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CHAPTER 1 – INTRODUCTION 

Drug discovery is an extremely complex set of research activities. During the 

various phases of drug research theoretical, synthetic, medicinal and analytical 

chemists, biologists, physicians, IT people and mathematicians having a high level of 

expertise are continuously contributing to the development of pharmaceutical 

methods and products. Despite all the financial and human efforts, this is a long, 

complex and expensive process even for highly qualified and motivated researchers. 

Nevertheless, the pharmaceutical industry is still one of the most attractive field of 

R&D, not only economically but morally, either. After all, what could be more valuable 

than working on drug discovery dedicated to save or protect people's lives? 

Mostly, the pharmaceutical target is protein that is responsible for a particular 

biochemical process in the body. This can be signalling, a metabolic conversion, 

minor structural modification, or even switching on/off another protein. Enzymes 

represent one of the most important target class that are specialized to preform 

biochemical transformations. Compounds that are capable of preventing the 

enzymes from operating properly are called inhibitors (lat. inhibio). How do these 

compounds work? In general, the drug molecules are recognized by the target 

protein. This process of molecular recognition can be strengthened and driven by 

various interactions; however, drug researchers previously agreed the concept of 

avoiding the possibly irreversible binding events. For decades only non-covalent 

interactions (e.g. van der Waals forces, hydrogen bond or ionic interaction) were 

considered as desirable binding mechanism on the site of action. This is due to the 

fact, that covalent bond is extremely strong and permanent, thus, off-target binding 

within the human body can evidently lead to severe intoxication. This resulted in the 

concept that a compound able to bind irreversibly to proteins can never become a 

successful drug molecule. 

The story of the covalent medicines could have been finished here, just before 

the beginning, but then it was realised that undisputed pharmaceutical success 

stories are often based on compounds acting via a covalent mechanism. These are 

well-known compounds, such as acetylsalicylic acid or penicillin. These drugs were, 

in fact, discovered during the heuristic drug research, where the major factor was 

serendipity instead of scientific consciousness, and they were used successfully for 
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many decades without knowing their exact mechanism of action. Further examples 

could be raised (omeprazole, clopidogrel, selegiline), which point out that a drug 

molecule can be useful, effective, and safe despite of being able to form a permanent 

bond with proteins. Nowadays there are some methodologies for identifying 

covalently binding compounds, much more based on the common scientific 

knowledge, than previously; these compounds are called targeted covalent inhibitors 

(TCI). Finally, one can wonder: how many new "Aspirin®-like molecules” have been 

ignored while drug researchers consciously avoided irreversibly binding compounds? 

1.1. TARGETED COVALENT INHIBITORS 

Targeted covalent inhibitors have become important chemical biological tools 

and therapeutic agents in the last decade for drug discovery programs.1–5 These 

compounds are forming permanent covalent bonds with an appropriate nucleophilic 

residue (most often cysteine, but also others, like lysine, serine, threonine or tyrosine 

are available).6 These compounds interact with the target first by forming a non-

covalent inhibitor – enzyme complex, followed by the reaction of the electrophilic 

functional group – known usually as “warhead” – and the nucleophilic amino acid 

residue.7 Our knowledge on TCIs is expanding rapidly, as many studies have 

described advantages and disadvantages of these inhibitors.8–10 Covalent inhibitors 

can possess several advantages over non-covalent, reversible compounds,11,12 as 

they have high biochemical efficiency due to the complete and non-equilibrium-based 

inhibition of the target. The high specificity and potency of the inhibitors can translate 

to lower and less frequent dosing with decreased potential for off-target effects. 

Covalent binding also results in long residence times on the target,13 which leads to 

prolonged duration of action. Furthermore, covalent binders can enhance target 

occupancies and maintain target engagements that improve the therapeutic utility of 

compounds with limited plasma levels, which can contribute to the management of 

drug resistance.14 Early phase drug discovery programs can also benefit from a 

targeted covalent approach providing small molecule probes and promising chemical 

starting points for challenging targets with low druggability. However, irreversible 

inhibitors are often systematically removed during screening cascades due to a 

number of risk factors, including reactive metabolites, drug-induced toxicity and 

immunogenicity.15 Consequently, reactivity and specificity have major impacts on the 
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fate of TCIs and should therefore be the subjects of in-depth optimization studies. 

Optimization of non-covalent interactions must remain a focus since non-specific 

binding increases the risk of unwanted side effects. Careful evaluation of the risk-

benefit ratio in development of covalent inhibitors, however, should obviously include 

the optimization of their chemical reactivity. Several approved and commercialized 

drugs confirmed targeted covalent inhibitors as a viable therapeutic option in many 

indications (Figure 1), however, systematic approaches are required to turn the 

historically serendipitous programs into covalent drug discovery. Recently, 

considerable attention has been paid to developing feasible drug design 

methodologies for creating selective covalent inhibitors. The first published example 

of a targeted covalent drug was for the EGFR kinase,16,17 but this has now 

broadened to other kinases18,19 and other protein families.20,21 Currently, among the 

FDA-approved covalent drugs the major indication is bacterial and viral infections, 

followed by cancer, then gastrointestinal- and CNS-related disorders.22 

 

Figure 1: TCI examples (1-11) among the marketed drug products, indicating the year of approval in 

black, the biological target in red and the therapeutic indication in blue.  
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In the last decades of the 1800s, when Bayer discovered the analgesic and 

anti-inflammatory action of acetylsalicylic acid (1),23 the story of the covalent 

inhibitors began (Figure 1). However, until the 1970s, it was not revealed that 

acetylsalicylic acid (1) binds covalently and irreversibly to the cyclooxygenase 1 and 

2 (COX-1 and COX-2) enzymes,24 which are responsible for the biosynthesis of 

inflammatory-mediator prostaglandins. In addition to acetylsalicylic acid (1), many 

other drugs also act via covalent binding, such as penicillin-G and derivatives (2),25,26 

where the β-lactam ring is binding to and inhibiting the bacterial DD-transpeptidase 

enzyme, which is responsible for cross-linking of peptidoglycans during the bacterial 

cell wall biosynthesis. Also worth to mention other antibiotics, such as fosfomycin 

(3),27,28 an inhibitor of the MurA enzyme, which is a key enzyme in the first step of 

bacterial peptidoglycan biosynthesis. A further precedent can be the warfarin (4),29 a 

coumarin-type anticoagulant, which can effectively inhibit the vitamin K epoxide 

reductase.30 Another covalently acting drug is the selegiline (5),31 the first selective 

and irreversible MAO-B inhibitor, used in the treatment of Parkinson's disease. 

Selectively targeting MAO-B can be beneficial for preventing the dangerous "cheese 

effect" hypertensive crisis, which often occurs with non-selective MAO inhibitors. 

Particularly worth to mention that selegiline (5) has been discovered and developed 

in Hungarian laboratories, by J. Knoll and co-workers. Covalent inhibitors can be 

found in many other therapeutic field, either, such as the antidiabetic vildagliptine 

(6),32 reducing hyperglycemia via inhibiting the dipeptydil-peptidase-4 (DPP-4) 

enzyme. Recently, antiviral therapeutics are also applying TCI concept demonstrated 

by narlaprevir (7),33 which forms covalent bond with the NS3/4A protease target, 

thus, it can be an effective treatment for chronic hepatitis C. Furthermore, intensive 

TCI drug development in the field of oncology has resulted afatinib (8),34 an EGFR 

inhibitor that suppress the growth and proliferation of tumor cells. It was a 

pharmaceutical milestone in cancer therapy, as became the first FDA-approved 

covalent small-molecule kinase inhibitor. Since that, other covalent anticancer drugs 

have been developed, such as selinexor (9),35 which binds to the exportin 1 (XPO1) 

intranuclear protein and thus blocks the intracellular transport of other proteins and 

RNAs during eukaryotic cell proliferation. It is also notable, that some medicines are 

used as prodrug and the activated metabolite can form the covalent bond with the 

targeted proteins. An example is the H+/K+-ATPase inhibitor omeprazole (10),36,37 



DEVELOPMENT OF METHODS FOR COVALENT MODIFICATION OF PROTEINS 
 

 

11 

which was the seventh most prescribed medication in the United States in 2017.38,39 

Another precedent can be here the clopidogrel (11),40,41 an antiplatelet drug used to 

reduce the heart disease and stroke in those at high risk via binding to the P2Y12 

receptor. Noteworthy, due to their irreversible mechanism of action, covalently 

binding agents cannot be used in therapies requiring transient or partial inhibition. 

This is well demonstrated by the clopidogrel (11), which may induce acquired 

haemophilia after long-term application.42 

One can see that many drug molecules from many different fields of indication 

can be showed up as covalent inhibitor. Finally, although some concerns related to 

covalent inhibitors have been remained, the past decade has witnessed a reversal of 

this trend with a number of targeted covalent inhibitors developed. Several of these 

drugs have already been approved by the FDA. This clearly demonstrates that now 

we have overstepped the serendipitous drug discovery phase leading to covalently 

acting medicines. Research teams working on covalent inhibitors must strike a 

balance between the efficiency and the toxicity. Toxicity risk43 can be reduced and 

handled by the rational design of the non-covalent core of the TCI molecule, while 

the efficacy can be enhanced by the target-specific tailoring of the warheads. These 

considerations finally can lead to the safe and efficient use of covalent medicines. 

1.1.1. COVALENT SMALL-MOLECULE KINASE INHIBITORS 

A target-specific subtype of TCIs are the covalent small-molecule kinase 

inhibitors. Kinases are one of the major classes of signaling proteins that trigger a 

variety of biochemical processes (e.g. modulating enzyme activity, changing protein 

conformation, increasing or decreasing stability, activating protein functions) through 

the phosphorylation of different targets.44 Kinase signaling pathways are involved in 

various diseases, like immune disorders, cardiovascular and metabolic diseases and 

most importantly a large number of different cancers.45,46 Consequently, there has 

been a high demand for the design and development of kinase inhibitors, particularly 

in the field of oncology.47 Over the past few years, approximately 40 kinases have 

been pursued as potential targets,11 but only few targeted covalent inhibitors have 

received FDA approval: e.g. afatinib34 (9, Gilotrif®), ibrutinib48 (12, Imbruvica®), 

osimertinib49 (13, Tagrisso®), neratinib50 (14, Nerlynx®), acalabrutinib51 (15, 

Calquence®) or dacomitinib52 (16, Vizimpro®) (Figure 2). 
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Figure 2. Covalent kinase inhibitors (9, 12-16) with the year of FDA approval indicated. 

Although there is a large amount of accumulated knowledge on non-covalent 

kinase inhibitors, optimization strategies of covalent inhibitors are rather specific to 

the target of interest.53 Among protein kinases, Janus kinases (JAKs), discovered in 

the 90’s, are involved in the JAK/STAT immune cell signaling pathway.54–56 Their 

crucial role in the immune system57 and haematopoiesis58 induced numerous drug 

discovery programs targeting this particular kinase family. There are four mammalian 

JAKs: JAK1, JAK2, JAK3 and tyrosine kinase 2 (TYK2), all of which are attached to 

specific cytokine and/or growth factor receptors. Thus, selectively targeting a 

particular JAK subtype is essential to realize therapeutic benefits and prevent 

undesirable side effects. There are several small molecule kinase inhibitors targeting 

the JAK family, including seven commercial compounds: ruxolitinib59 (17, Jakafi®), 

baricitinib60 (18, Olumiant®) and tofacitinib61 (19, Xeljanz®) as early jakinibs (JAK-

inhibitors) affecting JAK proteins, without considerable subtype selectivity. Later, as 

second-generation Janus kinase inhibitors oclacitinib62 (20, Apoquel® – veterinary 

medicine) and upadacitinib63 (21, Rinvaq®) for targeting JAK1, fedratinib (22, 

Inrebic®) for targeting JAK2 and peficitinib64 (23, Smyraf®) for targeting JAK3 

selectively has been developed (Figure 3). In particular, only one covalent inhibitor 

targeting JAK3 has reached clinical phase until 2020 (PF-06651600, 24).22,65–68 

Noteworthy, three out of this seven drugs received approval in 2019: upadacitinib 

(21, Rinvaq®) and fedratinib (22, Inrebic®) in the US and peficitinib (23, Smyraf®) in 

Japan. This is further emphasizing the rapidly growing importance of the jakinibs. 
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Figure 3. Commercialized drugs targeting JAK family (17-23) 

and the only one JAK3 targeting covalent inhibitor in clinical phase (24). 

Noteworthy, the active site is highly conserved in the JAK family, thus 

selectively achieving ATP-competitive inhibition is challenging. However, a non-

conserved cysteine (Cys909) residue located nearby the ATP binding site of JAK3, 

while no covalently vulnerable target is found in other JAK-protein active sites. This 

unique feature makes JAK3 tractable for covalent inhibitor programs.65,66,69–71 

1.2. COVALENT FRAGMENTS FOR DRUG DISCOVERY 

Fragment size molecules able to bind to nucleophilic residues are called 

covalent fragments. These compounds can be derived from their non-covalent 

forebears by introducing electrophilic structural moieties. There is no universal 

warhead which could be utilized for any target; hence, its target-specific tailoring is a 

crucial part of a particular TCI development. As an example, expanding the suitable 

electrophilic warhead chemotypes that are active against oncogenic KRASG12C 

mutant proteins, a small set of electrophilic compounds were screened. It has been 

showed that relatively minor changes in the warhead could result in dramatic 

changes of the ligand binding mode, labelling efficiency and binding affinity.72 

Consequently, the selection of warheads needs for special considerations. In 

addition, it is important to note that not only the reactivity of electrophilic 

functionalities might be different but also the nucleophilicity of the targeted amino 
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acids can be influenced by the protein environment.15,73 Finally, one should be aware 

of the fact that the intrinsic reactivity of the covalent fragments is affected by the 

structural and electronic effects of the non-covalent scaffold. 

Therefore, the range of reactivity covered by a covalent fragment library can be 

improved significantly by incorporating multiple electrophilic functional groups with 

different reactivities.74 This approach could support the tailoring of the warhead to the 

targeted nucleophile while also finding the optimal non-covalent interactions. Notably, 

it is still important to follow design principles for traditional fragment libraries75 

complemented with an important recommendation that the warhead and the skeleton 

of the fragment should be linked by a minimal linker. This can ensure the 

conformational freedom to place the warhead in the best orientation within the 

binding site and also provide synthetic feasibility. The easiest way for attaching a 

covalent warhead is coupling in a one-step reaction, e.g. via amidation, esterification, 

halogenation, etc. This would ensure the robustness, simplicity, and reliability of the 

covalent fragment library synthesis. Covalent fragment hits can be then used for 

conventional fragment-based drug development protocols76,77 to provide a more 

potent covalent probe by improving its binding affinity and specificity due to extended 

non-covalent interactions. 

1.3. REACTIVITY OF THE COVALENT WARHEADS 

In general, drug discovery programs are aiming to find molecules with an 

optimal affinity to the target of interest. In the case of TCI strategy there is a 

fundamental need for a nucleophilic amino acid in relevant position. This side chain 

can be then targeted with an appropriate electrophilic moiety, which of course should 

be carefully optimized.78 Chemical reactions, mostly, are simply rearrangement of 

electrons which can lead to form new or break up already existing chemical bonds. 

The electrophilic reagents are electron-deficient agents, which can react with 

nucleophilic partners. Their reactivity can be explained by the HSAB (Hard-Soft Acid-

Base) theory proposed by R. G. Pearson79 in 1963. HSAB theory assigns the terms 

'acid' to electrophilic agents or 'base' to nucleophilic agents, furthermore it classifies 

chemical species 'hard' or 'soft'. HSAB theory is a good theoretical starting point to 

analyse and understand the reactions between the nucleophilic residue sites and the 

electrophilic warheads. 
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1.3.1. BIORELEVANT NUCLEOPHILIC RESIDUES 

The tractable nucleophilic sites can vary on a wide range of hardness and 

nucleophilicity,80,15 heavily influenced by the steric and electronic effects of the 

neighbouring’s. Possible target proteins contain a number of nucleophilic side chains 

(Figure 4), such as the sulphur atom of cysteine and methionine, the primary or 

secondary amino group of arginine, lysine, histidine and tryptophan. In addition, hard 

nucleophilic centres are the hydroxyl groups of the side chains of the tyrosine, serine, 

threonine, aspartic acid and glutamic acid residues. Other amino groups are also 

found in purine and pyrimidine bases of the RNA/DNA macromolecules, and the 

oxygen atoms contained by nucleotide bases can act as hard nucleophiles in 

biological systems, either. 

 

Figure 4. The nucleophilic targets available in the biologically relevant macromolecules. 

It is evident that not all the warheads can react with each nucleophilic target, 

since – beyond the variable nucleophilicity of the target – there might be significant 

differences in the hardness and electrophilicity of the attacking agents. Furthermore, 

electrophilic compounds might react via a variety of mechanisms with different 

transitional state energies and geometries. Generally, hard electrophiles react mostly 

with hydroxyl and amino groups as nucleophiles, while soft electrophiles react with 

the thiol groups readily. 
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1.3.2. POTENTIAL WARHEAD CHEMOTYPES 

The reactivity of exogenous electrophilic compounds is a key determinant of 

molecular toxicology as highly reactive compounds can induce severe side-effects by 

off-target binding. Thus, predictive toxicology had been investigating electrophilic 

agents just before the medicinal chemistry started to look after new warheads. As a 

consequence, we can utilize the literature background of the predictive toxicology, 

where a significant amount of knowledge about possible warheads and their reactivity 

have been accumulated.80–87 Predictive toxicology classify the possible reaction 

mechanism of the protein modification as follows: Michael addition (conjugated 

nucleophilic addition, AdNM), other nucleophilic addition (AdN), Schiff base formation, 

nucleophilic substitution (SN1/SN2), aromatic nucleophilic substitution (SNAr), and 

acylation mechanism80. However, several covalent binders bear multiple electrophilic 

sites, which fact is further complicating the sorting of the possible mechanisms.80 For 

example an α,β-unsaturated aldehyde (i.e. acroleine) can react in Michael addition or 

Schiff base formation, as well. A comprehensive collection of the known potential 

warhead chemotypes is presented herein (Figure 5): 

 strained ring structures, such as aziridines (25), epoxides (26), cyclopropanes 

(27), β-lactones (28) or β-lactams (29) 

 Michael acceptors, such as electron-deficient olefins (30), electron-deficient 

alkynes (31), α,β-unsaturated aldehydes (32a), ketones (32b), amides (33a) (in 

particular N’,N’-dimethyl-4-aminobutyl-2-ene amides, (33b), nitriles (34), esters 

(35), lactones (36), lactams (37), maleimides (38), vinylsulfones (39), or 

vinylsulfonamides (40). 

 other electrophilic functionalities, such as carbamates (41a) and thiocarbamates 

(41b) coumarins (42), isothiocyanates (43), haloacetamides (44), 

haloacetophenones (45), aryl fluorides (46), thiols (47), thiocarbamides (48a) 

and dithiocarbamates (48b) propargylamines (49), propargylnitriles (50), 

aminonitriles (51), bridged ring systems, like bicyclobutylsulfones (52), and 

either boronic acids (53) and sulfonyl fluorides (54), but these (53, 54) are 

mostly applied for targeting hard nucleophilic targets, such as serine or tyrosine. 
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Figure 5. Collection of potential warhead chemotypes (25-54). 

In TCI development the careful selection of the covalent warhead is of utmost 

importance. Among the structures we should find the best available electrophilic 

warhead that has appropriate reactivity and orientation within the active site. The 

warhead should have sufficient reactivity to form the covalent bond in the active site, 

but its reactivity should be limited to avoid non-specific reactions with residues in 

other proteins. 

1.3.3. PREDICTING THE ELECTROPHILIC REACTIVITY 

For the sake of the appropriate design reactivity prediction tools are needed. 

These predictors are considered as extremely valuable in lead finding and 

optimization of TCIs. As the most straightforward tools, a number of molecular 

indices and reactivity descriptors, or even their feasible combinations have been 

investigated thoroughly. Unfortunately, these techniques were limited to certain 

warhead chemotypes and no warhead-independent predictive methodologies are 
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available. As one of the simplest predictive tools, the impact of the individual 

substituents on thiol reactivity could be evaluated by the corresponding Hammett σ 

values (also known as substituent constants), as it was shown by Cee et al. on a 

collection of N-phenyl-acrylamide derivatives.88 A number of other molecular indices 

and reactivity descriptors were analysed by Keeley et al. on a more diverse set of 

covalent warheads,89 including the HOMO (εH) and LUMO energies (εL) and electron 

distribution. From these values, further reactivity-related parameters could be 

calculated, such as the chemical hardness (η), electronic chemical potential (μ), Parr-

index (global electrophilicity, ω), Fukui-function (f+) and local electrophilicity index 

(ω+).90–96 It has been revealed that the prediction of the thiol reactivity requires 

different descriptors depending on the individual reaction mechanism. Additionally, 

more sophisticated reactivity descriptors can be obtained, by calculating activation 

parameters (Ea and ΔG⧧) of the reaction of methane thiolate anion and the fragments 

of interest.88,97,98 However, this demands much more computational sources, the 

methodology only results in good fitting to the experimental reactivity, if a single 

warhead (i.e. acrylamide) was included. In addition, most of the acrylic compounds 

under transitional state analysis have several non-equivalent local minima as ground-

state conformations. For example, the rotation of the single bond connecting the 

sulfur to the fragment leads to two different ground-state conformations: s-cis and s-

trans, facing the methane thiolate moiety towards and apart from the covalent 

fragment, respectively. Moreover, the starting orientation of the C=O and C=C double 

bonds in the acrylic motif can be classified as cis/trans conformations, which results 

in two additional local minima in transitional state: t-cis and t-trans. Starting with each 

of these ground-state conformers often results in the corresponding transition-state 

structure.88 This should be also taken into account in order to evaluate calculated 

transitional states. Another possible way to further improve predictivity of the 

electrophilicity-related indices, is refining the localization of HOMO/LUMO orbitals. In 

order to translocate them on the particular warhead, and thus to estimate covalent 

compound reactivity more properly, a novel truncation procedure was introduced by 

Palazzesi et al.,99 which is practically a reverse fragment growing method. After the 

application of this truncation algorithm, the LUMO and HOMO frontier orbitals are 

occupying the correct position – particularly the warhead moiety – to calculate 

compound reactivity. After the truncation algorithm is done, the Parr-index (global 
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electrophilicity, ω), which is derived from the corresponding LUMO and HOMO 

energies, can be calculated and applied as a predictive descriptor. However, this 

method is only described for acrylamides, still we can conclude that the global 

electrophilicity index combined with a feasible truncation algorithm can be considered 

an accurate and efficient method to estimate the absolute acrylamide warhead 

reactivity. Ebbrell et al.,100 combining calculated molecular descriptors and indices, 

successfully developed an in silico predictive tool for polarized aldehydes, ketones, 

and esters acting via Michael addition. The results showed that a combination of pre-

calculated Ea (activation energy) values coupled with a descriptor for the solvent-

accessible surface area (SASA) at the α-carbon was able to accurately predict 

chemical reactivity. The mechanistic relevance of this model is likely originated from 

the formation of a resonance-stabilized negative charge on the α-carbon atom of the 

intermediate. Obviously, solvation of this charge plays a key role in the stability of the 

transition state and thus overall reactivity. 

To further expand applicability of the existing predicting tools, matched 

molecular pairs analysis (MMPA) theory and a decision tree was introduced by 

Lonsdale et al.101 The attraction of the MMPA approach is that if the 

structure−reactivity relationships are consistent across warheads then a “reactivity 

correction” can be applied to account for a warhead switch. It is important to be 

aware of the applicability of a prediction method to the type of molecule under 

consideration. The decision tree recommends the most appropriate prediction 

method for a given chemical series of virtual compounds (Figure 6), then MMPA can 

be applied for reactivity estimations after warhead switch. 

 

Figure 6. Decision tree to identify the most prospective theoretical descriptor 

for the reactivity prediction of covalent fragments.  
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A more detailed investigation of the possible multiple descriptor-based 

predictive model, in order to estimate Michael-type reactivity toward L-glutathione 

thiol site, was developed by Schwöbel et al.,81 including double- and triple bond 

containing Michael acceptors, such as amides, ketones, aldehydes and esters. The 

resulted combined model (Eq. 1) contains three main parts, regarding to the 

electrophilicity, steric hindrance and the resonance effects on the intermediate 

stabilization: 

 𝐤𝐆𝐒𝐇 = a ∙ 𝛚(Cβ) + b ∙ 𝛀 + c ∙ 𝐄𝛔 + d  Eq. 1 

The equation estimates the second-order rate constant toward GSH (kGSH), by 

the following descriptors: ω(Cβ) the local electrophilicity at the β-carbon as a 

reactivity descriptor; Ω, as a jointed steric accessibility at both the α-carbon and the 

β-carbon atoms, and the energy level Eσ of the σ-bond between the α-carbon and the 

ipso carbon as an indication of resonance stabilization of the carbanionic transitional 

state. Constant parameters (a, b, c and d) were determined by multiple linear 

regression. This model ensures exceptional good fitting (R2>0.9) within a wide range 

of Michael-type acceptors. 

In silico prediction of thiol-reactivity is a more often investigated topic, however, 

reactivity of covalent warheads at non-thiolic nucleophilic sites has also been 

involved in few studies. Lysine-targeting covalent fragments were evaluated in a 

retrospective manner to reveal the predictive power of Parr electrophilicity index 

regarding to the lysine binding,99 resulting in a similar conclusion as thiol reactivity 

investigation, namely the index can be useful only for a distinct series of chemicals. 

Another study revealed that Hammett σ values can also provide reliable predictions 

to estimate N- and O-reactivity of lysine, tyrosine or serine targeting covalent 

fragments.102 

As we can see, there are numbers of calculated molecular descriptors and 

indices showing correlation to experimental reactivity, but all the predictive strategies 

are performing well on covalent fragments equipped with identical warheads. Since 

drug discovery needs a wide enough chemical space with significant freedom to 

operate (FtO) keeping all the feasible covalent probes in consideration, we simply 

cannot pass experimental reactivity assays. 
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1.4. SURROGATE REACTIVITY ASSAYS 

Early recognition of the relationship between toxicity and reactivity was made by 

Landsteiner and Jacobs,103 who studied halogen- and nitro-substituted benzene 

derivatives and their reactions with aniline as a nucleophilic model compound. It has 

been found that the molecules inducing skin sensitization are characterized with high 

electrophilic reactivity. Since the 1930s, more sophisticated methods for measuring 

reactivity have been developed, and nowadays these are important parts of TCI 

development. 

The accurate covalent design requires the careful optimization of the 

warhead.104–107 This has been confirmed recently by proteomic studies indicating that 

cysteine reactivity might be remarkably diverse in distinct proteins15 and compounds 

equipped with different warheads show remarkably different labelling profile.108 

Safety concerns about non-specific covalent binding80 and the diverse reactivity of 

tractable cysteines created a substantial demand for thiol models for reactivity 

evaluations. There are numbers of studies describing HPLC- or NMR-based reactivity 

assays, 88,89,97,109–111 however, many of these are utilizing different thiol surrogates. 

1.4.1. SMALL MOLECULE THIOL SURROGATES 

High-throughput kinetic measurements on intact proteins are difficult and 

expensive, thus, the targeted residues are represented with small molecule 

surrogates in the reactivity assays. The most common target of the TCIs is cysteine, 

in particular the thiol/thiolate function of its side chain. Hence, for the kinetic assays 

measuring the intrinsic reactivity of the electrophilic compounds small molecule soft 

nucleophilic thiol surrogates are used extensively (Figure 7). 

 

Figure 7. Small molecule cysteine-surrogates applied in reactivity assays (55-65). 

(Note: The amino acids and peptides can be presented in aqueous solutions at different protonation states, where the actual 

ratio of these species heavily depends on the environmental pH, thus, I show here the compounds in neutral form.) 
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For this purpose many thiol derivatives can be used, such as sulfanylpropionate 

(55),112 2-aminoethanethiol (56, cysteamine),113 2-sulfanylethanol (57),114 but amino 

acids, derivatives and peptides can be also used, as L-cysteine (58),115 N-acetyl-L-

cysteine (59),83 N-acetyl-L-cysteine methyl ester (60),116 N-tert-butyloxycarbonyl-L-

cysteine methyl ester (61)111 and L-glutathione (62, GSH).97 Moreover, sulphur 

analogues of alcoholic and phenolic compounds are claimed to be useful as 

appropriate surrogates: alkyl-mercaptans (63)117 or thiophenol (64)118. Notably, from 

this set of surrogates, L-cysteine (58) and GSH (62) are both presented in serum. 

One of the most studied surrogates is obviously L-cysteine (58) that was the main 

subject of kinetic measurements since the 1930s. There are many studies 

investigating the thiol reactivity of L-cysteine (58), however, only few considered the 

reactivity of the thiol and the amino groups in parallel.112 

The most popular small molecule surrogate is L-glutathione (GSH, 62). GSH is 

the most abundant thiol in the cytosol and the organelles of animal cells, ranging from 

0.5 to 10 mM.119 It is beneficial as thiol surrogate due to its high aqueous solubility 

and special structural features, such as the thiol group is located between peptide 

moieties, so its electronic properties are considered to be very similar to those 

cysteines part of a protein. It has been already implemented in ADME(T) screening 

and evaluating electrophiles reactivity such as haloacetic acids,120 nitrophenyl- and 

benzyl halides,121 iodoethyl alcohols,122 acrylates and methacrylates123,124. During 

these tests, the investigated electrophilic compounds and GSH (62) were both 

dissolved in PBS buffer (mostly pH = 7.4), and after a certain reaction time, the 

concentration of free thiol was measured. 

Synthetic oligopeptides have been also used as nucleophilic surrogates, 

recently. Ahlfors and co-workers investigated the reactivity of potential allergic 

compounds applying synthetic peptides in MS- and NMR-based assays.125 

The observed reactivity can be biased by many external factors. The reaction 

rate constant (k) may be influenced by the nature of the reaction medium, especially 

if the charge distribution is significantly different between the reactants and the 

transition state. Furthermore, temperature impacts the measured kinetic parameters 

according to the Arrhenius equation.80 
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For the most commonly used Michael acceptor type warheads the rate-

determining step of the thiol-binding reaction is the protonation of the negatively 

charged transition state. This step can stabilize the intermediate, and mostly needs 

for an external proton donor, such as water or buffer.126 The labelling mechanism is 

presented on Figure 8 by the thiol addition of a representative acrylic compound. 

 

Figure 8. Thiol binding mechanism of a representative Michael acceptor. 

In the case of thiol surrogates bearing a proton donor function moiety (e.g. 

carboxylic acid), the reaction rate is less dependent on the buffer medium since the 

transition state may also be stabilized by intramolecular proton transfer (Figure 9). In 

this case no external proton donor is required, thus, the rate-determining step is 

actually the nucleophilic attack of the thiolate itself. Consequently, these surrogates 

(e.g. GSH or L-cysteine) can react more rapidly than other thiol compounds (e.g. 

cysteamine, sulfanylethanol).126 In addition, solubility could have also significant 

impact on the electrophilic reactivity as many thiol surrogates are rather water-

soluble, but on the contrary, many electrophilic probes are more soluble in organic 

solvents.80 

 

Figure 9. Stabilization of the transition state by intramolecular protonation. 

Nowadays the kinetic assays for the covalent libraries are measured routinely, 

however, different thiol surrogates are used. Investigating electrophiles against 

multiple thiol surrogates is relatively rare. One example was evaluating acrylamide 
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reactivity experimentally and theoretically against three different nucleophilic partners 

including L-cysteine (58), L-glutathione (62) and captopril (65) (Figure 7)115 and a 

significant difference in reactivity was obtained. Thiol reactivity was estimated by 

molecular size in the following order: 

L-cysteine > captopril > L-glutathione 

The kinetic assay was carried out by HPLC-MS, where L-cysteine (58) was the 

most reactive and interestingly GSH (62) was proved to be more reactive than 

captopril (65). Thus, the experimental reactivity followed a different order: 

L-cysteine > L-glutathione > captopril 

Reaction energy barriers were determined by calculations suggesting that GSH 

(62) had the lowest reactivity due to its highest activation energy. Nevertheless, the 

transition state of the L-glutathione adduct might be stabilized by intramolecular 

hydrogen bond, which is not present in the captopril adduct. This phenomenon may 

explain the reversed order of reactivity. This analysis highlights that theoretical 

predictions can be misleading; thus, the electrophilic reactivity should be evaluated 

experimentally in kinetic assays. 

1.4.2. REACTIVITY ASSAY METHODOLOGIES 

To estimate covalent binding affinity at the targeted residue site, there are well 

established reactivity assay methodologies. The most sophisticated studies are 

utilizing HPLC-MS88,89,97,127 or NMR89,97,111,116,128 based assays for both cysteine and 

non-cysteine targeting covalent warheads. The main aspect is common, namely, to 

ensure pseudo-first order kinetic via large surrogate excess. This leads us to half-

lives as well-established and easy-to-understand descriptors of the covalent probes’ 

reactivity. Practically the reaction rates are calculated – according to the Eq. 2, the 

pseudo-first order kinetic equation – as negative of the slope after the linear 

regression of the natural log transformed percent remaining ratio, which could be 

determined by the integration of NMR spectra or HPLC chromatogram. Then, half-

lives can be easily calculated according to Eq. 3. 

 ln
[𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡]

[𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡]0
= −𝑘𝑝𝑠𝑒𝑢𝑑𝑜1𝑠𝑡 ∙ 𝑡 Eq. 2 

 𝑡1
2

=
𝑙𝑛2

𝑘𝑝𝑠𝑒𝑢𝑑𝑜1𝑠𝑡
 Eq. 3 
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During a kinetic experiment, as the reaction proceeds, the amount of the 

covalent fragment is decreasing. This can be detected and tracked as the change in 

the AUC (area under the curve) integral of the NMR or HPLC peaks, corresponding 

to the covalent fragment (Figure 10). The peaks usually selected for monitoring by 

NMR are those where the chemical shift will change substantially between the initial 

substrate and the product. Typically, these correspond to warhead atoms. For HPLC 

methods applying internal standard (i.e. indoprofen89,97) is highly recommended. 

 

Figure 10. Covalent fragments' reactivity can be determined based on Area Under the Curve (AUC) 

integrals of (a) LC or (b) NMR spectrum. (c) The linear regression of the natural log transformed 

remaining ratio then can be identify as an analogue to Eq. 2. After the regression, pseudo-first order 

kinetic rate is resulted as the inverse of the slope, then half-lives can be calculated according to Eq. 3. 

In order to investigate thiol-reactivity of cysteine targeting covalent fragments, 

there are number of studies88,89,97 applying GSH, some of them put significant efforts 

in further understanding the structure – reactivity relationships. Cee et al. published88 

a systematic study to reveal the substituent effect on the reactivity of the N-aryl-

acrylamides. Moreover, Flanagan et al.97 has nicely expanded this knowledge with 

non-aromatic acrylamides, as well. Mostly the covalent fragments are represented by 

only a few warheads; however, there are larger compound sets containing different 

warhead chemotypes.89,97,129 In addition, there are also reactivity studies comparing 

widely-accepted covalent warheads via systematic kinetic studies.116,130 
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Thiol reactivity is mostly not directly measured due to some side reactions, such 

as the oxidation driven degradation of the thiol surrogates or the aqueous instability 

of the electrophilic compounds. There are also known and well-described 

methodologies to consider these effects experimentally. Excluding oxygen from the 

reaction vial can avoid intensive oxidation based degradation of the thiol models97 but 

also the order of this side-reaction can be determined and built into the kinetics 

study.109 Furthermore, a similar solution, particularly measuring and incorporating 

side reaction kinetics into the evaluatiion is applied by other reactivity studies.89 

Additional kinetic experiments built on photometric approach were developed by 

Böhme et al.109 An efficient determination of the second-order reaction rate constants 

was introduced for a wide range of electrophilic reactivity and this method can also 

be used to determine the GSSG (oxidized GSH) formation as additional GSH loss 

process. Instead of half-life, RC50 as an experimental reactivity descriptor was 

introduced to mark the reactivity potential of the investigated covalent fragments. This 

is practically a necessary initial concentration of the covalent fragment to reach the 

50% decrease of the thiol surrogate after a certain time period. GSH reactivity is a 

useful starting point since the labelling efficiency in proteins strongly correlates to the 

measured thiol reactivity, as showed recently.129 

In addition, a high-throughput fluorescence-based thiol reactivity assay was 

developed, recently,131 that assess the reactivity of cysteine targeting covalent 

fragments. This methodology entails incubating fragments with reduced DTNB (5,5-

dithio-bis-2-nitrobenzoic acid) and following the absorbance of TNB2 (λ = 412 nm). 

Second-order kinetic constant is obtained by fitting the data to a second-order 

reaction rate equation. Since no specific recognition is expected between TNB2
− and 

the electrophilic compound, the calculated rate constant is related to the intrinsic thiol 

reactivity of the electrophile. For a demonstrative set of compounds, it has been 

showed that these reaction rates agree well with GSH-based reactivity.131 

In addition to GSH, other thiol surrogates are also used for kinetic experiments. 

A well-established NMR- method was introduced by Kathman et al.116 applying N-

acetyl-L-cysteine methyl ester (60, Figure 7) as thiol model. They provided useful 

comparison of a small set of warheads in order to choose the most promiscuous for 

tethering experiments. Moreover, the kinetic assay window of covalent fragments can 

be expanded for other amino acid surrogates, such as tyrosine, serine, lysine and 
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histidine models, either. There are few examples to characterize non-thiolic reactivity 

of covalent fragments. One of the most comprehensive dataset was provided by 

Dahal et al.132 They investigated a diverse set of electrophilic compounds against α-

N-acetyl-lysine, including acrylic amides, cyanimides, vinylsulfones, 

vinylsulfonamides and nitriles. Serine or tyrosine can be also targeted covalently, for 

that investigations N-Boc-serine methyl ester was utilized by Martin et al.111 as O-

model in kinetic assay. In order to estimate and systematically compare cysteine and 

non-cysteine covalent labelling activity N-Boc-L-cysteine methyl ester was also 

applied to perform thiol reactivity kinetic assay. It has been shown that intrinsic 

reactivity against S- and O-nucleophile residues is considerably different, which can 

be explained as serine is a much “harder” nucleophile than cysteine and tends to 

react faster with the “harder” electrophiles. For instance, benzoxaboroles and sulfonyl 

fluorides are hard electrophiles, thus, they are very potent OH-targeting warheads. In 

contrast, the Michael acceptors are generally soft electrophiles and react more 

readily with the “softer” nucleophilic cysteine. However, reactivity against non-

cysteine targets is much less examined but still, residue selectivity is always an 

important question. 

In addition to HSAB theory-based explanation of nucleophilicity differences, 

Brønsted acidity is also playing an important role, as the protonated/deprotonated 

forms of the amino acids are showing drastically different reactivity. Thus, there is no 

ultimate pH level for testing, as the acidity of the tractable nucleophilic site vary in a 

wide range among histidine (pKa = 6.0), lysine (pKa = 10.3), cysteine (pKa = 8.3), 

serine (pKa = 15.2) and tyrosine (pKa = 10.1). Kinetic experiments mostly apply 

physiological pH (pH = 7.4), however, the intrinsic nucleophilicity of the targeted 

residues are highly influenced by the pH. Thus, for a kinetic experiment one should 

consider the buffer pH as a key parameter which might significantly determine the 

outcome of the kinetic measurements. Martin et al. investigated S-, N- and O-

nucleophilic surrogates in parallel, applying different pH-levels according to the 

acidity of the corresponding nucleophilic site. It has been revealed that amino acid 

preference also can be influenced by pH. 

Finally, it is worth to mention, that the ability to target a particular amino acid will 

depend on both the warhead being used and the environment in which the residue 

exists, as the reactivity of the targeted residue can vary drastically among the 
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targets.108 Overall the results coming from these kinetic assays provide an indication 

of how a small molecule containing a covalent warhead might be prioritized for a 

particular covalent drug development project. If a covalent compound was too 

reactive and found to have toxic side effects a less reactive warhead could be 

selected. Conversely, if the covalent warhead was not reactive enough to form a 

bond to the target then a more reactive warhead can be selected instead. 

1.5 COVALENT MODIFICATION OF PROTEINS 

Proteins are a major class of biopolymers that play elementary roles in 

numerous biological events in all living organisms. Thus, structural and functional 

studies of proteins are a frequent research topic in natural sciences. Over millions of 

years, Nature has developed a myriad of endogenous protein modification strategies, 

which are able to covalently attach diverse funcionatilites to desired proteins. These 

processes are generally called post-translational modifications (PTMs).133–137 The 

importance of PTMs for the proper funcionality of proteins is now well understood. 

Many effects can be achieved by intracellular PTMs, such as fine-tuning of enzyme 

activity, modification of physicochemical properties, controlling protein–protein 

recognition, etc. For example by the reversible addition of phosphate groups at serine 

(Ser), threonine (Thr) or tyrosine (Tyr) residues, enzymes can be switched between 

their active and inactive states. In addition covalently bound co-factors (so-called 

prosthetic groups), such as flavins or inorganic metal clusters, can induce metabolic 

enzymes to perform redox chemistry. Consequently, artificial post-translational 

modifications (APTMs) provide exciting opportunities for chemical biology and drug 

discovery applications.138–143 

Covalent modification of proteins offer deeper understanding and more accurate 

influencing of biological systems. Antibody-drug conjugates (see more in Chapter 

1.5.1.1.) created by covalent modification of antibodies with cytotoxic compounds 

have recently shown to be much promising in the field of oncology.144 The use of 

fluorescently labelled biomolecules (see more in Chapter 1.5.2.) enables to produce 

highly selective imaging agents which then can be used for advanced diagnostics, 

such as in vivo localization of proteins.145–147 PEGylation technique (polyethylene 

glycol modification) applied for pharmaceutical proteins is a useful synthetic tool to 

elongate the circulatory time of these proteins and reduce immunogenicity.148 



DEVELOPMENT OF METHODS FOR COVALENT MODIFICATION OF PROTEINS 
 

 

29 

Furthermore, artificial modification of proteins has proven to be valuable for a wide 

range of other biological applications, such as controlling protein activity,149 exploring 

protein−protein interactions150 and specific target validation and identification 

techniques in chemical biology.151 Last but not least, I should emphasize the rapidly 

growing interest in the field of targeted covalent inhibitors, as it was introduced in 

Chapter 1.1. Covalent labelling with a small molecule could enhance or deteriorate 

enzyme activity, thus, selective and effective covalent modulators can provide 

significant addition to the therapeutic opportunities especially in the field of viral and 

bacterial infections, cancer or CNS-related disorders. Finally, it should be mentioned, 

that bioorthogonal chemistry,152 which refers to any chemical reaction performed 

inside of living cells or tissues without interfering with native biochemical processes 

became more and more popular. Bioorthogonal reactions might serve as chemistry 

background for state-of-the-art in vivo imaging techniques.153 Despite the obvious 

chemical challenges, a number of bioorthogonal reactions have been successfully 

developed that have shown excellent biocompatibility and selectivity in living 

systems,154,155 such reaction partners can be used as azide/nitrile–alkyne or 

tetrazole/tetrazine–alkene pairs. 

Covalent modification of proteins without disrupting their initial function and 

structure requires the awareness of the possible issues due to the specific conditions 

necessitated (Figure 11a).138 The chemical modification of the protein must tolerate 

physiological conditions (pH 6−8, ≤37 °C, aqueous solvent). In addition, although 

many reactive residues are available in proteins, the well-established and widely 

used synthetic methods to achieve chemoselective reaction in conventional organic 

chemistry, cannot be generally translated and applied for protein labelling 

experiments. Furthermore, despite the standards of synthetic organic chemistry, the 

reaction partners are presented at extremely low concentrations (μM or less),156 

which can result in a kinetic holdback for the desired reactions. On the other hand, in 

many cases regio- and/or chemoselective modification of certain amino acid is 

required to obtain the desired change of the structure or the function of the protein. 

Beyond those problems above, the modification of a biological molecule in complex 

environment (in living cells or in living animals), could arise additional issues that 

must be handled (Figure 11b), such as membrane penetration, distribution or other 

pharmakokinetic characteristics of the applied chemical probe.  
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Figure 11. Chemical modification of proteins with synthetic small molecules. a) Site-selective 

modification of an isolated native protein in vitro. b) Site- and target-covalent labelling in 

complex biological systems containing a variety of biomolecules other than the target. 

Bioorthogonal chemistry  with protein engineering provide elegant and efficient 

elimination of the issues discussed above.157,158 This method is generally considered 

as a two-step protocol. First by the appropriate modification of the protein a non-

canonical amino acid can be incorporated equipped with bioorthogonal reactive 

handles (e.g., azide, alkyne, alkene, tetrazine). Next, the corresponding probe can be 

attached selectively by applying bioorthogonal chemistry. 

However, target- and site-specific labelling of proteins still represents one of the 

most challenging tasks in chemical biology because of the numerous requirements 

and issues of those techniques. Nevertheless, recent progress in this field continues 

to produce many promising strategies and even more opportunities to get an insight 

into the precise operation of the living cells and organisms. 
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1.5.1. ANTIBODY LABELLING 

A prevalent implementation of the covalent protein labelling techniques is the 

preparation of antibody conjugates, which involves tagging antibodies with a protein, 

small-molecule drug or dye, for therapeutic or diagnostic purposes. 

1.5.1.1. THE ANTIBODY-DRUG CONJUGATES 

Several methods exist for the covalent conjugation of small molecules to 

immunoglobulins (IgGs). The most common methods apply labelling via endogenous 

lysine or cysteine residues on the targeted antibody.159 Direct conjugation of the 

small molecule (payload) to reactive lysine residues on the surface of the mABs 

leads to the formation of heterogeneous mixture of numerous conjugated species in 

stochastic distribution, many of which may have undesired physical and biological 

characteristics.160 The resulting bioconjugate contains the payload that is covalently 

bonded to the antibody by a stable amide bond linkage. This method was applied for 

the preparation of clinically approved antibody-drug conjugates (ADCs) such as 

Besponsa®161 or Mylotarg®.162,163 A variation of this approach was used for the 

preparation of Kadcyla®164 where in the first step the linker is conjugated to surface 

lysines on the mAb followed by coupling of the drug molecule to the linker conjugated 

to the antibody.165 In another conjugation approach, the interchain disulfide bonds of 

IgGs are first reduced in a controlled manner by reducing agents such as tris(2-

carboxyethyl)phosphine (TCEP) or dithiothreitol (DTT) to form available endogenous 

cysteine residues.166,167 The linker containing a reactive electrophilic functional group 

such as maleimide, haloacetamide, isothiocyanate, etc. is then conjugated to the 

interchain cysteine residues. This technique also generates a heterogeneous mixture 

of ADC species, which can be characterized by the average number of the drug-

antibody-ratio (DAR). This number can be controlled by the ratio of the reducing 

agent to mAb during the disulfide reduction step and the stoichiometric ratio of the 

labelling agent. This conjugation approach was applied for producing Adcetris®.168,169 

There are also other four marketed ADCs prepared via a thioether linker motif: 

Polivy®,170,171 Padcev®,172,173 Enhertu®174,175 and Trodelvy®.176 

Furthermore, fluorescently conjugated antibodies are applied for a wide range 

of immunoassay techniques, including flow cytometry, ELISA, Western blot and 

fluorescence microscopy. The coupling of fluorescent dyes to antibodies was first 
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reported by Coons et al. in the early 1950s,177 and nowadays it has become a routine 

and important procedure in the field of chemical biology and clinical diagnostics. 

However, previous studies identified issues related to antibody labelling with 

fluorophores including decreases in fluorescence due to the too low or high number 

of dye molecules, and artefact events due to non-specific staining and suppression of 

antibody-antigen specificity.178–183 

1.5.1.2. THE FRAGMENT ANTIGEN-BINDING (FAB) REGION 

Fab antibody fragments are widely used as protein models in experiments 

aiming to label specific antibodies.184,185 The antigen-binding fragment (Fab) is a 

region on an antibody that binds to antigens. It is composed of one light and one 

heavy chain. The enzyme papain can be used to cleave an immunoglobulin 

monomer into two Fab fragments and an Fc fragment (Figure 12). Conversely, the 

enzyme pepsin cleaves below the hinge region, so the result is a F(ab')2 fragment 

and a pFc' fragment, which is not anymore bridged via disulfide bonds. The F(ab')2 

fragment can be split into two Fab' fragments by mild reduction.186 

 

Figure 12. Schematic representation of antibody fragments. The heavy chains are blue, the light 

chains are green, and the disulfide bonds are indicated by short red lines connecting the chains. 

These antibody fragments have numerous advantages in application. F(ab) and 

F(ab')2 fragments eliminate non-specific binding events between Fc region of 

antibodies and Fc receptors on cells. Moreover, they can penetrate tissues more 

efficiently due to their smaller size. Furthermore, they have also some therapeutic 

use in emergency medication as an antidote, e.g. anti-digoxin Digibind® for treating 

digoxin intoxication187–189 and Crofab®, a mixture of Fabs for emergency treatment of 

rattlesnake bites.190–192
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1.5.2. FLUORESCENT LABELLING 

As an exemplified protein modification, fluorescent labelling is driven by the 

desire to make proteins fluorescence spectroscopically visible mostly for diagnostics 

and imaging reasons. In chemical biology and biotechnology, a fluorescent tag is a 

molecule that is attached chemically to a biomolecule such as a protein, antibody or 

amino acid. Generally, fluorescent labelling uses a reactive derivative of a fluorescent 

molecule, which is known as fluorescent dye. The fluorophore can be attached 

chemically or biologically to the target by binding selectively to a specific region or 

functional group.145 There may be significant differences between fluorescent dyes, 

which can be realized, on one hand, by the individual spectroscopic properties, and, 

on the other hand, by the labelling efficiency of the dye to the target protein.146 

Fluorescence properties can be characterized by a number of parameters such as 

absorption, excitation and emission wavelength maxima, Stoke’s shift, molar 

absorption coefficient, quantum yield, brightness and photostability. Organic 

fluorescent molecules are beneficial as they cover the widest range of reactivity, 

photophysical and physico-chemical properties. The most advanced dye molecules 

are expected to combine several advantageous properties: e.g. high labelling 

efficiency and excellent fluorescence properties. 

 

Figure 13. Frequently used fluorescent dyes equipped with isothiocyanate warhead. 
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Fluorescent dye molecules used for direct labelling of proteins are often 

equipped with highly reactive warheads, such as maleimide, active ester, 

isothiocyanate or haloacetamide functional groups. Among other popular 

isothiocyanates (66-69, Figure 13), fluorescein isothiocyanate (FITC, 66) is widely 

used for preparing a variety of fluorescent bioconjugates.193 An isothiocyanate (ITC) 

usually reacts with a non-protonated aliphatic amine group or with the deprotonated 

thiolate form of an available cysteine.194,195 The selectivity between the 

aforementioned amino acids is mainly influenced by the pH of the surrounding media 

which has a major impact on the protonation state of the targeted amino- or thiol 

groups. Amino groups are protonated at lower pH-values (NH2 → NH3
+), thus lysine 

labelling by isothiocyanates may require pH = 9.0-11.0 for effective conjugation.196 

Whilst, thiol reactivity is still considerable in weekly basic conditions (pH = 7.4-9.1)197 

where lysines react much slower. The direct reaction of ITCs with the targeted 

residue is generally fast, but considering electronic effects, electron-rich ITC-

derivatives have lower reactivity, while EWG-substituted derivatives (e.g. FITC - 66 

itself) show enhanced reactivity.198,199 In particular, phenyl-, benzyl-, phenethyl- and 

various alkyl-substituted ITCs show significant reactivity, either.200–203 Labelling of 

antibodies with isothiocyanates has a long history and the application of FITC (66) is 

still one of the most prevalent methods for the fluorescent tagging of 

immunoglobulins.179,204–210 
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CHAPTER 2 – RESULTS AND DISCUSSION 

In my PhD research I mainly focused on covalent fragment related methods and 

applications. This thesis includes the discussion of method developments for 

reactivity and selectivity assays, characterization and utilization of covalent fragment 

libraries, and furthermore, two specific applications of covalent fragments: 

identification of JAK3 covalent inhibitors and development of fluorescent antibody 

labelling. 

Briefly, we characterized a large and diverse covalent fragment library, which 

then was used to analyze the warhead chemistry impacts on biological activity and 

target specificity, both. Next a specific library was designed and assembled. A subset 

of these compounds were then used for comparative evaluation of small-molecule 

thiol surrogates. The designed covalent fragment library was screened on a range of 

targets and we demonstrated a novel, experimental-based warhead selection 

methodology. This technique was then turned into specific application for 

identification of covalent JAK3 inhibitors. Finally, the development of fluorescent 

antibody labelling was carried out by fine-tuning of an appropriate warhead. 

