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1. INTRODUCTION 

Drug binding to the therapeutic target is driven by various interactions; however, most 

people in drug discovery agreed that covalent binding should be avoided, due to possible 

idiosyncratic toxicity. This way of thinking prevented the development of covalent drugs for a 

long period of time. Fortunately enough, however, there are many undisputed pharmaceutical 

success stories based on compounds acting via a covalent mechanism. These are well-known 

drugs, such as acetylsalicylic acid or penicillin, which point out that a drug molecule can be 

useful, safe, effective, and successful despite (or as a consequence of) being able to form a 

covalent bond with the target protein. Developing covalent drugs therefore needs the careful 

selection of the warhead since this is the electrophilic structural moiety responsible for the 

covalent action. Among the available reactive moieties we should find the best warhead that 

has appropriate reactivity and orientation within the active site. In my PhD research I aimed to 

focus on covalent fragment related methods and applications, mostly select and optimize the 

warhead part of the covalent ligand. Thus, my thesis includes method developments for 

reactivity and selectivity assays, characterization and use of covalent fragment libraries, and 

furthermore, two specific applications of covalent fragments (i) development of JAK3 covalent 

inhibitors and (ii) development of a fluorescent antibody labelling methodology. 

2. BACKGROUND 

2.1 TARGETED COVALENT INHIBITORS 

Targeted covalent inhibitors (TCIs) have recently become important chemical biological 

tools and are developed in many drug discovery programs.1 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).2 Our knowledge on TCIs is 

expanding rapidly, as many studies have described advantages and disadvantages of these 

inhibitors3 typically related to the complete and non-equilibrium-based inhibition of the target. 

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 a focus since non-specific binding increases the risk of unwanted side 

effects. Careful evaluation of the risk-benefit ratio in developing covalent inhibitors, however, 

should obviously include the optimization of their chemical reactivity. A number of approved 

and commercialized drugs confirmed TCIs as a viable therapeutic option in many indications; 

however, systematic approaches are required to turn the historically serendipitous programs 

into rational covalent drug discovery. Recently, considerable attention has been paid to 

developing feasible drug design methodologies for the discovery of selective covalent 

inhibitors. The first published example of a targeted covalent drug was for the EGFR kinase,4 

 
1 a) Baillie, T. A. Targeted Covalent Inhibitors for Drug Design. Angew. Chem. Int. Ed. 55, 13408–13421 (2016). 

b) Singh, J. et al. The resurgence of covalent drugs. Nat. Rev. Drug Discov. 10, 307–317 (2011). 

c) Bauer, R. A. Covalent inhibitors in drug discovery: from accidental discoveries to avoided liabilities and 

designed therapies. Drug Discov. Today 20, 1061–1073 (2015). d) Ghosh, A. K. et al. Covalent Inhibition in Drug 

Discovery. ChemMedChem 14, 889–906 (2019) 
2 Shannon, D. A. et al. Covalent protein modification: the current landscape of residue-specific electrophiles. Curr. 

Opin. Chem. Biol. 24, 18–26 (2015) 
3 a) Smith, A. J. T. et al. Beyond Picomolar Affinities: Quantitative Aspects of Noncovalent and Covalent Binding 

of Drugs to Proteins. J. Med. Chem. 52, 225–233 (2009) b) González-Bello, C. Designing Irreversible Inhibitors-

Worth the Effort? ChemMedChem 11, 22–30 (2016) 
4 Singh, J. et al. Structure-Based Design of a Potent, Selective, and Irreversible Inhibitor of the Catalytic Domain 

of the erbB Receptor Subfamily of Protein Tyrosine Kinases. J. Med. Chem. 40, 1130–1135 (1997) 
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but this has now broadened to other kinases5 and other protein families.6 Finally, although some 

concerns related to covalent inhibitors remain, the past decade has witnessed a reversal of this 

trend with a number of TCIs developed. Several of these drugs have already been approved by 

the US FDA. This clearly demonstrates that now we have overstepped the serendipitous phase 

and turned to the rational drug discovery of medicines with covalent mechanism of action. 

Research teams working on covalent inhibitors must strike a balance between the efficiency 

and the toxicity. By the rational design of the non-covalent core of the TCI and target-specific 

tailoring of the warhead moieties, these programs can provide safe and efficient covalent 

medicines. 

