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1. INTRODUCTION 

Breakthroughs in genomics research have given us a wealth of information about the molecular 

processes that underlay specific diseases. Clinical intervention is most often achieved by 

identifying chemical compounds (ligands) that modulate biological targets, for example enzymes 

or receptor proteins that are key in the pathophysiology. Finding such ligands is the first step in 

developing a medicine, but identifying suitable starting points is a challenging task. Recently, a 

new approach, propelled by the latest technologies in chemistry, physics and biology is offering a 

rational and efficient alternative to identify chemical starting points for drug development. This 

highly multidisciplinary approach is called Fragment-Based Lead Discovery (FBLD). One of the 

attractive advantages of FBLD is the high probability of finding ligands for nearly all targets. 

Ligands that are capable of preventing targets from performing their functions in a disease model 

are called inhibitors. Historically their mode of action has been to take advantage of key non-

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

targets active/binding site, and the FBLD platform specialised in detecting these weak interactions, 

although this is a lengthy process. In the past there was a hesitancy to explore inhibitors that form 

covalent interactions in the drug discovery process due to potential off-target effects leading to 

idiosyncratic toxicity. This resulted in the concept that a compound able to bind irreversibly to 

proteins can never become a successful drug molecule. This theory has long been debunked with 

undisputed pharmaceutical success stories discovered mostly by serendipity that act via a covalent 

mechanism. These are well-known compounds, such as acetylsalicylic acid or penicillin with other 

famous examples including omeprazole, clopidogrel, and selegiline which have all helped 

unequivocally confirm that a drug molecule can be useful, effective, and most importantly safe 

despite being able to form a permanent bond with proteins. Therefore, evolution of next‐generation 

covalent screening platforms is an area of intense research. This has led to the development of 

assays that take advantage of stronger covalent interactions for target identification and validation 

studies. In this PhD research we investigate and develop standardized protocols for covalent based 

FBLD research. Thus, my thesis includes method developments for reactivity and selectivity 

assays, characterization, and use of covalent fragment libraries in protein screening assays.  

 

2. BACKGROUND 

2.1 FRAGMENT BASED LEAD DISCOVERY (FBLD) 

The initial concepts and examples of FBLD emerged more than 20 years ago and its applications 

and utility has been increasing1. There are two core principles in FBLD responsible for its success. 

1) The concept of low molecular complexity: The discovery process begins with the screening of 

a small library (1-10,000 members) of “fragment” sized molecules. These compounds on average 

have less than 20 heavy atoms. This makes them large enough to probe for interactions on a target 

(typical pharmacophore binding interactions) yet small enough to minimise the chances of 

unfavourable interactions such as aggregation, poor solubility and size exclusion from active sites. 

                                                           
1 Shuker, S. B.; Hajduk, P. J.; Meadows, R. P.; Fesik, S. W. Discovering High-Affinity Ligands for Proteins: SAR by 

NMR. Science 1996, 274 (5292), 1531–1534. https://doi.org/10.1126/science.274.5292.1531. 
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A thorough statistical analysis by Reymond & Fink2 concluded that the number of lead like 

compounds increases eightfold with each heavy atom up to 11 atoms. A fragment library of 1,000 

compounds with an average molecular weight of 190 is equivalent to 108 compounds of MW 280 

and 1018 compounds of MW 450. Consequently, the chemical space of fragments could be better 

sampled than that of the larger compounds. Furthermore, reducing molecular complexity of 

compounds typically used in HTS to their fragment structures exponentially increases the number 

of possible binding interactions.  

2) The concept of fragment optimization: A fragment screen generally has a higher “hit” rate than 

conventional methodologies3, with many small molecules fitting in large protein pockets providing 

multiple and diverse data points. Optimising these “hits” to lead compounds can be done, (a) 

through structure guided growth of the fragment or (b) by merging or linking fragment hits with 

other fragments or (c) modifying the hit based on a literature search of previous successful HTS or 

FBLD screens.  

2.2 COVALENT FRAGMENTS  

Despite previous reservations associated to compounds forming covalent bonds with the target 

protein, targeted covalent inhibitors (TCI’s), covalent probes and covalent fragments have recently 

been successfully integrated into the arsenal of medicinal chemistry and chemical biology 

approaches4. Covalent mechanisms of action provide multiple advantages including improved 

potency and selectivity, prolonged duration of action and a beneficial pharmacokinetic profile that 

makes this approach increasingly popular. Furthermore, covalent binders have been used 

extensively in target identification and target validation studies due to their enhanced occupancy 

and engagement specifically demonstrated on less druggable targets5. Systematic studies with 

covalent binders revealed that carefully designed compounds with tailored reactivity might 

minimize the risk of idiosyncratic toxicity while keeping most of the benefits. Searching for potent 

and safe covalent binders, however, is still far from trivial. This thesis investigates the design, 

evaluation and use of covalent fragment libraries in drug discovery settings and provides a 

collection of the recent applications and novel warhead chemotypes for the integration into the 

drug discovery toolkit.  

2.3 COVALENT MODIFICATION OF PROTEINS 

Covalent modification of proteins offers deeper understanding and more accurate influencing of 

biological systems. The vast majority of studies in the field take advantage of the irreversible 

binding of covalent fragments followed by a high-throughput analysis of the results based on 

classical analytical methods such as mass spectrometry, usually in combination with liquid 

                                                           
2 Fink, T.; Reymond, J. K. Virtual Exploration of the Chemical Universe up to 11 Atoms of C, N, O, F:  Assembly of 

26.4 Million Structures (110.9 Million Stereoisomers) and Analysis for New Ring Systems, Stereochemistry, 

Physicochemical Properties, Compound Classes, and Drug Discovery. Journal of Chemical Information and Modeling 

2007, 47 (2), 342–353. https://doi.org/10.1021/ci600423u. 
3 Barelier, S.; Krimm, I. Ligand Specificity, Privileged Substructures and Protein Druggability from Fragment-Based 

Screening. Current Opinion in Chemical Biology 2011, 15 (4), 469–474. https://doi.org/10.1016/j.cbpa.2011.02.020. 
4 De Cesco, S.; Kurian, J.; Dufresne, C.; Mittermaier, A. K.; Moitessier, N. Covalent Inhibitors Design and Discovery. 