My own work in these projects included theoretical calculations for 

electrophilicity parameters, reactivity and selectivity assay measurements, peptide 

and protein labelling experiments, 1H- and 13C-NMR measurements of the small 

molecules, synthesis of covalent probes and data analysis. The biochemical assays 

were measured at the University of Ljubljana by Damijan Knez, Izidor Sosic, Martina 

Hrast and Stanislav Gobec, at Darmstadt University of Applied Sciences by Niklas 

Jänsch and Franz-Josef Meyer-Almes and at LifeTechnologies Ltd. NMR 

measurements were performed at University of Ljubljana by Simona Golic for STD 

NMR of MurA and at the Eötvös Loránd University by Gyula Pálfy for 19F-NMR of the 

mapping library members and 15N-HSQC-NMR of KRasG12C. Intact protein MS, 

proteomics MS/MS and nonapeptide MS/MS measurements were carried out at 

Research Centre for Natural Sciences MS Metabolomics Research Group by Tímea 

Imre. Ellman’s assay for KRasG12C was accomplished by Kinga Nyíri from Research 

Centre for Natural Sciences Genome Metabolism Research Group. Fab preparation 

and full antibody labelling experiments were executed at University College London 

by Peter Szijj and Vijay Chudasama.   
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2.1. CHARACTERIZATION AND PRIORITIZATION OF COVALENT FRAGMENTS 

First, we intended to extend and systematically explore the available electrophiles 

and characterize a large number of warheads representing different chemistries. 

Thus, we compiled a covalent fragment library that was characterized by reactivity 

and selectivity models, and enzyme assays. 

 

Figure 14. General structure of the electrophilic library sorted by warhead chemistries. 

Taking into account possible electrophilic moieties we started from common 

organic chemistry knowledge and the state-of-the-art literature related to the covalent 

fragments.72,97,105,111,131 In addition to AdNM, other chemistries were also included: 

AdN, Ad-E, SN reactions and oxidations (Figure 14). The investigated warheads are 

each represented by, on average, four examples equipped to small but structurally 

diverse fragment size scaffolds. In total, we selected 137 chemical probes (70-206) 

representing 36 different warheads with an average heavy atom count of 13 ± 5 and 

a molecular weight of 180 ± 66 Da (see Appendix Figure A1 for chemical structures). 
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2.1.1. CHARACTERIZING COVALENT FRAGMENTS 

To evaluate the cysteine reactivity of the fragments, a kinetic assay was 

performed using L-glutathione (GSH, 62) as thiol surrogate (Figure 15).89,97 Reactions 

were conducted with a large excess of GSH to ensure pseudo-first order kinetics and 

thus, the linearity in the consumption of the fragments. We used the stable and non-

interfering indoprofen as an internal standard in the reactivity assay. Additional 

control experiments were performed without GSH to characterize the aqueous 

stability of the probes. 

 

Figure 15. Reactivity assay with a representative covalent fragment (78) against GSH by LC-MS. 

Curves I, II and III show the measured fragment consumption, the measured aqueous stability of the 

fragment, and the calculated fragment reactivity, respectively. “AUC” stands for “area under the curve” 
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The GSH assay resulted in ln(AUC/AUC0) versus t curves (curve I on Figure 15) 

determined by linear regression, according to Eq. 2, where the slope was equal to –

(kGSH + kdeg). The blank assay provided kdeg in a similar way (curve II on Figure 15), 

and the data, together with the time course of fragment reactivity (curve III on Figure 

14), allowed the GSH reactivity of a fragment to be calculated in terms of half-life t1/2 

according to Eq. 3. The resulting t1/2 values were used to quantitatively characterize 

the reactivity of the library members (see Appendix Table A1 for detailed results). 

Across all fragments, 64 were found to be reactive, representing 22 warhead types 

from the five chemistry subsets. Of those 22 warhead types (Figure 14), 10 reacted 

as Michael acceptors (I-X), 5 reacted in non-Michael additions (XII-XVI), 1 warhead 

reacted in an Ad-E (XIXa), 4 warheads participated in SN reactions (XXV-XXVIII), and 

2 warheads were oxidizing functionalities (XXXII and XXXIII). In the case of Michael 

acceptors, sterically hindered acrylamides (IIIb) and a halogenated α,β-unsaturated 

oxo compound (XI) did not react with GSH under the applied conditions. Out of the 

AdN warheads, the oximes (XVII), aldehydes (XVIII) and sterically hindered 

hydrazones (XIIb) showed no reactivity, and from the Ad-E and SN subsets, the 

phthalimides (XIXb), formates (XX), formamides (XXI), N-acyl-imidazoles (XXII), N-

hydroxysuccinimide (XXIII), hydrazides (XXIV), activated sulfonates (XXIX), 

halothiophenes (XXX), and electron poor chlorobenzenes (XXXI) showed no 

reactivity. From the set of reactive fragments, 45 reacted in an appropriate time scale 

(t1/2 < 50 h) with GSH,211 representing 17 warheads. 

The GSH half-lives of some Michael acceptors, including cyclic acrylamides 

(VII), acrylates (VIII), the non-Michael type nitriles (XIV), cyanimines (XV) and the 

AdN type glyoxyl warheads (XVI), were out of the criteria. Given the incubation time of 

< 60 min in most of the fragment screens,75 we chose a buffer stability criterion of t1/2 

of degradation greater than 1 h, which ultimately resulted in a pool of 44 fragments 

representing 17 different warheads. We compared the reactivity ranges observed and 

concluded that not only do Michael additions satisfy the appropriate reactivity 

criteria,211 but all of the other four chemistries provided warheads with similar 

reactivity profiles. Moreover, we found significant overlap of the reactivity distributions 

obtained for the different chemistries (Figure 16) indicating that other chemistries in 

addition to Michael additions are suitable for the optimization of TCI reactivities 

against cysteines. 
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Detailed analysis of the results revealed that warheads reacted most readily 

with GSH (VI, X, XIII, XXV, XXXII) were part of the AdNM, AdN, SN, and Ox subsets, 

and fragments with the lowest suitable reactivity (24 h < t1/2 < 50 h) were compounds 

such as the acrylic esters (I), acrylonitriles (II), hydrazones (XIIa), N-

hydroxy(methyl)phthalimides (XIXa) and haloacetamides (XXVII), from the AdNM, 

AdN, Ad-E, and SN warhead groups. 

 

Figure 16. GSH reactivity distribution within different chemistry classes. 

After exploring their GSH reactivity and aqueous stability, we investigated 

whether the reactive fragments are selective towards cysteine or also reactive to 

other nucleophilic residues. We envisioned to accomplish this using an assay with a 

specific oligopeptide (KGDYHFPIC nonapeptide, NP) designed for this particular 

assay that contains lysine, tyrosine and histidine in addition to the targeted cysteine. 

Having confirmed the action and the position of the covalent labelling of the 

fragments to the nonapeptide with LC-MS/MS measurements, it was then possible to 

assess their selectivity. This study provided evidence that 32 of the 44 fragments, 

representing 13 of the 17 warheads, were cysteine selective (Appendix Table A1). 
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Warheads XVI and XIXa, which react by AdN and Ad-E, respectively, were 

exclusively lysine selective. Michael acceptor quinones (X) reacted rapidly and 

showed no selectivity at all. The acrylic aldehydes (IX) gave exclusively lysine 

adducts, presumably reacting at the aldehyde carbonyl instead of the C=C double 

bond. Nitriles (XIV) and cyanimides (XV) showed modest GSH reactivity and no 

reaction in the oligopeptide assay. The most reactive warheads were the 

haloacetophenones (XXVI), epoxides (XXV), haloacetamides (XXVII) and maleimides 

(VI), representing the SN and AdNM types of reactions. 

In summary, starting from the large set of chemical probes representing a 

diverse set of potential cysteine targeting warheads, we identified 44 reactive and 

stable fragments (representing 17 warheads), 32 (representing 13 warheads) of 

which were found to be cysteine selective (Figure 17). 

 

Figure 17. Generation of the covalent fragment library ready for protein screening. 

We showed that beyond the Michael acceptors, warheads of AdN, SN and Ox 

reactions can be considered in the design of TCIs. In addition, our results suggest 

that the combination of aqueous stability, GSH reactivity and oligopeptide selectivity 

assays is a feasible way to discover and optimize warheads for covalent inhibitors. 
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2.1.2. THE IMPACT OF WARHEAD CHEMISTRY ON BIOLOGICAL ACTIVITY 

Cysteine-reactive and chemically stable covalent fragments profiled by the GSH 

reactivity and the oligopeptide selectivity tests were then evaluated in an enzyme 

inhibition assay against MurA (UDP-N-acetylglucosamine enolpyruvyl transferase), 

an enzyme that catalyses the first committed step of bacterial peptidoglycan 

biosynthesis. MurA is generally considered a promising antibacterial target since it is 

expressed by both Gram-positive and Gram-negative bacteria, it has no mammalian 

orthologue, and it is clinically validated.212 Despite of the intense research, relatively 

few compounds have been described as potent MurA inhibitors.28,213 Fosfomycin (3) 

is the only clinically available MurA inhibitor that binds covalently to the Cys115 

residue in the active site. The inhibitory activity of the 32 selected covalent fragments 

was tested at a concentration of 100 µM against MurA from Escherichia coli (MurAEC) 

in the presence and absence of 0.1 mM dithiothreitol (DTT). Since DTT reacts with 

the electrophilic compounds, their warheads are no longer available to react with 

Cys115 of MurAEC. Without the covalent interaction, the fragments do not inhibit the 

enzyme, making it possible to decouple covalent binding from non-covalent 

interactions. Comparative analysis of the results showed that most of the fragments 

bind covalently to the target (Figure 18). 

 
Figure 18. Inhibition of MurAEC by covalent fragments, measured in the presence (green) and 

absence (red) of DTT, presented as residual activity percentage (RA%) of the enzyme by 100 μM 

covalent fragment. Chemistries are indicated with background colours: AdN (orange), AdNM (yellow), 

Ox (green) and SN (blue). Median potencies of actives by chemistry classes are also indicated. 
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As expected, it was found that fragments with different warheads performed 

differently. Focusing on the actives (identified as those producing a residual enzyme 

activity (RA) less than 80% at 100 µM of compound), we identified warheads in all 

four tested chemistry classes (AdNM, AdN, SN, and Ox) (Figure 18). The median 

activity of actives was highest for oxidations, followed by nucleophilic substitutions 

and non-Michael type electrophilic additions. At the warhead level (Figure 18, 

Appendix Table A2), haloacetophenones (XXVI) and isothiocyanates (XIII) were 

more active than haloacetamides (XXVII), epoxides (XXV) and hydrazone (XIIa). 

Covalent fragments equipped with Michael acceptor warheads had varying inhibitory 

potencies. Maleimides (VI) were the most reactive Michael acceptors, showing 

activities similar to the best SN type warheads, followed by vinylsulfone (IV, 84) and 

butynoate (V, 88). Acrylates (I), acrylonitriles (II) and acrylamides (IIIa) showed much 

lower activity. The covalent fragments with the best performances were then 

subjected to IC50 measurements and mechanistic studies with MurAEC and 

structurally related Staphylococcus aureus MurA (MurASA) (Appendix Table A2). 

The covalent binding of different warhead chemotypes was confirmed also by 

MS/MS studies. Proteomics studies revealed that the maleimide 91 (VI, AdNM type), 

the bromoacetophenone 176 (XXVI, SN type) and the benzisothiazolone 201 (XXXII, 

Ox type) form covalent bond with Cys115 located at the active site of MurAEC. 

These studies revealed that by screening only a small set of covalent 

fragments, we could identify new low micromolar and even sub-micromolar MurA 

inhibitors that are active on both MurAEC and MurASA. The maleimides 89, 91 and 92 

and 1,2-benzisothiazol-3(2H)-one 201 represent novel MurA chemotypes and were 

among the most potent reversible or irreversible inhibitors of both MurAs, with IC50 

values similar to that of fosfomycin (3).214 Interestingly, we found that a number of 

covalent fragments showed reversibility in binding to the MurAEC active site (Figure 

19, Appendix Table A2). 

 

Figure 19. Reversible MurA inhibitors identified by covalent fragment screening. 
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Reversible covalent inhibition has been described for cyano-acrylates, cyano-

acrylamides,215–217 electron poor heterocyclic acrylonitriles218 and nitriles,219 but 

neither simple acrylates nor acrylonitriles showed previously reversible binding with 

thiols. Based on these studies, we concluded that electron withdrawing groups are 

needed on both sides of the double bond to make the Michael addition reversible. 

Here, we show that other Michael acceptor warheads (I (70), II (74), IIIa (78), V (88), 

and VI (91)) were also able to bind reversibly to MurA. In most cases, the thiol-

reactive centre of the fragment is surrounded by electron withdrawing carbonyl (70, 

78, 88, 91) or nitrile (74) groups, making them similar to the electron deficient cyano-

acryl derivatives. These observations suggest that a more diverse set of warheads is 

indeed available for reversible covalent inhibition. 

Next, we investigated the predictive performance of the model assays on the 

observed biological activity. It was found that MurA inhibitory activity follows the same 

trend as GSH half-life and the conversion of the oligopeptide (Figure 20). Altogether, 

these data suggest that the non-enzymatic models we applied are valid predictive 

tools for the estimation of fragment reactivity at protein level. 

 

Figure 20. Trends of GSH half-lives (green) and NP-conversion (red) as models for MurAEC reactivity. 

In summary, our analysis suggests that differences in warhead chemistries 

have a significant influence on the biological activity. In particular, similar to Michael 

acceptors, warheads of other nucleophilic additions, nucleophilic substitutions and 

oxidations cover the same range of reactivity. On the basis of these results we 

proposed a new strategy in the design of TCIs, where the reactive warhead itself 

should first be optimized and tailored to the reactivity of the targeted cysteine, 

followed by optimization of non-covalent interactions. This approach allowed us to 

discover novel reactive MurA inhibitor chemotypes having similar potency as the 

clinically approved fosfomycin (3). 
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2.1.3. THE IMPACT OF WARHEAD CHEMISTRY ON TARGET SPECIFICITY 

To reveal the possible impact of warhead chemistries on specificity, we next 

investigated how the different warhead types perform on different targets. We 

investigated functional, enzyme family, species and protein specificities. The covalent 

fragment set was screened against cysteine peptidases such as cathepsin B (CatB) 

and X (CatX) and a non-cysteine peptidase (thrombin). For the evaluation of 

functional specificity, we tested both the endo- and exopeptidase activity of CatB 

(related to the nonterminal and terminal cleavage of the substrate, respectively). To 

estimate isoform specificity, we compared the exo activity profiles of CatB and CatX. 

Species and protein specificity was analysed using the screening profiles obtained for 

MurAEC vs. MurASA and MurAEC vs. CatBexo activity vs. thrombin, respectively. 

Cathepsin B is a lysosomal cysteine peptidase that plays important roles in 

various pathological processes, including cancer, and has been validated as a 

promising biomarker and therapeutic target in various cancers.220–222 Cathepsin B 

exists in two characteristic conformations in which the open form is preferred for the 

endopeptidase activity and the closed form is preferred for the exopeptidase 

activity.223 Previous studies revealed that Michael acceptors and halomethyl ketones 

are irreversible cathepsin inhibitors and form covalent bond with the active site 

cysteine.224 The impact of different warhead chemistries on inhibitory activity and 

functional specificity, however, had not been investigated before. Testing the 

covalent fragments against both conformations revealed that the inhibitory activities 

of endo- and exopeptidase functions are dependent on the warhead chemistries 

(Table 1). Our results suggest that the exopeptidase activity of cathepsin B is more 

sensitive to covalent fragments than the endopeptidase. Although Michael acceptors 

were found to be very weak inhibitors of both activities, the exopeptidase activity was 

more effectively inhibited by some AdN and SN reactions and by oxidation (XXXIII). 

The warheads that were most effective in influencing either endo or exo activities 

utilize nucleophilic substitutions. Haloacetophenones (XXVI) were the most potent 

inhibitors of the exopeptidase activity. Interestingly, haloacetamides (XXVII) that also 

act by SN mechanisms, showed some preference for inhibiting the endopeptidase 

activity. Non-Michael-type additions have lower specificity coupled with limited 

endopeptidase inhibitory activity, except for isothiocyanate (XIII, 114), which was 

found to be a potent and specific exopeptidase inhibitor. 
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Table 1. The effect of warhead chemistries on the functional, enzyme family, species and 

protein specificity. Functional specificity is illustrated by comparing the activity profiles obtained by 

measuring the endo- (CatB
endo

) and exopeptidase (CatB
exo

) functional activity of CatB. The effect on 

enzyme family specificity is exemplified by comparing CatB
exo

 and the exopeptidase activity of CatX 

isozymes. Species specificity is shown comparing activity profiles measured for MurAEC and MurASA. 

Protein specificity is demonstrated by comparing MurAEC and CatB exopeptidase activities. The 

activities are scaled by colours, with more active compounds being shown in deeper tones. 

Entry 

MurAEC 
RA [%] 

MurASA  
RA [%] 

MurAEC  
RA [%] 

CatB
endo

  
RA [%] 

CatB
exo

  
RA [%] 

CatX  
RA [%] 

Thrombin 
RA [%] 

no Cys no Cys 5 mM Cys 5 mM Cys 5 mM Cys 5 mM Cys no Cys 

70 50 82 100 100 100 89 100 

71 41 66 91 100 97 84 100 

73 100 97 100 100 87 90 100 

74 47 81 89 100 88 86 100 

78 51 72 94 92 90 92 100 

84 12 30 99 100 87 93 100 

86 75 67 90 85 70 92 100 

87 82 91 96 96 84 96 100 

88 15 31 100 100 89 99 100 

90 2 0 100 100 87 96 100 

91 1 0 100 96 89 96 100 

107 99 54 96 100 100 79 100 

113 53 75 99 100 98 67 100 

114 3 41 100 75 18 22 100 

115 24 23 98 73 75 70 100 

116 33 91 99 100 99 55 100 

117 3 9 100 100 97 87 100 

175 2 7 99 83 27 95 100 

176 3 4 94 90 55 74 100 

177 3 7 94 63 34 86 100 

178 2 1 100 58 27 75 100 

180 100 59 93 100 88 99 100 

181 29 50 100 75 100 96 100 

184 61 52 95 90 87 84 100 

185 47 54 80 92 90 97 100 

186 61 55 96 78 87 94 100 

201 2 0 98 100 96 100 100 

205 6 23 99 100 67 100 100 
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Cathepsin X is yet another member of the cysteine cathepsins that is similar to 

cathepsin B and acts as a carboxypeptidase; however, it has narrower substrate 

specificity and no endopeptidase activity. This cathepsin has been associated with 

immune response, neuroinflammation, neurodegeneration and cancer.225,226 Analysis 

of the covalent fragment hits revealed that cathepsin X is generally less sensitive to 

fragment electrophiles than cathepsin B (Table 1). In fact, the enzymes do not share 

similar activity profiles,227 that could be rationalized by the different nucleophilicity of 

their catalytic cysteine. Unlike with cathepsin B, the most effective cathepsin X 

warheads are isothiocyanates (XIII) that bind by AdN reactions. Interestingly, 

chemically more reactive SN type warheads are inactive against cathepsin X. This 

might suggest that cathepsin X could be more specifically targeted by an 

isothiocyanate type AdN class of warheads. Again, Michael acceptors and oxidative 

warheads showed very limited inhibitory activity. 

The effect of warhead chemistries on the same protein from different species 

has been investigated using MurA as an example. Using identical assay conditions 

for both MurAs we compared the corresponding hit lists (Table 1). Although some 

Michael acceptors (V and VI), SN type and oxidative warheads showed similar 

inhibitory activity on MurA from both species, isothiocyanates (XIII) reacting with AdN 

and acrylic type warheads (I, II, IIIa, and IV) were typically more active on the MurAEC 

than MurASA, suggesting some specificity in these warheads. This specificity can be 

explained by the different surroundings of the active site cysteines. In MurAEC 

Cys115 is followed by a threonine while the residue next to the active cysteine in the 

MurASA homologue is Ala. Furthermore, there is another structural difference in the 

catalytic loops (Ala119 in E. coli vs. Ser123 in S. aureus). Comparison of the MurAEC 

crystal structure (1HUC) to the homology model of MurASA
228 showed that steric 

effects are less important. Shape similarity of the active sites, however, suggests that 

the catalytic cysteine of MurAEC might have a more nucleophilic character than that of 

the MurASA. Interestingly, the other AdN type warhead, hydrazone 107 (XIIa), was 

more active on MurASA, emphasizing again the impact of warhead chemistries on the 

species-specific inhibition of MurA. 
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To enable evaluation of the effect of warhead chemistries on different proteins, 

we compared the activities found against MurASA and cathepsin B exopeptidase 

activity (Table 1). In contrast to the intracellular MurA, cathepsins are extracellular 

and require cysteine for their activation. To make a fair comparison, we performed 

the assays in similar conditions and analysed the hit lists obtained. This analysis 

showed that covalent fragments were more active on cathepsin B than MurA, which 

is in line with the lower pKa value of cathepsin B (3.4229 and 8.3,230 respectively). 

Although SN warheads, particularly haloacetophenones (XXVI), were the most active 

on both proteins; for cathepsin B, we found differences for other chemistries. 

Isothiocyanate-type AdN warheads (XIII) outperformed both oxidative (XXXIII) and 

Michael warheads (I-V) and showed the largest specificity for cathepsin B. Since both 

MurA and cathepsin B have a catalytic cysteine in their active sites, we also included 

thrombin, a serine protease, in this comparison, and it does not have such a cysteine. 

Screening cysteine-selective covalent fragments against thrombin identified no 

inhibitors, consistent with the active site cysteine-specific mechanism of covalent 

inhibition at play here. 

In summary, we demonstarted that different warhead chemistries have a 

significant influence on specificity at multiple levels, including the functional activity of 

the same protein, the activity of different enzymes from the same family, the activity 

of the same enzyme from different species and the activity of different proteins.  

2.2. COVALENT FRAGMENT LIBRARY FOR CYSTEINE REACTIVITY MAPPING 

There are several studies suggesting the computational assessment of the 

accessibility and reactivity of the targeted cysteine residue231–233 (SASA, pKa and 

ESP234,235 on the sulfur atom). In an early example, Cohen et al. applied a 

bioinformatics-based approach to identify two “selectivity filters” (a cysteine residue 

and a nearby residue position occupied by amino acids of various sizes), which 

enabled them to design a selective RSK inhibitor18. Compilation of tracktable 

cysteines across the human kinome has inspired various research groups and 

attempts have been carried out using X-ray based,236 sequence-based237 and 

interaction fingerprint-based methodologies.238 In addition to their position and 

accessibility, the protonation state has another major factor influencing thiol reactivity. 

Recent articles evaluating cysteine pKa values include a statistical analysis by Zhang 
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et al239 and a sophisticated computational study by Awoonor-Williams and Rowley.232 

These suggest that the targeted cysteines should have a relatively low pKa value, so 

that the more nucleophilic thiolate form will dominate.240 

 

Figure 21. Covalent fragments equipped with the electrophilic warheads (78, 181-183, 207-230) 
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Our previous observations showed that a large variety of warheads can label 

cysteine residues, and the selected warhead then should be tailored specifically to 

the targeted protein. Although several computational methodologies have been 

established, there is still a lack of techniques enabling the experimental evaluation of 

the tractable cysteines. In order to investigate the reactivity of different warheads 

independently from the non-covalent structural moiety, our aim here was to develop a 

small library of electrophiles representing a large variety of warheads on an identical 

scaffold, composing a reactivity mapping toolbox. Thus, we equipped a non-covalent 

fragment, particularly the 3,5-bis(trifluoromethyl)phenyl group that is a prevailed 

structure in medicinal chemistry,241–243 with a series of different warhead moieties 

(78, 181-183, 207-230, Figure 21). The advantages of this scaffold included no 

intrinsic interference with any of the assay ingredients and contributed to the stability 

of compounds. More importantly, the limited size and complexity of the 3,5-

bis(trifluoromethyl)phenyl fragment allows screening against structurally diverse 

targets and the lack of polar groups minimizes non-covalent protein-ligand 

interactions. Notably, the electron withdrawing properties and the orientation of the 

trifluoromethyl groups enhance the electrophilic character of the warheads; therefore, 

functional groups with usually lower reactivity could be investigated as well. 

After the proper analysis of the cysteine targeting warheads among the known 

and prevalent covalent inhibitors,105,244 we selected 28 covalent fragments 

representing 20 warhead chemotypes (Figure 21) with an average heavy atom count 

of 19 ± 2 and a molecular weight of 289 ± 36. The most abundant chemistry subtype 

was the Michael-type conjugate nucleophilic addition (AdNM) that is represented in 13 

fragments (78, 207-217). We also included 7 fragments (219–225) acting in other 

nucleophilic additions (AdN). Additionally, 6 compounds (181-183, 226-228) react via 

nucleophilic substitution (SN). Furthermore, oxidation (Ox) and addition-elimination 

(Ad-E) reaction types were also represented by one compound (229 and 230, 

respectively). The library was assembled by acquisition of the compounds from 

commercial sources (7 compounds: 219, 221-223, 228-230) or by synthesis (21 

compounds: 78, 181-183, 207-218, 220, 224-227). 
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2.2.1. COMPARATIVE ANALYSIS OF SMALL MOLECULE THIOL SURROGATES 

Next, we aimed to focus on development of the early reactivity assay. The lack 

of the comparison between different thiol surrogates in hand with the increasing 

popularity of covalent approaches inspired us to investigate different reactivity 

models against a set of electrophiles. The results of this comparative analysis might 

help selecting the most predictive reactivity model for a particular warhead and 

furthermore, could help prioritizing the most appropriate model for covalent drug 

discovery screening programs. 

For the comparative kinetic analysis, we applied a subset of the mapping 

covalent fragment library (Figure 21) representing 13 different electrophilic warheads 

(78, 181, 207, 210, 216, 219, 221-223, 226-229). The chemistry subtypes were 

balanced as both the Michael-type conjugate nucleophilic addition (AdNM – 78, 207, 

210, 216), the nucleophilic additions (AdN – 219, 221-223) and the nucleophilic 

substitution (SN – 181, 226-228) were represented by 4 compounds, furthermore, 1 

compound (229) acting via oxidation (Ox) mechanism was also included. Thiol 

models (Figure 22) having both sulfur and nitrogen nucleophiles (cysteamine (56), L-

cysteine (58) and L-glutathione (62)) were selected from the literature. We were 

intended to investigate the S-nucleophilic and N-nucleophilic sites separately and 

therefore prepared the corresponding N-protected derivatives including N-acetyl-L-

cysteine (59) and the N-benzoylated derivatives of cysteamine (231), L-cysteine (232) 

and L-glutathione (233). We used the benzoyl-group to improve their UV-detectability 

and furthermore, to provide better chromatographic separation for the models and 

their covalent adducts. The benzoylated derivatives (231-233) were synthetized, the 

other thiol models were acquired from commercial sources. 

 

Figure 22. Small molecule cysteine surrogates involved in comparative kinetic analysis 

(Note: The amino acids and peptides can be presented in aqueous solutions at different protonation states, where the actual 

ratio of these species heavily depends on the environmental pH, thus, I show here the compounds in neutral form.) 
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The pairwise reactivity of the given probe and thiol models was evaluated by the 

HPLC-based kinetic assay introduced in Chapter 2.1.1. Reactions were conducted 

with a large excess of the thiol models to ensure pseudo-first order kinetics and 

linearity in the consumption of the electrophilic probes. The reactivity of the 13 

electrophilic probes was investigated against 7 different small molecule cysteine 

surrogates. The resulted kinetic dataset was used to compare different thiol models 

(Table 2, Appendix Table A3). Fragments with half-life time below 50 h were 

considered as reactive.211 Additionally, adduct formation was confirmed in dedicated 

HPLC-MS or HPLC-MS/MS measurements (Appendix Table A4). For the thiol 

surrogates with both available, the S- and N-nucleophiles and the corresponding 

adducts were investigated by MS/MS tandem mass spectrometry and the site of the 

reaction was also confirmed. 

Table 2. Half-life times (h) measured for the electrophilic probes with different thiol models. 

Entry cysteamine 

56 

N-benzoyl-
cysteamine 

231 

L-cysteine 

58 

N-acetyl- 

L-cysteine 

59 

N-benzoyl- 

L-cysteine 

232 

L-glutathione 

62 

N-benzoyl- 

L-glutathione 

233 

78 1.8 5.3 0.8 6.1 5.5 4.2 5.7 

181 4.4 0.8 3.6 5.4 5.5 5.8 >50 

207 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

210 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

216 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

219 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

221 >50 >50 >50 >50 >50 >50 >50 

222 >50 2.4 >50 5.9 1.6 >50 0.3 

223 >50 >50 >50 >50 >50 >50 >50 

226 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

227 >50 >50 >50 >50 >50 6.0 >50 

228 >50 >50 >50 >50 >50 11.0 >50 

229 >50 >50 >50 33.0 >50 31.5 11.2 

Horizontal analysis of the reactivity dataset revealed that five probes (207, 210, 

216, 219 and 226) reacted immediately with all the surrogates, which means these 

were not measurable within the minimal running time window (3 min = 0.05 h). On 

the contrary, 221 vinyl and 223 nitrile did not react with any of the thiols. The 

remaining electrophilic probes resulted in variable selectivity and sensitivity. 

Particularly, 227 epoxide, 228 fluoride and 229 thiol showed considerable reactivity 

with one preferred thiol surrogate. The epoxide (227) showed t1/2 = 6 h and the 

fluoride (228) showed t1/2 = 11 h with L-glutathione (62), while the thiol (229) preferred 
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N-benzoyl-L-glutathione (233), resulting in t1/2 = 11 h. These preferences could be 

explained by structural or size attributions, steric or electronic features (such as the 

presence or absence of intra- or intermolecular H-bonds, surface accessibility of the 

active nucleophilic site, nucleophilicity of the model compounds etc.) that suggests 

further mechanistic and quantum chemical studies. Notably, only GSH identified two 

out of these fragments (227, 228) as actives. Comparing the kinetic results obtained 

with free- and protected N-nucleophiles we found that in spite of its low reactivity 

against cysteamine (56), L-cysteine (58) or L-glutathione (62), the acetylene (222) 

showed higher reactivity with N-protected thiol surrogates (59, 231, 232, 233). The 

acrylamide (78) showed a promiscuous profile, reacting with all of the thiol models. It 

was the most reactive against L-cysteine (58), resulted in t1/2 = 0.8 h, while the lowest 

reactivity (t1/2 = 6.1 h) was observed with N-acetyl-L-cysteine (59). The haloacetamide 

(181) probe reacted quite similar, resulted in 4.4 h, 3.6 h and 5.8 h for cysteamine 

(56), L-cysteine (58) and L-glutathione (62), respectively. The reactivity measured 

with N-protected derivatives (59, 231, 232, 233) showed a diverse profile, as the 

most reactive was N-benzoyl-cysteamine (232) with t1/2 = 0.8 h, while the less 

reactive was found to be the N-benzoyl-L-glutathione (233) with t1/2 > 50 h. 

Next, we compared the reactivity of different thiol surrogates (vertical analysis). 

First, we concluded that N-benzoylation resulted in significant improvement of 

chromatographic separation and UV/VIS visibility of the thiol model compounds. In 

particular, the cysteamine (56) assay resulted in 7 actives out of the 13 probes, which 

included all the 5 hyper-reactive fragments. One further probe showed moderate 

reactivity (t1/2 = 34.8 h for 78 acrylamide). N-benzoyl-cysteamine (231) showed 

similar reactivity profile as its unprotected pair, only the acetylene (222) showed 

significant increase in reactivity. For L-cysteine (58) we have found 7 fragments 

active that again includes the 5 hyper-reactive probes. Comparing N-acetyl-L-

cysteine (59) and N-benzoyl-L-cysteine (232), the two models showed quite similar 

reactivity profile to that found for 58, however, N-protection resulted in serious 

decrease of the measured reactivity of the acrylamide (78). Since a follow-up MS/MS 

study revealed that the amine group of 58 was not reacted with this probe, increased 

half-lives are associated to the decreased reactivity of the thiol. An opposite effect 

was found for the acetylene (222), where the reactivity increased significantly due to 

the protection of the concurrent N-nucleophile. With N-acetyl-L-cysteine (59) we 
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identified 9 probes as actives, showing a wide reactivity window up to 50 h. We have 

found 5 covalent fragments considered as hyper-reactive and 4 fragments as non-

reactive. In the case of L-glutathione (62) we have found the highest number of 

actives (10 out of the 13 fragments), which suggest this surrogate being highly 

specific and sensitive. One might notice that the acetylene (222) showed high 

reactivity against all of the N-acylated thiol models (0 h – 6 h) and very low reactivity 

against all of the unprotected surrogates (>50 h). Comparing the investigated thiol 

surrogates, we finally analysed the number of the positive hits and the covered 

reactivity window of the probe library. Hyper-reactive and non-reactive probes were 

excluded here to evaluate only the fragments having measurable reactivity (Figure 

23). Noteworthy, we showed that the most active probes were found in the GSH (62) 

assay, which also covered the widest reactivity range. 

 

Figure 23. The distribution of half-lives in binned reactivity intervals. The results are separated 

by thiol models and the size of the plots are proportionate to the number of the fragments. 

Our results reinforced that thiol reactivity is heavily dependent on the surrogate 

model used and suggest GSH (62) as the best option for screening covalent libraries. 

Based on the kinetic results we made two important conclusions: (a) the different thiol 

surrogates results in different reactivity profile and (b) the L-glutathione (62) assay 

provided the best sensitivity and reactivity coverage for the electrophilic probe library 

profiled. These results demonstrate that the thiol model has a high impact on the 

screening of electrophilic libraries and suggest the GSH assay to generate 

comparable and high-quality reactivity datasets for covalent compounds.  
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2.2.2. CHARACTERIZATION OF THE REACTIVITY MAPPING LIBRARY 

To test the reactivity range covered by the library, we first calculated local 

electrophilicity245 (LEPI) of the fragments and further tested fragments for their 

reactivity with the thiol surrogate (GSH) in a kinetic assay.89,97 Finally, the labeling 

efficiency and cysteine selectivity of the library members were evaluated in the 

nonapeptide (KGDYHFPIC) assay, presented earlier in Chapter 2.1.1. 

After having local electrophilicity indices assessed245 we have shown that the 

library covered a wide range of electrophiles with weak, moderate and strong 

electrophilic character (LEPI of -0.148 for the least and of 0.581 for the most 

electrophilic probe). This has been confirmed by the GSH reactivity data (for detailed 

results see Appendix Table A5). Assay results showed that the library includes 

molecules from highly reactive agents (207, 210, 211, 216, 217, 219, 220, 226) to 

just GSH non-reactive compounds (212, 213, 221, 222, 223, 182, 230). As the 

cysteine reactivity is influenced by the environment in a particular protein, the broad-

spectrum of chemical reactivity is useful for characterising cysteines with distinct 

intrinsic reactivities. We also identified steric preferences regarding to the 78/212 and 

the 207/213 pairs as the direction of the acrylic moiety also influenced the reactivity. 

Particularly, the more accessible warheads on fragments 78 and 207 were more 

active. Although the labelling mechanism of acrylamide (78) and α-haloacetamide 

(181) is quite different, these compounds showed similar reactivity, leading to the 

conclusion that at certain cysteine targets either 78 or 181 might be preferred. We 

also demonstrated that introducing a benzyl linker is not decreasing the intrinsic 

warhead reactivity, but it presumably provides conformational freedom for the 

warhead moiety, which can be desired in certain cases to reach the targeted residue. 

This is presented by the results of the following phenyl and benzyl analogues, 

equipped with the identical warheads: maleimides (210/211), vinylsulfones (216/217) 

and isothiocyanates (219/220). In addition, the known reversible216 binding of the 

cyano-acrylamide warhead (209) was confirmed in the GSH-reactivity assay. For the 

assessment of cysteine selectivity, we applied the already described HPLC-MS/MS 

based assay that tested the reactivity of the warheads against a nonapeptide model. 

The cysteine selectivity of the fragments was confirmed in this assay. Furthermore, 

the fragments showed appropriate aqueous stability for biology testing. 
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2.2.3. EXPERIMENTAL WARHEAD OPTIMIZATION FOR TCI DEVELOPMENTS 

Despite usefulness of both surrogate methods to obtain preliminary information 

on the reactivity and selectivity of warheads, we are well aware that these results do 

not always reflect events in complex biological systems. In our case, the results 

obtained with GSH- and nonapeptide models were mostly, but not always, consistent 

with the results of enzyme assays (Table 3 and Appendix Table A6). 

Hence, after exploring theoretical and experimental reactivity range of the 

library members, we investigated covalent target proteins including a range of 

enzymes with different functional and structural complexity (MurA, MAO-A, MAO-B, 

HDAC8, immunoproteasome β5i subunit and KRasG12C). Both the individual and the 

comparative analysis of the profiling results (Table 3 and Appendix Table A6) might 

help to identify specificity issues in covalent design, and it can suggest the best 

warheads for each covalent inhibitor program. In order to evaluate reactivity profile of 

the targeted cysteines single concentration analyses were performed. Since all library 

members had an identical scaffold, the reactivity heat map (Appendix Table A6) 

suggested that warhead chemotype had a significant impact on the labelling efficacy. 

Active warheads were identified in all chemical classes, and a trend that different 

tractable cysteines prefer different warhead chemotypes was also clear. 

MurA (UDP-N-acetylglucosamine enolpyruvyl transferase) is a promising 

antibacterial target containing catalytic Cys115.246 Single dose screening showed 

that several fragments caused inhibition with residual activity (RA) between 0% and 

50% (Appendix Table A6) after 0.5 h incubation, and those were subjected to IC50 

measurements (Table 3). While in most cases the IC50 values fell in the range of 38–

399 μM, we were able to identify compounds with low micromolar inhibitory potencies 

(IC50 values 0.5–14 μM for compounds 210, 211, 216 and 229), indicating that a well-

chosen covalent warhead might be able to cause a drastic increase in potency even 

with a non-optimized scaffold. The covalent binding of the active compounds was 

confirmed by MS/MS studies, revealing that compounds 216 and 226 form covalent 

bond with Cys115 located at the active site of MurA. Furthermore, STD NMR 

measurements were also confirmed the binding of the fragments 211, 212 and 229 to 

MurA. STD NMR method is capable of confirming the covalent binding event, as the 

ligand protons that are in close proximity to the covalent action receive a higher 

degree of saturation, and as a result stronger STD NMR signals can be observed.  



Table 3. IC50 results of the covalent fragments (78, 181-183, 207-230) on MurA, MAO-A, MAO-B, HDAC8 and β5i subunit of the iCP, free thiol ratio 

(FTR%) of the KRAS
G12C

 obtained by Ellman’s assay, and the results of 
19

F-NMR and 
15

N-HSQC-NMR measurements, as a proof of binding and the site 

of the covalent labelling in the case of 
15

N-HSQC-NMR. 

Entry Warhead MurA MAO-A MAO-B HDAC8 iCP β5i 
KRAS

G12C 

FTR% 
19

F-NMR 
15

N-HSQC 

78 acrylamide 164±14 μM N.A. N.A. N.A. N.A. 61 yes yes C12 

181 haloacetamide 76±8 μM 314±74 μM N.A. >50 μM N.A. 62 yes yes C12 

182 haloacetamide N.A. N.A. N.A. N.A. N.A. 82 no no 

183 haloacetamide N.A. N.A. N.A. N.A. N.A. 88 no no 

207 acrylate 264±23 μM N.A. N.A. 24.42±8.94 μM 18.50±9.19 μM 0 yes yes C12&C118 

208 propiolate N.A. N.A. N.A. 13.22±3.90 μM N.A. 100 no no 

209 cyano-acrylamide N.A. 61.2±9.0 μM N.A. >50 μM N.A. 33 yes yes C12&C118 

210 maleimide 1.5±0.2 μM 0.34±0.01 μM 52.5±10.7 μM 0.51±0.05 μM 0.43±0.53 μM 0 yes yes C12&C118 

211 maleimide 11±2.0 μM 4.04±0.24 μM N.A. 0.03±0.01 μM N.A.
a
 0 yes yes C12&C118 

212 acrylamide 107±11 μM 16.4±2.0 μM 23.6±1.2 μM 4.00±0.76 μM 60.50±3.53 μM 71 no no 

213 acrylate N.A. 116.1±22.8 μM 58.9±3.9 μM 16.65±6.78 μM N.A. 100 no no 

214 acrylonitrile N.A. N.A. N.A. >50 μM N.A. 100 no no 

215 propiolate 339±31 μM N.A. 95.0±9.0 μM 34.96±7.45 μM N.A. 43 yes yes C12 

216 vinylsulfone 13±2.7 μM 9.65±1.53 μM N.A. 6.11±1.78 μM 5.90±2.50 μM 46 yes yes C12&C51 

217 vinylsulfone 97±10 μM 13.53±2.42 μM N.A. 1.95±0.34 μM 25.50±17.68 μM 46 yes yes C12&C118 

218 vinylsulfonamide N.A. N.A. N.A. N.A. N.A. 100 yes yes C12 

219 isothiocyanate N.A. N.A. N.A. >50 μM N.A. 100 yes yes C12 

220 isothiocyanate 381±29 μM 7.60±1.84 μM N.A. 4.56±0.40 μM 12.50±12.02 μM 0 yes yes C12 

221 vinyl N.A. N.A. N.A. N.A. N.A. 100 no no 

222 acetylene N.A. N.A. N.A. N.A. N.A. 81 no no 

223 nitrile N.A. N.A. N.A. >50 μM N.A. 100 no no 

224 hydrazone N.A. N.A. N.A. N.A. N.A. 100 no no 

225 cyanimide N.A. N.A. N.A. N.A. N.A. 100 yes yes C12 

226 haloacetophenone 53±7 μM N/D N/D 1.02±0.12 μM 1.30±1.43 μM 0 yes yes C12&C118 

227 epoxide N.A. N.A. N.A. N.A. N.A. 100 no no 

228 fluoride N.A. N.A. N.A. N.A. N.A. 100 no no 

229 thiol 14±3 μM 113±29 μM N.A. N.A. 5.00±2.82 μM N/D yes yes C12 

230 aldehyde N.A. N.A. N.A. N.A. N.A. 58 no no 

N.A. stands for “not active”. N/D stands for “not determined due to a) assay interference or b) solubility issues. Yes/No means whether the binding 
was observed and confirmed by NMR measurements. 

a
IC50 could not be determined due to lack of concentration-dependance. For MurA, MAO-A, 

MAO-B and iCP β5i fragments with RA ≤50% were considered active as a general threshold; for HDAC8 the activity limit to submit compounds for 
IC50-measurements was RA ≤10% due to the high number of actives. FTR% ≤70% indicated active fragments for KRAS

G12C
 as complete labelling of 

1 cysteine out of the 3 available on the protein would result a theoretical 67% FTR. 
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Monoamine oxidases A and B (MAO-A and MAO-B) are isozymes that catalyse 

oxidative deamination of monoamines. The known covalent MAO-A inhibitors are 

proved to bind to the flavin adenine dinucleotide (FAD) cofactor.247 However, Cys321 

and Cys323 in MAO-A and Cys172 in MAO-B, which are located in the active site or 

in close vicinity, could be targeted by electrophiles.248 Activity profiling demonstrated 

that several fragments inhibited both enzymes, whereas some selectively targeted 

only one isoform (Table 3 and Appendix Table A6). We identified low micromolar 

MAO-A inhibitors (209, 211, 216, 217, 220, 181, 229) with IC50 values in the range of 

4.0 – 314.0 μM, with no inhibition of MAO-B (Table 3), and only one selective 

inhibitor of MAO-B (215). Maleimide 210 was active on both isoforms, favouring 

MAO-A (IC50 = 0.3 μM) over MAO-B (IC50 = 52.5 μM). Detailed kinetic study revealed 

time-dependent and irreversible inhibition for fragments 211, 216, 217, and 220. The 

covalent binding to MAO-A was confirmed by MS/MS proteomics, where vinylsulfone 

216 formed covalent bond with Cys321 and Cys323, both. To the best of our 

knowledge, these are the first experimentally confirmed covalent fragments that bind 

to a specific cysteine and not to the FAD cofactor of MAO-A. 

Histone deacetylase 8 (HDAC8) is an enzyme playing a critical role in cell cycle 

progression by catalysing the deacetylation of histone and a number of cytosolic 

proteins.249 Considering the effects on cell reproduction, HDAC8 attracted significant 

attention in oncology.250 Numerous active fragments were identified in the HDAC8 

inhibition screening (Appendix Table A6) and IC50 values were determined for 17 

active hits (Table 3). Interestingly, the acrylamide was clearly preferred in the 

sterically more hindered orientation, as 212 (IC50 = 4.0 μM) outperformed 78, 

whereas the other acrylic fragment pair, esters 207 (IC50 = 24.4 μM) and 213 (IC50 = 

16.7 μM) showed similar potency. Maleimides were the only fragments active in 

submicromolar range (IC50 values of 0.5 μM and 0.03 μM for 210 and 211, 

respectively). The potencies of other nine compounds were in a low-micromolar 

range (Table 3). In addition, time-dependency of inhibition was shown for the four 

most potent fragments (i.e. maleimides 210 and 211, vinylsulfone 217, and 

haloacetophenone 226), which confirms the covalent binding mechanism. The wide 

activity profile obtained for this target suggests that reactivity of the active site 

cysteine of HDAC8 allows using a wide range of warhead chemotypes. The site of 

labelling has been determined by MS/MS after tryptic digestion of the labelled protein 
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samples with the most active compounds 210, 211 and 226. Maleimides 210 and 211 

have been anchored to Cys244 and Cys275, while haloacetophenone 226 has 

labelled only Cys275. Cys275 is in the proximity of the active site, therefore the 

fragments might affect the substrate binding, while fragments binding to Cys244 are 

hypothesized as allosteric modulators.251 

 

Figure 24. Deconvoluted mass spectra of the iCP β5i subunit labelled with fragment 217 

The immunoproteasome (iCP) is an isoform of proteasome, found mainly in the 

cells of hematopoietic origin. Whereas the constitutive proteasome is a validated 

pharmacological target, individual subunits of the iCP are still being established as 

such.252 Given the fact that only a few inhibitors of the iCP are known, there is a need 

for novel iCP-inhibiting molecules. In the case of the β5i subunit of the iCP we found 

lower number of hits than in any other cases (Table 3 and Appendix Table A6). This 

is probably due to the reactivity of the cysteine in β5i active site. Eight fragments 

were characterized in terms of their IC50 values (Table 3), i.e. the highly GSH-active 

chemotypes like the acrylate 207, the maleimide 210, the vinylsulfones 216 and 217, 

the benzyl isothiocyanate 220, and the haloacetophenone 226. The most potent here 

was the maleimide (IC50 = 0.4 μM), while the IC50 values of the rest were found to be 

within a 5.0–25.5 μM range. Similarly to HDAC8, acrylamide 212 was identified as 

active (IC50 = 60.5 μM), whereas its structural pair acrylamide 78 did not show 

inhibition. In addition, the covalent labelling with fragment 217 was proved by intact 

MS measurements (Figure 24). 
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KRAS is part of the RAS protein family of membrane-bound GTPases, which 

are acting as molecular switches. Somatic KRAS mutations are found in several 

cancers, with G12C (KRASG12C) being the most common one. Targeting Cys12 in 

KRASG12C with covalent inhibitors represents a method of achieving selectivity over 

wild-type protein to minimize toxicity.253 The labelling efficiency of library members 

was investigated by the Ellman’s assay254 as a direct estimation of the remaining free 

cysteine ratio after 2 h incubation with the fragments (Table 3). As KRASG12C has 

three cysteine residues, theoretical remaining free thiols of 67% could be measured 

by complete and selective binding to the targeted Cys12. Therefore, we decided to 

set the free thiol ratio (FTR%) limit at 70%, which resulted in 12 hits, including the 

acrylic compounds 78, 207, and 209, maleimides 210 and 211, propiolate 215, 

vinylsulfones 216 and 217, isothiocyanate 220, haloacetamide 181, 

haloacetophenone 226, and aldehyde 230. Since the Ellman’s assay did not provide 

specific information on the labelling site, the compounds were subjected to 19F-NMR 

and 15N-HSQC NMR measurements to confirm the covalent binding and identify the 

labelled residue (Figure 25, Table 3). This methodology provided a quick proof of the 

binding by comparing the 19F shifts of the fragment in buffer as reference, and the 

fragment incubated with the protein. 

 

Figure 25. The 
19

F-NMR and 
15

N HSQC-NMR spectra of covalent fragment 78 in the absence and 

presence of KRAS
G12C

 which confirm protein labelling. The peak shifts of the 
15

N-HSQC-NMR between 

the free and labelled form of the protein are highlighted in green circles. 
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By comparing the results of both NMR methods, we found an almost perfect 

agreement between the more sophisticated 15N-HSQC measurements and the 19F-

NMR protocol. There were only four outliers, i.e. vinylsulfonamide 218, isothiocyanate 

219, and cyanimide 225, which were determined as inactive in the Ellman’s assay, 

but proven to label KRASG12C covalently. The aldehyde 230 was found to be inactive 

in the NMR-screen; however, it showed labelling in the Ellman’s assay. In every case 

where 19F-NMR experiments showed binding, we were able to confirm the labelling 

by 15N-HSQC. We observed that covalent labelling took place at the Cys12 in all 

cases, with some compounds labelling also Cys118 (Table 3). 

To conclude, by investigating a functionally and structurally diverse set of 

enzymes, we showed that the application of this methodology covers a wide range of 

targets as covalent labelling was demonstrated with all the investigated proteins. In 

the case of MAO-A, this analysis additionally revealed a new covalent mechanism of 

inhibition by binding to the non-catalytic Cys321 and Cys323. Our results support the 

notion that there is no universal warhead available for different targets. In fact, the 

required specificity of TCIs necessitates not only the optimized non-covalent 

interactions, but also the careful selection and tailoring of the warheads. 

2.2.4. WARHEAD SELECTION FOR COVALENT KINASE INHIBITORS 

By screening the mapping library against a range of different kinases, we 

developed an activity fingerprint that could be used for warhead selection for covalent 

kinase inhibitors. The usefulness of this approach was exemplified by the 

retrospective and prospective identification of covalent JAK3 inhibitors. 

For constructing the activity fingerprints, the target kinases were selected as 

therapeutically significant and already covalently targeted members of the kinase 

phylogenetic tree that provide a good coverage of the human kinome based on their 

inferred evolutionary relationships (Appendix Figure A2).255 Taking into account the 

availability of covalently targetable cysteine residues,238 one kinase was selected for 

each of the major branches: BTK from the TK (tyrosine kinase) branch, ERK2 from 

the CMGC (CDK, MAPK, GSK3 and CLK containing families) branch, MELK from the 

CAMK (Ca2+/calmodulin-dependent protein kinases) branch, RSK2 from the AGC 

(PKA, PKG and PKC containing families) branch and MAP2K6 from the STE (yeast 

sterile 7-,11- and 20-homologue kinases) branch. The locations of the covalently 
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tractable cysteines have been summarized recently.238 In the case of the five kinases 

selected for our panel, we have concentrated on those positions whose 

accessibilities are confirmed by multiple X-ray structures. These include the DFG-3 

position for ERK2 and MAP2K6, the P-loop-9 positions for RSK2 (C-terminal kinase 

domain), the Front-2 position for BTK and the Hinge-2 and Beta-4-2 positions for 

MELK. Out of these, PDB structures with a covalently bound ligand are available for 

BTK, ERK2 and RSK2. We found five covalent MELK inhibitors with undisclosed 

structure256 and a single covalent MAP2K6 inhibitor recently published,257 however 

the corresponding X-ray structures were not available. In JAK3, the (experimentally 

confirmed) targetable cysteine residue (Cys909) is located at the Front-2 position. 

Altogether 25 covalent (78, 181-184, 207-215, 219-230) fragments were 

involved in this warhead optimization program to be tested on the six kinases. Kinase 

activity was assessed in a Z-Lyte assay at Life Technologies Inc. at 100 μM 

concentration with the selected kinases (BTK, ERK2, MELK, RSK2, MAP2K6) and 

JAK3 after 60 min incubation in duplicates. The inhibitory activity results are shown in 

Table 4. From the 25 covalent fragments 210, 211, 220 and 229 display high 

activities across the whole panel (≥ 70%), while consistently low inhibition values (< 

50%) were acquired for 182, 208, 214, 222, 223, 224, 225 and 230. The remaining 

thirteen fragments represent the discriminatory power of the various warhead 

chemistries among the kinases in the panel. Some have a clear preference to one of 

the kinases, such as 183 (BTK) or 221 (RSK2), while others display various patterns 

among the panel, such as 213 (RSK2, MELK) or 228 (active against all but ERK2). 

