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Abstract 

 

Covalent inhibition has re-emerged as a powerful therapeutic strategy, with attenuated 

electrophilic warheads enabling selective and sustained target engagement. Despite their central 

role, warheads are often treated primarily as elements for tuning electrophilicity, and their broader 

structural contributions to pharmacodynamic and pharmacokinetic behaviour remain 

underexplored. 

This thesis investigates how warhead structure influences both reactivity and binding in 

covalent inhibitors, in the context of target engagement and metabolism. In Chapter 2, a library of 

electrophilic warheads was evaluated on a common scaffold targeting human tissue 

transglutaminase 2 (hTG2), demonstrating that warhead structure significantly impacts not only 

reactivity, but also binding affinity and isozyme selectivity across the transglutaminase family. In 

Chapter 3, a novel, fully non-peptidic internal alkynyl warhead scaffold was developed, revealing 

that sterically complex warheads can effectively inhibit hTG2 and providing a foundation for the 

development of new covalent inhibitor scaffolds. In Chapter 4, a library of warheads was evaluated 

as substrates for glutathione S-transferase (GST)-mediated metabolism using quantitative assays, 

demonstrating that metabolic susceptibility is a structurally tunable property that does not correlate 

with intrinsic reactivity. These results identify structural features that contribute to GST liability 

and provide strategies for modulating GST-mediated metabolism of covalent inhibitors. 

Collectively, this work establishes a more integrated view of electrophilic warheads as 

tunable structural elements governing both reactivity and affinity-driven interactions and provides 

insight into how warhead design can be leveraged to optimize both target engagement and 

metabolic stability in covalent inhibitors. 
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Chapter 1 – Introduction 

 

1.1. Medicinal Chemistry 

 Medicinal chemistry is a multidisciplinary field that applies the principles of chemistry to 

the design, synthesis, and optimization of molecules capable of interacting with and modulating 

biomolecules (i.e., proteins, nucleic acids, lipids, and carbohydrates) for therapeutic or diagnostic 

purposes.1, 2 While the primary objective of the pharmaceutical industry is to develop clinically 

useful drugs, much of the foundational work that underpins modern drug discovery originates in 

academia,3, 4 where fundamental principles of molecular recognition, thermodynamics, and 

kinetics that inform the rational design of bioactive molecules are established. These efforts 

include target validation, characterization of ligand-biomolecule interactions, and molecular 

design and synthesis through iterative Design-Make-Test-Analyze (DMTA) cycles.5 

 The biological effects of bioactive molecules are often described within the framework of 

pharmacodynamics (PD) and pharmacokinetics (PK).2 PD describes the desired and undesired 

(side) effects that a molecule has on the body through its interactions with on- and off-target 

biomolecules. In contrast, PK describes how the body uses its biomolecules (e.g., enzymes and 

transporters) to process molecules through absorption, distribution, metabolism, and excretion 

(ADME). Both processes are impacted by various physicochemical drug properties such as 

solubility, lipophilicity, ionization, and molecular weight. Together, PD and PK determine the 

efficacy, safety, and overall clinical success of therapeutics, and optimization of both properties is 

crucial for drug development. 
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1.1.1. Ligand-Protein Interactions 

 PD and PK processes arise from interactions between bioactive ligands and biomolecules. 

Understanding these interactions is therefore central to medicinal chemistry. In this context, 

proteins are particularly important, as they represent the most common pharmacological target 

class and mediate many processes involved in ADME.6-8 

 Ligands can interact with proteins through a non-covalent or covalent mechanism (Scheme 

1.1A).4 Non-covalent interactions include hydrogen bonding, electrostatic interactions, van der 

Waals forces, and hydrophobic interactions. The resulting ligand-protein complex exists in 

equilibrium with the free protein and ligand in solution. Although non-covalent interactions are 

typically reversible, some ligands can exhibit very high affinity for their targets, resulting in tightly 

bound complexes with long residence times.9 In contrast, covalent ligands form covalent bonds 

with proteins, typically through the reaction of an electrophilic moiety on the ligand with a 

nucleophilic protein residue, which can be irreversible or reversible depending on the stability of 

the ligand-protein adduct.10 

 The classification of ligands as reversible or irreversible is typically based on in vitro 

characterization of ligand-protein interactions. However, effective reversibility of ligand binding 

in vivo depends on the physiological context of the target protein. If a ligand remains bound to a 

protein for the duration of its lifetime (i.e., until it is degraded), it is effectively irreversible, 

whereas ligands that dissociate prior to protein turnover are reversible. 

 When multiple ligands interact with the same protein, their mode of binding can be described 

based on how binding of one ligand influences binding of another.11, 12 In competitive interactions, 

two ligands compete for the same binding site on the free protein, and their binding is mutually 

exclusive. In uncompetitive interactions, binding of one ligand occurs to the protein-ligand 
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complex after the first ligand is bound. In non-competitive interactions, a ligand can bind to either 

the free protein or the protein-ligand complex with equal or differing affinity, representing a 

combination of competitive and uncompetitive binding modes. Although this terminology 

originates from classical enzyme inhibition,13 it broadly describes how multiple ligands, including 

substrates, inhibitors, and reporter molecules, used in biochemical assays interact with proteins 

relative to one another (Scheme 1.1B). 

 

Scheme 1.1. Mechanisms (A) and modes (B) of ligand-protein interactions. 

 

1.2. Covalent Enzyme Inhibition 

Covalent ligand-protein interactions have historically been explored most extensively in 

the context of enzymology. Enzymes are catalysts primed for covalent modification; their catalytic 

mechanisms frequently involve nucleophilic residues positioned in well-defined active sites, 

making them particularly well suited for reacting with electrophilic ligands. As a result, the earliest 

covalent ligands were developed as probes for the study of enzyme function.14  

 Covalent probes or inhibitors are classified into three categories based on the mechanism by 

which covalent modification occurs.10 Group-specific reagents react with amino acid side chains 

chemoselectively, based on high intrinsic chemical reactivity, with minimal dependence on binding 

interactions, such as the cysteine alkylating agent iodoacetamide.15 Mechanism-based (suicide) 

(A) (B) 
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inhibitors are processed by the enzyme as substrate analogues to generate reactive intermediates 

that subsequently inactivate the enzyme, as exemplified by clavulanic acid, which irreversibly 

inhibits β-lactamases.14 Affinity labels combine a reactive electrophile with a recognition element 

that promotes covalent modification following initial non-covalent binding to the enzyme, such as 

substrate analogues bearing electrophilic groups that react with residues in the active site. 

 Interestingly, many of the first covalent drugs, such as aspirin (1890s) and penicillin (1940s), 

are affinity labels that were discovered through biological screening and used clinically before 

their covalent mechanisms of action were understood.16 Despite these early successes, initial 

attempts to intentionally design covalent inhibitors relied on highly reactive and non-selective 

electrophilic functional groups that produced widespread off-target effects. This led to hesitancy 

within the pharmaceutical industry, effectively stalling progress in this area for several decades.16 

1.2.1. Targeted Covalent Inhibition 

 A resurgence of interest in covalent inhibitors emerged in the early 2000s as advances in 

structural biology, proteomics, and medicinal chemistry enabled rational, structure-based design 

of selective covalent ligands.16 High-resolution protein structures made it possible to identify 

nucleophilic residues positioned within or near ligand binding sites, whether catalytic or non-

catalytic, while insights from physical organic chemistry led to the development of electrophilic 

functional groups with attenuated intrinsic reactivity. 

 Together, these developments enabled a strategy in which the ligand first binds the target 

through high-affinity non-covalent interactions, positioning a pendant electrophile in proximity to 

the nucleophilic residue where covalent bond formation can subsequently occur.17 In this two-step 

mechanism (Scheme 1.1A), reactivity is driven primarily by proximity and orientation effects 

within the target binding site rather than high intrinsic electrophile reactivity, which significantly 
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mitigates off-target reactivity. This strategy is now referred to as Targeted Covalent Inhibition, 

a modern medicinal-chemistry-optimized form of affinity labelling.  

 Clinical validation of this strategy was driven by three landmark targets: epidermal growth 

factor receptor (EGFR), Bruton’s tyrosine kinase (BTK), and Kirsten rat sarcoma viral oncogene 

homolog (KRAS).18 Covalent inhibitors of EGFR and BTK demonstrated that selective targeting 

of non-catalytic cysteine residues within kinase active sites could produce highly potent and 

durable therapeutics, resulting in clinically approved drugs afatinib (2013) and ibrutinib (2013) for 

the treatment of lung and blood cancers, respectively.19, 20  More recently, covalent inhibitors of 

the KRAS G12C mutant demonstrated that covalent chemistry could be used to target proteins 

previously considered “undruggable” due to the absence of well-defined ligand-binding pockets, 

leading to the drug sotorasib (2021) for the treatment of KRAS mutant lung cancers.21 Targeted 

covalent inhibitors (TCIs) are now an established, safe, and effective therapeutic strategy for 

modulating challenging protein targets, and the field is currently experiencing rapid clinical 

expansion across diverse diseases (Fig. 1.1).18 
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Figure 1.1. Selected examples of clinically approved covalent drugs across diverse therapeutic 

areas. Electrophilic groups are circled in red. 

 

1.2.2. Electrophilic Warheads 

The electrophilic functional group in a TCI that facilitates covalent reaction with a protein 

residue is commonly referred to as a warhead.16 The structure of the warhead dictates its intrinsic 

reactivity, chemoselectivity, and mechanism of reaction (i.e., reversible or irreversible) towards 

specific amino acids side chains, which are typically first studied in vitro using free amino acids, 

surrogate functional groups, or recombinant proteins. 

 Early covalent ligands frequently relied on highly reactive warheads capable of rapidly 

labelling protein residues, such as haloacetamides, epoxides, and activated esters. However, these 

electrophiles exhibited promiscuous reactivity that was unsuitable for in vivo drug development. 

As the field transitioned toward the affinity-driven paradigm of targeted covalent inhibition, a key 

objective became the identification of attenuated warheads, which possess sufficient reactivity to 
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undergo covalent reaction when appropriately positioned within a target binding site, while 

remaining largely unreactive towards off-target nucleophiles under physiological conditions. This 

attenuation was achieved through subtle electronic and steric modifications.22-25 For example, the 

use of α,β-unsaturated amides instead of their more reactive ketone counterparts,22 or 

chlorofluoroacetamides rather than chloroacetamides,26 decreases electrophilicity through 

electronic effects. In addition, steric effects can reduce reactivity by hindering nucleophilic attack, 

as illustrated by the use of 2-butynamides in place of propiolamides.27  

 Beyond attenuation of electrophilicity, another major innovation in warhead design involved 

the development of reversible covalent warheads, such as α-cyanoacrylamides and α-

ketoamides.28-30 These electrophiles exhibit relatively high reactivity but form thermodynamically 

unstable covalent adducts (i.e., electron-deficient Michael adducts or tetrahedral intermediates) 

that dissociate at rates that depend on the specific protein environment in which they are formed.  

 Currently, the landscape of warheads available for the design of TCIs is vast. The most 

prominent warheads, their mechanisms, and target amino acids are summarized in Table 1.1.25, 31 

Among these, acrylamides and their substituted derivatives have emerged as the most widely used 

and clinically successful warheads to date.  
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Reaction Representative Warheads 
Target 

Residue(s) 
Reversibility  

1,4-Addition 

 

 

Cys Irrev. 

 

Cys Rev. 

 

Cys, Lys Irrev. 

SN2-like 

 

 

Cys Irrev. 

 

Cys, Lys, Thr, 

His 
Irrev. 

SNAr/Addition-elimination 

 

 

Cys, Lys Irrev. 

 

Cys, Asp, Glu Irrev. 

