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Chapter 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 very 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 noncovalent 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 the fear of off-target binding within the
human body leading to severe intoxication. 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 of being able to form a permanent bond with proteins. Therefore, evolution
of this type of next‐generation screening platforms is an area of intense research. This has led to
the development of “binding-driven” 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.
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1.1 Fragment based lead discovery (FBLD)
(FBLD) has become an established and validated alternative protocol to HTS (high throughput
screening) in the drug discovery process1. Its methods and approaches are used for the discovery
of small molecules that bind to POI’s (Proteins of interest) or “targets” through non-covalent
interactions. The standard practice in industry to identify a ligand towards a biologically relevant
POI would be to screen a library of compounds using protein-dependent biochemical and
biophysical techniques to detect a binding event. These “hits” would then be validated using
additional orthogonal assays to confirm the mechanism of action and binding mode. A typical
screen uses HTS techniques to investigate the interactions of tens of thousands of complex
synthetic and natural compounds with a target to identify a “hit” compound i.e. a ligand that binds,
usually to a large and often hydrophobic pocket. This hit is then optimised via SAR (Structure
Activity Relationship) and target validation studies to incorporate suitable physicochemical and
biological properties increasing the affinity and developing a drug like molecule (Fig 1. Pg. 7)2–5.
Figure 1. A representation of a typical HTS approach.

However, there are significant flaws to this approach. The preclinical drug-discovery cascade,
starting from HTS and moving into the launched drug phase requires the screening of the order of
one million compounds to find a suitable lead for one ultimately successful outcome6. Only large
pharmaceutical companies can accrue such large libraries over the decades or have appropriate
resources to purchase and compile. With a commercially driven focus to be “best in class” rather
than “first in class” no investigations into the relationships between chemotypes and target activity
is preformed prior to a HTS, and libraries become focused for existing “tractable targets”. As such
HTS often fails to identify suitable hit compounds for new classes of protein target, and although
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HTS libraries are large, they represent only a small fraction of the estimated 1060 small molecules
that can be synthesized to cover the chemical space of drug-like molecules7.
An alternative approach to identify hit compounds is FBLD8. The initial concepts and examples of
FBLD emerged more than 20 years ago and its applications and utility has been increasing9–12.
There are two core principles in FBLD responsible for its success.
1) 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. A thorough
statistical analysis by Raymond et al13 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. Reducing molecular complexity of compounds typically used in HTS to their fragment
structures exponentially increases the number of biding interactions and poses.
2) Optimization; A fragment screen generally has a higher “hit” rate than conventional
methodologies14, 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.

1.1.1 Design of the Fragment library
There is an abundance of literature on the design of fragment libraries15,16. To summarise the choice
of the compounds is constrained by the choice of the screening method. There are two main factors
that have to be taken into account: solubility and detection. Also the fragments require elaboration
vectors that are synthetically tractable as well as avoiding “frequent hitters” or toxic substructures.
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For example, the fragment structures that will make up the library can be accumulated in silico
which are then filtered for the desired properties that include fragment-like MW (100 < MW < 250
Da), functionality and predicted solubility15. Following this, the library can be further filtered using
standard computational practices such as clustering and PMI (Principal Moments of Inertia)
plotting to introduce structural novelty, shape diversity and diversify the pharmacophore sets.
Finally, the availability, tractability, experimental stability and solubility results are obtained and
the curated library is ready for multiple fragment screening campaigns.
A more simplistic approach would be to curate a library by using “rule of 3” (Ro3) as the main
filter in which the molecular weight of a fragment is <300, the cLogP is ≤3, the number of hydrogen
bond donors is ≤3 and the number of hydrogen bond acceptors is ≤3. This approach for designing
fragment libraries will limit the chemical complexity and maintain favourable physicochemical
“fragment-like” properties17,18. However, there are many cases where fragment hits have been
shown to disregard this rule and were still valid for hit-to-lead development. As such these “rules”
are more like guidelines not to be followed blindly but rather used as reasonable suggestions in the
library design.

1.1.2 Fragment screening
In order to measure weak affinity biding interactions between fragments and targets, sensitive and
state-of-the-art biophysical methods have to be used. The typical biophysical techniques used are
X-ray crystallography, NMR, and SPR (Surface Plasmon Resonance)1. A summary of the
characteristics, sensitivity limit, feasibility of assessing specificity, throughput, structural
information, false positive (FP) and false negative (FN) information on of the most widely used
fragment screening methods is discussed in the following publication1, and in Appendix Table
A1. For all techniques the main limitations are producing and preparing the protein for the screen
(for X-ray this means successfully crystalizing the protein with a fragment), and the solubility of
both the protein and fragments. The most robust method for screening is ligand observed NMR,
which has a range of 5 mM to 100 nM, and can monitor the integrity of both the ligand and the
protein.
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1.1.3 Characterisation of the binding event
These are the orthogonal assays previously mentioned to investigate the binding event. A screening
campaign may begin with a relatively inexpensive biochemical or medium throughput biophysical
screen that generates a number of “hits” with various potency values. These “hits” are then
meticulously investigated with biophysical techniques such as X-ray or NMR, as they are the only
techniques that can provide structural information on an atomic scale about protein-ligand
interactions.
For conventional targets (well defined active sites) it is possible to use crystal structures from the
Protein Data Bank (PDB) along with computational modelling methods to determine the nature of
the fragment binding to the protein. For unconventional targets (large, hydrophobic, and flexible
binding sites along with recently discovered targets or intrinsically disordered proteins) only
biophysical techniques should be considered.

1.1.4 Fragment optimization
There are two main approaches to optimize the hit fragment to a lead-like larger structure. By the
SAR by catalogue method the chemical motifs of hit fragments, identified experimentally or in
silico are used to search for commercially available analogues. Alternatively, or in parallel
medicinal chemists also start synthesizing related compounds using e.g. parallel synthesis, highthroughput chemistry, or classical organic chemistry syntheses. The next step will allow the testing
of these analogues to explore quantitative structure-activity relationship (QSAR) for the
compounds series.
The second option might be the fragment evolution. The hit fragments themselves are optimised
by exploring potential vectors for elaboration, which would potentially increase the affinity and
selectivity towards the target. This is known as “fragment growing”. When large pockets are
available along with detailed binding modes of two or more fragments that are in close proximity
to one another, it is possible to covalently link them via a chemical linker followed by optimization
known as “fragment linking”. Finally, features of fragments bound to the same site can be
combined together to generate a new lead compound, this is referred to as “fragment merging”. In
10

all cases, larger novel molecules are obtained exhibiting both higher affinity and selectivity towards
the target protein (Fig 2. Pg. 11)1.

Figure 2. A visual representation of a typical FBLD optimization strategy.

1.1.5 Fragment to candidate
A detailed case study utilising FBLD methodologies to develop fragments to potent & novel
candidates for the inhibition of BACE1 (B-site APP cleaving enzyme) for the treatment of
Alzheimer’s disease was recently published19. In this study the final stage is a collective effort with
several years of research invested into the medicinal chemistry optimisation of fragments that are
supported (when possible) by crystal structure information generating a fragment portfolio that is
combined with other FBLD research efforts, HTS, literature and so on to rationally design and
optimise lead compounds. To date, there are three approved fragment-based drugs (erdafitinib,
11

venetoclax and vemurafenib) in the market with over 30 more which are currently in various stages
of preclinical or clinical trials (Fig 3. Pg. 12).

Figure 3. Currently approved drugs in the drug market that initially started as fragments.

1.2 Development of FBLD methods for covalent modification of proteins
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
approaches20–23. 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 targets24. 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. The most popular strategy starts with
known high affinity noncovalent compounds and introduces electrophilic functionalities at the
position closest to the protein nucleophile targeted. Although this approach was successful in many
12

established drug targets, particularly on a range of protein kinases25,26, the identification of a
suitable starting point might be challenging for less tractable targets. High throughput screening
(HTS) often fails to provide viable hits, while virtual screening is limited by the lack of high quality
structural information for these targets. Direct screening of large druglike electrophilic libraries
would give many false hits due to limitations in noncovalent recognition that turns reactive
functionalities less specific27,28. Focusing on a specific binding pocket, covalent docking might
address this limitation, however, these tools typically do not consider compound reactivity and
have limited throughput29.

Fragment based approaches identify hits from small libraries of less complex molecules that
provide many advantages over large scale druglike screens30,31. Fragment hits, however, have lower
affinities making their detection, validation and optimization challenging. Screening electrophilic
fragments could solve these issues due to the higher affinity and fixed binding mode of the hits and
therefore they can be considered as viable chemical starting points for the development of covalent
binders. In order to improve target validation and target engagement early on, many research
groups have turned to electrophilic fragments that can covalently label nucleophilic amino acids
(mainly Cys, Lys, Thr, Tyr, Ser, but there are examples for His, Asp, Glu and Met as well) of the
target24,32–37.

This chapter reviews the design, evaluation and use of covalent fragments in drug discovery
settings and provides a collection of the recent applications that hopefully facilitates their
integration into the drug discovery toolkit.

1.2.1 Design of covalent fragment libraries
1.2.1.1 Design of the electrophilic warhead
Covalent fragments can be derived from their non-covalent predecessors by introducing
appropriate electrophilic functional groups which are commonly referred to as “warheads”38. This
is a chemical group that can form a reversible or irreversible covalent bond with a nucleophilic
amino acid residue in proteins. These warheads are usually picked up from electrophilic natural
13

products39, from approved covalent drugs, or from electrophilic agents used in organic syntheses40.
Several studies confirmed that no universal warhead can be applied in the same way to any targets.
As an example, expanding the suitable electrophilic warhead chemotypes that are active against
oncogenic KRASG12C mutant protein, a small set of electrophilic compounds were screened by
McGregor et al. It has been showed that relatively minor changes in the warhead could result in
dramatic changes of the ligand binding mode and labelling efficiency41. Our group also
demonstrated several times that tailoring warheads could have a critical impact on activity and
selectivity between different enzyme families or even enzyme isoforms42–43.

Consequently, the selection of warheads needs special considerations. For instance, the required
range of reactivity of both the electrophile and targeted nucleophilic amino acid residue needs to
be carefully evaluated to avoid promiscuity. It is important to note that not only the reactivity of
electrophilic functionalities might be different but also the nucleophilicity of the targeted amino
acids can change, and both are influenced by the protein environment24. Furthermore, the reactivity
of fragments is affected by the structural and electronic effects of the non-covalent scaffold.
Notably, there are also other current or emerging techniques for covalent labelling e.g.
photoaffinity labelling44, where the use of a carbene or nitrene as warheads eliminates the need of
a reactive nucleophilic residue37,45,46.

Moreover, in some cases the electrophilic warheads might form a reversible covalent bond.
Targeting the nucleophilic residues in a reversibly covalent manner can allow for sustained target
engagement, and it has been suggested that this approach can also lower immunogenicity risks with
fewer off-target effects than conventional irreversible covalent inhibitors47–50.

One of the limiting factors of applying covalent fragments was their supposed promiscuity.
However, an experimental study showed lower degree of promiscuity than expected suggesting
that promiscuous reactivity and off-target effects of electrophiles with moderate reactivity may
often be overestimated. In addition, a study measuring cell-viability for covalent fragments was
also applied showing no significant toxicity51. Motivated by similar aims, a thousand covalent
fragments with acrylamide and chloroacetamide warheads have been screened34. Conclusions have
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been drawn that promiscuity does not correlate with reactivity, in particular only 3% of the
fragments were promiscuous. Most of the fragments did not label more than two proteins.

1.2.1.2 Design of the electrophilic fragment
In addition to the general practices of the fragment based drug design paradigm, the design of
electrophilic fragments requires consideration of reactivity, reversibility, stability, synthetic
accessibility and the size of the electrophilic functionality. Importantly, the protein targets might
influence the design procedure with the nature and the location of the targeted residue. The basic
need for nucleophilic amino acids in strategically relevant positions has resulted in a bias, as in
most cases proteins with appropriate amino acids at the ligand binding sites are selected, unless
mutant types are available or surface exposed nucleophilic amino acids adjacent to binding sites
are present33,35,49. There have been successful efforts to eliminate these stipulations and include
targets from the entire proteome using fragments activated externally37,45,46. The appropriate design
and positioning of the non-covalent core assures the required specificity resulting in viable starting
points for the protein of interest labelled in proteome-wide screens35,52,53. Covalent fragment hits
might be evolved by conventional fragment-growing and/or merging strategies to provide a more
potent covalent probe by improving its binding affinity and specificity due to extended noncovalent
interactions. Alternatively, the binding crevice identified by covalent fragment hits might be
explored by classical non-covalent approaches.

1.2.1.3 Design of electrophilic fragment libraries
First design criteria for electrophilic fragment libraries were based on the experience accumulated
in covalent drug discovery programs54. More recently, these considerations have been revisited
based on successful covalent fragment screens. In the principle work, it was suggested that the
electrophilic functional group could be derived from FDA approved drugs of known covalent
inhibitors with broad SAR on the directing groups. Nowadays, beside this conventional design,
more attention has been paid to new reactions and novel warheads. Compatibility of these warheads
to physiological conditions are routinely tested by several assay protocols43,55–58. These studies
confirmed that covalent labeling must depend on the noncovalent skeleton of the fragment. It is
15

proposed that the applied warhead should be optimized as well or even in parallel with the
noncovalent core. It has also been proposed that the intrinsic reactivity of all covalent fragments
(in particular, the rate constant of the reaction with the nucleophilic residue of interest) should be
the same. Nevertheless, this assumption did not take into account the fact that the nucleophilicity
of the amino acid side chains might change with its protein environment allowing a less reactive
warhead to label a highly nucleophilic amino acid selectively. The range of reactivity covered by
the covalent library therefore can be improved significantly by incorporating multiple electrophilic
functional groups with different reactivity’s. This approach could support the tailoring of the
warhead to the targeted nucleophile while also finding the optimal non-covalent interactions.
Notably, it is still important to follow the recommendation that the warhead and the skeleton of the
fragment should be linked by a minimal linker. It is also advantageous if the electrophile is located
at the end of the molecule and not embedded. Finally, the easiest way for attaching a covalent
warhead is coupling in a one-step reaction, if feasible e.g. via an amide bond forming reaction. This
would ensure the robustness, simplicity, and reliability of the covalent fragment synthesis.

1.2.2 Predicting the reactivity of electrophilic fragments
For the sake of the appropriate design, the reactivity of the potential library members needs to be
predicted computationally. One of the simplest tools is to take the corresponding Hammett σ values
of aromatic compounds (also known as substituent constants), and compare the impact of
individual substituents on the reactivity59–61. Another way to predict reactivity might be to calculate
molecular indices and reactivity descriptors, in particular the HOMO (highest occupied molecular
orbital, εH) and LUMO energies (lowest unoccupied molecular orbital, εL) and electron distribution
on the reacting carbon atom at the neutral and also at the negatively charged state, based on the
atomic charge distributions55. From these values, further reactivity-related parameters could be
calculated, such as the chemical hardness (η), electronic chemical potential (μ), Parr-index (global
electrophilicity, ω), Fukui-function (f+) and local electrophilicity index (ω+)62–68. For Cys targeting
acrylamide warheads calculated pKa could also be a predictive descriptor69. Furthermore, it has
been found that calculating activation parameters (activation energy Ea and transition state Gibbs
free energy ΔG⧧) of the reaction with methane thiolate anion provided reasonable predictions on
reactivity57,59,69,70. However, this approach demands larger computational investment, and the
16

methodology did not work well for the comparative evaluation of different warhead chemotypes.
Reactivity of covalent warheads at other nucleophilic sites has also been modelled in a few studies.
Lysine-targeting covalent fragments were evaluated in a retrospective manner to reveal the
predictive power of Parr electrophilicity index, but the usefulness of the index was limited for a
distinct series of chemicals71. Another study revealed that Hammett σ values are also useful
predicting N- and O-reactivity of lysine, tyrosine or serine targeting covalent fragments61. In
conclusion, the above listed predictive methodologies usually work well between closely related
compounds and less in diverse libraries. Moreover, it has been shown that reactivity prediction
requires different descriptors depending on the reaction partners and the mechanisms of the
individual labelling reactions55,69. In an attempt to improve the prediction accuracy, Ebbrell et al.
combined calculated Ea values with the solvent-accessible surface area (SASA) at the α-carbon and
developed a tool for polarized acryl aldehydes, ketones, and esters acting via Michael addition72.
The mechanistic relevance of this model is based on the formation of a resonance-stabilized
negative charge on the α-carbon atom of the intermediate, thus solvation plays a key role in the
stability of the transition state and in the overall reactivity. A decision tree has been developed by
Lonsdale et al. to recommend the most appropriate prediction method for a given chemical series69.

