J = 12.5, 5.0 Hz, 1H), 2.72-2.61 (m, 3H), 2.18 (t, J = 7.5 Hz, 2H), 1.91-1.80 (m, 2H), 1.76-

1.50 (m, 4H), 1.46-1.34 (m, 2H). 13C NMR (100 MHz, Methanol-d4) δ (ppm) 176.1, 166.1, 

158.4, 151.7, 151.5, 147.9, 138.1, 131.0, 130.9, 130.3, 129.6, 128.0, 126.8, 126.7, 124.1, 

121.9, 121.8, 121.6, 121.5, 71.5, 71.5, 71.4, 71.2, 70.6, 70.4, 65.2, 63.3, 61.6, 57.0, 51.4, 

51.3, 41.0, 40.3, 36.7, 36.3, 29.8, 29.8, 29.5, 26.8, 22.6. MS (ESI) m/z 908.5 [M+H]+. HRMS 

for C44H58N7O10S1P1, mass calculated 908.3776, mass measured 908.3735. 

3-(1-(18-((4R,5S)-5-methyl-2-oxoimidazolidin-4-yl)-13-oxo-3,6,9-trioxa-12-azaoctadecyl)-

1H-1,2,3-triazol-4-yl)propyl (1-(diphenoxyphosphoryl)-2-methylpropyl)carbamate 

(6.44b) General procedure H with 6.13 (90 mg, 0.217 mmol) and S6.16 to yield 6.44b (29.8 

mg, 0.036 mmol, 17% yield). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 7.74 (s, 1H), 7.40-

7.30 (m, 4H), 7.25-7.11 (m, 6H), 4.52 (t, J = 5.1 Hz, 2H), 4.32 (dd, J = 18.4, 5.8 Hz, 1H), 4.12 

(qd, J = 6.1 Hz, 2H), 3.87 (t, J = 5.0 Hz, 2H), 3.84-3.76 (m, 1H), 3.72-3.63 (m, 1H), 3.61-3.54 

(m, 8H), 3.50 (t, J = 5.4 Hz, 2H), 3.33 (t, J = 5.5 Hz, 2H), 2.78 (t, J = 7.8 Hz, 2H), 2.38 (septet, 

J = 6.6 Hz, 1H), 2.20 (t, J = 7.2 Hz, 2H), 1.99 (p, J = 7.2 Hz, 2H), 1.61 (p, J = 7.2 Hz, 2H), 1.52-

1.25 (m, 8H), 1.15 (d, J = 6.6 Hz, 6H), 1.08 (d, J = 6.5 Hz, 3H). 13C NMR (100 MHz, Methanol-

d4) δ (ppm) 176.2, 166.2, 159.1, 151.1, 130.9, 126.4, 124.3, 121.8, 121.6, 71.6, 71.5, 71.4, 

71.2, 70.6, 70.3, 65.5, 57.1, 55.4, 52.8, 51.3, 40.3, 36.9, 30.8, 30.3, 30.2, 29.9, 26.9, 22.8, 

19.1, 21.0, 15.8. MS (ESI) m/z 830.5 [M+H]+. HRMS for C40H60N7O10P1, mass calculated 

830.4212, mass measured 830.4188. 

3-(1-(18-((4R,5S)-5-methyl-2-oxoimidazolidin-4-yl)-13-oxo-3,6,9-trioxa-12-azaoctadecyl)-

1H-1,2,3-triazol-4-yl)propyl (1-(diphenoxyphosphoryl)-4-guanidinobutyl)carbamate 

trifluoroacetate salt (6.45b) General procedure H with 6.32a (16.23 mg, 0.024 mmol) and 

S6.16, followed by general procedure D to yield 6.45b (18 mg, 0.018 mmol, 75% yield). 1H 

NMR (400 MHz, DMSO-d6) 7.97 (d, J = 10.1 Hz, 1H), 7.81 (s, 1H), 7.74-7.60 (m, 2H), 7.38 (q, 

J = 7.8 Hz, 4H), 7.21 (q, J = 8.1 Hz, 2H), 7.15 (t, J = 8.9 Hz, 4H), 4.46 (t, J = 5.2 Hz, 2H), 4.33-
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4.21 (m, 3H), 4.11-3.96 (m, 3H), 3.78 (t, J = 5.2 Hz, 2H), 3.59 (t, J = 6.8 Hz, 1H), 3.52-3.42 (m, 

8H), 3.36 (t, J = 5.8 Hz, 2H), 3.16 (t, J = 5.4 Hz, 3H), 2.66 (t, J = 7.6 Hz, 2H), 2.04 (t, J = 7.3 Hz, 

2H), 1.99-1.92 (m, 1H), 1.88 (t, J = 7.3 Hz, 2H), 1.83-1.28 (m, 9H), 1.28-1.12 (m, 9H), 1.11-

1.05 (m, 1H), 1.02 (d, J = 6.4 Hz, 1H), 0.94 (d, J = 6.4Hz, 2H). 13C NMR (100 MHz, DMSO-d6) 

δ (ppm) 172.7, 163.4, 157.0, 150.6, 150.2, 146.4, 130.4, 130.3, 130.3, 125.9, 125.7, 122.7, 

121.1, 121.1, 120.8, 120.8, 70.2, 70.1, 70.1, 70.0, 69.6, 69.2, 64.4, 55.4, 50.6, 49.7, 49.3, 

47.7, 38.9, 38.7, 35.7, 35.6, 30.0, 29.5, 29.1, 29.0, 26.2, 26.0, 25.6, 21.9, 15.9. MS (ESI) m/z 

887.6 [M+H]+. HRMS for C41H63N10O10P1, mass calculated 887.4539, mass measured 

887.4531. 

3-(1-(18-((4R,5S)-5-methyl-2-oxoimidazolidin-4-yl)-13-oxo-3,6,9-trioxa-12-azaoctadecyl)-

1H-1,2,3-triazol-4-yl)propyl (1-(bis(4-chlorophenoxy)phosphoryl)-4-

guanidinobutyl)carbamate trifluoroacetate salt (6.46b) General procedure H with 6.33a 

(42 mg, 0.101 mmol) and S6.16, followed by general procedure D to yield 6.46b (57.2 mg, 

0.060 mmol, 60% yield). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 7.85 (d, J = 9.8 Hz, 1H), 

7.81 (s, 1H), 7.38 (d, J = 8.9 Hz, 4H), 7.18 (t, J = 7.4 Hz, 4H), 4.55 (t, J = 5.1 Hz, 2H), 4.50 – 

4.38 (m, 1H), 4.12 (t, J = 6.3 Hz, 2H), 3.88 (t, J = 5.1 Hz, 2H), 3.85 – 3.77 (m, 1H), 3.68 (q, J = 

7.5 Hz, 1H), 3.60 (s, 4H), 3.57 (s, 4H), 3.51 (t, J = 5.6 Hz, 2H), 3.34 (t, J = 5.6 Hz, 2H), 3.30 – 

3.21 (m, 2H), 2.78 (t, J = 7.6 Hz, 2H), 2.18 (t, J = 7.5 Hz, 2H), 2.15 – 2.04 (m, 1H), 1.99 (p, J = 

6.5 Hz, 2H), 1.95 – 1.80 (m, 2H), 1.80 – 1.67 (m, 1H), 1.61 (p, J = 7.2 Hz, 2H), 1.53 – 1.42 (m, 

2H), 1.42 – 1.26 (m, 4H), 1.09 (d, J = 6.5 Hz, 3H). 13C NMR (100 MHz, Methanol-d4) δ (ppm) 

174.9, 157.2, 148.5, 129.7, 122.0, 121.7, 121.7, 70.1, 70.1, 70.0, 69.9, 69.2, 69.0, 64.3, 56.0, 

51.3, 50.0, 40.3, 39.0, 35.5, 29.5, 29.3, 28.8, 28.5, 26.0, 25.8, 25.4, 25.0, 24.8, 21.3, 14.2. 

MS (ESI) m/z 955.5 [M+H]+. HRMS for C41H61N10O10Cl2P1, mass calculated 955.3760, mass 

measured 955.3773. 

3-(1-(18-((4R,5S)-5-methyl-2-oxoimidazolidin-4-yl)-13-oxo-3,6,9-trioxa-12-azaoctadecyl)-

1H-1,2,3-triazol-4-yl)propyl (5-amino-1-(diphenoxyphosphoryl)pentyl)carbamate 

trifluoroacetate salt (6.47b) General procedure H with 6.29a (162 mg, 0.297 mmol) and 

S6.16, followed by general procedure D to yield 6.47b (242 mg, 0.246 mmol, 83% yield). 1H 
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NMR (400 MHz, Methanol-d4) δ (ppm) 7.89 (s, 1H), 7.38 (t, J = 7.6 Hz, 4H), 7.27-7.21 (m, 

2H), 7.21-7.13 (m, 4H), 4.56 (t, J = 4.9 Hz, 2H), 4.50-4.37 (m, 1H), 4.21-4.07 (m, 2H), 3.90 (t, 

J = 4.4 Hz, 2H), 3.87-3.78 (m, 1H), 3.75-3.65 (m, 1H), 3.65-3.56 (m, 8H), 3.53 (t, J = 5.7 Hz, 

2H), 3.36 (t, J = 5.8 Hz, 2H), 2.97 (t, J = 7.3 Hz, 2H), 2.87-2.73 (m, 2H), 2.20 (t, J = 7.7 Hz, 2H), 

2.16-1.85 (m, 4H), 1.84-1.25 (m, 12H), 1.11 (d, J = 6.6 Hz, 3H). 13C NMR (100 MHz, Methanol-

d4) δ (ppm) 131.0, 126.8, 126.7, 121.8, 121.6, 71.5, 71.4, 71.2, 70.6, 70.3, 65.5, 57.4, 49.4, 

49.2, 40.5, 40.3, 36.9, 30.7, 30.2, 29.8, 27.8, 27.2, 26.8, 23.7, 15.6. MS (ESI) m/z 859.5 

[M+H]+. HRMS for C41H63N8O10P1, mass calculated 859.4477, mass measured 859.4462. 

3-(1-(13-oxo-17-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-3,6,9-

trioxa-12-azaheptadecyl)-1H-1,2,3-triazol-4-yl)propyl (5-amino-1-

(diphenoxyphosphoryl)pentyl) carbamate trifluoroacetate salt (6.48b) General procedure 

H with 6.29a (0.163 g, 0.367 mmol) and S6.18, followed by general procedure D to yield 

6.48b (121.1 mg, 0.121 mmol, 33% yield1H NMR (400 MHz, Methanol-d4) δ (ppm) 7.98-7.80 

(m, 1H), 7.38 (t, J = 7.7 Hz, 4H), 7.28-7.12 (m, 6H), 4.56 (t, J = 4.8 Hz, 2H), 4.53-4.37 (m, 2H), 

4.31 (dd, J = 7.8, 4.4 Hz, 1H), 4.20-4.07 (m, 2H), 3.90 (t, J = 5.0 Hz, 2H), 3.64-3.57 (m, 8H), 

3.53 (t, J = 5.6 Hz, 2H), 3.36 (t, J = 5.6 Hz, 2H), 3.24-3.17 (m, 1H), 3.02-2.89 (m, 4H), 2.87-

2.75 (m, 2H), 2.21 (t, J = 7.4 Hz, 2H), 2.16-1.84 (m, 4H), 1.84-1.37 (m, 10H). 13C NMR (100 

MHz, Methanol-d4) δ (ppm) 176.0, 158.7, 151.5, 151.4, 131.0, 126.8, 121.6, 121.5, 71.5, 

71.4, 71.2, 70.5, 70.3, 65.5, 63.4, 61.6, 57.0, 51.7, 41.1, 40.5, 40.3, 36.7, 29.7, 29.5, 27.8, 

26.8, 23.7, 22.7. MS (ESI) m/z 889.5 [M+H]+. HRMS for C41H61N8O10S1P1, mass calculated 

889.4042, mass measured 889.4017.  

3-(1-(18-((4R,5S)-5-methyl-2-oxoimidazolidin-4-yl)-13-oxo-3,6,9-trioxa-12-azaoctadecyl)-

1H-1,2,3-triazol-4-yl)propyl (5-amino-1-(bis(4-

acetamidophenoxy)phosphoryl)pentyl)carbamate trifluoroacetate salt (6.49b) General 

procedure H with 6.30a (40 mg, 0.061 mmol) and S6.16, followed by general procedure D 

to yield 6.49b (34.5 mg, 0.032 mmol, 53% yield). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 

7.81 (s, 1H), 7.54 (d, J = 8.7 Hz, 4H), 7.15-7.08 (m, 4H), 4.53 (t, J = 4.9 Hz, 2H), 4.40 (ddd, J = 

16.5, 13.4, 3.5 Hz, 1H), 4.20-4.04 (m, 2H), 3.87 (t, J = 4.9 Hz, 2H), 3.80 (p, J = 7.1 Hz, 1H), 
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3.73-3.45 (m, 11H), 3.33 (t, J = 5.4 Hz, 2H), 2.95 (t, J = 6.9 Hz, 2H), 2.78 (br s, 2H), 2.24-2.13 

(m, 2H), 2.11 (s, 6H), 2.08-1.84 (m, 4H), 2.07-1.16 (m, 15H). 13C NMR (100 MHz, Methanol-

d4) δ (ppm) 176.2, 171.6, 137.7, 122.3, 122.0, 121.8, 71.5, 71.4, 71.2, 70.6, 70.4, 65.6, 57.4, 

52.7, 51.3, 40.5, 40.3, 33.9, 30.7, 30.2, 29.9, 27.1, 26.8, 23.8, 15.6. MS (ESI) m/z 973.7 

[M+H]+. HRMS for C45H69N10O12P1, mass calculated 973.4907, mass measured 973.4898. 

3-(1-(18-((4R,5S)-5-methyl-2-oxoimidazolidin-4-yl)-13-oxo-3,6,9-trioxa-12-azaoctadecyl)-

1H-1,2,3-triazol-4-yl)propyl (1-(diphenoxyphosphoryl)-2-(4-

guanidinophenyl)ethyl)carbamate trifluoroacetate salt (6.50b) General procedure H with 

6.34a (50 mg, 0.069 mmol) and S6.16, followed by general procedure D to yield 6.50b (49.3 

mg, 0.052 mmol, 76% yield). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 8.01 (d, J = 9.9 Hz, 

1H), 7.75 (s, 1H), 7.43 (d, J = 8.3 Hz, 2H), 7.37 (t, J = 7.3 Hz, 4H), 7.21 (m, 8H), 4.71 – 4.57 

(m, 1H), 4.53 (t, J = 5.0 Hz, 2H), 3.99 (td, J = 6.1, 2.4 Hz, 2H), 3.87 (t, J = 5.0 Hz, 2H), 3.84 – 

3.76 (m, 1H), 3.71 – 3.66 (m, 2H), 3.59 (s, 4H), 3.56 (s, 4H), 3.50 (t, J = 5.5 Hz, 2H), 3.42 (dt, 

J = 14.3, 4.4 Hz, 1H), 3.34 (d, J = 6.5 Hz, 2H), 3.09 (ddd, J = 14.0, 11.6, 9.1 Hz, 1H), 2.68 (t, J 

= 7.6 Hz, 2H), 2.18 (t, J = 7.4 Hz, 2H), 1.88 (p, J = 6.7 Hz, 2H), 1.61 (p, J = 6.9 Hz, 2H), 1.51 – 

1.42 (m, 2H), 1.09 (d, J = 6.5 Hz, 3H). 13C NMR (100 MHz, Methanol-d4) δ (ppm) 176.2, 166.2, 

158.5, 158.5, 158.0, 151.6, 151.5, 151.4, 151.3, 137.9, 137.7, 134.9, 131.9, 131.0, 126.9, 

126.8, 126.6, 124.1, 121.8, 121.8, 121.6, 121.6, 71.5, 71.4, 71.4, 71.2, 70.5, 70.4, 65.4, 57.4, 

52.7, 52.0, 51.3, 50.5, 49.8, 40.3, 36.9, 30.7, 30.2, 29.8, 27.1, 26.8, 22.6, 15.6. MS (ESI) m/z 

935.6 [M+H]+.  

3-(1-(13-oxo-17-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-3,6,9-

trioxa-12-azaheptadecyl)-1H-1,2,3-triazol-4-yl)propyl(1-(diphenoxyphosphoryl)-2-(4-

guanidinophenyl)ethyl) carbamate trifluoroacetate salt (6.51b) General procedure H with 

6.34a (50 mg, 0.069 mmol) and S6.18, followed by general procedure D to yield 6.51b (41 

mg, 0.042 mmol, 61% yield). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 8.00 (d, J = 9.8 Hz, 

1H), 7.75 (s, 1H), 7.43 (d, J = 8.3 Hz, 2H), 7.38 (t, J = 7.3 Hz, 4H), 7.26-7.16 (m, 8H), 4.70-4.57 

(m, 1H), 4.53 (t, J = 5.0 Hz, 2H), 4.47 (dd, J = 7.8, 4.9 Hz, 1H), 4.28 (dd, J = 7.8, 4.4 Hz, 1H), 

4.03-3.95 (m, 2H), 3.88 (t, J = 5.0 Hz, 2H), 3.60 (s, 4H), 3.57 (s, 4H), 3.51 (t, J = 5.5 Hz, 2H), 
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3.42 (td, J = 13.59, 4.21 Hz, 1H), 3.34-3.33 (m, 2H), 3.21-3.14 (m, 1H), 3.14-3.04 (m, 1H), 

2.92 (dd, J = 13.0, 4.9 Hz, 1H), 2.70 (s, 1H), 2.68-2.65 (m, 2H), 2.19 (t, J = 7.4 Hz, 2H), 1.92-

1.82 (m, 2H), 1.79-1.50 (m, 4H), 1.46-1.39 (m, 2H). 13C NMR (100 MHz, Methanol-d4) δ 

(ppm) 176.1, 166.1, 158.5, 158.0, 151.7, 151.6, 151.4, 151.3, 138.0, 137.8, 134.9, 131.9, 

131.0, 126.9, 126.8, 126.6, 121.8, 121.8, 121.6, 121.6, 71.5, 71.4, 71.4, 71.2, 70.5, 70.3, 

65.4, 63.4, 61.6, 57.0, 51.4, 41.0, 40.3, 36.7, 29.8, 29.5, 26.8, 22.6, 15.4. MS (ESI) m/z 965.5 

[M+H]+. HRMS for C45H61N10O10S1P1, mass calculated 965.4103, mass measured 965.4106.  