1,2-Addition 

 

 

Cys, Lys, Ser, Thr Rev. 

 

Arg Rev. 

Acylation 

  

Lys, Tyr, Ser, Thr Irrev. 

Sulfur(VI)-LG exchange 

 
 

Lys, Tyr, Ser, Thr Irrev. 

Disulfide formation 

 
 

Cys Rev. 

Boronate complexation 

  

Ser, Thr Rev. 

 

Table 1.1. Chemistry for covalent protein modification. Reversibility of the chemistry refers to 

reversibility of modification not necessarily warhead regeneration.  
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 Covalent inhibitors can, in principle, target a variety of nucleophilic amino acid side chains,25 

but the feasibility of targeting a given residue depends strongly on its physiological context. 

Several factors influence the reactivity of amino acids towards particular warheads, including their 

intrinsic nucleophilicity, the pKa of the side chain and its resulting protonation state within the 

local protein environment, as well as their abundance and functional roles within proteins. For 

example, residues that participate in catalytic mechanisms and/or are located within well-defined 

binding pockets may be particularly susceptible to selective covalent modification due to local 

environmental effects that enhance nucleophilicity. 

 Cysteine is the most widely targeted amino acid in covalent drug discovery. Its thiolate side 

chain is highly nucleophilic and often participates in catalytic or regulatory mechanisms within 

proteins, while cysteine residues are relatively rare overall,32 which favours selectivity. Other 

nucleophilic residues, such as lysine, serine, threonine, and tyrosine are also commonly involved 

in catalysis and have been successfully targeted by TCIs. However, these residues are generally 

more challenging to target because their nucleophilicity is often reduced under physiological 

conditions due to protonation. More weakly nucleophilic residues, including histidine, 

aspartate/glutamate, arginine, and tryptophan present even greater challenges for covalent 

modification, and the development of strategies to selectively target these residues remains an 

active area of research. Another limitation when targeting residues other than cysteine is the 

difficulty of achieving irreversible covalent modification, as many electrophiles that react with 

these residues tend to form reversible adducts.25 

 Importantly, the reactivity of electrophilic warheads toward protein residues is highly 

dependent on the specific protein environment in which the reaction occurs, which influences 

warhead positioning within the binding site.33 Thus, understanding how different warheads behave 
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within the context of specific protein targets is an essential step of early medicinal chemistry 

campaigns for new targets. 

1.2.3. Kinetic Evaluation of TCIs 

 Unlike non-covalent reversible inhibitors, whose potency can be described using a steady 

state equilibrium dissociation constant KD or inhibition constant Ki,
13

 TCIs require time-dependent 

kinetic analysis that accounts for both binding and the rate of covalent reaction.  

 For irreversible TCIs this is accomplished by measurement of the parameters KI and kinact 

(Scheme 1.2).34, 35 KI is the apparent inhibition constant describing the steady-state balance 

between formation of the enzyme-inhibitor (E·I) complex and its depletion through dissociation 

or covalent modification, and kinact is the rate constant of covalent modification. Together these 

parameters describe the overall efficiency of covalent inhibition, which is expressed as kinact/KI. 

These parameters are analogous to Michaelis-Menten kinetic parameters KM, kcat, and kcat/KM.36 

 

Scheme 1.2. Kinetic scheme of irreversible enzyme inhibition. 

 Although KI and kinact are often interpreted as reflecting binding affinity and reactivity 

respectively, it is important to note that these parameters are not independent of each other. KI is a 

collection of rate constants that includes kinact (Scheme 1.2), such that the rate of covalent bond 

formation contributes directly to its observed value. For example, a highly reactive warhead may 

exhibit a large kinact, but this can also lead to a higher KI, reflecting reduced stability of the E·I 

complex. Therefore, while kinact/KI reflects the balance between these parameters, individual 
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characterization of kinact and KI provides mechanistic insight about whether binding affinity and/or 

reactivity require tuning.  

 In practice, warheads are often considered primarily as determinants of kinact through their 

intrinsic reactivity. However, because inhibition proceeds through initial non-covalent binding the 

structural complementarity of the warhead can also influence true binding affinity (KD) in the 

active site and have further confounding effects on KI. This may be particularly significant for 

larger, structurally complex warheads, which contribute more substantially to overall ligand 

efficiency.4 As such, the role of the warhead as a structural determinant of binding affinity is often 

underappreciated in the design of TCIs. 

 Experimentally, kinact and KI are measured by monitoring time-dependent loss of enzyme 

activity or covalent protein modification directly.37-39 The development of experimental 

approaches and corresponding mathematical models for kinetic evaluation of TCIs is still an active 

area of research. Current approaches include continuous activity assays analyzed within the kinetic 

framework originally described by Kitz and Wilson,40 discontinuous time-dependent IC₅₀ methods 

described by Krippendorff and Keillor,41-43 and RapidFire mass spectrometry for pseudo-

continuous monitoring of covalent labelling.44 

 For reversible covalent inhibitors, time-dependent inhibition typically arises when the rate 

of covalent bond dissociation is much slower than covalent bond formation, allowing the covalent 

adduct to accumulate during the assay. In such cases, an additional rate constant describing 

covalent bond dissociation must be considered, resulting in more complex kinetic models.38, 43 

However, if covalent bond formation and dissociation both occur rapidly relative to the 

experimental timescale, the system rapidly reaches equilibrium and inhibition is effectively 

indistinguishable from non-covalent reversible inhibition.38 
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1.2.4. Pharmacological Implications of Covalent Inhibition 

 A major advantage of covalent inhibitors is their ability to produce prolonged target 

engagement.45, 46 The initial rate of target engagement is determined by kinact/KI as well as drug and 

protein concentrations. However, once substantial target engagement is achieved pharmacological 

activity becomes largely dependent on the rate of protein turnover rather than free drug 

concentration. Consequently, sustained efficacy may be maintained with relatively low drug 

exposure after initial target engagement, reducing systemic exposure and toxicity.47, 48 

 Covalent inhibition can also enable targeting of proteins that are difficult to modulate with 

conventional reversible ligands. By exploiting nucleophilic residues located within shallow or 

transient binding pockets, covalent inhibitors can stabilize binding interactions that would 

otherwise be too weak to support effective reversible inhibition, enabling modulation of targets 

previously considered “undruggable”.49 

 Reversible covalent inhibitors provide an additional layer of control by allowing prolonged 

residence times while avoiding permanent off-target modification. For example, structural 

modification of the α-cyanoacrylamide warhead has been shown to fine-tune the rates of covalent 

bond formation and dissociation with BTK, enabling prolonged on-target residence times while 

rapidly dissociating from off-target proteins.50, 51  

 The choice between irreversible and reversible inhibition ultimately depends on the 

biological context of the target protein, particularly its rate of turnover and conformational 

dynamics. For rapidly resynthesized proteins, reversible inhibition may be advantageous to allow 

engagement of newly formed protein. Conversely, irreversible inhibition may be beneficial when 

sustained engagement of a specific conformational state is required for targets such as human tissue 

transglutaminase 2 (hTG2). 
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1.3. Transglutaminases  

 Transglutaminases (TGases) are a family of Ca2+-dependent enzymes that catalyze the 

crosslinking of protein substrates by forming isopeptide bonds between the side chains of 

glutamine and lysine residues through an acyl transfer (transamidation) mechanism mediated by a 

catalytic cysteine residue (Scheme 1.3).52-55 This crosslinking activity plays an integral role in the 

stabilization of extracellular matrices and protein assemblies across diverse cell types.56 

 The human TGase family comprises nine isozymes with distinct tissue distributions and 

physiological roles, including TGases 1-7 (TG1-TG7), factor XIII (FXIII), and erythrocyte 

membrane protein band 4.2 (EBP42).57 TG1, TG3, and TG5 are primarily expressed in the 

epidermis, where they contribute to keratinocyte differentiation and skin barrier formation. FXIII 

functions in blood coagulation by stabilizing fibrin clots, while TG4 and TG6 exhibit more 

specialized roles in the prostate and central nervous system, respectively. EBP42 is a catalytically 

inactive transglutaminase homologue that serves a structural role in erythrocyte membranes. 

 

Scheme 1.3. Catalytic cycle of transglutaminases. An amide acyl donor substrate (e.g., glutamine) 

forms a thioester intermediate with the active-site cysteine, which undergoes transamidation in the 

presence of an amine acyl acceptor (e.g., lysine) or hydrolysis to a carboxylic acid (e.g., glutamate) 

in the absence of an acyl acceptor. This figure is adapted from Keillor et al.54 
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1.3.1. Human Tissue Transglutaminase 2 (hTG2) 

 Human tissue transglutaminase 2 (hTG2) is the most ubiquitously expressed and extensively 

studied member of the TGase family.57 It is uniquely multifunctional: in addition to its 

transamidation activity, hTG2 functions as a GTP-binding protein (G-protein) and participates in 

many non-enzymatic processes, including protein-protein interactions, cell adhesion, and 

intracellular signalling.58-60 Through these diverse activities, hTG2 contributes to numerous 

physiological processes and has been implicated in a variety of pathological conditions. 

 The transamidation activity of hTG2 plays a central role in the stabilization of extracellular 

matrices through protein crosslinking,61 which is essential for normal tissue homeostasis but can 

become dysregulated in disease. In fibrotic disorders, excessive hTG2-mediated crosslinking 

contributes to tissue stiffening and impaired organ function.62-64 In celiac disease, hTG2-mediated 

hydrolysis of gluten peptides enhances their immunogenicity, driving an autoimmune response.65-

67 hTG2 activity has also been implicated in neurodegenerative diseases, where aberrant 

crosslinking of proteins may contribute to protein aggregation.68-70 As a G-protein, hTG2 plays 

roles in cell survival, adhesion, and signalling, and contributes to cancer progression by promoting 

proliferation, metastasis, and drug resistance in a variety of cancers,71-73 most notably breast,74 

ovarian,75 and pancreatic.76 

 The transamidase and G-protein activities of hTG2 are mutually exclusive, as they are 

dependent on distinct protein conformations (Fig. 1.2). hTG2 is composed of an N-terminal β-

sandwich domain, a catalytic core domain containing the active-site cysteine, and two C-terminal 

β-barrel domains, which undergo large-scale conformational changes in response to cellular 

environment.77 In the extracellular environment, where Ca²⁺ concentrations are high, Ca²⁺ binding 

stabilizes an extended ‘open’ conformation in which the transamidation active site is accessible 



15 

 

and the GTP-binding site is disrupted, enabling protein crosslinking while preventing G-protein 

activity.78 In contrast, intracellular conditions, characterized by low Ca²⁺ concentrations and high 

GTP levels, favour a compact ‘closed’ conformation stabilized by GTP binding, in which the 

transamidation active site is occluded and crosslinking activity is suppressed.79-81 Although 

intracellular and extracellular environments favour the closed and open conformations of hTG2, 

respectively, the enzyme exists in a dynamic conformational equilibrium, with minor populations 

of alternative states present under all conditions. Moreover, cellular stress or damage can lead to 

an influx of Ca2+, which may perturb the intracellular equilibrium towards the open conformation. 