Covalent small-molecule kinase inhibitors are forming the largest class of the present 

TCIs. The kinases are one of the major classes of signalling proteins that trigger a variety of 

biochemical processes through the phosphorylation of different targets. Kinase signalling 

pathways are involved in various diseases, like immune disorders, cardiovascular and metabolic 

diseases and most importantly a large number of different cancers.7 Consequently, there has 

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

of oncology indications.8 A specific subtype, the Janus Kinases (JAKs), discovered in the 

1990’s, are members of the JAK/STAT immune cell signalling pathway.9 Their crucial role in 

the immune system and haematopoiesis inspired numerous drug discovery programs targeting 

this particular kinase family. There are four mammalian JAKs: JAK1, JAK2, JAK3 and TYK2, 

all of which are attached to specific cytokine and/or growth factor receptors. Thus, selectively 

targeting a particular JAK subtype is essential to prevent undesirable side effects. There are 

several small molecule kinase inhibitors targeting the JAK family, including seven drugs on the 

market. Noteworthy, three out of these received approval in 2019. It should be noted that 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 makes this target tractable for covalent inhibitor programs aiming 

at selective JAK3 inhibitors.10 

2.2 COVALENT FRAGMENTS 

The fragment size molecules able to bind covalently to nucleophilic residues are called 

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

introducing electrophilic structural moieties. Unfortunately, there is no universal warhead 

which could be utilized for any targets, as the targetable nucleophilic sites can vary on a wide 

range of hardness and nucleophilicity.11 One can classify the possible reaction mechanism of 

 
5 Singh, J. et al. Targeted covalent drugs of the kinase family. Curr. Opin. Chem. Biol. 14, 475–480 (2010) 
6 a) Hagel, M. et al. Selective irreversible inhibition of a protease by targeting a noncatalytic cysteine. Nat. Chem. 

Biol. 7, 22–24 (2011) b) Ostrem, J. M. et al. K-Ras(G12C) inhibitors allosterically control GTP affinity and 

effector interactions. Nature 503, 548–551 (2013) 
7 Grant, S. K. Therapeutic Protein Kinase Inhibitors. Cell. Mol. Life Sci. 66, 1163–1177 (2009) 
8 Santos, R. et al. A comprehensive map of molecular drug targets. Nat. Rev. Drug Discov. 16, 19–34 (2017) 
9 a) Darnell, J. E. et al. Jak-STAT pathways and transcriptional activation in response to IFNs and other 

extracellular signaling proteins. Science 264, 1415–21 (1994). b) Stark, G. R. et al. The JAK-STAT Pathway at 

Twenty. Immunity 36, 503–514 (2012). c) Ihle, J. N. Signaling by the cytokine receptor superfamily just another 

kinase story. Trends Endocrinol. Metab. 5, 137–43 (1994). 
10 a) Telliez, J.-B. et al. Discovery of a JAK3-Selective Inhibitor: Functional Differentiation of JAK3-Selective 

Inhibition over pan-JAK or JAK1-Selective Inhibition. ACS Chem. Biol. 11, 3442–3451 (2016) b) Goedken, E. R. 

et al. Tricyclic Covalent Inhibitors Selectively Target Jak3 through an Active Site Thiol. J. Biol. Chem. 290, 4573–

4589 (2015). c) Tan, L. et al. Development of Selective Covalent Janus Kinase 3 Inhibitors. J. Med. Chem. 58, 

6589–6606 (2015) d) Kempson, J. et al. Discovery of highly potent, selective, covalent inhibitors of JAK3. Bioorg. 

Med. Chem. Lett. 27, 4622–4625 (2017) 
11 Weerapana, E. et al. Quantitative reactivity profiling predicts functional cysteines in proteomes. Nature 468, 

790–795 (2010) 
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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 mechanism.12 In my PhD 

research I investigated these modifications focusing on cysteines as the targeted nucleophile. 

The careful optimization of the warhead is needed for the accurate covalent design. Safety 

concerns about non-specific covalent binding and the diverse reactivity of tractable cysteines 

created a substantial demand for thiol models for reactivity evaluations. Thus, measuring 

reactivity is nowadays an important part of the TCI screening cascade. There are numbers of 

studies describing HPLC- or NMR-based reactivity assays;13 however, many of these are 

utilizing different small molecule cysteine surrogates. High-throughput kinetic measurements 

on intact proteins are difficult and expensive, thus, the targeted macromolecules 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 we should apply small 

molecule sized soft nucleophilic thiol surrogates. The most prevalent used surrogates are amino 

acids, derivatives and peptides, such as L-cysteine (1), N-acetyl-L-cysteine (2), N-acetyl-L-

cysteine methyl ester (3) and L-glutathione (4, GSH). Noteworthy, there are many studies 

investigating the thiol reactivity of L-cysteine (1), however, only few considered the reactivity 

of the thiol and the amino groups parallel.14 Nevertheless, one of the most popular reactivity 

testing surrogates is L-glutathione (GSH, 5). 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 very similar to those cysteines part of a protein. 