3-(1-(18-((4R,5S)-5-methyl-2-oxoimidazolidin-4-yl)-13-oxo-3,6,9-trioxa-12-azaoctadecyl)-

1H-1,2,3-triazol-4-yl)propyl (1-(bis(4-acetamidophenoxy)phosphoryl)-2-(4-

guanidinophenyl)ethyl)carbamate trifluoroacetate salt (6.52b) General procedure H with 

6.35a (59.6 mg, 0.144 mmol) and S6.16, followed by general procedure D to yield 6.52b (37 

mg, 0.036 mmol, 25% yield). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 7.98 (br d, J = 9.3 Hz, 

1H), 7.75 (br s, 1H), 7.55 (dd, J = 9.1, 3.1 Hz, 4H), 7.44 (d, J = 8.4 Hz, 2H), 7.24 (d, J = 8.3 Hz, 

2H), 7.16 (t, J = 9.5 Hz, 4H), 4.69-4.56 (m, 1H), 4.53 (t, J = 5.1 Hz, 2H), 4.01 (t, J = 6.2 Hz, 2H), 

3.89 (t, J = 5.0 Hz, 2H), 3.80 (p, J = 7.3 Hz, 1H), 3.73-3.64 (m, 1H), 3.62-3.52 (m, 8H), 3.50 (t, 

J = 5.6 Hz, 2H), 3.40 (dt, J = 14.2, 4.5 Hz, 1H), 3.33 (t, J = 5.6 Hz, 2H), 3.07 (q, J = 11.9 Hz, 1H), 

2.68 (t, J = 7.6 Hz, 2H), 2.19 (t, J = 7.6 Hz, 2H), 2.11 (s, 6H), 1.88 (p, J = 6.8 Hz, 2H), 1.60 (p, J 

= 7.3 Hz, 2H), 1.53-1.19 (m, 7H), 1.08 (d, J = 6.3 Hz, 3H). 13C NMR (101 MHz, Methanol-d4) 

δ 176.2, 171.6, 158.0, 134.9, 132.0, 126.7, 122.3, 122.1, 121.8, 71.5, 71.4, 71.3, 70.6, 70.4, 

65.4, 57.4, 52.7, 51.4, 40.3, 36.9, 30.8, 30.2, 29.9, 27.2, 26.9, 23.8, 22.7, 15.7. MS (ESI) m/z 

1049.5 [M+H]+. HRMS for C49H69N12O12P1, mass calculated 1049.4968, mass measured 

1049.4980.  

3-(1-(13-oxo-17-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-3,6,9-

trioxa-12-azaheptadecyl)-1H-1,2,3-triazol-4-yl)propyl(1-(bis(4-acetamidophenoxy) 

phosphoryl)-2-(4-guanidinophenyl) ethyl)carbamate trifluoroacetate salt (6.53b) General 

procedure H with 6.35a (150 mg, 0.180 mmol) and S6.18, followed by general procedure D 

to yield 6.53b (143.8 mg, 0.120 mmol, 67% yield). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 

7.98 (d, J = 9.8 Hz, 1H), 7.78 (s, 1H), 7.55 (dd, J = 2.3, 8.9 Hz, 4H), 7.41 (d, J = 8.2 Hz, 2H), 
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7.21 (d, J = 8.2 Hz, 2H), 7.14 (t, J = 8.5 Hz, 4H), 4.66-4.58 (m, 1H), 4.53 (t, J = 4.8 Hz, 2H), 

4.47 (dd, J = 4.7, 7.6 Hz, 1H), 4.27 (dd, J = 4.4, 7.7 Hz, 1H), 3.98 (t, J = 5.5 Hz, 2H), 3.86 (t, J 

= 4.8 Hz, 2H), 3.72-3.48 (s, 8H), 3.49 (t, J = 5.3 Hz, 2H), 3.42-3.38 (m, 1H), 3.31-3.28 (m, 2H), 

3.17-3.11 (m, 1H), 3.10-3.06 (m, 1H), 2.90 (dd, J = 4.9, 12.7 Hz, 1H), 2.71-2.65 (m, 3H), 2.18 

(t, J = 7.3 Hz, 2H), 2.11 (s, 6H), 1.89-1.85 (m, 2H), 1.62-1.59 (m, 4H), 1.42-1.39 (m, 2H). 13C 

NMR (101 MHz, Methanol-d4) δ (ppm) 176.1, 171.6, 166.1, 158.5, 157.9, 147.4, 147.2, 

137.7, 137.6, 134.9, 131.9, 126.6, 124.1, 122.4, 122.0, 121.8, 71.5, 71.4, 71.3, 71.2, 70.5, 

70.3, 65.4, 63.3, 61.6, 57.0, 51.5, 51.1, 41.0, 40.2, 36.7, 35.9, 29.7, 29.4, 26.8, 23.7, 22.6. 

MS (ESI) m/z 1079.5 [M+H]+. HRMS for C49H67N12O12S1P1, mass calculated 1079.4532, mass 

measured 1079.4541.  

3-(1-(18-((4R,5S)-5-methyl-2-oxoimidazolidin-4-yl)-13-oxo-3,6,9-trioxa-12-azaoctadecyl)-

1H-1,2,3-triazol-4-yl)propyl (1-(bis(4-chlorophenoxy)phosphoryl)-2-(4-guanidinophenyl) 

ethyl)carbamate trifluoroacetate salt (6.54b) General procedure H with 6.36a (156 mg, 

0.198 mmol) and S6.16, followed by general procedure D to yield 6.54b (86.8 mg, 0.077 

mmol, 39% yield). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 8.03 (d, J = 9.8 Hz, 1H), 7.81 (br 

s, 1H), 7.48-7.35 (m, 6H), 7.25-7.15 (m, 6H), 4.65 (ddd, J = 15.2, 13.6, 3.6 Hz, 1H), 4.54 (t, J 

= 5.0 Hz, 2H), 3.98 (t, J = 5.7 Hz, 1H), 3.88 (t, J = 4.8 Hz, 2H), 3.81 (p, J = 6.8 Hz, 1H), 3.68 (q, 

J = 7.1 Hz, 1H), 3.64-3.53 (m, 8H), 3.50 (t, J = 5.7 Hz, 2H), 3.41 (dt, J = 14.3, 4.7 Hz, 1H), 3.33 

(t, J = 5.7 Hz, 1H), 3.21 (q, J = 7.2 Hz, 1H), 3.14-3.02 (m, 1H), 2.68 (br t, J = 7.2 Hz, 2H), 2.18 

(t, J = 7.7 Hz, 2H), 1.87 (br t, J = 5.6 Hz, 1H), 1.55-1.21 (m, 2H), 1.51-1.24 (m, 8H), 1.09 (d, J 

= 6.3 Hz, 3H). 13C NMR (100 MHz, Methanol-d4) δ (ppm) 176.3, 158.4, 158.0, 150.1, 150.0, 

135.1, 132.3, 132.0, 131.1, 126.6, 123.4, 123.2, 71.5, 71.4, 71.3, 70.6, 70.4, 65.5, 57.4, 52.8, 

51.5, 51.3, 47.9, 40.3, 36.9, 30.8, 30.2, 29.8, 27.2, 26.9, 22.7, 15.7. MS (ESI) m/z 1005.5 

[M+H]+. HRMS for C45H61N10O10Cl2P1, mass calculated 1003.3760, mass measured 

1003.3767.  

3-(1-(18-((4R,5S)-5-methyl-2-oxoimidazolidin-4-yl)-13-oxo-3,6,9-trioxa-12-azaoctadecyl)-

1H-1,2,3-triazol-4-yl)propyl (1-(diphenoxyphosphoryl) (4-guanidinophenyl)carbamate 

trifluoroacetate salt (6.55b) General procedure H with 6.37a (150 mg, 0.212 mmol) and 
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S6.16, followed by general procedure D to yield 6.55b (82 mg, 0.089 mmol, 42% yield). 1H 

NMR (400 MHz, Methanol-d4) δ (ppm) 7.80 (s, 1H), 7.70 (d, J = 7.6 Hz, 2H),7.34 (t, J = 8.1 

Hz, 6H), 7.20 (t, J = 7.6 Hz, 2H), 7.10 (d, J = 7.7 Hz, 2H), 7.05 (d, J = 7.7 Hz, 2H), 5.68 (d, J = 

22.5 Hz, 1H), 4.53 (t, J = 4.9 Hz, 2H), 4.20-4.05 (m, 2H), 3.87 (t, J = 4.9 Hz, 2H), 3.80 (t, J = 

7.5 Hz, 1H), 3.71-3.61 (m, 2H), 3.58 (d, J = 12.4 Hz, 8H), 3.50 (t, J = 5.5 Hz, 2H), 3.36-3.32 (m, 

2H), 2.75 (t, J = 7.5 Hz, 2H), 2.18 (t, J = 6.9 Hz, 2H), 2.05-1.93 (m, 2H, CH2), 1.65-1.54 (m, 2H, 

CH2), 1.52-1.42 (m, 2H), 1.37-1.31 (m, 4H), 1.08 (d, J = 6.2 Hz, 3H). 13C NMR (100 MHz, 

Methanol-d4) δ (ppm) 176.3, 134.9, 131.2, 131.1, 131.0, 131.0, 126.9, 126.8, 126.5, 121.6, 

121.6, 121.5, 121.5, 71.5, 71.4, 71.4, 71.2, 70.6, 70.4, 65.8, 57.4, 53.0, 52.7, 51.4, 40.3, 36.9, 

30.9, 30.7, 30.2, 29.9, 27.1, 26.9, 22.7, 15.6. MS (ESI) m/z 921.5 [M+H]+. HRMS for 

C44H61N10O10P1, mass calculated 921.4382, mass measured 921.4416. 

3-(1-(18-((4R,5S)-5-methyl-2-oxoimidazolidin-4-yl)-13-oxo-3,6,9-trioxa-12-azaoctadecyl)-

1H-1,2,3-triazol-4-yl)propyl (1-(bis(4-acetamido-phenoxy)phosphoryl) (4-

guanidinophenyl)carbamate trifluoroacetate salt (6.56b) General procedure H with 6.38a 

(150 mg, 0.183 mmol) and S6.16, followed by general procedure D to yield 6.56b (41.6 mg, 

0.040 mmol, 22% yield). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 7.81 (br s, 1H), 7.68 (d, J 

= 6.9 Hz, 2H), 7.51 (dd, J = 8,9 Hz, 5 Hz, 4H), 7.34 (d, J = 8.3 Hz, 2H), 7.05 (d, J = 8.4 Hz, 2H), 

6.99 (d, J = 8.4 Hz, 2H), 5.65 (d, J = 22.8 Hz, 1H), 4.53 (t, J = 4.9 Hz, 2H), 4.19-4.02 (m, 2H), 

3.87 (t, J = 4.9 Hz, 2H), 3.84-3.77 (m, 1H), 3.71-3.65 (m, 2H), 3.57 (d, J = 11.4 Hz, 8H), 3.49 

(t, J = 5.89, 2H), 3.35-3.31 (m, 2H), 2.77 (br s, 2H), 2.18 (t, J = 7.1 Hz, 2H), 2.10 (s, 6H), 2.04-

1.96 (m, 2H, CH2), 1.64-1.54 (m, 2H), 1.51-1.42 (m, 2H), 1.37-1.30 (m, 4H), 1.08 (d, J = 6.4 

Hz, 3H). 13C NMR (100 MHz, Methanol-d4) δ (ppm) 170.2, 129.8, 129.7, 125.1, 120.9, 120.9, 

120.5, 120.4, 120.4, 120.3, 70.1, 70.1, 70.0, 69.8, 69.2, 69.0, 56.0, 51.3, 39.0, 35.5, 29.3, 

29.0, 25.8, 25.4, 22.3, 14.2. MS (ESI) m/z 1057.6 [M+Na]+.  

3-(1-(18-((4R,5S)-5-methyl-2-oxoimidazolidin-4-yl)-13-oxo-3,6,9-trioxa-12-azaoctadecyl)-

1H-1,2,3-triazol-4-yl)propyl (1-(bis(4-chlorophenoxy)phosphoryl) (4-

guanidinophenyl)carbamate trifluoroacetate salt (6.57b) General procedure H with 6.39a 

(105 mg, 0.252 mmol) and S6.16, followed by general procedure to yield 6.57b (50.4 mg, 
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0.050 mmol, 20% yield). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 7.78 (s, 1H), 7.69 (d, J = 

8.0 Hz, 2H), 7.35-7.30 (m, 6H), 7.12 (d, J = 9.1 Hz, 2H), 7.05 (d, J = 9.1 Hz, 2H), 5.66 (d, J = 

23.2 Hz, 1H), 4.50 (t, J = 4.7 Hz, 2H), 4.16-4.01 (m, 2H), 3.83 (t, J = 4.8 Hz, 2H), 3.84-3.77 (m, 

1H), 3.71-3.62 (m, 3H), 3.59 (s, 4H), 3.54 (s, 4H), 3.47 (t, J = 6.08 Hz, 2H), 3.30 (d, J = 5.8 Hz, 

2H), 2.75 (t, J = 8.2 Hz, 2H), 2.15 (t, J = 6.7 Hz, 2H), 2.04-1.93 (m, 2H), 1.65-1.41 (m, 6H), 

1.04 (d, J = 6.2 Hz, 3H). 13C NMR (100 MHz, Methanol-d4) δ (ppm) 176.2, 136.8, 136.8, 134.5, 

132.3, 132.2, 131.2, 131.1, 131.0, 131.0, 126.5, 123.2, 123.2, 123.1, 123.0, 71.5, 71.5, 71.4, 

71.2, 70.6, 70.4, 65.8, 57.4, 53.0, 52.7, 51.3, 40.3, 36.9, 30.9, 30.7, 30.2, 29.9, 27.5, 27.1, 

26.8, 22.7, 15.6. MS (ESI) m/z 989.4 [M+H]+. HRMS for C44H59N10O10Cl2P1, mass calculated 

989.3603, mass measured 989.3636. 

Diphenyl (5-amino-1-(1-(4-(1-(18-((4S,5R)-5-methyl-2-oxoimidazolidin-4-yl)-13-oxo-

3,6,9-trioxa-12-azaoctadecyl)-1H-1,2,3-triazol-4-yl)butanoyl)pyrrolidine-2-

carboxamido)pentyl)phosphonate trifluoroacetate salt (6.58b) General procedure H with 

6.31a (52,5 mg, 0,127 mmol) and S6.16, followed by general procedure D to yield 6.58b 

(5.6 mg, 5.31 µmol, 6% yield). 1H NMR (400 MHz, Methanol-d4) δ (ppm) 7.86-7.75 (m, 2H), 

7.36 (t, J = 7.7 Hz, 4H), 7.27-7.19 (m, 2H), 7.19-7.11 (m, 4H), 4.54 (t, J = 5.1 Hz, 2H), 4.48 

(dd, J = 7.7, 4.6 Hz, 1H), 4.45-4.35 (m, 1H), 4.29 (dd, J = 7.7, 4.6 Hz, 1H), 4.19-4.04 (m, 2H), 

3.88 (t, J = 5.1 Hz, 2H), 3.63-3.55 (m, 8H), 3.51 (t, J = 5.4 Hz, 2H), 3.34 (t, J = 5.7 Hz, 4H), 

3.23-3.15 (m, 1H), 3.02-2.87 (m, 4H), 2.79 (t, J = 7.4 Hz, 2H), 2.72-2.65 (m, 1H), 2.19 (t, J = 

7.4 Hz, 2H), 2.15-1.34 (m, 19H). 13C NMR (100 MHz, Methanol-d4) δ (ppm) 131.1, 121.5, 

71.5, 70.6, 52.7, 40.4, 36.9, 30.8, 30.2, 26.9, 15.7. MS m/z 940.6 [M+H]+. HRMS for 

C46H70N9O10P1, mass calculated 940.5056, mass measured 940.5059.  

6.5.2  Determination of IC50 values 

The IC50 value is defined as the concentration of inhibitor required to reduce the enzyme 

activity to 50% after a 15 min preincubation with the enzyme at 37 °C before the addition 

of the substrate. The IC50 values were determined using a spectrophotometric assay. All 

the experiments were conducted in duplicate. The readout consisted of evaluating the 
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protease-mediated release of the chromophore para-nitroaniline (pNA) or fluorophore 7-

amino-4-methyl coumarin (AMC) moieties from the respective substrates. Enzymatic 

activity was measured for 30 min at 37 °C. All compounds were initially screened at three 

concentrations (10, 1, and 0.1 μM) to estimate the range of the IC50 value. Those which 

were able to reduce protease activity by at least 50% at a concentration of 10 μM were 

submitted to an exact IC50 determination. The final IC50 values of the most potent inhibitors 

were the average of two independent experimental results. A third independent 

experiment was performed when the standard deviation of the two independent 

experiments was higher than three times the IC50 value. IC50 values were obtained by fitting 

the data with the four-parameter logistics equation using GraphPad Prism 9.  

The conditions for each protease are described as follows, the concentration of substrate 

used was at the corresponding Km. 