  

 

 

 

 

 

 

Figure 1.2. Conformational regulation of hTG2. PDB ‘Closed’: 4PYG,81 PDB ‘Open’: 2Q3Z.77 

1.3.2. Covalent Inhibition of hTG2 

 Given its multifunctionality and involvement in a wide range of pathologies, hTG2 is an 

attractive target for inhibition for both therapeutic and chemical biology purposes. hTG2 is 

particularly well-suited for covalent inhibition as it contains an active site cysteine (Cys277), is 

non-essential for animal survival and reproduction,56 and displays moderate-slow turnover rates in 

some cancers.82, 83 Notably, its conformational dynamics enables a ‘two birds with one stone 

strategy’, whereby covalent modification of Cys277 in the catalytic site prevents it from adopting 
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its closed conformation. In this way not only is transamidase activity inhibited, but, through 

conformational locking, its G-protein activity is also abolished (Fig. 1.3).84-86  

 The advantages of this conformational locking are particularly relevant to intracellular 

inhibition of hTG2’s G-protein activity. Direct inhibition of this function through competitive 

targeting of the nucleotide-binding site is challenging due to the high intracellular concentration 

of GTP and the widespread use of GTP by other proteins, which limits the selectivity of GTP 

analogues. In contrast, the transamidation active site recognizes distinct substrates, enabling 

structure- and substrate-based inhibitor design strategies. Although the open conformation 

represents a minor population under normal intracellular conditions, covalent trapping of this state 

effectively depletes it from the equilibrium, promoting continued population of the open 

conformation and enabling effective inhibition.87, 88 

 

Figure 1.3. Cartoon representation of targeted covalent inhibition of hTG2. This figure is adapted 

from Akbar et al.84  

  

 Historically, many hTG2 inhibitors have been based on peptidomimetic scaffolds designed 

to mimic protein substrate recognition sequences (Fig 1.4).85, 89, 90 These early scaffolds, and their 

application to the study of hTG2 structure and function were pioneered by the Keillor and Khosla 

groups,77, 91, 92 as well as Zedira GmbH.93 Most notably, ZED1227 (Zedira) has progressed to phase 

II clinical trials for the treatment of celiac disease, targeting extracellular hTG2 in the intestinal 
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lumen.94 While these peptidomimetic scaffolds have demonstrated high potency, selectivity, and 

early clinical success in targeting extracellular hTG2, they often suffer from poor physicochemical 

and pharmacokinetic properties, including high molecular weight, limited solubility, low cellular 

permeability and/or high efflux, and reduced metabolic stability, which limits their utility for 

intracellular applications.95, 96 In recent years, efforts in the Keillor lab,86, 97-99 as well as those of 

other researchers including Griffin,100 Löser,101 and the CHDI foundation,102 have shifted toward 

smaller, non-peptidic scaffolds with more conventional drug-like properties for targeting 

intracellular hTG2 (Fig. 1.4). 

 A variety of electrophilic warheads have been employed in the design of hTG2 inhibitors, 

including epoxides, diazoketones, chloroacetamides, and most commonly Michael acceptors such 

as acrylamides and acrylates.85 These warheads are typically appended to glutamine- or lysine-like 

side chains to facilitate substrate-like recognition of peptidomimetic scaffolds. Much of the 

warhead diversity explored to date has been in the context of these peptidomimetic architectures, 

rather than non-peptidic small-molecule scaffolds, where the contributions of warhead structure to 

binding affinity and covalent reactivity with hTG2 remain less well understood.  

 

Figure 1.4. Representative inhibitors of hTG2.77, 84, 94, 100 
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1.4. Glutathione S-Transferases (GSTs) and TCI Metabolism 

 Electrophilic warheads play a central role in the pharmacodynamics of TCIs, enabling 

effective target engagement. However, this functionality also introduces pharmacokinetic 

liabilities, most notably susceptibility to metabolic processes. Drugs are typically processed 

through two phases of metabolism: phase I reactions introduce or unmask functional groups to 

increase polarity and/or reactivity for phase II reactions in which additional functional groups are 

conjugated onto reactive moieties to facilitate further solubilization and clearance (Fig. 1.5).2 In 

the context of TCIs, phase I is often mediated by cytochrome p450 (CYP450)-catalyzed oxidation, 

whereas phase II is dominated by glutathione (GSH) conjugation catalyzed by glutathione S-

transferases (GSTs).17 

 By virtue of containing pre-installed electrophilic groups, TCIs can bypass the need for phase 

I activation and are inherently susceptible to direct phase II metabolism. This is particularly 

relevant for irreversible TCIs that target cysteine residues, such as in hTG2. GSH is an endogenous 

Cys-containing tripeptide present at high (mM) concentrations in cells and therefore represents a 

major competing nucleophile for Cys-targeting warheads that can not only react intrinsically (non-

enzymatically), but whose reactivity is also enhanced in vivo by GSTs.8, 103 

 

 

 

 

 

 

 

 

Figure 1.5. Targeted covalent inhibitors are directly susceptible to phase II metabolism by GST-

mediated GSH conjugation. 
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 GSTs are a superfamily of metabolic enzymes that play a central role in detoxification of 

xenobiotic compounds. GSTs are broadly categorized into several subfamilies based on their 

subcellular localization and sequence homology, including cytosolic, mitochondrial, and 

microsomal (membrane associated) isozymes.104 Among these, the cytosolic GSTs, further 

subclassified into α, μ, π, θ, σ, ω, ζ variants,105 are the most extensively studied and are primarily 

responsible for drug metabolism in key organs such as the liver and kidneys.  

 Structurally, cytosolic GSTs exist as homo- or heterodimers, with each monomer containing 

a highly conserved glutathione binding site (G-site) and a more variable hydrophobic binding site 

(H-site), capable of accommodating a wide range of substrates (Fig. 1.6).106 In addition to these 

two sites facilitating proximity and orientation between the electrophile and GSH, the catalytic 

mechanism of GSTs involves stabilization of the GSH thiolate (GS-) within the active site, 

effectively lowering its pKa and increasing the concentration of the nucleophilic species.107-109 

Under physiological conditions, intracellular GSH concentrations are typically at or above the KM 

values for GSTs, such that the G-site is saturated and GSH is constitutively available for reaction 

as a co-substrate.107 Together, these effects lead to an overall acceleration of GSH-conjugation. 

1.4.1. Glutathione S-Transferase A1 (GSTA1) 

 Glutathione S-transferase A1 is a member of the α subclass of cytosolic GSTs and is the most 

highly expressed GST isoform in the liver.110, 111 In addition to its central role in hepatic 

detoxification, GSTA1 can be overexpressed as a resistance mechanism to cancer therapies.110 As 

a homodimeric Tyr-based GST, it uses a conserved Tyr residue (Tyr9) to stabilize the GSH thiolate 

through a hydrogen bonding interaction, thereby promoting nucleophilicity.112 Structurally, 

GSTA1 possesses a relatively well-defined H-site (Fig. 1.6A), in part due to a C-terminal α-helix 

that contributes to a more enclosed binding pocket, which may influence substrate recognition.113 
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Owing to its central role in the primary metabolic organ, GSTA1 is widely studied as a model for 

systemic clearance pathways, particularly in the context of its broad substrate scope. 

1.4.2. Glutathione S-Transferase P1 (GSTP1) 

 Glutathione S-transferase P1 is a member of the π subclass of cytosolic GSTs and is widely 

expressed in many extrahepatic tissues, such as the blood, kidneys, and lungs, with particularly 

high expression observed in many cancer types.114 GSTP1 is strongly implicated in resistance to 

drugs and has been extensively studied in the context of cancer biology. Like GSTA1, it functions 

as a homodimeric Tyr-based GST, using conserved Tyr7 during catalysis.112 GSTP1 exhibits a 

more solvent-accessible H-site relative to GSTA1 (Fig. 1.6B), due to a disordered C-terminus, 

which may contribute to differences in substrate recognition and reactivity.115 In addition to its role 

in detoxification pathways throughout the body, GSTP1 has also been explored as a target for 

inhibition, as a strategy to overcome drug resistance.116  

  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6. Crystal structures of (A) GSTA1 (PDB: 1PKW) and (B) GSTP1 (PDB: 6GSS). 

 

G-site 

H-site 

G-site 
H-site 

(A)  (B) 



21 

 

1.4.3. Electrophilic Warheads as Substrates for GSTs 

 Together, GSTA1 and GSTP1 represent major pathways for the deactivation of covalent 

warheads. From a drug design perspective, selection of an electrophilic warhead should, in part, 

be guided by its susceptibility to these metabolic pathways. Reduced susceptibility is advantageous 

for maintaining free drug in circulation, whereas increased susceptibility, although often undesired, 

may be beneficial in cases where rapid clearance is required to mitigate toxicity. 

 The propensity of a warhead to undergo GSH conjugation is governed by two key factors: 

its intrinsic reactivity with free GSH and its efficiency as a substrate for GSTs. The former has 

been studied extensively for many warhead classes,22-24 as it can be readily characterized through 

reaction half-lives or rate constants with GSH in solution. In contrast, surprisingly little is known 

about how warheads behave as substrates for GSTs, particularly with respect to binding affinity 

and isozyme selectivity.  

 To date, much of the mechanistic understanding and substrate scope of GST-catalyzed 

reactions has been derived from studies of electrophiles that undergo nucleophilic aromatic 

substitution (SNAr).117-121 These warheads are well suited for studying GSTs due to their relatively 

large, hydrophobic structures, which can sufficiently occupy the H-site even in the absence of a 

larger recognition scaffold, as well as their high intrinsic reactivity. Furthermore, GSH conjugation 

of SNAr substrates typically produces a measurable increase in absorbance at convenient 

wavelengths (300-700 nm), enabling rapid spectrophotometric assays. Electrophiles of this class 

are widely used as model substrates for GST activity measurements, most notably in the canonical 

assay monitoring GSH conjugation of 1-chloro-2,4-dinitrobenzene (CDNB) (Scheme 1.4).120, 122 
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Scheme 1.4. GSH conjugation to CDNB produces an increase in absorbance at 340 nm which is 

used to monitor the activity of GSTs. 

  

 However, previous studies exploring structure-activity relationships of SNAr electrophiles 

have primarily been conducted in the context of developing efficient assay substrates, particularly 

for GSTP1, rather than from a medicinal chemistry perspective aimed at minimizing susceptibility 

to GST-mediated metabolism. In addition, many of these studies predate the recent resurgence of 

targeted covalent drug development. 

 In contrast, other electrophilic warhead classes relevant to covalent drug design, such as 

attenuated Michael acceptors, have not been studied in a systematic manner as GST substrates. 

While isolated reports describe GST-mediated GSH conjugation of specific compounds, including 

drugs and natural products,123-125 these studies are generally limited to individual examples and do 

not establish generalizable structure-activity relationships. Consequently, current understanding of 

GST-mediated metabolism cannot be readily applied to the selection or optimization of 

electrophilic warheads in drug development. 
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1.5. Thesis Overview 

The intrinsic reactivity of warheads is often used as a proxy to predict the reactivity of TCIs 

in vivo. However, intrinsic reactivity does not capture the complexity of protein mediated covalent 

reactions which depend not only on inherent electrophilicity, but also on interaction, proximity, 

and orientation effects within specific protein binding sites. We hypothesize that, beyond intrinsic 

reactivity alone, warheads may contribute to the PD and PK properties of covalent inhibition 

through affinity driven interactions with on and off-target proteins, and understanding these effects 

is crucial to the rational design of effective TCIs. 

 Thus, this thesis investigates how electrophilic warhead structure influences the PD and PK 

properties of TCIs, not only for hTG2 inhibition but also for general covalent drug design. 

Emphasis is placed on rigorous kinetic measurements to establish effects of warhead structure on 

target engagement, isozyme selectivity, intrinsic reactivity, and metabolic susceptibility.  

 Chapter 2 examines a library of warheads on a known small-molecule scaffold to elucidate 

their influence on binding affinity, reactivity, selectivity, and stability in the context of hTG2 

inhibition. Chapter 3 explores the structure-activity relationships of a novel non-peptidic small-

molecule scaffold incorporating a unique internal alkyne warhead for irreversible inhibition of 

hTG2. Finally, chapter 4 evaluates the GST-mediated metabolic susceptibility of a library of 

warheads commonly employed in covalent drug development.  