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

different thiol surrogates are used. Investigating electrophiles against multiple thiol surrogates 

is a relatively rare approach. One short example was introduced as acrylamide reactivity was 

evaluated experimentally and theoretically against three different nucleophilic partners 

including L-cysteine (1), L-glutathione (4) and captopryl (5) and a significant difference in 

reactivity was obtained.15 Thiol reactivity was estimated theoretically, then measured by HPLC-

MS. Reaction energy barriers were determined by calculations, which suggested that GSH (4) 

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 bonds, both, which 

is not presented in the captopryl adduct. This phenomenon resulted discrepancy in comparison 

of theoretical and experimental reactivity order. One can conclude that theoretical predictions 

can be misleading, thus, the electrophilic reactivity should be evaluated experimentally. To 

estimate covalent binding activity at the targeted residue site, there are well established 

reactivity assay methods. The main aspect of the HPLC- or NMR-based reactivity assays is 

common, namely to ensure pseudo first-order kinetic via large surrogate excess. This led us to 

half-lives as a well-established and easy-to-understand descriptor of the covalent fragments’ 

 
12 Schwöbel, J. A. H. H. et al. Measurement and Estimation of Electrophilic Reactivity for Predictive Toxicology. 

Chem. Rev. 111, 2562–2596 (2011) 
13 a) Cee, V. J. et al. Systematic Study of the Glutathione (GSH) Reactivity of N -Arylacrylamides: 1. Effects of 

Aryl Substitution. J. Med. Chem. 58, 9171–9178 (2015) b) Keeley, A. et al. Design and characterization of a 

heterocyclic electrophilic fragment library for the discovery of cysteine-targeted covalent inhibitors. 

MedChemComm. 10, 263–267 (2019) c) Flanagan, M. E. et al. Chemical and Computational Methods for the 

Characterization of Covalent Reactive Groups for the Prospective Design of Irreversible Inhibitors. J. Med. Chem. 

57, 10072–10079 (2014) d) Martin, J. S. et al. Characterising covalent warhead reactivity. Bioorg. Med. Chem. 

27, 2066–2074 (2019) 
14 Friedman, M. et al. Relative Nucleophilic Reactivities of Amino Groups and Mercaptide Ions in Addition 

Reactions with α,β-Unsaturated Compounds 1,2. J. Am. Chem. Soc. 87, 3672–3682 (1965) 
15 Bent, G.-A. A. et al. In vitro studies on the reaction rates of acrylamide with the key body-fluid thiols L-cysteine, 

glutathione, and captopril. Toxicol. Res. 3, 445–446 (2014) 
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reactivity. Practically the reaction rates are calculated – according to the Eq. 1 pseudo-first-

order kinetic equation – as negative of the slope after the linear regression of the the natural log 

transformed percent remaining data, which could be originated from NMR spectra or HPLC 

chromatogram integration. Then, half-lives are easily calculated according to Eq. 2. 

 ln
[fragment]

[fragment]0
= −k ∙ t Eq. 1 

 t1
2

=
ln2

k
 Eq. 2 

2.3. COVALENT MODIFICATION OF PROTEINS 

Covalent modification of proteins offers deeper understanding and more accurate 

influencing of biological systems. 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.16 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. 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. 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.17 In a specific conjugation approach, the interchain 

disulfide bonds of IgGs are first reduced in a controlled manner to form available endogenous 

cysteine residues. The linkerdrug containing a reactive warhead, such as isothiocyanate, is then 

conjugated to the interchain cysteine residues. 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 reported 

in the late 1940s,18 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, artefact events due to the non-specific staining and 

suppression of antibody-antigen specificity.19 Among other popular isothiocyanates (ITCs), 

fluorescein isothiocyanate (FITC, 6) is widely used for preparing a variety of fluorescent 

bioconjugates.20 ITCs usually react with a non-protonated aliphatic amine group or with the 

deprotonated thiolate form of an available cysteine.21 The selectivity between the before 
 

16 a) Tamura, T. et al. Chemistry for Covalent Modification of Endogenous/Native Proteins: From Test Tubes to 

Complex Biological Systems. J. Am. Chem. Soc. 141, 2782–2799 (2019) b) Boutureira, O. et al. Advances in 

Chemical Protein Modification. Chem Rev 115, 2174–2195 (2015) c) Krall, N. et al. Site-selective protein-

modification chemistry for basic biology and drug development. Nat. Chem. 8, 103–113 (2016) 
17 a) Gordon, M. R. et al. Field Guide to Challenges and Opportunities in Antibody-Drug Conjugates for Chemists. 

Bioconjug. Chem. 26, 2198–215 (2015) b) Sun, M. M. C. et al. Reduction-alkylation strategies for the modification 

of specific monoclonal antibody disulfides. Bioconjug. Chem. 16, 1282–90 (2005) 
18 Coons, A. H. et al. Localization of antigen in tissue cells; improvements in a method for the detection of antigen 

by means of fluorescent antibody. J. Exp. Med. 91, 1–13 (1950) 
19 a) Pittman, B. et al. The quantitation of nonspecific staining as a guide for improvement of fluorescent antibody 

conjugates. J. Immunol. 98, 1196–203 (1967) b) Goldstein, G. et al. Studies on fluorescent antibody staining. I. 