Trypsin-3 (recombinant trypsin-3, R&D) and fluorogenic substrate tosyl-Gly-Pro-Arg-AMC 

(Km = 22.5 μM) were used in Tris buffer (100 mM Tris, 1 mM CaCl2) at pH 8.0 (25°C). Tryptase 

(recombinant tryptase β-2, EnzoLife Sciences) and fluorogenic substrate Boc-Gln-Ala-Arg-

AMC (Km = 250 μM) were used in Tris buffer (50 mM Tris, 120 mM NaCl, 0.1 mg/mL BSA, 

0.1 mg/mL heparin) at pH 8.0 (25°C). Thrombin (recombinant thrombin, R&D) and 

fluorogenic substrate Boc-Val-Pro-Arg-AMC (Km = 15 μM) were used in TRIS buffer (50 mM 

Tris HCl, 50 mM Tris base, 10 mM CaCl2, 150 mM NaCl) at pH 8.3 (25°C). uPA (recombinant 

urokinase plasminogen activator, HYPHEN BioMed) and chromogenic substrate pyro-Glu-

Gly-Arg-pNA (Km = 80 μM) were used in HEPES buffer (50 mM HEPES) at pH 8.1 (25°C). 

Cathepsin G (cathepsin G human neutrophil, Sigma-Aldrich) and fluorogenic substrate Suc-

Ala-Ala-Pro-Phe-AMC (Km = 130 μM) were used in Tris buffer (50 mM Tris, 120 mM NaCl) at 

pH 8.0 (25°C). TLCK-treated pancreatic bovine chymotrypsin (Sigma-Aldrich) and 

fluorescent substrate Suc-Ala-Ala-Pro-Phe-AMC (Km = 58 μM) were used in Tris buffer (50 

mM Tris, 20 mM CaCl2) at pH 8.3 (25°C). Neutrophil Elastase (recombinant neutrophil 

elastase, Enzo LifeSciences) and fluorogenic substrate Suc-Ala-Ala-Pro-Val-AMC (Km = 500 

μM) were used in Tris buffer (50 mM Tris, 120 mM NaCl) at pH 8.0 (25°C). 
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6.5.3 Kinetic experiments and determination of kapp, K1, and Ki* 

Because the compounds described in this paper were previously described as irreversible 

inhibitors, the IC50 value is inversely correlated with the second-order rate constant of 

inactivation. For a simple pseudo-first-order inactivation process, the activity after 

incubation with inhibitor (vi) varies with the inhibitor concentration (i), as described in the 

following equation: vi = v0 · e-kit, where v0 is the activity in the absence of an inhibitor, k is 

the second-order rate constant of inactivation, and t is the time. The inactivation rate 

constant was determined from the time course of inhibition. 

Kinetic assays were performed in the following manner. The inhibitor was mixed with the 

substrate, and the buffer solution with the enzyme was added at the time zero. The 

progress curves show the release of pNA or AMC as a function of time. Initially, no inhibitor 

is bound to the enzyme, and the tangent to the progress curve (dA/dt) is proportional to 

the free enzyme concentration. The free enzyme concentration decreases over time due 

to inhibitor binding kinetics, as described above. Progress curves were recorded in pseudo-

first-order conditions ([I]0>>[E]0) and with less than 10% conversion of the substrate during 

the entire time course. In these conditions, dA/dt decreases exponentially with time. The 

progress curves were fitted with the integrated rate equation with GraFit7 to yield a value 

for kobs, a pseudo-first-order rate constant. 

 At = Ao + vs·t + (vi-vs)*(1-e-kobs·t)/kobs, where At is the absorbance at time t, A0 is the 

absorbance at time zero, vi is the initial rate, and vs is the velocity at the steady-state.  

The apparent second-order rate constant (kapp) was calculated from the slope of the linear 

part of the plot of kobs vs. the inhibitor concentration ([I]0). In the case of competition 

between the inhibitor and the substrate, kapp is smaller than the “real” second-order rate 

constant k discussed above because a certain fraction of the enzyme is present as an 

enzyme-substrate complex. kapp depends on the substrate concentration used in the 

experiment, as described by Lambeir et al. 1996.125  



Chapter 6 

 

156 

The apparent equilibrium constants were obtained from the following equations,  

vi/v0 = 1/ (1+([I]/K1) and vs/v0 = 1/ (1+([I]/KI*), where vi is the initial rate, vs is the steady-

state velocity and vo is the uninhibited initial rate. 

6.5.4 Determination of inhibition type 

To monitor the dissociation of the inhibitor-enzyme, aliquots of the enzyme were 

incubated at 37oC without and with the inhibitor at a concentration 10 times higher than 

its IC50. The enzyme concentration was 2.5 times higher than the concentration used for 

the IC50 determinations. After 15 min, the aliquots were diluted 10-fold or 100-fold into the 

substrate concentration and assay buffer used for the IC50 determination. The dissociation 

of the enzyme-inhibitor complex was monitored by substrate hydrolysis over time.129  

6.5.5 Labeling and detection of recombinant proteases 

Recombinant proteases (100 ng) were labeled with 1 µM ABP in reaction buffer in a final 

volume of 40 µL for 30 min at 37 °C. After the addition of 4X Laemmli buffer (Bio-Rad, 

GmbH) supplemented with Bond-Breaker Tris(2-CarboxyEthyl)Phosphine (TCEP) Solution 

(Thermo Scientific, USA), the samples were heated at 95 °C for 5 min and loaded into 4–

20% Mini-Protean TGX precast gels (Bio-Rad, GmbH). After electrophoresis, the proteins 

were blotted onto nitrocellulose membranes using the Trans-Blot Transfer Turbo System 

(Bio-Rad). Membranes were incubated with NeutrAvidin-HRP (1:50,000), and bands were 

visualized with ECL Select Western Blot Detection Reagent (GE Healthcare Life Sciences) by 

chemiluminescence (Chemidoc XRS; Bio-Rad). The molecular weight of each band was 

determined with the Image Lab Software v5 (Bio-Rad). 

6.5.6 Primary human mast cells culture 

Peripheral blood mononuclear cells (PBMCs) were obtained from buffy coats 

(Etablissement Français du Sang). CD34+ precursors cells were isolated from PBMCs 

(EasySep™ Human CD34 Positive Selection Kit, STEMCELL Technologies) and grown under 
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serum-free conditions using StemSpanTM medium (STEMCELL Technologies) 

supplemented with recombinant human IL-6 (50 ng/mL; Peprotech), human IL-3 (10 ng/mL; 

Peprotech) and 3% supernatant of CHO transfectants secreting murine SCF (a gift from Dr. 

P. Dubreuil, Marseille, France, 3% correspond to ~50 ng/mL SCF) for one week. Cells were 

next grown in IMDM Glutamax I, sodium pyruvate, 2-mercaptoethanol, 0.5% BSA, Insulin-

transferrin selenium (all from Invitrogen), penicillin (100 U/mL), streptomycin (100 µg/mL) 

and 3% supernatant of CHO transfectants secreting murine SCF for 8 weeks then tested 

phenotypically (CD117+, FcεRI+ ) and functionally (β-hexosaminidase release in response 

to FcεRI crosslinking) before use for experiments. Only primary cell lines showing more than 

95% CD117+ /FcεRI+ cells were used for experiments. 

6.5.7 Mast cell degranulation assay 

1x105 mast cells were distributed in 50 µL Tyrode’s Buffer and adapted to 37°C for 30 

minutes. Mast cells were next stimulated with DNP-BSA (200 ng/mL) after sensitization 

with 1 µg/mL of IgE anti DNP (Sigma-Aldrich) overnight. Supernatants were harvested and 

stored at -80°C. (β-hexosaminidase was assayed by measuring the release of p-nitrophenol 

from the substrate p-nitrophenyl N-acetyl-β-D-glucosaminide). 

6.5.8 Measurement of protein concentration  

The concentration of protein in supernatants was determined using the Pierce Protein BCA 

Assay Kit, according to instructions (Thermo Scientific). 

6.5.9 Measurement of proteolytic activity  

Tryptase-like activity in mast cell supernatants was measured with 0.075 mM Boc-Gln-Ala-

Arg-AMC hydrochloride as substrate in 50 mM Tris 120 mM NaCl + 0.1 mg/mL BSA + 50 

µg/mL heparin pH = 8 at 25°C (Sigma-Aldrich). Substrate cleavage was calculated by the 

change in fluorescence (excitation: 355 nm, emission: 460 nm), measured over 30 min at 

37 °C on a FLUOstar Omega microplate reader (BMG Labtech). Sample values were 
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interpolated into a linear regression generated with a standard curve of AMC (Sigma-

Aldrich). Data were expressed as U of tryptase-like activity per L (U defined as 1 µmol/min). 

6.5.10 Functional proteomic profiling of mast cell supernatants 

Mast cell supernatants (10 µg of total protein) were labeled with 1 µM individual ABPs 

(6.46b, 6.52b, or 6.57b) in 50 mM Tris, 120 mM NaCl, 0.1 mg/mL BSA, 50 µg/mL heparin, 

pH 8 at 25 °C (Sigma-Aldrich) in a final volume of 500 µL. As a control, supernatants were 

pre-incubated for 60 min at 37 °C under stirring (1000 rpm) in 4 mM AEBSF (Sigma), and 1X 

complete EDTA-free inhibitor cocktail (Roche) before incubation with a mixture containing 

the 3 ABPs mentioned above. The pre-incubation with protease inhibitors allows the 

identification of active proteases since enzyme inhibition abrogates their interaction with 

the ABP. The reaction product was then precipitated in 15% trichloroacetic acid at 4 °C 

overnight. The pellet was washed twice in cold acetone (−20 °C) and solubilized in 45 μL of 

Laemmli buffer (Bio-Rad) supplemented with Bond-Breaker TCEP Solution (Thermo 

Scientific). Samples were then heated at 95 °C for 5 min, clarified by centrifugation at 

12000 × g for 5 min, and the solubilized sample was loaded into 4–20% Mini-Protean TGX 

precast gels (Bio-Rad, GmbH). After electrophoresis, the proteins were blotted onto 

nitrocellulose membranes using the Trans-Blot Transfer Turbo System (Bio-Rad). 

Membranes were incubated with NeutrAvidin-HRP, and bands were visualized with ECL 

Select Western Blot Detection Reagent (GE Healthcare Life Sciences) by 

chemiluminescence (Chemidoc XRS; Bio-Rad). The molecular weight of each band was 

determined with the Image Lab Software v5 (Bio-Rad) with Dual Color Protein Precision 

Plus Standard (10-250 kDa; Bio-Rad) as a reference. The bands corresponding to active 

proteases were identified by their sensitivity to the pre-incubation with protease inhibitors. 

6.5.11 Detection of tryptase in mast cell supernatants 

Protein in the mast cell supernatants (75 µg of total protein) was precipitated in 15% 

trichloroacetic acid at 4 °C overnight. The pellet was washed twice in cold acetone (−20 °C) 

and solubilized in 75 μL of Laemmli buffer protein supplemented with TCEP (Bio-Rad). 



Activity-based probes targeting trypsin-like serine proteases 

 

 159 

Samples were then heated at 95 °C for 5 min, clarified by centrifugation at 12000 × g for 

5 min, and 5µg of the solubilized sample was loaded into 4–20% Mini-Protean TGX precast 

gels (Bio-Rad, GmbH). After electrophoresis, the proteins were blotted onto a nitrocellulose 

membrane using the Trans-Blot Transfer Turbo System (Bio-Rad). The membrane was 

incubated with a primary anti-mast cell tryptase antibody (sc-32889, Santa Cruz 

Biotechnology) at 1:1000 dilution overnight at 4°C. Subsequently, the membrane was 

labeled with the secondary HRP-conjugated antibody (1:10.000; P0448, Dako) for 1 h at 

room temperature. Bands were visualized with ECL Select Western Blot Detection Reagent 

(GE Healthcare Life Sciences) by chemiluminescence (Chemidoc XRS; Bio-Rad). The 

molecular weight of each band was determined with the Image Lab Software v5 (Bio-Rad). 
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 Supplementary information 

6.6.1 Chemical synthesis 

 Chemical schemes 

 
Scheme S6.1 Synthesis alkyne carbamate 6.8; (i) CCl3CONCO, DCM, 0 °C, 1 h; (ii) , K2CO3, CH3OH/H2O (10:1), 
rt, 16 h. 

 

Scheme S6.2 Synthesis tris(4-acetamidophenyl)phosphite; (i) PCl3, Et3N, THF, 0 oC to rt, 1 h. 

 

Scheme S6.3 Synthesis tris(4-chlorophenyl)phosphite; (i) PBr3, Et3N, Et2O, 0 oC to rt, 1 h. 

 
Scheme S6.4 Synthesis protected aldehydes (i) Boc2O, Et3N, EtOH, rt, 3 h; (ii) DMP, DCM, 0 °C to rt, 4 h. 
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Scheme S6.5 Synthesis of protected aldehyde to synthetize arginine analog; (i) Boc2O, Et3N, EtOH, rt, 4 h; (ii) 
Imidazole, TBSCl, DCM, 0 °C, 2 h; (iii) n-BuLi, Boc2O, THF, 0 °C to rt, 1 h; (iv) TBAF, THF, rt, 5 h; (v) (COCl)2, 
DMSO, Et3N, DCM, -78 °C to 0 °C, 2 h 

 

Scheme S6.6 Synthesis Pro-Lys ABP precursor; (i) NH2Boc, Cu(OTf)2, DCM, rt, 16 h; (ii) TFA, DCM, rt, 2 h; (iii) 
S6.10, HOBt, DIPEA, EDC, DMP, rt, 16 h; (iv) Polymer supported triphenylphosphine, THF, rt, 24 h  

 
Scheme S6.7 Synthesis of protected aldehyde used to synthetize methyl benzyl analogs; (i) SOCl2, CH3OH, rt, 2 
h; (ii) NaN3, H2O, 80 °C, 18 h; (iii) Polymer supported triphenylphosphine, THF, rt, 24 h (iv) Boc2O, Et3N, EtOH, 
rt, 16 h; (v) DIBAL-H, toluene, -78 oC, 1 h 

 

Scheme S6.8 Synthesis desthiobiotin azide; (i) 11-Azido-3,6,9-trioxaundecan-1-amine, HOBt, EDC, DIPEA, 
DMF, rt, 16 h 
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Scheme S6.9 Synthesis biotin azide; (i) NHS, DCC, DMF, 70 oC, 16 h; (ii) 11-Azido-3,6,9-trioxaundecan-1-amine, 
Et3N, DMF, rt, 16 h 

 Synthesis and chemical characterization  

Tert-butyl (4-(2-hydroxyethyl)phenyl)carbamate (S6.1) General procedure A with p-

aminophenylethanol (4 g, 29.2 mmol) to yield S6.1 (6.91 g, 29.1 mmol, 100% yield). 1H NMR 

(400 MHz, CDCl3) δ (ppm) 7.30 (d, J = 8.3 Hz, 1H), 7.18 – 7.12 (m, 1H), 3.82 (t, J = 6.5 Hz, 

1H), 2.82 (t, J = 6.5 Hz, 1H), 1.51 (s, 9H). No ionization was found. 

Tert-butyl (4-(hydroxymethyl)phenyl)carbamate (S6.2) General procedure A with p-

aminobenzylalcohol (1.5 g, 12.18 mmol) to yield S6.2 (2.7 g, 12.09 mmol, 99% yield). 1H 

NMR (400 MHz, CDCl3) δ (ppm) 7.32 (d, J = 8.3 Hz, 2H), 7.27-7.22 (m, 2H), 6.58 (br s, 1H), 

4.59 (d, J = 5.6 Hz, 2H), 1.50 (s, 9H). No ionization was found.  

Tert-butyl 4-(hydroxymethyl)piperidine-1-carboxylate (S6.3) General procedure A with 

piperidin-4-ylmethanol (2 g, 17.36 mmol) to yield S6.3 (3.7 g, 17.19 mmol, 99% yield). 1H-

NMR (400 MHz, CDCl3) δ (ppm) 4.08 (br s, 2H), 3.45 (t, J = 5.80, 2H), 2.76-2.58 (m, 2H), 2.12 

(br s, 1H), 1.68 (d, 2H, J = 14.04), 1.64-1.55 (m, 1H), 1.4 (s, 9H), 1.10 (ddd, J = 4.1, 12.3, 24.4 

Hz, 2H). MS (ESI) m/z 238.2 [M+Na]+.  

tert-butyl (4-hydroxybutyl)carbamate (S6.4) General procedure A with 4-aminobutan-1-ol 

(5.17 mL, 56.1 mmol), the residue was purified through a silica plug (50/50 EtOAc in 

heptane to 100/0 EtOAc). The desired fractions were combined and concentrated under 

vacuo to yield S6.4, which was used without further purification for the next step. 1H NMR 

(400 MHz, CDCl3) δ (ppm) 4.69 (br s, 1H), 3.64 (d, J = 4.2 Hz, 2H), 3.13 (d, J = 5.6 Hz, 2H), 

1.66-1.51 (m, 4H), 1.42 (s, 9H). MS (ESI) m/z 212.2 [M+Na]+.  



Activity-based probes targeting trypsin-like serine proteases 

 

 163 

tert-butyl (4-((tert-butyldimethylsilyl)oxy)butyl)carbamate (S6.5) Imidazole (8.62 g, 127 

mmol) and tert-butyldimethylsilylchlroide (9.16 g, 60.8 mmol) were added to a solution of 

S6.4 in DCM (100 mL) at 0 °C. The reaction mixture was stirred at 0 °C for 2 h. Then Et2O 

was added to dilute the reaction mixture and further washed with water and brine. The 

organic solution was dried over Na2SO4, filtered and concentrated to give S6.5, which was 

used for the next operation directly without further purification. 1H NMR (400 MHz, CDCl3) 

δ (ppm) 4.69 (s, 1H), 3.68 – 3.58 (m, 2H), 3.14 (d, J = 6.0 Hz, 2H), 1.55 (dt, J = 6.5, 3.5 Hz, 

4H), 1.45 (s, 9H), 0.90 (s, 9H), 0.06 (s, 6H). MS (ESI) m/z 304.2 [M+H]+.  

tert-butyl (tert-butoxycarbonyl)(4-((tert-butyldimethylsilyl)oxy)butyl)carbamate (S6.6) 

n-Butyllithium (38.0 mL, 60.8 mmol) was added to a stirred solution of S6.5 in THF (250 mL) 

at 0 ˚C. The reaction mixture was stirred for 15 min at 0 ˚C before adding di-t-butyl 

dicarbonate (13.27 g, 60.8 mmol). The resulting reaction mixture was warmed to room 

temperature and stirred for 1 h. Then Et2O was added to dilute the reaction mixture and 

washed with water and brine. The organic solution was dried over Na2SO4, filtered, and 

concentrated, giving S6.6 used for the next step without further purification. 1H NMR (400 

MHz, CDCl3) δ (ppm) 3.62 - 3.49 (m, 4H), 1.64 - 1.52 (m, 2H), 1.51 - 1.41 (m, 20H), 0.85 (s, 

9H), 0.00 (s, 6H). No ionization was found. 