 While the new hTG2 inhibitors developed herein provide a foundation for future lead 

optimization efforts, the kinetic insights gained from this work demonstrate how warhead structure 

and reactivity govern both target engagement and off-target metabolic liabilities. Collectively, 

these findings position electrophilic warheads as key structural design elements rather than merely 

reactive functional groups, thereby informing the rational design of TCIs for hTG2 and beyond. 
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Chapter 2 – The War on hTG2: Warhead Optimization in Small-Molecule 

Human Tissue Transglutaminase Inhibitors 

 

2.1. Preamble 

 At the time this study was initiated, the Keillor lab was transitioning toward the development 

of smaller, more drug-like scaffolds for targeting hTG2 to improve pharmacokinetic properties. 

Although a variety of electrophilic warheads had previously been explored for hTG2 inhibition, 

these efforts were largely conducted with larger peptidomimetic scaffolds, where the relative 

contribution of the warhead to overall ligand efficiency is diminished. Moreover, the studies 

conducted by other groups in this field generally did not include detailed kinetic characterization, 

making it difficult to disentangle the respective contributions of warhead structure to binding 

affinity (KI) and covalent reactivity (kinact). As a result, the extent to which electrophilic warheads 

modulate inhibitor potency, particularly within smaller, more minimalistic scaffolds, remained 

unclear. 

 To address this gap, the work described in this chapter investigates a library of covalent 

inhibitors bearing diverse electrophilic warheads installed on a common small-molecule scaffold. 

Through systematic evaluation of inhibition kinetics and warhead stability, this study aims to 

elucidate how warhead structure influences both binding affinity and reactivity toward hTG2, as 

well as isozyme selectivity and susceptibility to metabolic deactivation. 
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2.4. Correction to Published Version 

 On page 52 of this thesis (page 286 of the manuscript) in Table 3 the k2
corr value for 

compound 7c should read 0.79 ± 0.09 and (kinact/KI)/ k2
corr should read × 106, making the enzymatic 

efficiencies on the order of millions rather than billions. This resulted from a mathematical error 

and has no impact on the rank order of inhibitors or conclusions of the manuscript. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Graphical abstract summarizing the work described in this chapter. 

https://doi.org/10.1039/D2MD00378C


43 

 

 

2.5. Chapter 2 Published PDF 
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2.6. Chapter 2 Supporting Information 

 

2.6.1. hTG2 Inhibition Kinetics Data 

7a 

 

7b 

 

7c 
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7d 

7e 

7f 

7g 
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7h 
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7l 
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2.6.2. Isozyme Selectivity Data 
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2.6.3. Intrinsic Reactivity Data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.S1. Plots representing the disappearance of inhibitor and/or appearance of thiol-inhibitor 

adduct. The area under the curve (AUC) were plotted over time and fitted to a mono-exponential 

equation to give pseudo-first order reaction rates (kobs), (a) 7c + GSH, (b) 7f + GSH, (c) 7j + GSH. 
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2.6.4. LC-MS Data of Reaction Between 7f and GSH 

 

Figure 2.S2. Products of reaction of 7f with GSH with m/z values found by LC-MS. 

Chromatograms: 

(Blank) 
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(T = 0) 

 

 

 

 

 

 

 

 

 

(T = 3h) 

 

 

 

 

 

 

 

(T = 6h) 
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(T = 24h) 

 

 

 

 

 

 

 

 

Mass Spectra of identifiable compounds (Compound, Retention Time): 

(GSH, 1.717 min) 
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(7f, 9.333 min) 

 

(8, 7.350 min)  
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(7c, 8.083 min) 

(9, 5.933 min) 
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2.6.5. HPLC Purity Analysis of Final Inhibitors 

Inhibitor Retention Time (min) Purity (%) 

7a 16.295 99.691 

7b* 15.017 100 

7c* 12.520 96.285 

7d 18.468 99.670 

7e 18.838 93.586 

7f 17.996 99.741 

7g 17.374 99.824 

7h 16.823 100 

7i 16.075 100 

7j* 14.270 98.501 

7k 17.477 90.763 

7l 15.803 99.702 

7m 27.028 100 

7n 18.817 97.148 

7o 16.550 98.985 

7p 20.905 100 

7q 14.142 91.349 

 

Table 2.S1. The purity of the final inhibitors determined by HPLC. A Gilson-Mandel GXP271 

high performance liquid chromatography (HPLC) with UV detection at 214 and 254 nm was used 

(Phenomenex Luna, 150 mm × 4.6 mm, 30 min, 1.5 mL/min flow rate, 5-95% 0.1% TFA in 

MeCN/0.1% TFA in H2O unless otherwise indicated).*20-80% 0.1% TFA in MeCN/0.1% TFA in 

H2O. 

7a 
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7b 

 

7c 

 

7d 
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7g 
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7j 
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7n 

 

 

 

 

 

 

 

 

 

 

7o 

 

7p 
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7q 

 

 

2.6.6. Synthesis of N-2-[4-[[1-Adamantanecarbonyl]-1-piperazinyl]-2-oxoethyl]-2-methyl-

propenamide (7r) 

 Methacrylic acid (0.031 mL, 0.361 mmol, 1.1 eq), HBTU (0.2 g, 0.524 mmol, 1.6 eq), 

Hünig’s base (0.17 mL, 0.98 mmol, 3.0 eq), and 6 (0.1 g, 0.327 mmol, 1.0 eq) were stirred in 

anhydrous DCM (5 mL) at R.T. for 16 h, at which point the reaction was confirmed complete by 

TLC analysis. The reaction was concentrated in vacuo and the residue was redissolved in EtOAc 

(50 mL). The organic phase was washed with 5% AcOH (3 × 15 mL), brine (25 mL), NaHCO3 

(25 mL), and brine again (25 mL). The organic phase was dried over MgSO4 and concentrated in 

vacuo to give a light orange solid, which was purified by silica gel column chromatography (5% 

MeOH/EtOAc, dry load using celite, Rf  = 0.41) and then washing with pentane to give a white 

solid (0.028 g, 23%). 1H NMR (300 MHz, CDCl3) 𝛿 5.78-5.77 (m, 1H), 5.37-5.36 (m, 1H), 4.07 

(s, 2H), 3.71-3.61 (m, 4H), 3.60-3.57 (m, 2H), 3.44-3.40 (m, 2H), 2.02-2.00 (m, 3H), 1.96-1.93 

(m, 9H), 1.74-1.64 (m, 6H). 13C NMR (75 MHz, CDCl3) 𝛿 176.2, 168.2, 167.0, 139.2, 120.6, 45.3, 

44.9, 44.7, 42.3, 41.9, 41.5, 39.2, 36.6, 28.5, 18.6. HRMS (ESI) calc’d for C21H31N3O3Na [MNa]+: 

396.2263, found: 396.2243. 

2.6.7. Crystal structure of 2-cyano-3-cyclopropylacrylic acid (I3) 
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2.6.8. NMR Spectra of Final Inhibitors and New Synthetic Intermediates 

 
1H NMR (300 MHz, CDCl3) Spectra of Compound 7a 

 

13C NMR (75 MHz, CDCl3) Spectra of Compound 7a 
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1H NMR (300 MHz, CDCl3) Spectra of Compound 7b 

 

13C NMR (75 MHz, CDCl3) Spectra of Compound 7b 
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19F NMR (283 MHz, CDCl3) Spectra of Compound 7b 

 

1H NMR (300 MHz, CDCl3) Spectra of Compound 7c 
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13C NMR (75 MHz, CDCl3) Spectra of Compound 7c  

 

1H NMR (300 MHz, CDCl3) Spectra of Compound 7d 
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13C NMR (75 MHz, CDCl3) Spectra of Compound 7d 

 

1H NMR (300 MHz, CDCl3) Spectra of Compound 7e 
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13C NMR (75 MHz, CD3OD) Spectra of Compound 7e  

 

19F NMR (283 MHz, CDCl3) Spectra of Compound 7e 
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1H NMR (300 MHz, CDCl3) Spectra of Compound 7f 

 

13C NMR (75 MHz, CDCl3) Spectra of Compound 7f 
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1H NMR (300 MHz, CDCl3) Spectra of Compound 7g 

 

13C NMR (75 MHz, CDCl3) Spectra of Compound 7g 
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1H NMR (300 MHz, CDCl3) Spectra of Compound 7h 

 

13C NMR (75 MHz, CDCl3) Spectra of Compound 7h 
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1H NMR (300 MHz, CDCl3) Spectra of Compound 7i 

 

13C NMR (75 MHz, CDCl3) Spectra of Compound 7i 
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1H NMR (300 MHz, CDCl3) Spectra of Compound 7j 

 

13C NMR (75 MHz, CDCl3) Spectra of Compound 7j 
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1H NMR (300 MHz, CDCl3) Spectra of Compound 7k 

 

13C NMR (75 MHz, CDCl3) Spectra of Compound 7k 
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19F NMR (283 MHz, CDCl3) Spectra of Compound 7k 

 

1H NMR (300 MHz, CDCl3) Spectra of Compound 7l 
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13C NMR (75 MHz, CDCl3) Spectra of Compound 7l 

 

1H NMR (300 MHz, CDCl3) Spectra of Compound 7m 
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13C NMR (75 MHz, CDCl3) Spectra of Compound 7m 

 

19F NMR (283 MHz, CDCl3) Spectra of Compound 7m 
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1H NMR (300 MHz, CDCl3) Spectra of Compound 7n  

 

13C NMR (75 MHz, CDCl3) Spectra of Compound 7n 
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1H NMR (300 MHz, CDCl3) Spectra of Compound 7o 

 

13C NMR (75 MHz, CDCl3) Spectra of Compound 7o 
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1H NMR (300 MHz, CDCl3) Spectra of Compound 7p 

 

13C NMR (75 MHz, CDCl3) Spectra of Compound 7p 
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1H NMR (300 MHz, CDCl3) Spectra of Compound 7q 

 

13C NMR (75 MHz, CDCl3) Spectra of Compound 7q 
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1H NMR (300 MHz, CDCl3) Spectra of Compound I5 

 

13C NMR (75 MHz, CDCl3) Spectra of Compound I5 
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1H NMR (300 MHz, CDCl3) Spectra of Compound 7r 

 

13C NMR (75 MHz, CDCl3) Spectra of Compound 7r 
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Chapter 3 – Discovery of an Internal Alkyne Warhead Scaffold for 

Irreversible hTG2 Inhibition 

3.1. Preamble 

Consistent with prior literature on hTG2 inhibition, the results presented in Chapter 2 further 

support the preference for relatively small electrophilic warheads, even within smaller scaffolds. 

This trend is generally attributed to steric hindrance within the hTG2 active site, where the narrow 

‘tunnel’ leading to Cys277 limits the accommodation of sterically bulky electrophiles. 

However, earlier work in the Keillor lab revealed an observation that challenges this trend. 

An internal keto-alkyne warhead-containing inhibitor, KA22b, originally reported by PhD student 

Kim Apperley, exhibited strong inhibition of hTG2 despite incorporating a more sterically 

demanding electrophile. Although initially characterized as a reversible inhibitor, a subsequent 

correction noted in the final stages of that work suggested that KA22b instead operates through an 

irreversible mechanism. 

KA22b is one of very few potent and fully non-peptidic irreversible hTG2 inhibitors. Since 

most hTG2 inhibitors are peptidomimetic in nature, often leading to poor drug-like properties 

particularly for intracellular hTG2 targeting, this scaffold presents unique opportunities for drug 

development. Furthermore, TCI architecture with a warhead positioned in the middle of the 

scaffold is rare in the field of covalent inhibition, which may offer improved selectivity and 

expanded chemical/reactivity space for the design of TCIs. 