Non-specific fluorescence with fluorescein-coupled sheep anti-rabbit globulins. J. Exp. Med. 114, 89–110 (1961) 

c) Goding, J. W. Conjugation of antibodies with fluorochromes: modifications to the standard methods. J. 

Immunol. Methods 13, 215–26 (1976) 
20 Riggs, J. L. et al. Isothiocyanate compounds as fluorescent labeling agents for immune serum. Am. J. Pathol. 

34, 1081–97 (1958) 
21 a) Karlsson, I. et al. Peptide Reactivity of Isothiocyanates – Implications for Skin Allergy. Sci. Rep. 6, 21203 

(2016) b) Kroll, J. et al. Chemical reactions of benzyl isothiocyanate with egg-white protein fractions. J. Sci. Food 

Agric. 65, 337–345 (1994) 
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mentioned 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, thus lysine labelling by ITCs may require pH 9.0-11.0 for 

effective conjugation. Whilst, thiol reactivity is still considerable in weekly basic conditions 

(pH 7.4-9.1) where lysines react much slower. The labelling of antibodies with ITCs has a long 

history and the application of FITC (6) is still one of the most prevalent methods for the 

fluorescent tagging of immunoglobulins.22 

3. EXPERIMENTAL METHODS 

3.1. GENERAL INFORMATION 

NMR measurements were performed on Varian NMR System 500 spectrometer (Palo 

Alto, CA, USA). Reactions were monitored with Merck silica gel 60 F254 TLC plates 

(Darmstadt, Germany). All chemicals and solvents were used as purchased. For buffer media 

exchange GE Healthcare PD SpinTrap™ G-25 desalting column was used. HPLC-MS 

measurements were performed using a Shimadzu LC-MS-2020 device (Kyoto, Japan) equipped 

with a Reprospher 100 C18 (5 μm, 100 × 3mm) column and positive-negative double ion source 

(DUIS±) with a quadrupole mass spectrometer in a range of 50-1000 m/z. HRMS measurements 

and intact protein analysis were performed using a Q-TOF Premier mass spectrometer (Milford, 

MA, USA) in positive electrospray ionization mode. Protein digestion and NP-assay analysis 

was performed using 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). 

3.2. THIOL REACTIVITY AND AQUEOUS STABILITY ASSAY 

For thiol reactivity assay the samples containing the covalent fragment, the thiol surrogate 

and the internal standard, were analysed by HPLC-MS after certain time intervals up to 72h. 

Degradation kinetics were also investigated applying pure PBS buffer instead of the thiol 

surrogate solution. The AUC (area under the curve) values were determined via integration of 

HPLC spectra then corrected with internal standard. The remaining ratios corresponding to the 

fragments AUC values were applied for ordinary least squares (OLS) linear regression and for 

computing the important a programmed excel (Visual Basic for Applications) was utilized. 

3.3. OLIGOPEPTIDE SELECTIVITY ASSAY 

For nonapeptide assay the samples containing the covalent fragment and the oligopeptide 

surrogate, both, were incubated overnight at room temperature. 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 identification of the binding position 

of the fragments to the nonapeptide was performed by the GPMAW 4.2. software. Relative 

quantitation was calculated from the total ion chromatograms (based on peak area of the 

selected ion chromatograms).  

 
22 a) Spendlove, R. S. Optimal Labeling of Antibody with Fluorescein Isothiocyanate. Exp. Biol. Med. 122, 580–

583 (1966). b) Vira, S. et al. Fluorescent-labeled antibodies: Balancing functionality and degree of labeling. Anal. 

Biochem. 402, 146–150 (2010). 
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4. RESULTS 

4.1. CHARACTERIZATION AND PRIORITIZATION OF COVALENT FRAGMENTS 

First, we were intended to extend and systematically explore the available chemical space 

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. In addition to AdNM, we also involved other chemistries: AdN, Ad-

E, SN reactions and oxidations. In total, we selected 137 chemical probes with 36 different 

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

using the tripeptide L-glutathione (4) as the surrogate cysteine thiol source.23 Reactions were 

conducted with a large excess of GSH to ensure pseudo first order kinetics and linearity in the 

consumption of the fragments. We used the stable and non-interfering indoprofen as an internal standard 

in reactivity assay. Additional control experiments were performed without GSH to characterize the 

aqueous stability of the probes. From the set of reactive fragments, 45 reacted in an appropriate time 

scale with GSH reactivities of t1/2 < 50 h.24 We compared the reactivity ranges observed and we found 

significant overlap of the reactivity distributions obtained for the different chemistries indicating that 

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

against cysteines. Given the incubation time of <60 min in most of the fragment screens,25 we chose a 

buffer stability criterion of t1/2 of degradation greater than 1h. After exploring their GSH reactivity and 

aqueous stability, we then investigated whether the reactive fragments are selective towards cysteine or 

also reactive to other nucleophilic residues. We applied an assay with a nonapeptide (KGDYHFPIC, 