In summary, there are number of calculated molecular descriptors and indices used individually or
together that correlate to experimentally determined reactivity, but the predictive strategies are
mainly accurate only for the given warhead chemotype. Therefore, the comparative reactivity
evaluation of different warhead functionalities requires experimental reactivity assays.

1.2.3 Surrogate assays for assessing the reactivity and specificity of covalent
fragments
1.2.3.1 Surrogates
The compilation of the designed set of covalent fragments is followed by the evaluation of fragment
reactivity and specificity in surrogate assays. These surrogates are in most cases amino acids with
nucleophilic side chains, or small oligopeptides. As the main target for covalent binders is cysteine,
the most abundant surrogate is GSH (l-glutathione), but in addition, other thiols, such as N-acetyl
17

cysteine methyl ester can be also used for kinetic experiments35. Most recently different cysteine
surrogates were evaluated comparatively against a range of warheads equipped to the same
fragment core73. This study revealed that surrogate models might provide considerably different
reactivity profiles. Evaluating the results obtained for a number of different warheads, GSH was
suggested as the most appropriate surrogate due its human relevance providing the best estimate of
reactivity. There are studies comparing widely-accepted covalent warheads via systematic kinetic
studies57,59 Cee et al. and Flanagan et al. published systematic studies to reveal the substituent
effects on the reactivity of N-aryl-acrylamides59 and non-aromatic acrylamides57. Although most
of the covalent library screens are limited to a few warheads of interest, there are larger compound
sets containing different warhead chemotypes43,55,57,74, that can be classified by the chemistries of
reaction with the targeted cysteine43, including Michael-type nucleophilic addition, non-Michaeltype nucleophilic addition, nucleophilic addition–elimination, nucleophilic substitution and
oxidation.

It is important to note that the kinetic assay window can be expanded for other amino acid
surrogates, such as tyrosine, serine, lysine and histidine models, as well, but there are only few
examples dealing with the characterization of non-thiolic reactivity of covalent fragments. One of
the most comprehensive datasets was provided by Dahal et al. presenting the investigation of a
diverse set of electrophilic compounds against α-N-acetyl lysine, including acrylamides,
cyanamides, vinylsulfones, vinylsulfonamides and nitriles75. Serine or tyrosine can also be targeted
covalently, for those investigations N-Boc-serine methyl ester was utilized by Martin et al.58 in a
comparison with N-Boc-cysteine methyl ester in order to estimate and systematically compare
cysteine and non-cysteine covalent labelling. It has been shown that intrinsic reactivity against Sand O-nucleophiles is considerably different since serine is a harder nucleophile than cysteine and
tends to react faster with the harder electrophiles e.g. benzoxaboroles and sulfonyl fluorides. In
contrast, the Michael acceptors are generally soft electrophiles and reacted more rapidly with the
softer nucleophilic cysteine.

In addition to HSAB (hard and soft acids and bases) theory, Brönsted acidity is also playing an
important role, as the protonated/deprotonated forms of the nucleophilic residues show drastically
different reactivity. The approximate acidity of the tractable nucleophilic site varies in a wide range
18

among the imidazole NH of histidine (pKa = 6.0), ε-amino group of lysine (pKa = 10.3), thiol of
cysteine (pKa= 8.3), OH of serine (pKa = 15.2) and tyrosine (pKa = 10.1). Notably, the protein
environment is able to change these values significantly. Although there is no ultimate pH for
testing, kinetic experiments mostly apply physiological pH (pH = 7.4). Martin et al. investigated
S-, N- and O-nucleophilic surrogates in parallel, applying different pHs according to the acidity of
the corresponding nucleophile58.

1.2.3.2 Surrogate assays
The surrogate studies are mainly utilizing HPLC-MS43,45–57,59 or NMR35,55–58,76 based assays for
both cysteine and non-cysteine targeting covalent warheads. The main aspect of the assays is to
ensure pseudo first-order kinetic via large surrogate excess that allows calculating the half-lives.
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 natural logarithm of the
transformed percent of remaining fragment. Then, half-lives are easily calculated according to Eq.
2.
[𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡]

ln [𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡] = −𝑘𝑝𝑠𝑒𝑢𝑑𝑜1𝑠𝑡 ∙ 𝑡
0

𝑡1 = 𝑘
2

𝑙𝑛2

Eq. 1

Eq. 2

𝑝𝑠𝑒𝑢𝑑𝑜1𝑠𝑡

Peaks showing significant chemical shift changes between the initial substrate and the product are
usually selected for monitoring by NMR (Fig 4. Pg. 20). Typically, these peaks correspond to
warhead atoms or close aromatic hydrogens. For HPLC methods the application of an internal
standard (i.e. indoprofen) is highly recommended43,55,57.
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Figure 4. Covalent fragments' reactivity can be determining based on Area Under the Curve (AUC)
integrals of (a) LC or (b) NMR spectrum. (c) The linear regression of the natural log transformed
remaining ratio then can be identified as an analogue to Eq. 1 with. After the regression, pseudo
first-order kinetic rate is resulted as the inverse of the slope, then half-lives can be easily calculated
according to Eq. 2.

In addition to the HPLC and NMR-based methodologies, Böhme et al. developed a photometric
approach for kinetic experiments that allowed the determination of second-order reaction rate
constants for compounds with a wide range of electrophilic reactivity77.
The reactivity of cysteine targeting covalent fragments can also be assessed by a high-throughput
fluorescence-based thiol reactivity assay34. This methodology entails incubating fragments with
reduced DTNB (Ellman’s reagent; 5,5’-dithio-bis-2-nitrobenzoic acid) and following the
absorbance of its monomer TNB- (the thiolate form of 5-thio-2-nitrobenzoic acid, λ = 412 nm).
The kinetic rate constant is obtained by fitting the data to a second-order reaction rate equation.
Since no specific recognition is expected between TNB− and the electrophilic compound, the
calculated rate constant shows the intrinsic reactivity of the electrophile toward thiols that agree
well with GSH-based t1/2.
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It should be mentioned that there are some side reactions to be considered, including the oxidation
driven dimerization of thiol surrogates or the limited aqueous stability of the electrophilic
compounds. The first effect can be avoided by excluding oxygen from the sample57 or staying at
neutral pH. The kinetics and the order of these reactions can be estimated experimentally77, thus
these can be incorporated into the reactivity assessments43,55.

Although the labelling efficiency of a targeted amino acid depends both on the warhead reactivity
and on the environment in which the residue exists, surrogate kinetic assays are indicative on the
usefulness of the warhead for a particular covalent drug discovery project. If a covalent compound
is highly reactive and not specific enough that might result in serious adverse effects. These might
be avoided by the systematic tailoring of the reactivity or by the application of less reactive
warheads. Conversely, in the case of no covalent binding the reactivity of the warhead might be
enhanced, or a more reactive warhead can be selected.

1.2.4 Screening electrophilic fragments against proteins
Following the assessment of chemical reactivity and labelling specificity, the electrophilic
fragment library is ready for testing against selected POI’s. Screening of covalent fragments is very
similar to that of the non-covalent ones. The main difference is typically the way the hits are
identified and the proteins targeted. In particular, the methods used are taking advantage of the
irreversible binding of the fragment, during the investigation the binding position will not be
modified. The assessment of fragment binding can be achieved by the covalent labelling of the
proteins, followed by a high-throughput analysis of the results based on classical analytical
methods (Fig 5. Pg. 23). The vast majority of studies in the field have used mass spectrometry,
usually in combination with liquid chromatography (LC‐MS)33–35,46,49–51,78,79. In some examples,
specific methods of NMR spectroscopy were developed80–90, and in addition, protein-fragment
binding has been studied by X‐ray crystallography, as well34,49,74,91–95. Finally, in order to evaluate
and prove time dependency and the (ir)reversibility of fragment binding, biochemical assays can
be used.
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One might notice that while the surrogate assays are applied for the determination of the general
reactivity of fragments against nucleophilic residues, this is not necessarily correlating with the
selectivity against proteins targets34,51. Particularly, taking into consideration the non-covalent
skeleton of the fragment, it could be a discriminating factor between proteins even if equipped with
a highly reactive warhead. Moreover, as the reactivity of the nucleophilic residues might differ
influenced by the surrounding amino acids and medium35,52, even a warhead with low reactivity
might react successfully on the target.

Figure 5. A) General techniques available for covalent fragment screening. Fragments bearing
different reversible recognition elements (represented by coloured shapes) are usually connected
by a linker, due to the fact that large number of compounds are generated with array based
chemistries. This in turn is connected to an electrophilic warhead Y. The compound library is
incubated and analysed. Finally, the binding event can be recorded using the following TQ’s. B)
Protein MS is used to identify covalent binders, via a change in m/z of the target + fragment
covalent adduct. C) Chemical shift perturbation of proteins with enriched
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N are tracked as

covalent ligands are introduced. D) X-Ray is used to identify covalent binders, by interpreting
changes in electron density to show the exact amino acid residue + fragment covalent adduct.
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Liquid chromatography coupled tandem mass spectrometry (LC-MS/MS), as the principle tool
used in covalent fragment‐based drug discovery, enables accurate, sensitive and unbiased
identification of the modified residue. Therefore this is the most popular method used for the
identification and quantification of covalent modifications of the target33–35,45,50,51. The main appeal
of the MS is that it can be used to directly detect fragment binding to a protein by the mass
difference between the target and covalently modified complex. Direct MS measurements and
covalent fragment mixtures with sufficient mass difference can increase the throughput. Native MS
is often combined with time-of-flight (TOF) or TOF hybrid instruments. This technique is
characterized by its high throughput and high sensitivity of both target and fragments. Additionally,
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the application of a digestion protocol might provide valuable information on the exact amino acid
labelled. MS-screening with covalent probes has been performed on numerous kinases and
oncogenic proteins (JAK, ERK, MELK, KRAS) with covalent fragment libraries of 100-1400
members mostly having acrylamide and chloroacetamide electrophilic moieties (Table 1. Pg. 3033)49,50,91,96.

NMR is widely used to study protein-ligand interactions97,98. In fact, “SAR (structure activity
relationship) by NMR spectroscopy” is considered to one of the foundations of FBLD97. The
advantages that covalent probes bring to “SAR by NMR” in both ligand and protein based NMR
are the more pronounced protein detected and the chemical shift perturbation spectra from mostly
heteronuclear multidimensional experiments84. High affinity fragments increase typically the
observed shift relative to the free state making the analysis of complex spectra more streamlined88.
NMR screening with covalent probes is underrepresented in the literature due to competition with
simpler MS studies, however successful screens have been performed on therapeutically relevant
proteins such as BrD4, KRAS, and other enzymes (Table 1. Pg. 30-33)81,89,90,99.

X‐ray crystallography is used extensively in FBLD providing structural information on fragment
binding and guiding the subsequent optimization82. Its main limitations are the difficulty of
successful target crystallization and the need for a large amount of pure protein. These reasons
position X-ray crystallography mainly to a secondary screening role, to follow up hits from other
assays49,74,91. In these settings, it is mainly used prioritizing fragments for optimization82,92.
Screening covalent probes is a recent development in X-ray crystallography realized by a new
platform developed by the Diamond Light Source Ltd U.K, Harwell Science and Innovation
Campus, Oxford U.K. A recent study highlights the potential of electrophilic fragment screening
using high-throughput crystallography as a practical and efficient tool for covalent-ligand
discovery34. X-Ray screening with covalent probes has been performed on numerous kinases and
oncogenic proteins (JAK3, MSK/RSK, BTK, deubiquitinase OTUB2, and the pyrophosphatase
NUDT7) with covalent fragment libraries of 10-1000 members mostly having acrylamide,
chloroacetamide, and cyanoacrylamide electrophilic moieties (Table 1. Pg. 30-33)34,49,93–95. In
addition, this facility has been involved deeply into the fight against SARS-CoV-2 by screening a
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large number of (covalent) fragments against the main protease of the virus and introducing several
new starting points for drug design.

Biophysical screening can give information on the binding event between the electrophilic
fragment and the protein targeted. However, to determine the biological relevance of the hits,
biochemical assays should be performed. As such, biochemical screens are generally applied as a
primary screening technique. Among these, reversibility assays (RA) and time-dependent IC50
measurements might support the covalent binding of the fragment. It is important to note what
these assays are measuring as there are two general strategeis of covalent and irreversible
inhibition. Covalent binding is realized in a two-step mechanism (Fig 6. Pg. 26). Firstly, the
inhibitor (I) binds to the POI (P), and a reversible protein-inhibitor complex (P•I) is formed. The
rate of this first step is defined by the binding constant KI. The KI term describes the concentration
of inhibitor necessary for half of the maximum potential rate of covalent bond formation. Secondly,
the nucleophile (P) reacts with the electrophile (I), forming a covalent protein-inhibitor complex
(P-I). The rate of the second step will depend on the concentration of P•I therefore the formation
of P•I is the rate determining step. This is useful when establishing if a covalent inhibitor is
reversible or irreversible. A researcher can perform a dilution assay on an active compound
decreasing the concentration of P•I leading to the fission of the reversible covalent bond. When all
the POI exists with reversibly bound inhibitor (P•I) and no free target protein remains (P), the
observed rate of inactivation is the kinact. This is a first-order rate constant describing the maximum
potential rate of covalent bond formation. Taken all together the overall rate of covalent bond
formation from free (P) to the covalent protein-inhibitor complex (P-I) is defined by kinact/KI. This
bimolecular rate constant accounts for both the potency of the first step (K I) and the maximum
potential rate of covalent bond formation (kinact). The kinact/KI can be determined in two steps. In a
binding assay, the total occupancy Eq. 3 is measured over time at different inhibitor concentrations
generating a dose response curve.
% 𝑇𝑜𝑡𝑎𝑙 𝑈𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦 = 100 ∙ (1 − 𝑒 −𝐾𝑜𝑏𝑠+𝑡 ) 𝐸𝑞. 3
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Figure 6. A) A two-step process of a bimolecular reaction where P reflects the POI, I is the
inhibitor, P•I is the reversibly bound complex, and P-I indicates the formation of the covalent bond
between the POI and inhibitor. KI is the potency of the reversible binding event, and the maximum
potential rate of inactivation is defined by kinact. B) A one-step mechanism of covalent inhibition
observed for a covalent inhibitor where there is no binding event detected.

Besides the usual approach of screening electrophilic fragment libraries, there are two further
methodologies that use electrophilic fragments, namely disulfide tethering and amino acidindependent photoaffinity labelling (PAL) (Fig 7. Pg. 27). The “tethering” strategy was originally
developed to discover low molecular weight ligands (≈250 Da) that bind to targeted sites on
proteins through an intermediary tether. This handle is also known as a “capture” group that
irreversibly or reversibly labels a native or engineered surface exposed amino acid100–102, in all
reported cases a cysteine, next to the binding site. Recently, this methodology has been used to
discover promising KRASG12C inhibitors96. Various types of capture groups have been reported,
e.g. a disulphide101, acrylamide or vinyl sulphonamide

96

. First, disulfides were advantageously

capped with dimethyl-cysteamine to increase solubility, however it turned out that they are not
suitable as cellular probes being susceptible to reduction. Consequently, replacing them with a
more suitable Michael-acceptor has received more focus in recent years96. In practice, a fragment
library equipped with warheads are allowed to react with the cysteine-containing target protein
under partially reducing conditions that promote rapid thiol exchange. Most of the library members
will show no intrinsic affinity for the protein, and therefore the associated bond to the protein will
be easily broken up. However, if a molecule has even weak inherent affinity for the target protein,
the covalent bond will be entropically stabilized and the equilibrium will be shifted towards the
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modified protein. Tethered compounds can then be identified by MS35,77. Furthermore, the tethered
complex is amenable by X-ray crystallography101, which greatly facilitates the optimization of the
affinity once the tether is removed. This approach was championed by Sunesis Pharmaceuticals in
2004 reporting the first tethering screen against endogenous cysteine’s of wild type caspases, with
a disulfide containing library of 10,000 fragments103. Since then tethering has been applied to over
40 proteins, with an average of 4 cysteine mutants for each target104 and was extended to leadlike
compounds targeting proteases105,106, kinases107, and protein-protein interfaces108.