European Journal of Medicinal Chemistry 2017, 138, 96–114. https://doi.org/10.1016/j.ejmech.2017.06.019. 
5 Zhang, T.; Hatcher, J. M.; Teng, M.; Gray, N. S.; Kostic, M. Recent Advances in Selective and Irreversible Covalent 

Ligand Development and Validation. Cell Chemical Biology 2019, 26 (11), 1486–1500. 

https://doi.org/10.1016/j.chembiol.2019.09.012. 



3 
 

chromatography (LC‐MS)6. In some examples, specific NMR methods were developed7, and in 

addition, protein-fragment binding has been studied by X‐ray crystallography, as well8. Finally, in 

order to evaluate and prove time dependency and the (ir)reversibility of fragment binding, 

biochemical assays can be used. 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 these classical techniques along with a limited chemical space available 

due to a lack of validated warheads. Therefore, recent progress in this field continues to produce 

new electrophilic fragments and new strategies for measuring potential target tractability 

presenting greater insight into the precise operation of the living cells and organisms. This thesis 

evaluates electrophilic heterocyclic libraries representing different chemistries on a diverse range 

of therapeutically relevant targets, expanding the available chemical space. In addition to this the 

fundamental limitation of covalent fragment libraries requiring a nucleophilic amino acid to be 

present in the vicinity of the binding site9is challenged with an alternative screening platform called 

“PhABits” (Photo Activity Bits) this platform utilizes photoaffinity labelling and TOF-MS for 

rapid target tractability. The results of this platform were examined further with 1H,15N-HSQC 

NMR measurements to investigate the binding location of active fragments. In the future these 

methods would lead us to the design of new inhibitors with presumably high affinity and 

specificity.  

  

3. EXPERIMENTAL METHODS 

3.1 GENERAL INFORMATION 

1H-NMR and 13C-NMR spectra were recorded in DMSO-d6, CD3CN or D2O solution at room 

temperature, on a Varian Unity Inova 500 spectrometer (500 and 125 MHz for 1H-NMR 13C-NMR 

spectra respectively), with the deuterium signal of the solvent as the lock. 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; 

100×3 mm) 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 

                                                           
6 Backus, K. M.; Correia, B. E.; Lum, K. M.; Forli, S.; Horning, B. D.; González-Páez, G. E.; Chatterjee, S.; Lanning, 

B. R.; Teijaro, J. R.; Olson, A. J.; Wolan, D. W.; Cravatt, B. F. Proteome-Wide Covalent Ligand Discovery in Native 

Biological Systems. Nature 2016, 534 (7608), 570–574. https://doi.org/10.1038/nature18002. 
7 Khattri, R. B.; Morris, D. L.; Davis, C. M.; Bilinovich, S. M.; Caras, A. J.; Panzner, M. J.; Debord, M. A.; Leeper, 

T. C. An NMR-Guided Screening Method for Selective Fragment Docking and Synthesis of a Warhead Inhibitor. 

Molecules 2016, 21 (7). https://doi.org/10.3390/molecules21070846. 
8 Qiu, H.; Liu-Bujalski, L.; Caldwell, R. D.; Follis, A. V.; Gardberg, A.; Goutopoulos, A.; Grenningloh, R.; Head, J.; 

Johnson, T.; Jones, R.; Mochalkin, I.; Morandi, F.; Neagu, C.; Sherer, B. Discovery of Potent, Highly Selective 

Covalent Irreversible BTK Inhibitors from a Fragment Hit. Bioorganic & Medicinal Chemistry Letters 2018, 28 (17), 

2939–2944. https://doi.org/10.1016/j.bmcl.2018.07.008. 
9 Tuley, A.; Fast W. The Taxonomy of Covalent Inhibitors. Biochemistry 2018, 57 (24), 3326-3337. 

https://doi.org/10.1021/acs.biochem.8b00315. 
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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. Irradiation was carried out using an Analytik Jena CL-1000 Ultraviolet 

Crosslinker (8 Watt, P/N 95-0230-02 with UV-B bulbs, P/N 34-0042-01) at 302 nm in Greiner 384 

white low volume plates (#784076) or Greiner 384 PP F-bottom plates (#781201). Following 

irradiation plates were sealed with C.A.S plates seals (#12812447) prior to analysis. 

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 or 1H-NMR 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 

chromatogram 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 parameters (kinetic rate constant, half-life time) a programmed excel 

(Visual Basic for Applications) was utilized. 

3.2 PROTEIN LABELLING METHODS 

Following the assessment of chemical reactivity, the fragment libraries were ready for testing 

against a range of targets. The methods used to evaluate the binding event took advantage of the 

irreversible binding of the fragment. At first, our libraries were investigated using biochemical 

screening assays. Results are reported in remaining activity (RA%) and/or time dependent IC50 

values (μM) for our POI’s MurA, MAO-A, MAO-B, HDAC8, & KRASG12C. After successful 

screening campaigns our covalent libraries were investigated with orthogonal biophysical 

techniques MS, NMR, and X-ray to define the binding sites of our fragments with POI’s MurA, 

HDAC8, KRASG12C, KRASG12D, BRD4-BD1 and more recently due to the global pandemic SARS-

CoV-2.   

 

4. RESULTS 

4.1 COMPILATION AND CHARACTERIZATION OF COVALENT MINIFRAGS 

X-ray screening of ultra-low-molecular-weight ligands (MiniFrags) was successfully introduced 

by Astex Pharmaceuticals identifying viable chemical starting points for a variety of drug targets10. 

Here we report the electrophilic analogues of MiniFrags compiled from heterocyclic covalent 

fragments that allows mapping potential binding sites for covalent inhibitors. We have compiled 

the library from 84 electrophilic heterocycles, out of which 27 were synthesized in our laboratory. 