NP) that contains lysine, tyrosine and histidine in addition to the targeted 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. In summary, starting from the large set of chemical probes, we identified 32 

reactive, stable and cysteine selective fragments (representing 17 warheads). 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 is generally considered a promising antibacterial target.26 

Despite intense research, relatively few compounds have been described as potent MurA inhibitors.27 

Fosfomycin (7) is the only clinically available MurA inhibitor that binds covalently to the Cys115 

residue in the active site. The inhibitory activity of the covalent fragments was tested at a concentration 

of 100 µM against MurA from Escherichia coli (MurAEC) or Staphilococcus aureus (MurASA). Focusing 

on the actives, we identified warheads in all four tested chemistry classes (AdNM, AdN, SN, and Ox). 

These results revealed that by screening only a small set of covalent fragments, we could identify new 

low micromolar and even sub-micromolar MurAEC inhibitors. Interestingly, we found that some 

covalent fragments (8-12) showed reversibility in binding (Figure 1). Reversible covalent inhibition has 

been described for a couple of warhead chemotypes,28 but neither simple acrylates nor acrylonitriles 

showed reversibility. 

 
23 a) Flanagan, M. E. et al. Chemical and Computational Methods for the Characterization of Covalent Reactive 

Groups for the Prospective Design of Irreversible Inhibitors. J. Med. Chem. 57, 10072–10079 (2014). b) Keeley, 

A. et al. Design and characterization of a heterocyclic electrophilic fragment library for the discovery of cysteine-

targeted covalent inhibitors. MedChemComm 10, 263–267 (2019). 
24 Fuller, N. et al. An improved model for fragment-based lead generation at AstraZeneca. Drug Discov. Today 

21, 1272–1283 (2016) 
25 Keserű, G. M. et al. Design Principles for Fragment Libraries: Maximizing the Value of Learnings from Pharma 

Fragment-Based Drug Discovery (FBDD) Programs for Use in Academia. J. Med. Chem. 59, 8189–8206 (2016) 
26 Silver, L. L. Does the cell wall of bacteria remain a viable source of targets for novel antibiotics? Biochem. 

Pharmacol. 71, 996–1005 (2006) 
27 a) El Zoeiby, A. et al. Structure and function of the Mur enzymes: development of novel inhibitors. Mol. 

Microbiol. 47, 1–12 (2002) b) Hrast, M. et al. Inhibitors of the peptidoglycan biosynthesis enzymes MurA-F. 

Bioorg. Chem. 55, 2–15 (2014) 
28 a) Bradshaw, J. M. et al. Prolonged and tunable residence time using reversible covalent kinase inhibitors. Nat. 

Chem. Biol. 11, 525–531 (2015) b) Serafimova, I. M. et al. Reversible targeting of noncatalytic cysteines with 

chemically tuned electrophiles. Nat. Chem. Biol. 8, 471–476 (2012) c) Zhou, Y. et al. Quantitative Reactivity 
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Figure 1. The reversible (8-12) MurAEC inhibitors identified by covalent fragment screening. 

We demonstrated that different warhead chemistries have a significant influence not only 

on activity, but either 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. On the basis of our 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 reversible covalent 

MurA inhibitor chemotypes. 

4.2. COVALENT FRAGMENT LIBRARY FOR CYSTEINE REACTIVITY MAPPING 

Although several computational methodologies have been established,29 there is still a 

lack of feasible 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 equip a single scaffold with a number of warheads, 

composing a reactivity mapping toolbox. Thus, we equipped a non-covalent fragment, 

particularly the 3,5-bis(trifluoromethyl)phenyl group with a series of different warhead 

moieties (13-40, Figure 2). The library was assembled by acquisition of the compounds or their 

intermediates either from commercial sources (7 compounds) or by synthesis (21 compounds). 

To test the reactivity range covered by the library, we first calculated local electrophilicity 

indices30 (LEPI) of the fragments and then the compounds were tested for their reactivity in 

GSH-based kinetic assay and selectivity in NP-based assay, as described earlier. Assessing local 

electrophilicity indices we showed that the library covers a wide range of electrophiles with 

weak, moderate and strong electrophilic character. This has been confirmed by the GSH 

reactivity data. Assay results show that the library includes molecules from highly reactive 

agents to GSH non-reactive compounds. As the cysteine reactivity is influenced by the 

environment in a particular protein, the broad-spectrum of chemical reactivity is useful for 

characterizing cysteines with distinct intrinsic reactivities. Furthermore, the fragments showed 

appropriate aqueous stability for biology testing and the cysteine selectivity was also confirmed. 

Despite usefulness of both surrogate model 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 the enzyme 

assays. 

 
Scales for Dynamic Covalent and Systems Chemistry. J. Am. Chem. Soc. 138, 381–389 (2016) d) Doyle, K. et al. 