Motivated by this finding, the work described in this chapter investigates the structure-

activity relationships of this scaffold as a novel class of irreversible hTG2 inhibitors, with emphasis 

placed on improvement of drug-like properties and fine-tuning of reactivity of this unique warhead 

class. 
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3.4. Correction to Published Version 

 

On page 122 of this thesis (page 6240 of the manuscript) in Table 5 the rest of the structure 

of compound 13 is a 1-(4-cyanobenzyl)triazolyl group (i.e., the structure given in Table 2 on page 

118 of this thesis, and page 6236 of the manuscript, is the correct structure). 

 

 

 

 

 

 

 

 

 

Figure 3.1. Graphical summary of the work describing this chapter. 

https://doi.org/10.1039/D5MD00777A
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3.6. Chapter 3 Supporting Information 

3.6.1. hTG2 Inhibition Kinetics Data 
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3.6.2. Isozyme Selectivity of 8R 
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[8R]/α = 0.73 μM TG2 TG1 TG6 TG3 FXIIIa 

kobs (min-1) 0.3332 ± 0.0497 n.d. 0.0040 ± 0.0001 n.d. n.d. 

 

n.d. : Not determined. Unable to measure a rate constant distinct from the no-inhibitor control. 
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3.6.3. Intrinsic Reactivity Data 
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18                                                             23B 
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3.6.4. HPLC Purity Traces of Final Compounds 
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8E (99%) 

 

8F (100%) 
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8H (99%) 
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8I (100%) 

 

8J (99%) 

 

8K (96%) 

 

8L (99%) 
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8M (99%) 
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23C (100%) 

 

23D (100%) 

 

23E (100%) 

 

28 (97%) 
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33 (97%) 

 

36 (99%) 

 

38 (91%) 

 

40 (99%) 
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3.6.5. NMR Spectra of Final Compounds and New Synthetic Intermediates 

 
1H NMR (300 MHz, CDCl3) Spectrum of Compound 3C1 

 

13C NMR (75 MHz, CDCl3) Spectrum of Compound 3C1 
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19F NMR (282 MHz, CDCl3) Spectrum of Compound 3C1 

 

1H NMR (300 MHz, CDCl3) Spectrum of Compound 3C2 
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13C NMR (75 MHz, CDCl3) Spectrum of Compound 3C2 

 

19F NMR (282 MHz, CDCl3) Spectrum of Compound 3C2 
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1H NMR (600 MHz, CDCl3) Spectrum of Compound 3G 

 

13C NMR (150 MHz, CDCl3) Spectrum of Compound 3G 
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19F NMR (282 MHz, CDCl3) Spectrum of Compound 3G 

 

1H NMR (600 MHz, CDCl3) Spectrum of Compound 3H 
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13C NMR (150 MHz, CDCl3) Spectrum of Compound 3H 

 

1H NMR (300 MHz, CDCl3) Spectrum of Compound 4C 
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13C NMR (75 MHz, CDCl3) Spectrum of Compound 4C 

 

19F NMR (282 MHz, CDCl3) Spectrum of Compound 4C 
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1H NMR (300 MHz, CDCl3) Spectrum of Compound 4F 

 

13C NMR (75 MHz, CDCl3) Spectrum of Compound 4F 
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1H NMR (300 MHz, CDCl3) Spectrum of Compound 4G 

 

13C NMR (150 MHz, CDCl3) Spectrum of Compound 4G 
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19F NMR (282 MHz, CDCl3) Spectrum of Compound 4G 

 

1H NMR (600 MHz, CDCl3) Spectrum of Compound 4H 
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13C NMR (150 MHz, CDCl3) Spectrum of Compound 4H 

 

1H NMR (600 MHz, CDCl3) Spectrum of Compound 5C 
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13C NMR (150 MHz, CDCl3) Spectrum of Compound 5C 

 

19F NMR (282 MHz, CDCl3) Spectrum of Compound 5C 
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1H NMR (300 MHz, CDCl3) Spectrum of Compound 5E 

 

13C NMR (75 MHz, CDCl3) Spectrum of Compound 5E 
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1H NMR (300 MHz, CDCl3) Spectrum of Compound 5F 

 

13C NMR (75 MHz, CDCl3) Spectrum of Compound 5F 
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1H NMR (300 MHz, CDCl3) Spectrum of Compound 5G 

 

13C NMR (150 MHz, CDCl3) Spectrum of Compound 5G 
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19F NMR (282 MHz, CDCl3) Spectrum of Compound 5G 

 

1H NMR (600 MHz, CDCl3) Spectrum of Compound 5H 
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13C NMR (150 MHz, CDCl3) Spectrum of Compound 5H 

 

1H NMR (600 MHz, CDCl3) Spectrum of Compound 6C 
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13C NMR (150 MHz, CDCl3) Spectrum of Compound 6C 

 

19F NMR (282 MHz, CDCl3) Spectrum of Compound 6C 
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1H NMR (300 MHz, CDCl3) Spectrum of Compound 6E 

 

13C NMR (75 MHz, CDCl3) Spectrum of Compound 6E 
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1H NMR (600 MHz, CDCl3) Spectrum of Compound 6F 

 

13C NMR (150 MHz, CDCl3) Spectrum of Compound 6F 
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1H NMR (600 MHz, CDCl3) Spectrum of Compound 6G 

 

13C NMR (150 MHz, CDCl3) Spectrum of Compound 6G 

 



187 

 

19F NMR (282 MHz, CDCl3) Spectrum of Compound 6G 

 

1H NMR (600 MHz, CDCl3) Spectrum of Compound 6H 
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13C NMR (150 MHz, CDCl3) Spectrum of Compound 6H 

 

1H NMR (300 MHz, DMSO-d6) Spectrum of Compound 8A 
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13C NMR (75 MHz, DMSO-d6) Spectrum of Compound 8A 

 

1H NMR (300 MHz, CDCl3) Spectrum of Compound 8B 
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13C NMR (75 MHz, CDCl3) Spectrum of Compound 8B 

 

1H NMR (300 MHz, CDCl3) Spectrum of Compound 8C 
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13C NMR (75 MHz, CDCl3) Spectrum of Compound 8C 

 

1H NMR (300 MHz, CDCl3) Spectrum of Compound 8D 
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13C NMR (75 MHz, CDCl3) Spectrum of Compound 8D 

 

1H NMR (300 MHz, CDCl3) Spectrum of Compound 8E 
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13C NMR (75 MHz, CDCl3) Spectrum of Compound 8E 

 

19F NMR (282 MHz, CDCl3) Spectrum of Compound 8E 
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1H NMR (300 MHz, CDCl3) Spectrum of Compound 8F 

 

13C NMR (75 MHz, CDCl3) Spectrum of Compound 8F 
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1H NMR (300 MHz, DMSO-d6) Spectrum of Compound 8G 

 

13C NMR (75 MHz, DMSO-d6) Spectrum of Compound 8G 
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1H NMR (400 MHz, CDCl3) Spectrum of Compound 8H 

 

13C NMR (100 MHz, CDCl3) Spectrum of Compound 8H 
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1H NMR (400 MHz, CDCl3) Spectrum of Compound 8I 

 

13C NMR (100 MHz, CDCl3) Spectrum of Compound 8I 
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1H NMR (400 MHz, CDCl3) Spectrum of Compound 8J 

 

13C NMR (100 MHz, CDCl3) Spectrum of Compound 8J 
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1H NMR (600 MHz, CDCl3) Spectrum of Compound 8K 

 

13C NMR (150 MHz, CDCl3) Spectrum of Compound 8K 
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19F NMR (282 MHz, CDCl3) Spectrum of Compound 8K 

 

1H NMR (400 MHz, CDCl3) Spectrum of Compound 8L 
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13C NMR (100 MHz, CDCl3) Spectrum of Compound 8L 

 

1H NMR (600 MHz, CDCl3) Spectrum of Compound 8M 
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13C NMR (150 MHz, CDCl3) Spectrum of Compound 8M 

 

1H NMR (300 MHz, CDCl3) Spectrum of Compound 8N 
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13C NMR (75 MHz, CDCl3) Spectrum of Compound 8N 

 

1H NMR (600 MHz, CDCl3) Spectrum of Compound 8O 
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13C NMR (150 MHz, CDCl3) Spectrum of Compound 8O 

 

19F NMR (282 MHz, CDCl3) Spectrum of Compound 8O 
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1H NMR (300 MHz, CDCl3) Spectrum of Compound 8P 

 

13C NMR (75 MHz, CDCl3) Spectrum of Compound 8P 

 



206 

 

1H NMR (300 MHz, CDCl3) Spectrum of Compound 8Q 

 

13C NMR (75 MHz, CDCl3) Spectrum of Compound 8Q 
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1H NMR (600 MHz, DMSO-d6) Spectrum of Compound 8R 

 

13C NMR (150 MHz, DMSO-d6) Spectrum of Compound 8R 
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1H NMR (600 MHz, CDCl3) Spectrum of Compound 9 

 

13C NMR (150 MHz, CDCl3) Spectrum of Compound 9 
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1H NMR (600 MHz, CDCl3) Spectrum of Compound 10 

 

13C NMR (150 MHz, CDCl3) Spectrum of Compound 10 
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1H NMR (600 MHz, CDCl3) Spectrum of Compound 11 

 

13C NMR (150 MHz, CDCl3) Spectrum of Compound 11 
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1H NMR (600 MHz, CDCl3) Spectrum of Compound 12 

 

13C NMR (150 MHz, CDCl3) Spectrum of Compound 12 
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1H NMR (500 MHz, CDCl3) Spectrum of Compound 13 

 

13C NMR (500 MHz, CDCl3) Spectrum of Compound 13 
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1H NMR (600 MHz, CDCl3) Spectrum of Compound 14 

 

13C NMR (150 MHz, CDCl3) Spectrum of Compound 14 
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1H NMR (500 MHz, DMSO-d6) Spectrum of Compound 15 

 

13C NMR (125 MHz, DMSO-d6) Spectrum of Compound 15 
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1H NMR (500 MHz, CDCl3) Spectrum of Compound 16 

 

13C NMR (125 MHz, CDCl3) Spectrum of Compound 16 
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1H NMR (500 MHz, CDCl3 + CD3OD) Spectrum of Compound 17 

 

13C NMR (125 MHz, CDCl3 + CD3OD) Spectrum of Compound 17 

 



217 

 

1H NMR (600 MHz, CDCl3) Spectrum of Compound 18 

 

13C NMR (150 MHz, CDCl3) Spectrum of Compound 18 
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1H NMR (500 MHz, CDCl3) Spectrum of Compound 19A 

 

13C NMR (125 MHz, CDCl3) Spectrum of Compound 19A 
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1H NMR (500 MHz, DMSO-d6) Spectrum of Compound 20A 

 

13C NMR (125 MHz, DMSO-d6) Spectrum of Compound 20A 
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1H NMR (500 MHz, CDCl3) Spectrum of Compound 21A 

 

13C NMR (125 MHz, CDCl3) Spectrum of Compound 21A 

 



221 

 

1H NMR (500 MHz, DMSO-d6) Spectrum of Compound 22A 

 

13C NMR (125 MHz, DMSO-d6) Spectrum of Compound 22A 
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1H NMR (500 MHz, DMSO-d6) Spectrum of Compound 23A 

 

13C NMR (150 MHz, DMSO-d6) Spectrum of Compound 23A 
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1H NMR (500 MHz, CDCl3) Spectrum of Compound 19B 

 

13C NMR (125 MHz, CDCl3) Spectrum of Compound 19B 

 



224 

 

1H NMR (500 MHz, DMSO-d6) Spectrum of Compound 20B 

 

13C NMR (125 MHz, DMSO-d6) Spectrum of Compound 20B 
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1H NMR (600 MHz, CDCl3) Spectrum of Compound 21B 