N, N’-bis-tert-butyloxycarbonyl 5-aminobutan-1-ol (S6.7) Tetrabutylammoniumfluoride 

(70.0 mL, 70.0 mmol) was added slowly to a stirred solution of S6.6 in THF (112 mL) at room 

temperature. The resulting solution was stirred at room temperature for 5 h. Then Et2O 

(100 mL) was added to dilute the reaction mixture and washed with water (100 mL). The 

aqueous layer was extracted with Et2O (3 x 80 mL). The combined organic layers were 

washed with brine, dried over Na2SO4, filtered and concentrated under reduced pressure. 

The crude product was purified by flash chromatography (SiO2, EtOAc in heptane, 0/100 to 

100/0) to yield S7 (12 g, 41.5 mmol, 74% yield). 1H NMR (400 MHz, CDCl3) δ (ppm) 3.61 (t, 

J = 6.0 Hz, 2H), 3.56 (t, J = 7.6 Hz, 2H), 1.97 (br s, 1H), 1.66-1.48 (m, 4H), 1.46 (s, 18H). No 

ionization was found. 
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Tert-butyl (5-azido-1-(diphenoxyphosphoryl)pentyl)carbamate (S6.8) Copper (II) 

trifluoromethanesulfonate (0.65 g, 1.81 mmol) was added to a solution of 6.26 (2.3 g, 18.09 

mmol), tert-butyl carbamate (2.12 g, 18.09 mmol) and 6.9 (5.2 mL, 19.90 mmol) in DCM (40 

mL) at room temperature and the mixture was stirred for 16 h. The solvent was removed 

under reduced pressure. The crude product was purified by flash chromatography (SiO2, 

EtOAc in Heptane, 0/100 to 20/80) to yield S6.8 (5.7 g, 12.46 mmol, 69% yield). 1H NMR 

(400 MHz, Methanol-d4) δ (ppm) 7.38-7.29 (m, 4H) 7.25-7.10 (m, 6H), 4.36 (ddd, J = 15.5, 

13.8, 3.9 Hz, 1H), 3.33-3.26 (m, 2H), 2.07-1.95 (m, 1H), 1.91-1.76 (m, 1H), 1.73-1.46 (m, 4H), 

1.44 (s, 9H). MS (ESI) m/z 483.2 [M+Na]+. 

Diphenyl (1-amino-5-azidopentyl)phosphonate hydrochloric salt (S6.9) General 

procedure E with S6.8 (3.65 g, 7.93 mmol) to yield S6.9 (3.15 g, 7.94 mmol, 99% yield). 1H 

NMR (400 MHz, CDCl3) δ (ppm) 10.05 (br s, 2H), 7.34-7.26 (m, 4H), 7.20-7.16 (m, 2H), 7.12-

6.99 (m, 4H), 4.06-3.90 (m, 1H), 3.37-3.16 (m, 2H), 2.37-1.95 (m, 2H), 1.82-1.47 (m, 4H). MS 

(ESI) m/z 361.8 [M+H]+.  

Hex-5-ynoylproline (S6.10) DIPEA (12.6 mL, 72.5 mmol) was added to a solution of H-Pro-

OtBu·HCl (8.28 g, 39.9 mmol), hex-5-ynoic acid (4 mL, 36.2 mmol) EDC (8.34 g, 43.5 mmol) 

and HOBt (6.66 g, 43.5 mmol) in DMF (50 mL). The reaction mixture is stirred for 2 h at 

room temperature. Upon completion, it is diluted with EtOAc (100 mL) and washed with 

1M HCl (50 mL). The aqueous layer is extracted with EtOAc (3x50 mL) and the combined 

organic layers were washed with saturated NaHCO3 (60 mL) and brine (60 mL). The organic 

layer is dried over anhydrous magnesium sulfate, filtered and the solvent evaporated under 

vacuo. The crude was purified by flash chromatography (SiO2, EtOAc in heptane, 0/100 to 

100/0) to yield tert-butyl hex-5-ynoylprolinate (6.97 g, 26.3 mmol, 72% yield). 1H NMR (400 

MHz, CDCl3) δ (ppm) 4.34 (dd, J = 8.6, 3.4 Hz, 2H), 3.65-3.42 (m, 2H), 2.42 (td, J = 7.39, 2.4 

Hz, 2H), 2.28-2.21 (m, 2H), 1.97-1.80 (m, 6H), 1.42 (s, 9H). MS (ESI) m/z 288.2 [M+Na]+. 

General procedure D with tert-butyl hex 5-ynoylprolinate (6.97 g, 26.3 mmol) to yield S6.10 

(5.5 g, 26.3 mmol, 99% yield). 1H NMR (400 MHz, CDCl3) δ (ppm) 1.89-1.78 (m, 2H), 2.34-
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1.93 (m, 7H), 2.53 (t, J = 6.9 Hz, 2H), 3.63-3.51 (m, 1H), 3.77-3.63 (m, 1H,), 4.52 (dd, J = 7.9, 

4.7 Hz, 1H). MS (ESI) m/z 210.2 [M+H]+. 

Diphenyl (5-azido-1-(1-(hex-5-ynoyl)pyrrolidine-2-carboxamido)pentyl)phosphonate 

(S6.11) N,N-Di-iso-propylethylamine (5.5 mL, 31.8 mmol) was added to a solution of S6.9 

(3.15 g, 7.94 mmol), S6.10 (2.66 g, 12.70 mmol), 1-hydroxybenzotriazolehydrate (1.46 g, 

9.53 mmol), EDC (1.83 g, 9.53 mmol) in DMF (50 mL). The mixture was stirred at room 

temperature for 16 h. The solvent was coevaporated with toluene and the resulting mixture 

was diluted in EtOAc (100 mL), washed with a solution of HCl (1N, 50 mL), saturated 

aqueous solution of NaHCO3 (60 mL) and brine. The organic layer was dried over anhydrous 

magnesium sulfate, filtered, and concentrated under reduced pressure. The crude product 

was purified by column chromatography on silica gel (SiO2, EtOAc in Heptane, 0/100 to 

70/30) to yield S6.11 (2.15 g, 3.90 mmol, 49% yield). 1H NMR (400 MHz, CDCl3) δ (ppm): 

7.81 (br d, J = 10.2 Hz, 1H), 7.53 (br d, J = 10.2 Hz, 1H), 7.27-7.35 (m, 4H), 7.20-7.26 (m, 2H), 

7.12-7.20 (m, 4H), 7.07-7.12 (m, 1H), 4.66-4.83 (m, 2H), 4.50 (dd, J = 8.3, 1.5 Hz, 1H), 3.55-

3.65 (m, 1H), 3.34-3.51 (m, 2H), 3.26 (dd, J = 12.8, 6.3 Hz, 2H), 2.48 (td, J = 7.4, 1.7 Hz, 2H), 

2.32-2.42 (m, 1H), 2.29 (td, J = 7.2, 2.6 Hz, 2H), 2.20 (td, J = 6.8, 2.6 Hz, 1H), 1.34-2.17 (m, 

9H). MS m/z 552.3 [M+H]+. 

Methyl 2-(4-(bromomethyl)phenyl)acetate (S6.12) Sulfurchlorideoxide (0.068 mL, 0.873 

mmol) was added to a solution of 2-(4-(bromomethyl)phenyl)acetic acid (2 g, 8.73 mmol) 

in CH3OH (30 mL) at room temperature and the mixture was stirred for 1 h. The reaction 

mixture was concentrated under reduced pressure and neutralized with a saturated 

solution of NaHCO3. The product was extracted with EtOAc (100 mL). The organic layer was 

washed with a saturated solution of NaHCO3 (20mL) and brine (20mL), dried, filtered and 

concentrated under reduced pressure to yield S6.12 (2.07 g, 8.52 mmol, 98% yield). 1H NMR 

(400 MHz, CDCl3) δ (ppm) 7.35 (d, J = 8.0 Hz, 2H), 7.26 (d, J = 8.0 Hz, 2H), 4.48 (s, 2H), 3.69 

(s, 3H), 3.62 (s, 2H). MS (ESI) m/z 260.0 [M+H2O]. 
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Methyl 2-(4-(azidomethyl)phenyl)acetate (S6.13) Sodiumazide (1.498 g, 23.04 mmol) was 

added to a solution of S6.12 (2.8 g, 11.52 mmol) in H2O (40 mL) at room temperature. 

Following the addition, the solution was heated to 80 oC and stirred for 18 h. The reaction 

mixture was cooled down to room temperature, and the product was extracted with DCM 

(3 x 50 mL). The combined organic layers were dried over anhydrous MgSO4, filtered and 

concentrated under reduced pressure to yield S6.13 (2.21 g, 10.77 mmol, 93% yield). 1H 

NMR (400 MHz, CDCl3) δ (ppm) 7.32-7.24 (m, 4H), 4.31 (s, 2H), 3.69 (s, 3H), 3.63 (s, 2H). MS 

(ESI) m/z 178.1 [M-N2]. 

Methyl 2-(4-(aminomethyl)phenyl)acetate (S6.14) Polymer supported triphenylphosphine 

(5.63 g, 21.54 mmol) was suspended in anhydride THF (100 mL) and stirred for 30 min, then 

S6.13 (2.21 g, 10.77 mmol) was added. The mixture was stirred at room temperature for 

21 h. H2O (20 mL) was added, and the mixture was stirred for an additional 5 h. The polymer 

was removed by filtration and washed with THF (2 x 20 mL) and H2O (20 mL). The filtrate 

was concentrated under reduced pressure and freeze-dried. The crude product was diluted 

in DCM (30 mL) and washed with brine (30 mL). The aqueous layer was extracted with DCM 

(2 x 30 mL), and the combined organic layers were dried over sodium sulfate, filtered and 

concentrated under reduced pressure to yield S6.14 (1.66 g, 9.26 mmol, 86% yield). 1H NMR 

(400 MHz, CDCl3) δ (ppm) 7.30-7.22 (m, 4H), 3.85 (s, 2H), 3.68 (s, 3H), 3.62 (s, 2H). MS (ESI) 

m/z 357.2 [2xM]. 

Methyl 2-(4-(((tert-butoxycarbonyl)amino)methyl)phenyl)acetate (S6.15) General 

procedure A with S6.14 (1.66 g, 9.26 mmol). The mixture was diluted in EtOAc (100 mL) 

and washed with a solution of HCl (2N, 100 mL), saturated solution of NaHCO3 (100 mL) 

and brine. The organic layer was dried over Na2SO4, filtered and concentrated under 

reduced pressure. The crude product was purified by chromatography on silica gel (SiO2, 

EtOAc in Heptane, 0/100 to 20/80) to yield S6.15 (1.83 g, 6.55 mmol, 71% yield). 1H NMR 

(400 MHz, CDCl3) δ (ppm) 7.23 (s, 4H), 5.03 (br s, 1H), 4.27 (d, J = 5.9 Hz, 2H), 3.67 (s, 3H), 

3.59 (s, 2H), 1.45 (s, 9H). MS (ESI) 302.1 [M+Na]+. 
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N-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)-6-((4R,5S)-5-methyl-2-oxoimidazolidin-

4-yl)hexanamide (S6.16) DIPEA (0.777 mL, 4.46 mmol) was added to a solution of 2-(2-(2-

(2-azidoethoxy)ethoxy)ethoxy)ethan-1-amine (0.8 mL, 4.09 mmol), 6-((4R,5S)-5-methyl-2-

oxoimidazolidin-4-yl)hexanoic acid (0.79 g, 3.72 mmol), EDC (0.85 g, 4.46 mmol), and HOBt 

(0.68 g, 4.46 mmol) in DMF (30 mL). The mixture was stirred at room temperature for 16h. 

The solvent was removed under reduced pressure by co-evaporation with toluene. The 

mixture was diluted with EtOAc (40 mL) and washed with 1 M HCl (30 mL). The aqueuous 

layer was extracted with EtOAc (3 x 50 mL) and the combined organic layer was washed 

with saturated solution of NaHCO3 and brine, dried over MgSO4 and concentrated under 

reduced pressure. The crude product was purified by reverse phase chromatography (C18, 

CH3CN in H2O, 0/100 to 60/40) to yield S6.16 (1.09 g, 2.63 mmol, 71% yield). 1H NMR (400 

MHz, CDCl3) δ (ppm) 6.72 (br s, 1H), 6.00 (br s, 1H), 5.17 (br s, 1H), 3.79 (p, J = 6.9 Hz, 1H), 

3.73-3.56 (m, 11H), 3.53 (t, J = 5.0 Hz, 2H), 3.41 (t, J = 5.0 Hz, 2H), 3.36 (t, J = 5.0 Hz, 2H), 

2.16 (t, J = 7.3 Hz, 2H), 1.63 (p, J = 7.0 Hz, 2H), 1.51-1.15 (m, 6H), 1.08 (d, J = 6.4 Hz, 3H. MS 

(ESI) m/z 415.4 [M+H]+. 

2,5-dioxopyrrolidin-1-yl 5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-

yl)pentanoate (S6.17) D-Biotin (100 mg, 0.41 mmol) and N-hydroxysuccinimide (56.5 mg, 

0.49 mmol) were dissolved in anhydrous DMF (10 mL) at 70 °C. 1,3-

Dicyclohexylcarbodiimide (101 mg, 0.49 mmol) was added, and the solution was stirred at 

room temperature for 16 h. The formed DCU was filtered off, and the solution was 

evaporated to dryness. The residue was taken up into boiling isopropanol, and the solution 

was allowed to cool down to room temperature. The target compound was precipitated 

out, and the product was filtered off to yield S6.17 (72 mg, 0.21 mmol, 52% yield). 1H NMR 

(400 MHz, DMSO-d6) δ (ppm) 6.40 (d, J = 24.3 Hz, 2H), 4.34 – 4.26 (m, 1H), 4.20 – 4.10 (m, 

1H), 3.14 – 3.07 (m, 1H), 2.87 – 2.77 (m, 5H), 2.67 (t, J = 7.4 Hz, 2H), 2.58 (d, J = 12.4 Hz, 

1H), 1.71 – 1.58 (m, 3H), 1.56 – 1.35 (m, 3H). MS (ESI) m/z 342.2 [M+H]+. 

N-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)-5-((3aS,4S,6aR)-2-oxohexahydro-1H-

thieno[3,4-d]imidazol-4-yl)pentanamide (S6.18) Triethylamine (0.059 mL, 0.422 mmol) 
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was added to a solution of 1-Amino-11-azido-3,6,9-trioxaundecane (0.042 mL, 0.211 mmol) 

in DMF (35 mL), followed by the addition of S6.17 (72 mg, 0.211 mmol). The resulting 

solution was stirred at room temperature for 16 h. The solvent was evaporated. The crude 

product was purified by reverse phase chromatography (C18, CH3OH in H2O, 0/100 to 

100/0). The desired fractions were collected to yield S6.18 (25 mg, 0.056 mmol, 14% yield). 

1H NMR (400 MHz, DMSO-d6) δ (ppm) 4.42-4.31 (m, 1H), 4.19-4.12 (m, 1H), 3.62 (m, 2H), 

3.53 (m, 8H), 3.38 (m, 4H), 3.18 (m, 2H), 3.09 (m, 1H), 2.82 (dd, J = 12.4, 5.2 Hz, 1H), 2.59 

(d, J = 12.8 Hz, 1H), 2.07 (t, J = 7.2 Hz, 2H), 1.29-1.64 (m, 6H). MS (ESI) m/z 445.3 [M+H]+. 
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6.6.2 Biochemistry evaluation 

 Additional IC50 values  

Table S6.1 IC50 values of biotin probes against a panel of serine proteases 

 

# R1 R2 
Trypsin-3 β-tryptase Thrombin uPAa CatGa ChTrypa NEa 

IC50 (M)b 

6.43 
 

H >10 >10 >10 >10 2.77 ± 0.07 2.64 ± 0.27 >10 

6.48  H 
0.21 ± 

0.005 
2.11 ± 0.10 2.73 ± 0.17 3.54 ± 0.23 >10 >10 >10 

6.51 

 

H 
0.02 ± 

0.003 
0.91 ± 0.09 6.04 ± 0.40 

0.04 ± 

0.001 
0.17 ± 0.01 >10 >10 

6.53 NHCOCH3 
0.01 ± 

0.001 

0.08 ± 

0.003 
0.49 ± 0.02 

0.01 ± 

0.002 

0.05 ± 

0.001 
>10 >10 

aPanel of serine proteases abbreviations: urokinase plasminogen activator (uPA), cathepsin G (catG), chymotrypsin (ChTryp), neutrophil elastase (NE) 
bHalf maximal inhibitory concentration (IC50) value is the concentration of inhibitor required to reduce the enzyme activity to 50% after a 15 min preincubation 
with the enzyme at 37 °C. IC50 are calculated from two independent experiments; when SD was higher than three times the average value, a third independent 
experiment was run (mean ± SD)
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 Jump dilution results 

Table S6.2 Jump dilution of selected probes against a panel of trypsin-like serine proteases.  

# R1 R2 Alk 

DtBa 

Trypsin-

3 

β-

trypt.a 
Thromb.a uPAa CatGa 

6.32b 

 

H 

Alk Irrev. Irrev. Rev. Irrev. Rev. 

6.45b DtB Irrev. Irrev. Rev. N.D. N.D. 

6.33b 

Cl 

Alk Irrev. Irrev. Rev. Irrev. Rev. 

6.46b DtB Irrev. Irrev. Rev. N.D. N.D. 