Moreover, it seems that the biological activity was mainly influenced by the warhead 

chemistry and the common scaffold provided low contribution to the inhibition 

potency. This is underlined by the comparison of the appropriate compounds: 78, 

210, 222 and 230. Compound 78 is equipped with a widely used warhead 

(acrylamide) that shows specific inhibition against JAK3 and BTK representing the 

same class of protein kinases, while it has no significant biological activity on the 

other 4 kinase targets (ERK2, RSK2, MELK and MAP2K6). This fact is further 

supporting the basis of our warhead optimization approach: namely that not only 

reactivity differences but selectivity issues can be addressed directly to the warhead 

chemistry. In addition to that, the fragment 210 equipped with a highly reactive 

maleimide warhead – used extensively in protein labelling studies – inhibit all of the 
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targets. Finally, fragments 222 and 230 carrying the acetylene and the aldehyde 

function, respectively, that have limited cysteine-reactivity5,105 did not show significant 

inhibition against any of the targets, however it has the same scaffold as used for all 

the library members. Additionally, fragments 181, 182 and 183 reacting with the 

same SN2 mechanism, where the warhead difference is only a methyl group or the 

halogen atom (i.e. chlorine on 181 and 182, while bromine on 183) showed 

remarkably different inhibition at BTK and JAK3. Particularly, the addition of the 

methyl group to the chloroacetamide seriously decreased the activity, while changing 

the chlorine to bromine led to increased inhibition again, suggesting that small 

changes in the warhead can influence the activity significantly. 

Table 4. Activity results of the mapping covalent fragment library (78, 181-184, 207-215, 219-230) 

on the six kinase targets after 1 h preincubation with 100 μM of the electrophilic probes. 

Entry Warhead 
JAK3 

Inhibition 
[%] 

BTK 
Inhibition 

[%] 

ERK2 
Inhibition 

[%] 

RSK2 
Inhibition 

[%] 

MELK 
Inhibition 

[%] 

MAP2K6 
Inhibition 

[%] 

78 acrylamide 99 81 7 12 23 50 

181 haloacetamide 97 81 7 14 36 55 

182 haloacetamide 15 39 9 47 37 21 

183 haloacetamide 89 94 7 18 11 5 

207 acrylate 70 32 56 25 39 37 

208 propiolate 37 25 23 34 33 47 

209 cyano-acrylamide 97 65 12 38 100 94 

210 maleimide 100 100 100 100 100 99 

211 maleimide 97 100 99 100 100 96 

212 acrylamide 20 21 6 51 52 10 

213 acrylate 36 16 8 52 63 7 

214 acrylnitrile 26 16 4 16 7 23 

215 propiolate 34 41 22 55 38 44 

219 isothiocyanate 94 29 11 61 94 40 

220 isothiocyanate 98 99 84 99 100 98 

221 vinyl 0 38 8 61 44 24 

222 acetylene 7 24 4 36 24 11 

223 nitrile 21 18 4 3 15 11 

224 hydrazone 37 14 6 46 48 21 

225 cyanimide 5 37 9 6 27 35 

226 haloacetophenone 79 34 18 75 84 76 

227 epoxide 40 60 9 56 11 26 

228 fluoride 23 54 6 68 73 65 

229 thiol 100 78 68 100 100 99 

230 aldehyde 0 5 4 6 11 20 
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To capture and utilize the information encoded in the inhibition results of the 25 

covalent fragments, we have developed a kinase activity fingerprint. Activity 

fingerprints are traditionally defined for compounds as a vector of affinity/activity 

values on a fixed assay panel.258 However, we applied an orthogonal concept: we 

have characterized the selected kinases representing the major families by their 

activity/reactivity profiles against our set of electrophilic warheads available in the 25 

covalent fragments. The profiles are compared based on their pairwise correlation 

coefficients in the similarity matrix (Appendix Table A7). For reference, the percent 

identity and homology values between the ATP-binding sites (as defined in the KLIFS 

database259,260) of the selected kinases are presented. It is important to note that 

different warhead chemistries represent various degrees of reactivity and different 

transition state/product geometries, while the location and the protein environment of 

the cysteines adds another layer of diversity that also influences the overall results. 

Consequently, we can identify some pairs of kinases where the activity profile 

similarities correlate well with the binding site identities/homologies (e.g. RSK2-MELK 

or ERK2-MAP2K6), but there are also some conflicting cases (e.g. MELK-MAP2K6 or 

BTK-RSK2). While there is no generally observable correlation of the similarity values 

to either the evolutionary distances of the selected kinases or the locations of the 

reactive cysteine residues, these data suggest that intra-branch relationships can be 

implied based on these covalent activity profiles. As a proof-of-concept, we have 

evaluated the activity profile and the percent identity and homology values between 

of the JAK3 ATP-binding site compared to the investigated kinases (Table 5). 

Table 5. Percentage identity, homology, activity profile (fingerprint) similarity calculated for JAK3. 

 Identity
a
 [%] Homology

b
 [%] Fingerprint

c
 [%] 

BTK 45 65 76 

ERK2 36 54 56 

RSK2 40 56 34 

MELK 40 59 58 

MAP2K6 29 48 68 

a
 Sequence identity of the binding site with JAK3 

b
 Sequence homology of the binding site with JAK3 

c
 Activity profile (fingerprint) similarity (correlation coefficient)  
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Identity and homology showed that BTK has the most similar active site to 

JAK3. Furthermore, the experimental results have confirmed that the JAK3 covalent 

activity fingerprint is the most similar to that of the BTK, which is located on the same 

major branch of the kinase phylogenetic tree (Appendix Figure A2). 

2.2.5. DEVELOPMENT OF COVALENT JAK3 INHIBITORS 

Based on the phylogenetic relationship and the similarity of the covalent activity 

fingerprints, we have selected those BTK active warheads, which showed more than 

60% inhibition. As negative control, we additionally selected two BTK inactive 

warheads and the non-covalent acetyl group to investigate the inhibitory activity of 

the core without a warhead capable of forming a covalent bond. Upon analyzing the 

inhibition profiles obtained for the five reference kinases, we concluded that the 

warheads of probes 78 and 181 could provide the best selectivity for the JAK3 

compounds. Covalent labelling of these probes on Cys909 has been confirmed by 

MS/MS studies after digestion of the labelled protein samples. 

We selected the 4-phenyl-pyrrolo[2,3-d]pyrimidine structure as the non-covalent 

scaffold for the designed JAK3 inhibitors. This scaffold is a well-established hinge 

binder that is utilized by many JAK inhibitors,65,70,261,262 providing a synthetically 

feasible option for warhead optimization. Moreover, the scaffold, armed with several 

Michael acceptor and haloacetamide warheads, was recently investigated,262 and the 

acrylamide-functionalized compounds was shown to bind to the JAK3 ATP-site 

covalently through Cys90965. Therefore, in order to have a retrospective validation, 

we have decided to use the most active acrylamide- and chloroacetamide-

functionalized compounds as positive controls in this study. The acrylamide in earlier 

studies have been characterized with limited usefulness, as it provided a poor 

translation between different assays65 or showed moderate selectivity.262 In addition, 

we have chosen the cyanoacrylamide-functionalized 4-phenyl-pyrrolo[2,3-

d]pyrimidine, as well, as it was claimed to have considerable affinity to RSK2.263 

Finally, we synthesized nine compounds for JAK3 (Scheme 1), including the known 

and the potentially covalent JAK3 binders together with the negative controls having 

envisaged the validation of our mapping concept and the identification of new 

warheads providing new promising starting points, as well. 
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Scheme 1. Synthetic routes to covalent JAK3 inhibitors. 

The synthesis was carried out* mostly in two steps starting with the preparation 

of the appropriate intermediates (234-236, Scheme 1a). The intermediates were 

directly synthesized by the Suzuki coupling of 4-chloro-1H-pyrrolo[2,3-d]pyrimidine 

(237) and the properly substituted phenylboronic acids (238-240)65. Compound 241 

was derived from 235 aldehyde and 2-cyano-acetamide (242) by Knoevenagel 

condensation264 (Scheme 1b) and the further six compounds (243-248) were 

consequently synthetized from 234 amine (Scheme 1c) utilizing previously published 

acylation procedures265–268, with the appropriate acylation agents (249-253). 

Finally, we tested the reference and designed compounds against JAK3 (Table 6). 

The results confirmed that the compounds equipped with the already known 

acrylamide (243) and chloroacetamide (244) moieties could be identified successfully 

with corresponding nanomolar or sub-nanomolar activities, while also other warheads 

                                                           
*
 The following 6 compounds were synthezised by Attila Egyed in the Medicinal Chemistry Research 

Group, Research Centre for Natural Sciences: 234, 236 and 244-247. 
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could be considered as JAK3 irreversible inhibitors269. Equipped with the 2-

bromopropionamide (245) and the maleimide (247) warheads, the resulting covalent 

inhibitors displayed low nanomolar inhibitory activities. Covalent labeling of the most 

active compounds (243 and 244) on Cys909 was confirmed by MS/MS proteomics. 

Furthermore, by choosing an appropriate scaffold, we demonstrated the remarkable 

selectivity against BTK, ERK2, RSK2 and MAP2K6, but lower selectivity against 

MELK; this is, however, explained by the result that the non-covalent control (248) 

showed a 3.75-fold lower IC50 against MELK than JAK3. Ruxolitinib, which also 

contains the pyrrolo[2,3-d]pyrimidine hinge-binder moiety, shows micromolar MELK 

activity as well.270 Moreover, in the case of BTK – which has the closest phylogenetic 

relationship with JAK3 – even the weakest compound (245) was 28.6-fold selective 

for JAK3. As it has been described earlier, cyano-acrylamide is a widely used 

warhead against RSK2263,271, and compound 241 showed low micromolar activity 

against RSK2 in other studies, as well. Hence, the moderate selectivity we achieved 

with this warhead is noteworthy. The IC50 value measured (399 nM) is somewhat 

weaker than reported by London et al.263 (42 nM) that can be explained by the 

different assay conditions, i.e. 2 h incubation with the protein versus 1 h performed in 

the Z’-LYTE assay we applied.  

Table 6. JAK3 IC50 values of the designed compounds and inhibition activity as percentage: 

potentially covalent JAK3 binders (236, 241, 243-245, 247), BTK inactive control 

compounds (235 and 246) and a non-covalent control (248). 

Entry 
JAK3 

Activity 
BTK 

Activity 
ERK2 

Activity 
RSK2 

Activity 
MELK 

Activity 
MAP2K6 
Activity 

236 1670 nM 4% -7% 10% 36% 10% 

241 55.9 nM 2940 nM 14% 
399 nM 

(42 nM
263

) 
25.5 nM 281 nM 

243 
< 0.99 nM 

(0.77 nM
262

) 
152 nM 6% 25% 213 nM 2% 

244 
< 0.99 nM 

(1.02 nM
262

) 
61.7 nM 11% 32% 91 nM 18% 

245 10.6 nM 342 nM -1% 15% 216 nM -2% 

247 26.8 nM 768 nM -4% 6% 39% 2% 

235 379 nM 6% -2% 15% 34% 3% 

246 
140 nM 

(>500 nM
262

) 
8% 0% 21% 165 nM -3% 

248 832 nM 2% 2% 27% 222 nM 0% 
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One of the most important findings of this study is that non-covalent interactions 

are not solely responsible for the selectivity and specificity of covalent inhibitors. 

Considering that compounds 235, 236, 241 and 243-248 differ only in their 

electrophilic warheads we found that the warhead chemistry has a major impact on 

the observed selectivity (e.g. JAK3 vs. BTK: 29-153 fold, JAK3 vs. MELK: 0.3-215 

fold). This observation can be rationalized by multiple factors including the different 

reaction mechanisms, transition state and product geometries associated to distinct 

warhead chemistries. Michael reaction (241, 243 and 247) is a reversible conjugate 

nucleophilic addition that follows a stepwise mechanism.272 The practically 

irreversible nucleophilic substitutions (244-246) go through a highly polarized 

transition state.273 Nucleophilic addition of aldehydes (235) to cysteine is a reversible 

reaction that yields hemithioacetals often converted to thioacetals and 1,3-

thiazolidines by water elimination.274 Thiols (236) form a disulfide bond in radical 

oxidation reactions. Formation of the covalent bond between the warhead and the 

targeted cysteine requires the molecular recognition of the reactant, the actual 

transition state complex, the possible intermediates and the product. In addition to 

steric complementarity, the electrostatic protein environment influences the reaction 

between the warhead and the targeted cysteine. The polar environment within the 

binding site favours these reactions by charge localization at the reaction centers.275 

More polarized transition states, however, are stabilized more effectively that yields 

generally lower energy barriers for nucleophilic substitutions as compared to Michael 

additions. Due to similar reasons, conjugate nucleophilic additions usually outperform 

nucleophilic addition to carbonyls. Additionally, we could not rule out the role of 

binding site water molecules. Nucleophilic additions might be less preferred in 

hydrophobic pockets since water-induced polarizing effects make the targeted 

cysteine more resistant to covalent modification. In nucleophilic substitutions, 

however, the attacking electrophile can polarize the targeted cysteine more readily, 

which facilitates the formation of the covalent bond. 

To conclude, we successfully retrieved the already known JAK3 inhibitors 243, 

and 244 in a retrospective manner. In addition, we also identified three novel JAK3 

inhibitors (210, 245 and 247) with low-nanomolar activity prospectively. These results 

suggest that both the electrophilic warhead and the non-covalent scaffold impact the 

activity and the specificity of the TCIs. Our probe library can be useful in other TCI 
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discovery programs for characterizing the targeted cysteine and optimizing the 

warhead, while conventional optimization of non-covalent interactions would provide 

the appropriate recognition pattern of the TCI. Considering the large number of 

kinases with accessible cysteines near their active sites,238 we believe that warhead 

profiling by the approach presented herein would contribute to the identification of the 

best warheads tailored specifically for the target of interest and consequently to the 

discovery of novel covalent inhibitors as tool compounds or starting points for lead 

optimization programs. 

2.3. ISOTHIOCYANATE-BASED FLUORESCENT ANTIBODY LABELLING 

Next, our goal was to demonstrate the impact of specifically tailored warheads 

on the covalent protein modification. Thus, we picked the isothiocyanate warhead 

and focused on the systematic investigation of its pH-dependent reactivity and 

selectivity. Moreover, we were intended to identify structural considerations, either, in 

order to enhance labelling efficiency. Then, the development of a new, cysteine-

selective fluorescent dye with better fluorescence characteristics, enhanced labelling 

efficiency and improved conjugate-stability has been carried out. The fluorescent 

probe was aimed to be applied for the labelling of the human, clinically approved, 

anti-HER2-antibody trastuzumab. 

2.3.1. COMPARATIVE ANALYSIS OF ISOTHIOCYANATE WARHEADS 

First, we investigated the pH-dependent reactivity and selectivity of the 

isothiocyanate warheads. The selected fragment-size model compounds were phenyl 

isothiocyanate (113) and benzyl isothiocyanate (114) (Appendix Figure A1). The 

reactivity of these molecules was evaluated by the kinetic assay previously described 

(Chapter 2.1.1.) at four different pH levels (Table 7) in PBS buffer. In addition, the 

amino acid selectivity was also tested under the same conditions in the NP-based 

selectivity assay. The surrogate reactivity assay suggested considerable thiol-

reactivity for both isothiocyanates, while the reactivity increased parallel with pH. This 

can be rationalized with the larger amount of the thiolate form of SH at higher pH. 

The selectivity assay showed cysteine preference in all cases. Additionally, a trend in 

lysine labelling can be observed, as it is increasing parallel with the pH. This is in line 

with the pH considerations of the cysteine and lysine labelling. 
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Table 7. The pH-dependent reactivity and selectivity of isothiocyanates (113, 114). 

“C” stands for cysteine and “K” stands for lysine 

Compound pH 
Reactivity 
kGSH (

1
/h) 

Selectivity 
NP conversion and 

preferred amino acid 

113 

6.5 3.08 10% C 

7.4 4.25 10% C 

8.0 >13.9 5% C 

9.5 >13.9 15% C 

114 

6.5 1.13 79% C 

7.4 2.12 73% C 

8.0 >13.9 77% C, 5% C+K 

9.5 >13.9 31% C, 24% C+K 

Following the surrogate assays, the reactivity of the two isothiocyanates was 

screened on a set of pharmacologically relevant proteins possessing catalytic and 

non-catalytic cysteines. MurA expressed from Escherichia coli (MurAEC) or 

Staphylococcus aureus (MurASA) the already introduced bacterial enzymes 

responsible for cell wall synthesis,212 while cathepsin B (CatB with endo- and 

exopeptidase activity) and cathepsin X (CatX) are human cysteine proteases.227 In 

addition, we investigated the intrinsically disordered tau protein, which has a 

significant effect in neurodegenerative disorders,276 and the oncogenic mutant 

KRASG12C.277 The inhibition in the cases of MurAs and cathepsins was quantified in a 

functional biochemical assay resulting in remaining activity values (RA%), while for 

the tau and KRASG12C targets we performed a high throughput thiol reactivity assay 

showing the remaining free thiol ratio (FTR%) after covalent labelling (Table 8).278 

Table 8. Protein labelling results of isothiocyanates 113 and 114 measured 

at 500 μM for MurAs and Cats and 200 μM for Tau and KRas G12C. 

 113 114 

MurAEC RA [%] 53 3 

MurASA RA [%] 75 41 

CatB
endo

 RA [%] 100 75 

CatB
exo

 RA [%] 98 18 

CatX RA [%] 67 22 

Tau FTR [%] 60 0 

KRAS
G12C

 FTR [%] 62 14 
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MurA and cathepsins have catalytic cysteines, thus, the measured inhibition is 

in direct relation with labelling. Low free thiol ratios measured for tau and KRASG12C 

would suggest high levels of cysteine labelling. The protein labelling results showed 

that both fragments were able to label different types of proteins, originating either 

from bacteria or human cells; influencing their activity. In addition, one might see that 

a wide range of labelling and biochemical efficiency is covered, thus these ITCs 

cannot be considered as promiscuous agents. Notably, benzyl isothiocyanate (114) 

was found to be more effective in all cases tested, in some cases even being 

effective on proteins not labelled by ITC 113. As mentioned earlier, the labelling of 

catalytic cysteines is in direct relation with the inhibition. On the contrary, for tau and 

KRASG12C covalently binding to the targeted cysteines had to be proven. Therefore, 

we have confirmed the covalent labelling of tau by MS and the modification of Cys12 

in KRASG12C by 15N-HSQC NMR measurement. In details, with tau we identified 

double labelling on the available cysteines Cys291 and Cys322 with fragment 114, 

while labelling with isothiocyanate 113 showed only partial labelling. In the case of 

KRASG12C, based on the relative integrals of the NMR spectrum, we could observe 

significantly higher conversion with fragment 114 (54% with 113 and 98% with 114). 

These semi quantitative results obtained by MS and NMR analytics are in line with 

the results of the thiol reactivity assay. Altogether, after these protein measurements, 

we considered the benzyl-isothiocyanate warhead a more effective one compared to 

its phenyl analogue. 

Next, we focused on the antigen-binding fragment (Fab) of the anti-HER2 

antibody trastuzumab. The interchain disulfide bridge of Fab was reduced with TCEP 

to liberate two free solvent-accessible cysteines. Subsequently, pH-dependent 

labelling assays were performed in PBS buffer at pH 6.5 and 8.0 with 1000-fold 

excess of each isothiocyanate. This high excess of reagent was employed to provide 

forcing conditions under which selectivity could be determined with confidence. It was 

postulated that if a molecule did not react with lysines under these stringent 

conditions, we could safely assume it is unreactive towards amine groups at the 

analysed pH level. The samples were analysed by HPLC-MS and the results are 

shown in Table 9. 
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Table 9. The pH-dependent modification of reduced trastuzumab Fab by isothiocyanates 113 and 114 

measured at 1000-fold excess. LC and HC refer to the light chain and heavy chain of the Fab and 

yield of labelling was determined for the observed labelled/unlabelled LC/HC agents, respectively 

Entry pH = 6.5 pH = 8.0 

113 no modification* 
11% single mod. on LC 

13% single mod. on HC 

114 
100% single mod. on LC 100% single mod. on LC 

100% single mod. on HC 100% single mod. on HC 

* In this experiment, a significant amount of the reconjugated Fab 
was observed, however, the full reduction was confirmed before, 
suggesting no bioconjugation under the corresponding time frame. 

Phenyl isothiocyanate (113) showed no significant labelling under any 

conditions applied. On the contrary, benzyl isothiocyanate labelled the reduced Fab 

completely both at pH = 6.5 and 8.0. Additionally, in order to assess whether any 

lysine modification occurred, benzyl isothiocyanate (114) was incubated with native 

Fab. We obtained no labelling at pH = 6.5 or 8.0, both, suggesting that the strong 

reactivity with reduced Fab is derived from the selective labelling of cysteines. 

2.3.2. DEVELOPMENT OF AN ISOTHIOCYANATE-EQUIPPED FLUORESCENT DYE 

The observed differences in the reactivity of isothiocyanates 113 and 114 

suggested that modifying a phenyl isothiocyanate type fluorescent dye to the 

corresponding benzyl isothiocyanate would improve the labelling efficiency. Thus, we 

selected fluorescein isothiocyanate (FITC, 66), a commonly used fluorescent 

labelling agent, and designed its benzylic analogue, the 2-[6-hydroxy-3-oxo-3H-

xanthen-9-yl]-5-(isothiocyanatomethyl)-benzoic acid (FBITC, 254). 

 

Scheme 2. Synthetic route to prepare fluorescein-benzyl-isothiocyanate (254). 
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Synthesis* of fluorescein-benzyl-isothiocyanate (254) has been started from 4-

methyl-phthalic acid (255), which was heated together with resorcinol (256) at 200 °C 

overnight, generating the methyl-fluorescein core (257) in good yield. The reaction 

resulted in two regioisomers, as the methyl group of the phthalic acid could end up in 

positions 4 or 5. These were not separated at this stage. Following an acetylation of 

the phenolic OH groups with refluxing acetic anhydride, the resulted 258 intermediate 

was brominated at room temperature, in order to keep the selectivity for the mono-

bromination (259), by NBS in the presence of AIBN. The removal of the acetyl groups 

and the substitution of the bromine to an amino function were accomplished smoothly 

in one step using concentrated aqueous ammonia at 35 °C resulting the 260 

precursor of the target dye (254). Finally, the amine was converted to isothiocyanate 

by reacting 260 with 1,1′-thiocarbonyldi-2(1H)-pyridone (261), and the regioisomers 

were separated by preparative HPLC resulting in FBITC 254. 

 

Figure 26. Fluorescent characterization of 66 and 254 dyes. a) Absorbance 

and b) fluorescence spectrum at different pH levels (6.5 and 8.0). 

The spectrophotometric properties† of FBITC (254) were compared to that of 

FITC (66) by investigating them at different pH-values (6.5 and 8.0) (Figure 26). In 

particular, both compounds showed larger absorbance at pH = 8.0 with only a slight 

difference between 66 and 254. More importantly, a significant improvement in 

fluorescence intensity was observed for compound 254 at both pH values. This 

finding has been confirmed by the comparative analysis of molar absorption 

                                                           
*
 The synthesis of the BFITC (254) fluorescent dye was carried out by Péter Ábrányi-Balogh and Péter 

Szijj in the Medicinal Chemistry Research Group, Research Centre for Natural Sciences. 

†
 The fluorescent spectometry measurements were performed by Dénes Sóvári in the Medicinal 

Chemistry Research Group, Research Centre for Natural Sciences. 
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coefficients, quantum yields and emitted brightness (Appendix Table A8), either. 

Furthermore, photostability was also evaluated and we found that FBITC (254) 

performs the same as FITC (66) (Appendix Table A9). 

The evaluation of FBITC (254) suggested that this new dye might show 

improved characteristics in fluorescent labelling of proteins compared to FITC (66). 

Thus, the pH-dependent reactivity of dyes 66 and 254 was tested on the Fab region 

of trastuzumab (Table 10). Labelling of the reduced Fab was performed in PBS buffer 

at pH = 6.5 and pH = 8.0 applying a lower, ten-fold excess of the isothiocyanates as 

these larger dyes are more expensive to manufacture than the fragment-sized ITC 

molecules tested before (113 and 114). Gratifyingly, the reaction proceeded well 

under these milder conditions. FITC (66) labelled the reduced Fab moderately at both 

pH values and showed only slight labelling on the native Fab at pH = 8.0. On the 

contrary, FBITC (254) reacted with high efficacy with the reduced Fab at both pHs 

and showed cysteine selective modification as no or minimal labelling of native (non-

reduced) Fab was observed at pH 6.5 and 8.0, respectively (Table 10). 

Table 10. pH-dependent modification of reduced trastuzumab Fab by isothiocyanates 66 and 254. 

LC and HC refer to the light chain and heavy chain of the Fab and yield of labelling 

was determined for the observed labelled/unlabelled LC/HC agents, respectively 

 Reduced Fab Native Fab 

 pH = 6.5 pH = 8.0 pH = 6.5 pH = 8.0 

66 

LC: 41% 
single mod. 

LC: 57% 
single mod.* 

no mod. 21% single mod. 
HC: 36% 

single mod. 
HC: 64% 

single mod.* 

254 

LC: 89% 
single mod. 

LC: 100% 
single mod. 

no mod. 8% single mod. 
HC: 100% 
single mod. 

HC: 100% 
single mod. 

* In this experiment, a significant amount of the reconjugated Fab was observed, 
however, the full reduction was confirmed before, suggesting partial bioconjugation. 

Checking FBITC (254) as an irreversible labelling agent, the stability of its Fab 

conjugate was tested by HPLC-MS in a time range of 24 h. The conjugation has 

been performed at pH = 8.0, followed by buffer exchange of the construct to pH = 7.4 

PBS. Stability measurements (Figure 27) were performed with acidic and basic pH-

shift, as well, to test pH-dependent cleavability of the dye 254 labelled LC/HC. In 
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addition, we also performed stability measurements of the labelled Fab chains in the 

presence of 5 μM GSH.279 The samples were kept at room temperature in all cases. 

The labelling ratios were calculated by the deconvoluted spectra peak intensity of the 

labelled LC/HC in proportion to the cumulative intensity of labelled and unlabelled 

LC/HC. After 24 h no significant changes in the labelling were observed, thus, we 

concluded that pH-shift and thiol excess had no effect on the stability of the labelled 

LC/HC. 

 

Figure 27. Stability of 254-labelled reduced Fab measured by LC-MS/MS in different pH conditions. 

Labelled LC/HC was incubated in acidic (pH = 6.8), physiologic (pH = 7.4) and basic (pH = 8.0) 

conditions and additionally at pH = 7.4 with GSH (5μM). 

The labelling efficiency and the stability of the conjugate suggested that FBITC 

(254) might be a useful tool for labelling full antibodies. Considering that reduced Fab 

has two free cysteines, but the full antibody has eight in its reduced form, the excess 

of the dyes was increased to 40 equivalents for the labelling experiment with 

trastuzumab. The conjugation was completed in PBS buffer at pH = 8.0 with both 

FITC (66) and FBITC (254). Efficient labelling was confirmed by LC-MS, then the 

preserved biological function of trastuzumab was tested by flow cytometry on HER2+ 

cells (Figure 28). Treating SKBR-3 cells with FITC (66) labelled antibody did not 

cause noteworthy change (median shift: 1500) compared to the autofluorescence 

(median shift: 1428), while the fluorescent signal for the 254-labelled antibody shifted 

significantly suggesting better fluorescent labelling efficacy (median shift: 3405). We 

can conclude that the bioconjugation preserves the biological function of the antibody 

and that FBITC (254) is a significantly better labelling reagent than FITC (66) under 

these conditions. 
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Figure 28. Results of flow cytometry measurements on a) HER2- and b) HER2+ cells with 66- and 

c) with 254-labelled trastuzumab. The colours are as follows: red for negative control to test 

autofluorescence, blue for FITC (66) dye labelled and green for FBITC (254) labelled trastuzumab. 

Even though FITC is a commonly used reagent for lysine labelling of proteins, 

we envision that cysteine labelling may be advantageous in some cases. Lysine 

labelling will always result in a heterogeneous mixture of conjugates due to the large 

number of surface accessible lysines of the antibody, and this reduces reproducibility 

and batch-to-batch consistency. In contrast, on a reduced antibody the maximum 

number of eligible cysteines is 8, and thus full modification to produce a more 

homogeneous product is feasible. But even with a fluorophore-antibody ratio (FAR) of 

lower than 8, the product will be far less heterogeneous due to the much lower 

number of possible attachment sites (8 as opposed to ~50). Furthermore, as lysine 

modification is usually carried out at higher pH of 9-11, and indeed, our data shows 

that minimal lysine-modification of trastuzumab by FITC (66) was observed at pH 8, 

for base-sensitive proteins the milder cysteine-selective protocol reported here would 

be advantageous. 

As a methodological and conceptual improvement, here a covalent fragment-

based screening approach was used to fine-tune the specific reactivity of the 

cysteine-reactive isothiocyanate warhead, leading to the development of an improved 

fluorophore (FBITC 254). We believe a similar approach could be used to develop 

further protein-modification tools and, in addition, the fluorescent dye (FBITC 254) 

and the corresponding protocol, we developed, can be a useful tool of chemical 

biology. 
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CHAPTER 3 – EXPERIMENTAL SECTION 

3.1. GENERAL METHODS 

Instruments and General Information 

1H and 13C NMR spectra were recorded in DMSO-d6 or CDCl3 solution at room 

temperature, on a Varian Unity Inova 500 spectrometer (500 MHz for 1H NMR 

spectra and 125 MHz for 13C NMR spectra), with the deuterium signal of the solvent 

as the lock and TMS as the internal standard. Chemical shifts (δ) and coupling 

constants (J) are given in ppm and Hz, respectively. HPLC-MS measurements were 

performed using a Shimadzu LC-MS-2020 device equipped with a Reprospher-100 

C18 (5 µm; 100×3mm) column and positive-negative double ion source (DUIS) with 

a quadrupole MS analyzator in a range of 50-1000 m/z. Sample was eluted with 

gradient elution using eluent A (0.1% formic acid in water) and eluent B (0.1% formic 

acid in acetonitrile). Flow rate was set to 1 mL/min. The initial condition was 0% B 

eluent, followed by a linear gradient to 100% B eluent by 1 min, from 1 to 3.5 min 

100% B eluent was retained; and from 3.5 to 4.5 min back to initial condition with 5% 

B eluent and retained to 5 min. The column temperature was kept at room 

temperature and the injection volume was 1-10 µL. Purity of compounds was 

assessed by HPLC with UV detection at 254 nm; all tested compounds were >95% 

pure. High resolution mass spectrometric measurements were performed using a Q-

TOF Premier mass spectrometer (Milford, MA, USA) in positive or negative 

electrospray ionization mode. Reactions were monitored with Merck silica gel 60 F254 

TLC plates (Darmstadt, Germany). All chemicals and solvents were used as 

purchased from commercial suppliers. The column chromatography purifications 

were performed using Teledyne ISCO CombiFlash Lumen+ Rf. For buffer media 

exchange GE Healthcare PD SpinTrap™ G-25 desalting column was used. 

Local Electrophilicity (Local EPI) calculations 

Full geometry optimizations and frequency analyses of DFT calculations were 

carried out in implicit aqueous solution at the B3LYP/6-311++G(2d,2p) level of theory 

using the Gaussian 09 software.280 Chemical descriptors were calculated from the 

optimized structures as described in the literature.94,245 
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Thiol reactivity and aqueous stability assay 

For thiol reactivity assay 500 μM solution of the investigated fragment (in PBS 

buffer pH = 7.4, 10% acetonitrile, 250 μL) with 200 μM solution of indoprofen as 

internal standard was added to 10 mM solution of the cysteine surrogate (e.g. GSH) 

(dissolved in PBS buffer, 250 μL) in 1:1 ratio. The final concentration was 250 μM 

fragment, 100 μM indoprofen, 5 mM thiol model compound and 5% acetonitrile (in 

500 μL). The final mixture was analyzed by HPLC-MS after 0, 1, 2, 4, 8, 12, 24, 48, 

72 h time intervals. Degradation kinetics were also investigated using the previously 

described method, respectively, applying pure PBS buffer instead of the thiol 

surrogate solution. In these experiments the final concentration of the mixture was 

250 μM fragment, 100 μM indoprofen and 5% acetonitrile (in 500 μL). The AUC (area 

under the curve) values were determined via integration of HPLC spectra then 

corrected according to the internal standard. The fragments’ AUC values were 

applied for ordinary least squares (OLS) linear regression and for computing the 

important parameters (kinetic rate constant, half-life time) a programmed excel 

(Visual Basic for Applications) was set for and utilized. The data are expressed as 

means of duplicate determinations, and the standard deviations were under 10%. 

The calculation of the kinetic rate constant for the degradation and corrected GSH-

reactivity is the following. Reaction half-life for pseudo-first order reactions is 

t1/2 = ln2/k, where k is the reaction rate. In the case of competing reactions (reaction 

with GSH and degradation), the apparent rate for the consumption of the starting 

compound is kapp = kdeg + kGSH. When measuring half-lives experimentally, the 

t1/2(app) = ln2/(kapp) = ln2/(kdeg + kGSH). In our case, the corrected kdeg and kapp 

(regarding to blank and GSH containing samples, respectively) can be calculated by 

linear regression of the data points of the kinetic measurements. The corrected kGSH 

is calculated by kapp – kdeg, and finally half-life time is determined using the equation 

t1/2(GSH) = ln2/kGSH. 

Oligopeptide selectivity assay 

For nonapeptide assay 2 mM solution of the fragment (in PBS buffer pH = 7.4 

with 20% acetonitrile) was added to 200 μM nonapeptide solution (in PBS buffer 

pH = 7.4) in 1:1 ratio. The final assay mixture contained 1 mM fragment, 100 μM 

peptide and 10% acetonitrile (in 100 μL). The samples were incubated at room 
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temperature overnight. Information Dependent Acquisition (IDA) LC-MS/MS 

experiment was used to identify, whether the fragment binding was specific to thiol 

residues or not. Enhanced MS scan was applied as survey scan and enhanced 

product ion (EPI) was the dependent scan. The collision energy in EPI experiments 

was set to 30 eV with collision energy spread (CES) of 10 V. The identification of the 

binding position of the fragments to the nonapeptide was performed by GPMAW 4.2. 

software. Relative quantitation of the nonapeptide – fragment covalent conjugates 

was calculated from the total ion chromatograms (based on peak area). 

KRASG12C and tau analysis by Ellman’s assay 

The Ellman’s assay was performed by Kinga Nyíri from Research Centre for 

Natural Sciences Genome Metabolism Research Group as described in P3281 

publication on page 14933. 

Preparation and reduction of trastuzumab Fab 

The preparation and the reduction of trastuzumab Fab were performed by Peter 

Szijj and Vijay Chudasama at the University College London, as described in P3281 

publication on page 14934. 

3.2. BIOCHEMICAL ASSAY METHODS 

MurA biochemical assay282 

The assay was performed by Martina Hrast at the University of Ljubljana, as 

described in P1283 publication on page 105. 

Cathepsin B and X biochemical assays 

The assay was performed by Ursa Pecar Fonovic at the University of Ljubljana, 

as described in P1283 publication on page 105.  

Thrombin biochemical assays 

The assay was performed by Janez Ilas at the University of Ljubljana, as 

described in P1283 publication on page 105. 
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MAO-A and MAO-B biochemical assay* 

The effects of the test compounds on MAO-A and MAO-B were investigated 

using a fluorimetric assay, following a previously described literature method.284 The 

inhibitory potency of the compounds was evaluated by their effects on the production 

of hydrogen peroxide (H2O2) from p-tyramine. The production of the H2O2 was 

detected using Amplex Red reagent in the presence of horseradish peroxidase, 

where a highly sensitive fluorescent product, resorufin, is produced at stoichiometric 

amounts. Recombinant human microsomal MAO-A and MAO-B enzymes expressed 

in baculovirus infected insect cells (BTI-TN-5B1-4), horse-radish peroxidase (type II, 

lyophilized powder), and p-tyramine hydrochloride were obtained from Sigma Aldrich. 

10-Acetyl-3,7-dihydroxyphenoxazine (Amplex Red reagent) was synthesized as 

described in the literature.285 Briefly, 100 µL 50 mM sodium phosphate buffer 

(pH = 7.4, 0.05% [v/v] Triton X-114) containing the compounds and MAO-A/B were 

incubated for 30 min at 37 °C in a flat-bottomed black 96-well microplate. After the 

pre-incubation (30 min for the screening), the reaction was started by adding the final 

concentrations of 200 µM Amplex Red reagent, 2 U/mL horseradish peroxidase, and 

1 mM p-tyramine (final volume, 200 µL). The production of resorufin was quantified 

on the basis of the fluorescence generated (λex = 530 nm, λem = 590 nm) at 37 °C 

over a period of 30 min, during which time the fluorescence increase linearly. For 

control experiments, DMSO was used instead of the appropriate dilutions of the 

compounds in DMSO. To determine the blank value (b), phosphate-buffered solution 

replaced the enzyme solution. The initial velocities were calculated from the trends 

obtained, with each measurement carried out in duplicate. The specific fluorescence 

emission to obtain the final result was calculated after subtraction of the blank activity 

(b). The inhibitory potencies are expressed as the residual activities 

(RA = (vi – b) / (vo – b), where vi is the velocity in the presence of the test compounds, 

and v0 the control velocity in the presence of DMSO. The IC50 values were 

calculated) using GraphPad Prism v8.0 software. The results are mean ± SEM of 

three independent experiments, each performed in duplicate. 

  

                                                           
*
 The biochemical assays of MAOs were performed by Damijan Knez at the University of Ljubljana. 
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HDAC8 biochemical assay* 

Enzyme activity assay was executed in assay buffer (25 mM Tris-HCl pH = 8.0, 

50 mM NaCl and 0.001% (v/v) Pluronic F-68) in black half area 96-well microplates 

(Greiner Bio-One, Germany). For the initial screening 10 nM HDAC8 was pre-

incubated with 250 µM of the indicated compounds for 2 h at 30 °C. For IC50 

determination 10 nM HDAC8 was pre-incubated with a serial dilution of the indicated 

compounds for 1 h and with varying times for the time dependent IC50 curves. The 

enzyme reaction was initiated by the addition of 20 µM Boc-Lys(TFA)-AMC (Bachem, 

Switzerland). After substrate conversion at 30 °C for 1 h the reaction was stopped by 

adding 1.67 µM suberoylanilide trifluoromethylketone (SATFMK). The deacetylated 

substrate was cleaved with 0.42 mg/mL trypsin to release fluorescent 7-amino-4-

methylcoumarin (AMC), which was detected with a microplate reader (PHERAstar FS 

or BMG LABTECH) with fluorescence excitation at 360 nm and emission at 460 nm. 

IC50 values were calculated by generating dose-response curves in GraphPad Prism 

6 and fitting those to a 4-parameter logistic model. 

Immunoproteasome (β5i) biochemical assay 

The biochemical assay and IC50 were performed by Izidor Sosic at the 

University of Ljubljana, as described in Scarpino et al.286 publication on page 8. 

Kinase activity assays (JAK3, BTK, ERK2, RSK2, MELK, MAP2K6)† 

Fragments 78, 181-183, 207-230 and compounds 232, 233, 238 and 240-245 

were tested at 100 μM and 1 μM respectively, in duplicate data points with the Z′-

LYTE kinase inhibition assay (Life Technologies). The assay employs a 

fluorescence-based format and is based on the different sensitivity of phosphorylated 

and non-phosphorylated peptides to proteolytic cleavage. A suitable peptide 

substrate is labelled with two fluorophores, forming a FRET pair. After 1 h 

preincubation at room temperature with the compounds the peptide substrate was 

added, and the mixture was incubated an additional hour. Any peptide that was not 

phosphorylated by the kinase is cleaved, disrupting the resonance energy transfer 

                                                           
*
 The biochemical assay of HDAC8 was performed by Niklas Jänsch and Franz-Josef Meyer-Almes at 

the Darmstadt University of Applied Sciences. 

†
 The biochemical assays of the investigated kinases were executed by Life Technologies Ltd. 
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between the FRET pair. The reaction progress is quantified based on the ratio of the 

detected emission at 445 nm (coumarin) and 520 nm (fluorescein), i.e. the ratio of 

cleaved vs intact peptide. More detailed description of the assay is available on the 

website of Life Technologies287. IC50 values were determined from 10 points titration 

measurements using the SelectScreen™ Biochemical Kinase Profiling Service 

available at Life Technologies. 

3.3. PROTEIN LABELLING METHODS 

Protein labelling for MurA MS/MS proteomics 

The experiments were executed as described in P1283 publication on page 105. 

Protein labelling for MAO-A MS/MS proteomics 

Human recombinant MAO-A (52 μM nominal concentration) in 50 mM sodium 

phosphate buffer at pH 7.8 together with 300 mM NaCl, 20 mM imidazole, 0.05% 

FOS-choline-12 and 40% glycerol was used for the labelling. The enzyme was 

expressed in Pichia pastoris and purified following published protocols.288 The 

MAO-A sample was quickly thawed from –78 °C to 37 °C, and centrifuged (5 min at 

10000 rpm) in order to remove the aggregated protein. MAO-A was buffer exchanged 

to 50 mM K3PO4 at pH 7.5 together with 0.25% Triton X-100289 and stored on ice. 

The electrophilic fragments were added in 0.5 µL DMSO (100 mM) to a 50 µL of the 

enzyme solutio. The samples were incubated at 4 °C for 24 h. 

Protein labelling for HDAC8 MS/MS proteomics* 

For covalent labelling 25 µM HDAC8 was treated with 250 µM of the covalent 

probes for 1 h at 30 °C in assay buffer as described above. The protein was then 

precipitated by the addition of 10% TCA and afterwards centrifuged at 18000 g for 

15 min. The supernatant was removed, and dry pellet was diluted in buffer (50 mM 

NH4HCO3, pH = 7.8). 

 

                                                           
*
 The labelling experiments of HDAC8 were performed by Niklas Jänsch at the Darmstadt University 

of Applied Sciences. 
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Protein labelling for immunoproteasome (β5i) MS analysis 

For the immunoproteasome labelling experiments, isolated β5i subunit was 

purchased from ProSpec-Tany TechnoGene Ltd,290 as 22 μM solution in 20 mM Tris-

HCl buffer (pH = 8.0), with 0.4 M urea and 10% glycerol. The peptide solution was 

filtered through a G25 column and the medium was changed to 50 mM Tris 

(pH = 7.4) with 0.5 mM EDTA and 0.01% SDS. Fragments were added from a 

100 mM DMSO stock diluted in the labelling solution to 1 mM. The samples were 

kept at 37 °C for 5 h, then at room temperature for further 12h. Finally, the samples 

were purified on a G25 column. 

Protein labelling for JAK3 MS/MS proteomics 

50 μL of the 12 μM JAK3 (purchased from MyBioSource Inc.291) stock solution 

in 20mM Tris at pH 8.0 with 150 mM NaCl and 2 mM MnCl2, was treated with 1 μL 

solution of the covalent probes from a 100 mM DMSO stock solution, then the 

mixture was incubated at room temperature for 2 h. 

Protein labelling for tau MS analysis 

The labelling experiments were performed as described in P3281 publication on 

page 14933. 

Protein labelling for trastuzumab Fab MS analysis 

The labelling experiments were performed as described in P3281 publication on 

page 14934. 

Protein labelling for trastuzumab MS analysis 

The labelling experiments were performed by Peter Szijj and Vijay Chudasama 

at the University College London, as described in P3281 publication on page 14934. 
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3.4. ANALYTICAL METHODS 

General procedure for digestion and MS/MS proteomics analysis* 

After the labelling was completed, 50 μL of the sample and 10 μL 0.2% (w/v) 

RapiGest SF (Waters, Milford, USA) solution buffered with 50 mM ammonium 

bicarbonate were mixed (pH=7.8) and 3.3 μL of 45 mM DTT in 100 mM NH4HCO3 

were added and kept at 37.5 °C for 30 min. After cooling the sample to room 

temperature, 4.16 μL of 100 mM iodoacetamide in 100 mM NH4HCO3 were added 

and placed in the dark at room temperature for 30 min. The reduced and alkylated 

protein was then digested by 10 μL (1 mg/mL) trypsin (the enzyme-to-protein ratio 

was 1:10) (Sigma, St Louis, MO, USA). The sample was incubated at 37 °C for 

overnight. To degrade the surfactant, 7 μL of formic acid 

(500 mM) solution was added to the digested protein sample to obtain the final 

40 mM concentration (pH ≈ 2) and was incubated at 37 °C for 45 min. For LC-MS 

analysis, the acid treated sample was centrifuged for 5 min at 13 000 rpm. QTRAP 

6500 triple quadruple – linear ion trap mass spectrometer, equipped with a Turbo V 

source in electrospray mode (AB Sciex, CA, USA) and a Perkin Elmer Series 200 

micro LC system (Massachusetts, USA) was used for LC-MS/MS analysis. Data 

acquisition and processing were performed using Analyst software version 1.6.2 (AB 

Sciex Instruments, CA, USA). Chromatographic separation was achieved by using 

the Vydac 218 TP52 Protein & Peptide C18 column (250 mm × 2.1 mm, 5 μm). The 

sample was eluted with a gradient of solvent A (0.1% formic acid in water) and 

solvent B (0.1% formic acid in ACN). The flow rate was set to 0.2 mL/min. The initial 

conditions for separation were 5% B for 7 min, followed by a linear gradient to 90% B 

by 53 min, from 60 to 63 min 90% B is retained; from 64 to 65 min back to the initial 

conditions with 5% eluent B retained to 70 min. The injection volume was 10 μL 

(300 pmol on the column). Information Dependent Acquisiton (IDA) LC-MS/MS 

experiment was used to identify the modified tryptic peptide fragments. Enhanced MS 

scan (EMS) was applied as survey scan and enhanced product ion (EPI) was the 

dependent scan. The collision energy in EPI experiments was set to rolling collision 

energy mode, where the actual value was set on the basis of the mass and charge 

                                                           
*
 The mass spectometry analysis was performed by Tímea Imre Research Centre for Natural 

Sciences MS Metabolomics Research Group. 
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state of the selected ion. Further IDA criteria: ions greater than: 400.000 m/z, which 

exceeds106 counts, exclude former target ions for 30 seconds after 2 occurrence(s). 

In EMS and in EPI mode the scan rate was 1000 Da/s as well. Nitrogen was used as 

the nebulizer gas (GS1), heater gas (GS2), and curtain gas with the optimum values 

set at 50, 40 and 40 (arbitrary units). The source temperature was 350 °C and the ion 

spray voltage set at 5000 V. Declustering potential value was set to 150 V. GPMAW 

4.2 software and ProteinProspector292 was used to analyse the large number of MS-

MS spectra and identify the modified tryptic digested peptides. 

STD NMR analysis of MurA* 

The 1H STD NMR spectra were recorded on Bruker Avance Neo 600 MHz 

(NMR Center, National Institute of Chemistry, Slovenia), using cryoprobe, at 25 °C. 

The pulse sequences provided in the Bruker library of pulse programmes were used. 

The samples were prepared in 90% D2O/ 10% DMSO-d6 buffer containing 20 mM 

Tris-d11, 150 mM NaCl, and 49 μM dithiothreitol-d10; pD 7.4. Substrate UNAG was 

added at an enzyme:substrate ratio of 1:5. All the spectra were recorded at an 

enzyme:ligand ratio of 1:100. The enzyme concentration was 4 μM, and the ligand 

concentration was 0.4 mM. STD experiments were performed with a 6250 Hz 

spectral width, a saturation time of 2 s, a relaxation delay of 2 s, and 480 scans. 

Selective saturation was achieved by a train of 50 ms long Gauss-shaped pulses 

separated by a 1 ms delay. Water was suppressed via excitation sculpting. The on-

resonance selective saturation of the enzyme was applied at –0.42 ppm. The off-

resonance irradiation was applied at 30 ppm for the reference spectrum. 

General procedure for intact protein MS analysis† 

The molecular weights of the conjugates of IPS B5i were identified using a 

Triple TOF 5600+ hybrid Quadrupole-TOF LC/MS/MS system (Sciex, Singapore, 

Woodlands) equipped with a DuoSpray IonSource coupled with a Shimadzu 

Prominence LC20 UFLC (Shimadzu, Japan) system consisting of binary pump, an 

autosampler and a thermostated column compartment. Data acquisition and 

processing were performed using Analyst TF software version 1.7.1 (AB Sciex 

                                                           
*
 The measurements were performed by Simona Golic at the University of Ljubljana. 

†
 The mass spectometry analysis was performed by Tímea Imre Research Centre for Natural 

Sciences MS Metabolomics Research Group. 
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Instruments, CA, USA). Chromatographic separation was achieved on a Thermo 

Beta Basic C8 (50 mm × 2,1mm, 3 µm, 150 Å) HPLC column. Sample was eluted in 

gradient elution mode using solvent A (0.1% formic acid in water) and solvent B 

(0.1% formic acid in ACN). The initial condition was 20% B for 1 min, followed by a 

linear gradient to 90% B by 4 min, from 5 to 6 min 90% B was retained; and from 6 to 

6.5 min back to initial condition with 20% eluent B and retained from 6.5 to 9.0 min. 

Flow rate was set to 0.4 mL/min. The column temperature was 40 °C and the 

injection volume was 5 µl. Nitrogen was used as the nebulizer gas (GS1), heater gas 

(GS2), and curtain gas with the optimum values set at 30, 30 and 35 (arbitrary units), 

respectively. Data were acquired in positive electrospray mode in the mass range of 

m/z=300 to 2500, with 1 s accumulation time. The source temperature was 350 °C 

and the spray voltage was set to 5500 V. Declustering potential value was set to 80 

V. Peak View SoftwareTM V.2.2 (version 2.2, Sciex, Redwood City, CA, USA) was 

used for deconvoluting the raw data to obtain the neutral molecular masses. 

KRASG12C analysis by 19F and 15N-HSQC NMR* 

NMR measurements for testing binding compounds to KRASG12C-GDP protein 

were carried out on a Bruker Avance III 700 MHz spectrometer equipped with a 

5-mm Prodigy TCI H&F-C/N-D, z-gradient probehead operating at 700.05 MHz for 

1H and 70.94 MHz for 15N and 658.71 MHz for 19F nuclei. Spectra were recorded at 

298 K. TFA standard solution contained 0.1% trifluoroacetic acid in H2O. For NMR 

samples the compounds were dissolved in DMSO in 12 mM concentration. To obtain 

reference 19F-NMR spectra free molecules (without protein) were measured in PBS 

buffer (pH 7.4), 5 mM MgCl2, 10% D2O and 5% BTF-stock solution (in DMSO) and 

0.2% TFA standard solution (1 µL in 500 µL NMR sample) and for the protein 

(without covalent fragments) were measured in 15N-labeled KRASG12C[1-169] 

(catalytic domain) mutant in 0.2 mM concentration, 5 mM GDP, 10 mM EDTA, 15 mM 

MgCl2 in PBS buffer (pH 7.4), 10% D2O, 5% DMSO and 1% DSS standard. NMR 

samples for binding tests contained 15N-labeled KRASG12C[1-169] in 0.2 mM 

concentration, 5% BTF-stock solution (in DMSO, the final concentration of the 

compound is 0.6 mM), 2–3 mM GDP, 3-5 mM EDTA, 8–10 mM MgCl2 in PBS buffer 

(pH 7.4), 10% D2O and 0.2% TFA standard solution (1 µL in 500 µL NMR sample). In 

                                                           
*
 The NMR measurements were performed by Gyula Pálfy at the Eötvös Loránd University. 
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binding tests 1D 19F-NMR (NS = 4), 1D 1H-NMR (NS = 64) and 2D 1H,15N-SOFAST-

HMQC (NS = 64) spectra were performed subsequently immediately after mixing (i.e. 

0.3–1 h) and after 1 day incubation (22–28 h) at room temperature. In case of those 

molecules which half lives in PBS + 5% DMSO buffer were shorter than 24 h 

according to HPLC measurements, the incubation time was a minimum of 10 times 

longer than the (estimated) half-life if shorter than 1 day. To obtain reference signals 

for free molecules, 19F-NMR spectra were performed with the same parameters as in 

the binding test after a minimum of 3–4-fold half-life time incubation and for the free 

protein a 2D 1H,15N-SOFAST-HMQC spectrum were used. Sequence specific 

assignment of HN and N in the bound KRASG12C spectra were transferred from 

previous results.293 All 1H chemical shifts were referenced to the DMSO peaks (which 

were calibrated to DSS resonance before in free protein measurements) as DSS 

were not added to avoid any side reactions with the limited amount of small 

molecules. 15N chemical shift values were referenced indirectly using the 

corresponding gyromagnetic ratios according to IUPAC convention. 19F chemical 

shifts were referenced to the TFA signal corresponding to its CF3 group. All spectra 

were processed with Bruker TOPSPIN. Binding was confirmed in every case by both 

19F- and SOFAST-HMQC spectra. Based on the assignment of SOFAST-HMQC 

spectra of KRASG12C-GDP, the cysteines modified covalently by the probes were 

determined as well. 