Figure 7. A) General principles of disulfide tethering and B) tethering with acrylamides. C)
General principle of PAL used in FBLD. Reversible interactions are established by the fragment at
equilibrium, if the affinity is high the compound becomes covalently bound when the system is
exposed to UV light, generating reactive intermediates that crosslink to nearby protein residues.
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Although the concept of photoaffinity labelling (PAL) against proteins has already been described
in the mid-90’s109, the penetration of PAL methodologies to the FBDD field is lower. PAL,
however, can be used against those targets that lack the suitable protein nucleophiles at the binding
sites. A fragment based PAL platform has been developed by Cravatt et al. identifying their protein
binding partners in cells37,45. This methodology made the best of fragment-based ligand discovery
with quantitative chemical proteomics mapping and identified thousands of reversible small
molecule-protein interactions directly in the human proteome. This idea was further developed by
a research group at GSK desiring a more targeted approach by screening purified protein from the
CDK family against a library of photoaffinity fragments, known as the “PhABits”110,111. The group
has also shown the utility of this platform allowing for a myriad of biochemical data that can be
measured directly or inferred. The theory is very similar to tethering, as at first functionalised
fragments are incubated with a target until equilibrium, this allows for the recognition of fragments
with sufficient binding affinity. Fragments are equipped with a photoreactive group (e.g. azide,
benzophenone, diazirine), and an alkyne handle for the potential of future biorthogonal chemistry.
Irradiation of the photoreactive group leads to the formation of a carbene, which in turn forms a
covalent bond crosslinking the protein. However, if the fragment has no affinity to the protein, the
carbene is immediately quenched by the buffer. Consequently, bound fragments could be easily
identified by intact MS. This platform is relatively straightforward to implement, and has the
potential to become a robust screening platform for target evaluation. Currently, the approach is
limited by the sensitivity of proteins to irradiation (in most cases 310~360 nm in the UV range).

1.2.5 Drug discovery applications
Drug discovery applications of covalent fragments cover target identification and validation, target
engagement studies and covalent inhibitor programs. In most cases, these efforts are beginning
with a surrogate reactivity assay followed by the screening of the characterized fragment set against
the POI. (Table 1. Pg. 30-33) summarizes the most recent efforts of covalent fragment screening
and provides information on the target, the surrogate assay, the screening methodology and its
outcome. There are many points that can be gleaned from this compilation, and I would like to
draw the reader’s attention to a few. As previously stated, cysteine is by far the most represented
nucleophilic residue in the literature of covalent fragment screening. However, many lysine28

targeted inhibitors and chemoproteomic probes are available in the literature that together with the
recent methodological development suggests the emerging role of lysine targeted libraries112.
Although the early days of covalent fragment screening were determined by tethering approaches,
this can be considered as a covalent alternative to HTS. Therefore, both the fragment libraries and
throughput are large, however with no evaluation of the fragments to increase affinities for the
target proteins it becomes difficult to assay their functional impact or to saturate the binding site
for structural analysis producing hit rates similar to HTS. Recent applications, however, go beyond
this point and demonstrate the usefulness of covalent fragment screening in target identification,
validation and discovery of TCIs. Regarding the screening methodologies, biophysical assays and
mass spectrometry dominates with a few examples of NMR screening. X-ray crystallography is
still placed as secondary screening with the same limitations that plague classical FBLD. However,
high-throughput crystallography has had recent success and these results might facilitate further
investigations at XCHEM. There are new trends in the nature of the covalent screening libraries.
Started from early tethering libraries, recent sets of covalent fragments are equipped with a number
of different warheads. Although Michael acceptors and haloketones are still the most popular, the
application of more universal electrophiles, such as PAL warheads, sulfonyl fluorides and
haloPROTAC degraders are getting increasingly popular

113,114

. These trends seem developing

parallel with the increasing share of chemical biology applications and covalent inhibitor programs
targeting non-cysteine protein nucleophiles. One might notice that the majority of results in (Table
1. Pg. 30-33) have been published within the last 5 years and most of the compounds referred are
still in discovery phase. Nevertheless, based on the tethering strategy, a novel KRASG12C inhibitor
(AMG510) was identified96 that reached the clinic and it is now investigated in Phase 2 trials.
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Table 1. A summarizing table for covalent fragment based covalent inhibitor programs.

N/A = Not available
N/S = Not specified
a)
Not all investigations specify the exact Cys which is covalently modified by their hit compounds, However some report the number of
cysteine residues (WT or engineered) present.
b)
With the exception of tethering all covalent fragment libraries for Target evaluation require some form of evaluation.
c)
As reported by publisher
d)
Indicates possible therapeutic rationale to inhibit this target.
e)
Computational analyses; of binding sites, Molecular modelling, Clustering, or DOCKovalent filters
f)
Literature search, modification of a known inhibitor, or compound collection
g)
High/low-throughput thiol reactivity assay using absorbance, HPLC, or NMR
h)
Profiling based on biological activity
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Chapter 2: Results and Discussion
In my PhD research I mainly focused on covalent fragment libraries, in particular their design,
synthesis, evaluation as suitable inhibitors and related methods and applications in the drug
discovery process. This thesis includes the discussion of method developments for surrogate
reactivity assays, characterization and utilization of covalent fragment libraries, and furthermore,
screening these electrophilic fragments libraries against a wide range of proteins together with the
identification of novel chemotypes for both conventional (MurA, MAO-A, MAO-B, and HDAC8)
and unconventional (KRAS, BRD4-BD1, and SARS-CoV-2) targets. The development of a
protocol merging protein-observed NMR (HSQC) with PAL-FBLD chemistries is also reported.
Briefly, we designed and evaluated fragment libraries of electrophilic small heterocycles, nitrogenquaternized heterocycles, and fragments with a “functionalised” photoreactive diazirine handle
known as “PhaBits” (Photo reactive bit). Surrogate assays were designed and implemented in
parallel to evaluate the heterocyclic libraries through cysteine-reactivity and aqueous stability tests
that suggested their potential as covalent warheads. The analysis of theoretical and experimental
descriptors revealed correlations between the electronic properties of the heterocyclic cores and
their reactivity against glutathione (GSH) that are helpful in identifying suitable fragments for
cysteines with specific nucleophilicity. Screening the libraries against a series of protein targets
identified fragments with significant inhibitory potency. Many of the fragment hits were
investigated further to characterise the binding event and develop optimised lead-like compounds.
Screening photoreactive fragments and the subsequent UV irradiation of the samples allowed us
identifying suitable chemical strating points with specific information on their binding site.
My own work in these projects included the synthesis of all non-commercial library members and
covalent probes, theoretical calculations for electrophilicity parameters, reactivity assay
measurements, peptide and protein labelling experiments, 1H- and 13C-NMR measurements of the
small molecules, design of fragment optimization and data analysis. The biochemical assays were
measured at the University of Ljubljana by Damijan Knez, Izidor Sosic, Martina Hrast and
Stanislav Gobec, at Darmstadt University of Applied Sciences by Niklas Jänsch and Franz-Josef
Meyer-Almes. Protein NMR measurements for KRAS were performed at the Eötvös Loránd
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University by Gyula Pálfy. X-ray measurements were performed at the Diamond Light Source Ltd
U.K, Harwell Science and Innovation Campus, Oxford U.K for SARS-CoV-2 CL main protease.
Intact protein MS and proteomics MS/MS measurements were carried out at Research Centre for
Natural Sciences MS Metabolomics Research Group by Tímea Imre, and at the GlaxoSmithKline
research centre at Stevenage in the United Kingdom. Ellman’s assay for KRASG12C was
accomplished by Kinga Nyíri from Research Centre for Natural Sciences Genome Metabolism
Research Group. In vitro studies for KRASG12C were performed at Kinetolab Ltd.

2.1 Design of our heterocyclic covalent fragment library
Heterocyclic rings and ring systems are among the key building blocks of drugs and drug-like
compounds. It has been shown that 80 of the top 100 most frequently used ring systems among
small-molecule drugs are nitrogen, oxygen and/or sulphur heterocycles124. The abundance of
heterocycles can be traced back to HTS125 and fragment-screening decks8 that contribute
significantly to lead discovery efforts. Most of the heterocyclic scaffolds form non-covalent
interactions with the target; however, the emergence of TCIs highlights their use as potential
electrophilic warheads. As already stated, there is a clear bias towards Michael additions. A recent
analysis of cysteine targeting covalent inhibitors suggests that almost 70% of the published
compounds have Michael acceptor-type warheads, with acrylamides being the predominant
functional group (Fig 8. Pg. 36)126.
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Figure 8. Statistics for covalent binders available in the CBinder database 5 December 2018.
Statistics
Total molecules: 527
Total drugs: 240
Electrophilic warhead: 74
Total targets: 191
Nucleophilic residues: 23
Related PDBs: 120
Covalent interaction: 693
Total references: 670
6.5%
11.9%
36.8%
9.2%
5.4%

Acrylamides
other Michael Add
Non-Michael Add
Addition - Elimination
Nucleophilic Substituion
Oxidation

30.3%

As a consequence of this design strategy, the non-covalent ligand is equipped with at least three
(isothiocyanate: -NCS), but most often more than four heavy atoms (e.g., the most common
acrylamide: -CH=CH-C(O)NR2) belonging to the warhead. This extension affects the molecular
recognition and the binding mode of the non-covalent scaffold, and requires the iterative
optimization of the electrophile geometry and linker length to engage the targeted cysteine
successfully. This strategy also keeps the discovery of novel inhibitors biased towards already
proven covalent chemistries, particularly the over-represented Michael addition100. Starting from
relevant heterocyclic cores, here we design and characterize an electrophilic fragment library
having minimal influence on the potential non-covalent interactions. Based on the well-known
electron-withdrawing character of heterocycles127, our intention was to turn them into fragment
electrophiles with the introduction of the smallest available substituents (max. 1-2 atoms). We
hypothesized that electron-withdrawing heterocycles activate the small electrophilic substituents
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and yield warheads suitable for cysteine-targeting covalent inhibitors. We believe that the library
described here might facilitate the development of TCIs by replacing their heterocyclic or aromatic
scaffold with one of our electrophilic heterocycles. This approach would allow the precise
positioning of the reactive group toward a catalytic/non-catalytic protein nucleophile in the
proximity of the binding site100 while maintaining the key non-covalent interactions.
The heterocyclic fragment library was composed of five- and six-membered heterocycles,
particularly pyridine, pyrimidine, pyrazine, imidazole, pyrazole, oxazole, isoxazole and thiazole,
while the corresponding six warheads were the halogens Cl, Br, and I reacting through aromatic
nucleophilic substitution (SNAr), and the two-atom nitrile, vinyl and ethynyl groups reacting
through nucleophilic addition (AdN) to cysteines. We have investigated the influence of the
different heterocycles and the effect of warhead positions by evaluating the fragment’s reactivity
experimentally. Moreover, we identified theoretical descriptors supporting the design of new
fragments with tailored reactivity. Furthermore, we have analysed the reactivity differences
between the halogen atoms for the SNAr and that of the nitrile, vinyl and ethynyl groups for the
AdN reactions. We have compiled the library from 85 electrophilic heterocycles, out of which 28
were synthesized in our laboratory (Table 2. Pg. 38 & Appendix Fig A1). The pyridine,
pyrimidine, imidazole and pyrazole rings were substituted at three different positions; the oxazole
and thiazole rings at two positions; and finally the pyrazine and isoxazole at one available position.
Notably, in some cases, the single-substituted compound was not synthetically feasible or
affordable; therefore, 2-chlorobenzoxazole, 2-bromo- and 2-vinyl-5-phenyloxazole, 3,5dimethylisoxazoles and 2-chlorobenzothiazole were considered.
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Cl

Br

I

CN

vinyl

ethynyl

Table 2. Visual representation of the library members. Electrophilic positions on the heterocyclic
core are represented with blue spots.

2.1.1 Surrogate assay for assessing the reactivity and specificity of heterocyclic
fragments
First, the stability and reactivity of the library members were investigated in a GSH-based assay
using HPLC-MS or NMR-based kinetic methods57. The HPLC-MS-based method was
implemented from Flanagan et al57., developed further by our group43 described in the PhD thesis
of László Petri. 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. 4.

𝑙𝑛2

𝑡1𝑑𝑒𝑔/𝑠𝑡𝑎𝑏 = 𝑘
2

Eq. 4

𝑑𝑒𝑔
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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 GSH57 that provided the rate constant kdeg+GSH as
the 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 (Table 3. Pg. 40). Stability data confirmed
that all of the compounds showed the appropriate stability (> 1 h) required for biological testing125
(Table 3. Pg. 40). Notably, the less stable species were found among isoxazoles (t1/2(deg) < 17 h),
while 2-chlorobenzoxazole and 2-chlorobenzothiazole also had t1/2(deg) < 24 h.
Given the size of our library and future libraries we wished to be systematic when reporting our
results. From now on compounds will be referred to by their ID numbers according to (Table 3.
Pg. 40). 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.
The results of the GSH reactivity assay revealed that heterocyclic electrophiles cover a wide range
of thiol reactivity (Table 3. Pg. 40). The library contained fragments reacting under 1 h (C4 (0.8
h), C5 (0.3 h), N3 (0.1 h), N4 (0.5 h), Table 3. Pg. 40) to compounds considered practically nonreactive, with t1/2(GSH) > 72 h. Since the library is intended for use in labelling cysteine nucleophiles,
we considered two major subsets of the compounds. The first subset involves compounds with
nitrile, vinyl and ethynyl substituents that react through nucleophilic addition (AdN). The second
set consists of halogenated derivatives that label cysteine in nucleophilic substitution reactions
(SNAr). Comparing the six-membered fragments, we found that halogenated compounds showed
weak reactivity (for A1, A2, A3, B2, C1, C2, C3, D2, E1, F1, F2, G1, t1/2(GSH) > 69 h, and (B1,
B3, D1, D3, F3, G2, G3) were essentially non-reactive). In contrast, the cyano-, vinyl- and
ethynylpyridines at position 4 (C4 (0.8 h), C5 (0.3 h), C6 (2.4 h), respectively) reacted quickly. In
the pyrimidine subset equipped with CN or ethynyl groups, position 2 between the two nitrogens
gave the shortest half-lives (D4 (2.2 h), D6 (46.8 h). Among vinylated six-membered heterocycles,
pyridines were the most potent electrophiles (A5 (1.0 h), C5 (0.3 h). Taking a closer look at the
cyano derivatives, position 4 of the pyridine (C4, 0.8 h) and position 2 of the pyrimidine (D4, 2.2
h) and the pyrazine (G4, 22.5 h) rings were most reactive.
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A

B

C

D

E

F

G

77.1
84.9
96.4
1209.0
631.8
2934.0

1
2
3
4
5
6

Cl
Br
I
CN
Vinyl
Ethynyl

55.7
54.7
55.6
833.2
47.8
280.1

27.4
45.7
47.5
973.4
88.0
50.7

42.2
76.6
61.2
146.1
367.4
57.3

438.6
963.1
1006.9
5842.7
392.1
1023.5

318.6
N.A.
N.A.
460.4
N.A.
N.A.

126.1
149.3
235.9
787.2
668.3
125.8

1

Cl

69.4

-a
416.7

290.7

-a
1376.9

400.7

98.8

2

Br

69.2

3

I

a

69.0

CN

544.3

511.2

4

39.5

0.8

5

Vinyl

1.0

6

Ethynyl

76.4

-a
169.5

174.3

H

I

A, Stability t1/2(deg) (h)
N.D.
N.A.
149.9
N.A.
N.D.
N.A.
235.5
N.A.
N.A.
N.D.
N.A.
N.D.
B, GSH t1/2 (h) (250 µM)
387.1
N.A.
>72b
a

J

K

L

M

N

O

P

Q

R

N.D.
N.D.
N.D.
N.D.
N.D.
N.A.

N.A.
N.D.
N.D.
N.A.
6562.5
70.2

N.D.
N.D.
N.D.
N.D.
2643.5
70.2

N.A.
N.A.
N.A.
N.A.
74.5
N.D.

19.4
78.1
60.0
73.9
49.0
69.0

N.A.
N.A.
N.A.
N.D.
N.A.
N.A.

N.D.
4.1
53.6
177.6
14.5
16.7

N.A.
22.1
N/A
349.9
33.4
34.3

17.1
45.5
54.8
125.3
48.1
80.9

>72b

N.A.

>72b

N.A.

4.5

N.A.

83.5

b

b

N.A.

290.0

N.A.

>72b
495.1

N.A.

b

63

b

>72

N.A.

0.1

N.A.

207.3

N.A.

-a
0.9

N.A.

0.5

201.5

8.0

-a

46.0

1.0b
N.A.