6.34b 

 

H 

Alk Rev. Rev. Rev. Irrev. Rev. 

6.50b DtB Rev. Rev. Rev. Irrev. Rev. 

6.34b 

NHCOCH3 

Alk Rev. Rev. Rev. Irrev. Rev. 

6.51b DtB Rev. Rev. Rev. Irrev. Rev. 

6.35b 

Cl 

Alk Rev. Rev. Rev. Irrev. Rev. 

6.52b DtB Rev. Rev. Rev. Irrev. Rev. 

6.37b 

 

H 

Alk Irrev. Irrev. N.D. Irrev. Irrev. 

6.55b DtB Irrev. Irrev. N.D. Irrev. Irrev. 

6.38b 

NHCOCH3 

Alk Irrev. Irrev. N.D. Irrev. Irrev. 

6.56b DtB Irrev. Irrev. N.D. Irrev. Irrev. 

6.39b 

Cl 

Alk Irrev. Irrev. N.D. Irrev. Rev. 

6.57b DtB Irrev. Irrev. N.D. Irrev. Rev. 

6.41b 
 

H Alk Irrev. Irrev. Irrev. N.D. N.D. 

6.31b Pro-Lys H Alk Irrev. Irrev. Irrev. Irrev. N.D. 

a Alk: ABP precursor bearing an alkyne; DtB: desthiobiotin probe; Panel of serine proteases abbreviations: 
tryptase (trypt.), thrombin (throm.), urokinase plasminogen activator (uPA), cathepsin G (catG) 
N.D.: IC50 is greater than 10 µM, and jump dilution was not performed 
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 Progress curves and jump dilution experiments 

Compound 6.32b 

 

 Progress curve kapp calculation Jump dilution 

Trypsin-3 

IRREV. 

   

β-tryptase 

IRREV. 

   

Thrombin 

REV. 

   

uPA 

IRREV. 

 
  

CatG 

REV. 

 

N.D. 

vi/v0 original – 0,37 

vi/v0 diuted – 0,91 

Activity increases when 

diluted 
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Compound 
6.45b 

 

 Progress curve kapp calculation Jump dilution 

Trypsin-3 

IRREV. 

 
  

β-tryptase 

IRREV. 

   

Thrombin 

REV. 
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Compound 6.33b 

 

 Progress curve kapp calculation Jump dilution 

Trypsin-3 

IRREV. 

   

β-tryptase 

IRREV. 

   

Thrombin 

REV. 

   

uPA 

IRREV. 

   

CatG 

REV. 

 

N.D. 
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Compound 
6.46b 

 

 Progress curve kapp calculation Jump dilution 

Trypsin-3 

IRREV. 

   

β-tryptase 

IRREV. 

   

Thrombin 

REV. 

   

uPA 

IRREV. 
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Compound 6.34b 

 

 Progress curve kapp calculation Jump dilution 

Trypsin-3 

REV. 

 
  

β-tryptase 

REV. 

   

Thrombin 

REV. 

   

uPA 

IRREV. 

   

CatG 

REV. 

 

N.D. 
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Compound 
6.50b 

 

 Progress curve kapp calculation Jump dilution 

Trypsin-3 

REV. 

 
  

β-tryptase 

REV. 

   

Thrombin 

REV. 

   

uPA 

IRREV. 

   

CatG 

REV. 

 

N.D. 

vi/v0 original – 0,19 

vi/v0 diuted – 0,39 

Activity increases when 

diluted 
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Compound 6.35b 

 

 Progress curve kapp calculation Jump dilution 

Trypsin-3 

REV. 

 

N.D. 

 

β-tryptase 

REV. 

   

Thrombin 

REV. 

 
  

uPA 

IRREV. 

   

CatG 

REV. 
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Compound 
6.52b 

 
 Progress curve kapp calculation Jump dilution 

Trypsin-3 

REV. 

   

β-tryptase 

REV. 

   

Thrombin 

REV. 

   

uPA 

IRREV. 

   

CatG 

REV. 

 

N.D. 

vi/v0 original – 0,11 

vi/v0 diuted – 0,31 

 

Activity increases when 

diluted 
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Compound 6.36b 

 

 Progress curve kapp calculation Jump dilution 

Trypsin-3 

REV. 

   

β-

tryptase 

REV. 

   

Thrombin 

REV. 

 
  

uPA 

IRREV. 

   

CatG 

REV. 

 

N.D. 
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Compound 
6.54b 

 

 Progress curve kapp calculation Jump dilution 

Trypsin-3 

REV. 

 

N.D. 

 

β-tryptase 

REV. 

 

N.D. 

 

Thrombin 

REV. 

 

N.D. 

 

uPA 

IRREV. 

   

CatG 

REV. 

 

N.D. 

vi/v0 original – 0,13 

vi/v0 diuted – 0,38 

Activity increases when 

diluted 
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Compound 6.37b 

 

 Progress curve kapp calculation Jump dilution 

Trypsin-3 

IRREV. 

   

β-tryptase 

IRREV. 

   

uPA 

IRREV. 

   

CatG 

IRREV. 

 
 

vi/v0 original – 0,16 

vi/v0 diuted– 0,20 

Activity does not 

increase when diluted 
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Compound 
6.55b 

 

 Progress curve kapp calculation Jump dilution 

Trypsin-3 

IRREV. 

   

β-tryptase 

IRREV. 

   

uPA 

IRREV. 

   

CatG 

IRREV. 
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Compound 6.38b 

 

 Progress curve kapp calculation Jump dilution 

Trypsin-3 

IRREV. 

 
  

β-tryptase 

IRREV. 

   

uPA 

IRREV. 

 
  

CatG 

IRREV. 
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Compound 
6.56b 

 

 Progress curve kapp calculation Jump dilution 

Trypsin-3 

IRREV. 

   

β-tryptase 

IRREV. 

   

uPA 

IRREV. 

   

CatG 

IRREV. 
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Compound 6.39b 

 

 Progress curve kapp calculation Jump dilution 

Trypsin-3 

IRREV. 

   

β-tryptase 

IRREV. 

 
  

uPA 

IRREV. 

 
  

CatG 

REV. 
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Compound 
6.57b 

 

 Progress curve kapp calculation Jump dilution 

Trypsin-3 

IRREV. 

   

β-tryptase 

IRREV. 

   

uPA 

IRREV. 

 
  

CatG 

REV. 
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Compound 6.41b 

 

 Progress curve kapp calculation Jump dilution 

Trypsin-3 

IRREV. 

 
  

β-tryptase 

IRREV. 

   

Thrombin 

IRREV. 
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Compound 6.31b 

 

 Progress curve kapp calculation Jump dilution 

Trypsin-3 

IRREV. 

   

β-tryptase 

IRREV. 

   

Thrombin 

IRREV. 

 
  

uPA 

IRREV. 
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FROM ABPS TO SMALL MOLECULES: 

NOVEL INHIBITORS UAMC-0004206 & 

UAMC-0004207 
 

 

 

 

 

 

 

Responsible for design and biochemical characterization of the molecules.  
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 From ABPs to small molecules: novel inhibitors 

UAMC-0004206 & UAMC-00042067 

 Introduction  

Activity-based protein profiling (ABPP) is a powerful proteomic tool with target 

identification and visualization applications.76,77 Moreover, activity-based probes (ABPs) 

have been previously used to develop new inhibitors for different enzyme families, 

including serine proteases.340 Niphakis et al. described two different approaches for their 

design. The first is a target-centric approach, where a selective probe is developed for a 

specific target. For this route, it is necessary to know the desired target before designing 

and developing a selective ABP. The second one is called chemocentric and focuses the 

priority on a small molecule that targets a complex proteome. Through ABPP, the desired 

target is identified, and a posteriori, there is a phase of inhibitor optimization to develop 

the desired inhibitor (Figure 7.1).78  

 
Figure 7.1 From ABPs to inhibitor discovery. A. The target-centric approach starts with a target of choice. A 
selective ABP is designed, leading to selective inhibitors' development. B. The chemocentric method screens 
the ABPs in a complex biological proteome to identify promising compound-target pairs. Later, the target is 
identified, and the inhibitors can be optimized (e.g., enhancing selectivity). 
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In Chapter 6, we reported ABPs that target trypsin-like serine proteases. These probes were 

designed with a diaryl phosphonate warhead, and the small molecules had a terminal 

alkyne that could be coupled to different reporter tags by click chemistry. We described 

high-affinity probes with an irreversible mechanism of inhibition for a panel of trypsin-like 

serine proteases. A set of probes with phenyl guanidine as a side chain emerged as a good 

starting point for inhibitor development. We also demonstrated by proteomics that these 

compounds target specifically active trypsin-like serine proteases.  

In this chapter, we report the synthesis and detailed biochemical characterization of novel 

inhibitors designed based on the promising phenyl guanidine probes presented earlier 

(UAMC-0003970 and UAMC-0003971). For the design of the new inhibitors, the probe 

terminal alkyne was substituted by a benzyl carbamate as previously described for the 

design of UAMC-00050 by Joossens et al.128 to yield UAMC-0004206 and UAMC-0004207 

(Figure 7.2). 

 

Figure 7.2 Structures of previously reported related analogs; ABPs: UAMC-0003970 and UAMC-0003971; 
inhibitor: UAMC-00050. 
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 Results and discussion 

7.2.1 Chemistry  

The chemical synthesis of compounds UAMC-0004206 and UAMC-0004207 was performed 

by PhD student Davide Ceradini at the Latvian Institute of Organic Synthesis (LIOS) in Riga, 

Latvia, within the IT-DED3 consortium. The synthetic route is depicted in Scheme 7.1 and 

follows the same steps as the initial synthesis of UAMC-00050 explained in Chapter 5. 

 

Scheme 7.1 Synthesis of inhibitors UAMC-0004206 and UAMC-0004207. (i) Benzyl carbamate, triaryl 
phosphite, 0.1 eq. Y(OTf)3, THF/CH3CN (1:1), 0.2 eq. TFAA, rt, 2-4 h; (ii) TFA/DCM (1:1), rt, 30 min to 3 h; (iii) 
N, N'-Bis-Boc-1-Guanylpyrazole, Et3N or DIPEA, DCM/ CH3CN, rt, 96-144 h; (iv) HCl 4 N dioxane, rt, 30 h; (v) 
DOWEX 1X8 Cl, EtOH/H2O (2:1), rt, 32 h 

For the first step, the Birum-Oleksyszyn reaction, the aldehyde used was the Boc-protected 

4-aminobenzaldehyde (7.1) with benzyl carbamate and the corresponding triaryl 

phosphite. Through the optimization and scale-up of UAMC-00050, the Lewis acid Y(OTf)3 

and the addition of TFAA were found to give the best yields and fewer impurities. Thus, 

these conditions were used to synthesize phosphonates 7.2 and 7.3. After deprotection of 

the Boc group, the guanylation was done with N, N'-Bis-Boc-1-guanylpyrazole. Acetate or 

HCl salts in the final compound are desirable when using the compounds in vivo or cell- 
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based assays to avoid abnormal responses.341 Hence, deprotection was attempted with HCl 

4 N in dioxane to achieve the final compounds (7.10) as HCl salts. Unfortunately, for the 

bis(4-(acetaminophenyl)phosphonate analog, the complete conversion required a long 

time of reaction (20-24 h), and throughout the reaction time, the formation of the 

hydrolyzed monoaryl side product was noted. The substitution of HCl 4 N for TFA/DCM 

(1:1) avoided the formation of the hydrolyzed byproduct and provided a complete 

conversion after 3 h. Then, the last step involved the salt exchange between the TFA and 

the chloride. This was done with DOWEX 1x8 Cl resin for 32 h to give the final products 

UAMC-0004206 (7.9). 

7.2.2 Biochemical characterization  

The newly synthesized compounds were submitted to a detailed biochemical 

characterization. IC50 values of compounds 7.9 and 7.10 were determined for a panel of 

four trypsin-like serine proteases, including trypsin-3, tryptase, thrombin, urokinase 

plasminogen activator (uPA), and cathepsin G (CatG) which presents characteristics from 

trypsin-like and chymotrypsin-like serine proteases. The values are compared to the 

previously reported inhibitor UAMC-00050 and the corresponding alkyne probe analogs 

UAMC-0003970 and UAMC-0003971 (Table 7.1). 

Because the diaryl phosphonate compounds, with phenyl guanidine as a side chain, were 

previously described with an irreversible mechanism for the chosen panel of trypsin-like 

serine proteases, the IC50 value is not a good description of their inhibitory potency. 

Therefore, kinetic progress curves were measured to calculate the apparent second-order 

rate constants (kapp) and determine the mechanism of inhibition. The latter was confirmed 

by jump-dilution assays (Table 7.2). 
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Table 7.1 IC50 values against a panel of trypsin-like serine proteases 

# 
Trypsin-3 β-tryptase Thrombin uPAa CatGa 

IC50 (µM) 

UAMC-0004206 (7.9) 
0.03 ± 

0.001 

0.14 ± 

0.006 
>10 

1.13 ± 

0.11 

0.06 ± 

0.007 

UAMC-0004207 (7.10) 
0.003 ± 

3x10-5 

0.03 ± 

0.002 
>10 

0.09 ± 

0.004 

0.03 ± 

0.001 

UAMC-0003970 
0.04 ± 

0.015 

0.12 ± 

0.02 
>10 

1.52 ± 

0.4 

0.13 ± 

0.01 

UAMC-0003971 
0.09 ± 

0.009 

0.07 ± 

0.004 
>10 

0.22 ± 

0.06 

0.09 ± 

0.022 

UAMC-00050 
0.0005 ± 

7x10-5 

0.02 ± 

0.004 

0.39 ± 

0.03 ref.128 

0.004 ± 

5x10-4 

0.04 ± 

0.003 

 a Panel of serine proteases abbreviations: urokinase plasminogen activator (uPA), cathepsin G (CatG) 
b Half maximal inhibitory concentration (IC50) value is the concentration of inhibitor required to reduce the 
enzyme activity to 50% after a 15 min preincubation with the enzyme at 37 °C and activity measurements as 
mentioned in the Experimental section. IC50 values are calculated from two independent experiments; when 
SD was higher than three times the average value, a third independent experiment was run (mean ± SD). 

Table 7.2 kapp values and the description of the mechanism of inhibition defined by the jump-dilution against 
a panel of trypsin-like serine proteases: slow-binding (Rev.) or irreversible (Irrev.) 

# 
Trypsin-3 β-tryptase Thrombin uPAa CatGa 

kapp (M-1 s-1)b 

UAMC-0004206 (7.9) 
10x102 ±  

93 

Irrev. 

35x102 ± 
88 

Irrev. 
N.D. 

286 ± 
7 

Irrev. 

33x102 ± 
265 

Irrev. 

UAMC-0004207 (7.10) 
13x102 ± 

182 
Irrev. 

71x102 ± 
370 

Irrev. 
N.D. 

30x102 ± 

202 
Irrev. 

*c 

Rev. 

UAMC-0003970 
358 ± 

6 
Irrev. 

20x102 ± 
54 

Irrev. 

N.D. 
215 ± 

7 
Irrev. 

14x102 ± 
52 

Irrev. 

UAMC-0003971 
11x102 ± 

164 
Irrev. 

45x102 ± 
547 

Irrev. 
N.D. 

25x102 ±  
86 

Irrev. 

23x102 ± 
347 
Rev. 

UAMC-00050 
19x104 ± 
32x103 

Rev. 

21x103 ± 
661 
Rev. 

868 ± 
51 

Rev. 

 80x103 ± 
5x103 ref.128 

Irrev. 

 
*c 

Rev. 

a Panel of serine proteases abbreviations: urokinase plasminogen activator (uPA), cathepsin G (CatG) 
b kapp values are calculated from two independent experiments; when SD was higher than three times the 
average value, a third independent experiment was run (mean ± SD) 
d kapp determination is not possible by curve fitting 
N.D.: IC50 is greater than 10 µM, and progress curves were not performed 
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The IC50 values of 7.9 and 7.10 are comparable to the alkyne probe analogs UAMC-0003970 

and UAMC-0003971 for most proteases (Table 7.1). Thus, replacing the terminal alkyne 

with a benzyl carbamate does not influence the inhibitory potency of the compounds. Only, 

for trypsin, bis(4-chlorophenyl)phosphonate inhibitor 7.10 (IC50 = 0.003 ± 3x10-5 µM) is 30-

fold more potent than the alkyne probe analog (UAMC-0003971). Moreover, the bis(4-

chlorophenyl)phosphonate substitution is preferred by all proteases.  

Comparing the novel phenyl guanidine inhibitors (7.9-7.10) to UAMC-00050 demonstrates 

that trypsin-3 and uPA prefer the benzyl guanidine side chain. Noteworthy, inhibitor 7.9 

lost about 60 and 280-fold potency for trypsin-3 and uPA compared with UAMC-00050, 

which shares the same aryl phosphonate substitution. In contrast, the IC50 values for 7.9 

and 7.10 against β-tryptase and CatG remain in the same range. UAMC-00050 inhibits 

thrombin with a sub-micromolar potency, whereas the new inhibitors do not inhibit 

thrombin at any concentration tested.  

The kapp values confirm the preferences. Trypsin-3 and uPA prefer UAMC-00050 with over 

a 100- and 10-fold potency increase. Whereas β-tryptase slightly favors the new phenyl 

guanidine compounds 7.9 and 7.10.  

The progress curves and jump dilution assays confirmed that the phenyl guanidine 

compounds present an irreversible mechanism for this panel of trypsin-like serine 

proteases, except for 7.10, which, as the alkyne probe UAMC-0003971, behaves reversibly 

with CatG. Contrary, UAMC-00050 showed a reversible slow-binding mechanism for all 

proteases tested, except for uPA.  

In summary, the new diaryl phosphonate inhibitors 7.9 and 7.10 would be good irreversible 

inhibitor candidates for trypsin-3, β-tryptase, and CatG. On the other hand, UAMC-00050 

is the most potent compound for trypsin-3 but behaves reversibly. Moreover, it would be 

the chosen irreversible inhibitor for uPA.  
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Furthermore, compounds 7.9 and 7.10 were evaluated for their physicochemical 

properties to elucidate the feasibility of using them in future in vivo studies (Table 7.3).  