3.5. SYNTHETIC PROCEDURES 

Nonapeptide (NP) synthesis and purification* 

The nonapeptide was produced on solid phase (Fmoc-Rink Amide MBHA, 

capacity = 0.71 mmol/g) resin in an automated peptide synthesizer (Syro-I, Biotage) 

using standard Fmoc/tBu strategy with DIC/HOBt coupling reagents. Peptide was 

cleaved from the resin with TFA/H2O/TIS (9.5 : 2.5 : 2.5 v/v) mixture (2 h, 25 °C). 

After filtration the compound was precipitated in cold diethyl ether, centrifuged 

(4000 rpm, 5 min) and freeze-dried from water. Crude product was purified by RP-

HPLC on a semipreparative C-18 Phenomenex Jupiter column (250×10 mm) using 

gradient elution, consisted of 0.1% TFA in water (eluent A) and 0.1% TFA in 

                                                           
*
 The peptide synthesis was carried out by Kata Horváti at the Eötvös Loránd University. 
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acetonitrile/water 80/20 (v/v) (eluent B). Purified peptide was analysed by RP-HPLC 

on an analytical C-18 Nucleosil (3 µm, 120 Å, 120×4.6 mm) HPLC column using 

gradient elution with the above mentioned eluent A and B (flow rate was 1 mL/min, 

gradient was 5% B, 2 min, 5 → 100 B%, 20 min, UV detection at λ = 220 nm). 

Retention time was 11.6 min. Molecular mass of the peptide was determined by 

using a Bruker Esquire 3000+ ESI mass spectrometer. Peptide samples were 

dissolved in a 1/1 mixture of acetonitrile/water (v/v) containing 0.1% acetic acid and 

introduced by a syringe pump with a flow rate of 10 µL/min. Monoisotopic molecular 

mass (Mav) calcd. / found 1077.5 / 1077.4 (C-terminus of the peptide was amidated). 

3.5.1. SYNTHESIS OF COVALENT FRAGMENTS 

N-[3,5-Bis(trifluoromethyl)phenyl]acrylamide (78)294 (p.48) 

See compound 12 in P2295 publication on page 5. 

N-[3,5-Bis(trifluoromethyl)phenyl]-2-chloro-acetamide (181)296 (p. 48) 

See compound 20 in P2295 publication on page 5. 

N-[3,5-Bis(trifluoromethyl)phenyl]-2-chloro-propanamide (182)294 (p. 48) 

To a solution of 3,5-bis(trifluoromethyl)aniline (1.56 mL, 10 mmol) in DCM 

(30 mL) triethyl amine (1.40 mL, 10 mmol) was added, and the mixture was allowed 

to stir under Ar at room temperature (RT) for 10 min. The mixture was cooled with 

iced water and then chloropropanoyl chloride (0.97 mL, 10 mmol) was added 

dropwise, and the reaction was left to stir at RT overnight. The reaction was 

concentrated under vacuum, followed by adding 25 mL water and 25 mL ethyl 

acetate to the residue. Then the organic layer was washed with 30 mL 1 M aqueous 

solution of hydrochlorid acid and the organic phase was dried over MgSO4, filtered, 

and evaporated to silica. The crude product was purified by flash column 

chromatography with a mixture of hexane and ethyl acetate as an eluent to give the 

182 product as a white powder (1.35 g, 42%). 1H NMR (500 MHz, CDCl3) δ 10.21 (s, 

1H, NH), 8.34 (s, 2H, ArH), 7.68 (s, 1H, ArH), 5.38 (q, J = 7.0 Hz, 1H, CHCl), 1.99 (d, 

J = 7.1 Hz, 3H, CH3) ppm. 19F NMR (650 MHz, D2O) δ –62.7 ppm. 
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N-[3,5-Bis(trifluoromethyl)phenyl]-2-bromo-propanamide (183)294 (p.48) 

The same procedure as for 182 except using 2-bromopropanoyl chloride 

(1.01 mL, 10 mmol) and the reaction was stirred at RT for 2 days. Crude product was 

purified by flash chromatography with a mixture of hexane and ethyl acetate as an 

eluent to give the 183 product as a brown solid (1.38 g, 38%). 1H NMR (500 MHz, 

DMSO-d6) δ 10.95 (s, 1H, NH), 8.25 (s, 1H, ArH), 7.78 (s, 2H, ArH), 4.67 (q, 

J = 6.7 Hz, 1H, CHBr), 1.76 (d, J = 6.7 Hz, 3H, CH3) ppm. 19F NMR (650 MHz, D2O) 

δ –62.7 ppm. 

3,5-Bis(trifluoromethyl)phenyl acrylate (207) (p.48) 

See compound 13 in P2295 publication on page 5. 

3,5-Bis(trifluoromethyl)phenyl propiolate (208) (p.48) 

3,5-Bis(trifluoromethyl)phenol (0.15 mL, 1 mmol), dicyclohexylcarbodiimide 

(0.21 g, 1 mmol), N,N-dimethylaminopyridine (1.2 mg, 0.01 mmol) and propiolic acid 

(68 µL, 1.1 mmol) were dissolved in DCM (5 mL) at 0 °C, and stirred for 5 h turning 

the colourless solution to a yellow suspension. The reaction mixture was quenched 

with 20 mL of water and separated. The aqueous phase was extracted with 

dichloromethane (2 × 20 mL). The organic phase was dried over MgSO4, filtered, and 

concentrated under vacuum. The product was purified by flash column 

chromatography using a mixture of hexane and ethyl acetate as eluent. Compound 

208 was obtained as a white solid (40 mg, 14%). 1H NMR (500 MHz, DMSO-d6) 

δ 8.14 (s, 2H, ArH), 8.05 (s, 1H, ArH), 4.92 (s, 1H, ≡CH) ppm. 13C NMR (125 MHz, 

DMSO-d6) δ 150.7, 150.5, 132.1 (q, J = 33.7 Hz, 2C), 124.2 (d, J = 3.8 Hz, 2C), 

123.1 (q, J = 271.3 Hz, 2C), 120.8-121.0 (m), 82.9, 74.2 ppm. 19F NMR (650 MHz, 

D2O) δ –64.7 ppm. Anal. calcd. for C11H4F6O2: C, 46.81; H, 1.42. found: C, 46.67; H, 

1.49. 

3-[3,5-Bis(trifluoromethyl)phenyl]-2-cyano-acrylamide (209)294 (p.48) 

3,5-Bis(trifluoromethyl)benzaldehyde (0,33 mL, 2 mmol) and 2-cyano-acetamide 

(252 mg, 3 mmol) were dissolved in methanol (15 mL). To this solution catalytic 

NaOH (1 mg, 0.025 mmol, 1%) was added, and the reaction was stirred at 45 °C for 

4 h. The reaction was concentrated under vacuum, followed by adding 25 mL water 

and 25 mL ethyl acetate to the residue. After separation, the organic layer was 
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washed with brine, dried over Na2SO4, filtered, and concentrated under vacuum. The 

product was obtained by flash column chromatography with a mixture of hexane and 

ethyl acetate as eluent, as white powder (228 mg, 37%). 1H NMR (500 MHz, 

DMSO-d6) δ 8.54 (s, 2H, ArH), 8.37 (s, 1H, ArH), 8.31 (s, 1H, =CH–), 7.97 (s, 1H, 

NH2), 7.89 (s, 1H, NH2) ppm. 19F NMR (650 MHz, D2O) δ –62.7 ppm. 

1-[3,5-Bis(trifluoromethyl)phenyl]-1H-pyrrole-2,5-dione (210)297 (p.48) 

See compound 15 in P2295 publication on page 5. 

1-[3,5-Bis(trifluoromethyl)benzyl]-1H-pyrrole-2,5-dione (211) (p.48) 

The same procedure as for 210 except using 3,5-bis(trifluoromethyl)benzyl-

amine (535 mg, 2.18 mmol). The product was obtained as brown solid (317 mg, 

45%). 1H NMR (500 MHz, DMSO-d6) δ 8.27 (s, 2H, ArH), 8.21 (s, 2H, –CH=), 8.11 (s, 

1H, ArH), 4.25 (d, J = 5.2 Hz, 2H, CH2) ppm. 13C NMR (125 MHz, DMSO-d6) δ 172.5 

(2C), 137.7 (2C), 130.8 (2C), 130.7 (q, J = 32.5 Hz), 130.6 (2C), 124.7, 122.5-122.7 

(m, 2C), 41.8 ppm. 19F NMR (650 MHz, D2O) δ –62.5 ppm. HRMS (ESI): (M+H)+ 

calcd. for C13H7F6NO2
+, 324.0459; found, 324.0447. 

3-[3,5-Bis(trifluoromethyl)phenyl]acrylamide (212) (p.48) 

3,4-bis(trifluoromethyl)bromobenzene (0.35 mL, 2 mmol), acrylamide (171 mg, 

2.4 mmol), Pd(OAc)2 (11 mg, 0.05 mmol), diisopropylethylamine (0.42 mL, 2.4 mmol) 

and tri(o-tolyl)phosphine (30 mg, 0.1 mmol) were added to dimethylformamide (5 mL) 

under Ar and heated at 130 °C for 1.5 h. The crude mixture was filtered from 

activated charcoal and water : methanol 1:1 was added. The forming yellow crystals 

were filtered (140 mg, 49%). 1H NMR (500 MHz, CDCl3) δ 7.92 (s, 2H, ArH), 7.86 

(s, 1H, ArH), 7.70 (d, J = 15.7 Hz, 1H, =CH–), 6.60 (d, J = 15.7 Hz, 1H, =CH–), 5.71 

(s, 2H, NH2) ppm. 13C NMR (125 MHz, CDCl3) δ 166.3, 138.3, 136.3 (2C), 131.3 

(q, J = 33.0 Hz), 128.4, 128.3, 127.1 (2C), 124.7, 122.5-122.8 (m) ppm. 19F NMR 

(650 MHz, D2O) δ –62.6 ppm. HRMS (ESI): (M+H)+ calcd. for C11H7F6NO+, 284.0510; 

found, 284.0509. 

Ethyl 3-[3,5-bis(trifluoromethyl)phenyl]acrylate (213)298 (p.48) 

In a sealed tube 0.35 mL 3,4-bis(trifluoromethyl)bromobenzene (2 mmol), 

ethylacrylate (0.26 mL, 2.4 mmol), Pd(OAc)2 (11 mg, 0.05 mmol), N,N-diisopropyl-
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ethylamine (0.42 mL, 2.4 mmol) and tri(o-tolyl)phosphine (30 mg, 0.1 mmol) was 

added to dimethylformamide (5 mL) under Ar and heated at 100 °C for 4 h. The 

crude mixture was filtered from activated charcoal and water : methanol 1:1 was 

added. The precipitated yellow crystals were filtered (300 mg, 48%). 1H NMR 

(500 MHz, DMSO-d6) δ 8.46 (s, 1H. ArH), 8.08 (s, 2H, ArH), 7.81 (d, J = 16.1 Hz, 1H, 

=CH–), 7.02 (d, J = 16.1 Hz, 1H, =CH–), 4.20 (q, J = 7.1 Hz, 2H, CH2), 1.26 (t, 

J = 7.1 Hz, 3H,CH3) ppm. 19F NMR (650 MHz, D2O) δ –64.5 ppm. 

3-[3,5-Bis(trifluoromethyl)phenyl]acrylonitrile (214) (p.48) 

In a sealed tube 3,4-bis(trifluoromethyl)bromobenzene (0.69 mL, 4 mmol), 

acrylonitrile (0.32 mL, 4.8 mmol), Pd(OAc)2 (9 mg, 0.04 mmol), diisopropyl-

ethylamine (0.84 mL, 4.8 mmol) and biphenyl-diisopropylphosphine (24 mg, 

0.08 mmol) was added to dimethylacetamide (2 mL) under Ar and heated at 130 °C 

for 4 h. Then 10 mL water and 20 mL methyl tert-butyl ether was added to the 

reaction mixture and the phases were separated. The organic phase was dried over 

MgSO4, filtered, and evaporated to silica. The residue was purified with flash column 

chromatography with hexane and ethyl acetate eluent mixture to give the 214 product 

as a white solid (120 mg, 11%). 1H NMR (500 MHz, CDCl3) δ 7.92 (s, 1H, ArH), 7.88 

(s, 2H, ArH), 7.47 (d, J = 16.7 Hz, 1H, =CH–), 6.08 (d, J = 16.7 Hz, 1H, =CH–) ppm. 

13C NMR (125 MHz, CDCl3) δ 146.9, 135.4, 133.9 (d, J = 33.8 Hz), 127.3 (q, 

J = 3.9 Hz), 124.4-124.2 (m), 122.7 (d, J = 272.9 Hz), 116.6, 101.01 ppm. 19F NMR 

(650 MHz, D2O) δ –62.8 ppm. HRMS calcd. for C11H6F6N 266.0404; found 266.0396. 

Methyl 3-[3,5-bis(trifluoromethyl)phenyl]propiolate (215)299 (p.48) 

In a sealed tube 3,5-bis(trifluoromethyl)phenylboronic acid (218 mg, 1 mmol), 

methyl propiolate (0.13 mL, 1.5 mmol), copper(I) iodide (29 mg, 0.15 mmol), silver(I)-

oxide (462 mg, 2 mmol) and caesium carbonate (652 mg, 2 mmol) was dissolved in 

dichloroethane (5 mL). The reaction mixture was stirred under Ar at 80 °C overnight. 

10 mL water was added to the mixture then the separated organic layer was washed 

with brine, dried over Na2SO4, filtered, and concentrated under vacuum. The crude 

product was purified by flash column chromatography with mixture of hexane and 

ethyl acetate as eluent. The product (215) was obtained as a light brown oil (115 mg, 

39%). 1H NMR (CDCl3) δ 8.06 (2H, s, ArH), 7.94 (s, 1H, ArH), 3.88 (3H, CH3) ppm. 

19F NMR (650 MHz, D2O) δ –64.9 ppm. 
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3,5-Bis(trifluoromethyl)phenyl vinylsulfone (216)300 (p.48) 

See compound 14 in P2295 publication on page 5. 

3,5-Bis(trifluoromethyl)benzyl vinylsulfone (217) (p.48) 

3,5-Bis(trifluoromethyl)benzyl chloride (1313 mg, 5 mmol) in N,N-

dimethylformamide (10 mL) was added dropwise to the solution of 2-sulfanylethanol 

(350 μL, 5 mmol) and potassium carbonate (1037 mg, 7.5 mmol) in N,N-

dimethylformamide (20 mL), then  the mixture was stirred at RT. After 3 hours, the 

solvent was evaporated and the residue was dissolved in 50 mL ethyl acetate, then 

washed with 50 mL brine. The organic layer was dried and concentrated. The crude 

product was dissolved in 50 mL dichloromethane and meta-chloroperoxybenzoic acid 

(2.16 g, 12.5 mmol) was added slowly. The mixture was stirred for 3 hours, and then 

it was washed with 1 M aqueous solution of sodium hydroxide. After the extraction 

the organic phase was dried and concentrated, then the product was dissolved in 

20 mL dry dichloromethane. To this solution methanesulfonyl-chloride (464 μL, 

6 mmol) was added at 0 °C, and triethyl amine (1043 μL, 7.5 mmol) was dropped 

slowly into the mixture. After the addition of the base, the reaction was heated up to 

RT and stirred for 2 hours. Finally, the solvent was removed, and the product was 

purified by column chromatography to obtain 217 as a white powder (328 mg, 21%). 

1H NMR (500 MHz, DMSO-d6) δ 8.14 (s, 1H, ArH), 8.09 (s, 2H, ArH), 7.00 (dd, 

J = 16.6, 10.0 Hz, 1H, HC=CH2), 6.26 (d, J = 9.9 Hz, 1H, HC=CH2), 6.08 (d, 

J = 16.6 Hz, 1H, HC=CH2), 4.84 (s, 2H, ArCH2) ppm. 13C NMR (125 MHz, CDCl3) 

δ 136.4, 132.8, 132.2 (2C), 131.8, 130.7 (q, J = 32.5 Hz, 2C), 123.6 (q, J = 271.3 Hz, 

2C), 122.8 – 122.6 (m), 57.9 ppm. 19F NMR (650 MHz, D2O) δ –62.6 ppm. 

HRMS (DUIS): (M–H)– calcd. for C11H7F6O2S
–, 317.0076; found 317.0046. 

N-[3,5-Bis(trifluoromethyl)benzyl]ethenesulfonamide (218) (p.48) 

To a stirred solution of 3,5-bis(trifluoromethyl)benzylamine (1215 mg, 5 mmol) 

and trimethylamine (2.1 mL, 15 mmol) in DCM (40 mL) at 0 °C, 2-chloroethane-

sulfonylchloride (1.05 mL, 10 mmol) was added dropwise. The reaction mixture was 

then stirred at 0 °C until the amine was consumed as determined by TLC. The 

reaction was quenched with water (300 mL) and it was extracted with DCM 

(3×25 mL). The organic layers were washed with brine (10 mL), and then dried with 

anhydrous Na2SO4. The solvent was removed and the residue was purified by 
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column chromatography with a mixture of hexane and ethyl acetate as the eluent, to 

give the product as a white powder (882 mg, 53%). 1H NMR (500 MHz, DMSO-d6) 

δ 8.04 (t, J = 6.3 Hz, 1H), 8.03 (s, 2H), 8.00 (s, 1H) 6.74 (dd, J = 16.5, 10.0 Hz, 1H), 

6.06 (d, J = 16.5 Hz, 1H), 5.98 (d, J = 10.0 Hz, 1H), 4.28 (d, J = 6.3 Hz, 2H) ppm. 

13C NMR (125 MHz, DMSO-d6) δ 147.3, 142.0, 135.4 (q, J = 32.5 Hz, 2C), 133.6 

(2C), 131.2, 128.5 (q, J = 271.3 Hz, 2C), 126.3 – 126.0 (m), 49.9 ppm. 19F NMR 

(650 MHz, D2O) δ –62.6 ppm. HRMS (DUIS): (M–H)– calcd. for C11H8F6NO2S
–, 

332.0185; found 332.0157. 

1-(Isothiocyanatomethyl)-3,5-bis(trifluoromethyl)benzene (220) (p.48) 

In a round bottom flask 1,1'-thiocarbonylbis(pyridin-2(1H)-one) (3 mmol, 0.7 g) 

was dissolved in DCM (100 mL). 3,5-Bistrifluoromethylbenzylamine (0.24 g, 1 mmol) 

was dissolved in dichloromethane (50 mL) and added dropwise. The reaction mixture 

was stirred at RT for 50 min. Then the reaction mixture was washed with brine 

(2×20 mL) and 1 M HCl (20 mL), and the organic phase was dried over MgSO4. The 

solvent was evaporated, and the crude product was purified with flash column 

chromatography using hexane and ethyl acetate as the eluent (9:1) resulting in the 

product as a colourless oil (171 mg, 60%). 1H NMR (500 MHz, CDCl3) δ 7.88 (s, 1H, 

ArH), 7.79 (s, 2H, ArH), 4.89 (s, 2H, CH2) ppm. 13C NMR (125 MHz, CDCl3) 140.0, 

136.5, 132.2 (q, J = 33.5 Hz), 127.7 – 127.5 (2C, m), 124.1, 122.0 – 121.7 (m), 47.6 

ppm. 19F NMR (650 MHz, D2O) δ –64.4 ppm. HRMS (DUIS): (M–H)– calcd. for 

C10H4F6NS–, 283.9968; found 283.9967. 

Tert-butyl 2-[3,5-bis(trifluoromethyl)benzylidene]hydrazinecarboxylate 

(224) (p.48) 

3,5-Bis(trifluoromethyl)benzaldehyde (0,16 mL, 1 mmol) and tert-butyl 

hydrazinecarboxylate (145 mg, 1.1 mmol) were dissolved in 1:1 mixture of THF and 

DCM (30 mL). Then catalytic amount of H2SO4 (1–2 drops) was added and the 

reaction was stirred at RT for 2 h. The solvent was removed, and then the crude 

product was filtered through a silica pad using dichloromethane-methanol solvent 

mixture. Then 25 mL water and 25 mL ethyl acetate were added to the residue. After 

the separation, the organic layer was washed with brine, dried over Na2SO4, filtered, 

and concentrated under vacuum. The product was obtained by flash column 

chromatography with a mixture of hexane and ethyl acetate as the eluent. The 224 
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product was obtained as yellow powder (281 mg, 78%). 1H NMR (500 MHz, 

DMSO-d6) δ 11.29 (s, 1H, NH), 8.25 (s, 2H, ArH), 8.15 (s, 1H, ArH), 8.05 (s, 1H, 

=CH–), 1.46 (s, 9H, CH3) ppm. 13C NMR (125 MHz, DMSO-d6) δ 152.7, 138.0 (2C), 

131.2 (q, J = 33.1 Hz, 2C), 126.9-127.1 (m, 3C), 124.7, 122.6, 80.4, 29,4 (3C) ppm. 

19F NMR (650 MHz, D2O) δ –62.7 ppm. HRMS (ESI): (M+H)+ calcd. for 

C14H14F6N2O2
+, 357.1037; found, 357.1039. 

N-[3,5-Bis(trifluoromethyl)benzyl]cyanimide (225) (p.48) 

To a cooled solution (0 °C) of 3,5-bis(trifluoromethyl)benzyl amine (486 mg, 

2 mmol) in dry diethyl ether (20 mL) cyanogen bromide as 3 M solution in DCM 

(100 μL, 2 mmol) was added dropwise. The reaction was warmed to RT and stirred 

for 16 h. The mixture was filtered to remove the residual salt and the filtrate was 

concentrated. The residue was diluted in 25 mL ethyl acetate, washed with water 

(30 mL) and brine (30 mL). Organic layers were combined and dried over Na2SO4, 

filtered, and concentrated under vacuum. The product was obtained by flash column 

chromatography with a mixture of hexane and ethyl acetate as the eluent. Compound 

20 was obtained as a white solid (453 mg, 34%). 1H NMR (500 MHz, DMSO-d6) δ 

8.05 (s, 1H), 7.41 (s, 1H), 4.34 (d, J = 4.0 Hz, 1H) ppm. 13C NMR (125 MHz, CDCl3) 

δ 142.0, 130.9 (q, J = 32.8 Hz, 2C), 129.0 (2C), 123.7 (q, J = 268.3 Hz, 2C), 122.7 – 

121.9 (m), 117.2, 47.6 ppm. 19F NMR (650 MHz, D2O) δ –62.5 ppm. HRMS (DUIS): 

(M–H)– calcd. for C10H5F6N2
–, 267.0362; found 267.0325. 

1-[3,5-Bis(trifluoromethyl)phenyl]-2-bromoethanone (226)301 (p.48) 

See compound 21 in P2295 publication on page 5. 

2-[3,5-Bis(trifluoromethyl)phenyl]oxirane (227)302 (p.48) 

See compound 22 in P2295 publication on page 5. 

3.5.2. SYNTHESIS OF THIOL SURROGATES 

N-(2-sulfanylethyl)benzamide (231)303 (p.50) 

See compound 25 in P2295 publication on page 5. 

2-Benzamido-3-sulfanylpropanoic acid (N-benzoyl-L-cysteine) (232) (p.50) 

See compound 26 in P2295 publication on page 6. 
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2-Benzamido-5-({1-[(carboxymethyl)amino]-3-sulfanyl-1-oxopropan-2-

yl}amino)-5-oxopentanoic acid (N-benzoyl-L-glutathione) (233) (p.50) 

See compound 27 in P2295 publication on page 6. 

3.5.3. SYNTHESIS OF JAK3 INHIBITORS
* 

General procedure of Suzuki coupling65 

To a solution of 4-chloro-7H-pyrrolo[2,3-d]pyrimidine (237, 1 eq.) and boronic 

acid (238-240, 1.3 eq.) in dioxane/water (5:1), K2CO3 (3 eq.) and Pd(PPh3)4 (0.1 eq.) 

were added under Ar. The mixture was heated to 110 °C for 16 h. The mixture was 

concentrated and water and DCM were added. The resulting mixture was filtered and 

the filtrate extracted with DCM (3×). The organic layer dried over anhydrous Na2SO4. 

The solvent was removed and the crude material purified by reverse phase 

chromatography, applying water/acetonitrile mixture as eluent. 

3-(7H-Pyrrolo[2,3-d]pyrimidin-4-yl)aniline (234)65 (p.65) 

To a solution of 4-chloro-7H-pyrrolo[2,3-d]pyrimidine (237) (1.5 g, 9.76 mmol) 

and (3-aminophenyl)boronic acid (238) (1.8 g, 11.7 mmol) in 54 mL dioxane/water 

(5:1), K2CO3 (4.1 g, 29.4 mmol) and Pd(PPh3)4 (1.125 g, 0.97 mmol) were added 

under Ar. The reaction was heated to 110 °C for 16 h, then the mixture was 

concentrated and 50 mL water and 50 mL DCM were added. The resulting mixture 

was filtered and extracted with 25 mL DCM (3×). The organic layer was dried over 

anhydrous Na2SO4. The crude material was purified by reverse phase 

chromatography to give the 234 product as yellow solid (610 mg, 30%). 1H NMR (500 

MHz, DMSO-d6) δ 13.06 (s, 1H, NH), 9.02 (s, 1H, ArH), 8.11 (s, 1H), 8.05 (d, 

J = 7.8 Hz, 1H, ArH), 7.93 (d, J = 2.7 Hz, 1H, ArH), 7.70 (t, J = 7.9 Hz, 1H, ArH), 7.56 

(d, J = 8.0 Hz, 1H, ArH), 7.14 (d, J = 3.5 Hz, 1H, ArH). 

 

 

                                                           
*
 The synthesis of the compounds 234, 236 and 244-247 were carried out by Attila Egyed from the 

Research Centre for Natural Sciences Medicinal Chemistry Research Group. 
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3-(7H-Pyrrolo[2,3-d]pyrimidin-4-yl)benzaldehyde (235) (p.65) 

4-chloro-7H-pyrrolo[2,3-d]pyrimidine (237) (1.5 g; 9.76 mmol), (3-formylphenyl) 

boronic acid (239) (1.743 g; 11.7 mmol), K2CO3 (4.1 g; 29.4 mmol), Pd(PPh3)4 

(1.25 g; 0.97 mmol) in dioxane/water (5:1) 54 mL; 1.27 g (58%) yellow solid was 

obtained. 1H NMR (500 MHz, DMSO-d6) δ 12.33 (s, 1H, NH), 10.17 (s, 1H, CHO), 

8.89 (s, 1H, ArH), 8.70 (s, 1H, ArH), 8.50 (d, J = 7.7 Hz, 1H, ArH), 8.06 (d, J = 7.6 Hz, 

1H, ArH), 7.81 (t, J = 7.7 Hz, 1H, ArH), 7.71 (d, J = 1.6 Hz, 1H, ArH), 6.96 (d, 

J = 3.2 Hz, 1H, ArH) ppm. 13C NMR (126 MHz DMSO-d6) δ 193.62, 154.49, 153.21, 

151.35, 139.19, 137.16, 134.61, 130.60, 130.28, 130.24, 128.66, 115.03, 100.22 

ppm. HRMS (ESI): (M+H)+ calcd. for C13H9N3O
+, 224.0823; found, 224.0819. 

3-(7H-Pyrrolo[2,3-d]pyrimidin-4-yl)benzenethiol (236) (p.65) 

4-chloro-7H-pyrrolo[2,3-d]pyrimidine (237) (300 mg; 1.95 mmol), (3-sulfanyl-

phenyl)boronic (240) acid (390 mg; 2.53 mmol), K2CO3 (829 mg; 6 mmol), Pd(PPh3)4 

(225 mg; 0.195 mmol) in dioxane/H2O (5:1) 12 mL, 18 mg (4%) yellow solid was 

obtained 1H NMR (500 MHz, DMSO-d6) δ 12.21 (s, 1H, NH), 10.16 (s, 1H, ArH), 8.86 

(s, 1H, ArH), 8.62 (s, 1H, ArH), 8.32 (d, J = 7.3 Hz, 1H, ArH), 8.1 (d, J = 5.6 Hz, 1H, 

ArH), 7.62 (t, J = 7.3 Hz, 1H, ArH), 7.41 (d, J = 2.1 Hz, 1H, ArH), 3,46 (s, 1H, SH) 

ppm. 13C NMR (125 MHz, DMSO-d6) δ 168.11, 155.05, 153.22, 151.32, 139.62, 

138.72, 129.73, 128.11, 123.92, 121.38, 120.12, 100.90 ppm. HRMS (ESI): (M+H)+ 

calcd. for C12H9N3S
+, 228.0595; found, 228.0591. 

3-[3-(7H-Pyrrolo[2,3-d]pyrimidin-4-yl)phenyl]-2-cyanoacrylamide (241) 

(p.65) 

3-(7H-Pyrrolo[2,3-d]pyrimidin-4-yl)benzaldehyde (235) (223 mg, 1 mmol) and 2-

cyanoacetamide (242) (126 mg, 1.5 mmol) were dissolved in methanol (10 mL). 

Catalytic NaOH (1 mg, 0.025 mmol, 1%) was added, and the reaction was stirred at 

45 °C for 4 h. The reaction was concentrated under vacuum. The residue was 

purified on reversed phase column chromatography with a mixture of water and 

acetonitrile as eluent. The product was obtained as colourless oil (58 mg, 20%). 1H 

NMR (500 MHz, DMSO-d6) δ 12.32 (s, 1H, NH), 8.85 (s, 1H, ArH), 8.70 (s, 1H, ArH), 

8.36 (d, J = 7.8 Hz, 1H, ArH), 8.33 (s, 1H, –CH=), 8.06 (d, J = 7.6 Hz, 1H, ArH), 7.95 

(s, 1H, C(O)NH2), 7.76 (m, 2H, ArH and C(O)NH2), 7.68 (d, J = 3.3 Hz, 1H, ArH), 
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7.01 (d, J = 3.3 Hz, 1H, ArH) ppm. 13C NMR (125 MHz, DMSO-d6) δ 172.48, 163.17, 

154.63, 153.18, 150.75, 139.21, 133.00, 132.54, 131.80, 130.28, 130.07, 128.57, 

116.84, 115.00, 107.99, 100.26 ppm. HRMS (ESI): (M+H)+ calcd. for C16H11N5O
+, 

290.1041; found, 290.1039. 

N-[3-(7H-Pyrrolo[2,3-d]pyrimidin-4-yl)phenyl]acrylamide (243)65 (p.65) 

To a solution of 3-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)aniline (234) (210 mg, 

1 mmol) in DCM (10 mL) triethyl amine (0.14 mL, 1 mmol) was added, and the 

mixture was allowed to stir under Ar at room temperature for 10 min. The mixture was 

cooled on iced water and then acryloyl chloride (249) (0.08 mL, 1 mmol) was added 

dropwise, and the reaction was left to stir at room temperature for 2 h. The reaction 

was concentrated under vacuum and the crude product was purified by column 

chromatography with mixture of dichloromethane and methanol as eluent to give 243 

as a white powder (61 mg, 23%). 1H NMR (500 MHz, DMSO-d6) δ 12.23 (s, 1H, NH), 

10.34 (s, 1H, C(O)NH), 8.82 (s, 1H, ArH), 8.62 (s, 1H, ArH), 7.90 (d, J = 7.8 Hz, 1H, 

ArH), 7.80 (d, J = 8.2 Hz, 1H, ArH), 7.70 – 7.63 (m, 1H, ArH), 7.52 (t, J = 7.9 Hz, 1H, 

ArH), 7.00 – 6.90 (m, 1H, ArH), 6.46 (dd, J = 16.9, 10.1 Hz, 1H, =CH–), 6.30 (dd, 

J = 17.0, 1.8 Hz, 1H, =CH2), 5.78 (dd, J = 10.1, 1.8 Hz, 1H, =CH2) ppm. 

N-[3-(7H-Pyrrolo[2,3-d]pyrimidin-4-yl)phenyl]-2-chloroacetamide (244) 

(p.65) 

To a solution of 3-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)aniline (234) (210 mg; 

1 mmol) in 3 mL DCM at 0 °C triethyl amine (417 µL; 3 mmol) was added, followed 

by the dropwise addition of chloroacetyl chloride (250) (87 µL; 1.1 mmol). After 

addition, the mixture was stirred at room temperature for 1 h. The mixture was 

filtered. 150 mg (52%) white solid was obtained. 1H NMR (500 MHz, DMSO-d6) 

δ 12.34 – 12.17 (m, 1H, NH), 10.52 (s, 1H, C(O)NH), 8.84 (s, 1H, ArH), 8.54 (s, 1H, 

ArH), 7.94 (d, J = 7.7 Hz, 1H, ArH), 7.75 (d, J = 8.0 Hz, 1H, ArH), 7.69 (s, 1H, ArH), 

7.55 (t, J = 7.9 Hz, 1H, ArH), 6.94 (d, J = 1.7 Hz, 1H, ArH), 4.31 (s, 2H, CH2Cl) ppm. 

13C NMR (125 MHz, DMSO-d6) δ 165.34, 155.38, 153.15, 151.27, 139.30, 138.87, 

129.82, 128.27, 124.30, 121.22, 119.98, 114.90, 100.36, 44.07 ppm. HRMS (ESI): 

(M+H)+ calcd. for C14H11ClN4O
+, 287.0699; found, 287.0698. 
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N-[3-(7H-Pyrrolo[2,3-d]pyrimidin-4-yl)phenyl]-2-bromopropanamide (245) 

(p.65) 

To a solution of 3-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)aniline (234) (210 mg; 

1 mmol) in 3 mL DCM at 0 °C triethyl amine (417 µL; 3 mmol) was added followed by 

the dropwise addition of 2-bromopropanoil chloride (251) (111 µL; 1.1 mmol). After 

addition, the mixture was stirred at room temperature for 1 h. The solvent was 

removed, and the crude material purified by flash chromatography (MeOH/CH2Cl2 = 

1→5%) to give 175 mg (50%) product as yellow solid. 1H NMR (500 MHz, DMSO-d6) 

δ 12.28 (s, 1H, NH), 10.55 (s, 1H, C(O)NH), 8.84 (s, 1H, ArH), 8.57 (s, 1H, ArH), 7.94 

(d, J = 7.6 Hz, 1H, ArH), 7.75 (d, J = 7.3 Hz, 1H, ArH), 7.70 (s, 1H, ArH), 7.56 (d, 

J = 7.9 Hz, 1H, ArH), 6.95 (s, 1H, ArH), 4.79 – 4.68 (m, 1H, CHBr), 1.80 (d, 

J = 6.6 Hz, 2H, CH3), 1.66 (d, J = 6.6 Hz, 1H, CH3) 
13C NMR (125 MHz, DMSO-d6) 

δ 168.21, 155.20, 153.15, 151.07, 139.43, 139.34, 129.85, 128.47, 124.28, 121.23, 

119.95, 114.90, 100.46, 44.90, 21.83 ppm. HRMS (ESI): (M+H)+ calcd. for 

C15H13BrN4O
+, 345.0350; found, 345.0348. 

N-[3-(7H-Pyrrolo[2,3-d]pyrimidin-4-yl)phenyl]-2-chloropropanamide (246) 

(p.65) 

3-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)aniline (234) (630 mg; 3 mmol) was dissolved 

in 15 mL DCM. HATU (1.14 g; 3 mmol), N,N-diisopropylethylamine (1.16 g; 9 mmol) 

and 2-chloropropanoic acid (252) (325 mg; 3 mmol) were added. The solution was 

stirred overnight at room temperature, and 15 mL water was added. The resulting 

mixture was filtered and the filtrate extracted with 10 mL DCM (3×). The solvent was 

removed and the crude material was purified by reverse phase chromatography 

(water/acetonitrile). 250 mg (28%) yellow solid was obtained. 1H NMR (500 MHz, 

DMSO-d6) δ 12.26 (s, 1H, NH), 10.53 (s, 1H, C(O)NH), 8.84 (s, 1H, ArH), 8.57 (s, 1H, 

ArH), 7.95 (d, J = 7.5 Hz, 1H, ArH), 7.76 (d, J = 8.0 Hz, 1H, ArH), 7.72 – 7.67 (m, 1H, 

ArH), 7.55 (t, J = 7.9 Hz, 1H, ArH), 6.95 (d, J = 1.8 Hz, 1H, ArH), 4.72 (q, J = 6.6 Hz, 

1H, CHCl), 1.66 (d, J = 6.6 Hz, 3H, CH3) ppm. 13C NMR (125 MHz, DMSO-d6) 

δ 168.00, 155.35, 153.16, 151.26, 139.32, 138.87, 129.81, 128.28, 124.32, 121.29, 

120.06, 114.89, 100.37, 55.32, 21.49 ppm. HRMS (ESI): (M+H)+ calcd. for 

C15H13ClN4O
+, 301.0856; found, 301.0858. 
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1-[3-(7H-Pyrrolo[2,3-d]pyrimidin-4-yl)phenyl]-1H-pyrrole-2,5-dione (247) 

(p.65) 

98 mg (1 mmol) of maleic anhydride (253) and 10 mL of acetic acid were mixed. 

After complete dissolution of the anhydride, 100 mg (0.47 mmol) of the 3-(7H-

pyrrolo[2,3-d]pyrimidin-4-yl)aniline (234) was added. The mixture was heated to 

reflux temperature and stirred for 5 hours. Afterwards, the acetic acid was removed. 

The crude material was washed with water and purified by reverse phase 

chromatography (water/acetonitrile). Finally, 40 mg (29%) yellow solid product was 

obtained. 1H NMR (500 MHz, DMSO-d6) δ 12.11 (s, 1H, NH), 9.98 (s, 1H, ArH), 8.92 

(s, 1H, ArH), 8.60 (s, 1H, ArH), 8.42 (d, J = 6.6 Hz, 1H, ArH), 8.12 (d, J = 7.2 Hz, 1H, 

ArH), 7.71 (t, J = 6.7 Hz, 1H, ArH), 7.13 (s, 2H, –CH=), 6.96 (d, J = 3.2 Hz, 1H, ArH) 

ppm. 13C NMR (125 MHz, DMSO-d6) δ 170.34, 153.14, 151.33, 151.15, 139.23, 

135.42, 135.19, 134.13, 132.72, 130.75, 130.65, 129.96, 128.91, 127.36, 126.97, 

118.39, 114.79, 99.87 ppm. HRMS (ESI): (M+H)+ calcd. for C16H10N4O2
+, 291.0882; 

found, 291.0880. 

N-[3-(7H-Pyrrolo[2,3-d]pyrimidin-4-yl]phenyl)acetamide (248) (p.65) 

3-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)aniline (234) (210 mg, 1 mmol) was stirred 

under Ar atmosphere in 5 mL acetic anhydride at RT overnight. The reaction mixture 

was concentrated under vacuum and crude product was purified on reversed phase 

column chromatography with a mixture of water and acetonitrile as eluent. Finally, 

248 was obtained as black powder (43 mg, 17%). 1H NMR (500 MHz, DMSO-d6) δ 

12.22 (s, 1H, NH), 10.13 (s, 1H, C(O)NH), 8.81 (s, 1H, ArH), 8.50 (s, 1H, ArH), 7.85 

(d, J = 7.8 Hz, 1H, ArH), 7.72 (d, J = 8.1 Hz, 1H, ArH), 7.65 (d, J = 2.2 Hz, 1H, ArH), 

7.48 (t, J = 7.9 Hz, 1H, ArH), 6.91 (d, J = 2.7 Hz, 1H, ArH), 2.08 (s, 3H, CH3) ppm. 

13C NMR (500 MHz, DMSO-d6) δ 168.99, 155.66, 153.09, 151.25, 140.10, 138.69, 

129.59, 128.12, 123.46, 120.82, 119.62, 114.89, 100.42, 24.50 ppm. HRMS (ESI): 

(M+H)+ calcd. for C14H12N4O
+, 253.1089; found, 253.1085. 
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3.5.4. SYNTHESIS OF NOVEL FLUORESCENT DYE
* 

2-(6-Hydroxy-3-oxo-3H-xanthen-9-yl)-4/5-methylbenzoic acid (257) (p.71) 

See compound 7 in P3281 publication on page 14934. 

4/5-Methyl-3-oxo-3H-spiro[isobenzofuran-1,9'-xanthene]-3',6'-diyl diacetate 

(258) (p.71) 

See compound 8 in P3281 publication on page 14934. 

4/5-(Bromomethyl)-3-oxo-3H-spiro[isobenzofuran-1,9'-xanthene]-3',6'-diyl 

diacetate (259) (p.71) 

See compound 9 in P3281 publication on page 14935. 

4/5-(Aminomethyl)-2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)benzoic acid (260) 

(p.71) 

See compound 10 in P3281 publication on page 14935. 

2-(6-Hydroxy-3-oxo-3H-xanthen-9-yl)-5-(isothiocyanatomethyl)-benzoic 

acid (254) (p.71) 

See compound 4 in P3281 publication on page 14935.  

                                                           
*
 The synthesis was carried out by Péter Ábrányi-Balogh and Péter Szijj from the Research Centre for 

Natural Sciences Medicinal Chemistry Research Group. 
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CHAPTER 4 – CONCLUSIONS 

Recently, the research of targeted covalent inhibitors has become a remarkable 

strategy in the field of medicinal chemistry. These compounds can be structurally 

divided into two main parts: a classical drug-like scaffold and a warhead directly 

responsible for the action of the covalent binding. The selection of the appropriate 

warheads is of utmost importance in the early stages of the development of TCIs, as 

the reactivity and availability of targeted nucleophilic groups can also vary over a 

wide range. During my PhD I joined the covalent fragment related research projects 

of the Medicinal Chemistry Research Group, where I mostly worked with 

characterization and target-specific optimization of warheads. 

In order to systematically explore and extend the applicable warhead 

chemotypes, a detailed reactivity and selectivity analysis of a large and chemically 

diverse covalent fragment library (70-206) was performed. Reaction kinetics applying 

of L-glutathione (GSH) as a model compound were examined by HPLC-MS to 

determine the thiol reactivity and aqueous stability of the covalent fragments, and 

then the selectivity for the nucleophilic amino acid targets was mapped using a 

special oligopeptide. 32 stable, thiol-reactive and cysteine-selective molecules were 

identified representing a total of 13 warhead chemotypes. It has been revealed that 

electrophilic fragments beyond the known Michael acceptor-type warheads might 

also be suitable for covalent labelling of proteins. The selected covalent fragments 

were then tested on MurA protein. In addition, novel reversible warhead chemotypes 

for MurA (70, 74, 78, 88, 91) were discovered. We also demonstarted that different 

warhead chemistries have a significant influence on specificity at multiple levels, 

including the functional activity of the same protein, the activity of different enzymes 

from the same family, the activity of the same enzyme from different species and the 

activity of different proteins. Finally, the developed protocol can increase the 

effectiveness of covalent fragment library screening to select appropriate warheads, 

thus, providing viable starting points for the development of new targeted covalent 

inhibitors. 

In TCI developments, characterizing the reactivity of the investigated warheads 

is an essential step. In the case of cysteine targeting covalent modifiers the key is the 

thiol reactivity which can be investigated by small molecule cysteine surrogates. A 
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comparative evaluation of the applicability of some thiol model compounds (56, 58, 

59, 62, 231-233) was performed via HPLC-based reaction kinetic measurements. 

Notably, in many cases there are significant differences in the results obtained by 

different thiol models, hence, the selection of the applied surrogate can also 

significantly affect the outcome of the reactivity assays. Based on our measurements, 

GSH (62), which is also the most commonly used in the literature, proved to be the 

best choice as small molecule cysteine surrogate. 

Next, based on our previous results and the corresponding literature, a special 

library of covalent fragments (78, 181-183, 207-230) was assembled. The library 

members contained the same non-covalent scaffold but chemically diverse 

electrophilic warheads. The activity profile of this covalent fragment library obtained 

for a certain target can experimentally characterize the reactivity of the targeted 

cysteine, in addition, it helps to identify the most appropriate warhead chemotypes for 

the particular target of interest. These compounds were characterized by a calculated 

electrophilicity parameter, and the thiol reactivity, aqueous stability and amino acid 

selectivity were also determined by the methods we developed earlier. These 

theoretical and experimental results demonstrate that the compounds cover a 

considerably broad reactivity window, they are stable enough for biological assays 

and selective for cysteine-labelling. The applicability of the warheads was 

investigated for a variety of protein targets covering a wide range, from bacterial 

proteins and human enzymes to complex and large-scale protein associates. Using 

this specific library, the best warheads for the investigated targets were identified. As 

a utilization of this approach, retrospective and prospective identification of covalent 

JAK3 inhibitors have been carried out. The activity profiles for various kinase proteins 

were determined experimentally utilizing the covalent fragments, and suitable 

warheads identified by the activity profile were then coupled to a non-covalent JAK-

specific hinge-binder scaffold (4-phenyl-pyrrolo[2,3-d]pyrimidine) known in the 

literature. The compounds obtained (236, 241, 243-245, 247) by this design strategy 

effectively and specifically inhibited the activity of the JAK3 enzyme. Our method 

identified structures retrospectively, which are already known from the literature (243 

and 244) and another prospective hits (241, 245, 247) with low-nanomolar IC50 

values for JAK3. This approach of warhead optimization may contribute to the 
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identification of the most suitable electrophiles for the targeted cysteines and, 

consequently, may lead to the discovery of new covalent inhibitors. 

Covalent modification of proteins is also important technique in the field of 

diagnostics and imaging. More particularly, the specific labelling of certain proteins 

with fluorescent dyes is a general and important task in biochemical and medicinal. 

research. Based on covalent fragment related studies, the specificity and efficiency of 

protein labelling for this purpose can also be improved. A fluorescent dye (254) 

equipped with a benzyl isothiocyanate warhead moiety has been developed and then 

it was used for cysteine-specific antibody labelling. The pH dependence of the thiol 

reactivity and amino acid selectivity of two covalent fragments with an isothiocyanate 

warhead, phenyl isothiocyanate (113) and benzyl isothiocyanate (114), in addition, 

their activity on different protein targets were investigated. The benzyl analogue (254) 

of fluorescein isothiocyanate (66) was then prepared and the spectrophotometric 

properties of the dye compounds (66, 254) were compared. A significant difference 

was found in fluorescence, as the benzyl derivative (254) showed nearly one order of 

magnitude higher fluorescence than the widely used fluorescein isothiocyanate (66). 

After determination of spectrophotometric properties, it was found that application of 

higher pH level and the benzyl derivative (254) are beneficial in every photochemical 

aspect. Subsequently, labelling experiments on Fab antibody subunit and 

trastuzumab antibody revealed effective, cysteine-selective, stable labelling can be 

obtained by applying the benzyl isothiocyanate-type fluorescein derivative (254). 

Based on our results, the fluorescent dye and the optimized labelling protocol may be 

a useful tool of chemical biology. 

Overall, the application of covalent fragments can contribute to the proper 

selection and optimization of warheads in TCI development programs. These efforts 

can be rationalized by the improvements of efficiency and selectivity, so finally, new 

and successful targeted covalent inhibitors can be reached. 
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4.1. THESIS HIGHLIGHTS 

T1. Screening protocol for the analysis of covalent fragments has been elaborated, 

in which the compounds are characterized according to their reactivity, stability 

and selectivity. Investigation of a well-characterized covalent fragment library 

led us to novel reversible MurA-specific warhead chemotypes. [P1] 

T2. Comparative analysis of 7 thiol surrogates has been performed via HPLC-based 

kinetic measurements. It has been found that the reactivity profile might be 

significantly different for various thiol models and GSH (L-glutathione) proved to 

be the most applicable thiol surrogate. [P2] 

T3. A specific covalent fragment library has been assembled for experimental 

mapping of cysteine’s reactivity in proteins. This library has been used to 

identify the most suitable warhead chemotypes for different proteins (from 

bacterial proteins and human enzymes to complex protein associations). The 

screening of the covalent fragments resulted the first experimentally confirmed 

covalent MAO-A inhibitors binding to the active site cysteines. 

T4. A novel warhead optimization strategy utilizing the cysteine reactivity mapping 

library has been developed and its applicability has been demonstrated by 

retrospective and prospective identification of covalent JAK3 inhibitors. 

T5. Based on the detailed investigation of the isothiocyanate warhead reactivity, 

using a novel fluorescent dye (2-[6-hydroxy-3-oxo-3H-xanthen-9-yl]-5-

(isothiocyanatomethyl)-benzoic acid), an efficient, cysteine-selective and stable 

covalent antibody-labelling was performed. [P3] 
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ÖSSZEFOGLALÁS 

Napjainkra a kovalens inhibitorok fejlesztése jelentős gyógyszerkémiai 

stratégiává vált. Ezek a vegyületek szerkezetileg két fő részre oszthatók: egy 

klasszikus gyógyszermolekula-szerű vázszerkezetre és egy, a kovalens kötődés 

kialakításáért felelős kötőelemre. A megfelelő kötőelem kiválasztása rendkívül fontos 

a kovalens inhibitorok fejlesztésének korai szakaszában, mivel a célzott nukleofil 

csoportok reakcióképessége és hozzáférhetősége is széles tartományban változhat. 

PhD munkásságom során a Gyógyszerkémiai Kutatócsoport kovalens fragmensekkel 

kapcsolatos kutatási témáiba kapcsolódhattam be, ahol többnyire kovalens 

kötőelemek jellemzésével és célpont-specifikus optimálásával foglalkoztam. 

Az alkalmazható kötőelem kemotípusok feltérképezésének érdekében 

elvégeztünk egy nagy elemszámú és kémiailag változatos kovalens 

fragmenskönyvtár (70-206) reaktivitásának és aminosav-szelektivitásának 

elemzését. L-glutationnal (GSH), mint modellvegyülettel szemben HPLC-MS 

készülékkel végzett reakciókinetikai vizsgálatok során vizsgáltuk a kovalens 

fragmensek tiol-reaktivitását és vizes stabilitását, továbbá egy speciális oligopeptid 

felhasználásával a nukleofil oldalláncú aminosavak közötti szelektivitás 

feltérképezését is elvégeztük. Munkánk során azonosítottunk 32 stabil, tiol-reaktív és 

cisztein-szelektív molekulát, amelyek összesen 13 kémiailag különböző kötőelemet 

reprezentáltak. Azt is megmutattuk továbbá, hogy a Michael-akceptor típusú 

kötőelemek mellett más mechanizmussal kötődő elektrofil fragmensek is alkalmasak 

lehetnek fehérjék kovalens jelölésére. Az így kiválasztott kovalens fragmensekkel 

MurA fehérjével szemben végeztünk vizsgálatokat. Ezek során felfedeztünk új, MurA-

val szemben alkalmazható reverzibilis, kovalens kötőelem kemotípusokat (70, 74, 78, 

88, 91). Azt is megmutattuk, hogy a kötőelem kemotípusa nagymértékben 

befolyásolja a funkcionális, izoforma-, faj- és fehérjespecificitást is. Összességében 

az általunk kidolgozott protokoll a megfelelő kötőelemek kiválasztását célzó kovalens 

fragmenskönyvtár szűrések eredményességét növelheti, ezáltal új kovalens 

inhibitorok fejlesztésére alkalmas kiindulópontokat találhatunk. 

A kovalens inhibitor fejlesztések során a megfelelő elektrofil kötőelemek 

kiválasztásához elengedhetetlen – cisztein aminosav, mint célpont esetén – azok tiol-

reaktivitásának jellemzése, amelyet kismolekulás tiol modellvegyületek 
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felhasználásával tehetünk meg. HPLC-alapú reakciókinetikai mérések segítségével 

elvégeztük néhány tiol modellvegyület (56, 58, 59, 62, 231-233) 

alkalmazhatóságának összehasonlító értékelését. Ennek során megállapítottuk, hogy 

sok esetben számottevő különbség van az egyes tiol-modellek alkalmazásával kapott 

eredményekben, ezért ezek kiválasztása is jelentősen befolyásolhatja reaktivitási 

szűrések sikerességét. Méréseink alapján az irodalomban is leggyakrabban 

alkalmazott GSH (62) bizonyult a legjobban használható tiol modellvegyületnek. 