The heterocyclic cores of the electrophilic MiniFrags were pyridines, pyrimidines, pyrazines, 

                                                           
10 O’Reilly, M.; Cleasby, A.; Davies, T. G.; Hall, R. J.; Ludlow, R. F.; Murray, C. W.; Tisi, D.; Jhoti, H. 

Crystallographic Screening Using Ultra-Low-Molecular-Weight Ligands to Guide Drug Design. Drug Discovery 

Today 2019, 24 (5), 1081–1086. https://doi.org/10.1016/j.drudis.2019.03.009. 
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imidazoles, pyrazoles, oxazoles, thiazoles and isoxazoles substituted in various positions. The 

electrophilic moieties were the Cl, Br, I atoms reacting in aromatic nucleophilic substitution, or 

nitrile, vinyl and ethynyl groups reacting in nucleophilic addition. For the second generation of this 

library we have methylated the members using methyl iodide or methyl trifluoromethanesulfonate. 

In most cases the reactions went smoothly resulting in acceptable yields. The library contained 60 

compounds in total (Scheme 1).  

 

Scheme 1. General scheme for the methylation of the heterocyclic electrophiles 

 

 

First, the stability and reactivity of the library members were investigated in a GSH-based assay 

using HPLC-MS or NMR-based kinetic methods. The HPLC-MS-based method was implemented 

from Flanagan et al11, developed further by our group12. We measured the decreasing amount of 

the electrophilic fragment up to 72 h in two parallel measurements. The aqueous stability of the 

compounds was characterized by the fragment half-life (t1/2(deg)) calculated according to Eq. 1. 

 

𝑡1
2
𝑑𝑒𝑔/𝑠𝑡𝑎𝑏

=
𝑙𝑛2

𝑘𝑑𝑒𝑔
                                                        Eq. 1 

 

where the degradation rate constant for auto-degradation (kdeg) was calculated by linear regression 

of the measured data points in the absence of GSH. Thiol reactivity was assessed by measuring 

fragment depletion with twenty equivalences of GSH that provided the rate constant kdeg+GSH as the 

                                                           
11 Flanagan, M. E.; Abramite, J. A.; Anderson, D. P.; Aulabaugh, A.; Dahal, U. P.; Gilbert, A. M.; Li, C.; Montgomery, 

J.; Oppenheimer, S. R.; Ryder, T.; Schuff, B. P.; Uccello, D. P.; Walker, G. S.; Wu, Y.; Brown, M. F.; Chen, J. M.; 

Hayward, M. M.; Noe, M. C.; Obach, R. S.; Philippe, L.; Shanmugasundaram, V.; Shapiro, M. J.; Starr, J.; Stroh, J.; 

Che, Y. Chemical and Computational Methods for the Characterization of Covalent Reactive Groups for the 

Prospective Design of Irreversible Inhibitors. J. Med. Chem. 2014, 57 (23), 10072–10079. 

https://doi.org/10.1021/jm501412a. 
12 Ábrányi-Balogh, P.; Petri, L.; Imre, T.; Szijj, P.; Scarpino, A.; Hrast, M.; Mitrović, A.; Fonovič, U. P.; Németh, K.; 

Barreteau, H.; Roper, D. I.; Horváti, K.; Ferenczy, G. G.; Kos, J.; Ilaš, J.; Gobec, S.; Keserű, G. M. A Road Map for 

Prioritizing Warheads for Cysteine Targeting Covalent Inhibitors. European Journal of Medicinal Chemistry 2018, 

160, 94–107. https://doi.org/10.1016/j.ejmech.2018.10.010. 
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sum of the thiol-reactivity and the degradation. The GSH reactivity of the electrophile was then 

calculated from these two rate constants as kGSH = kdeg+GSH-kdeg. The GSH half-life (t1/2(GSH)) was 

determined from the kGSH thiol-reactivity rate constant. Stability data confirmed that all of the 

compounds showed the appropriate stability (> 1 h) required for biological testing13, and the results 

of the GSH reactivity assay revealed that heterocyclic electrophiles cover a wide range of thiol 

reactivity (Table 1). Given the size of our library and future libraries we wished to be systematic 

when reporting our results. From now compounds will be referred to by their ID numbers shown 

in Table 1. In this table the heterocycle motif and electrophilic position (highlighted by a blue dot) 

can be viewed along the Vertical Axis A to R. The electrophiles’ identity is assigned by a number 

of 1 to 6. To be noted, for the comparability of the two libraries the IDs of the methylated 

compounds are labelled with “+”. 

                                                           
13 Keserű, G. M.; Makara, G. M. The Influence of Lead Discovery Strategies on the Properties of Drug Candidates. 

Nature Reviews Drug Discovery 2009, 8 (3), 203–212. https://doi.org/10.1038/nrd2796. 
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Table 1. Characterization of the heterocyclic electrophiles. A, stability data reported in t1/2(deg) (h). Colouring refers to the stability, in 

particular, the cells with darker red colour refer to less stable compounds. B, GSH-reactivity data reported in t1/2GSH (h). Colouring refers 

to the reactivity the cells with darker green colour refer to more reactive compounds. 

 N.A., compounds were not available. 