85.1

104.0

>72b
234.3

82.9

44.5

2.7

4.9

1.7

>72b

54.6

N.A.

5.4

53.1

205.4

N.A.

209.3

407.7

2.2

N.A.

a

22.1

6.0
52.3

N.A.

>72

47.1

544.2

a

N.A.

>72b

0.3

292.7

N.A.

316.8

16.7

N.A.

>72b

2.4

46.1

N.A.

729.6

171.5

N.A.

48.0b

>72b
N.A.

a

-

N.A.
b

>72

b

>72

b

>72
N.A.

>72

Table 3. 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
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Focusing on the five-membered heterocycles, among the imidazole derivatives, only 2iodoimidazole (H3, 6.0 h) showed considerable reactivity, and among pyrazoles, only 3-ethynyl(K6, 4.9 h) and 4-ethynylpyrazole (L6, 1.7 h) were reactive. In the case of the oxazole core, the 2iodo- (N3, 0.1 h), 2-cyano- (N4, 0.5 h) and 4-cyanooxazole (O4, 1.0 h) showed remarkable
reactivity. From the 3,5-dimethylisoxazoles, only the 4-ethynyl derivative (P6, 5.4 h) was reactive.
Thiazoles were, in particular, the most reactive heterocycles in the five-membered group. Their
nitrile and vinyl derivatives were most active when located between the heteroatoms at position 2
(R4 (8.0 h), R5 (2.7 h), respectively). In contrast, bromine and ethynyl derivatives (Q2 (63.0 h)
and Q6 (53.1 h), respectively) performed best at position 5.

2.1.2 Predicting the reactivity of our heterocyclic fragments
Next, we analysed the reactivity trends quantitatively using computed descriptors and experimental
log(t1/2(GSH)) values Appendix Table A2. The Gaussian09 program package with the B3LYP/6311++(2d,2p) method and basis set was used to calculate the HOMO (εH) and LUMO energies (εL)
and electron distribution on the reacting carbon atom (ρ0e− and ρ−1
e− ) at the neutral and also at the 1 charged state, based on the atomic charge distributions in terms of Natural Population Analysis
(NPA)55. From these values, we have calculated the chemical hardness (η = ε L – εH), electronic
chemical potential (µ = (εL + εH)/2), Parr-index (global electrophilicity, ω = µ2/2η), Fukui-function
0
(frontier function, f + (r⃗) = ρ−1
⃗) = ω ∙ f + (r⃗))128 (Fig
e− − ρe− and local electrophilicity index (ω(r

9. Pg. 42 A)62–68. Furthermore, we have computed the transition state enthalpies and Gibbs free
energies for the reaction of the chloro- and vinyl-derivatives (modelling SNAr and AdN reactions,
respectively) with the MeS- anion as a cysteine surrogate (Fig 9. Pg. 42 B)57,59,69,70, inductive sigma
constants for the heterocyclic rings were calculated by ACD/Percepta Appendix Table A2.
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Figure 9. A) QM calculations based on reactivity prediction tools. The figure shows the theoretical
descriptors used to predict thiol-reactivity with our electrophiles B) Calculation of ∆G for e.g. A5
from the total energy difference from the neutral state and the saddle point.

Calculation of the Pearson and Spearman correlation coefficients between each of the descriptors
and experimental GSH half-lives revealed no significant correlation when considering the whole
library. This is unsurprising given the range of reactivity values and diversity of warhead groups.
Taking into account, however, the reaction types between the electrophilic fragments and the
targeted nucleophile, we identified some interesting trends. In the case of halogen derivatives
reacting in nucleophilic substitutions, we found that the GSH half-life decreases with increasing
electronic chemical potential for the halogen set (Fig 10. Pg. 43). Changes in the electronic
chemical potential are opposite that of the electron affinity129 and related to the corresponding
HOMO energies. This explains why a higher potential is associated with more reactive species
with higher εH and with low log(t1/2(GSH)). Notably, the more electrophilic fragments with higher
HOMO energies are more reactive towards the nucleophilic cysteine.
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Figure 10. Logarithm of the GSH half-life vs. electronic potential for the halogen set. Standard
errors are also shown.

In the case of ethynyl-substituted fragments reacting in nucleophilic additions, we found that the
GSH half-life decreases with increasing atomic charge, which indicates decreasing electron density
(ρ0e− ) for the ethynyl set (Fig 11. Pg. 43). This trend showed that the lower electron density is
advantageous for thiol reactivity, since readily ionisable electrophiles and the resulting electronpoor carbon atoms can be considered more reactive towards the thiol nucleophile.
Figure 11. Logarithm of the GSH half-life vs. atomic charge distribution for the ethynyl set.
Standard errors are also shown.
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This analysis revealed that the prediction of the GSH reactivity requires different descriptors
depending on the reaction mechanism. In the case of AdN reactions, the warhead itself does not
influence the reactivity, but the local electron distribution on the reacting carbon caused by the
electron-withdrawing effect of the aromatic substituent is determining. Moreover, the negative
charge is localised on the warhead in the transition state (TS), and the intermediate in AdN reactions
implicates the use of a local electronic descriptor. Taking a closer look at SNAr reactions, the
aromatic core and the halogen atom should be treated together due to the characteristic leaving
group effect. Furthermore, the negative charge is dissipated in the TS. These two factors indicate
that a global descriptor is more accurate for the prediction of the reactivity.

2.1.3 Screening the electrophilic heterocycles against protein targets
Following the assessment of chemical reactivity, the heterocyclic fragment library was ready for
testing against a range of targets. As previously stated, the screening of covalent fragments is very
similar to that of the non-covalent methods. The main difference is typically the way the hits are
identified and the proteins targeted. In particular, the methods used to evaluate the binding event
are taking advantage of the irreversible binding of the fragment. At first, our library was
investigated using biochemical screening, against conventional targets as they were the most
readily available. Results are reported in remaining activity (RA%) and/or time dependent IC 50
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, NMR, and X-ray to define the
binding sites of our fragments with POI’s KRAS, and more recently due to the global pandemic
SARS-CoV-2.
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2.1.3.1 Heterocyclic electrophiles as new inhibitors for MurA
Antimicrobial resistance is one of the major challenges in antibacterial chemotherapy that initiated
approaches targeting different bacterial pathways. Since the cell wall of both Gram-positive and
Gram-negative bacteria consists of peptidoglycans, the inhibition of enzymes involved in their
biosynthesis is an attractive approach against bacterial infections. MurA (UDP-Nacetylglucosamine enolpyruvyl transferase, EC 2.5.1.7.) is a key enzyme in the cytoplasmic
biosynthesis of peptidoglycan precursors catalysing the transfer of phosphoenolypyruvate (PEP) to
UDP-N-acetylglucosamine (UNAG) while releasing inorganic phosphate130. It has been shown that
the inactivation of MurA disintegrates the bacterial cells and increases their vulnerability to
osmotic lysis131. Furthermore, MurA has no human orthologue that makes the enzyme suitable for
targeting bacterial pathogens with human relevance. Methicillin-resistant Staphylococcus aureus
is the most common Gram-positive drug-resistant bacteria involved in many diseases including
pneumonia, endocarditis, toxic shock, and septicaemia132. In addition to the clinically validated
fosfomycin, MurA inhibitors have been reported in the intense research of the recent decades133,134.
Among these, a number of small electrophilic heterocycles including epoxydes (1, fosfomycin),
methylene-lactones

(2,

tulipaline),

(Z)-2-bromo-5-(2-bromo-2-nitrovinyl)furan

(3)

and

chlorodithiolones (4) were identified as irreversible covalent inhibitors targeting the Cys115 or the
Cys119 residue in the active site of MurAEC or MurASA, respectively (Fig 12. Pg. 45)134.

Figure 12. Covalently acting MurAEC inhibitors134
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The efficacy of small heterocycles against MurA prompted us to investigate a broader range of
potential cyclic electrophiles using our designed heterocyclic covalent library. It should be noted,
that based on the principles of the fragment-based drug discovery8 the specificity of small
fragments is not vital at this stage of the research, specific non-covalent interactions realized by
fragment growing could ensure the appropriate selectivity. Thus the goal of these screening assays
is to find hit molecules with promising inhibitory activity. At the time of this investigation, the
screening of libraries of electrophilic fragments was not yet a prevailing method, although the
approach had some pioneering applications in vitro against proteins49,54,135 and in living cells as
well136,137. Notably, systematic screening of heterocyclic electrophilic fragments has not been
performed yet, only five individual compounds relative to our library members have already been
investigated138.

2.1.3.2 Heterocyclic electrophiles as new inhibitors for Monoamine oxidase

Monoamine oxidase (MAO) is a mitochondrial enzyme with high expression levels in gastrointestinal, hepatic and neuronal tissues139. MAO catalyzes oxidative deamination of variable
monoamine substrates, both endogenous and exogenous. It has also a key role in the metabolism
of neurotransmitters and detoxifications of amine compounds. Two MAO isoforms can be
differentiated by their substrate specificities140: MAO-A shows greater affinity for hydroxylated
amines such as noradrenaline and serotonin, whereas MAO-B shows greater affinity for nonhydroxylated amines such as benzylamine and β-phenylethylamine. Some amine substrates (such
as dopamine or tyramine) show similar affinity for both MAO isoforms. Selective inhibition of
MAO-A could lead to increased levels of neurotransmitters in noradrenergic and serotonergic
neurons of the central nervous system141. Therefore, targeting MAO-A is a feasible option in the
treatment of depression141,142 Selective blockade of MAO-B, however, provides more dopamine
for proper neuronal function that is specifically useful in Parkinson's disease. Noteworthy, known
covalent inhibitors of MAO enzymes e.g. selegiline are acting via covalent binding to the flavin
adenine dinucleotide (FAD) cofactor 143.
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2.1.3.2.1 Biochemical screening results for conventional targets’ (MurA and MAO-A&B)
After obtaining the results from surrogate reactivity and stability screening assays, the fragments
were tested against MurA from Staphylococcus aureus (MurASA) Appendix Table A3 A. From
the results of these studies it could be concluded, that more than a quarter of the fragments (23
compounds) were active as identified by the residual activity of MurA SA ≤ 70% at 500 µM
screening concentration Appendix Table A3 A. Taking a closer look on the inhibitory activities
against MurASA, among the six-membered heterocycles Appendix Table A3 A, columns A-G, all
the 4-halogenated pyridines (C1, C2, C3) and 4-ethynylpyridine (C6), 3-bromo- (D2), 3-iodo(D3), 5-iodo- (F3), 5-vinylpyrimidine (F5) and 2-vinylpyrazine (G5) were active. 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
Appendix Table A3 A, columns H-R, the 2-iodo- (H3) and 4-vinylimidazole (J5), 2-iodo- (N3)
and 2-vinyloxazole (N5), 3,5-dimethyl-4-bromo- (P2) and 3,5-dimethyl-4-vinylisoxazole (P5), 2chlorobenzothiazole (R1), 2-iodo (R3)-, 2-vinyl- (R5) and 2-ethynylthiazole (R6) and all the 5substituted thiazoles Appendix Table A3 A, column Q were active. It should be noted, that
MurASA was proven to be most vulnerable by the iodo- and vinyl substituted heterocycles
Appendix Table A3 A, rows 3 and 5. Comparing the GSH-assay results (Table 3. Pg. 40) with
the MurASA inhibitions Appendix Table A3 A, 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 (compare
Appendix Table A3 A and B), but in general, the fragments were less reactive on MurAEC. From
the 16 active heterocycles, the best results were shown by iodo-derivatives (C3, F3 and H3),
moreover in the cases of C3, and H3 the inhibitory activity was better than that for MurASA. In the
case of MurAEC, 10 of the actives (C4, C6, D4, G5, H3, N5, Q2, Q5, Q6, R5) were also active in
the surrogate assay, and 6 fragments (F3, F5, J5, P5, Q4, R1) showed limited reactivity. After
establishing a robust screening cascade with MurA we decided to investigate the targets’ MAO47

A&B in a similar manner the 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, however selective fragments
were only identified for MAO-A (C5, E1, F1, G2, J3, K5, L5).
Following the study, also a serine protease, thrombin was assayed in order to test a protein that
does not contain cysteine in the active site Appendix Table A3 E. Only 8 fragments were
considered as active on thrombin, and the inhibition pattern was different, that is advantageous for
an electrophilic fragment library designed for targeting cysteine residues. Compounds (E1, L1, and
L3) showed selectivity against thrombin, C3 and Q2 was less reactive than on the MurAs, while
Q6 acted on the contrary. Notably, iodopyrimidine (F3) was proven to be promiscuous on the five
proteins.
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 investigated for MurAEC, MAO-A & MAO-B, mapped with timedependency assay measuring the residual activities after pre-incubation times from 0 to 60
min. Moreover, the reversibility of the fragments was tested by measuring the residual
activity at tenfold IC50 concentration after a hundredfold dilution. For MurA fosfomycin
was used as a positive control in order to confirm the results of the inhibition assay and
enable the comparison of the heterocyclic hits to a known inhibitor (Table 4. Pg. 49). For
MAO-B the following controls were used (pargyline, L-deprenyl, and isatin) for MAO-A
(moclobemide, harmaline, and clorgyline Table 5. Pg. 49).
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Compound

MurASA IC50 (µM)

MurAEC IC50 (µM)

Mechanism (MurAEC)

C3

90 ± 9

70 ± 8

Time dependent, reversible

C6

306 ± 31

408 ± 41

Not time dependent, reversible

D3

54 ± 5

309 ± 31

Not time dependent, reversible

F3

1.8 ± 0.2

3.8 ± 0.4

Not time dependent, reversible

G5

64 ± 6

216 ± 22

Time dependent, reversible

H3

191 ± 19

170 ± 17

Time dependent, irreversible

J5

113 ± 11

301 ± 30

Time dependent, irreversible

N5

122 ± 12

172 ± 17

Time dependent, irreversible

Q2

55 ± 5

77 ± 8

Not time dependent, reversible

Q4

73 ± 7

137 ± 14

Time dependent, reversible

Q5

165 ± 16

66 ± 7

Time dependent, reversible

R1

123 ± 12

120 ± 12

Time dependent, reversible

R5

117 ± 11

182 ± 18

Time dependent, irreversible

fosfomycin

0.3 ± 0.01

0.25 ± 0.01

Time dependent, irreversible

Table 4. IC50 values for the heterocyclic hits and their inhibition mechanisms for MurA SA
& EC.
Compound

MAO-A IC50 (µM)

MAO-B IC50 (µM)

Mechanism (MAO-A)

G5

9.4 ± 0.6

N.D.

Not time dependent, irreversible

K5

178.4 ± 5.3

N.D.

Not time dependent, irreversible

Q2

90.5 ± 16.6

N.D.

Not time dependent, irreversible

Q4

171.7 ± 19.5

N.D.

Not time dependent, irreversible

Clorgyline
Moclobemide
Harmaline
F3

0.0034
430 ± 0.01
0.0061
N.D.

N.D.
N.D.
N.D.
9.7 ± 1.0

Not time dependent, irreversible
Time dependent, reversible
Time dependent, reversible
Not time dependent, irreversible

pargyline

N.D.

0.19

Not time dependent, irreversible

L-deprenyl
Isatin

N.D.
N.D.

8 nM
20 ± 0.01

Not time dependent, irreversible
Time dependent, reversible

Table 5. IC50 values for the heterocyclic hits and their inhibition mechanisms for MAO-A & B.


N.D.; results were not determined.
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Taking a closer look to the heterocyclic hits, it was found that in most cases, the fragments
show better activity against MurASA than against MurAEC, and better activity against MAOA than against 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. 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 Appendix Fig A2.