Ezután a korábbi eredményeinkre és az irodalmi előzményekre alapozva egy 

speciális, kovalens fragmensekből (78, 181-183, 207-230) álló vegyületkönyvtárat 

állítottunk össze, amelynek tagjai azonos nem-kovalens vázszerkezetet, de kémiailag 

változatos elektrofil kötőelemeket tartalmaznak. Ennek a kovalens fragmens 

könyvtárnak egy adott célponton tapasztalható aktivitási profilja kísérletileg 

jellemezheti a megcélzott cisztein reaktivitását, egyidejűleg segíthet azonosítani az 

adott célpont esetében leginkább megfelelő kötőelemeket. A vegyülettár elemeit 

jellemeztük egy elméleti úton meghatározott elektrofilicitási paraméterrel, továbbá a 

tiol-reaktivitást, a vizes stabilitást és az aminosav-szelektivitást is minden esetben 

meghatároztuk a korábban kidolgozott módszerekkel. Ezek az elméleti és kísérleti 

eredmények jól szemléltetik, hogy a vegyületek reaktivitása széles reakcióképesség-

tartományt fed le, mindegyikük elég stabil a biológiai vizsgálatokhoz, és cisztein-

szelektíven reagálnak. Megvizsgáltuk az egyes kötőelemek alkalmazhatóságát 

különféle fehérje célpontoknál, amelyek széles spektrumot fednek le, a bakteriális 

fehérjéktől és az emberi enzimektől a bonyolult működésű és nagyméretű fehérje 

asszociátumokig. A vegyülettár felhasználásával meg tudtunk határozni egy adott 

célponttal szemben legjobban alkalmazható kötőelem kemotípusokat. Ennek a 

megközelítésnek a felhasználásával kovalens JAK3-gátlószerek retrospektív és 

prospektív azonosítását valósítottuk meg. Ennek során különböző kináz fehérjék 

ciszteinjeinek aktivitási profilját kísérletileg határoztuk meg a vegyülettár 

segítségével, majd az aktivitási profil szerint azonosított alkalmas kötőelemeket egy 

irodalomban ismert, JAK-család enzimeinek hinge-régiójához kötődő alapvázzal (4-

fenil-pirrolo-pirimidin) kapcsoltuk össze. Az így kapott vegyületek (236, 241, 243-245, 

247) hatékonyan és specifikusan gátolták a JAK3 enzim aktivitását. Módszerünkkel 

sikerült irodalomból ismert vegyületeket (243 és 244) retrospektív és további 

szerkezeteket (241, 245, 247) prospektív módon is azonosítanunk, amelyek alacsony 
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nanomólos tartományba eső IC50-értékekkel rendelkeznek JAK3-mal szemben. Úgy 

gondoljuk, hogy az általunk fejlesztett kötőelem-optimálási módszer hozzájárulhat a 

célzott fehérjékkel szemben legalkalmasabb elektrofilek azonosításához, 

következésképpen új kovalens inhibitorok felfedezéséhez vezethet. 

A kovalens fehérje-módosítás diagnosztikai vizsgálatok és képalkotási eljárások 

során is kulcsfontosságú lehet, hiszen bizonyos fehérjék fluoreszcens molekulákkal 

végzett specifikus jelölése gyakori és fontos feladat az orvosbiológiai kutatások 

során. A kovalens fragmens molekulákkal végzett vizsgálatok eredményei alapján az 

ilyen célú fehérje-jelölés specifikusságát és hatékonyságát is javíthatjuk. Munkánk 

során új szerkezeti egységként benzil-izotiocianát kötőelemmel ellátott fluoreszcens 

jelölővegyületet (254) állítottunk elő, amellyel cisztein-specifikus antitest-jelölést 

valósítottunk meg. Megvizsgáltunk két izotiocianát kötőfejjel ellátott kovalens 

fragmens, a fenil-izotiocianát (113) és a benzil-izotiocianát (114) tiol-reaktivitásának 

és aminosav-szelektivitásának pH-függését, továbbá különböző fehérjecélpontokon 

történő kötődési aktivitásukat. Ezután előállítottuk a fluoreszcein-izotiocianát (66) 

benzil analógját (254), majd összehasonlítottuk a festékvegyületek (66, 254) 

spektrofotometriai tulajdonságait. Jelentős különbséget csak a fluoreszcencia 

mértékében találtunk, mivel az általunk előállított benzil származék (254) – mindkét 

vizsgált pH-értéken – közel egy nagyságrenddel nagyobb fluoreszcenciát mutatott, 

mint a széles körben használt fluoreszcein-izotiocianát (66). A vegyületek további 

spektrofotometriai tulajdonságait megvizsgálva megállapítottuk, hogy minden 

tulajdonság esetében a bázikusság szempontjából a magasabb pH-érték, a festékek 

anyagi minősége szempontjából a benzilszármazék (254) választása a kedvező. Ez 

után Fab antitest-alegységen végzett jelölési kísérletek során megállapítottuk, hogy a 

benzil-izotiocianát kötőelemmel ellátott fluoreszcein származékkal (254) sikerült 

hatékony, cisztein-szelektív, stabil jelölést elérni. Az általunk előállított és vizsgált 

jelölővegyület hasznos eszköze lehet a kémiai biológia eszköztárának. 

Összességében a kovalens fragmensek alkalmazása területén elért 

eredményeink a kovalens inhibitorok fejlesztése során alkalmazott kötőelemek 

tudatos megválasztása és optimálása révén hozzájárulhatnak a fehérjék kovalens 

jelölését célzó vegyületek hatékonyságának és szelektivitásának javításához, ezáltal 

új és hatékony kovalens inhibitorok fejlesztéséhez.  
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TÉZISPONTOK 

T1. Kidolgoztam egy szűrési protokollt kovalens fragmensek vizsgálatára, amely 

során reaktivitási, stabilitási és szelektivitási tulajdonságok szerint jellemeztem 

a vizsgált vegyületeket. Az így jellemzett vegyülettár felhasználásával új, 

reverzibilis, MurA-specifikus kötőelem kemotípusokat sikerült azonosítani. [P1] 

T2. HPLC-alapú reakciókinetikai mérések segítségével elvégeztem 7 tiol 

modellvegyület összehasonlító értékelését. Ennek során megállapítottam, 

hogy a különböző tiolmodellek nagyon eltérő reaktivitási eredményekre 

vezethetnek és a GSH (L-glutation) bizonyult a legjobban használható tiol 

modellvegyületnek. [P2] 

T3. Összeállítottam egy cisztein-reaktivitás kísérleti meghatározásra alkalmas 

speciális kovalens fragmens vegyülettárat, amellyel különböző fehérjéken 

(bakteriális fehérjéktől és az emberi enzimektől a nagyméretű fehérje 

asszociátumokig) azonosítottam az adott célpont esetében legjobban 

alkalmazható kötőelem kemotípusokat. A kovalens fragmensekkel végzett 

vizsgálatok során sikerült azonosítani az első kísérletileg igazolt kovalens 

MAO-A inhibitor vegyületet, amely a fehérje aktív centrumában található 

ciszteinekhez kötődik. 

T4. Kidolgoztam egy új kötőelem optimálási eljárást a cisztein-reaktivitás kísérleti 

meghatározására alkalmas kovalens fragmens vegyülettár felhasználásával. A 

módszer alkalmazásával retrospektív és prospektív módon sikeresen 

azonosítottam kovalens JAK3 inhibitorokat. 

T5. Az izotiocianát, mint kötőelem reakcióképességének részletes vizsgálata 

alapján, egy újonnan kifejlesztett benzil-izotiocianát alapú festék (2-[6-hidroxi-3-

oxo-3H-xantén-9-il]-5-(izotiocianátometil)-benzoesav) felhasználásával haté-

kony, cisztein-szelektív és stabil kovalens antitest-jelölést valósítottam meg. 

[P3]  
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APPENDIX 

Appendix Figures 

Figure A1. Chemical structures of the diverse covalent fragment library. 
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Figure A2. Kinases that contain at least one targetable cysteine and are available for 

testing with the selected enzyme activity assay (Z’-LYTE, Life Technologies), 

indicated (with red dots) on the kinase phylogenetic tree. Black circles show kinases 

involved in the activity fingerprint. The image was produced with the Kinome Render 

program.304 
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Appendix Tables 

Table A1. Characterization of the diverse covalent fragment library (70-206). The 

measured thiol reactivity (kapp – apparent thiol reactivity rate constant; kGSH – 

corrected thiol reactivity rate constant; t1/2(GSH) – thiol reactivity half life), measured 

aqueous stability (kdeg – degradation rate constant; t1/2(deg) – degradation half-life), 

measured conversion and labelling specificity obtained in the nonapeptide assay. 

„N/A” stands for not available. 

Entry 
Warhead 

Chemotype 

Thiol reactivity 
GSH assay 

Aqueous 
stability 

Labelling 
specificity

[a] 

and 

NP assay 
conversion [%] 

kapp 

[1/h] 
kGSH 

[1/h]
[b] 

t1/2(GSH) 
[h] 

kdeg 
[1/h] 

t1/2(deg) 
[h] 

70 I 0.182 0.094 7.4 0.088 7.9 C (100%) 

71 I 0.072 0.033 20.8 0.039 17.9 C (32%) 

72 I 0.026 0.014 48.2 0.012 56.7 - (0%) 

73 II 0.195 0.168 41.2 0.027 25.7 C (15%) 

74 II 
The compound cannot be detected by LC-MS. 

Surely reactive but unstable in aqueous solution. 
C (92%) 

75 IIIa 0.011 0.006 127.0 0.005 >72 C (100%) 

76 IIIa 0.013 0.010 70.1 0.003 >72 C (77%) 

77 IIIa 0.010 0.002 422.2 0.008 >72 C (36%) 

78 IIIa 0.171 0.164 4.2 0.007 139.7 C (59%) 

79 IIIa 0.009 0.008 86.8 0.001 >72 C (34%) 

80 IIIa 0.009 0.006 >72 0.003 >72 - (0%) 

81 IIIb 0.030 0.008 >72 0.022 31.1 - (0%) 

82 IIIb 0.036 0.003 >72 0.033 21.2 - (0%) 

83 IIIb 0.096 0.009 >72 0.087 8.0 - (0%) 

84 IV 4.257 4.253 0.2 0.004 >72 C (100%) 

85 IV 0.013 0.007 >72 0.006 >72 C (13%) 

86 V 0.214 0.149 4.7 0.065 10.6 C (86%) 

87 V 0.161 0.041 16.9 0.120 5.8 C (100%) 

88 V 
The compound cannot be detected by LC-MS. 

Surely reactive but unstable in aqueous solution. 
C (72%) 

89 VI >13.863 >13.863 0.0 0.067 10.4 C (100%) 

90 VI >13.863 >13.863 0.0 0.066 10.5 C (100%) 

91 VI >13.863 >13.863 0.0 0.046 15.2 C (100%) 

92 VI >13.863 >13.863 0.0 0.462 1.5 C (100%) 

93 VII 0.005 0.003 >72 0.002 >72 N/A 

94 VII 0.017 0.004 >72 0.013 52.5 C (80%) 

95 VII 0.012 0.007 >72 0.005 >72 C (18%) 

96 VIII 0.005 0.004 >72 0.001 >72 C (94%) 

97 IX 0.029 0.021 33.3 0.008 >72 K (94%) 

98 IX 0.270 0.262 2.6 0.008 >72 K (93%) 

99 IX 0.224 0.219 3.2 0.005 >72 N/A 

100 IX 0.060 0.054 12.8 0.006 >72 K (96%) 

101 X >13.863 >13.863 <0.05 0.003 >72 - (100%) 

102 X >13.863 >13.863 <0.05 0.533 1.3 - (100%) 

103 X 0.130 0.105 6.6 0.025 28.1 C (100%) 

104 XI 0.002 0.001 >72 0.001 >72 N/A 

105 XIIa 0.005 0.003 >72 0.002 >72 - (0%) 
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106 XIIa 0.086 0.032 22.0 0.055 12.7 - (0%) 

107 XIIa 0.022 indef.
[c]

 - 0.060 11.5 C (20%) 

108 XIIa 0.017 0.009 >72 0.008 >72 - (0%) 

109 XIIa 0.025 0.019 35.7 0.006 >72 - (0%) 

110 XIIb 0.053 0.008 >72 0.045 15.3 N/A 

111 XIIb 0.009 0.004 >72 0.005 >72 N/A 

112 XIIb 0.580 0.007 >72 0.573 1.2 N/A 

113 XIII 4.498 4.259 0.2 0.239 2.9 C (10%) 

114 XIII 2.177 2.120 0.3 0.057 12.1 C (73%) 

115 XIII >13.863 >13.863 <0.05 0.018 37.6 C (75%) 

116 XIII >13.863 >13.863 <0.05 0.046 15.1 C (11%) 

117 XIII >13.863 >13.863 <0.05 0.408 1.7 C (5%) 

118 XIV 0.005 0.001 >72 0.004 >72 - (0%) 

119 XIV 0.013 0.007 >72 0.006 >72 - (0%) 

120 XIV 0.004 0.003 >72 0.001 >72 - (0%) 

121 XIV 0.006 0.002 >72 0.004 >72 - (0%) 

122 XIV 0.012 0.007 >72 0.005 >72 - (0%) 

123 XIV 0.015 0.006 >72 0.009 >72 - (0%) 

124 XIV 0.013 0.005 >72 0.008 >72 - (0%) 

125 XIV 0.006 0.005 >72 0.001 >72 - (0%) 

126 XIV 0.040 0.003 >72 0.037 18.8 - (0%) 

127 XV 0.011 0.008 >72 0.003 232.0 - (0%) 

128 XV 0.015 0.002 >72 0.013 55.1 N/A 

129 XVI The compound cannot be detected by LC-MS. N/A 

130 XVI 0.010 0.008 >72 0.002 >72 K (64%) 

131 XVI 
The compound cannot be detected by LC-MS. 
Surely reactive and stable in aqueous solution. 

K (60%) 

132 XVI 0.014 0.009 >72 0.005 >72 - (0%) 

133 XVI The compound cannot be detected by LC-MS. N/A 

134 XVII 0.012 0.006 >72 0.006 >72 N/A 

135 XVII 0.010 0.005 >72 0.005 >72 N/A 

136 XVII 0.006 0.005 >72 0.001 >72 N/A 

137 XVII 0.018 0.009 >72 0.009 >72 N/A 

138 XVII 0.016 0.008 >72 0.008 >72 N/A 

139 XVII 0.010 0.003 >72 0.007 >72 N/A 

140 XVII 0.009 0.004 >72 0.005 >72 N/A 

141 XVII 0.007 0.001 >72 0.006 >72 N/A 

142 XVIII The compound cannot be detected by LC-MS. N/A 

143 XVIII 0.010 0.007 >72 0.003 >72 N/A 

144 XVIII 0.044 0.008 >72 0.036 19.2 N/A 

145 XVIII 0.015 0.007 >72 0.008 >72 N/A 

146 XVIII 0.005 0.002 >72 0.003 >72 N/A 

147 XVIII The compound cannot be detected by LC-MS. N/A 

148 XVIII 0.012 0.003 >72 0.009 >72 N/A 

149 XVIII 0.010 0.006 >72 0.004 >72 N/A 

150 XVIII 0.010 0.005 >72 0.005 >72 N/A 

151 XVIII 0.006 0.005 >72 0.001 >72 N/A 

152 XVIII 0.008 0.003 >72 0.005 >72 N/A 

153 XVIII 0.003 0.001 >72 0.002 >72 N/A 

154 XVIII 0.009 0.003 >72 0.006 >72 N/A 

155 XVIII 0.009 0.008 >72 0.001 >72 N/A 

156 XVIII 0.014 0.007 >72 0.007 >72 N/A 

157 XIXa 0.013 0.005 >72 0.008 >72 K (20%) 

158 XIXa 0.020 0.016 44.4 0.004 >72 K (48%) 

159 XIXb 0.005 0.002 >72 0.003 >72 N/A 

160 XIXb 0.026 0.003 >72 0.023 30.5 N/A 

161 XIXb 0.073 0.002 >72 0.071 9.7 N/A 

162 XX The compound cannot be detected by LC-MS. N/A 
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163 XX The compound cannot be detected by LC-MS. N/A 

164 XXI 0.018 0.009 >72 0.009 >72 N/A 

165 XXI 0.009 0.003 >72 0.006 >72 N/A 

166 XXI 0.010 0.004 >72 0.006 >72 N/A 

167 XXII 0.011 0.008 >72 0.003 >72 N/A 

168 XXIII 0.012 0.004 >72 0.008 >72 N/A 

169 XXIV 0.012 0.007 >72 0.005 >72 N/A 

170 XXIV 0.004 0.002 >72 0.002 >72 N/A 

171 XXV 0.296 0.235 2.9 0.061 11.3 C (100%) 

172 XXV 0.028 0.007 >72 0.021 32.7 N/A 

173 XXV 0.033 0.009 >72 0.024 28.8 C (57%) 

174 XXVI >13.863 >13.863 <0.05 0.080 8.7 C (94%) 

175 XXVI >13.863 >13.863 <0.05 0.011 61.0 C (95%) 

176 XXVI >13.863 >13.863 <0.05 0.004 >72 C (95%) 

177 XXVI >13.863 >13.863 <0.05 0.003 >72 C (97%) 

178 XXVI >13.863 >13.863 <0.05 0.059 11.7 C (100%) 

179 XXVII 0.006 0.002 >72 0.004 >72 C (76%) 

180 XXVII 0.029 0.021 32.8 0.008 >72 C (68%) 

181 XXVII 0.121 0.120 5.8 0.001 >72 C (72%) 

182 XXVII 0.285 0.008 >72 0.277 2.5 - (0%) 

183 XXVII 0.009 0.007 >72 0.002 >72 C (11%) 

184 XXVII 0.031 0.030 22.9 0.001 >72 C (83%) 

185 XXVII 0.094 0.087 8.0 0.007 >72 C (90%) 

186 XXVII 0.052 0.043 16.1 0.009 >72 C (91%) 

187 XXVIII 0.077 0.075 9.2 0.002 >72 - (0%) 

188 XXVIII 0.026 0.008 >72 0.018 38.9 - (0%) 

189 XXVIII 0.010 0.007 >72 0.003 >72 - (0%) 

190 XXVIII 0.017 0.011 61.2 0.006 >72 - (0%) 

191 XXVIII 0.005 0.001 >72 0.004 >72 - (0%) 

192 XXIX 0.082 0.003 >72 0.079 8.8 N/A 

193 XXIX 0.069 0.005 >72 0.064 10.8 - (0%) 

194 XXIX 0.082 0.003 >72 0.079 8.8 N/A 

195 XXIX 0.032 0.002 >72 0.030 23.2 - (0%) 

196 XXX 0.016 0.004 >72 0.012 56.8 N/A 

197 XXX 0.504 0.009 >72 0.495 1.4 N/A 

198 XXX 0.009 0.002 >72 0.007 >72 N/A 

199 XXXI 0.116 0.006 >72 0.110 6.3 N/A 

200 XXXI 0.007 0.006 >72 0.001 >72 N/A 

201 XXXII >13.863 >13.863 <0.05 0.003 >72 C (68%) 

202 XXXII 0.013 0.007 >72 0.006 >72 N/A 

203 XXXII 0.007 0.005 >72 0.002 >72 N/A 

204 XXXIII 0.114 0.002 >72 0.112 6.2 - (0%) 

205 XXXIII 0,325 0.108 6.4 0.217 3.2 C (5%) 

206 XXXIII 2.915 1.182 0.6 1.733 0.4 C (31%) 

[a] Preferred residue in NP assay (C: cysteine, K: lysine). 

[b] The reactions faster than the minimal time window necessary to obtain LC-MS spectra are reported 
here with a kinetic rate constant >13.863, due to the minimal running time was 3 min, which would 
be equal to 13.863 1/h kinetic rate constant. 

[c] Compound 107 has multiple reactivity (AdN & SNAr). Due to the non-linear kinetic GSH half-life can 
not be corrected with degradation and as a consequence, the pseudo-first order kinetic rate 
constant is indefinable.  
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Table A2. Inhibitory activity and inhibition mechanism of covalent fragments against 

MurAs. “N/A” stands for not available. 

Entry 

RA [%] 

MurAEC 

with DTT 

RA [%] 

MurAEC 

no DTT 

RA [%] 

MurASA 

no DTT 

IC50 [μM] 

MurAEC 

IC50 [μM] 

MurASA 
Mechanism 

70 90 50 82 172   reversible, time-dependent 

71 96 41 66 227   N/A 

72 100 92 91       

73 100 101 97       

74 100 47 81 95   reversible, time-dependent 

75 100 95 79       

76 97 78 85       

77 100 80 77       

78 100 51 72 164   reversible, time-dependent 

79 100 59 66       

80 99 8 45 39   reversible, time-dependent 

84 96 12 30 15 34 reversible, time-dependent 

85 100 82 89       

86 99 75 67       

87 100 82 91       

88 98 15 31 24 47 reversible, time-dependent 

89 95 1 0.8 0.82 0.627 N/A 

90 99 2 0 0.565 1.04 N/A 

91 100 1 0.3 0.554 0.652 reversible, time-dependent 

92 100 0.8 0 0.85 0.167 N/A 

94 100 92 39       

96 99 75 83       

106 100 39 43 120   N/A 

107 100 99 54   104 N/A 

109 100 120 100       

113 91 53 75 90   N/A 

114 100 3 41 3.7   irreversible, time-dependent 

115 89 24 23 37 65 N/A 

116 94 33 91 45   N/A 

117 99 3 9 28 53 N/A 

123 100 88 78       

125 100 91 92       

171 99 87 93       

173 97 94 94       

174 14 0.1 4 1.65 3.58 N/A 

175 94 2 7       

176 100 3 4 0.384 1.82 irreversible, time-dependent 

177 93 3 7 2.25 3.02 irreversible, time-dependent 

178 100 1.5 1 5.3 4.12 N/A 

179 100 83 50       

180 95 110 59       

181 81 29 50 76 102 irreversible, time-dependent 

183 91 35 39 29   N/A 

184 96 61 52       

185 98 47 54 141 171 irreversible, time-dependent 

186 99 61 55       

201 99 2 0 1.1 0.926 irreversible, time-dependent 

205 94 6 23 1.25 7.83 N/A 
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Table A3. Detailed kinetic results of the dataset resulted in the comparative analysis 

of thiol surrogates. The measured thiol reactivity (kapp – apparent thiol reactivity rate 

constant; kGSH – corrected thiol reactivity rate constant; t1/2(GSH) – thiol reactivity half 

life), measured aqueous stability (kdeg – degradation rate constant; t1/2(deg) – 

degradation half-life). Results of the assay conducted with L-glutathione (62) as thiol 

surrogate are already shown in Appendix Table A3. 

Entry 
Thiol reactivity 

GSH assay 
Aqueous 
stability 

Electrophilic 
Probe 

Thiol 
Surrogate 

kapp 

[
1
/h] 

kGSH 

[
1
/h] 

t1/2(GSH) 
[h] 

kdeg 
[
1
/h] 

t1/2(deg) 
[h] 

78 56 0.498 0.493 1.8 0.005 >72 

181 56 0.161 0.157 4.4 0.004 >72 

207 56 >13.863 >13.863 <0.05 1.525 0.5 

210 56 >13.863 >13.863 <0.05 1.525 0.5 

216 56 >13.863 >13.863 <0.05 0.001 >72 

219 56 >13.863 >13.863 <0.05 0.315 2.2 

221 56 0.617 0.001 >50 0.616 1.1 

222 56 0.322 0.01 >50 0.312 2.2 

223 56 0.322 0 >50 0.322 2.2 

226 56 >13.863 >13.863 <0.05 0.869 0.8 

227 56 0.458 0.003 >50 0.455 1.5 

228 56 0.291 0.005 >50 0.286 2.4 

229 56 0.016 0.002 >50 0.014 49.5 

78 58 0.892 0.887 0.8 0.005 >72 

181 58 0.195 0.191 3.6 0.004 >72 

207 58 >13.863 >13.863 <0.05 1.525 0.5 

210 58 >13.863 >13.863 <0.05 1.525 0.5 

216 58 >13.863 >13.863 <0.05 0.001 >72 

219 58 >13.863 >13.863 <0.05 0.315 2.2 

221 58 0.619 0.003 >50 0.616 1.1 

222 58 0.319 0.007 >50 0.312 2.2 

223 58 0.328 0.006 >50 0.322 2.2 

226 58 >13.863 >13.863 <0.05 0.869 0.8 

227 58 0.457 0.002 >50 0.455 1.5 

228 58 0.287 0.001 >50 0.286 2.4 

229 58 0.019 0.005 >50 0.014 49.5 

78 59 0.118 0.113 6.1 0.005 >72 

181 59 0.133 0.129 5.4 0.004 >72 

207 59 >13.863 >13.863 <0.05 1.525 0.5 

210 59 >13.863 >13.863 <0.05 1.525 0.5 

216 59 >13.863 >13.863 <0.05 0.001 >72 

219 59 >13.863 >13.863 <0.05 0.315 2.2 

221 59 0.622 0.006 >50 0.616 1.1 

222 59 0.43 0.118 5.9 0.312 2.2 
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223 59 0.328 0.006 >50 0.322 2.2 

226 59 >13.863 >13.863 <0.05 0.869 0.8 

227 59 0.456 0.001 >50 0.455 1.5 

228 59 0.286 0 >50 0.286 2.4 

229 59 0.035 0.021 33 0.014 49.5 

78 231 0.135 0.13 5.3 0.005 >72 

181 231 0.847 0.843 0.8 0.004 >72 

207 231 >13.863 >13.863 <0.05 1.525 0.5 

210 231 >13.863 >13.863 <0.05 1.525 0.5 

216 231 >13.863 >13.863 <0.05 0.001 >72 

219 231 >13.863 >13.863 <0.05 0.315 2.2 

221 231 0.617 0.001 >50 0.616 1.1 

222 231 0.604 0.292 2.4 0.312 2.2 

223 231 0.327 0.005 >50 0.322 2.2 

226 231 >13.863 >13.863 <0.05 0.869 0.8 

227 231 0.456 0.001 >50 0.455 1.5 

228 231 0.136 0 >50 0.286 2.4 

229 231 0.021 0.007 >50 0.014 49.5 

78 232 0.131 0.126 5.5 0.005 >72 

181 232 0.131 0.127 5.5 0.004 >72 

207 232 >13.863 >13.863 <0.05 1.525 0.5 

210 232 >13.863 >13.863 <0.05 1.525 0.5 

216 232 >13.863 >13.863 <0.05 0.001 >72 

219 232 >13.863 >13.863 <0.05 0.315 2.2 

221 232 0.618 0.002 >50 0.616 1.1 

222 232 0.748 0.436 1.6 0.312 2.2 

223 232 0.325 0.003 >50 0.322 2.2 

226 232 >13.863 >13.863 <0.05 0.869 0.8 

227 232 0.457 0.002 >50 0.455 1.5 

228 232 0.293 0.007 >50 0.286 2.4 

229 232 0.017 0.003 >50 0.014 49.5 

78 233 0.126 0.121 5.7 0.005 >72 

181 233 0.005 0.001 >50 0.004 >72 

207 233 >13.863 >13.863 <0.05 1.525 0.5 

210 233 >13.863 >13.863 <0.05 1.525 0.5 

216 233 >13.863 >13.863 <0.05 0.001 >72 

219 233 >13.863 >13.863 <0.05 0.315 2.2 

221 233 0.62 0.004 >50 0.616 1.1 

222 233 2.839 2.527 0.3 0.312 2.2 

223 233 0.326 0.004 >50 0.322 2.2 

226 233 >13.863 >13.863 <0.05 0.869 0.8 

227 233 0.457 0.002 >50 0.455 1.5 

228 233 0.289 0.001 >50 0.286 2.4 

229 233 0.076 0.062 11.2 0.014 49.5 

The reactions faster than the minimal time window necessary to obtain LC-
MS spectra are reported here with a kinetic rate constant >13.863, due to 
the minimal running time was 3 min, which would be equal to 13.863 1/h 
kinetic rate constant. 
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Table A4. Results of the adduct identification measurements by HPLC-MS or HPLC-

MS/MS mass spectrometry. („N/A” stands for not available) 

Entry cysteamine 

56 

N-benzoyl-
cysteamine 

231 

L-cysteine 

58 

N-acetyl- 

L-cysteine 

59 

N-benzoyl- 

L-cysteine 

232 

L-glutathione 

62 

N-benzoyl 

L-glutathione 

233 

78 361
+
 

465
+ 

463
–
 

405
+
 

447
+ 

445
–
 

509
+ 

507
–
 

591
+
 

695
+                 

693
–
 

181 
347

+ 

345
–
 

451
+ 

449
–
 

391
+
 

433
+ 

431
–
 

495
+ 

493
–
 

577
+
 N/A 

207 
362

+ 

360
–
 

466
+
 

406
+ 

404
–
 

448
+ 

446
–
 

510
+            

     
508

–
 

592
+
 

696
+          

       
694

–
 

210 
387

+ 

385
–
 

491
+ 

489
–
 

431
+ 

429
–
 

473
+
 

535
+ 

533
–
 

617
+ 

615
–
 

721
+                 

719
–
 

216 382
+
 486

+
 

426
+ 

424
–
 

468
+ 

466
–
 

530
+ 

528
–
 

612
+ 

610
–
 

716
+          

       
714

–
 

219 
349

+ 

347
–
 

453
+ 

451
–
 

393
+ 

391
–
 

435
+ 

433
–
 

497
+ 

495
–
 

579
+ 

577
–
 

683
+                 

681
–
 

221 N/A N/A N/A N/A N/A N/A N/A 

222 N/A 420
+
 N/A 

402
+ 

400
–
 

464
+ 

462
–
 

N/A 650
+
 

223 N/A N/A N/A N/A N/A N/A N/A 

226 
332

+ 

330
–
 

436
+ 

434
–
 

376
+
 

418
+ 

416
–
 

480
+ 

478
–
 

562
+ 

560
–
 

666
+                 

664
–
 

227 N/A N/A N/A N/A N/A 
563

+ 

561
–
 

N/A 

228 N/A N/A N/A N/A N/A 520
+
 N/A 

229 N/A N/A N/A 408
+
 N/A 552

+
 

656
+                 

654
–
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Table A5. Characterization of the mapping covalent fragment library (78, 181-183, 

207-230). The calculated local electrophilicity index (Local EPI), the measured thiol 

reactivity (kapp – apparent thiol reactivity rate constant; kGSH – corrected thiol reactivity 

rate constant; t1/2(GSH) – thiol reactivity half life), measured aqueous stability (kdeg – 

degradation rate constant; t1/2(deg) – degradation half-life), measured conversion and 

labelling specificity obtained in the nonapeptide assay. 

Entry 
Local 
EPI 
[eV] 

Thiol reactivity 

GSH assay 

Aqueous 
stability 

Labelling 
specificity

[a] 

and 

NP assay 
conversion [%] 

kapp 

[
1
/h] 

kGSH 

[
1
/h]

[b]
 

t1/2(GSH) 
[h] 

kdeg 
[
1
/h] 

t1/2(deg) 
[h] 

78 0.467 0.17 0.165 4.2 0.005 >72 C (59%) 

181 -0.043 0.124 0.12 5.8 0.004 >72 C (72%) 

182 0.008 0.279 0.002 >72 0.277 2.5 - (0%) 

183 0.062 0.014 0.007 >72 0.007 >72 C (11%) 

207 0.572 >13.863 >13.863 <0.05 1.525 0.5 C (24%) 

208 0.545 0.048 0.022 31.6 0.026 26.7 - (0%) 

209 0.525 Rev.
[c]

 Rev.
[c]

 - 0.074 9.4 C (55%) 

210 0.581 >13.863 >13.863 <0.05 1.525 0.5 C (96%) 

211 0.506 >13.863 >13.863 <0.05 1.525 0.5 C (99%) 

212 0.232 0.015 0.002 >72 0.013 53.3 - (0%) 

213 0.264 0.294 0.005 >72 0.289 2.4 - (0%) 

214 0.336 0.355 0.175 4 0.18 3.9 C (27%) 

215 0.143 2.377 2.249 0.3 0.128 5.4 C (62%) 

216 0.428 >13.863 >13.863 <0.05 0.001 >72 C (98%) 

217 0.375 >13.863 >13.863 <0.05 0.003 >72 C (100%) 

218 0.303 0.122 0.106 6 0.006 >72 C (49%) 

219 0.247 >13.863 >13.863 <0.05 0.315 2.2 C (29%) 

220 0.099 >13.863 >13.863 <0.05 0.265 2.6 C (32%) 

221 0.519 0.62 0.004 >72 0.616 1.1 - (0%) 

222 0.539 0.319 0.007 >72 0.312 2.2 - (0%) 

223 -0.02 0.323 0.001 >72 0.322 2.2 - (0%) 

224 0.177 0.094 0.003 >72 0.091 7.6 - (0%) 

225 -0.055 0.423 0.41 1.7 0.013 53.3 C (45%) 

226 -0.148 >13.863 >13.863 <0.05 0.869 0.8 C (95%) 

227 0.082 0.571 0.116 6 0.455 1.5 C (15%) 

228 -0.031 0.349 0.063 11 0.286 2.4 - (0%) 

229 0.187 0.036 0.022 31.7 0.014 49.5 C (47%) 

230 0.427 0.002 0.001 >72 0.001 >72 - (0%) 

[a] Preferred residue in NP assay (C: cysteine). 

[b] The reactions faster than the minimal time window necessary to obtain LC-MS 
spectra are reported here with a kinetic rate constant >13.863, due to the minimal 
running time was 3 min, which would be equal to 13.863 1/h kinetic rate constant. 

[c] Reversible reaction was observed, equilibrium was reached within 1 hour.  
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Table A6. Comparative analysis of the reactivity profile for mapping library (1–28) 

obtained by remaining activities (RA%) of MurA and MAO proteins at 500 μM, 

HDAC8 at 250 μM and the β5i subunit of the iCP at 100 μM determined by 

biochemical assay, and free thiol ratio (FTR%) of the KRASG12C at 200 μM 

determined by Ellmann’s assay. Heatmap colouring is in line with activity differing 

from the inactives in red to the actives in green. 

Entry Warhead MurA MAO-A MAO-B HDAC8 
iCP 
β5i 

KRAS
G12C

 

78 acrylamide 32 58 85 52 100 61 

181 haloacetamide 8 46 90 10 100 62 

182 haloacetamide 64 92 86 8 100 82 

183 haloacetamide 85 100 97 11 100 88 

207 acrylate 17 71 66 3 52 0 

208 propiolate 85 84 81 0 100 100 

209 cyano-acrylamide 61 21 62 0 100 33 

210 maleimide 0 0 19 0 2 0 

211 maleimide 0 1 63 0 23 0 

212 acrylamide 6 0 0 0 9 71 

213 acrylate 57 4 38 0 100 100 

214 acrylonitrile 77 91 89 6 100 100 

215 propiolate 22 92 38 0 77 43 

216 vinylsulfone 1 0 65 0 5 46 

217 vinylsulfone 10 8 85 0 8 46 

218 vinylsulfonamide 88 95 100 23 72 100 

219 isothiocyanate 61 84 75 0 N/D
b
 100 

220 isothiocyanate 47 0 83 0 17 0 

221 vinyl 65 87 56 100 100 100 

222 acetylene 84 100 94 42 100 81 

223 nitrile 88 100 89 8 100 100 

224 hydrazone 61 66 74 100 100 100 

225 cyanimide 87 57 92 13 100 100 

226 haloacetophenone 0 N/D
a
 N/D

a
 0 15 0 

227 epoxide 65 72 69 20 100 100 

228 fluoride 100 94 93 69 100 100 

229 thiol 12 38 49 14 26 N/D
a
 

230 aldehyde 100 92 92 100 100 58 

N/D stands for "not determined" due to a) assay interference or b) solubitility issues 
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Table A7. Similarity matrix, showing the pairwise correlation coefficients between the 

activity profiles of the covalent fragment library on the selected kinases in the top 

half, and the percent homologies and identities (before and after the slash, 

respectively) for the binding site sequences of the selected kinases in the bottom 

half. The bottom half is coloured according to the sequence homologies. 

similarity in activity fingerprints 

 
BTK ERK2 RSK2 MELK MAP2K6 

BTK 
 

0.623 0.444 0.428 0.663 

ERK2 59 / 34 
 

0.675 0.621 0.729 

RSK2 59 / 33 58 / 36 
 

0.822 0.662 

MELK 60 / 41 58 / 38 65 / 41 
 

0.798 

MAP2K6 53 / 32 65 / 39 52 / 33 51 / 22 
 

sequence homology/identity (%) at ATP-binding site 

Table A8. Spectrophotometric properties of 66 and 254 dyes. 

 66 254 

pH 6.5 8.0 6.5 8.0 

λabs
max

 [nm] 495 495 493 494 

λem
max

 [nm] 523 522 521 522 

Molar absorption coefficient 
at λabs

max
 [M

-1
cm

-1
] 

43107 67302 56970 73519 

Quantum yield 0.053 0.16 0.35 0.56 

Brightness 2304 10874 20164 40946 

Table A9. Photostability results of 66 and 254 dyes at pH = 8.0. 

  66 254 

Relative fluorescent intensity [%] 0 min 100% 100% 

Relative fluorescent intensity [%] 30 min 60% 63% 

Relative fluorescent intensity [%] 60 min 29% 30% 
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Targeted covalent inhibitors have become an integral part of a number of therapeutic protocols and are
the subject of intense research. The mechanism of action of these compounds involves the formation of a
covalent bond with protein nucleophiles, mostly cysteines. Given the abundance of cysteines in the
proteome, the specificity of the covalent inhibitors is of utmost importance and requires careful opti-
mization of the applied warheads. In most of the cysteine targeting covalent inhibitor programs the
design strategy involves incorporating Michael acceptors into a ligand that is already known to bind non-
covalently. In contrast, we suggest that the reactive warhead itself should be tailored to the reactivity of
the specific cysteine being targeted, and we describe a strategy to achieve this goal. Here, we have
extended and systematically explored the available organic chemistry toolbox and characterized a large
number of warheads representing different chemistries. We demonstrate that in addition to the common
Michael addition, there are other nucleophilic addition, addition-elimination, nucleophilic substitution
and oxidation reactions suitable for specific covalent protein modification. Importantly, we reveal that
warheads for these chemistries impact the reactivity and specificity of covalent fragments at both protein
and proteome levels. By integrating surrogate reactivity and selectivity models and subsequent protein
assays, we define a road map to help enable new or largely unexplored covalent chemistries for the
optimization of cysteine targeting inhibitors.

© 2018 Elsevier Masson SAS. All rights reserved.
1. Introduction

Targeted covalent inhibitors (TCIs) are typically high affinity
. Gobec), keseru.gyorgy@ttk.

served.
compounds that selectively block the activity of the targeted pro-
teins by forming covalent bonds with nucleophilic amino acid
residues [1]. The nucleophilic partner is most often cysteine;
however, other residues, such as serine, threonine, tyrosine and
lysine, can also be considered [2]. The importance of cysteine-
targeting is supported by the low occurrence of cysteine in the
human proteome (2.3%) [3] that alleviates selectivity issues and the
low conservation of non-catalytic cysteines particularly in protein
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kinases is also advantageous for selectivity and for avoiding the
development of resistance [4]. The cysteine thiol is highly reactive
due to its high electron density and polarizability. Therefore, it can
be attacked with low reactivity ligands that is preferred to mini-
mize side-effects [3,5]. Moreover, cysteines play a significant role in
a variety of functions including nucleophilic and redox catalysis,
metal binding and allosteric regulation. These functional cysteines
are found on diverse proteins such as proteases, oxidoreductases
and kinases and therefore cysteine-targeted electrophiles can be
utilized to affect the function of a wide range of proteins [6e9].
Covalent inhibitors can possess several advantages over non-
covalent, reversible compounds [10,11], including having high po-
tency combined with high biochemical efficiency due to the com-
plete and non-equilibrium-based inhibition of the target. The high
specificity and potency of the inhibitors can translate to lower and
less frequent dosing with decreased potential for off-target effects.
Covalent binding also results in long residence times on the target
[12], which manifests in extended durations of action. Covalent
binders can enhance target occupancies and maintain target en-
gagements that improve the therapeutic utility of compounds with
limited plasma levels, which can contribute to the management of
drug resistance [13]. Early phase drug discovery programs can also
benefit from a targeted covalent approach providing small mole-
cule probes and viable chemical starting points for challenging
targets of low tractability. However, irreversible inhibitors are often
systematically removed during screening cascades due to a number
of risk factors, including reactivemetabolites, drug-induced toxicity
and immunogenicity [14]. Consequently, reactivity and specificity
have major impacts on the fate of TCIs and should therefore be the
subjects of in-depth optimization studies. Optimization of non-
covalent interactions must remain in focus since non-specific
binding increases the risk of unwanted side effects. Careful evalu-
ation of the risk-benefit ratio in developing covalent inhibitors,
however, should obviously include the optimization of their
chemical reactivity. The difficulties of drug discovery research with
lead compounds that have reactive metabolites [15] suggest that
highly reactive electrophiles are not suitable warheads for covalent
inhibitors. Therefore, TCIs are typically equipped with weakly
reactive or even reversible warheads [16], which e in the case of
cysteine targeted molecules e have introduced a clear bias towards
Michael additions. A recent analysis of cysteine targeting covalent
inhibitors suggests that almost 70% of the published compounds
have Michael acceptor-type warheads, with acrylamides being the
predominant functional group (Supplementary Fig. S1) [17]. This
tendency has resulted in an actual design paradigm of putting more
emphasis on the optimization of the initial non-covalent in-
teractions and then adding warheads from known covalent in-
hibitors [18]. Following the identification of a suitable reversible
inhibitor with a known binding mode, this strategy then focuses on
the correct positioning of the selected reactive functionality. Given
the electronic crosstalk between the non-covalent scaffold and the
warhead, this approach prevents the parallel optimization of co-
valent and non-covalent interactions and keeps the discovery of
novel inhibitors biased towards already proven covalent chemis-
tries, particularly the over-represented Michael addition. A decid-
edly greater variety of electrophiles can be found, for example, in
natural products, which cover a much wider range of chemistries,
including both Michael-type (AdNM) and non-Michael (AdN)-type
nucleophilic additions, addition-elimination reactions (Ad-E),
nucleophilic substitutions (SN) and oxidations (Ox) [19]. To the best
of our knowledge, the potential to use all these chemistries in the
design of TCIs has not been investigated systematically.

Here, we use a large set of different warheads representing a
wide range of chemistries to explore their effect on reactivity and
selectivity towards cysteine, the most frequently targeted protein
nucleophile. Deciphering the impact of warhead chemistries, we
investigate covalent fragments [20e22] that typically form only a
few non-covalent interactions with a target [23]. We therefore
constructed a covalent fragment library with diverse warhead
chemistries and investigated its reactivity against glutathione
(GSH), an oligopeptide model with multiple nucleophilic residues
and intact proteins. Furthermore, our approach suggests changes in
the design strategy of TCIs, as screening covalent fragments would
allow selecting and optimizing an appropriate warhead that could
be developed further using the established methodologies of
fragment-based drug discovery [24]. Our results revealed that AdN,
Ad-E, SN, and oxidation reactions cover the same range of reactivity
in a biological environment as Michael additions and that they
perform with different levels of reactivity and selectivity in surro-
gate peptide models, in full proteins and in living cells. Further-
more, we extended the concept of reversible covalent inhibition to
new groups of electrophilic warheads. The protocols and extensive
experimental data discussed here provide a road map for the se-
lection of cysteine targeting warheads specifically tailored for the
targeted protein.

2. Results and discussion

2.1. Reactivity pro� ling of electrophilic warheads

Based on the available reactions of sulphur nucleophiles,
particularly thiols and thiolates, we constructed a fragment library
for covalent modification of cysteine residues in proteins. In addi-
tion to AdNM, we considered other AdN, Ad-E, SN reactions and
oxidations (Fig. 1).

Our design principles consist of diverse types of warheads that
are each represented by, on average, four examples with small but
structurally diverse fragment scaffolds. In total, we selected 137
chemical probes with 36 different warheads with an average heavy
atom count of 13± 5 and a molecular weight of 180 ± 66 Da (see
Supplementary Fig. S2 for chemical structures).

To evaluate the cysteine reactivity of the fragments, a kinetic
assay was performed using the tripeptide glutathione (GSH) as the
surrogate cysteine thiol source (see Fig. 2 and Supplementary
Table S1) [20] that is an indicator for promiscuous covalent bind-
ing [25].

Reactions were conducted with a large excess of GSH to ensure
pseudo first order kinetics, and so linearity in the consumption of
the fragments. Following ref. [20] we used the stable and non-
interfering indoprofen as an internal standard in MS analysis.
Additional control experiments were performed without GSH to
characterize the aqueous stability of the probes. The GSH assay
resulted in ln(AUC/AUC0) versus t curves (curve I on Fig. 2) deter-
mined by linear regression, where the slope was equal to
e(kGSH þ kdegradation). The blank assay provided kdegradation in a
similar way (curve II on Fig. 2), and the data, together with the time
course of fragment reactivity (curve III on Fig. 2), allowed the GSH
reactivity of a fragment to be calculated in terms of half-life t1/
2¼ ln2/kGSH.

The resulting t1/2 values were used to quantitatively characterize
the reactivity of the library members. Across all fragments, 64 were
found to be reactive, representing 22 warhead types from the five
chemistry subsets. Of those 22 warhead types, 10 reacted as
Michael acceptors (I-X, Fig. 1), 5 reacted in non-Michael additions
(XII-XVI), 1 warhead reacted in an Ad-E (XIXa), 4 warheads
participated in SN reactions (XXV-XXVIII), and 2 warheads were
reacting in oxidation reactions (XXXII and XXXIII). In the case of
Michael acceptors, sterically hindered acrylamides (IIIb) and a
halogenated a,b-unsaturated oxo compound (XI) did not react with
GSH under the applied conditions. Of the AdNwarheads, the oximes



Fig. 1. General structure of the electrophilic library sorted by warhead chemistries. Red and blue boxes indicate GSH-reactive and cysteine-selective warheads, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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(XVII), aldehydes (XVIII) and sterically hindered hydrazones (XIIb)
showed no reactivity, and from the Ad-E and SN subsets, the
phthalimides (XIXb), formates (XX), formamides (XXI), imidazo-
amides (XXII), N-hydroxysuccinimide (XXIII), hydrazides (XXIV),
sulfonesters (XXIX), halothiophenes (XXX), and electron poor
chlorobenzenes (XXXI) showed no reactivity. From the set of
reactive fragments, 45 reacted in an appropriate time scale with
GSH reactivities of t1/2 < 50 h [26]; representing 17 warheads.

The GSH half-lives of some Michael acceptors, including cyclic
acrylamides (VII), acrylesters (VIII), the non-Michael type nitriles
(XIV), imino nitriles (XV) and the AdN type glyoxyl warheads (XVI),
were outside the criteria. Given the incubation time of <60min in
most of the fragment screens [27], we chose a buffer stability cri-
terion of t1/2 of degradation greater than 1 h that kicked off one
fragment and ultimately resulted in a pool of 44 fragments
representing 17 different warheads. We compared the reactivity
ranges observed and concluded that not only do Michael-additions
satisfy the appropriate reactivity criteria [26], but all of the other
four chemistries provided warheads with similar reactivity profiles
(see Supplementary Fig. S3 for GSH t1/2 values by chemistries).
Moreover, we found significant overlap of the reactivity distribu-
tions obtained for the different chemistries (Fig. 3) indicating that
other chemistries in addition to Michael additions are suitable for
the optimization of TCI reactivities against cysteines.

Detailed analysis of the results revealed that the warheads
reacting most readily with GSH (VI, X, XIII, XXV and XXXII) were
part of the AdNM, AdN, SN, and Ox subsets, and fragments with the
lowest suitable reactivity (24 h< t1/2 < 50 h) were compounds such
as the acrylic esters (I) and acrylonitriles (II), hydrazones (XIIa), N-
hydroxy(methyl)phthalimides (XIXa) and haloacetamides (XXVII),



Fig. 2. Kinetic profiling of a representative covalent fragment (9) against GSH by LC-MS. LC-MS spectra were recorded at 0, 2, 4, 8, 12, 24, 48 and 72 h time points. Curves I, II and III
show the measured fragment consumption, the measured aqueous stability of the fragment, and the calculated fragment reactivity, respectively.
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from the AdNM, AdN, Ad-E, and SN warhead groups, respectively.
After exploring their GSH reactivity and aqueous stability, we

then investigated whether the reactive fragments are selective to-
wards cysteine or also reactive to other nucleophilic residues. We
envisioned accomplishing this using an assay with an oligopeptide
(KGDYHFPIC nonapeptide, NP) designed for this particular assay
that contains lysine, tyrosine and histidine in addition to the tar-
geted cysteine. Having confirmed the covalent binding of the
fragments to the NP with LC-MS/MS measurements, it was then
possible to assess their selectivity. This study provided evidence
that 28 of the 44 fragments, representing 12 of the 17 warheads,
were cysteine selective, based on the criterion, that the electro-
philic fragment should show at least 3-fold reactivity towards
cysteine in the tested 1mM concentration as compared to any other
residue of the nonapeptide.

Warheads XVI and XIXa, which react by AdN and Ad-E,
respectively, were exclusively lysine selective. Michael acceptor
quinones (X) reacted rapidly and showed no selectivity at all.
Epoxides (XXV) labelled cysteine, but also significant lysine-
reactivity was observed. Some of the maleimides (VI) and
isothiocyanates (XIII) also appeared to showminor reactivity with
lysine, while acrylic aldehydes (IX) gave exclusively lysine ad-
ducts, presumably reacting at the aldehyde carbonyl instead of the
C¼C double bond. Some a-halogenated oxo-compounds (XXVI)
and a vinyl sulfone (IV) reacted slightly with the tyrosine residue
in addition to cysteine. Nitriles (XIV) and iminonitriles (XV)
showedmodest GSH reactivity and no reaction in the oligopeptide
assay. The conversion of reaction with the NP corresponded to
GSH half-lives (Spearman Rho¼ 0.73) within the given chemistry
and warhead subsets, which confirms the predictive power of
these early roadmap assays. The most reactive warheads were the
haloacetophenones (XXVI), epoxides (XXV), haloacetamides
(XXVII) and maleimides (VI), representing the SN and AdNM types
of reactions. In summary, starting from the large set of chemical
probes representing a diverse set of potential cysteine targeted
warheads, we identified 44 reactive and stable fragments
(constituting 17 warheads), 28 (constituting 12 warheads) of
which were found to be cysteine selective (Fig. 4, Supplementary
Tables S1 and S2). Furthermore, we have elongated NP with a
terminal Thr (TKGDYHFPIC), that is a relevant nucleophilic residue



Fig. 3. GSH reactivity distribution of different chemistries. Warheads I-X and XIIa-XVI
represent the AdNM and AdN type nucleophilic additions, respectively. Reactivity of
warheads XIXa, XXV-XXVIII and XXXI-XXXII is depicted for Ad-E, SN and Ox re-
actions, respectively. The coloured lines represent the GSH half-lives of fragments in
the corresponding warhead chemistries showing that a suitable reactivity range can be
covered by multiple chemistries.

P. �Abr�anyi-Balogh et al. / European Journal of Medicinal Chemistry 160 (2018) 94e10798
mainly in the proteasome field [28] and developed a decapeptide
assay for testing the cysteine selective fragents. This study
revealed that most of the cysteine selective fragments showed no
reactivity against Thr, only fragment 46 (XIII) that is strongly
activated by a nitro group, showed less than 3-fold reactivity to-
wards cysteine (Supplementary Table S1).

We showed that in addition to Michael acceptors, warheads of
AdN, SN and Ox reactions can be considered in the design of TCIs.
In addition, our results suggest that the combination of aqueous
stability, GSH reactivity and oligopeptide selectivity assays is a
feasible way to discover and optimize warheads for covalent
inhibitors.
Fig. 4. Generation of the cov
2.2. Protein level reactivity of covalent fragments

Cysteine-reactive and chemically stable covalent fragments
profiled by the GSH reactivity and the oligopeptide selectivity tests
were then evaluated in an enzyme inhibition assay against MurA
(UDP-N-acetylglucosamine enolpyruvyl transferase), an enzyme
that catalyses the first committed step of bacterial peptidoglycan
biosynthesis. MurA is generally considered a promising antibacte-
rial target since it is expressed by both Gram-positive and Gram-
negative bacteria, it has no mammalian orthologue, and it is clini-
cally validated [29]. Despite intense research, relatively few com-
pounds have been described as potent MurA inhibitors [30,31].
Fosfomycin is the only clinically available MurA inhibitor that binds
covalently to the Cys115 residue in the active site. The inhibitory
activity of the 27 GSH reactive covalent fragments showing
appropriate aqueous stability was tested at a concentration of
100 mMagainst MurA from Escherichia coli (MurAEC) in the presence
and absence of 0.1mM dithiothreitol (DTT). Since DTT reacts with
electrophilic compounds, their warheads are no longer available to
react with Cys115 of MurAEC. Without the covalent interaction, the
fragments do not inhibit the enzyme, making it possible to
decouple covalent binding from non-covalent interactions.
Comparative analysis of the results showed that most of the frag-
ments bind covalently to the target (Fig. 5).

As expected, it was found that fragments with different war-
heads performed differently. Focusing on the actives (identified as
those producing a residual enzyme activity (RA) less than 80% at
100 mM of compound), we identified warheads in all four tested
chemistry classes (AdNM, AdN, SN, and Ox) (Fig. 5).

The median activity of actives was highest for oxidations, fol-
lowed by nucleophilic substitutions and non-Michael type nucle-
ophilic conjugate additions. At the warhead level (Fig. 5 and see
Table 2 for numeric data), haloacetophenones (XXVI) and iso-
thiocyanates (XIII) were more active than haloacetamides (XXVII),
and hydrazone (XIIa). Covalent fragments equipped with Michael
acceptor warheads had varying inhibitory potencies. Maleimides
(VI) were the most reactive Michael acceptors, showing activities
similar to the best SN type warheads, followed by vinylsulfone (IV,
15) and butynoate (V, 19). Acrylesters (I), acrylonitriles (II) and
alent screening library.