 

13C NMR (150 MHz, CDCl3) Spectrum of Compound 21B 
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1H NMR (500 MHz, DMSO-d6) Spectrum of Compound 22B 

 

13C NMR (125 MHz, DMSO-d6) Spectrum of Compound 22B 
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1H NMR (600 MHz, DMSO-d6) Spectrum of Compound 23B 

 

13C NMR (150 MHz, DMSO-d6) Spectrum of Compound 23B 
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1H NMR (600 MHz, DMSO-d6) Spectrum of Compound 23C 

 

13C NMR (150 MHz, DMSO-d6) Spectrum of Compound 23C 
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1H NMR (600 MHz, CDCl3) Spectrum of Compound 23D 

 

13C NMR (150 MHz, CDCl3) Spectrum of Compound 23D 
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1H NMR (600 MHz, CDCl3 + CD3OD) Spectrum of Compound 23E 

 

13C NMR (150 MHz, CDCl3 + CD3OD) Spectrum of Compound 23E 
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1H NMR (300 MHz, CDCl3) Spectrum of Compound 26 

 

13C NMR (75 MHz, CDCl3) Spectrum of Compound 26 
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1H NMR (300 MHz, DMSO-d6) Spectrum of Compound 27 

 

13C NMR (75 MHz, DMSO-d6) Spectrum of Compound 27 
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1H NMR (300 MHz, CDCl3) Spectrum of Compound 28 

 

13C NMR (75 MHz, CDCl3) Spectrum of Compound 28 
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1H NMR (300 MHz, CDCl3) Spectrum of Compound 31 

 

13C NMR (75 MHz, CDCl3) Spectrum of Compound 31 
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1H NMR (300 MHz, CD3OD) Spectrum of Compound 32 

 

13C NMR (75 MHz, CD3OD) Spectrum of Compound 32 
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1H NMR (300 MHz, CDCl3) Spectrum of Compound 33 

 

13C NMR (75 MHz, CDCl3) Spectrum of Compound 33 
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1H NMR (300 MHz, CDCl3) Spectrum of Compound 36 

 

13C NMR (75 MHz, CDCl3) Spectrum of Compound 36 
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1H NMR (300 MHz, CDCl3) Spectrum of Compound 38 

 

13C NMR (75 MHz, CDCl3) Spectrum of Compound 38 
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1H NMR (300 MHz, CDCl3) Spectrum of Compound 40 

 

13C NMR (75 MHz, CDCl3) Spectrum of Compound 40 
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Chapter 4 – Don’t Lose Your (War)head: Structure-Activity Relationships of 

Covalent Warheads as Substrates for GST-Catalyzed GSH Conjugation 

4.1. Preamble 

Chapters 2 and 3 explore the role of electrophilic warheads in covalent inhibition of hTG2, 

with a particular focus on target engagement (pharmacodynamics). The metabolic liability 

(pharmacokinetics) of the warheads was mostly characterized through intrinsic reactivity with 

GSH, as a proxy for phase II GSH-conjugation, which is currently standard in the field. 

However, such measurements do not account for the enzymatic contribution of glutathione 

S-transferases (GSTs), which play a central role in catalyzing GSH conjugation in vivo. 

Furthermore, because the scope of substrates studied with GSTs is quite limited, the extent to 

which intrinsic reactivity reflects GST-mediated metabolism remains unclear. 

To address this, the work described in this chapter investigates a library of electrophilic 

warheads as substrates for GSTs. By systematically evaluating structure-activity relationships 

across commonly used warhead classes, this study aims to characterize how warhead structure 

influences GST-catalyzed reactivity and to identify features that may enable tuning of metabolic 

stability. In contrast to the target-specific focus of the preceding chapters, this work adopts a 

perspective on electrophile design relevant to covalent medicinal chemistry more broadly. 

 



241 

 

4.2. Publication Information and Acknowledgements  

 This chapter has been directly reproduced from the following reference: Mader, L. K.; 

Borean, J. E.; Keillor, J. W. Journal of Medicinal Chemistry, 2026, 69 (9), 11574-11591 

(https://doi.org/10.1021/acs.jmedchem.6c00826) with permission from the American Chemical 

Society.  

4.3. Author Contributions 

L. K. M. – Conceptualization, synthesis, characterization, enzymatic assays, intrinsic reactivity 

assays, hepatic stability assays, molecular modelling, writing original draft. 

J. E. B. – Synthesis and characterization of compounds 4, 7, and 8. Enzymatic and intrinsic 

reactivity assays of compound 8. 

J. W. K. – Conceptualization, supervision, funding, editing and reviewing. 

 

 

Figure 4.1. Graphical summary of the work describing this chapter. 
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4.5. Chapter 4 Supporting Information 

 

4.5.1 Intrinsic Reactivity 
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Figure 4.S1. Intrinsic reactivity rate of Compound 21 decreases as pH increases. (A) Initial rate 

data. (B) Rate vs. pH profile. 

 

4.5.1.1. Kinetic Data from Plate Reader and HPLC 
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4.5.2. Enzyme Kinetics 
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Figure 4.S2. DMSO stability of (A) GSTA1 and (B) GSTP1 in CDNB activity assay.  
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Figure 4.S3. CDNB shows mixed non-competitive binding with compound 10 for GSTP1. This is 

evident by the negative-x, negative-y quadrant intersection of the Lineweaver-Burk plots. 
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Figure 4.S4. Reporter substrate 2 shows competitive binding with compound 10 for (A) GSTA1 

and (B) GSTP1. This is evident by the y-intercept intersection of the Lineweaver-Burk plots. (C) 

Dixon plot is consistent with competitive behaviour and yields a KM
app for GSTP1 consistent with 

value obtained by Cheng-Prusoff estimation. 
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Figure 4.S5. Spectral scan of compound 2-GSH adduct (maximum difference between adduct and 

substrate Abs occurs at 380 nm) and compound 8-GSH adduct (maximum difference between 

adduct and substrate Abs occurs at 420 nm). This difference in absorbance spectra allowed 

compound 8 to be evaluated in the competitive displacement assay with reporter substrate 2 

without spectral interference. 
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Figure 4.S6. KM
app of GSH at 0.25 mM reporter substrate 2 with (A) GSTA1 and (B) GSTP1. 
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4.5.2.1. Direct Spectrophotometric Assay Kinetics and Standard Curves 
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Compound 3 
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Compound 4 
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*Note: Cpd. 4 was tested with GSTP1 using 1000 mU/mL (≈ 1000 nM) of enzyme. 
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*Note: 10 mU/mL (≈ 37 nM) GSTA1 and 100 mU/mL (≈ 100 nM) GSTP1 were used. 
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Compound 6 
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*Note 500 mU/mL (≈ 1864 nM) of GSTA1 and 500 mU/mL (≈ 500 nM) of GSTP1 were used. 
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Compound 7 
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*Note: 500 mU/mL (≈ 1864 nM) of GSTA1 and 1000 mU/mL (≈ 1000 nM) GSTP1 were used. 
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Compound 8 
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Compound 21 
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*Note: 500 mU/mL (≈ 1864 nM) of GSTA1 and 1000 mU/mL (≈ 1000 nM) GSTP1 were used. 
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4.5.2.2. Competitive Displacement and HPLC Rate Assay Kinetics and Standard Curves 
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*Note 25 mU/mL (≈ 93 nM) GSTA1 was used, 0.75 mM Cpd. 8 was used for HPLC rate 

determination, and the reaction was diluted 3-fold prior to analysis. 
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*Note: 5 mM of Cpd. 10 

was used in HPLC rate 

determination, and the 

reaction was diluted 10-

fold prior to analysis. 
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*Note: 5 mM of Cpd. 11 

was used in HPLC rate 

determination, and the 

reaction was diluted 10-

fold prior to analysis. 
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*Note: 0.125 mM reporter 

substrate was used in 

competitive displacement 

assay. 1000 mU/mL (≈ 1000 

nM) of GSTP1 was used in the 

HPLC assay. 50 mM of Cpd. 12 

was used in each HPLC assay, 

and the reaction was diluted 

100-fold prior to analysis. 
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*Note: 50 mM of Cpd. 13 was 

used in each HPLC assay, and 

the reaction was diluted 50-

fold prior to analysis. 
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0 100 200 300

0.00

0.02

0.04

0.06

0.08

Cpd. 14 GSTA1 Competitive Displacement Kinetics

Time (s)

A
b

s
 @

 3
8
0
 n

m
+ve control

2.5 mM

10 mM

5 mM

1 mM

20 mM

0.5 mM

-0.5 0.0 0.5 1.0 1.5

0

50

100

Cpd. 14 GSTA1 EC50 Plot

log [14]

%
v

/v
0

 

0 50 100 150

12000

13000

14000

15000

16000

17000

18000

Cpd. 14 GSTA1 Rate

Time (min)

A
U

C AUC (GSTA1 + GSH)

AUC (GSH)

0.0 0.5 1.0

0

10000

20000

30000

40000

Cpd. 14 Standard Curve

[14] mM

A
U

C Y = 32326X

 

0 200 400 600

0.00

0.05

0.10

0.15

Cpd. 14 GSTP1 Competitive Displacement Kinetics

Time (s)

A
b

s
 @

 3
8
0
 n

m

+ve control

1 mM

2 mM

5 mM

10 mM

20 mM

0.0 0.5 1.0 1.5 2.0

0

50

100

Cpd. 14 GSTP1 EC50 Plot

log[14]

%
v

/v
0

 

                      

0 50 100 150

14000

15000

16000

17000

18000

Cpd. 14 GSTP1 Rate

Time (min)

A
U

C

AUC (GSTP1 + GSH)

AUC (GSH)

 

 

*Note: 5 mM of Cpd. 14 was used 

in each HPLC assay, and the 

reaction was diluted 10-fold prior 

to analysis. 25 mU/mL (≈ 93 nM) 

of GSTA1 and 100 mU/mL (≈ 100 

nM) of GSTP1 were used in the 

HPLC assay.  
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Compound 15 
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*Note: 5 mM of Cpd. 15 was used in each HPLC assay, and the reaction was diluted 10-fold prior 

to analysis.  
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*With GSTP1 and 0.125 mM reporter substrate, EC50 > 15 mM. If EC50 is set to 15 mM the Cheng-

Prusoff equation: 𝐾𝑀,𝑆𝑇
𝑎𝑝𝑝 =

𝐸𝐶50

1+
[𝑆𝑅]

𝐾
𝑀,𝑆𝑅

𝑎𝑝𝑝

 gives a KM
app of 12 mM, therefore we state that KM

app > 10 mM. 
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*Note: 5 mM of Cpd. 16 was used 

in each HPLC assay, and the 

reaction was diluted 10-fold prior 

to analysis. 100 mU/mL (≈ 100 

nM) of GSTP1 was used in the 

HPLC assay.  
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*Note: 5 mM of Cpd. 17 was used 

in each HPLC assay, and the 

reaction was diluted 5-fold prior 

to analysis. 
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Compound 18 

0 100 200 300

0.00

0.02

0.04

0.06

0.08

Cpd. 18 GSTA1 Competitive Displacement Kinetics

Time (s)

A
b

s
 @

 3
8
0
 n

m
+ve control

0.5 mM

1 mM

2.5 mM

5 mM

10 mM

20 mM

0.25 mM

-1.0 -0.5 0.0 0.5 1.0 1.5

0

50

100

Cpd. 18 GSTA1 EC50 Plot

log [18]

%
v

/v
0

 

0 50 100 150

16500

17000

17500

18000

18500

Cpd. 18 GSTA1 Rate

TIme (min)

A
U

C AUC (GSTA1 + GSH)

(AUC GSH)

0.0 0.5 1.0

0

5000

10000

15000

20000

Standard Curve

[18] mM

A
U

C

Y = 17950X

 