2.1.3.3 Heterocyclic electrophiles as new inhibitors for KRASG12C
One-third of all tumours harbour mutations in Ras genes, but GTPases (e.g. NRAS, HRAS and
KRAS) encoded by these mutant genes have for a long time eluded targeting by therapeutic agents
and have in the past been branded as “undruggable”144. The difficulty stems from the fact that GTP
and GDP are present in the cell at millimolar concentrations and bind to KRAS with picomolar
affinity. Oncogenic mutations to KRAS such as G12C, G12V or G12D impair its ability to
hydrolyse GTP to GDP. With diminished GTP-activity, the GTP-bound active state of KRAS
accumulates, leading to unregulated signalling and untimely tumorigenesis. Thus, targeting
oncogenic mutant KRAS isoforms is a strongly desired goal in oncology research145. Another
limiting factor in the treatment of KRAS mutations is the shallow active site making the design of
the high-affinity target difficult. Thus, a large proportion of the literature focuses on the mutant
G12C which has a cysteine nucleophile that can be exploited by covalent chemistries. Initial target
validation experiments using covalent screening techniques have shown to be more successful in
generating “hit” fragments against G12C then conventional non covalent screening techniques145.
Larger drug like TCI’s have also been produced using Michael addition to label G12C 146,147 with
TCI “ARS853” (Fig 14. Pg. 56) being commercial available. These results prompted us to
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investigate our own covalent heterocyclic library against KRAS G12C, and at a later stage, our
photoaffinity “functionalised” fragment library with KRASG12D.
KRASG12C is an unconventional and challenging target. Therefore, with our heterocyclic library we
decided to perform a more detailed investigation to prove covalent inhibition of this target (Fig 13.
Pg. 51). At first an Ellman’s assay for KRASG12C was accomplished by Kinga Nyíri from the
Research Centre for Natural Sciences Genome Metabolism Research Group. Covalent
modification was verified using RapidFire-MS measurements for the entire library. 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 proposed for the design of a
novel targeted covalent inhibitor.

Figure 13. Project work flow for the identification of novel fragment binders.

2.1.3.3.1 Ellman’s assay
In order to estimate the cysteine-reactivity of our fragments, we measured the remaining free
cysteine content of KRASG12C after incubation with fragments using the conventional Ellman’s
assay. To achive this goal 2 µM of KRASG12C was suspended in assay buffer (pH = 6.6) and treated
with 200 µM of fragment, resulting in 5% DMSO concentration in the mixture. After 2 hours of
incubation at room temperature in a dark container the relative fluorescent units (RFU) was
measured in duplicate and from this the Free Thiol Ratio (FTR) % was calculated according to Eq.
5

FTR[%] = 100 ∙

RFUsample −RFUbackground
RFUDMSO −RFUbackground
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Eq. 5

As such a compound is considered “active” the closer its FTR value is to zero. Only the most active
compounds are presented in this chapter (Table 6. Pg. 52-53). Instead of taking a single potent
compound and proving its covalent labelling with a solitary MS experiment we wished to
investigate our entire library’s ability to covalently label KRASG12C, and see if there is correlation
between surrogate assay results and MS labelling.

2.1.3.3.2 RapidFire-MS
In the Ellman’s assay results are ranked from 0 to 100 percent with zero being the maximum
amount of labelling possible. With the RapidFire-MS study we have ranked our library based on
the average % labelling of KRASG12C (Table 6. Pg. 52-53) in the hopes of finding correlations
between the two. In order to achieve this fragments were incubated with protein at 50 µM, 200 µM,
and 500 µM concentrations. We also wished to investigate potential promiscuous binders on our
library, so fragments were also incubated at the three varying concentrations with bench proteins
lysosome, myoglobin, and carbonic anhydrase. The raw MS data was analysed by an R Studio
script by Emma Grant at the Glaxo Smith Kline research centre at Stevenage in the United
Kingdom. As one would expect these experiments generated a lot of data that can be viewed in
Appendix Table A4 only the most active compounds are presented in this chapter.

bKRASG12C;

Average %
labelling

cLys;

Average %
labelling

cMyo;

Average %
labelling

cC.A;

Average %
labelling

ID

aFTR

C3

0%

49.1

4.4

21.4

27.8

Q2

0%

55.4

4.2

4.2

13.3

H3

0%

61.0

3.8

5.4

16.2

D3

0%

52.3

4.2

8.6

17.6

F3

0%

55.7

3.6

5.7

16.8

N3

18%

N/A

N/A

N/A

N/A

C6

24%

19.3

4.5

4.0

13.2
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bKRASG12C;

Average %
labelling

cLys;

Average %
labelling

cMyo;

Average %
labelling

cC.A;

Average %
labelling

ID

aFTR

R5

30%

19.8

4.5

3.0

10.7

N5

30%

7.4

1.1

1.6

7.3

Q4

34%

31.7

4.0

3.1

10.8

F5

35%

16.3

4.2

3.1

11.2

R1

39%

9.2

1.8

2.6

9.3

J5

46%

39.1

4.3

3.5

13.9

R6

53%

19.9

4.4

2.8

12.7

I6

64%

7.6

1.2

2.6

8.8

P5

65%

9.3

1.4

3.1

11.0

G6

69%

16.4

4.1

3.8

12.7

R3

74%

44.6

4.5

4.4

14.0

G5

74%

20.9

3.9

3.1

11.4

C2

79%

44.1

3.9

5.7

16.9

Table 6. Summary of the most potent heterocyclic binders of KRASG12C as compared to benchmark
proteins (Lys: lysozyme, Myo: myoglobin, C.A: carbonic anhydrase)
 N.A., no available data.
 aCompounds are ordered based on their FTR values
b

Average % labelling of KRASG12C cells are coloured as a gradient from white (low %
labelling) to blue (high % labelling).
c

Bench proteins cells are coloured as a gradient from white (lower % labelling) to red
(lower-higher % labelling).

Based on (Table 6. Pg. 52-53) we are able to see that results generated from a fluorescence assay
that suggests covalent labelling are in good agreement with what can be proven with MS. Even
though such assays have high false negative values and would have eliminated active compounds
such as R3 and C2 they are still very robust, inexpensive, easy to implement and can identify
fragment “hits” quickly. Because of the thorough nature of these MS experiments not only with
KRAS but also the three bench proteins, the heterocyclic library is considered as well-suited for
target tractability investigations with POI’s, and surprisingly they are not as promiscuous as one
would assume with a few exceptions like compounds C3. However, selectivity is not very
important at this stage, as it can be introduced in lead optimisation.
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2.1.3.3.3 Cell based in vitro studies of the heterocyclic library with KRASG12C
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 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, Compounds R5, J5, F5, and N5 were shown to be significantly inhibiting both mutant
and wild type cell growth (Table 7. Pg. 54).

Table 7. Results of cancer cell growth investigations with Cys-mutant (H1792) and wild type
(LCLC) with our 4 active heterocycles.

With these results in hand we wished to investigate these compounds selectivity for mutant H1792.
At first, attempts using the same assay with lower concentrations compared to a control compound
“ARS853” were attempted. Unfortunately, at lower concentrations this TCI maintained only a
slight selectivity (18% difference in growth at 2.5 µM). Therefore, we could not discriminate in
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this manner so we performed IC50 measurements with both forms of KRAS. In this investigation
compound F5 showed preference for mutant over wild type. (Table 8. Pg 55)

LCLC IC50 µM
56

H1792 IC50 µM
38

Selectivity
1.5

J5

56

41

1.4

F5

14.9

5.6

2.7

N5

1.7

1

1.7

ID
R5

Structure

Table 8. IC50 measurements of chosen fragments.

Based on the accumulated results we have concluded that the AdNM (Michael-type nucleophilic
addition mechanism) of previously reported inhibitors can be substituted for AdN reactions with
vinyl containing warheads, the following heterocycles R5, J5, F5, and N5 would make ideal
warheads for TCI’s investigated against KRASG12C, with F5 being the most promising candidate
showing 2.7 times greater selectivity for H1792.

2.1.3.3.4 Proposed design of novel targeted covalent inhibitors
To that end we performed a literature search to see the extent of previous research of G12C
labelling148. In the principle work a detailed review of the current TCI’s for KRASG12C that are in
clinical trial development was preformed (Fig 14. Pg. 56)148
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Figure 14. Chemical Structures of KRASG12C Inhibitors, most of which are in clinical trials148

Our group decided to focus on the compound ARS-1620 developed by Mei Z., et al147. Many TCI
programs were developed using this compound by our group described in the PhD thesis of
Orgován Zoltán. Two X-ray structures of KRASG12C are used in parallel when docking covalent
fragment hits. This was followed by MD simulations overlapping the fragment with the X-ray pose
of ARS-1620 to generate novel compounds whose warheads are in close proximity (2-3 Å) of the
catalytic cysteine. Based on these measurements we suggest the following TCI for the inhibition
of KRASG12C (Fig 15. Pg. 57). At the writing of this thesis the synthesis of this designed inhibitor
is ongoing and the compound will be tested in KRASG12C dependent assays.

56

Figure 15. Designed novel TCI for the labelling of KRASG12C.

2.1.3.4 Heterocyclic electrophiles as new inhibitors for SARS-CoV-2 3CL main protease aka
COVID-19
At the writing of this thesis a new coronavirus, SARS-CoV-2, commonly referred to as COVID19149–151, has resulted in > 52 million cases and 1.3 million deaths across the globe according to the
WHO. SARS-CoV-2 is the third zoonotic coronavirus outbreak in 17 years after the emergence of
SARS-CoV-1 in 2002 and the Middle East Respiratory Syndrome (MERS-CoV) in 2012152–154.
Fortunately, due to its structural similarities with SARS and already performed previous researches,
the determination of its structure has been rapid155 along with the identification of tractable targets
for antiviral drug development156.
Of the proteins involved in viral replication, the main protease Mpro (or 3CLpro) attracted much
attention of the scientific community. Mpro is essential for processing polyproteins that are
translated from the viral RNA into non-structural proteins. Inhibition of this enzyme blocks viral
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replication, and as there is no human homologue of Mpro. Therefore, inhibitors of this enzyme are
unlikely to be toxic157,158.
The active site is sandwiched between two β-barrel domains, I (residue 10-99) and II (residue 100182)159. Domain III (residue 198-306), forms a bundle of alpha helices and is proposed to regulate
dimerization160. His41 and Cys145 comprise the catalytic dyad and dimerization completes the
active site by bringing Ser1 of the second dimer protomer into proximity with Glu166 159. This
Cys145 residue in the catalytic dyad presents an opportunity for covalent targeting.
To contribute to future therapeutic possibilities, a joint collaboration of the following research
groups was established.


Diamond Light Source Ltd U.K, Harwell Science and Innovation Campus, Oxford U.K



Structural Genomics Consortium, University of Oxford U.K



Department of Organic Chemistry, Weizmann Institute of Science Israel



Medicinal Chemistry Research Group, Research Centre for Natural Sciences Hungary



Newcastle University, Department of Chemistry, Centre for Cancer, Newcastle U.K



University of York U.K, Department of Chemistry, York U.K



Department of Biochemistry, University of Johannesburg, Auckland Park South Africa

The aim of this collaboration was to collect novel and promising non-covalent and covalent
libraries to target SARS-CoV-2 Mpro using a HTS study where the biophysical evaluations would
rely on X-ray screening using the synchrotron at the Diamond Light Source Ltd U.K, mass
spectrometry studies at the University of Oxford, and

fluorescence and other IC50 based

measurements have been conducted via the “Moonshot” program161.
Over 1250 unique fragments were screened leading to the identification of 74 high value fragment
hits, including 23 non-covalent and 48 covalent hits in the active site, and 3 hits at the vital
dimerization interface159. Herein, only the results of the heterocyclic electrophiles are detailed
along with investigations and potential ways forward for rapid follow-up designs to get improved,
more potent compounds.
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It is important to note that this is not the first time a heterocyclic library has been investigated by
X-ray screening. In fact, Astex Pharmaceuticals published a novel crystallographic screening
methodology called “MiniFrags” that employs high-concentration aqueous soaking with a
chemically diverse and ultra-low-molecular-weight non-covalent library (heavy atom count 5–7)
to identify ligand-binding hot and warm spots on proteins162. Our library of small masked
heterocyclic electrophiles can be considered as the covalent version of this Astex “MiniFrags”
library, and we have demonstrated that the covalent mode of action introduces higher density
values required for more streamlined and accurate “hit” identification in X-ray crystallography.

2.1.3.4.1 X-ray-screening results for the heterocyclic electrophiles
The heterocyclic library was delivered to Oxford, and our collaborators obtained crystal structures
with Mpro via soaking. The evaluation of these crystals resulted in two covalently bound hits (2cyano pyrimidine (D4) and 2-cyano-imidazole (H4)). Both hits labelled Cys145 through an imine
(Fig 16. Pg 60, Fig 17. Pg 60), 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. These fragments have reasonable stability in water and
limited reactivity against GSH (Table 3. Pg. 40, t1/2(GSH)= 2.2 and 52.3 h, respectively), well above
suggested reactivity limits163.
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Figure 16. Visual representation of (D4) 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).

Figure 17. 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.
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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. These fragments are also less
reactive than the chloroacetamide and epoxyketone motifs that make up the majority of the 48
covalent hits of this collaboration159. These chemotypes usually reacts with t1/2(GSH) < 1 h).

2.1.4 Concluding remarks
Based on our evaluations of our heterocyclic covalent fragment library we propose a new
design paradigm for the rational selection and prioritization of electrophilic binders for TCI
development that begins with the reactivity profiling of the chosen warhead motifs by
experimental and computational methodologies. Followed by screening cascades that are
evaluated by biochemical/physical techniques that take advantage of the irreversible bond
formation. This approach allowed us to discover fragments that could be considered as
viable starting points for novel inhibitor chemotypes for all POI’s investigated. Based on
these results, we believe that the library described here might facilitate the development of
TCIs by replacing their heterocyclic or aromatic scaffold with one of our electrophilic
heterocycles. This approach would allow the precise positioning of the reactive group
toward a catalytic/non-catalytic protein nucleophile in the proximity of the binding site100.
while maintaining the key non-covalent interactions. The challenge with the development
of TCI’s for the highly reactive nucleophiles such as the catalytic cysteines in this study,
and many other protease targets lies in the tuning of reactivity, and the danger of reactivitybased artefacts. This is evidenced by the very high hit-rate we have observed in our
preliminary electrophiles screens. However, we believe characterization of our hit
fragments reactivity and continuous evaluation of target Cys reactivity in the selection of
lead series and during hit-to-lead optimization can address this challenge. Facilitating
further investigations, our covalent heterocyclic library is available for the partner network
of the Structural Genomics Consortium and also for commercial partners at ComInnex.
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2.2 Design of quaternized N-heterocyclic electrophiles
After successfully proving the utility of our heterocyclic electrophilic fragment library, we have
discovered the enhanced biological activity of alkylated heterocyclic electrophiles164,165 by Matos
et al, and Johnson et al. It has been shown that the electron withdrawing effects of a heterocycle
can be increased further by the quaternization of the nitrogen heteroatom. This introduces a positive
charge that enhances the electrophilic reactivity of the warhead. In the study by Matos et al the
reactivity of N-methylated 2-vinyl and 2-ethynylpyridines was calculated using theoretical
descriptors to be more than a billion times more against thiolates then their non-quaternized
analogues. These observations were validated with a 1H-NMR surrogate assay, producing results
that were in good agreement with theoretical predictions.
Surprisingly these compounds not only reacted rapidly, but also selectively in a near stoichiometric
ratio with several cysteine-containing proteins. It was also shown that they could efficiently
generate an antibody-drug conjugate when coupled to the cysteines on the antibody. Both studies
postulated that quaternized heterocycles could be used as warheads for covalent inhibition and as
tools to profile cysteine reactivity.
However, these studies drew this conclusion from investigating only two electrophilic fasteners.
Our research team planned a more systematic analysis performed on a larger pool of compounds,
particularly on the previously developed heterocyclic electrophiles. In addition to the
aforementioned binders (vinyl and acetylene) nitrile groups as well as halogens were included. This
was simply achieved by the methylation of our heterocyclic library to form a second generation
library of highly reactive quaternized N-heterocyclic electrophiles that we have utilised as covalent
probes. In this chapter we discuss their design and reactivity profiling, then we show a comparative
study of cysteine modification with our original library and a new POI, Histone DeACetylase 8
(HDAC8). Biochemical assays to determine RA and IC50 values were conducted by Niklas Jänsch
in the research group of Franz-Josef Meyer-Almes at the University in Darmstadt. A selected few
“hit” compounds were then systematically investigated with every available Cys mutant of the
protein and results were corroborated by MS measurements. Along with computational methods to
predict binding hot spots, we could perform a detailed Cys mapping/profiling study for HDAC8.
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2.2.1 Design of quarternised fragment library
The quaternization of the nitrogen atom can be carried out with methyl iodide, methyl triflate or
trimethyloxonium tetrafluoroborate. Methyl iodide is an excellent substrate for SN2 reactions. It is
sterically open to the nucleophilic attack, and is used to alkylate carbon, oxygen, sulphur, nitrogen
and phosphorus nucleophiles166. It is inexpensive and readily available, and was used to methylate
the majority of our library (Scheme 1). Methyl triflate also known as methyl
trifluoromethanesulfonate (CF3SO2-OCH3) is a much stronger alkylating agent than methyl
iodide167, it is extremely potent and is used as an alternative instead of dimethyl sulphate, which is
toxic and a potential carcinogen. More importantly methylation reactions using this reagent can be
performed at lower temperatures and reaction times (Scheme 1).