Fig. 5. Characterization of the protein reactivity with covalent fragments having different warhead chemistries. Inhibition of MurAEC by covalent fragments, measured in the
presence (green) and absence (red) of DTT, presented as residual activity of the enzyme in the presence of 100 mM concentration of fragment. Chemistries are indicated with
background colours according to AdN (orange), AdNM (yellow), Ox (dark green) and SN (blue). Median potency of actives by warhead chemistries is also indicated. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Inhibitory activity and inhibition mechanism of covalent fragments against MurAa.2
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acrylamides (IIIa) showed much lower activity. The covalent frag-
ments with the best performances were then subjected to IC50
measurements and mechanistic studies with MurAEC and struc-
turally related Staphylococcus aureus MurA (MurASA) (Table 1).

The covalent binding of different warhead types was confirmed
also by MS/MS studies. Proteomics studies revealed that the mal-
eimide 22 (VI, AdNM type), the bromoacetophenone 107 (XXVI, SN
type) and the benzisothiazolone 132 (XXXII, Ox type) form cova-
lent bond with Cys115 located at the active site of MurAEC
(Supplementary Fig. S4, Table S3).



Table 2
The effect of warhead chemistries on the functional, enzyme family, species and protein specificity. Functional specificity is illustrated by comparing the activity profiles
obtained by measuring the endo- (CatB Endo) and exopeptidase (CatB Exo) functional activity of cathepsin B. The effect on enzyme family specificity is exemplified by
comparing CatB Exo and the exopeptidase activity of cathepsin X (CatX) enzymes. Species specificity is shown comparing activity profiles measured for MurAEC and MurASA.
Protein specificity is demonstrated by comparing MurAEC and cathepsin B exopeptidase activities. The activities are scaled by colours, with more active compounds (under 80%
of residual activity) being shown in deeper tones. All compounds were tested in 100 mM concentration.3
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These studies revealed that by screening only a small set of
covalent fragments, we could identify new low micromolar and
even sub-micromolar MurA inhibitors that are active on both
MurAEC and MurASA. The maleimide 22 and 1,2-benzisothiazol-
3(2H)-one 132 represent novel MurA chemotypes and were among
the most potent reversible or irreversible inhibitors of both MurAs,
with IC50 values similar to that of fosfomycin [32]. Interestingly, we
found that a number of covalent fragments showed reversibility in
binding to the MurAEC active site (Fig. 6, Supplementary Fig. S5 and
Table S4).

Reversible covalent inhibition has been described for cyanoac-
rylates, cyanoacrylamides [12,16,33], electron poor heterocyclic
Fig. 6. Reversible MurA inhibitors identified by covalent fragment screening.
acrylonitriles [34] and nitriles [35], but neither simple acrylates nor
acrylonitriles showed reversible bindingwith thiols. Based on these
studies, we concluded that electron withdrawing groups are
needed on both sides of the double bond to make the Michael
addition reversible. Here, we show that other Michael acceptor
warheads (I (1), II (5), IIIa (9), V (19) and VI (22)) were also able to
bind reversibly to MurA. In most cases, the thiol-reactive centre of
the fragment is surrounded by electronwithdrawing carbonyl (1, 9,
19, 22) or nitrile (5) groups, making them similar to the electron
deficient cyanoacryl derivatives. These observations suggest that a
more diverse set of warheads is indeed available for reversible
covalent inhibition.

Next, we investigated the predictive performance of the early
steps of the road map on the observed biological activity of the
evaluated covalent fragments. It was found that MurA inhibitory
activity follows the same trend as GSH half-life and the conversion
of the oligopeptide (Fig. 7a and b).

Taken together, these data suggest that non-enzymatic models
are valid predictive tools for the estimation of fragment reactivity
and specificity against MurA.
2.3. Warhead chemistry in� uences target speci� city

Given the demonstrated effect of warhead chemistries on
cysteine reactivity, we next investigated whether the different
warhead types impact functional, enzyme family, species and
protein specificities. The cysteine-reactive covalent fragment set
was therefore screened against cysteine peptidases such as
cathepsin B and X and a non-cysteine peptidase thrombin. For the



Fig. 7. Trend analyses of measured oligopeptide conversion (a) and GSH half-lives (b)
as surrogates of MurAEC reactivity, respectively.

P. �Abr�anyi-Balogh et al. / European Journal of Medicinal Chemistry 160 (2018) 94e107 101
evaluation of functional specificity, we tested both endo- and
exopeptidase activity of cathepsin B. The effect on the members of
an enzyme family was estimated by comparing the exo activity
profiles of cathepsins B and X. Species and protein specificity was
analysed using the screening profiles obtained for MurAEC vs.
MurASA and MurAEC vs. cathepsin B exo activity vs. thrombin,
respectively.

Cathepsin B is a lysosomal cysteine peptidase that has important
roles in various pathological processes, including cancer, and has
been validated as a promising biomarker and therapeutic target in
various cancers [36e38]. The flexible occluding loop of cathepsin B
exists in two characteristic conformations in which the open form
is preferential for the endopeptidase activity and the closed form is
preferred for the exopeptidase activity [39]. Previous studies
revealed that Michael acceptors and halomethyl ketones are irre-
versible cathepsin inhibitors and form covalent bond with the
active site cysteine [40]. The impact of different warhead chemis-
tries on inhibitory activity and functional specificity, however, has
not yet been investigated. Testing the cysteine-reactive covalent
fragment library against both conformations revealed that the
inhibitory activities of endo- and exopeptidase functions are
dependent on the warhead chemistries (Table 2).

Our results suggest that the exopeptidase activity of cathepsin B
is more sensitive to covalent fragments than the endopeptidase.
Although Michael acceptors were found to be very weak inhibitors
of both activities, the exopeptidase activity was more effectively
inhibited by some AdN and SN reactions and by oxidation (XXXIII).
Thewarheads that weremost effective in influencing either endo or
exo activities utilize nucleophilic substitutions. Haloacetophenones
(XXVI) were the most potent inhibitors of the exopeptidase activ-
ity. Interestingly, haloacetamides (XXVII) that also act by SN
mechanisms, showed some preference for inhibiting the endo-
peptidase activity. Non-Michael-type additions have lower speci-
ficity coupled with limited endopeptidase inhibitory activity,
except for isothiocyanate (XIII, 45), which was found to be a potent
and specific exopeptidase inhibitor.

Cathepsin X is yet another member of the cysteine cathepsins
that is similar to cathepsin B and acts as a carboxypeptidase;
however, it has narrower substrate specificity and no endopepti-
dase activity. This cathepsin has been associated with immune
response, neuroinflammation, neurodegeneration and cancer
[41,42]. Analysis of the covalent fragment hits revealed that
cathepsin X is generally less sensitive to fragment electrophiles
than cathepsin B (Table 2). In fact, the enzymes do not share similar
activity profiles [43], that could be rationalized by the different
nucleophilicity of their catalytic cysteine. Unlike with cathepsin B,
the most effective cathepsin X warheads are isothiocyanates (XIII)
that bind by AdN reactions. Interestingly, chemically more reactive
SN type warheads are virtually inactive against cathepsin X. This
might suggest that cathepsin X could be more specifically targeted
by an isothiocyanate type AdN class of warheads. Again, Michael
acceptors and oxidative warheads showed very limited inhibitory
activity.

The effect of warhead chemistries on the same protein from
different species has been investigated using MurA as an
example. Analysing the sequence similarity of MurAEC and Mur-
ASA we found only 49% of identities and 66% of positives (that is
83% and 89%, respectively within the 6 Å surrounding the refer-
ence ligand fosfomycin and the substrate UNAG), which suggests
considerable differences between the proteins. Using identical
assay conditions for both MurAs we compared the corresponding
hit lists (Table 2). Although some Michael acceptors (V and VI),
SN type and oxidative warheads showed similar inhibitory ac-
tivity on MurA from both species, isothiocyanates (XIII) reacting
with AdN and acrylic type warheads (I, II, IIIa, and IV) were
typically more active on the MurAEC than MurASA, suggesting
some specificity in these warheads. This specificity can be
explained by the different surroundings of the active site cyste-
ines. In MurAEC Cys115 is followed by a Thr while the residue
next to the active cysteine in the MurASA homologue is Ala.
Furthermore, there is another structural difference in the cata-
lytic loops (Ala119 in E. coli vs. Ser123 in S. aureus). Comparison
of the MurAEC crystal structure (1HUC) to the homology model of
MurASA [44] showed that steric effects are less important. Shape
similarity of the active sites, however, suggests that the catalytic
cysteine of MurAEC might have a more nucleophilic character
than that of the MurASA. Interestingly, the other AdN type
warhead, hydrazone 38 (XIIa), was more active on MurASA,
emphasizing again the impact of warhead chemistries on the
species-specific inhibition of MurA.

To enable evaluation of the effect of warhead chemistries on
different proteins, we compared the activities found against MurA
and cathepsin B exopeptidase (Table 2). In contrast to the intra-
cellular MurA, cathepsins are extracellular and require cysteine for
their activation. To make a fair comparison, we performed the as-
says in similar conditions and analysed the hit lists obtained. This
analysis showed that covalent fragments were more active on
cathepsin B than MurA, which is in line with the lower pKa value of
cathepsin B (3.4 [45] and 8.3 [46], respectively). Although SN war-
heads, particularly haloacetophenones (XXVI), were the most
active on both proteins; for cathepsin B, we found differences for
other chemistries. Isothiocyanate-type AdN warheads (XIII) out-
performed both oxidative (XXXIII) andMichael warheads (I-V) and
showed the largest specificity for cathepsin B. Since both MurA and
cathepsin B have a catalytic cysteine in their active sites, we also
included thrombin, a serine protease, in this comparison, and it
does not have such a cysteine, but a serine that can be targeted by
covalent inhibitors [47]. Screening cysteine-selective covalent
fragments against thrombin identified no inhibitors, consistent
with the active site cysteine-specific mechanism of covalent inhi-
bition at play here.

In summary, our analysis suggests that different warhead
chemistries have a significant influence on specificity at multiple
levels, including the functional activity of the same protein, the
activity of different enzymes from the same family, the activity of
the same enzyme from different species and the activity of different
proteins. We found that these specificities are the least pronounced
for AdNM. Interestingly, it seems that other types of chemistries,
more specifically AdN and SN, provide more opportunity for specific
biological responses. On the basis of these results we propose a new
strategy in the design of TCIs, where the reactive warhead itself
should first be optimized and tailored to the reactivity of the tar-
geted cysteine, followed by optimization of non-covalent in-
teractions using established methods of fragment-based drug
discovery.



P. �Abr�anyi-Balogh et al. / European Journal of Medicinal Chemistry 160 (2018) 94e107102
2.4. Warhead chemistry impacts proteome level reactivity and
speci� city

In a set of cysteine peptidases and transferases, we demon-
strated that warhead chemistry influences the target specificity. A
critical question is whether this observation can be validated in a
larger set of proteins, more specifically at the proteome level. The
recent dataset published by Cravatt et al. [48] makes this analysis
feasible for two types of warhead chemistries: AdNM and SN. In this
seminal paper, the authors investigated 52 electrophilic fragments
with acrylamide (III, AdNM) and chloroacetamide (XXVII, SN) war-
heads against thousands of proteins in human proteomes. By ana-
lysing the structures of covalent fragments used in this study, we
found three pairs of fragments with identical scaffolds that provide
a unique opportunity for unbiased comparison of different warhead
chemistries (9e112, 10e116, 11e117 shown in Fig. 8).

We therefore synthesized these fragments and tested them in
the GSH reactivity and oligopeptide selectivity assays (Table 3).

Our data show that chloroacetamides (112, 116, and 117) are
generally more reactive than acrylamides (9, 10, and 11) in both
assays, as demonstrated by the generally lower GSH half-lives and
higher oligopeptide conversions. Considering the chemical sur-
roundings of the warheads, it seems that the electronic effects of
the scaffolds impact both Michael additions and nucleophilic sub-
stitutions in a similar way. Fragments 112 and 9were most reactive,
followed by 116 and 10, then 117 and 11. All the fragments were
cysteine-selective. We found that 11 was non-reactive in the GSH
assay and that the fragment polymerized in the oligopeptide assay.

Next, we tested the fragments in the protein assays (Table 2,
Supplementary Table S1). Fragments were most active against
MurAEC and MurASA; they were generally much less active against
the cathepsins. Acrylamides 10 and 11 were practically inactive
against all of our protein targets, which is consistent with their
proteome reactivity [48], represented by the % of targeted proteins
(Table 3). Considering the MurA activity data, we found that SN
warheads were more active than Michael acceptor 9. MurA was
most effectively inhibited by fragment 112 followed by the two
other chloroacetamides (116 and 117), then the less active Michael
acceptor (9). In the case of SN fragments, the trend in inhibitory
activity is parallel to their GSH half-lives. However, when consid-
ering all of the probes, the inhibition potency corresponds to the
proteome reactivity (Table 3). Considering the MurA activity data,
we found that SNwarheadsweremore active thanMichael acceptor
9. MurAwasmost effectively inhibited by fragment 112 followed by
the two other chloroacetamides (116 and 117), then the less active
Fig. 8. Michael acceptors and SN type fragments with identical scaffolds investigated in
MDA-MB-231 cells [48].
Michael acceptor (9). In the case of SN fragments, the trend in
inhibitory activity is parallel to their GSH half-lives. However, when
considering all of the probes, the inhibition potency corresponds to
the proteome reactivity (Table 3). Interestingly, SN type fragments
112 and 117 showed weak inhibition on the endopeptidase activity
of cathepsin B but had no effect on the exopeptidase activity of
cathepsin B or X. The activity profile of this set of fragments fol-
lowed the general trends seen for the library. Minor alterations
could be explained by their larger scaffolds, which influence the
non-covalent interactions in the binding sites.

Proteome-level reactivity of the fragments was investigated
with a subset of the MDA-MB-231 cell proteome dataset. The
reactivity and specificity of covalent fragments depended on the
nucleophilicity of the targeted cysteine. We therefore identified
those proteins of the MDA-MB-231 dataset that were characterized
in a previous study aimed at profiling the quantitative reactivity of
functional cysteines in the same cell [7]. Taken the two datasets, we
have compiled a cysteine reactivity annotated proteome subset for
all the fragment pairs that includes 108 proteins with 124 available
cysteine residues (Supplementary Tables S5 and S6). Proteome-
level reactivities of the fragments were calculated from IsoTOP-
ABPP ratios (Isotopic Tandem Orthogonal Proteolysis-Activity-
Based Protein Profiling, R) [7]. Based on the reactivity scale used
in proteome studies, we considered proteins with R> 2 as hits
showing larger than 50% inhibition when treated with the frag-
ments. Proteome-level reactivity followed the same trend observed
for cysteine proteases, with chloroacetamides generally beingmore
active than acrylamides. Focusing on the warhead chemistries, the
proteome level data are in line with the findings in our roadmap.
Among Michael acceptors, 9 was the most reactive, followed by 10
and 11, while in the case of SN typewarheads,112 outperformed 116
and 117. Next, we checked the influence of cysteine reactivity on the
performance of covalent fragments. Cysteine reactivity was esti-
mated using the IsoTOP-ABPP ratios (R), which are lower for more
reactive cysteines [7].

Analysing the reactivity of fragments equipped with AdNM and
SN type warheads as a function of the reactivity of the targeted
cysteines, we found that the chemistries showed remarkably
distinct reactivity profiles (Supplementary Table S5). In the case of
SN type fragments, the most reactive fragment (112) hit the most
cysteines. However, the less reactive 117 outperformed 116, which
might be a consequence of steric rather than electronic effects.
Michael acceptor fragments in general were found to be much less
active; the most reactive fragment (9) targeted only four of the 50
most reactive cysteines available in the 108 proteins. More impor-
tantly, these data demonstrate that the warhead chemistry in-
fluences the reactivity and specificity of covalent fragments at the
proteome level. The present analysis therefore shows that the co-
valent modification of cysteine residues might be specific and is
dependent on the warhead chemistry, the cysteine reactivity, and
relevant steric components of the molecular recognition process.

Cysteine R values were correlated to fragment reactivity data
obtained for the same set of 108 proteins (Fig. 9).

In the case of SN reactions, we found that the reactivity of
fragments increases with increasing nucleophilicity of the targeted
cysteines. Interestingly, AdNM reactions showed a different trend; in
this case fragment reactivity does not increase with increasing
cysteine reactivity. We also demonstrated these different trends in
the reactivity of fragment pairs across the whole cysteine-reactive
annotated proteome dataset (208, 179 and 158 proteins for 112 vs
9, 116 vs 10 and 117 vs 11, respectively, see Supplementary Table S6
and Fig. S6).

One of the most important practical consequences of this
finding might be that cysteines with different nucleophilicities
could be more specifically targeted by either SN or AdNM warheads.



Table 3
The effect of warhead chemistries on reactivity and specificity at the proteome level: Reactivity differences of AdNM (yellow) and SN (blue) type fragments found in the GSH
reactivity and oligopeptide conversion assays, and at the proteome level.a.4

Fig. 9. Relationship between the proteome level reactivity and the cysteine reactivity
in the 108 target proteins.
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Furthermore, we can speculate that the reactivity of such warheads
could be more effectively tailored for a specific cysteine of a given
target. There may be multiple factors behind this opportunity. First,
there are characteristic differences in the reaction mechanisms of
AdNM and SN warheads. Michael addition is a reversible reaction
having a stepwise mechanism [49], while nucleophilic sub-
stitutions are practically irreversible and inmost cases go through a
highly polarized transition state [50]. Second, the protein envi-
ronment influences the reaction between the warhead and the
targeted cysteine. The polar environment generally favours both
reactions since the high dielectric constant supports charge local-
ization at the reaction centres [51]. Given the more polarized
transition state of the SN reactions, the polar surroundings reduce
the energy barrier of the reaction more effectively for SN reactions
than for AdNM reactions. Last, we can consider the effect of water
molecules within the binding site. Hydrophobic pockets are less
suited to AdNM since the absence of both water- and mechanism-
induced polarizing effects makes the targeted cysteine more
resistant to covalent modification. In contrast, the attacking elec-
trophile of the SN reaction can polarize the cysteine more readily,
thus facilitating the formation of the covalent bond.

Post hoc analysis of proteome-level reactivity data revealed that
the warhead chemistry impacts both the reactivity and specificity
of covalent fragments. Although proteome data are only available
for two types of chemistries, the present analysis suggests that
considering the wider range of chemistries can contribute to
avoiding nonspecific covalent binding and to maximizing the value
of fragment based phenotypic screens [52] and covalent drug dis-
covery programmes [10].
3. Conclusions

Up to now covalent drug design strategies have been more
focused on optimization of non-covalent interactions and intro-
ducing awarhead from themost popular class of Michael acceptors.
This strategy has led to several FDA-approved drugs, such as afa-
tinib, tofacitinib and ibrutinib, for oncology treatments [1]. Much
less attention has been paid to tailoring the electrophilic character
of the warhead to target specific cysteines, therefore we were
inspired to perform a systematic study on a wide set of warheads
representing different chemistries. Starting from the available
organic chemistry toolbox, we compiled a covalent fragment li-
brary that was characterized by non-enzymatic reactivity and
selectivity models, and enzyme assays. Our results revealed that
similar to Michael acceptors, warheads of other nucleophilic ad-
ditions, nucleophilic substitutions and oxidations cover the same
range of reactivity. This approach allowed us to discover novel
reactive MurA inhibitor chemotypes having similar potency as the
clinically approved fosfomycin. Investigating a range of warhead
chemistries, we found that they show different profiles of



Fig. 10. Proposed road map for the selection and prioritization of warheads for TCIs.
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functional, enzyme family, species and protein specificities. These
findings have been confirmed by characterizing SN and AdNM types
of fragments and comparing their profiles to proteome-wide af-
finity data. Analysis of data for a wide range of biological targets
suggests that the covalent binding of TCIs is also influenced by the
reactivity of the target cysteine, and therefore, no chemistry or
warhead could be considered a universal solution for designing
covalent inhibitors. Based on these results, we propose a road map
for the rational selection and prioritization of warheads for TCIs
(Fig. 10).

At the initial phase, the reactivity of potential warheads is first
evaluated in the GSH assay selecting those of suitable reactivity.
Candidates are then evaluated in the new oligopeptide-based
cysteine-selectivity assay prioritizing cysteine selective warheads.
Fragments with reactive and selective warheads are next tested
against the actual protein target and corresponding off-targets.
Finally, active and specific fragment inhibitors should be investi-
gated in cell-based and proteome specificity tests to ensure their
specific target engagement. Based on the experience accumulated
in our and others labs in academia and industry we believe that the
road map suggested here could facilitate the discovery of new co-
valent inhibitors with improved activity and selectivity.
4. Experimental section

4.1. Instruments

1H NMR spectra were recorded in DMSO�d6 or CDCl3 solution at
room temperature, on a Varian Unity Inova 500 spectrometer
(500MHz for 1H NMR spectra), with the deuterium signal of the
solvent as the lock and TMS as the internal standard. Chemical
shifts (d) and coupling constants (J) are given in ppm and Hz,
respectively.

HPLC-MS measurements were performed using a Shimadzu
LCMS-2020 device equipped with a Reprospher 100C18 (5 mm;
100� 3mm) column and positive-negative double ion source
(DUIS±) with a quadrupole MS analysator in a range of 50e1000m/
z. Sample was eluted with gradient elution using eluent A (10mM
ammonium formate in water:acetonitrile 19:1) and eluent B
(10mM ammonium formate in water:acetonitrile 1:4). Flow rate
was set to 1ml/min. The initial conditionwas 0% B eluent, followed
by a linear gradient to 100% B eluent by 1min, from 1 to 3.5min
100% B eluent was retained; and from 3.5 to 4.5min back to initial
condition with 5% B eluent and retained to 5min. The column
temperature was kept at room temperature and the injection vol-
umewas 10 ml. Purity of compounds was assessed by HPLC with UV
detection at 215 nm; all tested compounds were >95% pure.

A Sciex 6500 QTRAP triple quadrupole e linear ion trap mass
spectrometer, equipped with a Turbo V Source in electrospray
mode (Sciex, CA, USA) and a Perkin Elmer Series 200 micro LC
system (Massachusetts, USA) consisting of binary pump and an
autosampler was used for LCeMS/MS analysis. Data acquisition and
processing were performed using Analyst software version 1.6.2
(AB Sciex Instruments, CA, USA). Chromatographic separation was
achieved by Purospher STAR RP-18 endcapped (50mm� 2,1mm,
3 mm) LiChocart® 55-2 HPLC Cartridge. Sample was eluted with
gradient elution using solvent A (0.1% formic acid in water) and
solvent B (0.1% formic acid in acetonitrile). Flow rate was set to
0.5ml/min. The initial condition was 5% B for 2min, followed by a
linear gradient to 95% B by 6min, from 6 to 8min 95% B was
retained; and from 8 to 8.5min back to initial condition with 5%
eluent B and retained to 14.5min. The column temperature was
kept at room temperature and the injection volume was 10 ml. Ni-
trogen was used as the nebulizer gas (GS1), heater gas (GS2), and
curtain gas with the optimum values set at 35, 45 and 45 (arbitrary
units), respectively. The source temperature was 450 �C and the ion
spray voltage set at 5000 V. Declustering potential value was set to
150 V.

4.2. GSH assay

For glutathione assay 500 mM solution of the fragment (PBS
buffer pH 7.4, 10% acetonitrile, 250 mL) with 200 mM solution of
indoprofen as internal standard was added to 10mM glutathione
solution (dissolved in PBS buffer, 250 mL) in 1:1 ratio. The final
concentration was 250 mM fragment, 100 mM indoprofen, 5mM
glutathione and 5% acetonitrile (500 mL). The final mixture was
analysed by HPLC-MS after 0,1, 2, 4, 8,12, 24, 48, 72 h time intervals.
In the case of fragments that were not detectable in a concentration
of 250 mM, the final concentrations were reversed, as 5mM for the
fragment and 250 mM for GSH. Degradation kinetic was also
investigated respectively using the previously described method,
applying pure PBS buffer instead of the glutathione solution. In this
experiment the final concentration of the mixture was 250 mM
fragment, 100 mM indoprofen and 5% acetonitrile. The AUC (area
under the curve) values were determined via integration of HPLC
spectra then corrected with internal standard. The fragments AUC
values were applied for ordinary least squares (OLS) linear regres-
sion and for computing the important parameters (kinetic rate
constant, half-life time) a programmed excel (Visual Basic for Ap-
plications) was utilized. The data are expressed as means of
duplicate determinations, and the standard deviations were within
10% of the given values.

The calculation of the kinetic rate constant for the degradation
and corrected GSH-reactivity is the following. Reaction half-life for
pseudo-first order reactions is t1/2¼ ln2/k, where k is the reaction
rate. In the case of competing reactions (reaction with GSH and
degradation), the effective rate for the consumption of the starting
compound is keff¼ kdeg þ kGSH. When measuring half-lives exper-
imentally, the t1/2(eff)¼ ln2/(keff)¼ ln2/(kdegþ kGSH). In our case, the
corrected kdeg and keff (regarding to blank and GSH containing
samples, respectively) can be calculated by linear regression of the
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datapoints of the kinetic measurements. The corrected kGSH is
calculated by keff-kdeg, and finally half-life time is determined using
the equation t1/2 ¼ ln2/k.

4.3. Oligopeptide assay

For nonapeptide assay 2mM solution of the fragment (PBS
buffer pH 7.4 with 20% acetonitrile) was added to 200 mM non-
apeptide solution (PBS buffer pH 7.4) in 1:1 ratio. The final assay
mixture contained 1mM fragment, 100 mM peptide and 10%
acetonitrile. The samples were incubated at room temperature
overnight. Based on the GSH reactivity the applied incubation time
was 16 h or 24 h (fragments with less than 12 h half-life time
against GSH were incubated for 16 h, the others for 24 h). Infor-
mation Dependent Acquisition (IDA) LC-MS/MS experiment was
used to identify if the fragment binding was specific to thiol resi-
dues or not. Enhanced MS scan was applied as survey scan and
enhanced product ion (EPI) was the dependent scan. The collision
energy in EPI experiments was set to 30eV with collision energy
spread (CES) of 10 V. The identification of the binding position of
the fragments to the nonapeptide was performed by GPMAW 4.2.
software. Relative quantitation of the nonapeptide e fragment co-
valent conjugates was calculated from the total ion chromatograms
(based on peak area of the selected ion chromatograms).

4.4. MurA assay

MurAEC and MurASA proteins were recombinant, expressed in
E. coli. [53] The inhibition of MurA was monitored with the colori-
metric malachite green method in which orthophosphate generated
during reaction is measured. MurA enzyme (E. coli or S. aureus) was
pre-incubatedwith the substrate UNAG and compound for 30min at
37 �C. The reaction was started by the addition of the second sub-
strate PEP, resulting in a mixture with final volume of 50 ml. The
mixtures contained: 50mM Hepes, pH 7.8, 0.005% Triton X-114,
200 mM UNAG, 100 mM PEP, purified MurA (diluted in 50mM Hepes,
pH 7.8, with 1mM DTT or without DTT or with 5mM cysteine) and
100 mMof each tested compound dissolved in DMSO. All compounds
were soluble in the assay mixtures containing 5% DMSO (v/v). After
incubation for 15min at 37 �C, the enzyme reaction was terminated
by adding Biomol® reagent (100 mL) and the absorbance was
measured at 650 nm after 5min. All of the experiments were run in
duplicate. Residual activities (RAs) were calculated with respect to
similar assays without the tested compounds and with 5% DMSO.
The IC50 values, the concentration of the compound at which the
residual activity was 50%, were determined by measuring the re-
sidual activities at seven different compound concentrations. The
data are expressed as means of duplicate determinations, and the
standard deviations were within 10% of the given values. Time
dependent inhibition assay was also performed. The applied time
intervals of preincubation were 0, 10, 20, 30, 40, 50, 60min. Con-
centration of each compounds was around determined IC50 values
(at 30min of preincubation). For dilution assay the practical con-
centration of the fragmentswas the IC50 value (determined at 30min
of preincubation) tenfold, in the case where concentration of in-
hibitor was lower than concentration of enzyme, the equimolar
concentrations of enzyme and inhibitor was used (25 mM). The
applied concentration of enzyme was the usual concentration in the
reactivity assays hundredfold (25 mM). After 30min of preincubation
the mixture was diluted hundredfold, then the previously described
reactivity assay was stared with PEP.

4.5. Cathepsin B assay

The protein was recombinant, expressed in E. coli. [54] For
endopeptidase reactivity assay 215 mL of cathepsin B (5 nM) was
preincubated with 11.94 mL of compound (105 mM final concen-
tration) for 30min at 37 �C with gentle shaking. 95 mL of the
mixture (100 mM final compound concentration) was added to a
black 96-well plate with 5 mL of the Z-RR-AMC (Bachem) sub-
strate (5 mM final concentration). Final concentration of DMSO in
assay mixture was 5%. As control 5% DMSO in assay buffer was
used. The reaction was continuously monitored at
460 nm ± 10 nmwith excitation at 380 nm ± 20 nm and 37 �C. The
practical assay buffer was 100mM phosphate buffer, pH 6.0 with
0.01% Triton X-100, 5mM cysteine, 1.5 mM EDTA and 0.1% PEG
8000. For exopeptidase reactivity assay 215 mL of cathepsin B
(0.5 nM) was preincubated with 11.94 mL of compound (105 mM
final concentration) for 30min at 37 �C with gentle shaking. 95 mL
of the mixture (100 mM final compound concentration) was
added to a black 96-well plate with 5 mL of the Abz-
GIVRAK(Dnp)-OH (Bachem) substrate (1 mM final concentra-
tion). Final concentration of DMSO in assay mixture was 5%. As
control 5% DMSO in assay buffer was used. The reaction was
continuously monitored at 420 nm ± 10 nm with excitation at
320 nm ± 20 nm and 37 �C. The practical assay buffer was 60mM
acetate buffer, pH 5.0 with 0.01% Triton X-100, 5mM cysteine,
1.5 mM EDTA and 0.1% PEG 8000.

4.6. Cathepsin X assay

Cathepsin X protein was recombinant, expressed in Pichia pas-
toris [55]. For the assay 215 mL of cathepsin X (20 nM) was pre-
incubated with 11.94 mL of compound (105 mM final concentration)
for 30min at 37 �C with gentle shaking. 95 mL of the mixture
(100 mM final compound concentration) was added to a black 96-
well plate with 5 mL of the Abz-FEK(Dnp)-OH [56] substrate
(3.25 mM final concentration). Final concentration of DMSO in assay
mixture was 5%. As control 5% DMSO in assay buffer was used. The
reaction was continuously monitored at 420 nm± 10 nm with
excitation at 320 nm± 20 nm and 37 �C. The practical assay buffer
was 100mM Na acetate buffer, pH 5.5 with 0.01% Triton X-100,
5mM cysteine, 1.5mM EDTA and 0.1% PEG 8000.

4.7. Thrombin assay

Spectrophotometric enzyme tests was performed in transparent
microtiter plates in a final volume of 200 mL. The reaction rates in
the absence and in the presence of the inhibitor was measured.
50 mL HEPES buffer (10mM Hepes buffer (HEPES, Sigma); 150mM
NaCl, adjustedwith 0,1MNaOH to pH 7.5), 50 mL solution (2% DMSO
in water) of different inhibitors at 400 mM (in case of measurement
without inhibitor water) and 50 mL of thrombin solution (human
thrombin, Sigma-Aldrich, 2 NIH E/mL) was pipetted into the mi-
crotiter plate. The plate was incubated for 30min at 25 �C and
subsequently 50 mL chromogenic substrate (S-2238 (H-D-Phe-Pip-
Arg-pNA�2HCl, Chromogenix),160 mM) was added. Final concen-
tration of the inhibitors was 100 mM, DMSO 0,5%, thrombin 0,5 NIH
E/mL and substrate 40 mM. The microtiter plate was put into the
spectrophotometer (Biotek H4) and the increase of absorbance at
405 nm at 25 �C was measured every 10 s. Change of absorbance
form the initial, linear part of the curve was used to determine
residual activity; measurements were carried out in triplicate in
two independent experiments. For the comparison assay, cysteine
was added to the buffer (15mM), resulting in incubation mixture
containing 5mM cysteine.

4.8. MurA proteomics MS/MS

For the MurA labelling experiment the 42 mM stock solution of
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MurAEC in 20mM Hepes at pH 7.2e7.4 with 1mM DTT was filtered
through a G25 column and the mediumwas changed to 50mM Tris
with 0.005% Triton X-100 at pH 8.0. For the activation of the
enzyme 1mg UDPNAG was added as a solid to reach 40mM con-
centration and the mixture was incubated at 37 �C for 30min.
Fragments were added from a 250mM DMSO stock diluted in the
labelling solution to 5mM. The incubation was continued at 37 �C
for additional 30min. After the labelling, the mixture was purified
on a G25 column. Briefly 40e50 mL of the sample and 10 mL 0.2% (w/
v) RapiGest SF (Waters, Milford, USA) solution bufferedwith 50mM
ammonium bicarbonate were mixed (pH¼ 7.8) and 3,3 mL of
45mMDTT in 100mMNH4HCO3were added and kept at 37.5 �C for
30min. After cooling the sample to room temperature, 4.16 mL of
100mM iodoacetamide in 100mM NH4HCO3 were added and
placed in the dark in room temperature for 30min. The reduced
and alkylated protein was then digested by 10 mL (1mgmL�1)
trypsin (the enzyme-to-protein ratio was 1: 10) (Sigma, St Louis,
MO, USA). The sample was incubated at 37 �C for overnight. To
degrade the surfactant, 7 mL of formic acid (500mM) solution was
added to the digested MurA sample to obtain the final 40mM
concentration (pHz 2) and was incubated at 37 �C for 45min. For
LC-MS analysis, the acid treated sample was centrifuged for
5min at 13 000 rpm. QTRAP 6500 triple quadruplee linear ion trap
mass spectrometer, equipped with a Turbo V source in electrospray
mode (AB Sciex, CA, USA) and a Perkin Elmer Series 200 micro LC
system (Massachusetts, USA) was used for LC-MS/MS analysis. Data
acquisition and processing were performed using Analyst software
version 1.6.2 (AB Sciex Instruments, CA, USA). Chromatographic
separation was achieved by using the Vydac 218 TP52 Protein &
Peptide C18 column (250mm� 2.1mm, 5 mm). The sample was
eluted with a gradient of solvent A (0.1% formic acid in water) and
solvent B (0.1% formic acid in ACN). The flow rate was set to 0.2mL
min�1. The initial conditions for separation were 5% B for 7min,
followed by a linear gradient to 90% B by 53min, from 60 to 63min
90% B is retained; from 64 to 65min back to the initial conditions
with 5% eluent B retained to 70min. The injection volumewas 10 mL
(300 pmol on the column). Information Dependent Acquisiton
(IDA) LC-MS/MS experiment was used to identify the modified
tryptic MurA peptide fragments. Enhanced MS scan (EMS) was
applied as survey scan and enhanced product ion (EPI) was the
dependent scan. The collision energy in EPI experiments was set to
rolling collision energymode, where the actual valuewas set on the
basis of the mass and charge state of the selected ion. Further IDA
criteria: ions greater than: 400.000m/z, which exceeds106 counts,
exclude former target ions for 30 s after 2 occurrence(s). In EMS and
in EPI mode the scan rate was 1000 Da/s as well. Nitrogenwas used
as the nebulizer gas (GS1), heater gas (GS2), and curtain gas with
the optimum values set at 50, 40 and 40 (arbitrary units). The
source temperature was 350 �C and the ion spray voltage set at
5000 V. Declustering potential value was set to 150 V. GPMAW 4.2.
software and ProteinProspector (http://prospector.ucsf.edu/
prospector/mshome.htm) was used to analyse the large number
of MS/MS spectra and identify the modified tryptic MurA peptides.
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A B S T R A C T

Targeted covalent inhibitors represent an increasingly popular approach to modulate challenging drug targets.
Since covalent and non-covalent interactions are both contributing to the affinity of these compounds, eva-
luation of their reactivity is a key-step to find feasible warheads. There are well-established HPLC- and NMR-
based kinetic assays to tackle this task, however, they use a variety of cysteine-surrogates including cysteamine,
cysteine or acetyl-cysteine and GSH. The diverse nature of the thiol sources often makes the results incomparable
that prevents compiling a comprehensive knowledge base for the design of covalent inhibitors. To evaluate
kinetic measurements from different sources we performed a comparative analysis of the different thiol surro-
gates against a designed set of electrophilic fragments equipped with a range of warheads. Our study included
seven different thiol models and 13 warheads resulting in a reactivity matrix analysed thoroughly. We found that
the reactivity profile might be significantly different for various thiol models. Comparing the different warheads,
we concluded that – in addition to its human relevance - glutathione (GSH) provided the best estimate of
reactivity with highest number of true positives identified.

1. Introduction

Compounds binding covalently to their protein targets have become
increasingly popular in both chemical biology and drug discovery
programs.1–3 Exploiting the formation of a permanent covalent bond
with an appropriate nucleophilic residue, these agents can be used for
protein labelling, and in particular, targeting endogenous proteins
considered as “undruggable”. Covalent binding might provide sig-
nificant advantages such as the increased biochemical efficiency, high
ligand efficiency and prolonged duration of action leading to less fre-
quent dosing.2,4,5 They could target shallow or featureless binding
sites6–8 and even intrinsically disordered proteins without definite
binding sites. Target interactions of the covalent compounds first in-
volves non-covalent contact. The formation of the non-covalent com-
plex is followed by the reaction of the electrophilic functional group –
usually called warhead – and the surrounding nucleophilic amino acid
residue.9 These residues include mostly cysteines, but lysines, tyrosines,
threonines and serines could also be considered.10 Although the non-
covalent interactions are mainly responsible for the specificity of the
compound, careful optimization of the warhead position and reactivity
are also needed for the accurate covalent design.11–14 This has been
confirmed recently by proteomic studies indicating that cysteine re-
activity might be remarkably diverse in distinct proteins.15 Safety

concerns about non-specific covalent binding16 and the diverse re-
activity of tractable cysteines created a substantial demand for surro-
gate thiol models for reactivity evaluations. There are numbers of stu-
dies applying HPLC- or NMR-based reactivity assays,17–23 however,
many of these are utilizing different small molecule cysteine surrogates.
Thiol reactivity of electrophiles was estimated by the reaction with
mercaptopropionate (1),24 2-aminoethanethiol (2, cysteamine),25 2-
mercaptoethanol (3),26 but amino acids, derivatives and peptides can
be also used, as cysteine (4),27 N-acetyl-cysteine (5),28 N-acetyl-cy-
steine methyl ester (6),29 N-tert-butyloxycarbonyl-cysteine methyl ester
(7)23 and glutathione (8, GSH).17 Moreover, sulphur analogues of al-
coholic and phenolic compounds are claimed to be useful as appro-
priate surrogates: alkyl-mercaptans (9)30 or thiophenol (10)31 (Fig. 1a).
Notably, out of these surrogates, cysteine (4) and GSH (8) are both
present in serum. One of the most studied surrogate is obviously cy-
steine (4) that was the main subject of kinetic measurements since the
1930s. There are many studies investigating the thiol reactivity of cy-
steine (4), however, only few considered the reactivity of the thiol and
the amino groups parallel.24 The other most popular reactivity testing
surrogate is using GSH (8) and have been-implemented in ADMET
screening and evaluating electrophiles reactivity such as haloacetic
acids,32 nitrophenyl- and benzyl halides,33 iodoethyl alcohols,34 acry-
lates and methacrylates35,36.
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Investigating electrophiles against multiple thiol surrogates is a re-
latively rare approach. Acrylamide reactivity was evaluated experi-
mentally and theoretically against three different nucleophilic partners
including L-cysteine (4), L-glutathione (8) and captopryl (11) (Fig. 1b)27

and a significant difference in reactivity was obtained. Notably, it has
also been found that experimental and theoretical reactivity orders
were different.

These results together with the increasing popularity of covalent
approaches prompted us to investigate different reactivity models
against a set of electrophiles. Here, we present the comparative analysis
of seven thiol surrogates used for the reactivity evaluation of 13
covalent fragments equipped with different warheads. Our data might
help selecting the most appropriate model for a particular warhead and
furthermore, prioritizing the most predictive thiol surrogates in drug
discovery screening cascades.

2. Results and discussion

2.1. Investigated covalent probes and thiol surrogates

For the comparative kinetic analysis, we applied a collection of
covalent fragments (Fig. 2) representing 13 different electrophilic
warheads (12–24). Due to the different reactivity and binding me-
chanisms of these fragments, the measured reactivities cover a wide
range of half-lives.

In order to investigate the reactivity of the electrophilic functional

groups in an unbiased way, the different warheads were equipped to
the same 3,5-bis(trifluoromethyl)phenyl scaffold. This core (1) provides
robust signal in UV/VIS spectroscopy for the fragments, (2) it has no
interference with any of the assay ingredients, (3) it forms no polar
interactions, and (4) due to the electron-withdrawing character of the
trifluoromethyl groups, it increases the reactivity at the electrophilic
site. Notably, the CF3 group is commonly used because of its chemical
inertness and stability, that is related to the C-F bonds. The most
abundant chemistry subtype was Michael-type conjugate nucleophilic
addition (AdNM), that is represented in 5 fragments (12–16). We in-
cluded 3 fragments (17–19) reacting in nucleophilic additions (AdN), 4
compounds (20–23) with nucleophilic substitution (SN) and one (24)
with oxidation (Ox) mechanisms. The library was assembled by ac-
quisition of the compounds or their intermediates either from com-
mercial sources or by synthesis.

Thiol models having both sulphur and nitrogen nucleophiles (cy-
steamine (2), L-cysteine (4) and L-glutathione (8) on Fig. 3) were se-
lected from the literature. We intended to investigate the S-nucleophilic
reactivity independently of the N-nucleophilic site and therefore we
prepared the corresponding N-protected derivatives. Thus, the surro-
gate set included N-acetyl-cysteine (5) and the N-benzoylated deriva-
tives of cysteamine (25), L-cysteine (26) and L-glutathione (27) (for the
synthesis details see Experimental section). We used the benzoyl group
in order to improve detection by UV/VIS and also to provide better
chromatographic separation for the thiol models and for their corre-
sponding covalent adduct.

2.2. Reactivity assay

The pairwise reactivity of the given probe and thiol model was
evaluated by the HPLC-based kinetic assay introduced by Flanagan
et al.20. Additionally, we applied a correction based on the aqueous
stability of the probes, as we described recently.17 Reactions were
conducted with a large excess of the thiols to ensure pseudo first order
kinetics and linearity in the consumption of the electrophilic probes.
Indoprofen was used as a stable and non-interfering internal standard in
all HPLC measurements. Control experiments were performed without a
thiol surrogate to characterize the aqueous stability of the probes. Re-
levant kinetic parameters were calculated from kinetic assay data as
described recently by Ábrányi-Balogh et al.17 Covalent adducts were
analysed by HPLC-MS or HPLC-MS/MS measurements performed si-
milarly to the kinetic assay but incubating at room temperature for 24 h
without the internal standard. One should note, that no solubility issues
have been faced with, as no precipitation was observed during the ex-
periments.

2.3. Comparative analysis of thiol reactivity

The reactivity of the electrophilic probe library was investigated by
an HPLC-based assay against 7 different small molecule cysteine sur-
rogates. The kinetic dataset was used comparing different thiol models.

Fig. 1. (a) Small molecule cysteine-surrogates applied in reactivity assays. (b)
Theoretical (expected) and experimental (measured) reactivity order of thiol
models determined by Bent et al.27.

Fig. 2. The electrophilic fragments (12–23) used as reactivity probes.

Fig. 3. Small molecule cysteine-surrogates used in this study.
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Kinetic parameters, including the degradation kinetic constant (kdeg),
the measured kinetic constant (kapp) and the effective reaction kinetic
constants (keff) and the derived half-life time are given in the
Supplementary Material (Table S1). Here we focus only to measured
half-lives (Table 1). Fragments with half-life time below 50 h were
considered reactive.17,37 Adduct formation was confirmed in dedicated
HPLC-MS measurements (Supplementary Table S2). For the thiol sur-
rogates with both S- and N-nucleophiles the adducts were investigated
by HPLC-MS/MS and the reaction selectivity towards the S-nucleophile
was confirmed in every case.

Horizontal analysis of the reactivity dataset (Table 1, rows) revealed
that five probes (acrylate, 13; vinylsulfone, 14; maleimide, 15; iso-
thiocyanate, 18 and bromoacetophenone, 21) reacted immediately
with all the surrogates. As the average lag-time between the zero-point
measurement and manual mixing of the reaction was 1 min, and we did
not observe any remaining traces of the fragment in the zero-point
spectrum, we can conclude that half-lives in these cases is below the
inevitable lag-time, numerically 0.017 h. On contrary, styrene (16) and
nitrile (19) did not react with any of the thiols. The remaining elec-
trophilic probes gave variable selectivity and sensitivity in the thiol
assays. Epoxide (22), fluorobenzene (23) and thiol (24) showed con-
siderable reactivity with one preferred thiol surrogate. Here we should
note that epoxide (22) is a chiral molecule but we have applied that as a
racemic mixture. Reacting with asymmetric thiols leads to diaster-
eomeric products, but even in the only case when a reaction occurred,
we did not observe duplicated peak belonging to the formed adduct.
The epoxide (22) showed t1/2 = 6.0 h and the fluorobenzene (23)
showed t1/2 = 11.0 h with glutathione (8), while the thiol (24) pre-
ferred N-benzoyl-glutathione (27), resulting in t1/2 = 11.2 h. These
preferences could be explained by structural or size attributions, steric
or electronic features (such as the presence or absence of intra- or in-
termolecular H-bonds, surface accessibility of the active nucleophilic
site, nucleophilicity of the model compounds) that suggests further
mechanistic and quantum chemical studies. Notably, only GSH identi-
fied all of these fragments (22, 23, 24) as actives. Comparing the kinetic
results obtained with free- and protected N-nucleophiles we found that
in spite of its low reactivity against cysteamine (2), cysteine (4) or
glutathione (8), the acetylene (17) showed higher reactivity with N-
protected thiol surrogates (5, 25, 26, 27). The acrylamide (12) reacted
with all of the thiol models with reasonable half-lives that supports its
most abundant application among covalent inhibitors. It was the most
reactive against cysteine (4), resulting t1/2 = 0.8 h, while the lowest

reactivity (t1/2 = 6.1 h) was observed with N-acetyl-cysteine (5). The
chloroacetamide (20) probe was reacted quite similar, resulting in
4.4 h, 3.6 h and 5.8 h, respectively for cysteamine (2), cysteine (4) and
glutathione (8). The reactivity measured with N-protected cysteine
derivatives (5, 25, 26, 27) showed a diverse profile, as the most re-
active was N-benzoyl-cysteamine (25) with t1/2 = 0.8 h, while the less
reactive was found to be the N-benzoyl-glutathione (27, t1/2 > 50 h).

These trends are often difficult to understand as many molecular
properties could influence the intrinsic reactivity. In some cases, we
noted decreasing reactivity after N-acylation of the thiol surrogate,
which could be easily interpreted as the N-nucleophilic site also could
react with the individual warhead. However, LC-MS/MS measurements
revealed that no N-labeling could take place with the thiol surrogates
having available NH2. Another influencing issue could be the molecular
size which could drastically change diffusion behavior and sterical
properties, either. Moreover, intramolecular H-bond between the SH
and NH2 functionalities could decrease the nucleophilicity of the sul-
phur, in this case the N-acylation could intensify the reactivity via
eliminating the intramolecular SH-masking. Furthermore, sterical hin-
drance arisen by the introduction of the benzoyl group could influence
reactivity and an electronic effect on the nucleophilicity of the sulphur
could also take place by an electron withdrawing adjacent cationic
NH3

+ (2, 4, 8). For better understanding and further discussion me-
chanistic studies and quantum chemical investigations should be ad-
dressed to these phenomenomes.

Next, we compared the reactivity of different thiol surrogates
(vertical analysis of Table 1, columns). First, we conclude that N-ben-
zoylation resulted in significant improvement of chromatographic se-
paration and UV/VIS visibility of the thiol model compounds. In par-
ticular, the cysteamine (2) assay resulted in 7 actives out of the 13
probes, which included all the 5 hyper-reactive fragments (acrylate, 13;
vinylsulfone, 14; maleimide, 15; isothiocyanate, 18 and bromoaceto-
phenone, 21). One further probe showed moderate reactivity (t1/
2 = 34.8 h for acrylamide 12). N-benzoyl-cysteamine (26) showed si-
milar reactivity profile as its unprotected pair, only the acetylene (17)
showed significant increase in reactivity. For cysteine (4) we have
found 7 fragments active that again includes the 5 hyper-reactive ones.
Comparing N-acetyl-cysteine (5) and N-benzoyl-cysteine (26), the two
models showed quite similar reactivity profile to that found for 4,
however, N-protection resulted in serious decrease of the measured
reactivity of the acrylamide (12). The follow-up MS/MS study revealed
that the amino group of 4 did not react with this probe, increased half-

Table 1
Half-lives (h) measured for the electrophilic probes with different thiol models, corrected with the intrinsic aqueous stability of the compounds. Colour range is
continuous from green to red where the dark green cells represent the hyper-reactive and dark red cells the unreactive probes against the corresponding surrogate.

* 0.017 h is the average lag-time between the zero-point measurement and manual mixing of the particular electrophilic probe and the investigated surrogate.
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lives are associated to the decreased reactivity of the thiol. An opposite
effect was found for the acetylene (17), where the reactivity increased
significantly due to the protection of the concurrent N-nucleophile. N-
acetyl-cysteine (5) identified 9 probes as actives, showing a wide re-
activity window up to 50 h. We have found 5 covalent fragments
considered as hyper-reactive and 4 fragments as unreactive. In the case
of glutathione (8) we have found the highest number of actives (10 out
of the 13), which suggest this surrogate being highly specific and sen-
sitive. One might notice that the acetylene (17) showed high reactivity
against all of the N-acylated thiol models (0–6 h) and very low re-
activity against all of the unprotected surrogates (over 50 h).

Comparing the investigated thiol surrogates, we finally analysed the
number of the positive hits and the explored reactivity window of the
probe library. Hyper-reactive and unreactive probes were excluded here
to evaluate only the fragments having measurable reactivity. Fig. 4
shows the result of this analysis; number of the fragments are propor-
tional with the size of the plots, while their distribution is depicted in
reactivity bins covering the full reactivity range between 0 h and 50 h
(0–5 h, 5–10 h, 10–20 h and 20–50 h). We have found that the most
active probes were found in the glutathione (8) assay that covered the
widest reactivity range. Our results reinforced that thiol reactivity is
heavily dependent on the surrogate model used and suggest GSH (8) as
the best option for screening covalent libraries.

3. Conclusion

Here we investigated an electrophilic probe library against different
thiol surrogates. Using an HPLC-based kinetic assay we measured the
reactivity matrix including the pairwise reactivity of the investigated
probe and model molecules. Based on the kinetic results we compared
the thiol surrogates, to show up their scope and limitations in cysteine
reactivity profiling. We made two important conclusions: (a) the dif-
ferent thiol surrogates results in different reactivity profile and (b) the
glutathione (8) assay provided the best sensitivity and reactivity cov-
erage for the electrophilic probe library profiled. These results de-
monstrate that the type of the thiol model has a high impact on the
screening of electrophilic libraries. It could be concluded that the GSH
assay might be suggested mostly to generate comparable and high-
quality reactivity datasets for covalent compounds. In addition, it was
also confirmed by LC-MS/MS that the GSH reacts with the investigated
fragments only on its S-nucleophilic site.

4. Experimental

4.1. Instruments

1H NMR spectra were recorded in DMSO‑d6 or CDCl3 solution at
room temperature, on a Varian Unity Inova 500 spectrometer (500 MHz
for 1H NMR spectra), with the deuterium signal of the solvent as the
lock and TMS as the internal standard. Chemical shifts (δ) and coupling
constants (J) are given in ppm and Hz, respectively.

HPLC-MS measurements were performed using a Shimadzu LCMS-
2020 device equipped with a Reprospher 100 C18 (5 µm; 100 × 3 mm)
column and positive–negative double ion source (DUIS± ) with a
quadrupole MS analyser in a range of 50–1000 m/z. Sample was eluted
with gradient elution using eluent A (10 mM ammonium formate in
water:acetonitrile 19:1) and eluent B (10 mM ammonium formate in
water:acetonitrile 1:4). Flow rate was set to 1 mL/min. The initial
condition was 0% B eluent, followed by a linear gradient to 100% B
eluent by 1 min, from 1 to 3.5 min 100% B eluent was retained; and
from 3.5 to 4.5 min back to initial condition with 5% B eluent and
retained to 5 min. The column temperature was kept at room tem-
perature and the injection volume was 10 µL. Purity of compounds was
assessed by HPLC with UV detection at 215 nm; all tested compounds
were >95% pure. HPLC measurements were carried out with the same
instrument without the mass spectrometry detector.