Discovery of Second Generation Reversible Covalent DPP1 Inhibitors Leading to an Oxazepane 

Amidoacetonitrile Based Clinical Candidate (AZD7986). J. Med. Chem. 59, 9457–9472 (2016) 
29 a) Marino, S. M. et al. Analysis and Functional Prediction of Reactive Cysteine Residues. J. Biol. Chem. 287, 

4419–4425 (2012) b) Awoonor-Williams, E. et al. How Reactive are Druggable Cysteines in Protein Kinases? J. 

Chem. Inf. Model. 58, 1935–1946 (2018). 
30 Chattaraj, P. K. et al. Electrophilicity Index. Chem. Rev. 106, 2065–2091 (2006) 
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Figure 2. Covalent fragments equipped with diverse electrophilic warheads (13-40) 

4.2.1. COMPARATIVE ANALYSIS OF SMALL MOLECULE THIOL SURROGATES 

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 and 

prioritizing the most appropriate model for drug discovery screening cascades. For the 

comparative kinetic analysis, we utilized a subset of the mapping covalent fragment library 

(Figure 2) representing 13 different electrophilic warheads (13, 14, 17, 23, 26, 28-30, 36-39). 

The reactivity of the electrophilic probe library was investigated by HPLC based assay against 

7 different small molecule cysteine surrogates (Figure 3). Thiol models having both sulphur 

and nitrogen nucleophiles (cysteamine (41), L-cysteine (1) and L-glutathione (4)) were selected 

from the literature. We intended to investigate the S-nucleophilic and N-nucleophilic sites 

separately and therefore prepared the corresponding N-protected derivatives including N-acetyl 

cysteine (2) and the N-benzoylated derivatives of cysteamine (42), L-cysteine (43) and L-

glutathione (44). 
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Figure 3. Small molecule cysteine surrogates involved in comparative kinetic analysis 

Comparing the investigated thiol surrogates, we analysed the number of the positive hits 

and the covered reactivity window by the library. Hyper-reactive and unreactive probes were 

excluded to evaluate only the fragments having measurable reactivity (Figure 4). Finally, the 

most active probes were found by GSH (5), which also covered the widest reactivity range. 

 
Figure 4. The distribution of half-lives in binned reactivity intervals. 

The size of the plots are proportionate to the number of the fragments. 

Based on the results we made two important conclusions: (a) the different thiol models 

results in different reactivity profile and (b) the L-glutathione (5) 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-based assay to generate comparable and high-quality reactivity datasets. 

4.2.2. EXPERIMENTAL WARHEAD OPTIMIZATION FOR TCI DEVELOPMENTS 

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, KRasG12C and iCP β5i 

immunoproteasome). Both the individual and the comparative analysis of the profiling results 

might help to identify specificity issues in covalent design, and it can suggest the best warheads 

for each covalent inhibitor program. In details, we can see that some fragments showed very 

promiscuous reactivity inhibiting most of the targeted proteins. These were the maleimides (17, 

18), acrylic compounds (14, 19), the vinylsulfones (23, 24) and the isothiocyanate (27). In 

contrary, there were a few compounds inhibiting none of the investigated targets, such as the 

styrene (28), the ethinyl (29), the hydrazone (31), the fluorobenzene (38) and the aldehyde (40). 
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Interestingly, we found that the most commonly used terminal acrylamide motif was 

active only for MurA and remained inactive for the other five targets. This is again a strong 

argument for considering wider range of warhead chemotypes to gain the optimal reactivity and 

specificity. This is supported further by the observation, that a good choice of warhead can 

induce specificity even between MAO-A and MAO-B. Interestingly, here we obtained 

promisingly selective inhibitors preferring MAO-A (16, 17, 18, 23, 24, 27, 33) or MAO-B (22). 

These results underline the importance of the warhead chemistry, as switching the warhead on 

the identical non-covalent scaffold can turn a MAO-A selective inhibitor to just a MAO-B 

selective one. There are some isolated hits, indicating that some of the warheads showed clear 

preference of one particular target. Acrylnitrile (21), phenyl-isothiocyanate (26), cyanimide 

(32) and methylated haloacetamides (34, 35) was active only on HDAC8, which is probably 

related to the high reactivity of its cysteine. Furthermore, 13 acrylamide and 33 haloacetamide 

preferred MurA over the other 5 proteins. To conclude, we showed that the application of this 

methodology covers a wide range of targets as covalent binding was demonstrated with all 

enzymes. 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. 