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

In order to maximize output, reactions were performed simultaneously in batches of five on all 85
members of our heterocyclic library using General procedure A. After analysis by LCMS and 1H
NMR it was clear that only 43 compounds could be methylated in this manner due to the high
temperature and the instability of the products.
General procedure B was more successful in methylating the remaining 42 heterocycles. However,
26 heterocycles remained unsuitable for this study as they were observed to decompose upon
methylation. This limited our library to 57 compounds that was still deemed a large enough sample
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size to begin our investigations. The ID’s and structures of all 60 library members can be viewed
in Appendix Table A5.

2.2.2 Reactivity characterization by 1H-NMR spectroscopy
We aimed to use the same kinetic profiling methodology already reported with GSH acting as the
nucleophile and reactivity being monitored by HPLC-MS. However, the newly formed salts were
not detectable and quantifiable having eluted with the solvent front. Their reactivity with GSH was
instead examined by 1H-NMR and adduct formation was further confirmed by MS.
At first, we reacted GSH (20 equiv.) with the synthesized members of the quaternized library (1
equiv.) monitoring the reactions with 1H-NMR spectroscopy (phosphate buffer in D2O, pH 7.4). In
agreement with Matos et al. and our previous observations (Table 3. Pg. 40) the reactions with
non-quaternized reagents A5 and A6 were relatively slow and gave t1/2 values of 1 and 76.4 hours.
On the contrary, N-methylated reagents A5m and A6m gave a conversion of 100% and 88% of
addition products after 15 min (Table 9. Pg 66). For these electrophiles we also noticed the same
observations made by Matos et al. For example, 2-alkynyl pyridine A6m also gave us a 6:4 mixture
of isomers as products, namely the cis and trans alkene adducts when reacted with stoichiometric
amount of model peptide. We also observed that the terminal alkyne hydrogen for these salts can
quickly exchange to deuterium in D2O at pH 7.4 (Fig 18. Pg. 64, B). H/D exchange at the vinyl
hydrogens of quaternized heterocycles was also observed164 (Fig 18. Pg. 64, A). Reactions with
halogen, and nitrile groups gave the expected S-arylated products.

Figure 18. Example observations of vinyl and alkynyl electrophilic reactions with GSH in D2O pH
7.4.
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Unfortunately, accurate reaction rate constants could not be obtained for these very reactive
compounds as a result of the ultrafast kinetics observed under the reaction conditions used (5 mM
was the detection limit for 1H-NMR spectroscopy in our experiments). Also, the high level of
sensitivity to small reagent concentration changes on the observed rate for second-order reactions
further complicates the derivation of the rate constants under pseudo first order or stoichiometric
conditions. As a result, rate constants and t1/2s have been replaced with percentage (%) conversion
results, keeping in line with the core objective of this investigation to show that methylation can
increase the reactivity of electrophilic heterocycles.
The analysis of the NMR spectra was based on the following considerations. When analysing the
zero-point/reference measurement it is important to check whether the expected peaks and integrals
of the starting material are the only peaks observed. In many cases compounds were so reactive
that they showed degradation in water after a few minutes (Appendix Fig A3). Unfortunately, this
prevented the acquisition of accurate rate data for 9 compounds in our library, and the results of
these compounds are marked as N/A in (Table 9. Pg 66).
With the remaining 51 compounds that are suitable, when analysing their time point spectra, the
multiplicities, integration, coupling constants, position of peaks are checked against the reference
spectra, mainly focusing on the aromatic region. In the case of complete conversion/adduct
formation we could typically see a shift downfield of the coupling constants has occurred along
with shoulder peaks next to the GSH peaks in the alkane region of the spectra (Appendix Fig A4).
If, however, more substances were observed in the aromatic range, then only partial conversion has
occurred. In this case, by comparing the vertices and integrals, it was possible to determine the
proportion of the reaction that took place, this can be seen in Appendix Fig A5.
Finally, if the coupling constants and multiplicities did not change, when compared to the reference
spectra we considered there to be no conversion within 24 h. In this case we conclude the effects
of quarternisation to not be as prevalent for these compounds. The observed results of the NMR
measurements were further validated by MS and the molecular mass of the adducts was confirmed.
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2.2.3 Assessing the reactivity of nitrogen-quaternized heterocycles
The results of the 1H-NMR reactivity assay validated the earlier observations of Matos et al., with
reactivity of the heterocycle increasing with quaternisation. However, quaternization did not
exponentially increase the reactivity for all library members (Table 9. Pg 66). It turned out that for
23 compounds 100% conversion was reached after 15min, while 8 compounds showed 17-88%
conversion, and 26 did not react even after 24h (Appendix Table A5).

1
2
3
4
5
6

Cl
Br
I
CN
Vinyl
Ethynyl

A

B

C

100%
100%
100%
52%
100%
88%

0%
0%
0%
40%
0%
0%

100%
100%
100%
60%
100%
68%

D

E

F

G

H

J

K

% conversion of M+ fragment (5mM) with GSH (80mM) @ 15min
100%
100%
0%
100%
17%
0%
N.A.
100%
N.A.
0%
100%
45%
0%
0%
100%
N.A.
0%
100%
100%
0%
0%
N.A.
100%
N.A.
100%
0%
0%
N.A.
N.A.
N.A.
0%
100%
N.A.
N.A.
0%
100%
N.A.
0%
64%
N.A.
N.A.
0%

L

N

P

Q

R

0%
0%
0%
0%
N.A.
0%

N.A.
N.A.
100%
N.A.
N.A.
N.A.

N.A.
N.A.
0%
N.A.
N.A.
N.A.

N.A.
100%
N.A.
N.A.
N.A.
N.A.

N.A.
100%
N.A.
0%
N.A.
N.A.

Table 9. Summarizing table for the GSH-reactivity assay, results are presented as a single-point
15 min measurement. 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”.

When discussing the observed rates of conversion and trends of our NMR study for the quaternized
library and comparing them to the rates of our first generation heterocyclic library we will approach
the results of each heterocyclic core separately.
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2.2.3.1 Assessing the reactivity of Methylpyridinium’s
These heterocycles were the subject of Matos et al. and the inspiration for this study. As such, it
was no surprise to see these compounds were incredibly reactive with our cysteine surrogate and
in many cases it was not possible to see any unbound fragment when GSH was present for the
ortho and para positions. However, we saw no significant increase in reactivity for electrophiles
in the meta position (Table 9. Pg 66). The simple reason for this comes from looking at the
resonance structures of these compounds (Scheme 2), and this will be the explanation for the
majority of our observed trends.
Scheme 2. N-methyl-pyridinium resonance structures.

When you follow the electron distribution of methylpyridinium resonance structures you can see
the positive charge is balanced on the ortho and para positions, and never on the meta position.
The same resonance structures are observed in pyridine rings, and is the explanation for the same
trends and significant differences in t1/2 values for our first generation non-methylated library.
However, instead of partial delta positive values, the ionic nature of these salts are subject to full
charges. This makes them exponentially more reactive, and in some cases unstable and subject to
ring opening and degradation. This was the main factor that limited the size of our library. In our
first generation library the reactivity of our electrophile played a dominating role. Usually, AdN
reactions had lower t1/2(GSH) values then SNAr reactions. In our second generation library this trend
is reversed. It appears that proximity to the positive carbon at the ortho and para positions
dominates the reaction rates. Therefore, halogenated electrophiles that rely on nucleophilic
substitution reactions (SNAr) benefit more from the effects of the resonance structures than
electrophiles that rely on nucleophilic addition (AdN) where the reacting carbon is further from the
heterocyclic core. However, the electron withdrawing effects of the resonating heterocycle pulls
electron density away from the nitrile, vinyl, and ethynyl groups increasing their positive charge
and making them more susceptible to nucleophilic attack.
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2.2.3.2 Assessing the reactivity of Methylpyrimidinium’s
These heterocycles were the most reactive salts in our library. However, this made profiling their
reactivity difficult due to the fact that they could be shown to be reacting with water, and without
a reference spectrum to compare to, we could not state with absolute certainty that these
heterocycles are reacting with GSH. In (Table 9. Pg 66) these compounds are labelled by italic
showing parallel reaction with the assay buffer (Fig 19. Pg. 68).

Figure 19. Overlap of E4m reference spectrum (maroon) and 15 min reaction time point (cyan).

The maroon spectrum represents the zero-point measurement. The black arrows indicate unreacted
E4m, and the green arrows indicate what we believe to be the newly formed carbimidic acid. We
measured our pyrimidine fragments in D2O at different time points and observed an increase in
hydrolysed fragment peaks with respect to time. The cyan spectrum represents the 15 min time
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point measurement with GSH. The orange arrows are new peaks that are distinctly different to both
the zero-point measurement and the carbimidic acid, therefore we concluded that these are adduct
peaks.
For 5-substituted methylpyrimidinium’s we have reported 0% conversion (Table 9. Pg 66). These
compounds were measured and shown to be stable in DMSO-d6, however under the conditions of
our NMR assay no clear adduct peaks could be seen for this position, and only degradation was
observed.
These results were corroborated by MS measurements where adducts could only be observed for
active 2/4-substituted methylpyrimidinium’s. Again our observations could be explained when
looking at the resonance structures of methylprimidium’s (Scheme 3)

Scheme 3. N-methyl pirimidinium resonance structures.

One can see the positive charge being balanced on the carbon atoms at the 2 and 4 positions of the
ring explaining the increase in reactivity, whilst position 5 remains unaffected. This matches trends
seen in the first generation library.
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2.2.3.3 Assessing the reactivity of Methylpyrazinium’s
Pyrazines are symmetrical molecules, and due to the symmetrical nature of the molecule the dipole
moment of pyrazine is zero. From the canonical structures it can be seen that in pyrazine there are
electron deficiencies at positions 2, 3, 5, and 6. Thus these positions can be attacked by nucleophilic
reagents. In our first generation library because of the symmetry only the electrophile influenced
the rate of reactivity, and therefore halogenated pyrazine were typically unreactive. When a
pyrazine is methylated, symmetry is lost, and when drawing the molecule there are two possible
isomers. The constitutional isomer labelled B is often reported in the literature (Scheme 4), and
when looking at the resonance structures of this molecule we can see why. However, we proved
with simple NOESY measurements of G4m (Appendix Fig A6) that we only form isomer A.

Scheme 4. Methylpyrazinium resonance structures.

In order to explain the observed increase in reactivity we have reported for the methylpyrazinium
(Table 9. Pg 66) we propose that a neighbouring positive charge has a significant inductive effect
on the carbon bearing the electrophile increasing its activity.
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2.2.3.4 1,3- Assessing the reactivity of Dimethyl-imidazolium’s, methyloxazolium &
methylthiazolium
Again the observed trends in (Table 9. Pg 66) are position specific with an increase in reactivity
for electrophiles at position 2 and no increase in observable reactivity for electrophiles at position
4. This trend is also mirrored in our first generation library. This is again rationalized when looking
at resonance structures in Scheme 5. We can see that the positive charge is shared between the
heteroatoms and the carbon atom between them. The results with methyloxazolium &
methylthiazolium salts N3m, R2m, Q2m can be explained in a similar manner. Although
electrophiles at position 4 are not as reactive, the H at position 2 is very acidic and H/D exchange
can be observed in the NMR.

Scheme 5. 1,3-Dimethyl-imidazolium & oxazolium resonance structures.

2.2.3.5 1,2- Assessing the reactivity of Dimethyl-pyrazolium & methylisoxazolium
These compounds appeared to be completely unaffected by quaternisation with no significant
increase in observable reactivity. Looking at the resonance structures (Scheme 6) we see the Lewis
base nitrogen donating lone pair electrons to balance the charge. Therefore, the positive charge is
shared between the two nitrogen’s and is not catalysing any reactions with GSH, both the 1H and
13

C NMR of 4-substituted-pyrazolium fragments support this as there are more equivalent H and

C atoms observed. Only one methylisoxazolium salt could be successfully synthesised P3m and
perhaps its result can be explained in a similar manner.

Scheme 6. 1,2-Dimethyl-pyrazolium resonance structures.
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2.2.4 Screening against Histone DeACetylase 8 (HDAC8)
While most disease-oriented research in HDAC are focused on 1, 2, 3 and 6, recently there is a
growing interest in the HDAC8 isotype168. Being a member of the HDAC enzyme family HDAC8
has an important role in cell cycle progression by catalysing the deacetylation of histones and a
number of cytosolic proteins. HDACs participate in critical signalling networks and their
deregulation has been linked to many diseases, including cancer by effecting cell reproduction,
neurodegenerative disorders, metabolic dysregulation, autoimmune and inflammatory diseases 169.
Previous profiling of HDAC8 has revealed ten cysteines available for modification, however, their
reactivity has not been ranked before as most exist in disulphide bonds or are solvent exposed 169.
For the purpose of influencing the activity of HDAC8 the most promising cysteines to target are
Cys102 and Cys153 in the active site, and the allosteric Cys28 (unique in HDAC8) and Cys244/287
(unique disulfide in HDAC8)168.

2.2.4.1 Comparative trends in reactivity with HDAC8
Bioactivity of both libraries were challenged in a biochemical assay against HDAC8 protein and
significant differences were obtained. The results of the RA assay revealed that heterocyclic
electrophiles of the first generation library cover a wide range of thiol reactivity, with all
investigated major chemistry classes providing active fragments. This is in good agreement with
our previous investigations. All members of our second generation library were shown to be
extremely potent with an average RA value of 6.4%. (for residual activities see Appendix Fig A7).
Both libraries were also subjected to IC50 determination (Table 10. Pg.73).
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A

B

C

D

1
2
3
4
5
6

Cl
Br
I
CN
Vinyl
Ethynyl

> 50
> 50
> 50
> 50
> 50
> 50

> 50
> 50
42.18
> 50
> 50
> 50

> 50
> 50
1.64
38.76
> 50
12.6

> 50
> 50
34.1
N.A.
N.A.
> 50

1
2
3
4
5
6

Cl
Br
I
CN
Vinyl
Ethynyl

> 50
1.753
0.4844
5.314
1.134
1.795

14.16
8.189
6.95
12.41
7.057
8.227

7.662
3.126
0.446
13.97
4.609
0.07657

0.3415
0.1752
0.1539
N.A.
N.A.
0.6644

E

F

G

H

J

K

L

N

P

Q

R

A, IC50 [µM] of Heterocyclic library on HDAC8
> 50
> 50
> 50
> 50
> 50
N.A.
> 50
> 50
> 50
> 50
N.A.
> 50
> 50
16.76
> 50
> 50
> 50
> 50
> 50
N.A.
44.27
> 50
N.A.
N.A.
N.A.
> 50
> 50
N.A.
N.A.

N.A.
> 50
> 50
N.A.
> 50
> 50

> 50
> 50
> 50
> 50
N.A.
> 50

N.A.
N.A.
> 50
N.A.
N.A.
N.A.

N.A.
N.A.
> 50
N.A.
N.A.
N.A.

N.A.
6.6
N.A.
N.A.
N.A.
N.A.

N.A.
> 50
N.A.
> 50
N.A.
N.A.

B, IC50 [µM] of M+ Heterocyclic library on HDAC8
> 50
2.627
2.824
0.9709 15.63
N.A.
0.2688 26.5
0.331 19.67
N.A.
0.1066 27.09
1.781 30.46
3.619
> 50
22.4
24.17
N.A.
5.032
0.4255 N.A.
N.A.
N.A.
21.8
0.402 N.A.
N.A.

N.A.
23.01
19.24
N.A.
> 50
8.006

13.74
26.52
8.75
> 50
N.A.
10.29

N.A.
N.A.
1.234
N.A.
N.A.
N.A.

N.A.
N.A.
2.755
N.A.
N.A.
N.A.

N.A.
0.1341
N.A.
N.A.
N.A.
N.A.

N.A.
1.207
N.A.
> 50
N.A.
N.A.