A Sciex 6500 QTRAP triple quadrupole – linear ion trap mass
spectrometer, equipped with a Turbo V Source in electrospray mode
(Sciex, CA, USA) and a Perkin Elmer Series 200 micro LC system
(Massachusetts, USA) consisting of binary pump and an autosampler
was used for LC–MS/MS analysis. Data acquisition and processing were
performed using Analyst software version 1.6.2 (AB Sciex Instruments,
CA, USA). Chromatographic separation was achieved by Purospher
STAR RP-18 endcapped (50 mm × 2,1 mm, 3 µm) LiChocart ® 55–2
HPLC Cartridge. Sample was eluted with gradient elution using solvent
A (0.1% formic acid in water) and solvent B (0.1% formic acid in
acetonitrile). Flow rate was set to 0.5 mL/min. The initial condition was
5% B for 2 min, followed by a linear gradient to 95% B by 6 min, from 6
to 8 min 95% B was retained; and from 8 to 8.5 min back to initial
condition with 5% eluent B and retained to 14.5 min. The column
temperature was kept at room temperature and the injection volume
was 10 µL. Nitrogen was used as the nebulizer gas (GS1), heater gas
(GS2), and curtain gas with the optimum values set at 35, 45 and 45
(arbitrary units), respectively. The source temperature was 450 °C and
the ion spray voltage set at 5000 V. Declustering potential value was set
to 150 V.

4.2. Thiol reactivity assay17

For thiol reactivity assay 500 μM solution of the fragment (PBS
buffer pH 7.4, 10% acetonitrile, 250 μL) with 200 μM solution of in-
doprofen as internal standard was added to 10 mM thiol model com-
pound solution (dissolved in PBS buffer, 250 μL) in 1:1 ratio. The final
concentration was 250 μM fragment, 100 μM indoprofen, 5 mM thiol
surrogate and 5% acetonitrile (500 μL). The final mixture was analyzed
by HPLC after 0, 1, 2, 4, 8, 12, 24, 48, 72 h time intervals. Degradation
kinetics was also investigated respectively using the previously de-
scribed method, applying pure PBS buffer instead of the thiol model
compound solution. In this experiment the final concentration of the
mixture was 250 μM fragment, 100 μM indoprofen and 5% acetonitrile.
The AUC (area under the curve) values were determined via integration
of HPLC spectra then corrected with internal standard. The fragments
AUC values were applied for ordinary least squares (OLS) linear re-
gression and for computing the important parameters (kinetic rate
constant, half-life time) a programmed excel (Visual Basic for
Applications) was utilized. The data are expressed as means of duplicate
determinations, and the standard deviations were within 10% of the
given values.

The calculation of the kinetic rate constant for the degradation and
corrected thiol-reactivity is the following. Reaction half-life for pseudo-
first order reactions is t1/2 = ln2/k, where k is the reaction rate. In the
case of competing reactions (reaction with thiol surrogate and

Fig. 4. The distribution of half-lives in binned reactivity intervals. The results
are separated by thiol models and the size of the plots are proportionate to the
number of the fragments within the labelled reactivity window.
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degradation), the effective rate for the consumption of the starting
compound is kapp = kdeg + keff. When measuring half-lives experi-
mentally, the t1/2(app) = ln2/(kapp) = ln2/(kdeg + keff). In our case, the
corrected kdeg and kapp (regarding to blank and GSH containing sam-
ples, respectively) can be calculated by linear regression of the data-
points of the kinetic measurements. The corrected keff is calculated by
kapp − kdeg, and finally half-life time is determined using the equation
t1/2(eff) = ln2/keff.

Adducts were analysed by performing the same sample preparing
protocol, then incubating the mixtures overnight at room temperature.
Then LC-MS (for thiol models: 5, 26, 27, 28) or LC-MS/MS (for thiol
models: 2, 4, 7) measurements were accomplished to determine the
presence of the potential adduct.

4.3. Synthesis

4.3.1. N-(3,5-Bis(trifluoromethyl)phenyl)acrylamide (12)38

To a solution of 3,5-bis(trifluoromethyl)aniline (1.56 mL, 10 mmol)
in dichloromethane (30 mL) triethyl amine (1.40 mL, 10 mmol) was
added, and the mixture was allowed to stir under Ar at room tem-
perature for 10 min. The mixture was cooled with iced water and then
acryloyl chloride (0.81 mL, 10 mmol) was added dropwise, and the
reaction was left to stir at room temperature for 2 h. The reaction was
concentrated under vacuum. The residue was diluted with water and
extracted with ethyl acetate. The organic layer was washed with 1 M
aqueous solution of hydrochlorid acid, dried over anhydrous sodium
sulfate, filtered, and concentrated under vacuum. The product was
washed with ether and then vacuum dried to afford 7 as a white powder
(2.06 g, 70%). 1H NMR (500 MHz, DMSO‑d6): δ 10.76 (s, 1H), 8.32 (s,
2H), 7.76 (s, 1H), 6.37 (qd, J = 17.0, 5.9 Hz, 2H) 5.86 (dd, J = 9.7,
2.1 Hz, 1H) ppm.

4.3.2. 3,5-Bis(trifluoromethyl)phenyl acrylate (13)
In 10 mL dichloromethane 3,5-bis(trifluoromethyl)phenol (0.15 mL,

1 mmol) and N,N-diisopropylethylamine (0.17 mL, 1 mmol) was dis-
solved and stirred at room temperature for 10 min. The reaction mix-
ture was cooled with iced water and then acryloyl chloride (0.08 mL,
1 mmol) was added dropwise. Then the reaction was allowed to stir at
RT overnight. The solvent was removed under vacuum and the residue
was dissolved in ethyl acetate. The solution was washed with saturated
sodium bicarbonate and water. The organic phase was dried over an-
hydrous sodium sulfate, filtered, and concentrated under vacuum. The
product was purified by flash column chromatography using a mixture
of hexane and ethyl acetate as eluent. The compound 8 was obtained as
a colourless oil (39 mg, 14%) 1H NMR (300 MHz, CDCl3): δ 7.82 (s, 1H),
7.70 (s, 2H), 6.72 (d, J = 17.2 Hz, 1H), 6.39 (dd, J = 17.2, 10.5 Hz,
1H), 6.16 (d, J = 10.4 Hz, 1H) ppm. 13C NMR (75 MHz, CDCl3): δ
163.75, 151.33, 134.47, 133.21 (q, J = 34.1 Hz, 2C), 127.12, 123.01
(d, J = 272.9 Hz, 2C), 122.71 (2C), 120.49–119.43 (m) ppm. Anal.
calcd. for C11H6F6O2: C, 46.47; H, 2.11. Found: C, 46.38; H, 2.15.

4.3.3. 3,5-Bis(trifluoromethyl)vinylsulfone (14)39

3,5-Bis(trifluoromethyl)thiophenol (505 μL, 3 mmol) and po-
tassium-carbonate (830 mg, 6 mmol) was dissolved in 25 mL N,N-di-
methylformamide, then 2-chloroethanol (270 μL, 4 mmol) was added
and the mixture was stirred at room temperature. After 4 h, the solvent
was evaporated and the residue was dissolved in 50 mL ethyl acetate,
then washed with 50 mL brine. The organic layer was dried and con-
centrated. The crude product was dissolved in 30 mL dichloromethane
and meta-chloroperoxybenzoic acid (1.29 g, 7.5 mmol) was added
slowly. The mixture was stirred for 3 h, then it was washed with 1 M
aqueous solution of sodium hydroxide. After the extraction the organic
phase was dried and concentrated, then the product was dissolved in
20 mL dry dichloromethane. To this solution methanesulfonyl-chloride
(230 μL, 3 mmol) was added at 0 °C, then triethylamine (625 μL,
4.5 mmol) was dropped slowly into the mixture. After the addition of

the base, the reaction was heated up to room temperature and stirred
for 3 h. Finally, the solvent was removed and the crude product was
purified by column chromatography to give the 14 vinyl-sulfone pro-
duct (128 mg, 14%) 1H NMR (500 MHz, DMSO‑d6): δ 8.34 (s, 2H), 8.13
(s, 1H), 6.74–6.61 (m, 2H), 6.24 (d, J = 8.7 Hz, 1H) ppm.

4.3.4. 1-(3,5-Bis(trifluoromethyl)phenyl)-1H-pyrrole-2,5-dione (15)40

To a solution of maleic anhydride (214 mg, 2.18 mmol) in di-
chloromethane (20 mL) 3,5-bis(trifluoromethyl)aniline (0.34 mL,
2.2 mmol) was added dropwise at 40 °C, and the mixture was allowed
to stir for 2 h. The intermediate was obtained as white crystals (705 mg,
98%) and collected by filtration. The intermediate was dissolved in
toluene (30 mL), then catalytic sulfuric acid was added (1–2 drops). The
reaction flask was equipped with a Dean-Stark apparatus and the
mixture was refluxed at 130 °C for 3 h. The solvent was removed under
vacuum and the residue was purified by flash column chromatography
with a mixture of hexane and ethyl acetate as eluent. The product was
obtained as brown solid (272 mg, 40%). 1H NMR (500 MHz, DMSO‑d6):
δ 8.15 (s, 1H), 8.12 (s, 2H), 7.27 (s, 2H) ppm.

4.3.5. N-(3,5-Bis-trifluoromethyl-phenyl)-2-chloro-acetamide (20)41

The same procedure as for 12 except using chloroacetyl chloride
(0.80 mL, 10 mmol). Pure 21 was obtained as a white powder (2.31 g,
75%). 1H NMR (500 MHz, DMSO‑d6): δ 10.90 (s, 1H), 8.24 (s, 2H), 7.80
(s, 1H), 4.32 (s, 2H) ppm.

4.3.6. 1-(3,5-Bis(trifluoromethyl)phenyl)-2-bromoethanone (21)42

To a stirred solution of 0.18 mL 3′,5′-bis(trifluoromethyl)acet-
ophenone (1 mmol) in 10 mL tetrahydrofuran 0.32 pyridinium-tri-
bromide (1 mmol) was added dropwise in 10 mL tetrahydrofuran. The
reaction mixture was stirred for 4 h. Water (20 mL) was added, and the
mixture was separated. The aqueous phase was extracted with
2 × 20 mL ethyl acetate. The organic phase was dried over magnesium
sulfate, and evaporated to silica. Flash column chromatography using
hexane – ethyl acetate 95:5 as the eluent afforded the 22 product
(190 mg, 57%) as a yellow oil that solidified overnight. 1H NMR
(500 MHz, DMSO‑d6): δ 8.55 (s, 2H), 8.44 (s, 1H), 5.12 (s, 2H) ppm.

4.3.7. 2-(3,5-Bis(trifluoromethyl)phenyl)oxirane (22)43

3,5-Bistrifluoromethylphenyl-styrene (0.36 mL, 2 mmol) was dis-
solved in 20 mL chloroform, and 1.38 g 3-chloroperbenzoic acid
(4 mmol) was added at 0 °C. The reaction mixture was stirred over-
night, followed by washing with 10 mL saturated aqueous solution of
sodium bicarbonate. The organic phase was dried over magnesium
sulfate and evaporated to silica. The crude product was purified with
flash chromatography using hexane – ethyl acetate 93:7 as the eluent.
1H NMR (500 MHz, CDCl3): δ 7.82 (s, 1H), 7.74 (s, 2H), 3.99 (dd,
J= 3.8, 2.6 Hz, 1H), 3.23 (dd, J= 5.3, 4.1 Hz, 1H), 2.79 (dd, J= 5.4,
2.4 Hz, 1H) ppm.

4.3.8. N-(2-mercaptoethyl)benzamide (25)44

Cysteamine hydrochloride (341 mg, 3 mmol) was dissolved in
15 mL dichloromethane and benzoyl-chloride (280 μL, 3 mmol) and
triethylamine (835 μL, 6 mmol) was added at 0 °C, under Ar atmo-
sphere. After addition the reaction mixture was stirred at room tem-
perature overnight. The reaction was extracted with 25 mL saturated
aqueous solution of sodium bicarbonate, then the aqueous layer was
washed with 2 × 15 mL dichloromethane. The organic layer was dried
and concentrated, then purified by reversed phase column chromato-
graphy applying acetonitrile: water gradient elution. The 26 product
was obtained as white solid (203 mg, 37%). 1H NMR (500 MHz,
DMSO‑d6): δ 7.72 (d, J= 7.2 Hz, 2H), 7.45 (t, J= 7.4 Hz, 1H), 7.38 (t,
J = 7.5 Hz, 2H), 6.56 (s, 1H), 3.58 (q, J = 6.2 Hz, 2H), 2.73 (dt,
J = 8.4, 6.4 Hz, 2H), 1.34 (t, J = 8.5 Hz, 1H) ppm.
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4.3.9. 2-benzamido-3-mercaptopropanoic acid (N-benzoyl-cysteine) (26)
Reduced L-cysteine (0.5 g; 4.13 mmol) was dissolved in 10 mL N,N-

dimethylformamide, and 575 μL triethylamine was added (4.13 mmol).
The reaction mixture was cooled on ice and half-equivalent of benzoyl-
chloride (240 μL, 2.06 mmol) was added dropwise, the the mixture was
stirred overnight. Then the solvent was removed under reduced pres-
sure, then the residue was dissolved in 15 mL brine and washed with
3 × 15 mL ethyl acetate. The organic phase was dried, filtered and
evaporated. Then the crude product was purified on reversed phase
column chromatography, applying acetonitrile–water gradient to yield
211 mg (46%) of 26 product. 1H NMR (500 MHz, CDCl3): δ 11.06 (s,
1H), 7.87 (d, J= 7.2 Hz, 2H), 7.55 (t, J= 7.4 Hz), 7.48 (t, J= 7.5 Hz,
2H), 7.14 (d, J = 5.4 Hz, 1H), 5.07–5.03 (m, 1H), 3.23–3.19 (m, 2H),
1.50 (t, J = 9.0 Hz, 1H) ppm.

4.3.10. 2-benzamido-5-((1-((carboxymethyl)amino)-3-mercapto-1-
oxopropan-2-yl)amino)-5-oxopentanoic acid (N-benzoyl-glutathione) (27)

First oxidized L-glutathione (1000 mg, 1.63 mmol) was acylated
with benzoyl-chlorid (378 μL, 3.26 mmol) in N,N-dimethylformamide,
in the presence of triethylamine (453 μL, 3.26 mmol). After, the reac-
tion was completed, the solvent was removed under reduced pressure,
then the residue was dissolved in 50 mL ethyl acetate and washed with
50 mL brine. The organic phase was dried, filtered and evaporated.
Then the crude product was dissolved in 30 mL water:tetrahydrofuran
1:100 solvent mixture, then triphenylphosphine (427 mg, 1.63 mmol)
was added and the reaction mixture was stirred at 50 °C overnight.
After the reduction was completed the solvent was evaporated and the
residue was directly purified by reversed phase column cromatography,
applying acetonitrile–water gradient elution to give the 27 product
(160 mg, 24%). 1H NMR (500 MHz, CDCl3): δ 7.87 (d, J= 7.3 Hz, 2H),
7.56–7.49 (m, 1H), 7.49–7.42 (m, 2H), 4.46–4.26 (m, 2H), 3.77–3.64
(m, 2H), 2.88–2.71 (m, 1H), 2.71–2.55 (m, 1H), 2.37–2.21 (m, 2H),
2.12–2.08 (m, 1H), 1.99–1.93 (m, 1H) ppm.
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bioconjugation with benzyl
isothiocyanates†

László Petri,a Péter A. Szijj,b Ádám Kelemen,a T́ımea Imre,c Ágnes Gömöry,d

Maximillian T. W. Lee,b Krisztina Heged}us,e Péter Ábrányi-Balogh, a

Vijay Chudasama *b and György Miklós Keser}u *a

Protein labelling has a wide variety of applications in medicinal chemistry and chemical biology. In addition

to covalent inhibition, specific labelling of biomolecules with fluorescent dyes is important in both target

discovery, validation and diagnostics. Our research was conducted through the fragment-based

development of a new benzyl-isothiocyanate-activated fluorescent dye based on the fluorescein

scaffold. This molecule was evaluated against fluorescein isothiocyanate, a prevalent labelling agent. The

reactivity and selectivity of phenyl- and benzyl isothiocyanate were compared at different pHs, and their

activity was tested on several protein targets. Finally, the clinically approved antibody trastuzumab (and

it's Fab fragment) were specifically labelled through reaction with free cysteines reductively liberated

from their interchain disulfide bonds. The newly developed benzyl-fluorescein isothiocyanate and its

optimized labelling protocol stands to be a valuable addition to the tool kit of chemical biology.
Introduction

The covalent labelling of proteins is a widespread approach in
medicinal chemistry and chemical biology. In particular,
developing irreversibly attached drugs, tagging biomolecules
with uorescent dyes for imaging and the design of antibody–
drug conjugates are at the cutting edge of these elds.1,2 The
formation of the covalent bond generally requires the presence
of a nucleophilic amino acid residue in the protein and a small
molecule equipped with an electrophilic centre. Usually
cysteine and lysine are targeted, but in some cases tyrosine,
threonine and serine might be modied, as well.3 In chemical
biology, the dyes applied for direct labelling are oen equipped
with highly reactive maleimide, active ester, isothiocyanate or
haloacetamide functional groups. Among other widely used
isothiocyanates (ITCs, Fig. 1), uorescein isothiocyanate (FITC)
is a popular uorescent labelling dye predominantly used for
preparing a variety of uorescent bioconjugates on lysines or
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tion (ESI) available. See DOI:

4936
cysteines.4–6 However, the low conjugation efficiency, the
limited brightness and the short life time of its conjugates are
still limiting applications.7,8
Fig. 1 Frequently used dye-isothiocyanates.
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Scheme 1 Reactivity of the isothiocyanate group with cysteine and
lysine. For reactivity assay against GSH 20-times excess, for selectivity
assay against NP 10-times excess was applied.
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Many of these issues can be attributed to the characteristics
of the isothiocyanate group. ITCs usually react with non-
protonated aliphatic amine groups – including the terminal
amines of proteins and the 3-amino groups of lysines – or with
the thiolate form of cysteines (Fig. 2).9,10 The labelling selectivity
between the amino acids targeted is mainly inuenced by the
pH of the surrounding media through the protonation state of
the target amino acid side-chains. Amino groups are protonated
at lower pH-values (NH2 / NH3

+), thus lysine labelling by iso-
thiocyanatesmay require pH 9.0–11.0 for optimal conjugation.11

Whereas, thiol reactivity is improved at weekly basic pH values
(7.4–9.1)12 where lysines react slower. The labelling with ITCs is
usually a very rapid reaction, but considering electronic effects,
the electron-rich phenyl-isothiocyanate (PITC)-derivatives have
lower reactivity, while EWG-substituted derivatives (e.g. FITC
itself) show enhanced reactivity.13,14 One might see that in these
cases the ITC group is conjugated to the electron system of the
aromatic ring that might have a stabilizing, but reactivity-
moderating effect. Notably, benzyl- (BITC), phenethyl- (PEITC)
and various alkyl-substituted ITCs show signicant reactivity as
well.15–18

The labelling of antibodies with isothiocyanates has a long
history of more than half a century and the application of FITC
is still one of the most prevalent methods for the attachment of
uorophores to immunoglobulins.19–28 The goal of this research
project was the systematic investigation of the pH-dependent
reactivity and selectivity of ITCs and the development of
a new, cysteine-selective uorescein-based dye with enhanced
labelling efficiency and improved conjugate-stability. The uo-
rescent probe was aimed to be applied for the labelling of the
human, clinically approved, anti-HER2-antibody trastuzumab.
Table 1 pH-dependent reactivity and selectivity of phenyl iso-
thiocyanate (1) and benzyl isothiocyanate (2) on surrogate models. For
the reactivity assay 0.25 mM of fragments were screened in PBS buffer
against 5 mM of GSH. For the selectivity assay 1 mM of fragments were
incubated in PBS buffer together with 0.1 mM of NP for 16 h at 25 �C

Compound pH GSH k

�
1

h

�
NP conversion and
preferred amino acid
Results and discussion

We have investigated the reactivity and selectivity of the iso-
thiocyanate functional group depending on different pHs. The
model compounds selected were phenyl isothiocyanate (1) and
benzyl isothiocyanate (2) (Scheme 1). The reactivity of the two
molecules was evaluated in a kinetic assay with L-glutathione
(GSH) at four different pH values (6.5, 7.4, 8.0 and 9.5) in PBS
buffer (Table 1).29 The amino acid selectivity was tested under
the same conditions on a KGDYHFPIC nonapeptide (NP) con-
taining Lys and Tyr nucleophilic residues besides Cys. The site
of labelling was identied by HPLC-MS/MS measurements.
Fig. 2 Reactivity of the isothiocyanate group with cysteine and lysine.

This journal is © The Royal Society of Chemistry 2020
The surrogate reactivity assay (Table 1, GSH) suggested
considerable thiol-reactivity for both isothiocyanates, with
reactivity increasing with pH. This can be rationalized with the
larger amount of the thiolate form of Cys at higher pHs. The
selectivity assay showed cysteine preference in all cases (Table 1,
NP). It is noteworthy, that we can observe a trend in lysine
labelling, as it is increasing in parallel with the pH. This is in
line with the fact we previously described (Fig. 2) regarding the
appropriate pH for the covalent labelling of cysteine and lysine.

Following the surrogate assays, the reactivity of the two iso-
thiocyanates was screened on a set of pharmacologically rele-
vant proteins possessing catalytic and non-catalytic cysteines.
MurA expressed from Escherichia coli (MurAEC) or Staphylo-
coccus aureus (MurASA) are bacterial enzymes responsible for
cell wall synthesis,30 while cathepsin B (with endo- and
exopeptidase activity) and cathepsin X are human cysteine
proteases.31 In addition, we investigated the intrinsically
disordered tau, which has a signicant effect in neurodegen-
erative disorders,32 and the oncogenic mutant KRas G12C.33 In
the case of MurAEC, MurASA, CatBendo, CatBexo and CatX the
biochemical assay results have been published previously as
part of a larger screening campaign.29 The inhibition in the
1 6.5 3.08 10% C
7.4 (ref. 29) 4.25 10% C
8.0 >13.9a 5% C
9.5 >13.9 15% C

2 6.5 1.13 79% C
7.4 (ref. 29) 2.12 73% C
8.0 >13.9a 77% C, 5% C + K
9.5 >13.9a 31% C, 24% C + K

a The reactions is faster than the minimal time window necessary to
obtain LC-MS spectra are reported here with a kinetic rate
constant > 13.9, due to the minimal running time is 3 min, which

would be equal to 13:9

�
1

h

�
kinetic rate constant.
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latter cases was quantied in a functional biochemical assay
resulting in remaining activity values (RA%), while for the tau
and KRas G12C targets we performed a high throughput thiol
reactivity assay showing the remaining free thiol ratio (FTR%)
aer covalent labelling (Table 2).34 MurA and the cathepsins
have catalytic cysteines, thus the inhibition measured is in
direct relation with labelling. Low free thiol ratios measured for
tau and KRas G12C would suggest high levels of cysteine
labelling. The protein labelling results showed that both frag-
ments were able to label different types of proteins, originating
either from bacteria or human cells; inuencing their activity.
In addition, one might see that a wide range of labelling and
inhibiting efficiency is covered, thus these ITCs shouldn't be
considered as promiscuous agents. Notably, benzyl iso-
thiocyanate (2) was found to bemore effective in all cases tested,
in some cases even being effective on proteins that were not
labelled by ITC 1. A mentioned earlier, the labelling of catalytic
cysteines is in direct relation with the inhibition. On the
contrary, for tau and KRas G12C covalent binding to the tar-
geted cysteines had to be proven. Therefore, we have conrmed
the covalent labelling of tau by MS (Fig. S1†) and the modi-
cation of Cys12 in KRas G12C by 15N-HSQC NMR (Fig. S2†). In
details, with tau we identied double labelling on the available
cysteines Cys291 and Cys322 with fragment 2, while labelling
with isothiocyanate 1 showed only partial labelling. In the case
of KRas G12C, based on the relative integrals of the NMR
spectrum, we could observe signicantly higher conversion with
fragment 2 (54% with 1 and 98% with 2). These semi-
quantitative results obtained by MS and NMR analytics are in
line with the results of the thiol reactivity assay. Altogether, aer
these protein labelling measurements, we consider the benzyl-
isothiocyanate warhead a more effective one compared to its
phenyl analogue.

Our next protein target to appraise was the antigen-binding
fragment (Fab) of the anti-HER2 antibody trastuzumab, which
was prepared by enzymatic digestion (ESI Fig. S3†). The inter-
chain disulde bridge of Fab was reduced with TCEP to liberate
two free solvent-accessible cysteines. Subsequently, pH-
dependent labelling assays were performed in PBS buffer at
pH 6.5 and 8.0 with 1000-fold excess of each isothiocyanate.
Table 2 Protein labelling results of isothiocyanates 1 and 2 measured
at 500 mM for MurAs and Cats and 200 mM for tau and KRas G12C

MurAEC RA [%]29 53 3
MurASA RA [%]29 75 41
CatBendo RA [%]29 100 75
CatBexo RA [%]29 98 18
CatX RA [%]29 67 22
Tau FTR [%] 60 0
KRas G12C FTR [%] 62 14

14930 | RSC Adv., 2020, 10, 14928–14936
This high excess of reagent was employed to provide forcing
conditions under which selectivity could be determined with
condence. It was postulated that if a molecule does not react
with lysines under these stringent conditions, we can safely
assume it is unreactive towards amine groups at the analysed
pH values. The results were analysed by HPLC-MS (Table 3, ESI
Fig. S4–S7†).

Notably, while evaluating the MS spectra, sometimes adduct
ions with 98 Damass difference were observed corresponding to
adducts with inorganic ions (e.g. phosphate, sulfate), which
oen appear during ESI ionization of protein samples.35 Phenyl
isothiocyanate (1) showed no signicant labelling under any
conditions applied. On the contrary, benzyl isothiocyanate
labelled the reduced Fab completely both at pH ¼ 6.5 and 8.0.
Additionally, in order to assess whether any lysine modication
occurred, benzyl isothiocyanate (2) was incubated with native
Fab. We obtained no labelling at pH ¼ 6.5 or 8.0, both (ESI
Fig. S8 and S9,† respectively), suggesting that the strong reac-
tivity with reduced Fab is derived from the selective labelling of
cysteines.

The observed differences in the reactivity of isothiocyanates
1 and 2 suggested that modifying a phenyl isothiocyanate type
uorescent dye to the corresponding benzyl isothiocyanate
would improve the labelling efficiency. Thus, we selected uo-
rescein isothiocyanate (FITC, 3), a commonly used uorescent
labelling agent, and designed its benzylic analogue (FBITC, 4).
To this end, resorcinol (5) and 4-methyl-phthalic acid (6) were
heated together at 200 �C overnight, generating the methyl-
uorescein core in good yield (84%). Two regioisomers were
produced, as the methyl group of the phthalic acid could end up
in positions 4 or 5. These were not separated at this stage.
Following an acetylation of the phenolic OH groups with
reuxing acetic anhydride, the methyl group was brominated at
room temperature, in order to keep the selectivity for the mono-
bromination, by NBS in the presence of AIBN in a moderate
yield (54%). The removal of the acetyl groups and the substi-
tution of the bromine to an amino function was accomplished
smoothly in one step using conc. aq. ammonia at 35 �C. Finally,
Table 3 pH-dependent modification of reduced trastuzumab Fab by
isothiocyanates 1 and 2measured at 10 mM concentration. Incubation
was conducted with 1000-fold excess of the fragment at 37 �C for 90
mina

Compound

Reduced Fab

pH ¼ 6.5 pH ¼ 8.0

1 No modicationb 11% single mod. on LC
13% single mod. on HC

2 100% single mod. on LC 100% single mod. on LC
100% single mod. on HC 100% single mod. on HC

a LC and HC refer to the light chain and heavy chain of the Fab and yield
of labelling was determined for the observed labelled/unlabelled LC/HC
agents, respectively. b In this experiment a signicant amount of
reconjugated Fab was observed. However, full reduction was
conrmed before, suggesting that only partial bioconjugation occured.

This journal is © The Royal Society of Chemistry 2020
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Scheme 2 Synthesis of FBITC (4).
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the amine was converted to isothiocyanate by reacting 10 with
1,10-thiocarbonyldi-2(1H)-pyridone (11), and the regioisomers
were separated by preparative HPLC resulting in FBITC 4
(Scheme 2).

The spectrophotometric properties of FBITC (4) were
compared to that of FITC (3) investigating them at different
pH-values (PBS buffer, 10% DMSO, pH ¼ 6.5 and 8.0) (Fig. 3).
Notably, both compounds showed larger absorbance at pH ¼
8.0 with only a slight difference between 3 and 4. More impor-
tantly, however, a signicant improvement in uorescence
intensity was observed for compound 4 at both pH values. This
nding has been conrmed by the comparative analysis of
molar absorption coefficients, quantum yields and emitted
brightness (Table 4).

The evaluation of FBITC (4) suggested that this new dye
might show improved efficiency in labelling proteins compared
to FITC (3). Thus, the pH-dependent reactivity of dyes 3 and 4
was tested on the Fab region of trastuzumab (Table 4, ESI
Fig. S10–S17†). Labelling of the reduced Fab was performed in
PBS buffer at pH ¼ 6.5 and pH ¼ 8.0 applying a lower, ten-fold
excess of the isothiocyanates as these larger dyes are more
expensive to manufacture than the fragment-sized ITC
Fig. 3 Fluorescent spectrometry results of 3 and 4 dyes. (a) Absor-
bance and (b) fluorescence spectra at different pHs (6.5 and 8.0).

This journal is © The Royal Society of Chemistry 2020
molecules tested before (1 and 2). Gratifyingly, the reaction
proceeded well under these more nancially viable conditions.
FITC (3) labelled the reduced Fab moderately at both pH values
and showed slight labelling on the native Fab at pH ¼ 8.0. On
the contrary, FBITC (4) reacted with high efficacy with the
reduced Fab at both pHs and showed cysteine selective modi-
cation as no or minimal labelling of native (non-reduced) Fab
was observed at pH 6.5 and 8.0, respectively (Table 5).

Checking the suitability of FBITC (4) as an irreversible
labelling agent, the stability of its Fab conjugate was tested by
HPLC-MS over a time range of 24 h. The conjugation was per-
formed at pH ¼ 8.0, followed by buffer exchange of the
construct to pH ¼ 7.4 PBS. Stability measurements were per-
formed with acidic and basic pH-shi, as well, to test pH-
dependent cleavability of the dye 4 labelled LC/HC. In addi-
tion, we also performed stability measurements of the labelled
Fab chains in the presence of 5 mM GSH.36 The samples were
kept at room temperature and in all cases no signicant change
in the labelling ratio was observed aer 24 h (Fig. 4, S18–S21†).
Here we report the labelling ratios, which were calculated by the
deconvoluted spectra peak intensity of the labelled LC/HC in
proportion to the cumulative intensity of labelled and unla-
belled LC/HC. Thus, we concluded that pH-shi and thiol
access had no effect on the stability of the labelled LC/HC.

The labelling efficiency and the stability of the conjugate
suggested that FBITC (4) might be a useful tool for labelling
trastuzumab full antibody. Considering that reduced Fab has
two free cysteines, but the full antibody has eight in its reduced
form, the excess of the dyes was increased to 40 equivalents for
this experiment. The conjugation was completed in PBS buffer
at pH ¼ 8.0 with both FITC (3) and FBITC (4). Efficient labelling
was conrmed by LC-MS (Fig. S23†), then the preserved bio-
logical function of trastuzumab was tested by ow cytometry on
HER2+ cells (Fig. 5). Treating SKBR-3 cells with FITC (3) labelled
RSC Adv., 2020, 10, 14928–14936 | 14931
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Table 4 Spectrophotometric properties of 3 and 4

3 4

pH 6.5 8.0 6.5 8.0
lmax
abs [nm] 495 495 493 494
lmax
em [nm] 523 522 521 522
Molar absorption coefficient @ lmax

abs [M�1 cm�1] 43 107 67 302 56 970 73 519
Quantum yield 0.053 0.16 0.35 0.56
Brightness 2304 10 874 20 164 40 946

Fig. 4 Stability of 4-labelled reduced Fab measured by LC-MS/MS in
different pH conditions. Labelled LC/HC was incubated in acidic (pH¼
6.8), physiologic (pH ¼ 7.4) and basic (pH ¼ 8.0) conditions and
additionally at pH ¼ 7.4 with GSH (5 mM).

Fig. 5 Results of flow cytometry measurements on (a) HER2� and (b)
HER2+ cells with 3- and (c) with 4-labelled trastuzumab. The colours
are as follows: red for negative control to test autofluorescence, blue
for FITC (3) dye labelled trastuzumab and green for FBITC (4) labelled
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antibody did not cause noteworthy change (median shi:
1500.4) compared to the autouorescence (median shi:
1428.4), while the uorescent signal for the 4-labelled antibody
shied signicantly suggesting better uorescent labelling
(median shi: 3404.8). One could conclude that the bio-
conjugation preserves the biological function of the antibody
and that FBITC (4) is a signicantly better labelling reagent than
FITC (3) under these conditions.

Even though FITC is a commonly used reagent for lysine
labelling of proteins, we envision that cysteine labelling may be
advantageous in some cases. Lysine labelling will always result
in a heterogeneous mixture of conjugates due to the large
number of surface accessible lysines on antibody residues, and
this reduces reproducibility and batch-to-batch consistency. In
contrast, on a reduced antibody the maximum number of
eligible cysteines is 8, and thus full modication to produce
a homogeneous product is feasible. But even with a uo-
rophore-antibody ratio (FAR) of lower than 8, the product will
be far less heterogeneous due to the much lower number of
possible attachment sites (8 as opposed to �50). Furthermore,
as lysine modication is usually carried out at higher pHs of 9–
11, and indeed, our data shows that minimal lysine-
modication of trastuzumab by FITC was observed at pH 8,
for base-sensitive proteins the milder cysteine-selective protocol
reported here would be advantageous. It is also important to
note that these ndings of the benzylic analogue of FITC
increasing cysteine-reactivity and uorophore brightness may
also hold true for other uorescent dyes that are based on the
uorescein platform such as AlexaFluors. These dyes are nor-
mally sold as their NHS-ester activated variants for lysine
Table 5 pH-dependent modification of reduced trastuzumab Fab by isothiocyanates 3 and 4. Incubation was conducted with tenfold excess of
the dye at 37 �C for 90 mina

Reduced Fab Native Fab

pH ¼ 6.5 pH ¼ 8.0 pH ¼ 6.5 pH ¼ 8.0

3 LC: 41%, single mod. LC: 57%, single mod.b No mod. 21% single mod.
HC: 36%, single mod. HC: 64%, single mod.b

4 LC: 89%, single mod. LC: 100%, single mod. No mod. 8% single mod.
HC: 100%, single mod. HC: 100%, single mod.

a LC and HC refer to the light chain and heavy chain of the Fab and yield of labelling was determined for the observed labelled/unlabelled LC/HC
agents, respectively. b In this experiment a signicant amount of reconjugated Fab was observed. However, full reduction was conrmed before,
suggesting that only partial bioconjugation occured.

trastuzumab.
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modication, but it would be interesting to compare their
properties to their benzylic ITC variants.

Experimental
Instruments and methods
1H NMR spectra were recorded in DMSO-d6 or CDCl3 solution at
room temperature, on a Varian Unity Inova 500 spectrometer
(500 MHz for 1H NMR spectra), with the deuterium signal of the
solvent as the lock and TMS as the internal standard. Chemical
shis (d) and coupling constants (J) are given in ppm and Hz,
respectively.

HPLC-MS measurements were performed using a Shimadzu
LCMS-2020 device equipped with a Reprospher 100 C18 (5 mm;
100 � 3 mm) column and positive-negative double ion source
(DUIS�) with a quadrupole MS analyzer in a range of 50–1000
m/z. Sample was eluted with gradient elution using eluent A
(10 mM ammonium formate in water : acetonitrile 19 : 1) and
eluent B (10 mM ammonium formate in water : acetonitrile
1 : 4). Flow rate was set to 1 mLmin�1. The initial condition was
0% B eluent, followed by a linear gradient to 100% B eluent by
1 min, from 1 to 3.5 min 100% B eluent was retained; and from
3.5 to 4.5 min back to initial condition with 5% B eluent and
retained to 5 min. The column temperature was kept at room
temperature and the injection volume was 10 mL. Purity of
compounds was assessed by HPLC with UV detection at 215 nm;
all tested compounds were >95% pure.

The molecular weights of the conjugates of trastuzumab Fab
were identied using a Triple TOF 5600+ hybrid Quadrupole-
TOF LC/MS/MS system (Sciex, Singapore, Woodlands) equip-
ped with a DuoSpray IonSource coupled with a Shimadzu
Prominence LC20 UFLC (Shimadzu, Japan) system consisting of
binary pump, an autosampler and a thermostated column
compartment. Data acquisition and processing were performed
using Analyst TF soware version 1.7.1 (AB Sciex Instruments,
CA, USA). Chromatographic separation was achieved on
a Thermo Beta Basic C8 (50 mm � 2.1 mm, 3 mm, 150 Å) HPLC
column. Sample was eluted in gradient elution mode using
solvent A (0.1% formic acid in water) and solvent B (0.1% formic
acid in ACN). The initial condition was 20% B for 1 min, fol-
lowed by a linear gradient to 90% B by 4 min, from 5 to 6 min
90% B was retained; and from 6 to 6.5 min back to initial
condition with 20% eluent B and retained from 6.5 to 9.0 min.
Flow rate was set to 0.4 mLmin�1. The column temperature was
40 �C and the injection volume was 5 mL. Nitrogen was used as
the nebulizer gas (GS1), heater gas (GS2), and curtain gas with
the optimum values set at 30, 30 and 35 (arbitrary units),
respectively. Data were acquired in positive electrospray mode
in the mass range of m/z ¼ 300 to 2500, with 1 s accumulation
time. The source temperature was 350 �C and the spray voltage
was set to 5500 V. Declustering potential value was set to 80 V.
Peak View Soware™ V.2.2 (version 2.2, Sciex, Redwood City,
CA, USA) was used for deconvoluting the raw electrospray data
to obtain the neutral molecular masses. The MS evaluations
were as follows, about 1.5 min chromatographic time was
averaged in the LC run aer background subtraction resulting
in a mixed envelope both of the modied and unmodied light
This journal is © The Royal Society of Chemistry 2020
chain and the heavy chain of Fab, as well. The neutral molecular
weights of the components can be obtained aer deconvolution
the raw spectrum. The labelling ratios are dened in % and
calculated as the height ratios of the labelled and un-labelled
peaks in the deconvoluted spectrum in case of heavy and the
light chain related to the sum of the height intensities of the
labelled and un-labelled species, respectively.

SKBR-3 cells were available from the American Type Culture
Collection (ATCC) and maintained according to their speci-
cations. For ow cytometric experiments 1–3 � 105 cells per
sample were harvested by trypsinization, washed in PBS con-
taining 1% FCS. Cells were incubated in the presence of 1 mg
labelled antibody for 30 min at 40 �C, and then measured with
a Cytoex (Beckman Coulter) ow cytometer using CytExpert 2.2
soware for the evaluation of the results.

Elmann's assay analysis of tau and KRas G12C

To measure thiol-reactivity, 2 mM of the target (tau and KRas-
G12C) in assay buffer (25 mM NaH2PO4, 0.1 mM EDTA,
150 mM NaCl, pH ¼ 6.6) was treated with 200 mM of fragments,
resulting 5% DMSO concentration in the mixture. Aer 2 hours
of incubation on room temperature, 16 mL of the sample was
pipetted into a black, 384 well assay plate (Corning, Ref No.:
4514) and 4 mL of thiol detection reagent (Invitrogen, Ref No.:
TC012-1EA) was added. Aer brief shaking, the plate was
incubated in dark, room temperature for 30 min, then uores-
cence was measured in duplicates in a microplate reader (Bio-
Tek Synergy Mx) (lex ¼ 390 nm and lem ¼ 510 nm). Free thiol
ratio (FTR%) were calculated, as follows:

FTR½%� ¼ 100� RFUsample �RFUbackground

RFUDMSO �RFUbackground

Protocol for tau protein labelling

For the tau labelling experiment 25 mL of 10 mM stock solution
of tau-K18 in 25 mM NaH2PO4 buffer at pH 6.6 with 150 mM
NaCl and 0.1 mM EDTA was threated with 0.25 mL of 100 mM
DMSO stock solution of the fragments. The mixture was then
incubated at room temperature for 12 h. Aer the labelling, the
mixture was subjected for MS analysis.

15N-HSQC NMR analysis of KRas G12C

NMR measurements for testing binding fragments to KRas4B-
G12C-GDP protein were carried out on a Bruker Avance III 700
MHz spectrometer equipped with a 5 mm Prodigy TCI H&F-C/N-
D, z-gradient probehead operating at 700.05 MHz for 1H and
70.94 MHz for 15N. Spectra were recorded at 298 K. For NMR
samples the compounds were dissolved in DMSO in 20 mM
concentration. To obtain reference spectra for the protein were
measured in 15N-labeled KRAS4B-G12C1-169 (catalytic domain)
mutant in 0.2 mM concentration, 5 mM GDP, 10 mM EDTA,
15 mM MgCl2 in PBS buffer (pH 7.4), 10% D2O, 5% DMSO and
1% DSS standard. NMR samples for binding tests contained
15N-labeled KRas4B-G12C in 0.2 mM concentration, 5% frag-
ment stock solution (in DMSO, the nal concentration of the
RSC Adv., 2020, 10, 14928–14936 | 14933
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compound is 1 mM), 2–3 mM GDP, 3–5 mM EDTA, 8–10 mM
MgCl2 in PBS buffer (pH 7.4) and 10% D2O.

In binding tests 2D 1H, 15N-SOFAST-HMQC (NS¼ 64) spectra
were performed subsequently immediately aer mixing
(i.e. <1 h) and aer 1 day incubation (24 h) at room temperature.
Sequence specic assignment of HN and N in the bound
KRas4B-G12C spectra were transferred from previous results.37

All 1H chemical shis were referenced to the DMSO peaks
(which were calibrated to DSS resonance before in free protein
measurements) as DSS were not added to avoid any side reac-
tions with the limited amount of small molecules. 15N chemical
shi values were referenced indirectly using the corresponding
gyromagnetic ratios according to IUPAC convention. All spectra
were processed with Bruker TOPSPIN. Binding was conrmed
in every case by SOFAST-HMQC spectra: based on the
compound evidenced by comparing SOFAST-HMQC spectra of
free KRas-G12C-GDP and isothiocyanate-binded protein. Based
on the assignment of SOFAST-HMQC spectra KRas-G12C-GDP,
the cysteins modied covalently by the fragments were deter-
mined as well.

Fragment reactivity and selectivity assays

The GSH-reactivity and nonapeptide-selectivity assays were
reproduced as published in ref. 29, applying the appropriate
pH-value.

Preparation of trastuzumab Fab

Trastuzumab was purchased from UCLH in its clinical formu-
lation. Trastuzumab Fab was prepared by a sequential enzy-
matic digest of the full antibody with pepsin and papain,
following a literature procedure.38

Procedure for reduction of trastuzumab Fab

A solution of 20 mM TCEP was prepared by dissolving TCEP (5.6
mg) in water (977 mL). Fab solution (20 mM, 250–500 mL) was
prepared in (PBS 37mM, pH 7.4) and 5 equivalents of TCEP (1 mL/
200 mL of Fab solution) added. The mixture was incubated for
90 min at 37 �C. The resultant reduced Fab solution was buffer
exchanged into the desired buffer (PBS 37 mM, pH 6.5 or 8.0).

Procedure for bioconjugation reaction of trastuzumab Fab

A stock solution of the labelling molecule was prepared by
dissolving 0.1 mmol of compounds 1–4 in DMSO (1000 mL).
The resultant 100 mM solution was diluted to 20 mM using
the desired buffer (PBS 37 mM, pH 6.5 or 8.0). To aliquots of
the reduced Fab solution (20 mM, 20 mL) in the desired buffer
(PBS 37 mM, pH 6.5 or 8.0) a solution of compounds 1–4 was
added (20 mM, 20 mL for 1000 equivalents or 2 mM, 2 mL for
10 equivalents), and the reaction incubated at 37 �C.
Samples were taken aer 90 min and submitted for LC-MS
analysis.

Reduction and conjugation of trastuzumab

To a solution of trastuzumab (100 mL, 20 mM) in PBS buffer
(37 mM PBS, 137 mM NaCl, 2.7 mM KCl, 2.0 mM EDTA, pH ¼
14934 | RSC Adv., 2020, 10, 14928–14936
8.0) was added TCEP$HCl solution (10 equiv., 1 mL, 20 mM). The
reaction mixture was incubated at 37 �C for 1.5 h. Aer this
time, the solution was buffer exchanged into PBS buffer with
Zeba™ Spin Desalting Columns (7k MWCO, Thermo Scien-
tic™) to remove excess TCEP. Aerwards a DMSO solution of
FBITC (4, 40 equiv., 14.68 mL, 5.45 mM) or of FITC (3, 40 equiv.,
14.68 mL, 5.45 mM) was added to the reaction mixture, and it
was incubated for 20 hours at room temperature. The samples
were desalted (Zeba™ Spin) and analysed by LC-MS.
Synthetic procedures

2-(6-Hydroxy-3-oxo-3H-xanthen-9-yl)-4/5-methylbenzoic acid
(7). The mixture of 4-methylphthalic acid (2.0 g, 11.12 mmol) and
resorcinol (2.45 g, 22.24 mmol, 2 equiv.) was heated at 200 �C
overnight in a ask equipped with reux condenser. The reaction
was cooled down and the crude product was dissolved in 3 M HCl
at 100 �C. The precipitated product was ltered and washed with
water resulting in the mixture of 2-(6-hydroxy-3-oxo-3H-xanthen-9-
yl)-4-methylbenzoic acid and 2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)-
5-methylbenzoic acid (3.23 g, 9.31 mmol, 84%). 1H NMR (500
MHz, CDCl3-MeOD) d 7.86 (d, J¼ 7.9 Hz, 1H), 7.77 (s, 1H), 7.49 (d,
J ¼ 7.9 Hz, 1H), 7.40 (d, J ¼ 7.9 Hz, 1H), 7.34 (s, 1H), 7.06 (d, J ¼
7.8 Hz, 1H), 7.00 (t, J¼ 8.0 Hz, 1H), 6.95 (s, 1H), 6.69 (d, J¼ 2.3 Hz,
1H), 6.61 (d, J ¼ 2.8 Hz, 1H), 6.59 (d, J ¼ 2.8 Hz, 1H), 6.53 (d, J ¼
2.4 Hz, 1H), 6.52 (d, J ¼ 2.5 Hz, 1H), 6.52 (d, J ¼ 2.5 Hz, 1H), 6.51
(d, J¼ 2.4 Hz, 1H), 6.34 (d, J¼ 2.3 Hz, 1H), 6.33 (d, J¼ 2.3 Hz, 1H),
6.31 (t, J ¼ 2.2 Hz, 1H), 2.50 (s, 1H), 2.39 (s, 1H) ppm, APT NMR
(125 MHz, CDCl3-MeOD) d 174.3 (CO), 156.8 (C), 156.6 (C), 150.4
(C), 144.0 (CH), 140.0 (CH), 134.7 (CH), 133.9 (CH), 133.0 (CH),
131.1 (C), 128.9 (CH), 128.7 (CH), 128.4 (CH), 128.2 (C), 127.9 (CH),
116.5 (CH), 116.4 (CH), 114.5 (C), 114.3 (C), 110.9 (CH), 106.64
(CH), 106.63 (CH), 106.5 (CH), 25.78 (CH3), 25.01 (CH3) ppm,
HRMS [M + H]+ calcd. for C21H15O5: 347.0914, measured:
347.0927.

4/5-Methyl-3-oxo-3H-spiro[isobenzofuran-1,90-xanthene]-30,60-
diyl diacetate (8). The mixture of 2-(6-hydroxy-3-oxo-3H-xanthen-
9-yl)-4-methylbenzoic acid and 2-(6-hydroxy-3-oxo-3H-xanthen-9-
yl)-5-methylbenzoic acid (3.0 g, 8.67 mmol) was treated with
acetic anhydride (12.96 mL, 117.54 mmol, 13.5 equiv.) and
heated at 140 �C for 3 h. Aer cooling down, 20 mL water and
40 mL toluene was added, and the mixture was evaporated to
silica. The purication was performed by ash column chroma-
tography using hexane-ethyl acetate as the eluents resulting in
2.38 g (5.53 mmol, 64%) of 4- and 5-methyl-3-oxo-3H-spiro[iso-
benzofuran-1,90-xanthene]-30,60-diyl diacetate. 1H NMR (500
MHz, CDCl3) d 7.89 (d, J ¼ 7.9 Hz, 1H), 7.81 (s, 1H), 7.48 (d, J ¼
7.8 Hz, 1H), 7.41 (d, J ¼ 7.9 Hz, 1H), 7.08 (d, J ¼ 2.1 Hz, 4H), 7.06
(d, J ¼ 7.9 Hz, 1H), 6.94 (s, 1H), 6.86 (s, 1H), 6.85–6.81 (m, 5H),
6.81–6.80 (m, 2H), 6.79 (d, J ¼ 2.1 Hz, 1H), 2.51 (s, 3H), 2.39 (s,
3H), 2.30 (s, 6H), 2.29 (s, 6H) ppm, APT NMR (125 MHz, CDCl3)
d 172.5 (CO), 169.2 (CO), 168.8 (CO), 153.7 (C), 152.0 (C), 151.4
(C), 150.3 (C), 146.8 (C), 140.5 (C), 136.4 (CH), 131.2 (CH), 129.0
(CH), 128.9 (CH), 126.4 (C), 125.1 (CH), 124.9 (CH), 124.2 (CH),
123.7 (CH), 123.4 (C), 117.7 (CH), 117.6 (CH), 116.7 (C), 110.3
(CH), 22.0 (CH3), 21.3 (CH3), 21.1 (CH3) ppm, HRMS [M + H]+

calcd. for C25H19O7: 431.1125, measured: 431.1135.
This journal is © The Royal Society of Chemistry 2020
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4/5-(Bromomethyl)-3-oxo-3H-spiro[isobenzofuran-1,90-
xanthene]-30,60-diyl diacetate (9). The mixture of 4- and 5-
methyl-3-oxo-3H-spiro[isobenzofuran-1,90-xanthene]-30,60-diyl
diacetate (8) (1.50 g, 3.49 mmol) was dissolved in 50 mL
acetonitrile and heated to reux. N-Bromosuccinimide (1.25 g,
7 mmol, 2 equiv.) and azobis-isobutyronitrile (171 mg,
1.05 mmol, 30%) was dissolved in 25 mL acetonitrile and added
dropwise. Aer 24 h the dropwise addition was repeated, and
the reaction mixture was stirred at room temperature for 48 h.
The solvent was evaporated, the solid residue was dissolved in
100 mL dichloromethane and washed with water (2 � 30 mL).
The organic phase was dried over MgSO4 and evaporated to
silica. The crude product was puried by ash column chro-
matography using hexane-ethyl acetate as the eluent resulting
in the mixture of 4- and 5-(bromomethyl)-3-oxo-3H-spiro[iso-
benzofuran-1,90-xanthene]-30,60-diyl diacetate (9) as a red solid
(0.88 g, 54%). 1H NMR (500MHz, CDCl3) d 8.02 (s, 0.5H), 7.98 (d,
J ¼ 8.0 Hz, 1H), 7.70 (dd, J ¼ 8.0, 1.3 Hz, 0.5H), 7.66 (dd, J ¼ 8.0,
0.9 Hz, 1H), 7.16 (s, 1H), 7.14 (s, 0.5H), 7.09 (s, 2H), 6.84–6.79
(m, 4H), 4.58 (s, 1H), 4.43 (s, 2H), 2.93 (s, 2H), 2.30 (s, 6H) ppm,
APT NMR (125 MHz, CDCl3) d 168.8 (CO), 168.3 (CO), 153.5 (C),
152.1 (C). 151.5 (C), 145.7 (C), 140.4 (C), 136.1 (CH), 131.2 (CH),
128.9 (CH), 126.8 (C), 125.9 (C), 125.7 (CH), 125.4 (CH), 124.5
(CH), 124.2 (CH), 117.9 (CH), 116.1 (C), 110.4 (CH), 31.3 (CH2),
28.7 (CH2), 21.1 (CH3) ppm, HRMS [M + H]+ calcd. for
C25H18BrO7: 509.0230, measured 509.0258.