4.2.3. DEVELOPMENT OF COVALENT JAK3 INHIBITORS 

Screening the covalent fragment library (Figure 2) against a range of different kinases, 

we developed an activity fingerprint that can be then used for warhead selection for covalent 

kinase inhibitors. The usefulness of this approach was aimed to be demonstrated by 

retrospective and prospective identification of specific JAK3 covalent inhibitors. For 

constructing the activity fingerprints, the target kinases were selected as therapeutically 

significant and already covalently targeted members of the kinase phylogenetic tree. Taking 

into account the availability of covalently targetable cysteine residues,31 one kinase was 

selected for each of the major evolutionary branches. Altogether 25 covalent fragments (13-23, 

26-40) were involved in this warhead optimization program to be tested on the six kinases 

(BTK, ERK2, MELK, RSK2, MAP2K6 and JAK3) at 100 μM after 60 min incubation. For the 

possible JAK3 inhibitors (45-50), we have selected BTK active warheads, based on the 

phylogenetic relationship and the similarity of the activity fingerprints. As negative control, we 

additionally selected two BTK inactive warheads (51, 52) and the non-covalent acetyl group 

(53) to investigate the inhibitory activity of the binder without a warhead capable of forming a 

covalent bond. We selected the 4-phenyl-pyrrolo[2,3-d]pyrimidine core as the non-covalent 

scaffold of the designed JAK3 inhibitors. This scaffold is a well-established hinge binder, 

utilized by many JAK inhibitors,32 providing a synthetically feasible option for warhead 

optimization. Moreover, the scaffold, armed with an acrylamide warhead was recently shown 

to bind to the JAK3 ATP-site covalently through Cys909,33 thus it could be used as the positive 

control in this study. Finally, we synthesized nine compounds for JAK3, including the 

 
31 Zhao, Z. et al. Determining Cysteines Available for Covalent Inhibition Across the Human Kinome. J. Med. 

Chem. 60, 2879–2889 (2017) 
32 a) Mesa, R. A. et al. Ruxolitinib. Nat. Rev. Drug Discov. 11, 103–104 (2012) b) Markham, A. Baricitinib: First 

Global Approval. Drugs 77, 697–704 (2017) c) Sandborn, W. J. et al. Tofacitinib, an Oral Janus Kinase Inhibitor, 

in Active Ulcerative Colitis. N. Engl. J. Med. 367, 616–624 (2012) d) Gonzales, A. J. et al. Oclacitinib 

(APOQUEL®) is a novel Janus kinase inhibitor with activity against cytokines involved in allergy. J. Vet. 

Pharmacol. Ther. 37, 317–324 (2014) 
33 Thorarensen, A. et al. Design of a Janus Kinase 3 (JAK3) Specific Inhibitor 1-((2 S ,5 R )-5-((7 H -Pyrrolo[2,3- 

d ]pyrimidin-4-yl)amino)-2-methylpiperidin-1-yl)prop-2-en-1-one (PF-06651600) Allowing for the Interrogation 

of JAK3 Signaling in Humans. J. Med. Chem. 60, 1971–1993 (2017) 
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potentially covalent JAK3 binders and the negative controls. Finally, we tested the designed 

compounds against JAK3 (Table 2). The results confirmed that the already described34 

inhibitors (45, 46) could be identified retrospectively, while other compounds (47-49) provided 

prospective hits for irreversible inhibition of JAK3. These compounds (45-49) resulted in low 

nanomolar inhibitory activities, confirming the applicability of the warhead optimization 

approach we developed. Furthermore, by choosing an appropriate scaffold we could 

demonstrate remarkable selectivity against BTK, ERK2, RSK2 and MAP2K6, but less so 

against MELK; this is, however, explained by the result that the non-covalent control (53) 

showed a higher affinity to MELK than JAK3. 

Table 1. IC50 values of the designed compounds (45-53) and inhibition activity as percentage. 

Entry Warhead 
JAK3 

Activity* 

BTK 

Activity* 

ERK2 

Activity* 

RSK2 

Activity* 

MELK 

Activity* 

MAP2K6 

Activity* 

45 acrylamide < 1 nM 152 nM 6 % 25 % 213 nM 2 % 

46 haloacetamide < 1 nM 61.7 nM 11 % 32 % 91 nM 18 % 

47 cyanoacrylamide 55.9 nM 2940 nM 14 % 399 nM 25.5 nM 281 nM 

48 haloacetamide 10.6 nM 342 nM -1 % 15 % 216 nM -2 % 

49 maleimide 26.8 nM 768 nM -4 % 6 % 39 % 2 % 

50 thiol 1670 nM 4 % -7 % 10 % 36 % 10 % 

51 aldehyde 379 nM 6 % -2 % 15 % 34 % 3 % 

52 haloacetamide 140 nM 8 % 0 % 21 % 165 nM -3 % 

53 acetamide 832 nM 2 % 2 % 27 % 222 nM 0 % 

Our results suggest that the electrophilic warhead and the noncovalent scaffold both affect 

the activity and the specificity of the TCIs. Our probe library can be useful in other TCI 

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. 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. 

4.3. ISOTHIOCYANATE-BASED FLUORESCENT ANTIBODY LABELLING 

Next, we focused on the systematic investigation of the pH-dependent reactivity and 

selectivity of isothiocyanate warhead and then the development of a new, cysteine-selective 

fluorescent dye with better fluorescence characteristics, enhanced labelling efficiency and 

improved conjugate-stability. 