Table 7.3 Physicochemical properties of novel inhibitors compared to UAMC-00050. 

# LogD (pH 7.5) Solubility (µM) 

UAMC-00050 0.2 > 200 

UAMC-0004206 (7.9) 0.65 > 200 

UAMC-0004207 (7.10) 2.8 < 50 

 

 

 Conclusion and future perspectives 

ABPs have been used previously for the design of new inhibitors.78 In this chapter, we 

report two newly synthesized inhibitors with a diaryl phosphonate warhead and phenyl 

guanidine as a side chain designed from previously reported irreversible ABPs. The 

synthetic route used was performed at LIOS in Riga, and the biochemical evaluation was 

performed at UAMC.  

To determine the inhibitory potency of the new inhibitors, the IC50 values were determined. 

However, phenyl guanidine diaryl phosphonates were described in Chapter 6 with an 

irreversible mechanism. Therefore, the IC50 values are not suitable for measuring their 

potency. Kinetic progress curves were measured to calculate their kapp. The inhibitory 

potency was compared to the alkyne probes UAMC-0003970 and UAMC-0003971 and the 

inhibitor UAMC-00050.  

Replacing the terminal alkyne with a benzyl carbamate did not significantly influence the 

inhibitory potency on a panel of trypsin-like serine proteases. Therefore, this approach is a 

convenient pathway to design new inhibitors from promising ABPs. The progress curves 

confirmed that UAMC-0004206 (7.9) and UAMC-0004207 (7.10) have an irreversible 

mechanism with all proteases tested besides thrombin which is not inhibited at the 

concentrations tested. In contrast, UAMC-00050 is only irreversible with uPA. Despite the 
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mechanism of inhibition, trypsin-3, thrombin, and uPA prefer the benzyl guanidine side 

chain. Contrary, β-tryptase, and CatG do not display any preference.  

The physicochemical properties of the compounds showed moderate LogD7.5 values. 

However, the solubility of 7.10 was lower than 7.9 and UAMC-00050. Therefore, inhibitor 

7.9, with better solubility and acceptable LogD values, would be the choice for future 

experiments. However, to use these compounds in in vivo studies, their stability in different 

media should be assessed.   
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 Experimental section  

7.4.1 Chemistry  

General information: All commercially available reagents were used as received unless 

otherwise specified. All reactions were carried out under an argon atmosphere in oven-

dried glassware with magnetic stirring. Dry solvents were dispensed by a solvent 

purification system using dry neutral alumina cartridges. 1H and proton decoupled 13C NMR 

spectra were obtained on a 400 MHz Bruker Avance 400 spectrometer at room 

temperature at 400 and 101 MHz, respectively. Chemical shifts (δ) are reported in parts per 

million (ppm). Multiplicities are given as s (singlet), d (doublet), t (triplet), q (quartet), and 

m (multiplet). Complex splittings are described by a combination of these abbreviations, 

i.e., dd (doublet of doublets). Reaction conversion was estimated by thin-layer 

chromatography (TLC) on aluminium sheets coated with silica gel 60 F254 and visualized by 

ultraviolet light or by LC-MS on Waters Acquity UPLC H-class instrument, column Waters 

Acquity UPLC BEH-C18, 2.1 × 50 mm, 1.7 µm, eluent 5–95% MeCN in 0.1% aq. HCOOH; flow 

rate: 0.8 ml/min; detection Waters PDA Detector (200-300 nm). GC-MS analysis was 

performed on Agilent 5975C Series GC/MSD spectrometer, column HP-5MS 5% Phenyl 

Methyl Silox, 30 m × 250 µm × 0.25 µm, temperature 50–275 °C, carrier gas helium, flow 

rate 1 ml/min. High-resolution mass spectra were recorded on a Waters Synapt GII Q-ToF 

UPLC/MS system, positive ESI mode. 

Benzyl ((bis(4-acetamidophenoxy)phosphoryl)(4-((tert-butoxycarbonyl)amino)phenyl) 

methyl) carbamate (7.2) In a dry 100 ml flask equipped with a magnetic stirrer bar were 

added 7.1 (5.00 g, 0.023 mol, 1.0 eq.), the Y(OTf)3 (1.23 g, 2.3 mmol, 0.1 eq.) dissolved in 

17 ml of dry CH3CN, benzyl carbamate (3.48 g, 0.023 mol, 1.0 eq.), tris(4-acetamidophenyl) 

phosphite (11.07 g, 0.023 mol, 1.0 eq.) followed by 17 ml of dry THF. The solution was 

stirred for 4 h. The solvent was removed. The residue was suspended in 200 ml of EtOH 

96%, and the solution was poured into 500 ml of EtOAc and stirred for 2 h at 0°C, filtered, 

and dried in the vacuum to yield 7.2 (11.78 g, 0.016 mol, 63% yield) as yellow solid. 1H NMR 
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(400 MHz, DMSO-d6) δ (ppm) 9.97 (2H, s), 9.41 (1H, s), 8.78 (1H, d, J = 8 Hz), 7.49 (8H, m), 

7.35 (5H, m), 6.98 (2H, d, J = 8 Hz), 6.90 (2H, d, J = 8 Hz), 5.45 (1H, dd, J = 24.8 Hz), 5.09 (2H, 

dd, J = 32.1 Hz), 2.03 (6H, d, J = 4 Hz), 1.47 (9H, s). 13C NMR (100 MHz, DMSO-d6) δ (ppm) 

168.7, 156.5, 153.2, 145.5, 140.0, 137.1, 136.9, 128.8, 128.4, 128.2, 121.0, 120.6, 118.4, 

79.6, 66.6, 53.5, 28.6, 24.4. 31P NMR (162 MHz, DMSO-d6) δ (ppm) 15.23. HPLC purity 87%. 

HRMS (ESI+) m/z calculated for C36H39N4O9P [M+Na]+ was 725.2336, mass measured 

725.2352. 

Benzyl ((bis(4-chlorophenoxy)phosphoryl)(4-((tert butoxycarbonyl)amino)phenyl) 

methyl) carbamate (7.3) In a dry 50 ml flask equipped with a magnetic stirrer bar were 

added 7.1 (1.00 g, 4.5 mmol, 1.0 eq.), Y(OTf)3 (241 mg, 4.5 mmol, 0.1 eq.) dissolved in 1.1 

ml of dry CH3CN, benzyl carbamate (680 mg, 4.5 mmol, 1.0 eq.), and tris(4-chlorophenyl) 

phosphite (2.08 g, 4.5 mmol, 1.0 eq.) followed by 1.1 ml of dry THF. The solution was stirred 

for 2 h. The solvent was removed, and the residue was purified by chromatography 

(petroleum ether/EtOAc gradient) to yield 7.3 (2.60 g, 3.15 mmol, 70% yield). 1H NMR (400 

MHz, DMSO-d6) δ (ppm) 9.41 (1H, s), 8.83 (1H, d, J = 8 Hz), 7.47 (4H, q, J = 8 Hz), 7.37 (8H, 

m), 7.11 (2H, d, J = 8 Hz), 7.02 (2H, d, J = 8 Hz), 1.47 (9H, s). 13C NMR (100 MHz, DMSO-d6) 

δ (ppm) 156.3, 153.2, 149.4, 140.2, 137.1, 130.3, 129.8, 129.3, 128.5, 127.6, 122.6, 122.5, 

118.4, 117.4, 79.7, 66.7, 53.6, 28.5. 31P NMR (162 MHz, DMSO-d6) δ (ppm) 15.40. HPLC 

purity 81%. HRMS (ESI+) m/z calculated for C32H31Cl2N2O7P [M+Na]+ 679.1147, mass 

measured 679.1144. 

4-((((benzyloxy)carbonyl)amino)(bis(4-acetamidophenoxy)phosphoryl)methyl) 

benzenaminium trifluoroacetate salt (7.4) In a 250 ml flask were added 7.2 (6.60 g, 8.2 

mmol, 1.0 eq.), TFA/DCM 1:1 (66 ml), and the mixture was stirred for 45 min. The solvent 

was removed, and the residue was dissolved in 66 ml of dry EtOH. The mixture was poured 

into 660 ml of MTBE at 0°C and stirred at 0°C for 2 h, filtered under vacuum, washed with 

330 ml of MTBE, and dry overnight to yield 7.4 (7.57 g, 8.11 mmol, 99% yield). 1H NMR (400 

MHz, DMSO-d6) δ (ppm) 10.13 (2H, s), 8.94 (1H, d, J = 12 Hz), 7.74 (2H, d, J = 8 Hz), 7.56 (4H, 

m), 7.37 (6H, m), 6.98 (2H, d, J = 8 Hz), 6.91 (2H, d, J = 8 Hz), 5.61 (1H, dd, J = 24.8 Hz), 5.10 
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(2H, dd, J = 32.1 Hz), 2.04 (6H, s). 13C NMR (100 MHz, DMSO-d6) δ (ppm) 168.7, 156.5, 145.2, 

137.0, 134.8, 132.7, 130.2, 128.8, 128.4, 123.6, 121.0, 120.7, 66.8, 53.5, 51.9, 24.4. 31P NMR 

(162 MHz, DMSO-d6) δ (ppm) 14.69. HPLC purity 97%. HRMS (ESI+) m/z calculated for 

C31H31N4O7P [M+Na]+ 625.1828, mass measured 625.1841. 

4-((((benzyloxy)carbonyl)amino)(bis(4-chlorophenoxy)phosphoryl)methyl) 

benzenaminium trifluoroacetate salt (7.5) In a 50 ml flask were added 7.3 (840 mg, 1.0 

mmol, 1.0 eq.) and TFA/DCM 1:1 (8.5 ml), and the mixture was stirred for 3 h. The solvent 

was removed to get 7.5 (804 mg, 0.99 mmol, 99% yield). 1H NMR (400 MHz, DMSO-d6) δ 

(ppm) 8.97 (1H, d, J = 12 Hz), 7.72 (2H, d, J = 8 Hz), 7.38 (11H, m), 7.11 (2H, d, J = 8 Hz), 7.02 

(2H, d, J = 8 Hz), 5.70 (1H, dd, J = 24.8 Hz), 5.09 (2H, dd, J = 32.1 Hz). 13C NMR (100 MHz, 

DMSO-d6) δ (ppm) 156.4, 149.0, 137.0, 133.7, 137.5, 130.3, 130.2, 129.9, 128.9, 128.9, 

128.5, 123.3, 122.6, 122.5,66.8, 53.6. 31P NMR (162 MHz, DMSO) δ (ppm-d6) 15.33. HPLC 

purity 87%. HRMS (ESI+) m/z calculated for C27H23Cl2N2O5P [M+Na]+ 579.0619, mass 

measured 579.0624. 

Benzyl(E)-((bis(4-acetamidophenoxy)phosphoryl)(4-(N.N'-bis(tert-butyloxycarbonyl) 

guanidino)phenyl)methyl)carbamate (7.6) A mixture of 7.4 (5.50 g, 7.1 mmol, 1.0 eq.), N, 

N'-Bis-Boc-1-Guanylpyrazole (2.66 g, 8.52 mmol, 1.2 eq.) was dissolved in 16 ml of dry 

DCM/MeCN 1:1 (final concentration 1M), TEA (1.49 ml, 0.011 mol, 1.5 eq.) was added and 

the mixture stirred at rt for 96 h. The solvent was removed with rotavapor. The solid was 

first purified with a slurry residue in 110 ml (20 ml for 1g of S.M.) of Petroleum Ether/EtOAc 

2:1 for 2 h at rt, filtered, washed with 55 ml of Petroleum Ether/EtOAc 2:1, and dried under 

vacuum. The product was purified by silica column (1600 ml DCM/CH3OH 19:1 and 800 ml 

DCM/CH3OH 9:1) to yield 7.6 (4.02 g, 4.61 mmol, 65% yield). 1H NMR (400 MHz, DMSO-d6) 

δ (ppm) 11.41 (1H, s), 10.03 (1H, s), 9.96 (2H, s), 8.84 (1H, d, J = 8 Hz), 7.58 (4H, s), 7.51 (4H, 

m), 7.35 (5H, m), 6.98 (2H, d, J = 8 Hz), 6.91 (2H, d, J = 12 Hz), 5.54 (1H, dd, J = 20.8 Hz), 5.10 

(2H, dd, J = 32.1 Hz), 2.02 (6H, s), 1.51 (9H, s), 1.40 (9H, s). 13C NMR (100 MHz, DMSO-d6) δ 

(ppm) 168.7, 163.1, 156.5, 153.2, 152.5, 145.3, 137.1, 137.0, 131.3, 129.3, 128.8, 128.4, 

123.1, 121.1, 120.9, 120.6, 83.9, 79.4, 60.7, 53.5, 28.1, 24.4. 31P NMR (162 MHz, DMSO-d6) 
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δ (ppm) 14.93. HPLC purity 97%. HRMS (ESI+) m/z calculated for C42H50N6O11P [M+H]+ 

845.3290, mass measured 845.3275. 

Benzyl(E)-((bis(4-chlorophenoxy)phosphoryl)(4-(N.N'-bis(tert-butyloxycarbonyl) 

guanidino)phenyl)methyl)carbamate (7.7) A mixture of 7.5 (794 mg, 1.0 mmol, 1.0 eq.), N, 

N'-Bis-Boc-1-Guanylpyrazole (378 mg, 1.2 mmol, 1.2 eq.) was dissolved in 2.2 ml 

DCM/MeCN 1:1, DIPEA (0.261 ml, 1.5 mmol, 1.5 eq.) was added, and the mixture was 

stirred at rt for 96 hours. The solvent was removed, and the solid was purified by silica 

chromatography (1000 ml Petroleum Ether/EtOAc 5:1 and 500 ml Petroleum Ether/EtOAc 

2:1) to yield 7.7 (383 mg, 0.45 mmol, 45% yield). 1H NMR (400 MHz, DMSO-d6) δ (ppm) 

11.42 (1H, s), 10.03 (1H, s), 8.89 (1H, d, J = 8 Hz), 7.58 (4H, q, J = 8 Hz), 7.38 (9H, m), 7.11 

(2H, d, J = 8 Hz), 7.01 (2H, d, J = 8 Hz), 5.63 (1H, dd, J = 20.8 Hz), 5.10 (2H, dd, J = 32.12 Hz), 

1.51 (9H, s), 1.40 (9H, s). 13C NMR (100 MHz, DMSO-d6) δ (ppm) 163.1, 156.4, 153.3, 152.5, 

149.0, 137.3, 137.0, 130.7, 130.2, 129.6, 129.3, 128.8, 128.5, 123.3, 122.7, 122.5, 117.4, 

83.9, 79.4, 66.8, 53.6, 28.1. 31P NMR (162 MHz, DMSO-d6) δ (ppm) 15.16. HPLC purity 95%. 

HRMS (ESI+) m/z calculated for C38H42Cl2N4O9P [M+H]+ 799.2066, mass measured 

799.2090. 

Amino((4-((((benzyloxy)carbonyl)amino)(bis(4-acetamidophenoxy)phosphoryl)methyl) 

phenyl)amino)methaniminium trifluoroacetate salt (7.8) In a 50 ml flask was added 7.6 

(1.24 g, 1.4 mmol, 1.0 eq.) and 12 ml of TFA/DCM 1:1, and the solution was stirred for 3 h. 

The solvent was removed, and the residue was dissolved in 12 ml of dry EtOH. The solution 

was poured into cold MTBE (120 m) and stirred for 1 h at 0°C. The solid was filtered in 

vacuum and dried overnight to yield 7.8 (1.07 g, 1.35 mmol, 97% yield). 1H NMR (400 MHz, 

DMSO-d6) δ (ppm) 9.99 (2H, s), 9.91 (1H, s), 8.92 (2H, d, J = 8 Hz), 7.68 (2H, d, J = 8 Hz), 7.57 

(3H, s), 7.53 (4H, m), 7.37 (5H, m), 7.27 (2H, d, J = 8 Hz), 7.00 (2H, d, J = 12 Hz), 6.95 (2H, d, 

J = 12 Hz), 5.58 (1H, dd, J = 24.8 Hz), 5.09 (2H, dd, J = 36.1 Hz), 2.02 (6H, s). HPLC purity 96%. 

HRMS (ESI+) m/z calculated for C32H34N6O7P [M+H]+ 645.2258, mass measured 645.2227. 
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Amino((4-((((benzyloxy)carbonyl)amino)(bis(4-acetamidophenoxy)phosphoryl)methyl) 

phenyl) amino)methaniminium chloride salt (7.9) In a 5 ml flask were added 7.8 (104 mg, 

1.35 mmol, 1.0 eq.), 3 ml of EtOH/H2O (2:1) and 1.01 g of DOWEX 1X8 Cl, and the mixture 

was stirred for 32 h. Then, the resin was removed by filtration through a glass filter, and 

the solvent was removed with rotavapor. The residue was dissolved in 1 ml of EtOH and 

precipitated in MTBE at rt. The mixture was stirred for 1 h and filtered on a glass filter to 

yield 7.10 (65 mg, 0.96 mmol, 71% yield) as a white-off solid. 1H NMR (400 MHz, DMSO-d6) 

δ (ppm) 9.99 (2H, s), 9.91 (1H, s), 8.92 (2H, d, J = 8 Hz), 7.68 (2H, d, J = 8 Hz), 7.57 (3H, s), 

7.53 (4H, m), 7.37 (5H, m), 7.27 (2H, d, J = 8 Hz), 7.00 (2H, d, J = 12 Hz), 6.95 (2H, d, J = 12 

Hz), 5.58 (1H, dd, J = 24.8 Hz), 5.09 (2H, dd, J = 36.1 Hz), 2.02 (6H, s). HPLC purity 95%. HRMS 

(ESI+) m/z calculated for C32H34N6O7P [M+H]+ 645.2258, mass measured 645.2227. 