4/5-(Aminomethyl)-2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)
benzoic acid (10). The mixture of 4- and 5-(bromomethyl)-3-oxo-
3H-spiro[isobenzofuran-1,90-xanthene]-30,60-diyl diacetate (9)
(0.85 g, 1.67 mmol) was dissolved in acetonitrile (10 mL) fol-
lowed by the addition of 25 mL 25% aqueous ammonia in
a sealed tube. The reaction mixture was kept at 35 �C for 1 h.
The solvent was evaporated, and the crude product was tritu-
rated with water (2 � 5 mL) resulting in the mixture of 4- and 5-
(aminomethyl)-2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)benzoic acid
(10) as red crystals (0.48 g, 79%). 1H NMR (500 MHz, DMSO-d6)
d 7.99 (s, 0.5 H), 7.90 (d, J ¼ 7.9 Hz, 1H), 7.73 (d, J ¼ 7.7 Hz,
0.5H), 7.64 (d, J ¼ 8.0 Hz, 1H), 7.21 (s, 1H), 7.20 (d, J ¼ 8.3 Hz,
0.5H), 6.65 (s, 3H), 6.57–6.49 (m, 6H), 3.96 (s, 1H), 3.85 (s,
2H) ppm, 13C NMR (125 MHz, DMSO-d6) d 169.1 (CO), 161.0 (C),
160.7 (C), 153.0 (C), 152.6 (C), 152.4 (C), 135.5 (CH), 129.9 (CH),
129.6 (CH), 129.4 (CH), 125.8 (C), 125.1 (CH), 124.6 (CH), 124.4
(CH), 123.1 (CH), 113.6 (CH), 113.5 (CH), 113.3 (CH), 110.1 (C),
110.0 (C), 102.8 (CH), 102.7 (CH), 44.4 (CH2), 44.0 (CH2) ppm,
HRMS [M + H]+ calcd. for C21H16NO5: 362.1022, measured:
362.1041.

2-(6-Hydroxy-3-oxo-3H-xanthen-9-yl)-5-
(isothiocyanatomethyl)-benzoic acid (4). The mixture of 4- and
5-(aminomethyl)-2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)benzoic
acid (10) (100 mg, 0.28 mmol) was dissolved in DMSO (10 mL)
and thiocarbonyldi-2(1H)-pyridone (75 mg, 0.30 mmol, 1.1
equiv.) was added at room temperature. The reaction was stir-
red for 20 min and then puried by preparative HPLC resulting
in 2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)-5-(isothiocyanatomethyl)
benzoic acid (4) as a red solid (33 mg, 30%). 1H NMR (500 MHz,
DMSO-d6) d 8.05 (d, J¼ 8.0 Hz, 1H), 7.71 (d, J¼ 8.1 Hz, 1H), 7.25
This journal is © The Royal Society of Chemistry 2020
(s, 1H), 6.73–6.66 (m, 4H), 6.62–6.54 (m, 6H), 5.07 (s, 2H) ppm,
13C NMR (125 MHz, DMSO-d6) d 168.2 (CO), 159.5 (C), 153.3 (C),
151.8 (C), 142.7 (C), 137.1 (CH), 129.1 (CH), 125.9 (C), 125.4
(CH), 122.4 (CH), 112.7 (CH), 109.3 (C), 102.3 (CH), 82.9 (C), 47.7
(CH2) ppm, HRMS [M + H]+ calcd. for C22H14NO5S: 404.0587,
measured: 404.0603.
Conclusions

Through investigation of phenyl (1) and benzyl (2) iso-
thiocyanates against surrogate thiol models we found that their
reactivity and cysteine selectivity is different and pH-dependent.
Considering the improved reactivity of 2 we hypothesized that
uorescent dyes equipped with the benzyl isothiocyanate
functionality might have improved labelling efficiency. This has
been conrmed in labelling studies using a set of proteins with
catalytic and non-catalytic cysteines. We prepared the corre-
sponding benzyl isothiocyanate derivative of uorescein (4) and
compared its spectrophotometric properties to that of the
commonly used uorescein isothiocyanate (3). These
measurements revealed that 4 has improved quantum yield and
brightness. This feature, together with the increased labelling
efficiency of benzyl isothiocyanate, nominated 4 for antibody
labelling studies on trastuzumab and its Fab. Our studies
conrmed that FBITC (4) labels the cysteines of the Fab and the
whole antibody more effectively than 3 and provides a stable
conjugate independent from pH, and even under reducing
conditions. These features suggest that FBITC (4) might be
considered as a new uorescent labelling agent with increased
labelling efficiency and improved spectroscopic properties. As
a further methodological and conceptual improvement, here
a covalent fragment-based screening approach was used to
identify a suitable cysteine-reactive warhead (BITC 2) leading to
the development of an improved uorophore (FBITC 4). Actually
the engagement of the covalent fragment theory with the anti-
body conjugation techniques provided here valuable develop-
ment in the eld of uorescent dye chemistry. We believe
a similar high-throughput (for an academic environment)
approach could be used to develop further protein-modication
tools.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work has been supported by the National Office of
Research, Development and Innovation (2018-1.3.1-VKE-2018-
00032, NKFIH PD124598). We gratefully acknowledge the
spectrophotometry measurements to Dénes Sóvári and the 15N-
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29 P. Ábrányi-Balogh, L. Petri, T. Imre, P. Sźıjj, A. Scarpino,
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Teaser We discuss design principles, screening methodologies, and successful applications of
electrophilic fragment libraries for the covalent modification and functional modulation of

protein targets of pharmacological interest.

Covalent fragment libraries in drug
discovery
Aaron Keeley, László Petri, Péter Ábrányi-Balogh and
György M. Keserá
Medicinal Chemistry Research Group, Research Centre for Natural Sciences, Magyar tudósok krt. 2, H-1117
Budapest, Hungary

Targeted covalent inhibitors and chemical probes have become integral

parts of drug discovery approaches. Given the advantages of fragment-

based drug discovery, screening electrophilic fragments emerged as a

promising alternative to discover and validate novel targets and to

generate viable chemical starting points even for targets that are barely

tractable. In this review, we present recent principles and considerations in

the design of electrophilic fragment libraries from the selection of the

appropriate covalent warhead through the design of the covalent

fragment to the compilation of the library. We then summarize recent

screening methodologies of covalent fragments against surrogate models,

proteins, and the whole proteome, or living cells. Finally, we highlight

recent drug discovery applications of covalent fragment libraries.

Introduction
Despite previous reservations associated with compounds forming covalent bonds with the target

protein, targeted covalent inhibitors and covalent chemical probes have recently been success-

fully integrated into the arsenal of drug discovery approaches [1–4]. Covalent mechanisms of

action provide multiple advantages, including improved potency and selectivity, prolonged

duration of action, and beneficial pharmacokinetics (PK) profiles, that make this approach

increasingly popular in both medicinal chemistry and chemical biology settings. Furthermore,

covalent binders demonstrated enhanced target occupancy and target engagement specifically

on less druggable targets [5]. Systematic studies with covalent binders revealed that carefully

designed compounds with tailored reactivity might minimize the risk of idiosyncratic toxicity,

while retaining most of the benefits. However, the search for potent and safe covalent binders is

still far from trivial. The most popular strategy starts with known high-affinity noncovalent

compounds and introduces electrophilic functionalities at the position closest to the protein

nucleophile targeted. Although this approach was successful in establishing many drug targets,

particularly on a range of protein kinases [6,7], the identification of a suitable starting point might

be challenging for less tractable targets. High-throughput screening (HTS) often fails to provide
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viable hits, whereas virtual screening is limited by the lack of high-quality structural information

for these targets. Direct screening of large drug-like electrophilic libraries would give many false

hits because of limitations in noncovalent recognition that render reactive functionalities less

specific [8,9]. Focusing on a specific binding pocket, covalent docking might address this

limitation, although these tools typically do not consider compound reactivity and have limited

throughput [10].

Fragment-based approaches identify hits from small libraries of less complex molecules that

provide many advantages over large-scale drug-like screens [11,12]. Fragments (compounds with

6–16 nonhydrogen atoms) cover the larger part of the available chemical space and provide a

larger hit rate for structurally diverse starting points, even for targets that failed in HTS settings.

However, fragment hits have lower affinities, making their detection, validation, and optimiza-

tion challenging. Screening electrophilic fragments could solve these issues because of the higher

affinity and fixed binding mode of the hits and, therefore, they can be considered as viable

chemical starting points for the development of not only covalent, but also noncovalent binders.

To improve target identification, validation, and target engagement early on, many research

groups have turned to electrophilic fragments that can covalently label nucleophilic amino acids

(mainly Cys, Lys, Thr, Tyr, Ser, His, and, less frequently, Glu and Met) of the target [5,13–18].

Target identification attempts to identify new drug targets, a specific biomolecule that a drug

binds to produce its effect. Most target molecules are mainly those proteins that are recognized as

being essential players in cell signaling cascades. The screening of electrophilic fragment libraries

proteome wise on living cells provides information on the ligandability and, thus, the potential

druggability of proteins, which can suggest new targets for drug discovery programs [5].

Identification of a drug target is not complete until it has been validated. This usually involves

checking the genes expressing the protein target in the appropriate tissues, followed by con-

firming the appropriate function. This is achieved with transgenics; lastly, an initial screen for

compounds that interact with the target can be used to test whether pharmacological modulation

of the target has the predicted effects in vitro and in vivo. Screening a large set of structurally

diverse covalent fragments gives information on the availability and tractability of potential

binding sites. The application of electrophilic fragments might be particularly useful when the

binding sites of the targeted protein is unexplored and need to be characterized. After identifica-

tion and validation, the target is available for full-speed drug discovery programs, which might

include developing effective covalent and noncovalent ligands of the protein targeted.

Here, we review the design, evaluation, and use of covalent fragments in drug discovery

settings and provide a collection of recent applications that could facilitate their integration into

the drug discovery toolkit.

Design of covalent fragment libraries
General considerations for designing fragments
The design of early fragment libraries were typically based on the Rule of Three (RO3) [19]. This

provides guidance for the molecular weight (�300 Da), the number of hydrogen bond donors

(�3), the number of hydrogen bond acceptors (�3), and the computed logP (�3). More recently,

the design principles of fragment libraries have been revised, because of the large amount of

fragment-based drug discovery (FBDD) experience collected over the past 20 years [20]. First, the

members of the library should sample the available chemical space and the key pharmacophores

thoroughly. This is in parallel with the appropriate distribution of the size, shape, flexibility, and

complexity. Second, the fragments should contain diverse and synthetically accessible modifi-

cation points on the core. This facilitates their optimization along the corresponding growing

vectors. At the beginning of a screening campaign, the stability and purity of the fragments are

assessed, and these factors should also be considered in the design phase. Finally, the size and

nature of the library depends on the throughput and features of the screening technology; in

particular, less sensitive methodologies require more potent and complex compounds, and/or

larger libraries. By contrast, sensitive biophysical technologies with lower throughput might

provide a reasonable number of hits even from smaller libraries.

Design of the electrophilic warhead
Covalent fragments can be derived from their noncovalent predecessors by introducing appro-

priate electrophilic functional groups, which are commonly referred to as ‘warheads’ [21]. This is

research.
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a chemical group that can form a reversible or irreversible covalent

bond with a nucleophilic amino acid residue in proteins. These

warheads are usually picked up from electrophilic natural products

[22], approved covalent drugs, or from electrophilic agents used in

organic syntheses [23]. Several studies confirmed that no universal

warhead can be applied in the same way to all targets. As an

example, a small set of electrophilic compounds was screened

to expand the suitable electrophilic warhead chemotypes that

are active against oncogenic K-RasG12C mutant proteins. It was

shown that relatively minor changes in the warhead could result

in dramatic changes of the ligand-binding mode and labeling

efficiency [24]. It has also been demonstrated that tailoring war-

heads could have a crucial impact on activity and selectivity

between different enzyme families or even enzyme isoforms

[24–26].

Consequently, the selection of warheads needs special consid-

erations. For instance, the required range of reactivity of both the

electrophile and targeted nucleophilic amino acid residue needs to

be carefully evaluated. Not only might the reactivity of electro-

philic functionalities be different, but the nucleophilicity of the

targeted amino acids can also change, and both are influenced by

the protein environment [5]. Furthermore, the reactivity of frag-

ments is affected by the structural and electronic effects of the

noncovalent scaffold. Notably, in photoaffinity labeling, the use of

a carbene or nitrene as a warhead eliminates the need for a reactive

nucleophilic residue [18,27,28].

Moreover, in some cases, the electrophilic warheads might form

a reversible covalent bond. Targeting the nucleophilic residues in a

reversibly covalent manner can allow for sustained target engage-

ment, and probably yields fewer off-target effects compared with

conventional irreversible covalent inhibitors [29–32].

One of the limiting factors of applying covalent fragments was

their supposed promiscuity. However, experimental analyses

showed a lower degree of promiscuity than expected, suggesting

that promiscuous reactivity and off-target effects of electrophiles

with moderate reactivity are often overestimated. In addition, the

nontoxic nature of these electrophilic fragments was confirmed by

cell-viability testing [33]. Motivated by similar aims, 1000 covalent

fragments with acrylamide and chloroacetamide warheads have

been screened [15]. Conclusions have been drawn that promiscui-

ty does not correlate with reactivity, and only 3% of the fragments

were promiscuous. Most of the fragments did not label more than

two proteins.

Design of the electrophilic fragment
In addition to the general practices of the FBDD paradigm, the

design of electrophilic fragments requires consideration of the

reactivity, reversibility, stability, synthetic accessibility, and size

of the electrophilic functionality. Importantly, the protein targets

might influence the design procedure via the nature and the

location of the targeted residue. The basic need for nucleophilic

amino acids in strategically relevant positions has resulted in a

bias, because, in most cases, proteins with appropriate amino acids

at the ligand binding sites are selected, unless mutant types are

available or surface-exposed nucleophilic amino acids adjacent to

binding sites are present [14,16,31]. There have been successful

efforts to eliminate these stipulations and include targets from the

entire proteome using fragments activated externally [18,27,28].
The appropriate design and positioning of the noncovalent core

assures the required specificity, resulting in viable starting points

for the protein of interest labeled in proteome-wise screens

[16,34,35]. Covalent fragment hits might be evolved by conven-

tional fragment-growing and/or merging strategies to provide a

more potent covalent probe by improving its binding affinity and

specificity because of extended noncovalent interactions. Alterna-

tively, the binding crevice identified by covalent fragment hits

could be explored by classical noncovalent approaches.

Design of electrophilic fragment libraries
The first design criteria for electrophilic fragment libraries were

based on experience accumulated in covalent drug discovery

programs [36]. More recently, these considerations have been

revisited based on successful covalent fragment screens. In early

work, it was suggested that the electrophilic functional group

could be derived from US Food and Drug Administration (FDA)-

approved drugs of known covalent inhibitors with broad structure-

–activity relationships (SARs) on the directing groups. Beside this

conventional design, more attention has now been paid to new

reactions and novel warheads. The compatibility of these war-

heads with physiological conditions is routinely tested by several

assay protocols [26,37–40]. These studies confirmed that covalent

labeling should not depend on the noncovalent skeleton of the

fragment. It is proposed that the applied warhead might be opti-

mized as well or even in parallel with the noncovalent core. It has

also been proposed that the intrinsic reactivity of all covalent

fragments (in particular, the rate constant of the reaction with the

nucleophilic residue of interest) should be the same. Nevertheless,

this assumption did not take into account the fact that the

nucleophilicity of the amino acid side chains might change with

its protein environment, allowing a less reactive warhead to label a

highly nucleophilic amino acid selectively. Therefore, the range of

reactivity covered by the covalent library can be improved signifi-

cantly by incorporating multiple electrophilic functional groups

with different reactivities. This approach could support the tailor-

ing of the warhead to the targeted nucleophile, while also finding

the optimal noncovalent interactions. Notably, it is still important

to follow the recommendation that the warhead and the skeleton

of the fragment should be linked by a minimal linker. It is also

advantageous if the electrophile is located at the end of the

molecule and not embedded. Finally, the easiest way to attach a

covalent warhead is coupling in a one-step reaction, if feasible,

such as via an amide bond-forming reaction. This would ensure

the robustness, simplicity, and reliability of the covalent fragment

synthesis.

Predicting the reactivity of electrophilic fragments
For the sake of the appropriate design, the reactivity of the poten-

tial library members needs to be predicted computationally first.

One of the simplest tools is to take the corresponding Hammett s
values of aromatic compounds (also known as substituent con-

stants), and compare the impact of individual substituents on the

reactivity [41–43]. Another way to predict reactivity might be to

calculate molecular indices and reactivity descriptors, in particular

the highest occupied molecular orbital (HOMO; eH), lowest unoc-

cupied molecular orbital (LUMO) energies (eL), and electron dis-

tribution on the reacting carbon atom at the neutral and also at the
www.drugdiscoverytoday.com 985
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negatively charged state, based on the atomic charge distributions

[37]. From these values, further reactivity-related parameters could

be calculated, such as the chemical hardness (h), electronic chem-

ical potential (m), Parr-index (global electrophilicity, v), Fukui-

function (f+), and local electrophilicity index (v+) [44–50]. For Cys-

targeting acrylamide warheads, the calculated pKa could also be a

predictive descriptor [51]. Furthermore, it has been found that

calculating activation parameters (activation energy, Ea and tran-

sition state Gibbs free energy, DG) of the reaction with methane

thiolate anion provided reasonable predictions of reactivity

[39,41,51,52]. However, this approach demands larger computa-

tional investment and the methodology did not work well for the

comparative evaluation of different warhead chemotypes. Reac-

tivity of covalent warheads at other nucleophilic sites has also

been modeled in a few studies. Lys-targeting covalent fragments

were evaluated in a retrospective manner to reveal the predictive

power of the Parr electrophilicity index, but the usefulness of the

index was limited for a distinct chemical series [53]. Another study

revealed that Hammett s values are also useful predicting the N-

and O-reactivity of Lys, Tyr, or Ser-targeting covalent fragments

[43].

In conclusion, the above-listed predictive methodologies usu-

ally work well between closely related compounds but less so in

diverse libraries. Moreover, it was shown that reactivity prediction

requires different descriptors depending on the reaction partners

and the mechanisms of the individual labelling reactions [37,51].

To improve the prediction accuracy, calculated Ea values were

combined with the solvent-accessible surface area (SASA) at the

a-carbon of polarized acryl aldehydes, ketones, and esters acting

via Michael addition [54]. The mechanistic relevance of this model

is based on the formation of a resonance-stabilized negative charge

on the a-carbon atom of the intermediate; thus, solvation has a

key role in the stability of the transition state and in the overall

reactivity.

More recently, a decision tree has been developed to recom-

mend the most appropriate prediction method for a given chemi-

cal series (Fig. 1) [51] based on the noncovalent scaffold of the

fragment. It was assumed that the SARs are consistent across
N

N Y

Aroma

Contains  N in a
saturated ring?

QM-calculated
reaction barrier

pKα

FIGURE 1

Decision tree to identify the most prospective theoretical descriptor for the reactivit
molecular orbital; QM, quantum mechanics.

986 www.drugdiscoverytoday.com
warheads; thus, by applying matched molecular pairs analysis

(MMPA) [55], the effect of a warhead switch could be predicted.

The combination of the two methods, in particular, first using the

decision tree and then applying MMPA, could be feasible for

reactivity estimations after a warhead switch.

Another multiple descriptor-based predictive model enables one

toestimate thereactivitytowardtheglutathionethiolsiteofMichael

acceptors [56]. The combined model (Equation 1) contains three

main parts, regarding the electrophilicity, steric hindrance, and the

resonance effects on the intermediate stabilization:

kGSH ¼ av Cb

� �þ bV þ cEs þ d ð1Þ

Equation 1 estimates the second-order rate constant towards

glutathione (GSH, kGSH), by v(Cb) as a reactivity descriptor for the

local electrophilicity at the b-carbon; V, as a jointed steric acces-

sibility at both the a-carbon and the b-carbon atoms, and the

energy level Es of the s-bond between the a-carbon and the ipso

carbon as an indication of resonance stabilization of the carba-

nionic transitional state. Constant parameters (a, b, c, and d) were

determined by multiple linear regression. This model ensures

exceptional good fitting (R2 > 0.9) within a range of Michael-type

acceptors.

In summary, there are several calculated molecular descriptors

and indices used alone or in combination that correlate with

experimentally determined reactivity, but the predictive strategies

are mainly accurate for the given warhead chemotype. Therefore,

the comparative reactivity evaluation of different warhead func-

tionalities usually requires experimental reactivity assays.

Surrogate assays for assessing the reactivity and
specificity of covalent fragments
Surrogates
The compilation of the designed set of covalent fragments is

followed by the evaluation of fragment reactivity and specificity

in surrogate assays. These surrogates are, in most cases, amino

acids with nucleophilic residues, or small oligopeptides.

Given that the main target for covalent binders is cysteine, the

most abundant surrogate is L-glutathione (GSH), but in addition,
N Y

Y

tic?

Contains electon-
withdrawing groups?

LUMO Hammett σ

Drug Discovery Today 

y prediction of covalent fragments. Abbreviations: LUMO, lowest unoccupied
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other thiols, such as N-Ac-cysteine-methyl ester, can be also used

for kinetic experiments [16]. Most recently, different cysteine

surrogates were evaluated comparatively against a range of war-

heads equipped with the same fragment core [57]. This study

revealed that surrogate models might provide considerably differ-

ent reactivity profiles. Evaluating the results obtained for several

different warheads, GSH was suggested as the most appropriate

surrogate because of its relevance to humans, providing the best

estimate of reactivity. There are studies comparing widely accepted

covalent warheads via systematic kinetic studies [16,39]. Further

studies have explored the substituent effects on the reactivity of N-

aryl-acrylamides [41] and no-aromatic acrylamides [39]. Although

most covalent library screens are limited to a few warheads of

interest, there are larger compound sets containing different war-

head chemotypes [26,37,39,58] that can be classified by the chem-

istries of reaction with the targeted cysteine [26], including

Michael-type nucleophilic addition, non-Michael-type nucleo-

philic addition, nucleophilic addition–elimination, nucleophilic

substitution, and oxidation.

The kinetic assay window can also be expanded for other amino

acid surrogates, such as Tyr, Ser, Lys, and His models, but there are

only few examples dealing with the characterization of nonthiolic

reactivity of covalent fragments. One of the most comprehensive

data sets was obtained by investigating a diverse set of electrophilic

compounds (e.g., acrylamides, cyanamides, vinylsulfones, vinyl-

sulfonamides, and nitriles) against a-N-acetyl-lysine [59]. Ser or

Tyr can also be targeted covalently, for those investigations in

which the N-Boc-serine-methyl ester was utilized [40]. Comparing

the results to those obtained with N-Boc-cysteine-methyl esters,

the model estimated Cys and non-Cys covalent labeling. It has

been shown that intrinsic reactivity against S- and O-nucleophiles

is considerably different because Ser is a harder nucleophile than

Cys and tends to react faster with the harder electrophiles, such as

benzoxaboroles and sulfonyl fluorides. By contrast, the Michael

acceptors are generally soft electrophiles and react more rapidly

with the softer nucleophilic Cys.

In addition to hard and soft acids and bases (HSAB) theory,

Brönsted acidity also has an important role, because the protonat-

ed or deprotonated forms of the nucleophilic residues show dras-

tically different reactivity. The acidity of the tractable nucleophilic

site varies among His (pKa = 6.0), Lys (pKa = 10.3), Cys (pKa = 8.3),

Ser (pKa = 15.2) and Tyr (pKa = 10.1), and notably, the protein

environment is able to change these values significantly. Although

there is no ultimate pH for testing, kinetic experiments mostly

apply physiological pH (pH = 7.4). S-, N-, and O-nucleophilic

surrogates were investigated in parallel, applying different pHs

according to the acidity of the corresponding nucleophile [40].

Considering not only the reactivity but also the specificity, an

oligopeptide-based specificity assay was introduced recently using

the KGDYHFPIC nonapeptide with Lys, Tyr, His, and Cys nucleo-

philes. Having confirmed the covalent binding of the fragments to

the nonapeptide with liquid chromatography (LC)-mass spec-

trometry (MS)/MS measurements, it was then possible to assess

the specificity of the covalent fragments in a surrogate model [26].

",5,0,2,0,280pt,240pt,0mm,0mm>Surrogate assays
Surrogate studies mainly utilize high performance liquid chroma-

tography (HPLC) [26–39,41] or nuclear magnetic resonance (NMR)
[16,37–40,60]-based assays for both Cys and non-Cys-targeting

covalent warheads. The main aspect of the assays is to ensure

pseudo first-order kinetic via a large surrogate excess that enables

the calculation of the half-lives. Practically, the reaction rates are

calculated, according to the pseudo first-order kinetic equation

(Equation 2) as negative of the slope after the linear regression of

the natural log transformed percent of remaining fragment. Then,

half-lives are easily calculated according to Equation 3.

ln
f ragment½ �
f ragment½ �0

¼ �kpseudo1st t ð2Þ

t1
2
¼ ln2

kpseudo1st
ð3Þ

In NMR, peaks showing significant chemical shift changes

between the initial substrate and the product are usually selected

for monitoring(Fig. 2). Typically, these peaks correspond to war-

head atoms or close aromatic hydrogens. For HPLC methods, the

application of an internal standard (i.e., indoprofen) is highly

recommended [26,37,39].

In addition to the HPLC and NMR-based methodologies, a

photometric approach has been developed for kinetic experiments

that allowed the determination of second-order reaction rate

constants for compounds with a range of electrophilic reactivity

[61].

The reactivity of Cys-targeting covalent fragments can also be

assessed by a high-throughput fluorescence-based thiol reactivity

assay [15]. This methodology entails incubating fragments with

reduced DTNB (Ellman’s reagent; 5,5’-dithio-bis-2-nitrobenzoic

acid) and following the absorbance of its monomer TNB2– (the

thiolate form of 5-thio-2-nitrobenzoic acid, l = 412 nm). The

kinetic rate constant is obtained by fitting the data to a second-

order reaction rate equation. Given that no specific recognition is

expected between TNB2� and the electrophilic compound, the

calculated rate constants show the intrinsic reactivity of the

electrophiles toward thiols, and agree well with GSH-based t1/2
values.

There are some side reactions to be considered next to the thiol-

binding, including the oxidation-driven dimerization of thiol

surrogates or the limited aqueous stability of the electrophilic

compounds. The first effect can be avoided by excluding oxygen

from the sample [39]. The kinetics and order of these reactions can

be estimated experimentally [61]; thus, these can be incorporated

into the reactivity assessments [26,37].

Although the labeling efficiency of a targeted amino acid

depends on both the warhead reactivity and the environment

of the residue, surrogate kinetic assays are indicative of the useful-

ness of the warhead for a particular covalent drug discovery

project. If a covalent compound is highly reactive and not specific

enough, this might result in serious adverse effects. These could be

avoided by the systematic tailoring of the reactivity or by the

application of less reactive warheads. Conversely, in the case of no

covalent binding, the reactivity of the warhead might be en-

hanced, or a more reactive warhead can be selected.

Screening electrophilic fragments against proteins
Following the assessment of chemical reactivity and labeling

specificity in surrogate assays, the electrophilic fragment library
www.drugdiscoverytoday.com 987
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FIGURE 2

The reactivity of covalent fragments can be determining based on Area Under the Curve (AUC) integrals of (a) liquid chromatography (LC) or (b) nuclear
magnetic resonance (NMR) spectra. (c) The linear regression of the natural log transformed percent of remaining fragment, then can be identified as an analog to
Equation 2 in the main text. After the regression, pseudo first-order kinetic rate results as the inverse of the slope, and half-lives can then be easily calculated
according to Equation 3 in the main text.
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is ready for testing against the proteins of interest. Screening of

covalent fragments is similar to that of noncovalent fragments.

The main difference is typically the way in which the hits are

identified and the proteins targeted. In particular, the methods

used take advantage of the irreversible binding of the fragment:

during the investigation, the binding position is not to be modi-

fied. The assessment of fragment binding can be achieved by the

covalent labeling of the proteins, followed by a high-throughput

analysis of the results based on classical analytical methods (Fig. 3).

Most studies have used MS, usually in combination with LC (LC-

MS) [14–16,28,31–33,62,63]. In some examples, specific methods

of NMR spectroscopy were developed [64–74] and protein-frag-

ment binding has also been studied by X-ray crystallography

[15,31,58,75–79]. Finally, to evaluate and prove time dependency

and the (ir)reversibility of fragment binding, biochemical assays

can be used.

Although surrogate assays are applied for the determination of

the general reactivity of fragments against nucleophilic residues,

this does not necessarily correlate with the labeling efficiency of

proteins targets [15,33]. In particular, interactions formed with the

noncovalent core might discriminate between proteins. Moreover,

because the reactivity of the nucleophilic residues might differ as

influenced by the surrounding amino acids and the medium

[16,34], they could be labeled by even less reactive warheads.

LC-coupled tandem MS (LC-MS/MS), as the principle tool used

in covalent FBDD, enables accurate, sensitive, and unbiased iden-

tification of the modified residue. Therefore, this is the most

popular method used for the identification and quantification

of covalent modifications of the target [14–16,27,32,33]. The main

appeal of MS is that it can be used to directly detect fragment
988 www.drugdiscoverytoday.com
binding to a protein by the mass difference between the target and

covalently modified complex. Direct MS measurements and cova-

lent fragment mixtures with sufficient mass difference can in-

crease the throughput. Native MS is often combined with time-

of-flight (TOF) or TOF hybrid instruments, and this technique is

characterized by its high throughput and high sensitivity of both

the target and fragments. Additionally, the application of a diges-

tion protocol might provide valuable information about the exact

amino acid being labeled. MS screening with covalent probes has

been performed on numerous kinases and oncogenic proteins (e.

g., JAK, ERK, and K-Ras) with covalent fragment libraries of 100–

1400 members mostly having acrylamide and chloroacetamide

electrophilic moieties (Table 1) [31,32,75,80].

NMR is widely used to study protein–ligand interactions [81,82].

In fact, ‘SAR by NMR spectroscopy’ is considered to be one of the

principle foundations of FBDD [81]. The advantages that covalent

probes bring to SAR by NMR in both ligand and protein-based

NMR are the more pronounced protein peaks along with increased

chemical shift perturbation spectra from mostly heteronuclear

multidimensional experiments [68]. High-affinity fragments in-

crease typically the observed shift relative to the free state, making

the analysis of complex spectra more streamlined [72]. NMR

screening with covalent probes is underrepresented in the litera-

ture because of competition with simpler MS studies; however,

successful screens have been performed on therapeutically rele-

vant proteins, such as BrD4, K-Ras, and other enzymes (Table 1)

[65,73,74,83].

X-ray crystallography is used extensively in FBDD, providing

structural information on fragment binding and guiding the subse-

quent optimization [66]. Its main limitations are the difficulty of
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FIGURE 3

Title. (a) General techniques available for covalent fragment screening. Fragments bearing different reversible recognition elements (represented by colored
shapes) are usually connected by a linker, because large numbers of compounds are generated with array-based chemistries. This in turn is connected to an
electrophilic warhead Y+. The compound library is incubated and analyzed. Finally, the binding event can be recorded using the following TQs. (b) Protein mass
spectrometry (MS) is used to identify covalent binders, via a change in m/z of the target + fragment covalent adduct. (c) Chemical shift perturbation of proteins
with enriched 15N are tracked as covalent ligands are introduced. (d) X-ray is used to identify covalent binders by interpreting chances in electron density to
show the exact amino acid residue + fragment covalent adduct.
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successful target crystallization and the need for a large amount of

pureprotein.ThesereasonspositionX-raycrystallographymainlyin

a secondary screening role, to follow up hits from other assays

[31,58,75]. In these settings, it is mainly used for prioritizing frag-

ments for optimization [66,76]. Screening covalent probes is a recent

development in X-ray crystallography realized by a new platform

developed by the XCHEM Diamond Light Source synchrotron facil-

ity in Oxford, UK. A recent study highlighted the potential of
electrophilic fragment screening using high-throughput crystallog-

raphy as a practical and efficient tool for covalent–ligand discovery

[15]. X-ray screening with covalent probes has been performed on

various kinases and oncogenic proteins (JAK3, MSK/RSK, BTK, deu-

biquitinase OTUB2, and the pyrophosphatase NUDT7) with cova-

lent fragment libraries of 10–1000 members mostly having

acrylamide, chloroacetamide, and cyanoacrylamide electrophilic

moieties (Table 1) [15,31,77–79].
www.drugdiscoverytoday.com 989



R
EV

IEW
S

 
D
ru
g

 D
isco

very
 To

d
ay

�Vo
lu
m
e

 25,
 N
u
m
b
er

 6
�Ju

n
e

 2020
TABLE 1

Summary of covalent fragment-based covalent inhibitor programsa

Target protein Target AAb Warhead No. of fragments
investigatedc

Reaction
screend

Screening
method

No. of fragments
screenede

No. of
hitsf

Hit rate
(%)

Indicationg Refs

BACE-1 12 Disulfide 15 000 N/A LC-MS/MS 15 000 7 0.05 Alzheimer’s disease [89]
Brd4 Cys356 Acrylic ester N/A Comph LC-MS/MS 200 20 10.00 Cancer and inflammation [65]

200 LC-MS/MS NMR 1 1 100.00 Cancer [65]
BSA 23 Chloroacetamide and

acrylamide
993 Thiol assayi LC-MS/MS 981 10 1.02 Negative control [15]

Caspase-1 Cys331 Disulfide 8000 N/A LC-MS/MS 8000 1 0.01 Cancer [101]
Caspase-3 Cys264 Disulfide 10 000 N/A LC-MS/MS 10 000 2 0.02 Cancer [86]

7000 N/A LC-MS/MS 7000 1 0.01 Cancer [88]
Caspase-5 CysN/S Disulfide 15 000 N/A LC-MS/MS 15 000 62 0.41 Cancer [102]
Caspase-7 Cys290 Disulfide 10 000 N/A LC-MS/MS 10 000 2 0.02 Cancer [86]
Cathepsin B CysN/S Diverse set of 36 warheads 137 Thiol assay Biochemj 54 0 0.00 Cancer [26]
Cathepsin X CysN/S Diverse set of 36 warheads 137 Thiol assay Biochem 27 1 3.70 Neuroinflammation [26]
Cdk2(WT) Cys177 Acrylamide,

chloroacetamide and
epoxides

138 Thiol assay Thiol assay 138 8 5.80 Cell cycle regulator [58]

DEN CysN/S Diverse set of 7 warheads 64 Lit. searchk Biochem 64 0 0.00 Dengue Virus [33]
E3 ligase subunit
HOIP

Cys885 Acrylic ester N/S Comp LC-MS/MS 104 1 0.96 Immune responses [14]

ecMetAP CysN/S Diverse set of 7 warheads 64 Lit. search Biochem 64 2 3.13 Antibacterial target [33]
GPCR-C5a
receptor

Pro-113-Cys Disulfide 10 000 N/A LC-MS/MS 10 000 65 0.65 Extracellular signaling
pathway

[103]

Gly-262-Cys Disulfide 10 000 N/A LC-MS/MS 10 000 36 0.36 Extracellular signaling
pathway

[103]

Lys-117-Cys Disulfide 10 000 N/A LC-MS/MS 10 000 24 0.24 Extracellular signaling
pathway

[103]

Phe-93-Cys Disulfide 10 000 N/A LC-MS/MS 10 000 0 0.00 Extracellular signaling
pathway

[103]

HIF-1a Cys255 Vinyl sulfone, acrylamide
and cyclopentenone

N/S Lit. search LC-MS/MS 177 7 3.95 Hypoxia [104]

hNE Ser195 Sulfonyl fluoride 105 fluorescence NMR and
LC-MS/MS

7 1 14.3 Emphysema [105]

HRV3C CysN/S Acrylic ester 100 Thiol assay LC-MS/MS 100 3 3.00 Parasitic infections [36]
hsMetAP-1 CysN/S Diverse set of 7 warheads 64 Lit. search Biochem 64 3 4.69 Antibacterial target [33]
IL-2 a 11 Disulfide 7000 N/A LC-MS/MS 7 000 20 0.29 Protein–protein interface [91]
JAK3 Cys909 Cyano-acrylamide 220 000 Comp X-ray 7 2 28.57 Cancer [77]
K-Ras S39 Cys Thiol and Chloroacetamide 11 000 NMR and

LC-MS/MS
NMR 32 4 12.50 Cancer [73]

K-RasG12C Cys12 Chloroacetamide and
acrylamide

993 Thiol assay LC-MS/MS 968 10 1.03 Cancer [15]

Disulfide 480 N/A LC-MS/MS 480 2 0.42 Cancer [80]
Acrylamides and vinyl
sulfonamides

480 LC-MS/MS LC-MS/MS 100 3 3.00 Cancer [80]

MSK1 Cys436 Heteroaryl-substituted
cyanoacrylamides

N/S Lit. search X-Ray 4 1 25.00 Cancer and Inflammation [31]

MurA Cys115 Diverse set of 36 warheads 137 Thiol assay Biochem 54 23 42.59 Antibacterial target [26]
Heteroaryl-substituted
warheads

84 Thiol assay Biochem 84 23 27.38 Antibacterial target [25]

CysN/S Diverse set of 7 warheads 64 Lit. search Biochem 64 1 1.56 Antibacterial target [33]
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TABLE 1 (Continued )

Target protein Target AAb Warhead No. of fragments
investigatedc

Reaction
screend

Screening
method

No. of fragments
screenede

No. of
hitsf

Hit rate
(%)

Indicationg Refs

MurB CysN/S Diverse set of 7 warheads 64 Lit. search Biochem 64 9 14.06 Antibacterial target [33]
MurC CysN/S Diverse set of 7 warheads 64 Lit. search Biochem 64 2 3.13 Antibacterial target [33]
MurD CysN/S Diverse set of 7 warheads 64 Lit. search Biochem 64 2 3.13 Antibacterial target [33]
MurE CysN/S Diverse set of 7 warheads 64 Lit. search Biochem 64 17 26.56 Antibacterial target [33]
MurF CysN/S Diverse set of 7 warheads 64 Lit. search Biochem 64 3 4.69 Antibacterial target [33]
Nedd4-1 Cys627 Acrylic ester 100 LC-MS/MS X-Ray 1 1 100.00 Cancer [106]
NNMT 8 Chloroacetamide and

acrylamide
993 Thiol assay LC-MS/MS 299 30 10.03 Cancer [15]

NUDT7 4 Chloroacetamide and
acrylamide

993 Thiol assay LC-MS/MS 973 36 3.70 Diabetes [15]

Cys73 Chloroacetamide and
acrylamide

993 Thiol assay X-Ray 993 3 0.30 Diabetes [15]

NV3CP 4 Chloroacetamide and
acrylamide

993 Thiol assay LC-MS/MS 824 10 1.21 Viral infections [15]

OTUB2 4 Chloroacetamide and
acrylamide

993 Thiol assay LC-MS/MS 938 47 5.01 Viral infections [15]

Cys51 Chloroacetamide and
acrylamide

993 Thiol assay X-ray 993 11 1.11 Viral infections [15]

Papain Cys25 Acrylic ester 100 Thiol assay LC-MS/MS 100 3 3.00 Parasitic infections [36]
PBPR504C 1 Chloroacetamide and

acrylamide
993 Thiol assay LC-MS/MS 983 2 0.20 Antibiotic resistance [15]

PCAF 3 Chloroacetamide and
acrylamide

993 Thiol assay LC-MS/MS 993 0 0.00 HIV [15]

PDK1 E166 Cys Acrylamide and disulfide 3000 N/A LC-MS/MS 3000 1 0.03 Cancer [90]
QSOX1 12 Chloroacetamide and

acrylamide
993 Thiol assay LC-MS/MS 993 0 0.00 Cancer [15]

RSK2 C Cys436 Heteroaryl-substituted
acrylonitrile

N/S Lit. search Biochem 20 1 5.00 Cancer [107]

THR CysN/S Diverse set of 7 warheads 64 Lit. search Biochem 64 0 0.00 Negative control [33]
TS Cys146 Acrylamide, vinyl

sulfonamide
N/S Lit. search LC-MS/MS 12 1 8.33 Cancer [61]

C146S/L143C Disulfide 1200 N/A LC-MS/MS 1200 4 0.33 Cancer and Infectious
diseases

[83]

USP8 12 Chloroacetamide and
acrylamide

993 Thiol assay LC-MS/MS 923 20 2.17 Cancer [15]

WNV CysN/S Diverse set of 7 warheads 64 Lit. search Biochem 64 6 9.38 West-Nile Virus [33]
a Abbreviations: N/A, not available; N/S, not specified.
b Not all investigations specify the exact Cys that is covalently modified by their hit compounds. However, some report the number of cysteine residues (wild type or engineered) present.
c Fragments investigated in the surrogate assays.
dMethod of fragment library evaluation.
e Number of fragments incubated with target protein.
f As reported.
g Indicates possible therapeutic rationale to inhibit this target.
h Computational analyses of binding sites, molecular modeling, clustering, or DOCKovalent filters.
i High/low-throughput thiol reactivity assay using absorbance, HPLC, or NMR.
j Literature search, modification of a known inhibitor or compound collection.
k Profiling based on biological activity.
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Biophysical screening can provide information on the binding

event between the electrophilic fragment and the protein targeted.

However, to determine the biological relevance of the hits, bio-

chemical assays should be performed. Among these, reversibility

assays (by dilution of the incubated sample) and time-dependent

IC50 measurements might support the covalent binding of the

fragment.

Prioritization of covalent fragment hits are usually based on the

labeling and/or biochemical efficiency and the specificity of the

fragment, if benchmark proteins are tested. Further considerations

involve the availability of suitable growing vectors and classical

medicinal chemistry criteria, including novelty and freedom to

operate.

Besides the usual approach of screening electrophilic fragment

libraries, there are two further methodologies that use electrophil-

ic fragments, namely disulfide tethering and amino acid-indepen-

dent photoaffinity labeling (PAL) (Fig. 4).

The ‘tethering’ strategy was originally developed to discover low-

molecular-weight ligands (�250 Da) that bind to targeted sites on

proteins through an intermediary tether. This handle is also known

as a ‘capture’ group that irreversibly or reversibly labels a native or

engineered surface exposed amino acid [17,84,85], in all reported

cases, a Cys next to the binding site. Recently, this methodology was

used to discover a promising K-RasG12C inhibitors [80]. Various types
(a)

(b)

(c)
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General principles for tethering and photoaffinigy labeling approaches. (a) G
General principle of photoaffinity labeling (PAL) used in fragment-based drug di
equilibrium: if the affinity is high, the compound becomes covalently bound whe
crosslink to nearby protein residues.
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of capture groups have been reported, including a disulfide [84],

acrylamide, or vinyl sulfonamide [80]. First, disulfides were advan-

tageously capped with dimethyl-cysteamine to increase solubility;

however, it turned out that they are not suitable as cellular probes,

being susceptible toreduction. Consequently, replacing them with a

more suitable Michael acceptor has received more focus in recent

years [80]. In practice, a fragment library equipped with warheads is

allowed to react with the Cys-containing target protein under

partially reducing conditions that promote rapid thiol exchange.

Most of the library members will show no intrinsic affinity for the

protein and, therefore, the bond associated with the protein will be

easily broken up. However, if a molecule has even weak inherent

affinity for the target protein, the covalent bond will be entropically

stabilized and the equilibrium will be shifted towards the modified

protein. Tethered compounds can then be identified by MS [16,61].

Furthermore, the tethered complex is amenable by X-ray crystallog-

raphy [84], which facilitates the optimization of the affinity once the

tether is removed. This approach was championed by Sunesis Phar-

maceuticals in 2004, reporting the first tethering screen against

endogenous Cys of wild-type caspases, with a disulfide-containing

library of 10 000 fragments [86]. Since then, tethering has been

applied to >40 proteins, with an average of four cysteine mutants for

each target [87] and was extended to lead-like compounds targeting

proteases [88,89], kinases [90], and protein–protein interfaces [91].
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Although the concept of PAL against proteins was first described

during the mid-1990s [92], the penetration of PAL methodologies

to the FBDD field is lower. However, PAL can be used against those

targets that lack the suitable protein nucleophiles at the binding

sites. A fragment-based PAL platform has been developed identi-

fying their protein-binding partners in cells [18,27]. This method-

ology made the best of fragment-based ligand discovery with

quantitative chemical proteomics mapping, and identified thou-

sands of reversible small molecule–protein interactions directly in

the human proteome. This idea was further developed by a re-

search group at GSK desiring a more targeted approach by screen-

ing purified protein from the CDK family against a library of

photoaffinity fragments, known as the ‘PhABits’ [27]. The group

has also shown the utility of this platform allowing for myriad

biochemical data that can be measured directly or inferred. The

theory is similar to tethering, because, at first, functionalised

fragments are incubated with a target until equilibrium, which

allows for the recognition of fragments with sufficient binding

affinity. Fragments are equipped with a photoreactive group (e.g.,

azide, benzophenone, or diazirine), and an alkyne handle for the

potential of future biorthogonal chemistry. Irradiation of the

photoreactive group leads to the formation of a carbene, which

in turn forms a covalent bond crosslinking the protein. However, if

the fragment has no affinity to the protein, the carbene is imme-

diately quenched by the buffer. Consequently, bound fragments

can be easily identified by intact MS. This platform is relatively

straightforward to implement, and has the potential to become a

robust screening platform for target evaluation. Currently, the

approach is limited by the sensitivity of proteins to irradiation

(in most cases �360 nm in the UV range).

Screening electrophilic fragments using cells or the
whole proteome
Screening fragment libraries on living cells or cell lysates repre-

sents the most sophisticated approach that provides information

on a large number of proteins in a single measurement. These

phenotypic screens are useful for target identification and valida-

tion and might explore the ligandability of certain protein targets.

In most cases, this screening is based on a chemoproteomics

methodology, termed ‘isotopic tandem orthogonal proteolysis–

activity-based protein profiling’ (isoTOP-ABPP) combined with

LC-MS/MS to quantify the intrinsic reactivity of nucleophilic
Cells/proteome

Negative control

Probes for profiling with or
without photo affinity tag

1. 

2. 

Broad-spectrum electrophilic
probe with an alkyne handle
Click reaction with different
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and for the control proteome.
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Gel filtration can be
applied for identifying
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FIGURE 5

Schematic representation of the isotopic tandem orthogonal proteolysis–activity
residues (in particular Cys and Lys) in cell and tissue proteomes

[13,34,35,93,94]. This approach has been successfully applied in

many cases, and has been extended to consider different amino

acids and phenotypes investigated by stereospecific and reversible

ligands (Fig. 5).

The effective use of cell-based isoTOP-ABPP requires a powerful

MS/MS screening platform. Even with this high-end instrumenta-

tion, other factors, such as the diversity of targets, influence of

unknown cellular proteins, and low abundance of the modified

protein, make the detection of protein adducts in a complex

matrix challenging. Most FBDD programs approach these analyti-

cal difficulties with sample pretreatments and adducts enrich-

ment. Sample pretreatment might involve the isolation of the

targeted proteins [95]. Once a pure sample is obtained, the frag-

ments are usually screened at high concentrations to reduce the

labelled:unlabeled protein ratio. The labeled protein adducts are

usually identified using a ‘bottom-up’ strategy that is applied via

three common procedures: (i) protein digestion (mainly with

trypsin [28,69]) to peptides followed by MS analysis; (ii) pronase

digestion [62] or acid hydrolysis of proteins to amino acids fol-

lowed by MS analysis [87]; and (iii) N-alkyl Edman degradation

involving the selective detachment of terminal adducted amino

acids, as hydantoins, upon reaction with isothiocyanates, followed

by MS analysis [96]. Data analysis requires specialized software and

search engines to deconvolute the protein spectra and to identify

covalent adducts in cells [14,15,97].

In a seminal study, a Cys-targeted covalent fragment library of

acrylamides and chloroacetamides was evaluated to label >700

Cys in the proteome of MDA-MB-231 and Ramos cells, including

both druggable proteins and proteins deficient in chemical probes

(e.g., transcription factors, adaptor/scaffolding proteins, and

uncharacterized proteins) [16]. Combining chemical proteomics

with FBDD resulted in efficient irreversible inhibitors of caspase-8

and caspase-10. Combining isoTOP-ABPP with gel filtration

allowed the discrimination of reversible and irreversible electro-

philes. The latter split off from the target during the gel filtration

procedure; thus, the comparison of the filtrated and nonfiltrated

samples provides information on the reversibility [32]. Moreover,

applying fully functionalized fragments (FFFs) that differed only in

absolute stereochemistry (so-called ‘enantioprobes’) enables the

identification of stereoselective protein–fragment interactions in

cells [18]. Many of these interactions were observed at functional
Cells/proteome
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1. 
2. 

3.
4. 

5.

Cell lysis
Combine

Enrich
Digest
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sites on proteins from diverse classes. Combining the screening of

FFFs with phenotypic screening was successfully applied to iden-

tify small molecules from a covalent fragment library labeling the

proteins of HEK293T cells [18].

More recently, the methodology has been extended to Lys-target-

ing covalent fragments that allowed the global and quantitative

analysis of Lys residues in native biological systems (MDA-MB-231,

Ramos, and Jurkat cells) [34]. More than 9000 lysines have been

quantified in human cell proteomes and several hundreds were

identified with heightened reactivity. Together with these findings,

Lys-reactive electrophilic fragments were claimed to inhibit

enzymes at both active and allosteric sites to disrupt protein–protein

interactions in transcriptional regulatory complexes.

Fragment-based covalent ligand screening by the integrated use

of protein LC-MS, biochemical ubiquitination assays, and protein

crystallography resulted in the first structure-based development

of covalent inhibitors for an RBR E3 ligase [14]. The selectivity was

assessed by the subsequent application of activity-based chemo-

proteomics and cell-based assays.

Drug discovery applications
Drug discovery applications of covalent fragments cover target

identification and validation, target engagement studies, and

covalent inhibitor programs. In most cases, these efforts begin

with a surrogate reactivity assay followed by the screening of the

characterized fragment set against the protein of interest. Table 1

summarizes the most recent efforts in covalent fragment screening

and provides information on the target, surrogate assay, screening

methodology, and its outcome. There are many points that can be

gleaned from this compilation, and we would like to draw the

reader’s attention to a few.

As previously stated, Cys is the most represented nucleophilic

residue in the literature of covalent fragment screening. However,

many Lys-targeting inhibitors and chemoproteomic probes are avail-

able in the literature that, together with recent methodological

developments, suggest the emerging role of Lys-targeting libraries

[98]. Although the early days of covalent fragment screening were

determined by tethering approaches, this can be considered as a

covalent alternative to HTS. Therefore, both the fragment libraries

and throughput are large, although, with no evaluation of the

fragments to increase affinities for the target proteins, it becomes

difficult to assay their functional impact or to saturate the binding

site for structural analysis, producing hit rates similar to HTS. Never-

theless, recent applications go beyond this point and demonstrate

the usefulness of covalent fragment screening in the target identifi-

cation, validation, and discovery of targeted covalent inhibitors.

Regarding the screening methodologies, MS dominates with a few

examples of NMR screening. X-ray crystallography is still placed as

secondary screening with the same limitations that plague classical
994 www.drugdiscoverytoday.com
FBDD. However, high-throughput crystallography has had recent

success and these results might facilitate further investigations at

XCHEM.There are new trends inthe natureof the covalent screening

libraries. Started from early tethering libraries, recent sets of covalent

fragments are equipped with several different warheads. Although

Michael acceptors and haloketones are still the most popular, the

application of more universal electrophiles, such as PAL warheads,

sulfonyl fluorides, and haloPROTAC degraders, are becoming in-

creasingly popular [99,100]. These trends appear to be developing in

parallel with the increasing share of chemical biology applications

and covalent inhibitor programs targeting non-Cys protein nucleo-

philes. One might notice that most of the results in Table 1 have been

published within the past 5 years and most of the compounds

referred are still in the discovery phase. Nevertheless, based on the

tethering strategy, a novel K-RasG12C inhibitor (AMG510) was iden-

tified [80] that is now being investigated in Phase II trials.

Concluding remarks
Covalent fragments and the libraries thereof have become integral

parts of drug discovery approaches, as shown by the numerous

successful screening campaigns that have resulted in hit and

potential lead compounds against pharmacologically relevant

proteins. Over the past few years, we have been witnessed signifi-

cant changes in the design and composition of covalent fragment

libraries. The libraries have been widened by turning attention to

new labeling reactions and new warheads from the most common

acrylamides. This progress led to increasingly advanced electro-

philic fragment libraries and also introduced new screening tech-

nologies to the field of surrogate models, as well as among protein

screening campaigns. The investigation of covalent fragments in

the proteome and in living cells has opened new directions, and

expanded the number of the tractable proteins. Following these

trends, we hope that confirmed success in both target identifica-

tion and validation and hit identification will facilitate the inte-

gration and further development of covalent fragment-based

approaches in drug discovery settings.
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