0 200 400 600

0.00

0.02

0.04

0.06

0.08

0.10

Cpd. 18 GSTP1 Competitive Displacement Kinetics

Time (s)

A
b

s
 @

 3
8
0
 n

m

+ve control

0.5 mM

1 mM

2.5 mM

5 mM

10 mM

20 mM

-0.5 0.0 0.5 1.0 1.5

0

50

100

Cpd. 18 GSTP1 EC50 Plot

log [18]

%
v

/v
0

 

               

0 100 200 300

17400

17600

17800

18000

18200

Cpd. 18 GSTP1 Rate

TIme (min)

A
U

C

AUC (GSTP1 + GSH)

(AUC GSH)

 

 

*Note: 5 mM of Cpd. 18 was used 

with GSTA1 and 15 mM with 

GSTP1 in the HPLC assay, and the 

reaction was diluted 5-fold and 15-

fold respectively prior to analysis. 
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*Note: 5 mM of Cpd. 19 was used 

in the HPLC assay, and the 

reaction was diluted 20-fold prior 

to analysis. 
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*Note: 10 mM of Cpd. 20 in the 

HPLC assay, and the reaction was 

diluted 20-fold prior to analysis. 
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*Note: 5 mM of Cpd. 22 and 100 

mU/mL (≈ 93 nM) of GSTP1 were 

used in the HPLC assay, and the 

reaction was diluted 10-fold prior 

to analysis. 
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*Note: 10 mM and 50 mM of 

osimertinib was used with 50 

mU/mL (≈186 nM) GSTA1 and 100 

mU/mL (≈ 93 nM) of GSTP1 in the 

HPLC assay, respectively. The 

reaction was diluted 40- and 200-

fold prior to analysis, respectively. 
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Table 4.S1. Constants Expressed in Alternative Units 

Cpd Warhead 
k2

GSH  

(M-1s-1) 

KM
app

 (μM) kcat
app

 (s-1) 
kcat/KM

app 

(×103 M-1 s-1) 

GSTA1 GSTP1 GSTA1 GSTP1 GSTA1 GSTP1 

2 

 

0.642 ± 

0.003 
177 ± 23 

780 ± 

280 

1.49 ± 

0.09 

1.68 ± 

0.30 

8.43 ± 

1.20 

2.17 ± 

0.08 

3 

 

0.503 ± 

0.004 
731 ± 41 

1980 ± 

220 

0.645 ± 

0.032 

0.37 ± 

0.02 

0.883 ± 

0.065 

0.188 ± 

0.012 

4 

 

0.242 ± 

0.006 
451 ± 70 N.D. 

0.282 ± 

0.028 
N.D. 

0.623 ± 

0.120 
N.D. 

5 

 

1.37 ± 

0.01 

14.0 ± 

2.2 

184 ± 

22 

2.78 ± 

0.08 

2.92 ± 

0.28 

198 ± 

32 

15.9 ± 

1.0 

6 

 

0.132 ± 

0.001 

5470 ± 

1800 

1780 ± 

450 

0.255 ± 

0.110 

0.332 ± 

0.130 

0.0465 

± 

0.0025 

0.187 ± 

0.005 

7 

 

111 ± 1 N.D. N.D. N.D. N.D. N.D. N.D. 

8 

 

0.888 ± 

0.016 

83.3 ± 

9.0 

167 ± 

48 

0.518 ± 

0.027 

0.523 ± 

0.090 

6.22 ± 

0.73 

3.13 ± 

0.20 

9 

 

0.637 ± 

0.002 

43.4 ± 

5.0 

102 ± 

20 

0.888 ± 

0.050 

0.687 ± 

0.065 

20.5 ± 

2.6 

6.75 ± 

1.4 
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10 

 

0.0131 ± 

0.0007 

1840 ± 

70 

4510 ± 

140 

0.0520 

± 

0.0068 

0.0548 

± 

0.0053 

0.0282 

± 

0.0038 

0.0121 ± 

0.0012 

11 

 

0.00173 

± 

0.00006 

310 ± 70 
1520 ± 

190 

0.0680 

± 

0.0042 

0.052 ± 

0.009 

0.220 ± 

0.050 

0.0342 ± 

0.0073 

12 

 

0.00632 

± 

0.00033 

15200 ± 

700 

46200 

± 5500 

0.0161 

± 

0.0020 

0.00572 

± 

0.00120 

0.00105 

± 

0.00013 

0.000124 

± 

0.000017 

13 

 

0.0300 ± 

0.0048 

7230 ± 

150 

9210 ± 

270 

0.0903 

± 

0.0028 

0.102 ± 

0.007 

0.0125 

± 

0.0010 

0.0111 ± 

0.0008 

14 

 

1.21 ± 

0.08 

2150 ± 

32 

5150 ± 

240 

0.277 ± 

0.028 

0.302 ± 

0.016 

0.129 ± 

0.013 

0.0585 ± 

0.0040 

15 

 

0.00732 

± 

0.00028 

4260 ± 

840 
>10000  

0.0142 

± 

0.0008 

N.D. 

0.00333 

± 

0.00073 

N.D. 

16 

 

0.512 ± 

0.015 
570 ± 60 

2850 ± 

220 

0.187 ± 

0.005 

0.163 ± 

0.013 

0.328 ± 

0.052 

0.0553 ± 

0.0062 

17 

 

0.00637 

± 

0.00028 

79.3 ± 

8.9 

190 ± 

5.8 

0.0785 

± 

0.0035 

0.0932 

± 

0.0025 

1.12 ± 

0.14 

0.49 ± 

0.04 

18 

 

0.116 ± 

0.001 

1280 ± 

94 

3690 ± 

650 

0.0532 

± 

0.0130 

0.051 ± 

0.002 

0.0415 

± 0.013 

0.0138 ± 

0.0025 

19 

 

0.00132 

± 

0.00004 

550 ± 51 
1900 ± 

310 

0.0620 

± 

0.0057 

0.0482 

± 

0.0038 

0.113 ± 

0.014 

0.0253 ± 

0.0045 

20 

 

0.000633 

± 

0.000030 

2410 ± 

70 

5270 ± 

190 

0.0270 

± 

0.0009 

0.0227 

± 

0.0011 

0.0113 

± 

0.0004 

0.00428 

± 

0.00027 

21 

 

1.11 ± 

0.01 
N.D. N.D. N.D. N.D. N.D. N.D. 

22 

 

0.0613 ± 

0.0023 
183 ± 25 

360 ± 

40 

0.202 ± 

0.004 

0.247 ± 

0.003 

1.12 ± 

0.13 

0.685 ± 

0.077 
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4.5.3. Intrinsic Reactivity and Lipophilicity Correlation with Catalytic Efficiency 
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Figure 4.S7. Multiple linear regression analysis of log(kcat/KM
app)GSTA1 against log(k2

GSH) and 

clogP. (A) Predicted vs. actual Y value plot. (B) Residual plot. (C) Summary of fitted parameters. 
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Figure 4.S8. Multiple linear regression analysis of log(kcat/KM
app)GSTP1 against log(k2

GSH) and 

clogP. (A) Predicted vs. actual Y value plot. (B) Residual plot. (C) Summary of fitted parameters. 
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4.5.4. Molecular Modelling  

 

                        

Figure 4.S9. Predicted model of compound 13 and GSH with (A) GSTA1 and (B) GSTP1. 

 

                                       

Figure 4.S10. Predicted model of compound 6 and GSH with (A) GSTA1 and (B) GSTP1. 

 

               

Figure 4.S11. Predicted model of osimertinib and GSH with (A) GSTA1 and (B) GSTP1. 
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4.5.5. Liver Cytosol Stability  
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Figure 4.S12. Inhibition of GSTA1 by ethacrynic acid (ETA) (A) Kinetic data (B) Time-dependent 

IC50 plots. 
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Figure 4.S13. Additional correlation analysis of liver cytosol stability. (A) Stability without GST 

inhibitor ETA does not correlate with intrinsic reactivity (k2
GSH). (B) Stability without GST 

inhibitor shows moderate correlation with clogP.  (C) Stability in the presence of ETA shows 

excellent correlation with k2
GSH. (D) Ratio of stability with ETA to without ETA shows excellent 

correlation with the enzymatic efficiency ratio (EER) ((kcat/KM
app)/k2

GSH). 
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Figure 4.S14. Example of liver cytosol stability time-course HPLC injections of compound 2. 
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4.5.5.1. Kinetic HPLC Data 
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4.5.6. LC-MS Traces of Select GSH Adducts 

Compound 2: 
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Compound 3: 

 

 

Compound 8: 
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Compound 16: 

 

 

Compound 21: 
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4.5.7. HPLC Purity Traces 

Compound 2 (100%) 

 

Compound 3 (99%) 

 

Compound 4 (100%) 
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Compound 5 (96%) 

 

Compound 6 (99%) 

 

Compound 7 (99%) 
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Compound 8 (100%) 

 

Compound 9 (100%) 

 

Compound 10 (98%) 

 

 

 

DMSO 
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Compound 11 (100%) 

 

Compound 12 (99%) 

 

Compound 13 (99%) 
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Compound 14 (97%) 

 

Compound 15 (99%) 

 

Compound 16 (99%) 
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Compound 17 (98%) 

 

Compound 18 (100%) 

 

Compound 19 (97%) 
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Compound 20 (99%) 

 

Compound 21 (98%) 

 

Compound 22 (98%) 
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Osimertinib (100%) 

 

Ethacrynic acid (100%) 

 

 

DMSO 
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4.5.8. NMR Spectra 

1H NMR (300 MHz, DMSO-d6) Spectrum of Compound 2 

 

13C NMR (100 MHz, DMSO-d6) Spectrum of Compound 2 
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1H NMR (600 MHz, DMSO-d6) Spectrum of Compound 3 

 

13C NMR (150 MHz, DMSO-d6) Spectrum of Compound 3 

 

 

 



312 

 

1H NMR (600 MHz, DMSO-d6) Spectrum of Compound 4 

 

 
 
13C NMR (150 MHz, DMSO-d6) Spectrum of Compound 4 
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1H NMR (600 MHz, DMSO-d6) Spectrum of Compound 5 

 

13C NMR (150 MHz, DMSO-d6) Spectrum of Compound 5 

 



314 

 

19F NMR (283 MHz, DMSO-d6) Spectrum of Compound 5 

 

1H NMR (600 MHz, CDCl3) Spectrum of Compound 6 
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13C NMR (150 MHz, CDCl3) Spectrum of Compound 6 

 

1H NMR (600 MHz, CDCl3) Spectrum of Compound 7a 
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13C NMR (150 MHz, CDCl3) Spectrum of Compound 7a 

 

 

 
1H NMR (600 MHz, Methanol-d4) Spectrum of Compound 7 
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13C NMR (150 MHz, Methanol-d4) Spectrum of Compound 7 

 

1H NMR (400 MHz, CDCl3) Spectrum of Compound 8 
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13C NMR (100 MHz, CDCl3) Spectrum of Compound 8 

 

1H NMR (600 MHz, CDCl3) Spectrum of Compound 9a 
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13C NMR (150 MHz, CDCl3) Spectrum of Compound 9a 

 

1H NMR (600 MHz, CDCl3) Spectrum of Compound 9b 

 

 



320 

 

13C NMR (150 MHz, CDCl3) Spectrum of Compound 9b 

 

1H NMR (600 MHz, CDCl3) Spectrum of Compound 9 
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13C NMR (150 MHz, CDCl3) Spectrum of Compound 9 

 

1H NMR (500 MHz, CDCl3) Spectrum of Compound 10 
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13C NMR (125 MHz, CDCl3) Spectrum of Compound 10 

 