Amino((4-((((benzyloxy)carbonyl)amino)(bis(4-chlorophenoxy)phosphoryl)methyl) 

phenyl)amino) methaniminium chloride salt (7.10) 

In a 25 mL flask were added 7.7 (500 mg, 0.63 mmol) and HCl 4N dioxane (6 mL), then the 

mixture was stirred for 30 h at rt. The solvent was removed, and the residue was dissolved 

in absolute EtOH (5 mL), then dropped in cold MTBE (200 mL), stirred for 1 h at 0°C, filtered, 

and dried in a vacuum to yield 7.10 (335 mg, 0.50 mmol, 80% yield). 1H NMR (400 MHz, 

DMSO-d6) δ (ppm) 10.18 (1H, s), 8.97 (1H, d, J = 8 Hz), 7.69 (2H, m), 7.63 (3H, s), 7.38 (9H, 

m), 7.26 (2H, d, J = 8 Hz), 7.13 (2H, d, J = 8 Hz), 7.07 (2H, d, J = 8 Hz), 5.67 (1H, dd, J = 24.8 

Hz), 5.08 (2H, dd, J = 32.1 Hz). 13C NMR (101 MHz, DMSO-d6) δ (ppm) 155.9, 148.8, 148.4, 

136.5, 135.5, 131.8, 129.8, 129.6, 129.4, 128.4, 123.9, 122.2, 122.0, 66.3. 31P NMR (162 

MHz, DMSO) δ (ppm) 14.86. HPLC purity 95.2%.  

7.4.2 Biochemical characterization  

 Determination of IC50 values 

The IC50 value is defined as the concentration of inhibitor required to reduce the enzyme 

activity to 50% after a 15 min preincubation with the enzyme at 37 °C before adding the 
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substrate. The IC50 values were determined using a spectrophotometric assay. All the 

experiments were conducted in duplicate in buffer. The readout consisted of evaluating 

the protease-mediated release of the chromophore para-nitroaniline (pNA) or fluorophore 

7-amino-4-methyl coumarin (AMC) moieties from the respective substrates. Enzymatic 

activity was measured for 30 min at 37 °C. All compounds were initially screened at three 

concentrations (10, 1, and 0.1 μM) to estimate the range of the IC50 value. Those able to 

reduce protease activity by at least 50% at a concentration of 10 μM were submitted to an 

exact IC50 determination. The final IC50 values of the most potent inhibitors were the 

average of two independent experimental results. A third independent experiment was 

performed when the standard deviation of the two independent experiments was higher 

than three times the IC50 value. IC50 values were obtained by fitting the data with the four-

parameter logistics equation using GraphPad Prism 9.  

The conditions for each protease are described as follows, the concentration of substrate 

used was at the corresponding Km. 

Trypsin-3 (recombinant trypsin-3, R&D) and fluorogenic substrate tosyl-GPR-AMC (Km = 

22.5 μM) were used in Tris buffer (100 mM Tris HCl, 100 mM Tris base, 1 mM CaCl2) at pH 

8.0 (25°C). Tryptase (recombinant tryptase β-2, EnzoLife Sciences) and fluorogenic 

substrate Boc-Gln-Ala-Arg-AMC (Km = 250 μM) were used in Tris buffer (50 mM Tris, 120 

mM NaCl, 0.1 mg/mL BSA, 0.1 mg/mL heparin) at pH 8.0 (25°C). Thrombin (recombinant 

thrombin, R&D) and fluorogenic substrate Boc-VPR-AMC (Km = 15 μM) were used in TRIS 

buffer (50 mM Tris HCl, 50 mM Tris base, 10 mM CaCl2, 150 mM NaCl) at pH 8.3 (25°C). uPa 

(recombinant urokinase plasminogen activator, HYPHEN BioMed) and chromogenic 

substrate pyro-Glu-Gly-Arg-pNA (Km = 80 μM) were used in HEPES buffer (50 mM HEPES) at 

pH 8.1 (25°C). Cathepsin G (cathepsin G human neutrophil, Sigma-Aldrich) and fluorogenic 

substrate Suc-AAPF-AMC (Km = 130 μM) were used in Tris buffer (50 mM Tris, 120 mM NaCl) 

at pH 8.0 (25°C).  
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 Kinetic experiments and determination of kapp 

For a simple pseudo-first-order inactivation process, the activity after incubation with 

inhibitor (vi) varies with the inhibitor concentration (i), as described in the following 

equation: vi = v0 · e-kit, where v0 is the activity in the absence of an inhibitor, k is the second-

order rate constant of inactivation, and t is the time. The inactivation rate constant was 

determined from the time course of inhibition. 

Kinetic assays were performed in the following manner. The inhibitor was mixed with the 

substrate, and the buffer solution with the enzyme was added at the time zero. The 

progress curves show the release of pNA or AMC as a function of time. Initially, no inhibitor 

is bound to the enzyme, and the tangent to the progress curve (dA/dt) is proportional to 

the free enzyme concentration. The free enzyme concentration decreases over time due 

to inhibitor binding kinetics, as described above. Progress curves were recorded in pseudo-

first-order conditions ([I]0>>[E]0) and with less than 10% conversion of the substrate during 

the entire time course. In these conditions, dA/dt decreases exponentially with time. The 

progress curves were fitted with the integrated rate equation with GraFit7 to yield a value 

for kobs, a pseudo-first-order rate constant. At = Ao + vs·t + (vi-vs)*(1-e-kobs·t)/kobs, where At is 

the absorbance at time t, A0 is the absorbance at time zero, vi is the initial rate, and vs is the 

velocity at the steady-state.  

The apparent second-order rate constant (kapp) was calculated from the slope of the linear 

part of the plot of kobs vs. the inhibitor concentration ([I]0). In the case of competition 

between the inhibitor and the substrate, kapp is smaller than the “real” second-order rate 

constant k discussed above because a certain fraction of the enzyme is present as an 

enzyme-substrate complex. kapp depends on the substrate concentration used in the 

experiment, as described by Lambeir et al. 1996.125  

 Determination of inhibition type 

To monitor the dissociation of the inhibitor-enzyme, aliquots of the enzyme were 

incubated at 37oC without and with the inhibitor at a concentration 10 times higher than 
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its IC50. The enzyme concentration was 2.5 times higher than the concentration used for 

the IC50 determinations. After 15 min, the aliquots were diluted 10-fold or 100-fold into the 

substrate concentration and assay buffer used for the IC50 determination. The dissociation 

of the enzyme-inhibitor complex was monitored by substrate hydrolysis over time.129  

7.4.3 Physicochemical properties 

 Determination of Log D 

A total of 40 µL of a 10 mM stock solution in DMSO was added to 1.960 mL of a mixture of 

octanol and phosphate buffer saline (PBS), pH 7.4 (1/1). Octanol was first saturated with 

PBS, and PBS was first saturated with octanol before the two solvents were mixed. After 

two hours of shaking at room temperature, the two layers were separated. A total of 10 µL 

of each layer was added to 390 µL of CH3OH before the sample was analyzed with 

LC/MS/MS. The logD is calculated from the formula: LogD ) log(AUCoctanol/AUCPBS). The 

experiment was done in duplicate. 

 Solubility 

A total of seven different dilutions of an initial 10 mM test compound solution were 

prepared in DMSO. Each dilution was further diluted in PBS pH 7.4 to give a final DMSO 

concentration of 2% and a final test compound concentration range of between 3.1 µM 

and 200 µM (4 µL DMSO solution in 196 µL buffer solution). Two replicates were prepared 

per concentration in a 96-well microtiter plate. The plates were incubated for 2 h at 37 °C. 

Absorbance was measured at 620 nm, and solubility was determined by an increase in 

absorbance (turbidimetry). 
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 Supplementary data 

UAMC-0004206 (7.9) 
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UAMC-0004207 (7.10) 
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 Conclusions and future perspectives 

The first goal of this doctoral thesis was the evaluation of the potential role of serine 

proteases in the pathophysiology of Dry eye disease (DED) and Irritable bowel syndrome 

(IBS). The role of other protease families in DED has been previously widely described. In 

particular, the role of metalloprotease MMP-9 is well defined and considered a DED 

biomarker among clinicians.342 However, the role of serine proteases is not yet fully 

understood, and research considering them as therapeutic targets has just emerged. For 

instance, the treatment with α-amino diaryl phosphonate serine protease inhibitor UAMC-

00050 in a DED experimental model could reduce tissue damage parameters and pro-

inflammatory markers.185 On the other hand, for IBS, the study of serine proteases in 

abdominal pain and visceral hypersensitivity is somewhat more extensively studied.151 

However, the use of serine protease inhibitors as therapeutic agents has been little 

explored.186 Interestingly, the local or intraperitoneal administration of inhibitor UAMC-

00050 in a rat model with TNBS-induced colitis in the post-inflammatory phase and an 

acetic acid neonatal mice model could reduce visceral hypersensitivity.295,296,298  

The results of these experiments gave a proof of concept of the involvement of serine 

proteases in DED and IBS. Nevertheless, UAMC-00050 is a multi-target trypsin-like serine 

protease inhibitor, thus, it has a high affinity for different proteases within the family. 

Therefore, it is not possible to identify the specific proteases which are upregulated and 

inhibited in these experimental settings. Hence, the primary goal of this doctoral thesis was 

to develop a tool to unequivocally determine the activity of upregulated proteases in 

biological samples. For this, activity-based protein profiling (ABPP) was chosen as a 

promising proteomic tool.  
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 Activity-based probes for biomarker identification  

ABPP is a powerful proteomic tool that enables the detection and visualization of active 

enzymes within a complex proteome.319 During this doctoral thesis, we have developed an 

extensive library of activity-based probes (ABPs) targeting the trypsin-like serine protease 

family. The α-amino diaryl phosphonate warhead is widely used for this enzymatic family 

due to its high selectivity over other enzymes and protease families.90 Moreover, UAMC-

00050, the lead compound, belongs to this class.129 Therefore, α-amino diaryl phosphonate 

was the warhead of choice for our ABP library. Even though there are probes previously 

described in literature targeting trypsin-like serine proteases, there is a lack of chemical 

diversity as most of the reported probes contain natural amino acids as a selectivity-

enhancing group. Thus, the newly synthesized library includes different basic polar residues 

to achieve a wide-ranging chemical diversity.  

The establishment of an efficient synthetic route with the potential of combining a variety 

of reporter tags in the last step by “click chemistry” was implemented. A combination of 

different side chains and the modification of the electrophilicity of the diphenyl 

phosphonate achieved the desired chemical diversity (Figure 8.1). An extensive library of 

24 alkyne probes and 17 desthiobiotin and biotin probes was synthesized. Alternatively, 

the alkyne probes could be conjugated to other reporter tags, which would enable other 

applications, such as visualization by fluorescence or positron emission tomography (PET).  

 
Figure 8.1 Design of the activity-based probe (ABPs) library with the different modifications. 
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To fully characterize the biochemical activity of the newly synthesized probes, a panel of 

different serine proteases was chosen by their implication in different immune and 

inflammatory responses. The biochemical protocol to determine the IC50 values for β-

tryptase was introduced in the laboratory of Medicinal Chemistry (UAMC), and the existing 

protocols for urokinase plasminogen activator (uPA) were optimized and validated. For 

trypsin-3, thrombin, cathepsin G, chymotrypsin, and neutrophil elastase, the collaboration 

with the Laboratory for Intestinal Neuroimmune Interactions at KU Leuven and the 

Laboratory of Medical Biochemistry at the University of Antwerp was of utmost help. 

Further, the protocols to determine the kinetic curves and the mechanism of inhibition for 

trypsin-3, β-tryptase, thrombin, and uPA were developed at UAMC. The protocols for 

cathepsin G were developed at the Laboratory of Medical Biochemistry and used and 

validated at UAMC. Jump dilution assays corroborated the mechanism of inhibition. The 

protocols were developed at UAMC.  

The detailed biochemical characterization of the new probes led to identifying some high-

affinity compounds. More in detail, the benzyl guanidine probes presented the highest 

inhibitory potencies for trypsin-3, β-tryptase, and uPA. Even though these compounds are 

designed to inhibit serine proteases irreversibly, these only showed an irreversible 

mechanism for uPA, whereas for trypsin-3, β-tryptase, thrombin, and cathepsin G these 

presented a reversible slow-binding mechanism. On the other hand, the phenyl guanidine 

probes inhibit irreversibly with high-affinity trypsin-3, β-tryptase, and cathepsin G. 

Thrombin does not present a high affinity for these families of compounds. Instead, the 

preferred probe for thrombin is the 4-piperidine-1-carboximidamide side chain, which 

shows an irreversible inhibition and selectivity over β-tryptase, uPA, and CatG. 

The reason for the difference in the mechanism of inhibition between the benzyl guanidine 

and the phenyl guanidine probes is not yet understood. Two hypotheses could explain this 

(Figure 8.2). The first one is the formation of a covalent bond between the phosphonate 

and the serine on the active site, which is rapidly hydrolyzed. In the second, the covalent 

bond is not formed due to the geometry and proximity of the probe to the serine in the 
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active site. Nevertheless, the probe is well positioned to create a high-affinity complex. To 

corroborate these hypotheses, one could first run molecular modeling to computationally 

recreate the probe allocation within the active site and the possible formation of a covalent 

bond. Alternatively, a crystal structure of the protease with the desired probe could 

elucidate whether one of the phenolates of the phosphonate acts as a leaving group to 

form the covalent bond. Even though this experimental technique could help explain the 

mechanism of inhibition, it would not be undoubtedly proof as the phenolate could be 

hydrolyzed without forming the covalent bond by the process of aging.  

 
Figure 8.2 Hypothesis for a reversible slow-binding mechanism. A) The covalent bond is formed but rapidly 
hydrolyzed, forming high-affinity interactions. B) The position of the warhead is not ideal for the formation of 
a covalent bond, but high-affinity interactions are possible.  

Last, we aimed to label proteases in complex biological samples to identify active trypsin-

like serine proteases participating in physiological processes. We demonstrated that both 

irreversible and slow-binding probes could label recombinant proteases and tryptase 

released from mast cell degranulation in SDS-PAGE. Interestingly, this indicates that 

irreversible binding is not needed to label proteases under denaturing conditions. As a next 

step, it would be interesting to label proteases from biological samples of DED and IBS 

patients and identify upregulated proteases. Moreover, exploring other analytical 

techniques, such as mass spectrometry, would be of utmost interest.  
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Recently, the Laboratory for Intestinal Neuroimmune Interactions at KU Leuven has proven 

that the novel alkyne probes can inhibit trypsin-like serine protease activity against rectal 

biopsy supernatants from IBS patients. This experiment was performed with bis(4-

chlorophenyl)phosphonate alkyne probes with arginine (6.33b), benzyl guanidine (6.36b), 

and phenyl guanidine (6.39b) as a side chain, the diphenyl phosphonate alkyne probe with 

4-piperidine-1-carboximidamide (6.41b) as a side chain and the proline-lysine alkyne probe 

(6.31b). The results show that 6.36b and 6.39b present greater inhibitory potencies for 

these samples correlating with their inhibitory potencies against recombinant proteases 

(Figure 8.3).  

 
Figure 8.3 Translational potential of novel alkyne probes, inhibiting the trypsin-like serine protease activity 
against rectal biopsy supernatant. The experiments were conducted in supernatants from 8 representative 
subjects from each group (healthy volunteers, IBS-low, and IBS-high). The compounds at a concentration of 1 
µM were pre-incubated with the supernatants for 15 min at 37oC. The trypsin-like activity is expressed as 
mU/mg protein. The P values represented as continuous lines refer to the comparison between groups treated 
with vehicle (HV vs. IBS-high and IBS-low vs. IBS-high). The P values represented as dotted lines refer to the 
comparison between each compound with the vehicle. When not indicated, P value > 0.05. 

Subsequently, the Laboratory for Intestinal Neuroimmune Interactions at KU Leuven has 

planned to test the bis(4-chlorophenyl)phosphonate desthiobiotin probes with arginine 

(6.46b), benzyl guanidine (4.54b), and phenyl guanidine (4.57b) as a side chain with biopsy 

supernatants of IBS patients. These assays will have two main objectives. First, we want to 

confirm that tryptase released from mast cells is upregulated in IBS. And second, it would 



Chapter 8 

 

220 

be interesting to investigate the pathway linking the tryptase upregulation and the TRP 

channel sensitization, which is hypothesized to be correlated with the protease-activated 

receptor (PAR) activation.  

 Novel trypsin-like serine protease inhibitors  

Driven by the surprising finding that UAMC-00050 presents a reversible slow-binding 

mechanism of inhibition for all the trypsin-like serine proteases tested, except for uPA, 

together with the promising results of the phenyl guanidine probes offering a high affinity 

for β-tryptase and cathepsin G and an irreversible mechanism for the proteases tested, we 

designed novel inhibitors targeting trypsin-like serine proteases. These maintained the 

phenyl guanidine as a selectivity-enhancing group and the α-amino diaryl phosphonate 

warhead. The terminal alkyne of the probes UAMC-0003970 and UAMC-0003971 was 

modified to a benzyl carbamate to convert them to an inhibitor-like structure and mimic 

the structure of UAMC-00050.  

The new inhibitors were fully biochemically characterized in the same panel of trypsin-like 

serine proteases as the ABPs. Modifying the terminal alkyne for benzyl guanidine did not 

significantly influence their inhibitory potency. The kinetic progress curves and jump 

dilutions confirmed that the phenyl guanidine compounds present an irreversible 

mechanism of inhibition. Despite the different inhibition mechanisms, trypsin-3, thrombin, 

and uPA have a higher affinity for UAMC-00050, whereas β-tryptase and CatG do not 

display any preference.  

Following the synthesis and biochemical characterization of UAMC-0004206 and UAMC-

0004207, we started to characterize their physicochemical properties. This showed that 

UAMC-0004206 offers comparable physicochemical properties to UAMC-00050. On the 

other hand,UAMC-0004207 presents a lower solubility than UAMC-00050 and UAMC-

0004206.  
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Following the promising in vitro results of UAMC-0004206, in the near future, we have 

planned to test it in the IBS rat model with TNBS-induced colitis in the post-inflammatory 

phase in the Laboratory of Experimental Medicine and Pediatrics at the University of 

Antwerp. The results of this experiment will be compared to the ones of UAMC-00050 for 

further conclusions and planning of experiments.  