 N.D., No data available 

 a The t1/2 was the same for the GSH and the degradation assay. 

 b Reactivity measured by NMR

A B C D E F G H I J K L M N O P Q R

1 Cl 55.7 27.4 42.2 438.6 318.6 126.1 77.1 N.D. N.A. N.D. N.A. N.D. N.A. 19.4 N.A. N.D. N.A. 17.1

2 Br 54.7 45.7 76.6 963.1 N.A. 149.3 84.9 149.9 N.A. N.D. N.D. N.D. N.A. 78.1 N.A. 4.1 22.1 45.5

3 I 55.6 47.5 61.2 1006.9 N.A. 235.9 96.4 N.D. N.A. N.D. N.D. N.D. N.A. 60.0 N.A. 53.6 N/A 54.8

4 CN 833.2 973.4 146.1 5842.7 460.4 787.2 1209.0 235.5 N.A. N.D. N.A. N.D. N.A. 73.9 N.D. 177.6 349.9 125.3

5 Vinyl 47.8 88.0 367.4 392.1 N.A. 668.3 631.8 N.A. N.D. N.D. 6562.5 2643.5 74.5 49.0 N.A. 14.5 33.4 48.1

6 Ethynyl 280.1 50.7 57.3 1023.5 N.A. 125.8 2934.0 N.A. N.D. N.A. 70.2 70.2 N.D. 69.0 N.A. 16.7 34.3 80.9

1 Cl 69.4 -a 290.7 -a 400.7 98.8 387.1 >72b N.A. >72b N.A. >72b N.A. 4.5 N.A. >72b N.A. 83.5

2 Br 69.2 416.7 174.3 1376.9 N.A. 209.3 407.7 -a N.A. >72b >72b >72b N.A. 290.0 N.A. 495.1 63 -a

3 I -a 511.2 69.0 -a N.A. -a -a 6.0b N.A. >72b >72b >72b N.A. 0.1 N.A. 207.3 N.A. 0.9

4 CN 544.3 39.5 0.8 2.2 47.1 544.2 22.1 52.3 N.A. >72b N.A. >72b N.A. 0.5 1.0b 85.1 201.5 8.0

5 Vinyl 1.0 -a 0.3 292.7 N.A. 316.8 16.7 N.A. >72b >72b 104.0 234.3 -a 46.0 N.A. 82.9 44.5 2.7

6 Ethynyl 76.4 169.5 2.4 46.1 N.A. 729.6 171.5 N.A. 48.0b N.A. 4.9 1.7 >72b 54.6 N.A. 5.4 53.1 205.4

A, Stability t1/2(deg) (h)

B, GSH t1/2 (h) (250 µM)



 

Following the assessment of chemical reactivity, the heterocyclic fragment library was ready for 

testing against a range of targets. At first, our library was investigated using biochemical screening, 

against conventional targets. Results are reported in remaining activity (RA%) and/or time 

dependent IC50 values (μM). For our POI’s MurA, MAO-A & MAO-B these measurements were 

carried out by our research partners at University of Ljubljana. After the successful screening 

campaigns on these conventional targets using biochemical assays as a primary screen led to our 

first publications we decided to be more ambitious and screen our heterocyclic library against 

unconventional targets with the goal of using orthogonal biophysical techniques MS, and X-ray to 

define the binding sites of our fragments with POI’s KRAS, and more recently 3CL main protease 

due to the global pandemic SARS-CoV-2.  

From the results of our biochemical screens it could be concluded, that more than a quarter of the 

fragments (23 compounds) were active as identified by the residual activity of MurASA ≤ 70% at 

500 µM screening concentration (RA values can be viewed in Appendix Table A3). Aiming to 

find some trends in the reactivity, it could be seen, that among halogenated pyrimidines, the 

reactivity was increasing with the size of the halogen atom. Comparing the five membered 

fragments, columns H-R, the (H3, J5, N3, N5, P2, P5, R1, R3, R5, R6), and all the 5-substituted 

thiazoles column Q were active. It should be noted, that MurASA was proven to be most vulnerable 

by the iodo- and vinyl substituted heterocycles. Comparing the GSH-assay results (Table 1) with 

the MurASA inhibitions, 11 of the actives (C3, C6, G5, H3, N3, N5, Q2, Q5, Q6, R3, R5) showed 

considerable GSH-reactivity, while 12 showed limited activity (t1/2 > 72 h; C1, C2, D2, D3, F3, 

F5, J5, P2, P5, Q4, R1, R6), indicating that the surrogate-reactivity not necessarily goes parallel 

with the protein inhibition at physiological pH. Investigating the selectivity between MurA from 

different bacterial species, the protein was expressed from Escherichia coli (MurAEC). The library 

was tested on MurAEC applying the same conditions as those for MurASA. The reactivity pattern 

on the two MurAs was similar, but in general, the fragments were less reactive on MurAEC. After 

establishing a robust screening cascade with MurA we decided to investigate the targets MAO-

A&B in a similar manner (results can be viewed in Appendix Table A3 C, D). From the results of 

these studies it could be concluded, that more than a third of the fragments (31 compounds) were 

active as identified by the residual activity of MAO-A, (20 compounds for MAO-B). The RA 

values for these proteins are in general agreement with that of MurAs. 

IC50 values of chosen hits were determined on all four POI’s by measuring the residual 

activities at seven different concentrations with a pre-incubation time of 30 min. The 

inhibition mechanism was also investigated for MurAEC, MAO-A & MAO-B. Analysing the 

IC50 values, one could see that several, considerably potent small heterocyclic fragments 

were found. The most effective inhibitor was iodopyrimidine F3 with an IC50 value of 1.8 

µM at MurASA, and 9.7 µM at MAO-B. Also heterocycles C3, D3, G5, Q2, K5 and Q4 

showed remarkable activity. The mechanistic studies showed, that while compounds C6, 

D3, F3 and Q2 reached their maximum inhibitory potency immediately, for the rest of the 

compounds at least 20 min was necessary. Moreover, it was found, that according to dilution 

assay results, compounds H3, J5, N5 and R5 were proven to be irreversible inhibitors 

(results can be viewed in Table 4 & 5 pg. 49). As an example, the irreversible binding of R5 

was confirmed also by MS/MS proteomics measurement that revealed the formation of the 

covalent bond with Cys115 located at the active site of MurAEC (results can be viewed in 

Appendix Fig A2). 