Table 10. Results of the biochemical assay 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”.
From the original heterocyclic electrophiles only 12 compounds (14% hit rate) were considered as
active (using the threshold IC50 < 50 μM) with an average IC50 = 25.9 μM (Table 10. Pg.73, A).
On the contrary, the methylated library provided 54 hits (90% hit rate) with an average IC50 = 8.85
μM containing 15 fragments with IC50 < 1 μM (Table 10. Pg.73, B). Comparing the results in more
details it could be concluded that the methylation enhanced the reactivity of all active fragments
increasing the affinity to the nanomolar range in many cases. Similarly, to that of the GSH
reactivity screening, the 2- and 4- pyridiniums were more active than the 3-pyridiniums, and the
cyanide warhead gave the weakest hits. Among the six-membered heterocycles with two nitrogen
atoms the halogenated pyraziniums and 5-ethynyl-pyrimidinium were the less actives, the rest
showed nanomolar activity. It could be seen that the increasing number of the nitrogen atoms
increased the activity in parallel. Among the five-membered heterocycles the 2-haloimidazoliums,
2-iodooxazolium, 4-iodoisoxazolium, 2-bromo- and 5-bromothiazolium performed best with lowmicromolar IC50 values. Comparing the GSH-reactivity and the bioactivity one can see that from
31 GSH-actives 23 gave IC50 < 10 μM and there were only two inactive compounds. From the 26
GSH-inactive in 13 cases IC50 was higher than 10 μM and only in one case was IC50 reasonably
low (2.8 μM). These results showed that the GSH-assay for the methylated library was a good
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indicator for the bioactivity that could be explained with the several available cysteine residues on
HDAC8.

2.2.4.2 Biological profiling/mapping of HDAC8 using the nitrogen-quaternized library

Next, the mapping power of 11 methylated fragments (A3m, C3m, C6m, D1m, D2m, D3m, D6m,
F2m, F3m, F4m, G6m) 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 (Table 11. Pg. 77, A). Second the compounds were
incubated with an entire reduced HDAC8 followed by tryptic digestion and MS/MS analysis
(Table 11. Pg. 77, B). The results of these parallel investigations showed that although there were
privileged cysteines labelled by most of the fragments, the pattern of labelling and the pattern of
IC50 values measured on the mutants were different In order to find an explanation for the different
patterns, the reactivity and accessibility of the cysteines were predicted by using the Cy-preds (for
9 crystal structures 3RQD, 3SFF, 3SFH, 3F07, 3F0R, 3MZ3, 2V5W, 2V5X, 5FCW giving very
similar results) and C-PIPE (for 4 crystal structures 3RQD, 3SFF, 3F0R, 5FCW giving very similar
results) webservers. These tools characterized the cysteines of HDAC8 with several parameters,
like H-bond contributions, pKa, exposure, hydrophobicity, acidity, disulfide-bonding ability,
predicted reactivity. In addition, FTMap webserver was also used for detecting fragment-binding
hot spots on the surface of HDAC8170–173. The FTMap method distributes small organic probe
molecules of varying size, shape, and polarity on a dense grid defined on the macromolecule
surface, finds the most favorable positions for each probe type, performs local energy minimization
allowing for probe flexibility, then clusters the probes and ranks the clusters on the basis of their
average energy (current list of probes: ethanol, isopropanol, isobutanol, acetone, acetaldehyde,
dimethyl ether, cyclohexane, ethane, acetonitrile, urea, methylamine, phenol, benzaldehyde,
benzene, acetamide, and N,N-dimethylformamide). The 2000 lowest energy poses for each probe
are energy minimized using the CHARMM potential174 with the Analytic Continuum Electrostatic
(ACE) model175 to account for electrostatics and solvation, and clustered with a 4Å radius, starting
with the lowest energy structure. Regions that bind multiple probe clusters are defined as the
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predicted binding hot spots, which are finally ranked based on the number of different probe
clusters they bind (Fig 20. Pg. 76). With the computed data, IC50 values and proved labelling sites
in hand, the following analysis of HDAC8 could be performed as a mapping study by the 11
fragments. The MS/MS investigation proposed privileged cysteines for labelling, in particular
Cys153 was modified by 9 fragments, Cys314 and Cys28 by 8 and 7, respectively, Cys244 by 6
and Cys275 by 5 fragments. Cys352 and Cys102 were labelled only by one single fragment.
However, the Cy-Preds and C-PIPE webservers predicted only Cys153 as reactive having the
lowest pKa and largest H-bonding contribution. Disulfide bonds were proposed between Cys125Cys131, Cys244-Cys287. Although the labelling efficiency of Cys153 seems overwhelming, this
residue is conserved throughout all HDAC isozymes making it less attractive for isozyme specific
inhibition but underlies on the other side the importance of this residue for HDAC function.
Moreover, it has been shown that disulfide bonding between Cys102 and Cys153 is an important
factor in a redox-switch process. Cys275 was the second most accessible cysteine in HDAC8 but
it was shown previously that a disulfide bond between Cys275 and Cys352 regulated the enzyme
activity. It is possible that a chemical modification at this position is influencing the active site
throughout Met274 which is directly involved in substrate binding by forming the surface of the
binding channel. Regarding Cys28 it is possible that this cysteine is an allosteric regulator, as
Cys28 is in an allosteric regulative domain of HDAC8. Just like Cys28, Cys314 seems a very
promising residue, because this cysteine is not involved in any disulfide bond and was available by
many fragments. FTMap hot-spot analysis also showed privilege for Cys153 and Cys 28. The
predicted binding hot-spots were cross-checked 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) and the best
(lowest) hot-spot ranks were collected for each cysteine residue for all of the 18 wild-type PDB
structures that were checked. Notably, best-ranked binding hot-spots were almost consistently
predicted to be in the vicinity of Cys131 and Cys153, with frequent occurrences of Cys28, and
occasional occurrences of Cys102 and Cys275.
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Figure 20. FTMap binding hot-spot prediction on the surface of HDAC8 (PDB: 3RQD). Cysteines
are shown as sticks and labelled with their residue numbers. FTMap probe clusters are shown as
sticks of varying colours.

Analysing the results of the biochemical assays on 11 HDAC8 mutants (C102S, C153S,
C102S/C153S, and each cysteines together with the latter) we could conclude that the single
mutations on C102S and C153S did not result in any significant effect, while by the double mutant
C101S/C153S no inhibition or a significant decrease in affinity was observed by 8 fragments, from
those covalent labelling by 6 was proved. Forming triple mutants C125S, C131S, C275S or C352S
together with C102S/C153S did not show significant difference from the IC50s measured on the
double mutant. In the case of 6 fragments the IC50s increased drastically by triple mutant
C102S/C153S/C314S suggesting a significant effect of C314S mutation. Notably, 5 of those
fragments labelled C314 covalently. When mutating C28, C244 or C287 all fragments lost
inhibition or IC50 values became higher 3-20 times. These results underlined the significance of
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Cys28, where the highest difference was observed, and the proximity and similar role of Cys244
and Cys287.

A, IC50 [µM] @ 100 nM HDAC8
HDAC8

WT

A

B

C

D

E

F

G

H

I

A7m

48.19

59.31

no inhbition

65.28

41.74

141.9

24.01

145.6

92

35.72

A9m

15.88

67.98

no inhbition

80.59

35.51

148.4

17.21

200

14

28.71

B8m

1.306

13.95

66.74

15.34

3.308

23.91

4.161

33.7

99

9.291

B9m

100.3

60.6

200

81.74

49.19

200

12.63

200

no inhbition

41.04

C2m

29.39

23.31

no inhbition

52.18

17.99

200

35.24

200

no inhbition

15.42

C3m

20.19

29.43

no inhbition

55.51

25.07

86.65

19.29

94.67
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15.39

C4m

14.18

14.36

62.39

14.32

8.324

39.73

15.83

51.37

19

10.9

C5m

7.798

15.57

156.7

N.D.

14.48

25.96

14.47

130.9

1

28.98

C8m

28.14

43.28

no inhbition

70.38

65.94

137.5

51.13

143

52

38.39

D1m

11.66

143.9

188.8

132.6

93.39

219.1

107

216.6

N.D.

117.5

D8m

7.684

96.69

106

125.9

54.57

100.3

64.35

72.59

210

59.4

287

314

352

B, Labelling positions proven by MS/MS measurements

Cys
A7m
A9m

102

153

28

125

131

244

275

B8m

B9m
C2m
C3m
C4m
C5m
C8m
D1m
D8m

Table 11. A) Results of the biochemical assay on HDAC8 wild type (WT) and mutant proteins
represented in IC50 values [μM]. “A” stands for C102S/C153S, “B” stands for
C102S/C153S/C28S, “C” stands for C102S/C153S/C125S, “D” stands for C102S/C153S/C131S,
“E” stands for C102S/C153S/C244S, “F” stands for C102S/C153S/C275S, “G” stands for
C102S/C153S/C287S, “H” stands for C102S/C153S/C314S, “I” stands for C102S/C153S/C352S.
N.D. stand for “Not determined”. B), MS/MS analysis of labelling wild type HDAC8. Green cells
stand for labelled cysteine’s.
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2.2.5 Concluding remarks
We have compiled the second generation of our fragment library of heterocyclic electrophiles by
systematically methylating the aromatic nitrogen atoms. Screening the compounds against GSH in
NMR-based assay we have shown the enhanced thiol-reactivity caused by the quaternization of the
nitrogen. This initial screening was followed by the investigation of the biological activity of both
libraries against HDAC8 leading to low-nanomolar fragment hits from the second generation of
the library. The biological assay also gave evidence that the methylated heterocycles have
consequently larger affinity to the protein. The labelling of several cysteine’s of HDAC8 was
proven by MS/MS studies. Theoretical studies gave explanation for the observed labelling sites
also suggesting hot-spots for future lead development including the discovery of first-in-class
covalent allosteric HDAC8 inhibitors. Additionally, mutating the cysteine residues revealed the
influenced functional role of each labelled cysteines.

2.3 Design of functionalised diazirine handle fragment library: “PhaBits”
As discussed, high‐throughput screening (HTS) became the industry standard for the identification
of tool molecules, however this is often resource intensive and fails for particular targets176. FBLD
offered a complementary approach, however, weak fragment–protein interactions177, and extensive
hit validation and binding site identification experiments has stifled FBLD screening platforms. A
limitation of covalent fragment libraries is the requirement for nucleophilic amino acids to be
present in the vicinity of the binding site, and therefore, only a subset of proteins can be targeted178.
Therefore, evolution of next‐generation screening platforms is an area of intense research.
An alternative screening platform called “PhABits” (Photo Activity Bits) platform utilizing PAL
and TOF-MS for rapid target validation was developed at the GlaxoSmithKline research centre at
Stevenage in the United Kingdom111. 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.
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Most screening methodologies use relatively large fragment libraries typically 1,000 to 10,000
members in size in order to cover a large portion of the pharmacophore space. However, with no
evaluation of the fragments to increase affinities for the target proteins it becomes difficult to assay
their functional impact or to saturate the binding site for structural analysis. We evaluated potential
fragments using an in house virtual screen that characterizes the pharmacophore space of fragmentsized small molecules using experimental information from crystal structures obtained from the
Protein Data Bank (PDB). The pharmacophore model was built on taking into consideration a set
of interacting features (H-bond donor D, acceptor A, negative/positive ion N/P, aromatic ring R,
hydrophobic moiety H) of the ligand, and their 3D layout (i.e. exact spatial position for each
feature). Screening a virtual library of compounds against a pharmacophore model basically means
that we are checking whether the compounds in the library can fit onto the pharmacophore, i.e.
whether they have a 3D layout where each feature of the pharmacophore is spatially matched onto
a feature of the same type in the molecule. The (fragment) binding pharmacophore was defined as
a small set of features (max. 4) with the greatest contribution to forming the protein-ligand
complex, out of those that are available. With this information, we compiled a small screening set
from the GSK fragment amine library that provided the best possible coverage for this
pharmacophore space. This fragment library provides 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, this methodology might limit the size and resources needed, but still generate
the same percentage of “hits”.
The chosen amines were equipped with the diazirine (3-(3-methyl-3H-diazirin-3-yl)propanoic acid
(5) containing photolabile handle, and subsequently screened against oncogenic targets’ BRD4BD1 and KRASG12D, along with bench proteins myoglobin, lysozyme, carbonic anhydrase
(similarly to the heterocyclic electrophiles). 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 57) 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.
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2.3.1 Synthesis of PhaBit library
Thus, the task for us was to select 200 (this was the arbitrary figure we chose for library) molecules
that match diverse sets of pharmacophores, and therefore provide the best overall coverage. After
visual inspection of the in silico generated library 20 compounds were removed based on chemical
reactivity concerns leaving 180 fragments that were coupled on the carboxylic acid of the
photoreactive diazirine group (5) using HATU couplings (Fig 21. Pg. 80).

Figure 21. Synthesis of the PhaBit library.

This was carried out in a high throughput parallel synthesis of 96 couplings at once at 0.15mmol
scale per reaction. These underwent a first pass purification by filtration through 1.0 g NH2Isolute® SPE column and were characterised by plate based NMR and LCMS. 38.8% of the
syntheses met the minimum purity threshold (≥ 85%) and were progressed to the PhABit platform.
22.2% of the reactions required reverse phase purification or a deprotection from BOC. The final
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39% syntheses were unsuccessful. This gave a total of 110 PhABits with a 61% success rate. It is
worth noting that in order to cover a wide variety of chemical space the fragments generated in
silico were in most cases “complex”. This in turn made the synthesis more challenging with
stereoelectronic effects, competitive reactions with primary alcohols and intramolecular reactions
being the major concerns. The consequences were a decrease in the success rate.

2.3.1.1 BRD4-BD1
BRD4-BD1 is a member of the bromodomain and extra‐terminal domain (BET) family of
proteins179. This is a well know target in medicinal chemistry and as such there are a number of
reviews on this target180,181. The reason for the intense level of research into this target is due to the
fact that these proteins are validated to be involved in epigenetic regulation and are therapeutic
targets for the treatment of disease including cancer and inflammation182.

2.3.2 MS measurements using the PhaBit platform
The PhABit library was screened against a diverse panel of five proteins, involving three bench
proteins: myoglobin, lysozyme, carbonic anhydrase, and two targets: BRD4‐BD1, and 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 to
occur between the fragment and the protein. Photoreactive intermediates rapidly crosslink or are
quenched in the buffer, and therefore photo‐crosslinking represents a snapshot of the status of the
reversible binding equilibrium. The results are read out from the plate using TOF-MS and the raw
data provided was further analysed by an R Studio script (Fig 22. Pg. 82, A). It is worth noting that
the control experiments which did not contain any PhABits are comparable to PhABits which did
not show any crosslinking to KRASG12D with the quality of the spectra being maintained in terms
of signal to noise ratio. However, for the PhABits which did display crosslinking the team at GSK
developed a crosslinking criteria to try to categorise the type of crosslinking events which takes
place.
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1. PhABits which show greater than 5% crosslinking (above the green line).
2. PhABits which show between 1.5 and 5% crosslinking.
3. PhABits which show a multitude of +16 additions which the team at GSK believe could be
due to oxidation of the protein (supposedly on the cysteine thiol) caused by a radical cascade
from exposure to UV.
4. PhABits which show multiple crosslinking events, these peaks corresponded to the mass of
one PhABit molecule bound and the following peak to two etc. Together these hits generate
a plate map like the one shown in (Fig 22. Pg. 82, B).

Figure 22. A) Plate based PAL library screen against Target proteins B) A representative image
for the categorization of crosslinking.
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Analysis of the MS screens generated a considerably large data set that can be viewed in Appendix
Table A6. It is worth repeating that fragment selectivity is not an issue at this stage of library
screening. Since the binding pocket of each target is different, and fragment optimizations
introduce selectivity. Nevertheless, parallel screening of compound libraries against bench proteins
alows for the selection of potential fragments which make specific interactions with a POI. With
lipophilic and privileged scaffolds flagged for further validation screens like competitive screening.
This is the strategy implemented at GSK. Variable hit rates across the proteins were produced with
lysozyme yielding the highest number of crosslinking PhABits (21 %), in contrast to carbonic
anhydrase with few binders (<10 %). These few binders contain specific functional groups
previously reported to bind to carbonic anhydrase including a series of sulfonamides (see
dorzolamide183 and methazolamide184). These hits are in good agreement with observation at GSK
that a PhABit screen can identify true fragment binders.
One of the main concerns when screening electrophilic fragments is the inability to separate
specific versus nonspecific binding events. This is the main reason for the increased “hit” ratio
observed vs non-covalent libraries. Highly reactive fragments can label more amino acids, for most
screens this results in the labelling of surface-exposed cysteine residues34. For photoaffinity
labelling the reactive intermediate is short lived and is either in close proximity to the protein
backbone of the targets active site or any pocket and crosslinks to the protein, or the reactive
carbene is quenched by the buffer. This ensures crosslinking is driven by binding affinity.
However, this does not affect selectivity between the proteins and 28 library members crosslinked
to at least two or more proteins Appendix Table A6. Based on how the in silico filters generated
the library these compounds most likely represent privileged scaffolds that are accommodated by
many protein pockets, or less likely are due to nonspecific crosslinking either through lipophilic
interactions with the protein or formation of long‐lived reactive species.
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2.3.2.1 MS results for BRD4-BD1
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 (Table 12. Pg. 84).