1H NMR (600 MHz, CDCl3) Spectrum of Compound 11 
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13C NMR (150 MHz, CDCl3) Spectrum of Compound 11 

 

19F NMR (283 MHz, CDCl3) Spectrum of Compound 11 
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1H NMR (600 MHz, CDCl3) Spectrum of Compound 12 

 

13C NMR (150 MHz, CDCl3) Spectrum of Compound 10 
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1H NMR (300 MHz, CDCl3) Spectrum of Compound 13 

 

13C NMR (150 MHz, CDCl3) Spectrum of Compound 13 
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1H NMR (600 MHz, CDCl3) Spectrum of Compound 14 

 

13C NMR (150 MHz, CDCl3) Spectrum of Compound 14 

 

 



327 

 

1H NMR (600 MHz, CDCl3) Spectrum of Compound 15 

 

13C NMR (150 MHz, CDCl3) Spectrum of Compound 15 
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1H NMR (600 MHz, CDCl3) Spectrum of Compound 16 

 

13C NMR (150 MHz, CDCl3) Spectrum of Compound 16 
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1H NMR (300 MHz, CDCl3 + Methanol-d4) Spectrum of Compound 17a 

 

13C NMR (100 MHz, CDCl3 + Methanol-d4) Spectrum of Compound 17a 
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1H NMR (600 MHz, DMSO-d6) Spectrum of Compound 17 

 

13C NMR (150 MHz, DMSO-d6) Spectrum of Compound 17 
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1H NMR (600 MHz, CDCl3) Spectrum of Compound 18 

 

13C NMR (150 MHz, CDCl3) Spectrum of Compound 18 
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1H NMR (600 MHz, CDCl3) Spectrum of Compound 19 

 

13C NMR (150 MHz, CDCl3) Spectrum of Compound 19 
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19F NMR (283 MHz, CDCl3) Spectrum of Compound 19 

 

1H NMR (600 MHz, CDCl3) Spectrum of Compound 20 
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13C NMR (150 MHz, CDCl3) Spectrum of Compound 20 

 

1H NMR (300 MHz, CDCl3) Spectrum of Compound 21 
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13C NMR (100 MHz, CDCl3) Spectrum of Compound 21 

 

1H NMR (600 MHz, CDCl3) Spectrum of Compound 22 
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13C NMR (150 MHz, CDCl3) Spectrum of Compound 22 
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Chapter 5 – Conclusions and Perspectives 

5.1. Implications for Transglutaminase Inhibition 

The results of Chapters 2 and 3 highlight that electrophilic warheads play a central and 

multifaceted role in governing target engagement not only with hTG2, but across the 

transglutaminase family. Notably, in Chapter 2, the relationship between intrinsic reactivity and 

selectivity was found to be non-intuitive, with more reactive warheads generally exhibiting greater 

selectivity than attenuated acrylamide analogues, which displayed broader inhibition profiles. This 

trend suggests that subtle differences in warhead substitution may significantly impact positioning 

within the active site and influence whether inhibitors adopt reactive or non-productive binding 

orientations. In this context, warhead structure contributes not only to reactivity, but also to binding 

affinity, highlighting that overall inhibitory potency arises from a balance between these 

parameters. The observed activity of the EB-2-16 scaffold against related enzymes, particularly 

TG3 and FXIII, further highlights the potential to exploit warhead variation on this scaffold as a 

starting point for the development of inhibitors targeting other TGases of therapeutic interest. 

Comparison of the warhead library in Chapter 2 with the internal alkyne scaffold described 

in Chapter 3 demonstrates that optimal warhead design is highly dependent on the molecular 

context in which it is embedded. While the results of Chapter 2 suggested that sterically minimal 

electrophiles are required to access the narrow active site tunnel of hTG2, the internal alkyne 

scaffold challenges this assumption by demonstrating that sterically complex electrophiles can still 

effectively engage Cys277. These findings suggest that the active site may be more flexible than 

previously assumed, and that different scaffolds may access distinct binding modes or regions 

within the enzyme, consistent with the lack of synergy between the EB-2-16 and alkynyl scaffolds. 

Consequently, warheads cannot be treated as modular elements that can be transferred between 
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scaffolds without consideration of structural context but must instead be optimized in conjunction 

with the overall scaffold. 

Although the internal alkyne scaffold does not yet achieve an optimal balance between 

potency and stability, it represents one of the most potent fully non-peptidic scaffolds reported for 

hTG2 inhibition and provides a strong foundation for further development. The structure-activity 

relationships identified in this work suggest several potential strategies for optimization (Fig. 

5.1A). Greater diversity at the 1-position of the triazole may be explored to further improve 

potency and solubility, as a broad range of substituents are tolerated at this position and may offset 

the decrease in potency observed with more attenuated amide warhead analogues. The warhead 

may be further attenuated by steric hindrance introduced by an ortho-methyl substituent. 

Additionally, installation of two or more methylene units between the alkyne and terminal phenyl 

group may attenuate reactivity while mitigating rearrangement to an allene, although this approach 

may present synthetic challenges.  

Notably, the highest potency inhibitor in chapter 3 (8R) bears structural resemblance to 

features of glutamine-mimetic acrylate-based inhibitors developed by Zedira (i.e., ZED1227), 

particularly given that triazoles are known bioisoteres of amides. This suggests that a hybrid 

approach between our alkyne scaffold and the glutamine-like linkage to the warhead may lead to 

potent inhibitors (Fig. 5.1B). 
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Figure 5.1. Potential optimization strategies for chapter 3 inhibitors. (A) Modifications on original 

alkynyl scaffold. (B) Hybrid approach with glutamine-mimetic warhead linker. 

 

Taken together, these findings support a more integrated view of electrophilic warheads as 

key determinants of covalent inhibitor behaviour within the transglutaminase family. Rather than 

serving as passive reactive handles, warheads can influence binding affinity, selectivity, and 

inhibition mechanism in a highly context-dependent manner. These results challenge common 

assumptions in covalent inhibitor design, particularly the notion that increased electrophilicity 

necessarily leads to reduced selectivity or that sterically minimal warheads are required for 

effective inhibition. Recognizing and leveraging this complexity will be essential for the rational 

design of selective and effective covalent inhibitors targeting TGases. 

5.2. Expanding the Chemical Space of Alkyne Electrophiles  

Internal warheads represent an underexplored area of electrophile design in covalent 

inhibition. In contrast to conventional warheads, which are typically appended as terminal 

functional groups, the internal alkynyl scaffold described in Chapter 3 integrates the electrophile 

within the core of the molecular framework. This structural feature represents a distinct design 

(A) 

(B) 
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strategy in which the warhead is not a modular component, but rather a fundamental element of 

the scaffold that dictates the geometry and orientation of the entire recognition system. 

A notable feature of this warhead is the degree of tunability that can be achieved through 

substitution on the terminal aryl group, which directly modulates the electronic properties and 

reactivity of the alkyne. This provides a means of modulating covalent reactivity within a largely 

conserved steric framework, enabling systematic variation of electrophilicity without substantial 

changes to molecular size or geometry. Further exploration of substituent effects, including 

variation in electron-donating or electron-withdrawing character and positional effects relative to 

the alkyne, may provide strategies for tuning reactivity. Incorporation of heteroaryl systems such 

as pyridine or imidazole may offer additional means of modulating electronic properties. A more 

comprehensive study of structure-intrinsic reactivity relationships for this warhead, for example 

through correlation with Hammett parameters, could provide a foundation for more predictive 

tuning of electrophilicity and clarify the relative contributions of steric and electronic effects. 

While further work is required to establish the applicability of this warhead to enzymes 

beyond hTG2, this work provides a foundation for expanding the chemical space of covalent 

inhibitor design through more complex and integrated electrophile architectures. 

5.3. Tuning GST-Mediated Metabolism of Covalent Inhibitors 

Chapter 4 demonstrates that a paradigm shift is needed in how susceptibility to GSH 

conjugation is evaluated during early-stage warhead design. Standard measurements of intrinsic 

reactivity with GSH do not predictively reflect GST-mediated metabolism, which instead depends 

on substrate binding affinity and orientation within the GST H-site, reminiscent of the results of 

chapter 2 and 3 with respect to warhead effects on target engagement. This shows that GST-
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mediated metabolism is a structurally tunable parameter rather than one inextricably correlated 

with electrophilicity. 

The quantitative assays developed herein provide a general framework for evaluating GST 

susceptibility that can be readily integrated into early-stage medicinal chemistry campaigns. While 

the library of warheads examined in this study represents only an initial exploration, these results 

highlight the potential for further systematic structure-activity relationship studies to define GST 

substrate scope and identify structural features, not only in warheads but also in other scaffold 

elements, associated with metabolic liability. In contrast to phase I oxidative metabolism, where 

predictive tools for CYP-oxidation sites/substrates are well established, no frameworks currently 

exist for forecasting GST-mediated conjugation beyond general recognition of electrophiles. As 

GST-focused optimization strategies become more widely adopted in covalent drug design, the 

accumulation of experimental datasets may enable the development of predictive models to inform 

how both warhead and scaffold structure may contribute to GST susceptibility. 

Across chapters 2-4 it is clear that electrophilic warheads play an essential structural, not 

solely electrophilic, role in governing both pharmacodynamic and pharmacokinetic behaviour in 

covalent inhibitor design. While a wide range of electrophilic functionalities are known, covalent 

drug development has largely centred around a small number of well-characterized warheads that 

provide a reliable balance between reactivity and selectivity. A shift toward viewing warheads as 

tunable structural features, capable of influencing binding, selectivity, and metabolism, may enable 

more deliberate and diverse approaches to covalent inhibitor design. As these perspectives 

continue to evolve, a more integrated understanding of how warhead structure contributes to both 

pharmacodynamics and pharmacokinetics is expected to guide the development of next-generation 

covalent therapeutics across a broader range of targets. 
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Additional Work Completed During Studies 

 To present this thesis in the most cohesive manner, only major projects were included as 

discrete chapters. Other publications resulting from my PhD studies are listed below for interest 

of the reader. 

 

Development of new kinetic modelling methods (EPIC-Fit) for time-dependent IC50 

evaluations of covalent inhibitors: 

 

Mader, L. K.; Keillor, J. W., Fitting of kinact and KI Values from Endpoint Pre-incubation 

IC50 Data. ACS Medicinal Chemistry Letters 2024, 15 (5), 731-738. 

https://doi.org/10.1021/acsmedchemlett.4c00054 

 

Mader, L. K.; Keillor, J. W., Methods for kinetic evaluation of reversible covalent inhibitors 

from time-dependent IC50 data. RSC Medicinal Chemistry 2025, 16, 2517-2531. 

https://doi.org/10.1039/D5MD00050E 

 

A review on assays and kinetic models for evaluating covalent inhibitors: 

 

Mader, L. K.; Borean, J. E.; Keillor, J. W., A practical guide for the assay-dependent 

characterisation of irreversible inhibitors. RSC Medicinal Chemistry 2025, 16, 63-76. 

https://doi.org/10.1039/D4MD00707G 

 

 

https://doi.org/10.1021/acsmedchemlett.4c00054
https://doi.org/10.1039/D5MD00050E
https://doi.org/10.1039/D4MD00707G
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Contributions to a new synthetic methodology for accessing tetrahydroisoquinolines: 

 

Lewin, H. M.; Mader, L. K.; Edupuganti, V. V. S. R.; Hawkins, B. C.; Gamble, A. B., 

Synthesis of Heterocyclic Scaffolds from Nitrobenzyl Alcohols Using Reduction‐Generated 

Azaquinone Methides and Cyclization. European Journal of Organic Chemistry 2026, 

e202600014. https://doi.org/10.1002/ejoc.202600014 

https://doi.org/10.1002/ejoc.202600014
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