9 
 

Biophysical screens with our heterocyclic library were performed for both KRASG12C & 3CL main 

protease of SARS-CoV-2 (3CL Mpro) with results presented herein. KRASG12C is an 

unconventional and challenging target14. Therefore, with our heterocyclic library we decided to 

perform a more detailed investigation to prove covalent inhibition of this target (Fig 1). At first an 

Ellman’s assay for KRASG12C was accomplished followed by RapidFire-MS measurements for the 

entire library to verify covalent modification. This was followed by in vitro studies with cancerous 

cell lines from lung tissues measured by Kinetolab Ltd., and based on these accumulated results a 

selected few warheads were validated and proposed for the design of a novel targeted covalent 

inhibitor.  

 

Figure 1. Project workflow for the identification of novel fragment binders. 

 

After proving members of heterocyclic electrophiles covalently labelling our target protein the 

entire library was investigated in a cell viability assay to assess our warheads ability to inhibit 

cancer cell growth in both KRAS dependent Cys-mutant (H1792) and wild type (LCLC) cell lines. 

In order for fragments to be chosen for the proposed design of novel targeted covalent inhibitors, 

they had to selectively inhibit cancer cell line growth for the Cys-mutant (H1792) over wild type 

(LCLC). This introduced a much more stringent criterion for our fragments, and as such many, 

including our most potent heterocycles from previous studies were shown to have either no or 

minimal effect on cell growth, indicating that they are most likely binding to the surface as opposed 

to the G12C. However, fragments R5, J5, F5, and N5 were shown to be significantly inhibiting 

both mutant and wild type cell growth. With these results in hand we wished to investigate these 

compounds affinity for KRAS mutant H1792 cells so we performed IC50 measurements with both 

forms of KRAS. In this investigation compound F5 showed preference for mutant over wild type 

(Table 2). 

 

ID Structure LCLC IC50 (µM) H1792 IC50 (µM) Selectivity  

F5 

 

14.9 5.6 2.7 

 

Table 2. IC50 measurements of F5. 

Based on the accumulated results we have concluded that the AdNM (Michael-type nucleophilic 

addition mechanism) of previously reported inhibitors15can be substituted for AdN reactions with 

vinyl containing warheads, the following heterocycles R5, J5, F5, and N5 would make ideal 

                                                           
14 Bollag, G.; Zhang, C. Pocket of Opportunity. Nature 2013, 503 (7477), 475–476. 

https://doi.org/10.1038/nature12835. 
15 Jiao, D.; Yang, S. Overcoming Resistance to Drugs Targeting KRASG12C Mutation. The Innovation 2020, 1 (2), 

100035. https://doi.org/10.1016/j.xinn.2020.100035. 
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warheads for TCI’s investigated against KRASG12C, with F5 being the most promising candidate 

showing 2.7 times greater selectivity for H1792. 

At the writing of this thesis a new coronavirus, SARS-CoV-2, commonly referred to as COVID-

1916, has resulted in > 52 million cases and 1.3 million deaths across the globe according to the 

WHO. To contribute to future therapeutic possibilities, a joint collaboration of British, Israeli and 

Hungarian research groups was established. The aim of this collaboration was to collect novel and 

promising non-covalent and covalent libraries to target SARS-CoV-2 3CL Mpro using X-ray 

screening at the synchrotron of the Diamond Light Source Ltd U.K. 

The heterocyclic library was delivered to Oxford, and our collaborators obtained crystal structures 

with 3CL Mpro via soaking. The evaluation of these crystals resulted in two covalently bound hits 

(2-cyano pyrimidine (D4), can be viewed in Fig 16 pg. 60) and 2-cyano-imidazole (H4), Fig 2). 

Both hits labelled Cys145 through an imine, positioned by a local hydrogen bond network 

involving the imine, amide hydrogens and heterocyclic nitrogen atoms. One of these free NH-s 

provided an immediate growth vector towards a catalytic pocket (Fig 2). These fragments have 

reasonable stability in water and limited reactivity against GSH (Table 1, t1/2(GSH)= 2.2 and 52.3 h, 

respectively), well above suggested reactivity limits17. We have also shown that these mild 

electrophiles are inactive against all POI’s investigated in this PhD including benchmark proteins, 

thus hinting at selectivity/activation by nucleophilic environment of our target.  

Figure 2. Visual representation of (H4) covalently bound in the active site of 3CL Mpro. Besides 

establishing the covalent bond to the catalytic Cys145, the fragment forms H-bonds to Gly143 and 

Cys145 itself (yellow dashed lines and red arrows). Growing vector (purple arrow) is available for 

the imidazole on the free NH direct towards of a main pocket of the protease. 

 

                                                           
16 Wu, F.; Zhao, S.; Yu, B.; Chen, Y.-M.; Wang, W.; Song, Z.-G.; Hu, Y.; Tao, Z.-W.; Tian, J.-H.; Pei, Y.-Y.; Yuan, 

M.-L.; Zhang, Y.-L.; Dai, F.-H.; Liu, Y.; Wang, Q.-M.; Zheng, J.-J.; Xu, L.; Holmes, E. C.; Zhang, Y.-Z. A New 

Coronavirus Associated with Human Respiratory Disease in China. Nature 2020, 579 (7798), 265–269. 

https://doi.org/10.1038/s41586-020-2008-3. 
17 Fuller, N.; Spadola, L.; Cowen, S.; Patel, J.; Schönherr, H.; Cao, Q.; McKenzie, A.; Edfeldt, F.; Rabow, A.; 

Goodnow, R. An Improved Model for Fragment-Based Lead Generation at AstraZeneca. Drug Discovery Today 2016, 

21 (8), 1272–1283. https://doi.org/10.1016/j.drudis.2016.04.023. 
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4.2 CHARACTERIZATION OF QUATERNIZED N-HETEROCYCLIC ELECTROPHILES 

In this thesis we have reported the development of a second generation heterocyclic fragment 

library, the biochemical screening of this library along with computational methods have been 

implemented to predict binding hot spots, for a detailed Cys mapping/profiling study of Histone 

DeACetylase 8 (HDAC8).  