Compound
Number

6

7

8

% crosslinking
with BRD4‐
BD1

crosslinking
criterion

6.7

1

4.9

4.8

Structure

2

2

Table 12. Tool compounds generated by the PhaBit MS platform against BRD4-BD1.
All three of these tool compounds share a common motif with an imidazole bound to a 6 membered
aromatic ring (pyridine, quinoline, and tolyl). To further investigate the specificity of these 3
PhABits the platform has a series of follow-up studies111. The first step is to assess these “hits” by
repeating the screen in the presence of a known inhibitor. For BRD4-B1 this is the BET inhibitor
JQ1185. Unfortunately, at this stage my internship had come to an end and I had to continue my
follow up studies at RCNS. Upon returning we chose to continue our investigations with
KRASG12D. This decision was based on our access to the protein and the fact that the BRD4-BD1
target has already been thoroughly investigated at GSK, and we wished to avoid a “me too” project.
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2.3.2.2 MS results for KRASG12D
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 (Table 13. Pg. 85-86). These
fragments were also shown to be interacting with one or more of our bench proteins. For the PhaBit
platform this is a sign of a non-specific interaction from a privileged structure, and the team at GSK
suggested validating these compounds before disseminating the results.

Compound
Number

% crosslinking
with KRasG12D

crosslinking
criterion

9

67.8

3

10

63.2

3

11

62.1

3

12

42

3

13

29.4

4
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Structure

Compound
Number

% crosslinking
with KRasG12D

crosslinking
criterion

14

16

3

15

15.8

4

16

13.7

1

17

12.6

4

18

12.2

3

19

9.6

3

Structure

Table 13. Tool compounds generated by the PhaBit MS platform against KRasG12D.

2.3.2.3 Summary of MS results
When looking at the results of the MS screen there are a few points we would like to draw to the
reader’s attention to. Firstly, for simplicity we will be referring to compounds by their compound
number. Secondly, the % labelling for the majority of compounds that have been designated with
crosslinking criterion 3 is extremely high and it should be noted that this figure is generated by the
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R studio script based on the AUC of the expected mass area and cannot be manually integrated. In
our investigations we observed a new criterion where both labelling and oxidation has occurred
(Fig 23. Pg. 87), and this has led to peak broadening around the expected mass area increasing the
percentile.

Figure 23. Newly observed crosslinking event compound 18.

Because labelling is present for all crosslinking compounds with criterion 3 or 4 presented (Table
13. Pg. 85-86) we intend to investigate all of these primary hits by NMR with and without UV to
assess if they are true binders. Thirdly, the original platform selected 650 amine-containing
fragments from the GSK amine collection using the following filters (aromatic ring count ≤ 2; H‐
bond donors/acceptors ≤ 4; heavy atoms ≤ 15; MW ≤ 200), using clustering on chemical
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fingerprints. The team at GSK also screened this library against the BRD4-BD1 and KRASG12D. A
preliminary comparison of the hit rates of both libraries can be seen in (Table 14. Pg. 88).

Library-collection
GSK-650
RCNS-110

BRD4-BD1, Hit
rate %

KRAS, Hit
rate %

Average, Hit
rate %

13.7

0.6

7.15

2.7

10

6.35

Table 14. Preliminary library comparison based on the average hit rates for the therapeutically
relevant targets as published by GSK111 and presented herein.

Based on these results it is suggestive that the same pharmacophore space is covered by both
libraries even though the RCNS library is 1/6th the size. This is a great return and allows for the
application of less resources and smaller libraries needed to probe target molecules which could
expedite the process even further. Finally, from our MS investigations (6) and (16) are our current
lead compounds for BRD4-BD1, and KRASG12D respectively, with both compounds having
labelled our targets with a crosslinking criterion of 1.

2.3.3 NMR investigations of PhaBit hits on KRASG12D
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 team at Stevenage and by involving the NMR Research Group of ELTE.
In the MS investigations it is important to note that the % labelling of the protein is not necessarily
depending on the potency of the fragment, and mainly measures crosslinking efficiency versus
other carbene quenching processes. Also, when looking at the experimental section of the MSprotocol it is easy to see why NMR investigations were not suitable at the first sight. A typical
screen prepares probe plates that contain one fragment per well at 200 µM incubated with 1 µM of
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protein in the presence 1% DMSO. This is a fragment excess of 200 times, and a typical “hit”
fragment results in ≥ 5% labelling. A typical HSQC experiment requires protein concentrations of
50-600 µM this would require the fragment to be between 1 mM-12 mM which is usually not
feasible. Therefore, we needed to develop a modified protocol at RCNS initially investigating our
highest % labelling compound (9) and our lead compound (16) with KRASG12D. For our
measurements two NMR samples are produced by mixing 7.8 µM GDP-bound

15

N-KRASG12D

protein in PBS buffer (control) with 700 µM Fragment in DMSO (measurement). Both these
samples were incubated for 1 hour at room temperature followed by 10 min irradiation at 310nM
at 4 oC before being concentrated for NMR measurements at ELTE.

2.3.3.1 NMR results for KRASG12D
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 A8) 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 A9). 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 24.
Pg. 90).
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 25. Pg. 90).
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Figure 24. KRas-G12D-G12D + (16) FRG + UV.

Figure 25. KRas-G12D-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 (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 team at GSK also identified 4 fragment with
KRASG12D111. These compounds will be 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.

Figure 26. Current modelled binding interactions based on labelled amino acids identified by
1

H,15N-HSQC NMR measurements. Green shaded areas represent sites specifically labelled by

(13), with purple representing areas labelled by (16) only. Orange shaded areas represent areas
labelled by both fragments.

91

2.3.4 Concluding remarks
This project offered a fantastic opportunity to acquire experience working in an industrial
environment on a platform that was compatible with my PhD research topics. In this thesis I
describe the fragment‐screening platform that uses a photoreactive group to capture fragment–
protein binding developed by GSK111.
Implementation of this platform is relatively straightforward and can be directly applied to purified
proteins or with the addition of an alkyne handle these fragments can be used in phenotypic screens
in cells or cell lysates followed by (isoTOP-ABPP) combined with LC-MS/MS measurements186.
The PhaABit platform along with other covalent probe molecules and approaches, focus on the
rapid assessment of target tractability investigations and lead to the generation of tool compounds
on timescales more suitable for the current drug discovery process that is swiftly producing larger
numbers of validated targets thanks to emerging technologies and functional genomics analyses.
In this way, the platform complements other binding assay approaches, such as DNA encoded
libraries (DELs), which are not typically compatible with fragments. It is important to note the
platform can go on to determine potency and site of binding, can be used to infer additional
structural information before being validated by crystallography. The platform as even gone so far
as to generate PROTAC ligands for BRD4-BD1111.
The contributions to this platform introduced by RCNS has been the computational optimisations
for the generation of fragment libraries and a 1H,15N-HSQC NMR protocol for PhaBit binders
measured at the NMR Research Group of ELTE who also provided the 15N-labelled protein. With
the introduction of protein-observed NMR (HSQC) experiments the exact binding nature of
fragment “hits” identified by MS can be isolated. This will be the focus of future collaborative
research with GSK with the hope of developing novel binders for KRAS.
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Chapter 3: Conclusion
Over 85% of the human proteome is considered “undruggable” due to multiple reasons including
influencing house keeping proteins, potential mechanism based side effects and ligandability
problems187. A significant part of the undruggable proteome is assigned as untractable by small
molecules. This is after decades of active avoidance of drug molecules that can form covalent bonds
with a target, which has contributed to one of the biggest bottlenecks in drug discovery. Through
a combination of serendipity, proteomic screening, and active research covalent chemistries in drug
discovery have opened up new avenues for the development of a new class of therapeutics that has
led to the advancement of covalent drugs for previously considered untractable targets. Such
famous examples include anti-cancer drugs Ibrutinib, Dacomitinib, and Voxelotor for the treatment
of Sickle cell disease. However, there are other exciting covalent drugs currently in various clinical
trials for cancer targets’ KRASG12C, STAT3, and STAT5148,188. More recent validation for the
development of covalent programs comes from the recent announcement at Pfizer that its SARSCoV-2 antiviral189, which is a reversible covalent inhibitor with a hydroxymethyl ketone
electrophile, has entered Phase 1 clinical trials.
The early stage research for covalent drugs programs starts with target tractability. This usually
sees the combination of proteomic screening and approaches for discovering covalent small
molecules, by using libraries of small fragments to find reactive residues; this approach has enabled
researchers to tackle the “undruggable” proteome in new ways.
During my PhD I joined the Medicinal Chemistry Research Group of György Miklós Keserű,
where I worked on covalent fragment related research projects with a focus on the development,
characterisation, and evaluation of reactive fragment libraries.
In order to increase the scope of applicable warhead chemotypes available for target modification
a systematic reactivity analysis of a covalent heterocyclic fragment library was performed. This
library was characterized by calculated electrophilicity parameters, and reaction kinetics applying
l-glutathione (GSH) as a model compound followed by HPLC-MS and 1H-NMR to determine the
thiol reactivity and aqueous stability of these heterocyclic fragments. This surrogate assay for Cys
targets revealed that the library covers a considerably broad reactivity window, which was a good
indication that this library can label Cys in a variety of protein environments. The library was also
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shown to be stable enough for biological assays and selective for cysteine-labelling. The
applicability of these heterocyclic warheads was investigated for a variety of protein targets
covering a wide range of conventional and non-conventional targets from bacterial proteins to
human enzymes. Using this library, warheads for the investigated targets were identified by
biochemical and or biophysical methods, thus, providing viable starting points for the development
of new targeted covalent inhibitors, with the most significant example being the covalent labelling
of SARS-CoV-2 with (D4, and H4) identified by X-ray crystallography. This cyano warhead is not
only unreactive with every other Cys target investigated, but activated by the target itself providing
a promising warhead chemotype for the development of an antiviral drug candidate. This
heterocyclic fragment library is marketed by Cominnex (www.cominnex.com), for collaborating
research groups we offer the library for free.
We also demonstrated that the electron withdrawing character of these heterocycles can be
increased further by the quaternization of the nitrogen heteroatom. After an array based synthesis,
we had a second generation library of highly reactive heterocyclic electrophilic fragment salts. In
order to test the applicability of these heterocyclic warheads we first evaluated their reactivity in a
similar surrogate assay along with a biochemical screen with HDAC8. These studies revealed the
reactivity although greatly increased is still governed by resonance, and these salts are perhaps one
of the most reactive covalent chemotype available for screening campaigns. As such no stability
investigations were conducted as the fragments of this library are to be considered as probe
molecules for the identification of all reactive residues of a target. We demonstrated the utility of
this with a mapping study of HDAC8 with 11 of our most potent fragments. Using a combination
of systematic mutations of HDAC8 Cys for Ser, MS/MS, and theoretical studies this library was
used to profile the hot-spots of HDAC8, and the functional roles of individual Cys residues of the
target. These heterocyclic libraries have revealed that electrophilic fragments beyond the known
Michael acceptor-type warheads are also suitable for the covalent labelling of proteins.
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
in the vicinity of the binding site, and therefore, only a subset of the proteome can be targeted.
However, the problem goes beyond the mere presence of an amino acid, but also the right amino
acid with its pKa, location, functional role, and many other factors contributing to a further
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reduction of this subset. What was required was covalent fragments that could bind to the protein
backbone without the need for corresponding amino acids. This was the goal of the screening
platform developed by the research team of GSK based on the proteomic research of Benjamin F.
Cravatt of Scripps Research in California. With the combination of PAL and FBLD techniques, a
covalent bond between high affinity fragments and targets theoretically from the entire proteome
can be formed and evaluated. We collaborate with GSK developing the platform further. As a part
of this collaboration I spent a 4-month internship at GSK. Our contributions to this platform have
been an optimisation of the fragment selection process, and the development of a secondary
screening protocol utilising HSQC-NMR. With the introduction of protein-observed NMR (HSQC)
experiments the exact binding nature of fragment “hits” identified by MS can be identified. This
will be the focus of future collaborative research with GSK with the hope of developing novel
binders for KRAS.
Overall, this thesis has shown that the formation of a covalent bond helps to rapidly identify
fragments with an affinity for a target. Whether it’s an increase in electron density streamlining the
identification by X-ray, an increase in chemical shift perturbation for NMR based experiments or
the ability to utilize simple MS techniques. The application of covalent fragments can contribute
to the proper selection and optimization of warheads in TCI development programs.
As research in covalent drugs continues, more and more publications on innovative covalent
chemistries in drug discovery are being produced. Whether it’s making new reactive groups,
expanding the libraries that are used to screen possible targets, or establishing footholds on proteins
previously thought to be “undruggable”, covalent chemistries are having a valuable role to play on
the future of drug discovery.
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3.1 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 wellcharacterized 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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3.2 Publications
Publications on which thesis points are based:
P1. A. Keeley, P. Ábrányi‐Balogh, M. Hrast, T. Imre, J. Ilaš, S. Gobec, G. M. Keserű: Heterocyclic
electrophiles as new MurA inhibitors, Arch Pharm Chem Life Sci, 2018, 351, e1800184. IF: 2.59;
share: 100%
P2. A. Keeley, P. Ábrányi‐Balogh, G. M. Keserű: Design and characterization of a heterocyclic
electrophilic fragment library for the discovery of cysteine-targeted covalent inhibitors, Med.
Chem. Commun., 2019, 10, 263-267. IF: 2.41; share: 100%
P3. A. Keeley, P. László, P. Ábrányi‐Balogh, G. M. Keserű: Covalent fragment libraries in drug
discovery, Drug Discov. Today, 2020, 25, 983-996. IF: 6.86 share: 70%
P4. A. Douangamath, D. Fearon, P. Gehrtz, T. Krojer, P. Lukacik, C. D. Owen, E. Resnick, C.
Strain-Damerell, A. Aimon, P. Ábrányi-Balogh, J. Brandão-Neto, A. Carbery, G. Davison, A. Dias,
T. D. Downes, L. Dunnett, M. Fairhead, J. D. Firth, S. P. Jones, A. Keeley, G. M. Keserü, H. F.
Klein, M. P. Martin, M. E. M. Noble, P. O’Brien, A. Powell, R. N. Reddi, R. Skyner, M. Snee, M.
J. Waring, C. Wild, N. London, F. von Delft, M. A. Walsh: Crystallographic and electrophilic
fragment screening of the SARS-CoV-2 main protease, Nat. Commun, 2020, 11, 5047. IF: 11.8;
share: 100%
Further, related publications:
P5. D. J. Hamilton, P. Ábrányi-Balogh, A. Keeley, L. Petri, M. Hrast, T. Imre, M. Wijtmans, S.
Gobec, I. J. P. de Esch, G. M. Keserű: Bromo-cyclobutenaminones as new covalent MurA
inhibitors, Pharmaceuticals, 2020, 13, 362. IF: 3.85; share: 50%
Oral presentations:
P6. Keeley, A.; Ábrányi‐Balogh P.; Keserű, G. M: Warhead Library of Covalent Fragment Binders
(MTA TTK Organic Chemistry Seminar, 2017, Budapest)
P7. Keeley, A.; Ábrányi‐Balogh P.; Keserű, G. M: Design and characterization of a cysteine
targeted, Heterocyclic covalent fragment librarys (FRAGNET Satellite Symposium - 7th RSC-BMCS
Fragment-Based Drug Discovery Meeting, 2019, Cambridge, UK)
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Poster presentations:
P8. Aaron Keeley, Péter Ábrányi-Balogh, Martina Hrast, Janez Ilas, Stanislav Gobec, and György
Miklós Keserű: Heterocyclic Covalent Warheads as New MurA Inhibitors (Chemistry Towards
Biology, 2018, Budapest)
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NYILATKOZAT

Alulírott AARON KEELEY kijelentem, hogy ezt a doktori értekezést magam készítettem és abban
csak a megadott forrásokat használtam fel. Minden olyan részt, amelyet szó szerint, vagy azonos
tartalomban, de átfogalmazva más forrásból átvettem, egyértelműen, a forrás megadásával
megjelöltem.
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