 
Figure 5. Structure of the investigated compounds: 54 and 55 covalent fragments, 6 and 56 fluorescent dyes. 

 
34 He, L. et al. Design, Synthesis, and SAR Study of Highly Potent, Selective, Irreversible Covalent JAK3 

Inhibitors. Mol. Divers. 22, 343–358 (2018) 
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The selected models were phenyl (54) and benzyl isothiocyanates (55) (Figure 5). The 

reactivity and the amino acid selectivity of the two molecules was evaluated at four different 

pH levels (6.5, 7.4, 8.0 and 9.5). 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 at higher pHs. The selectivity assay 

showed cysteine preference in all cases. 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: the already introduced bacterial enzyme MurA,; the 

human cysteine proteases cathepsin B and cathepsin X;35 the intrinsically disordered tau, which 

has a significant effect in neurodegenerative disorders;36 and the the oncogenic mutant 

KRASG12C.37 The protein labelling results showed that benzyl isothiocyanate (55) was more 

effective in all cases tested. Next, we focused on the antigen-binding fragment (Fab) of the anti-

HER2 antibody trastuzumab, which was prepared by enzymatic digestion. The interchain 

disulphide bridge of Fab was reduced with TCEP to liberate two free solvent-accessible 

cysteines. Subsequently, pH-dependent labelling assays were performed at pH 6.5 and 8.0 with 

1000-fold excess of each isothiocyanates (54, 55), and the results were analysed by HPLC-MS. 

Phenyl isothiocyanate (54) showed no significant labelling under any conditions applied. On 

the contrary, benzyl isothiocyanate (55) labelled the reduced Fab completely at both pH levels. 

Additionally, to assess whether any lysine modification occurred, benzyl isothiocyanate (55) 

was incubated with native Fab. We obtained no labelling, suggesting that the strong reactivity 

with reduced Fab is derived from the selective labelling of cysteines. The observed differences 

in the reactivity of isothiocyanates 54 and 55 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, 6), a commonly used 

fluorescent labelling agent, and envisioned its benzylic analogue (FBITC, 56) (Figure 5). We 

successfully synthetized the fluorescein benzyl isothiocyanate (56) and then the 

spectrophotometric properties of FBITC (56) were compared to that of FITC (6). Notably, a 

significant improvement in fluorescence intensity was observed for compound 56. 

Finally, the pH-dependent reactivity of dyes 6 and 56 was tested on the Fab region of 

trastuzumab, still at two pH level (6.5 and 8.0). FITC (6) labelled the reduced Fab moderately 

at both pH values. On the contrary, FBITC (56) reacted with high efficacy with the reduced Fab 

at both pHs and minimal labelling of native (non-reduced) Fab. Then, the stability of the FBITC 

(56) Fab bioconjugate was also evaluated, where we concluded that pH-shift and thiol access 

had no effect on the stability of the labelled light and heavy chains within 24 h. These results 

suggested that FBITC (56) might be useful for labelling trastuzumab full antibody. The 

labelling was conducted and the preserved biological function of trastuzumab was tested by 

flow cytometry on HER2+ cells. Treating cells with FITC (6) labelled antibody did not cause 

noteworthy change compared to the autofluorescence, while the fluorescent signal for the 56 

dye labelled antibody shifted significantly. This result can prove that the bioconjugation 

preserved the biological function of the antibody, thus, the FBITC (56) dye is significantly 

better than FITC (6). 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 fluorescent dye. 

 
35 Therrien, C. et al. Cathepsins X and B Can Be Differentiated through Their Respective Mono- and Dipeptidyl 

Carboxypeptidase Activities. Biochemistry 40, 2702–2711 (2001) 
36 Pîrşcoveanu, D. F. V. et al. Tau protein in neurodegenerative diseases - a review. Rom. J. Morphol. Embryol. 

58, 1141–1150 (2017) 
37 Román, M. et al. KRAS oncogene in non-small cell lung cancer: clinical perspectives on the treatment of an old 

target. Mol. Cancer 17, 33 (2018) 
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5. 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 the 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, efficient, cysteine-selective and stable covalent antibody-labelling was 

performed. [P3] 

6. APPLICABILITY 

The methodological improvements in the early characterization of covalent fragments by 

their intrinsic reactivity and selectivity 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. 

The covalent mapping library we assembled, and the corresponding approach of 

experimental warhead optimization could contribute to the identification of the most suitable 

warheads for the targets of interest and, consequently, may lead to the discovery of new TCIs. 

The novel fluorescent dye, the 2-[6-hydroxy-3-oxo-3H-xanthen-9-yl]-5-(isothiocyanato-

methyl)-benzoic acid, we developed, can be used for efficient, cysteine-selective and stable 

covalent antibody-labelling. 
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