We have previously demonstrated with 2-cyano pyrimidine (D4) and 2-cyano-imidazole (H4) that 

the covalent mode of action introduces higher density values required for more streamlined and 

accurate “hit” identification in X-ray crystallography. Since electrophilic MiniFrags form covalent 

bond at their binding site, hits can be identified by simple biochemical screening and the binding 

site can be located by mass spectrometry. We also show the effect of the methylation on the 

aromatic nitrogen atoms enhancing cysteine reactivity by systematically characterizing the library 

in an NMR-based thiol-reactivity assay (Table 3) when compared to our first generation library 

(Table 1) we see an exponential increase in cysteine reactivity. This trend is repeated in a 

biochemical assay (Table 4) when testing both first and second generation electrophilic MiniFrags 

against HDAC8. This approach has led us to new low nanomolar HDAC8 inhibitor fragments. 

 

 

Table 3. Results of the single-point GSH-reactivity assay. Blue dots indicate the position of the 

warhead. Colouring is in line with the activity, as the darker green colour refers for higher 

conversion. Compounds labelled by italic showed parallel reaction with the assay buffer. N.A. 

stands for “Not available”. 

 

A B C D E F G H J K L N P Q R

1+ Cl 100% 0% 100% 100% 100% 0% 100% 17% 0% N.A. 0% N.A. N.A. N.A. N.A.

2+ Br 100% 0% 100% 100% N.A. 0% 100% 45% 0% 0% 0% N.A. N.A. 100% 100%

3+ I 100% 0% 100% 100% N.A. 0% 100% 100% 0% 0% 0% 100% 0% N.A. N.A.

4+ CN 52% 40% 60% N.A. 100% N.A. 100% 0% 0% N.A. 0% N.A. N.A. N.A. 0%

5+ Vinyl 100% 0% 100% N.A. N.A. 0% 100% N.A. N.A. 0% N.A. N.A. N.A. N.A. N.A.

6+ Ethynyl 88% 0% 68% 100% N.A. 0% 64% N.A. N.A. 0% 0% N.A. N.A. N.A. N.A.

% conversion of M+ fragment (5mM) with GSH (80mM) @ 15min 
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Table 4. Biochemical assay results obtained testing electrophilic MiniFrags (84+60 covalent 

heterocycles) against HDAC8 represented in IC50 values (μM). Blue dots indicate the position of 

the warhead. Colouring is in line with the activity, from red (low) through yellow (moderate) to 

green (high). N.A. stands for “Not available”. 

 

Next, the protein labelling of the 11 best performing methylated fragments (A3+, C3+, C6+, D1+, 

D2+, D3+, D6+, F2+, F3+, F4+, G6+) with IC50 = 77 – 664 nM activity was challenged by two 

orthogonal investigations. First, the activity of the compounds was studied in biochemical assays 

against mutated HDAC8 proteins (at 100 nM concentration of the protein) where the cysteines 

were systematically mutated to serine residues (results can be viewed in Table 11 A pg. 77). 

Second, the compounds were incubated with an entirely reduced HDAC8 followed by tryptic 

digestion and MS/MS analysis (results can be viewed in Table 11 B pg. 77). The results of these 

parallel investigations showed that although there were privileged cysteines labelled by most of the 

fragments, the pattern of labelling and IC50 values measured on the mutants were different. In order 

to rationalize the labelling observed, the reactivity and accessibility of all the available cysteines 

were investigated using the Cy-preds18 and C-PIPE19 approaches. These tools characterize the 

cysteines with several calculated parameters, like pKa, H-bond contributions (expressed as pKa 

shift due to H-bonding ability), exposure, hydrophobicity, disulfide-bonding ability and predicted 

reactivity. In addition, we used the FTMap methodology to analyse fragment-binding hot spots on 

                                                           
18 Soylu, İ.; Marino, S.M. Cy-Preds : An Algorithm and a Web Service for the Analysis and Prediction of Cysteine 
Reactivity. Proteins Struct. Funct. Bioinforma., 2016, 84, 278–291. 
19 Soylu, I.; Marino, S.M. Cpipe: A Comprehensive Computational Platform for Sequence and Structure-Based 
Analyses of Cysteine Residues. Bioinformatics, 2017, 33, 2395–2396. 

A B C D E F G H J K L N P Q R

1 Cl > 50 > 50 > 50 > 50 > 50 > 50 > 50 > 50 > 50 N.A. > 50 N.A. N.A. N.A. N.A.

2 Br > 50 > 50 > 50 > 50 N.A. > 50 > 50 > 50 > 50 > 50 > 50 N.A. N.A. 6.60 > 50

3 I > 50 42.18 1.64 34.10 N.A. > 50 > 50 16.76 > 50 > 50 > 50 > 50 > 50 N.A. N.A.

4 CN > 50 > 50 38.76 N.A. > 50 > 50 > 50 > 50 > 50 N.A. > 50 N.A. N.A. N.A. > 50

5 Vinyl > 50 > 50 > 50 N.A. N.A. 44.27 > 50 N.A. N.A. > 50 N.A. N.A. N.A. N.A. N.A.

6 Ethynyl > 50 > 50 12.60 > 50 N.A. > 50 > 50 N.A. N.A. > 50 > 50 N.A. N.A. N.A. N.A.

1+ Cl > 50 14.16 7.66 0.342 > 50 2.63 2.82 0.971 15.63 N.A. 13.74 N.A. N.A. N.A. N.A.

2+ Br 1.75 8.19 3.13 0.175 N.A. 0.269 26.50 0.331 19.67 23.01 26.52 N.A. N.A. 0.134 1.21

3+ I 0.484 6.95 0.446 0.154 N.A. 0.107 27.09 1.78 30.46 19.24 8.75 1.23 2.76 N.A. N.A.

4+ CN 5.31 12.41 13.97 N.A. 3.62 0.418 > 50 22.40 24.17 N.A. > 50 N.A. N.A. N.A. > 50

5+ Vinyl 1.13 7.06 4.61 N.A. N.A. 5.03 0.426 N.A. N.A. > 50 N.A. N.A. N.A. N.A. N.A.