For DED, it would be of interest to use UAMC-0004206 in the same experimental model as 

UAMC-00050 with the same purpose as above. This could be done in collaboration with the 

Laboratory for Microbiology, Parasitology and Hygiene at the University of Antwerp.  

Consequently, to the future perspective with the ABPs, it would be of interest to describe 

the specific trypsin-like serine proteases involved in the pathophysiology of DED and IBS. 

Then, it would be of relevance to design and synthesize novel inhibitors focusing on 

selectivity for those proteases over other trypsin-like serine proteases. For this, first, the 

active site could be studied by its crystal structure and, together with molecular docking, 

help to design novel selective inhibitors. The design and synthesis of more potent and 

selective inhibitors will be helpful to describe their potential as therapeutic agents.  
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 Summary 

Proteases catalyze the hydrolysis of peptides or proteins by cleaving peptide bonds. These 

enzymes are of great interest in biomedical research due to their involvement in many 

physiological processes.2,3 In this PhD thesis, special attention is given to serine proteases 

which can be divided into trypsin-, chymotrypsin-, and elastase-like serine proteases, 

depending on their substrate specificity.14 In Chapter 1, an introduction to trypsin-like 

serine proteases was given with attention to proteases involved in immune and 

inflammatory responses. Serine proteases have been previously proposed as biomarkers 

for diverse diseases such as cancer, lung, cardiovascular or intestinal disorders. Moreover, 

serine protease inhibitors are of interest as therapeutic agents. However, it is important to 

identify and characterize the specific proteases involved in the pathophysiology of the 

disease under study to design selective inhibitors.343 In recent decades, protease activity 

has been studied by activity-based protein profiling (ABPP).73 

ABPP uses chemical probes, known as activity-based probes (ABP), which react covalently 

with the active form of the target enzyme. These allow detection, visualization, or affinity 

purification of the labeled enzymes.75 Chapter 1 aims to describe the characteristics of 

ABPs and summarize the previously developed ABPs relevant to this PhD thesis. Special 

attention is given to ABPs with an α-amino diphenyl phosphonate as a warhead. This 

reactive group has proven to specifically and irreversibly inhibit the serine protease family. 

Thus, it is an excellent option for the design of ABPs and the warhead of choice for this 

work.  

The focus of this PhD thesis starts with the description of the potential role of serine 

proteases in the pathophysiology of Dry eye disease (DED) and Irritable bowel syndrome 

(IBS) and the proof of concept that serine proteases play a role in these diseases by the 

results obtained with inhibitor UAMC-00050 and followed by the design and synthesis of 

novel α-amino diaryl phosphonates activity-based probes with potential applications in 
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target and biomarker identification. Last, it focuses on developing novel trypsin-like serine 

protease inhibitors as potential therapeutic agents. The objectives of this work are 

explained in detail in Chapter 2 (Figure 9.1).  

 
Figure 9.1 Overview of the work carried out in this PhD thesis. 

DED is a multifactorial disorder that leads to ocular discomfort, visual disturbance, and tear 

film instability and is accompanied by ocular surface inflammation. The pathophysiology of 

DED is very complex and not yet fully understood. Thus, the diagnosis and treatment of 

DED still present significant challenges for clinicians, and novel biomarkers and treatments 

are of great interest. Proteases are abundant in different ocular surface tissues, and their 

activity is upregulated in various pathologies, including DED. In Chapter 3, we assessed the 

implications of different families of proteases in the development of DED. Previous studies 

focus their attention on the role of metalloproteases (MMPs). However, there is a lack of 

research on the role of other protease families, such as serine or cysteine proteases. With 

this literature research, we aimed to give suggestions for potential novel biomarkers and 

therapeutic targets to treat DED.  

Likewise, in Chapter 4, we assessed the potential role of serine proteases in the 

development of IBS and visceral hypersensitivity. IBS is a gut-brain interaction disorder 

characterized by abdominal pain. The mechanism characterizing abdominal pain is visceral 
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hypersensitivity, an increased perception of stimuli in the gastrointestinal tract. The role of 

serine proteases in the intestinal tract and their potential role in IBS and visceral 

hypersensitivity have been previously studied.151 However, their role is not yet fully 

understood. This chapter focus on the involvement of serine proteases in the 

pathophysiology of visceral hypersensitivity in IBS and the therapeutic potential of serine 

protease inhibitors.  

Prior to this PhD research, the Laboratory of Medicinal Chemistry at the University of 

Antwerp (UAMC) developed a multi-target trypsin-like serine protease α-amino diaryl 

phosphonate inhibitor known as UAMC-00050. Joossen et al. reported in vivo studies 

carried out in a rat animal model, where DED was induced by the surgical removal of the 

exorbital lacrimal gland. The treatment with a topical administration of UAMC-00050 could 

reduce tissue damage parameters and pro-inflammatory markers in these experimental 

settings.185 For IBS, Ceuleers et al. reported that the local or intraperitoneal administration 

of inhibitor UAMC-00050 in a rat model with TNBS-induced colitis in the post-inflammatory 

phase and an acetic acid neonatal mice model could reduce visceral 

hypersensitivity.295,296,298 These studies are summarized in Chapter 5.  

UAMC-00050 is synthesized as a mixture of enantiomers. Noteworthy, it has been used as 

a racemic mixture in previous studies, as the enantioselective synthesis of this compound 

is not available. Recently, the two enantiomers of UAMC-00050 were available for 

biochemical evaluation. These results and the development and validation of all the 

biochemical protocols used in this PhD are also described in Chapter 5. 

Chapter 6 focuses on the synthesis and biochemical characterization of novel ABPs 

targeting trypsin-like serine proteases to identify and characterize the exact proteases 

involved in DED and IBS. We developed an extensive library of ABPs with “clickable” affinity 

tags and a diaryl phosphonate warhead. The ABP library has a wide chemical diversity 

achieved by combining different basic polar residues as a side chain and substituents in the 

warhead to modify its electrophilicity. A detailed enzymatic characterization was 
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performed in a panel of trypsin-like serine proteases with important roles in inflammatory 

and immune responses. Their inhibitory potencies, kinetic rate constants, and mechanism 

of inhibition were examined and determined. We described high-affinity probes for the 

selected protease panel. Surprisingly, some of these high-affinity probes with benzyl 

guanidine as a side chain presented a reversible slow-binding inhibitory mechanism. 

Contrary, probes with different side chains exhibited the expected irreversible mechanism. 

To demonstrate their ability and translational potential to label proteases in complex 

proteomes, we used probes with both inhibitory mechanisms to label recombinant 

proteases and proteases released from human mast cells in SDS-PAGE gels. Unexpectedly, 

probes with a reversible slow-binding mechanism could also label proteases even under 

denaturing SDS-PAGE conditions due to the formation of high-affinity complexes and slow 

dissociation rates (Figure 9.2). In further studies, we aim to identify upregulated proteases 

in DED and IBS biological samples. This research can lead to the identification of novel 

biomarkers and therapeutic targets for these diseases.  

 
Figure 9.2 Development of diverse ABPlibrary with unexpected inhibition mechanism able to label proteases 
under SDS-PAGE assay conditions 

Given the promising in vitro results with recombinant enzymes and the phenyl guanidine 

probes (6.38b-6.39b), together with the surprising finding that the benzyl guanidine probes 

(6.35b-6.36b) and UAMC-00050 only present an irreversible mechanism for uPA, we 

developed two new inhibitors targeting trypsin-like serine proteases. Chapter 7 reports the 

synthesis and biochemical characterization of the new inhibitors UAMC-0004206 and 
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UAMC-0004207. Their physicochemical properties, such as logD and solubility, were 

determined. The results of their inhibitory potencies for a panel of trypsin-like serine 

proteases and the first study of their physicochemical properties showed that UAMC-

0004206 is a promising backup compound with the potential to be a therapeutic agent for 

DED and IBS. In future research, this inhibitor will be administered to post-inflammatory 

colitis rats to compare its activity in this IBS animal model with UAMC-00050.  
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 Samenvatting 

Proteasen katalyseren de hydrolyse van peptiden of eiwitten door peptidebindingen te 

splitsen. Deze enzymen zijn van groot belang in het biomedisch onderzoek vanwege hun 

betrokkenheid bij vele fysiologische processen.2,3 In dit proefschrift wordt speciale 

aandacht besteed aan serine proteasen die, afhankelijk van hun substraatspecificiteit, 

kunnen worden onderverdeeld in trypsine-, chymotrypsine-, en elastase-achtige serine 

proteasen.14 In Hoofdstuk 1 werd een inleiding gegeven over trypsine-achtige serine 

proteasen met aandacht voor proteasen die betrokken zijn bij immuun- en 

ontstekingsreacties. Serine proteasen zijn kunnen dienen als biomarkers voor diverse 

ziekten zoals kanker, long-, cardiovasculaire of darmaandoeningen. Bovendien zijn hun 

remmers interessant als therapeutische middelen. Het is echter belangrijk de specifieke 

proteasen die betrokken zijn bij de pathofysiologie van de bestudeerde ziekte te 

identificeren en te karakteriseren om selectieve remmers te ontwerpen.343 In de afgelopen 

decennia is de proteaseactiviteit bestudeerd door middel van activity-based protein 

profiling (ABPP).73  

ABPP gebruikt chemische probes, bekend als ‘activity-based probes’ in de vakliteratuur 

(ABP), die covalent reageren met de actieve vorm van het doelenzym. Deze maken 

detectie, visualisatie of affiniteitszuivering van de gelabelde enzymen mogelijk.75 In 

Hoofdstuk 1 worden de kenmerken van ABP's beschreven en worden de eerder 

ontwikkelde en voor dit proefschrift relevante ABP's samengevat. Speciale aandacht wordt 

besteed aan ABP's met een α-amino difenylfosfonaat als kern. Deze reactieve groep blijkt 

de serine protease familie specifiek en onomkeerbaar te remmen. Het is dus een 

uitstekende optie voor het ontwerp van ABP's en de uitgelezen reactieve groep voor dit 

werk.  
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De focus van dit proefschrift begint met de beschrijving van de potentiële rol van serine 

proteasen in de pathofysiologie van droge ogen (DED) en prikkelbare darm syndroom (IBS) 

en het bewijs dat serine proteasen een mogelijke rol spelen in deze ziekten door de 

resultaten verkregen met remmer UAMC-00050. Vervolgens wordt het ontwerp en de 

synthese van nieuwe α-amino diaryl fosfonaten ABPs met potentiële toepassingen in target 

en biomarker identificatie beschreven. Ten slotte richt het zich op de ontwikkeling van 

nieuwe trypsineachtige serineproteaseremmers als potentiële therapeutische middelen. 

De doelstellingen van dit werk worden in detail toegelicht in Hoofdstuk 2 (Figuur 10.1). 

 
Figuur 10.1 Overzicht van het werk uitgevoerd in deze thesis. 

DED is een multifactoriële aandoening die leidt tot oculair ongemak, visuele verstoring en 

traanfilminstabiliteit en gepaard gaat met oculaire oppervlakteontsteking. De 

pathofysiologie van DED is zeer complex en wordt nog niet volledig begrepen. Daarom 

vormen de diagnose en behandeling van DED nog steeds een grote uitdaging voor clinici, 

en zijn nieuwe biomarkers en behandelingen van groot belang. Proteasen zijn overvloedig 

aanwezig in verschillende oculaire oppervlakteweefsels, en hun activiteit is verhoogd bij 

verschillende pathologieën, waaronder DED. In Hoofdstuk 3 onderzochten wij de 

implicaties van verschillende families van proteasen bij de ontwikkeling van DED. Eerdere 

studies richten hun aandacht op de rol van metalloproteasen. Er is echter weinig bekend 

over de rol van andere protease families, zoals serine of cysteine proteasen. Met dit 
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literatuuronderzoek beoogden wij suggesties te geven voor potentiële nieuwe biomarkers 

en therapeutische doelwitten voor de behandeling van DED.  

Evenzo onderzochten wij in Hoofdstuk 4 de mogelijke rol van serine proteasen bij de 

ontwikkeling van IBS en viscerale overgevoeligheid. IBS is een interactie stoornis tussen de 

darmen en de hersenen gekenmerkt door buikpijn. Het mechanisme dat buikpijn kenmerkt 

is viscerale overgevoeligheid, een verhoogde waarneming van prikkels in het 

maagdarmkanaal. De rol van serine proteasen in het darmkanaal en hun mogelijke rol bij 

IBS en viscerale overgevoeligheid zijn eerder bestudeerd.151 Echter, hun rol is echter nog 

niet volledig begrepen. Dit hoofdstuk richt zich op de betrokkenheid van serine proteasen 

in de pathofysiologie van viscerale overgevoeligheid bij IBS en het therapeutisch potentieel 

van serine protease remmers. 

Voorafgaand aan dit doctoraatsonderzoek ontwikkelde het Laboratorium voor Medicinale 

Chemie van de Universiteit Antwerpen (UAMC) een multi-target trypsine-achtige serine 

protease α-amino diaryl fosfonaat remmer bekend als UAMC-00050. Joossen et al. 

rapporteerden in vivo studies uitgevoerd in een diermodel voor ratten, waarbij DED werd 

geïnduceerd door de chirurgische verwijdering van de exorbitale traanklier. De 

behandeling met een topische toediening van UAMC-00050 kon de parameters voor 

weefselschade en pro-inflammatoire markers in deze experimentele settings 

verminderen.185 Voor IBS rapporteerden Ceuleers et al. dat de lokale of intraperitoneale 

toediening van remmer UAMC-00050 in een rattenmodel met TNBS-geïnduceerde colitis in 

de post-inflammatoire fase en in een model van neonatale muizen behandeld met 

azijnzuur de viscerale overgevoeligheid kon verminderen.295,296,298 Deze studies zijn 

samengevat in Hoofdstuk 5.  

UAMC-00050 wordt gesynthetiseerd als een mengsel van enantiomeren. Opmerkelijk is dat 

het in eerdere studies is gebruikt als een racemisch mengsel, aangezien de 

enantioselectieve synthese van deze verbinding niet beschikbaar is. Onlangs waren de twee 

enantiomeren van UAMC-00050 beschikbaar voor biochemische evaluatie. Deze resultaten 
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en de ontwikkeling en validering van alle in dit proefschrift gebruikte biochemische 

protocollen worden eveneens beschreven in Hoofdstuk 5. 

Hoofdstuk 6 richt zich op de synthese en biochemische karakterisering van nieuwe ABP's 

gericht op trypsine-achtige serine proteasen om de exacte proteasen die betrokken zijn bij 

DED en IBS te identificeren en te karakteriseren. Wij ontwikkelden een uitgebreide 

bibliotheek van ABP's met "klikbare" affiniteitstags en een diaryl fosfonaatkop. De ABP-

bibliotheek heeft een grote chemische diversiteit, bereikt door het combineren van 

verschillende polaire basisresiduen als zijketen en substituenten in de kop om de 

elektrofiliciteit ervan te wijzigen. Een gedetailleerde enzymatische karakterisering werd 

uitgevoerd in een panel van trypsine-achtige serine proteasen met een belangrijke rol in 

ontstekings- en immuunreacties. Hun remmend vermogen, kinetische snelheidsconstanten 

en remmingsmechanisme werden onderzocht en bepaald. We beschreven hoge-

affiniteitssondes voor het geselecteerde protease-panel. Verrassend genoeg vertoonden 

sommige van deze probes met hoge affiniteit en benzylguanidine als zijketen een 

omkeerbaar langzaam-bindend remmingsmechanisme. Sondes met andere zijketens 

vertoonden daarentegen het verwachte onomkeerbare mechanisme. Om hun vermogen 

om proteasen in complexe proteomen te labelen aan te tonen, gebruikten wij probes met 

beide remmende mechanismen om recombinante proteasen en proteasen vrijgemaakt uit 

menselijke mestcellen in SDS-PAGE gels te labelen. Onverwacht konden probes met een 

omkeerbaar langzaam-bindend mechanisme ook proteasen labelen, zelfs onder 

denaturerende SDS-PAGE-condities, als gevolg van de vorming van complexen met hoge 

affiniteit en langzame dissociatiesnelheden (Figuur 10.2). In verdere studies trachten wij de 

verhoogde niveaus van proteasen in biologische monsters van DED en IBS te identificeren. 

Dit onderzoek kan leiden tot de identificatie van nieuwe biomarkers en therapeutische 

doelwitten voor deze ziekten. 
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Figuur 10.2 Ontwikkeling van diverse ABP-bibliotheken met onverwachte remmingsmechanismen die 
proteasen kunnen labelen onder SDS-PAGE-testomstandigheden 

Gezien de veelbelovende in vitro resultaten met recombinante enzymen en de 

fenylguanidinesondes (6.38b-6.39b), samen met de verrassende bevinding dat de 

benzylguanidinesondes (6.35b-6.36b) en UAMC-00050 alleen een irreversibel mechanisme 

voor uPA vertonen, hebben wij twee nieuwe remmers ontwikkeld die gericht zijn op 

trypsine-achtige serineproteasen. Hoofdstuk 7 beschrijft de synthese en biochemische 

karakterisering van de nieuwe remmers UAMC-0004206 en UAMC-0004207. Hun fysisch-

chemische eigenschappen, zoals logD en oplosbaarheid, werden bepaald. De resultaten 

van hun remmende activiteiten voor een panel van trypsine-achtige serineproteasen en de 

eerste studie van hun fysisch-chemische eigenschappen toonden aan dat UAMC-0004206 

een veelbelovende reserveverbinding is met het potentieel om een therapeutisch middel 

te zijn voor DED en IBS. In toekomstig onderzoek zal deze remmer worden toegediend aan 

post-inflammatoire colitis ratten om zijn activiteit in dit IBS diermodel te vergelijken met 

UAMC-00050.  
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