6+ Ethynyl 1.80 8.23 0.077 0.664 N.A. 21.80 0.402 N.A. N.A. 8.01 10.29 N.A. N.A. N.A. N.A.

B,  IC50 [µM] of M+ Heterocyclic library on HDAC8

A, IC50 [µM] of Heterocyclic library on HDAC8
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the surface of HDAC820,21. The predicted binding hot spots were crosschecked against the 

proximity of the ten cysteine residues of HDAC8 (at least one probe atom within the 5Å radius of 

any atom of the cysteine) for all of the 18 wild-type PDB structures that were checked (Fig 3). 

 

 

Figure 3. Cysteine residues (green) and predicted fragment binding hotspots (purple) on the surface 

of HDAC8 (surface and cartoon views from two opposite viewpoints, i.e. top vs. bottom images). 

The information boxes contain the fragments that were proven to label certain cysteines or 

disulfide-forming cysteine pairs. Purple areas (and info box colour) correspond to binding hotspots. 

Fragments in dashed brackets have labelled both corresponding cysteines. 

To summarise we have compiled a library of electrophilic MiniFrags consisting small heterocyclic 

electrophiles and their N-quaternized analogues synthesized. New derivatives were characterized 

against GSH in an NMR-based surrogate assay and we have shown the enhanced thiol-reactivity 

caused by the methylation of the aromatic nitrogen. Our covalent MiniFrag library includes 84 

electrophilic heterocycles and 60 quaternized analogues. Electrophilic MiniFrags were next 

screened against HDAC8 leading to several hits including low-nanomolar fragments from the 

quaternized subset. The biological assay also gave evidence that the methylated heterocycles have 

                                                           
20 Brenke, R.; Kozakov, D.; Chuang, G.-Y.; Beglov, D.; Hall, D.; Landon, M.R.; Mattos, C.; Vajda, S. Fragment-Based 
Identification of Druggable ‘Hot Spots’ of Proteins Using Fourier Domain Correlation Techniques. Bioinformatics, 
2009, 25, 621–627. 
21 Kozakov, D.; Grove, L.E.; Hall, D.R.; Bohnuud, T.; Mottarella, S.E.; Luo, L.; Xia, B.; Beglov, D.; Vajda, S. The FTMap 
Family of Web Servers for Determining and Characterizing Ligand-Binding Hot Spots of Proteins. Nat. Protoc., 2015, 
10, 733–755. 
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consistently larger affinities to the protein. Specific labelling of HDAC8 cysteines was proven by 

MS/MS studies. Site-specific labelling information together with mutational data, theoretical hot 

spot and cysteine accessibility and reactivity analyses were used for binding site mapping on 

HDAC8. Mutating the cysteine residues revealed the influence and functional role of each labelled 

cysteine. Based on these data we identified Cys28, Cys244 and Cys314 as potential targets for 

allosteric covalent HDAC8 inhibitors.  

 

4.3 CHARACTERIZATION OF FUNCTIONALISED FRAGMENT LIBRARY: “PHABITS” 

An alternative screening platform called “PhABits” (Photo Activity Bits) platform utilizing 

photoaffinity labelling and TOF-MS for rapid target validation was developed at the 

GlaxoSmithKline research centre at Stevenage in the United Kingdom22. During the course of my 

PhD I had a 4-month internship at this location working with this platform. The goal of our research 

was to assess the GSK fragment amine library by applying in silico filters developed at RCNS 

based on validated fragment pharmacophores, and choose a set of amines representing the widest 

sampling of the pharmacophore space. With this information, we compiled a small screening set 

from the GSK fragment amine library that provided the best overall coverage and will theoretically 

be capable of quickly providing a hit (or a small number of hits) against any arbitrary protein target. 

Thus, limiting the size and resources needed, but still generate the same percentage of “hits”.  

The chosen fragments were combined, using HATU couplings on the carboxylic acid of the 

photoreactive diazirine group (3-(3-methyl-3H-diazirin-3-yl)propanoic acid (5) which forms a 

highly reactive carbene upon UV activation. This was carried out in a high throughput parallel 

synthesis of 96 couplings at once at 0.15 mmol scale per reaction giving a total of 110 PhABits 

with a 61% success rate. This library was subsequently screened against oncogenic targets BRD4-

BD1 and KRASG12D, along with bench proteins myoglobin, lysozyme, carbonic anhydrase. Our 

aim was to obtain fragment hits that are identified by MS, and provide structures containing new 

pharmacophores in the field of BRD4-BD1 and KRASG12D inhibitor research. Given our groups 

interest in KRAS (see Chapter 2 pg. 50) we decided to investigate the binding location of the 

fragments with 1H,15N-HSQC NMR measurements in the hopes of proving our fragment hits 

located in its shallow active site. In the future these methods would lead us to the design of new 

inhibitors with presumably high affinity to KRASG12D.   

Using a plate based format with one PhABit per well, each PhABit was incubated with purified 

protein for 15 minutes to allow the fragments with high affinity to the protein to reach equilibrium 

and bind. The plate was then irradiated at 302 nm for 10 minutes to allow crosslinking events 1-4 

(see Fig 22 pg. 82) to occur between the fragment and the protein. Photoreactive intermediates 

rapidly crosslink or are quenched in the buffer. The results are read out from the plate using TOF-

MS and the raw data provided was further analysed by an R Studio script.  

The Screening of our 110 PhaBits with BRD4‐BD1 generated five hits, three of which did not label 

any other of the 5 proteins screened indicating high specificity for our POI (for structures see Table 

                                                           
22 Grant, E. K.; Fallon, D. J.; Hann, M. M.; Fantom, K. G. M.; Quinn, C.; Zappacosta, F.; Annan, R. S.; Chung, C.; 
Bamborough, P.; Dixon, D. P.; Stacey, P.; House, D.; Patel, V. K.; Tomkinson, N. C. O.; Bush, J. T. A Photoaffinity-
Based Fragment-Screening Platform for Efficient Identification of Protein Ligands. Angewandte Chemie 
International Edition 2020, 59 (47), 21096–21105. https://doi.org/10.1002/anie.202008361. 



15 
 

12 pg. 84). All three of these tool compounds share a common motif with an imidazole bound to a 

6 membered aromatic ring (pyridine, quinolone, and tolyl). 

Given the fact that KRAS is such a challenging target with a shallow pocket, we hoped that any 

labelling regardless of the cross linking event or specificity would be an indication of a fragment 

with considerable affinity. From a library screen of 110 fragments we identified 11 compounds 

which showed greater than 5% crosslinking. Results can be seen in (for structures see Table 13 pg. 

85-86). 

For fragment optimisations the PhaBit platform usually relies on X-ray crystallography. Given the 

complications with target crystallisation a robust platform with the goal of rapid target validations 

is required. Protein-observed NMR (HSQC) experiments for hit compounds identified by MS 

seemed an appropriate technology for this purpose. Thus, our goal at RCNS was to continue our 

collaborations with the GSK team at Stevenage and by involving the NMR Research Group of 

ELTE.  

This work is currently ongoing and only the results obtained so far in the presence of UV are 

presented herein. For (9) the fragment containing samples signals were hard to determine due to 

the aggregation/degradation of the protein that was observed (Appendix Fig A7) these results 

mirror the observations of oxidation in our MS measurement. With our control experiment for this 

fragment we observed no peak broadening (Appendix Fig 8). This allowed us to have an accurate 

baseline to compare our measurements to and eliminated protein degradation by UV as the main 

source of error in the MS platform. Therefore, the experiment will be repeated without UV. 

Presently we have successfully identified 2 fragments in our NMR investigations labelling KRAS 

after UV activation, our current lead compound (16) and an aniline containing fragment (13) which 

strongly labelled our target as evident by significant shifts in the resonances structures.  

PhABit 16: After comparing the two spectra (reference and fragment containing samples) the 

following cross peaks were found to be affected: G15, A18, I21, V29, Y32, D33, T35, I36, S39, 

D54, L56, G60, F82, I84, H94, H95, G115, C118, T124, T148, Q150, V152, D154, A155 (Fig 4). 

PhABit 13: After comparing the two spectra (reference and fragment containing samples) the 

following cross peaks were found to be affected: A18, I21, V29, Y32, F82, G115, C118, L120, 

Q129, T124, (V125 or L133), A130, D132, I142, E143, T144, S145, K147, T148, Q150, G151, 

V152, D154, A155, T158 (bold: very significant shift in resonances) (Fig 4). 

Figure 4. KRAS-G12D + (16) FRG + UV & KRAS-G12D + (13) FRG + UV. 
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With the interacting amino acids determined modelling experiments were performed to build a 3D 

map for these binding interactions with the hope of labelling the notoriously shallow pocket of 

KRAS. What we have found is both these compounds bind to the same location on the surface of 

KRAS. However, (16) also binds to the SIIP binding pocket (see Fig 26 pg. 91). Very little is 

known about this SW2 region and we plan to assess its relevance with in vitro measurements. With 

a working protocol in hand the immediate future work of this project is to investigate all the active 

fragments identified by MS with and without UV. The GSK team also identified 4 fragment with 

KRASG12D. These compounds have been re-synthesised at RCNS and evaluated in the same 

manner. A binding model for all fragments that label KRASG12D will be generated along with 

MS/MS and in vitro measurements, with the hope of designing new inhibitors with presumably 

high affinity to KRASG12D.  

 

5. THESIS HIGHLIGHTS 

T1. I designed, compiled and characterized a new covalent library (MiniFrag) consisting of 84 

electrophilic heterocyclic fragments [P1]. 

T2. I developed a screening protocol for the analysis of covalent MiniFrags, in which the fragments 

are characterized according to their reactivity, stability and selectivity. Investigation of this well-

characterized covalent fragment library led us to novel (ir)reversible MurA-specific warhead 

chemotypes [P2]. Crystallographic screening against SARS-CoV-2 3CL main protease has 

identified two hits covalently bound to Cys 145, which is essential for its activity [P4].  

T3. I extended the first-generation covalent MiniFrag library by highly reactive heterocyclic salts 

to get the second-generation library available for experimental mapping of cysteine’s reactivity in 

proteins.  

T4. I designed and synthesized a library of pharmacophore enriched photoactivable fragments 

(PhaBit) and I screened the library against multiple protein targets. These efforts provided 14 

fragment hits by the “PhaBit” MS platform, 3 of which bind to oncogenic targets’ BRD4 and 11 

that bind to KRAS. 
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7. APPLICABILITY 

X-ray screening of ultra-low-molecular-weight ligands (MiniFrags) was successfully applied 

identifying viable chemical starting points for a variety of drug targets. Here we report the 

electrophilic analogues of MiniFrags that allows mapping potential binding sites for covalent 

inhibitors. Since electrophilic MiniFrags form covalent bond at their binding site, hits can be 

identified by simple biochemical screening and the binding site can be located by mass 

spectrometry. The systematic characterization of this covalent heterocyclic library resulted in 

compounds with appropriate stability and a wide range of thiol reactivity that allow the selection 

of the most appropriate heterocyclic warhead depending on the nucleophilicity of the targeted 

cysteine. These heterocyclic electrophiles could be used to replace aromatic moieties in known 

non-covalent ligands and could present a useful alternative design strategy aiming at targeted 

covalent inhibitors.  

Although covalent drugs are tackling the “undruggable” proteome they are themselves 

fundamentally limited by their requirement for nucleophilic amino acids mainly Cys to be present 

near the binding site, and therefore, only a subset of the proteome can be targeted. What was 

required was covalent fragments that could bind to the protein backbone without the need for 

corresponding amino acids. With the combination of photoaffinity labelling, HSQC-NMR and 
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FBLD techniques, a covalent bond between high affinity fragments and targets theoretically from 

the entire proteome can now be formed and evaluated.  


