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Abstract 

 
Pursuing enzyme inhibitors with molecules that form covalent bonds with the desired target is an 

attractive focus in drug development that is increasing in prevalence. However, challenges arise when 
carrying out assessments of their time-dependent inhibitory properties as well as making correlations 
with values reported in the literature. Given the prominent focus on the Epidermal Growth Factor 
Receptor (EGFR) tyrosine kinase in oncology, and the diverse structures and binding modes of covalent 
EGFR inhibitors, this perspective seeks to explore various broadly relevant factors that arise in the 
measurement of kinetic parameters within this class of drugs. A review of several studies indicates that 
variable literature potency values require investigators to include appropriate reference molecules and 
consistent substrate conditions for experimental consistency and proper benchmarks. The impact on 
covalent inhibitor potency with respect to common buffer conditions and compound liquid handling is 
surveyed highlighting the importance of multiple experimental variables when conducting these assays. 
Additionally, when assessing the potency for inhibitor selectivity in targeting EGFR mutants over wild-
type (WT), it is ideal to consider ratios of true potency due to the variable ATP substrate binding affinities.  
The overview presented here, although most directly applicable to the tyrosine kinase inhibitor field, 
serves inhibitor assessments broadly by providing guided insights into conducting biochemical assays 
for designing and validating next-generation covalent inhibitors. 
 
Introduction 
 

The rational design of inhibitor molecules that form covalent bonds with their targets is routinely 
pursued in drug discovery.1-5 Despite initial hesitations, covalent inhibitors are well established to possess 
highly desirable drug characteristics including potency, selectivity, and residence times, which has led 
the way to approximately 50 FDA-approved drugs.6 The clinical efficacy of covalent inhibitors often 
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comes from their superior target residence times enabled through their deliberate inability to dissociate 
from the target upon covalent bond formation.7 Recent clinically-deployed examples include molecules 
targeting the epidermal growth factor receptor (EGFR),8 Bruton’s tyrosine kinase (BTK),9, 10 K-Ras,11-14 
and the main protease of the SARS-CoV-2 coronavirus.15 These complexes have been designed to take 
advantage of specific reversible-binding properties that subsequently direct covalent bond formation at 
nucleophilic cysteine residues. Importantly, the choice of warhead chemistry determines whether the 
covalent drug is reversible or irreversible by design.4, 5 Another element is that some irreversible 
warheads are themselves less stable, which emphasizes the importance of empirical measurements to 
confirm the nature of the association over time. While a persistently growing repertoire of targetable 
amino acid side chains by diverse covalent warheads enhance a drug developer’s arsenal,16, 17 rational 
design of new covalent inhibitors will rely on tailor-made screening techniques with added complexity 
to properly distinguish the performance of emerging inhibitor molecules. 

 
EGFR inhibitors 

 
 EGFR is the prototypical member of the ErbB-family of receptor tyrosine kinases (RTKs).18, 19 
Aside from their implications across ordinary (healthy) biology, EGFR is a frequently mutated oncogene 
where alterations in the protein structure of the EGFR protein leads to aberrant signaling in cancer.20, 21 
Tyrosine kinase inhibitors (TKIs) are often effective therapies for non-small cell lung cancer (NSCLC) 
patients where their tumors are established to harbor activating mutations within the EGFR kinase 
domain.22, 23 First-generation anilinoquinazoline TKIs erlotinib and gefitinib were previously approved 
for mutant EGFR NSCLC, but the third-generation inhibitor AZD9291 (osimertinib) has more recently 
been shown to be more effective as a front-line drug.24 Originally, osimertinib was designed based on 
tool compounds (e.g., WZ4002)25 that exhibited selectivity toward the T790M gatekeeper mutation, 
which is the primary route to drug resistance for first-generation TKIs.24 Osimertinib is an irreversible 
inhibitor that, just like WZ4002, forms a covalent bond to the non-catalytic cysteine residue C797 near 
the ATP-binding site. Patients acquire resistance to osimertinib through several routes, most notably 
when the EGFR kinase domain mutates the cysteine to a serine (C797S), which is incompatible with the 
molecule’s covalent bond forming Michael acceptor group.26, 27 While efforts are currently underway to 
address C797S and other modes of osimertinib-induced drug resistance,28, 29 drug development has 
continued to optimize third-generation compounds, such as the recently emerged YH25448 (lazertinib)30, 

31 to improve various pharmacological properties (e.g., dose-limiting toxicity).  Given the continued 
activity around optimizing irreversible EGFR TKIs it is important to properly understand the structural 
differences in established covalent EGFR TKIs and the assays used to accurately judge their potency and 
selectivity for EGFR variants including WT and the activating mutations responsible for drug resistance.  
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Scheme 1. Chemical structures of selected EGFR inhibitors.  

 

 
Figure 1. Binding modes of representative irreversible C797-targeting EGFR inhibitors. X-ray 
cocrystal structures highlighting the binding modes of (A) afatinib with WT EGFR (PDB ID 4G5J), 
(B) neratinib with T790M EGFR (PDB ID 2JIV), (C) osimertinib with WT EGFR (PDB ID 6JXT), (D) 
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LN2057 with WT EGFR (PDB ID 6VHN). Pocket labels denote the functional group of the visualized 
inhibitor that occupies the given pocket. Black arrows near C797 indicate the carbon atom of the inhibitor 
that is covalently bonded to the C797 sulfur. Regions labeled consistent with nomenclature from 
reference 32. 

 
 The earliest iterations of covalent (second-generation) inhibitors targeting EGFR were based on 
the anilinoquinazoline-scaffolds similar to erlotinib and gefitinib (Scheme 1). Incorporation of a Michael 
acceptor warhead to target the aforementioned C797 residue near the ATP binding site, initially done by 
chemists from Parke Davis (a subsidiary of Pfizer since 2000), produced a superiorly potent irreversible 
inhibitor and eventual FDA-approval of afatinib33, 34 and dacomitinib35 for EGFR-mutant lung cancer. 
The closely-related CI-1033 (canertinib) is a well-studied inhibitor originally being investigated by 
Pfizer. Despite development being discontinued, it is still important for points made later on in this 
perspective.36 Structurally, afatinib binds the EGFR kinase catalytic cleft by anchoring groups within 
three regions, specifically the quinazoline core is anchored to the hinge region at M793 through an H-
bond, a substituted phenyl ring within the hydrophobic region I (HRI), and the covalent warhead that 
forms the covalent bond with C797 in the hydrophobic region II (HRII) (Figure 1A). (It is important to 
note that many of these regions within the kinase inhibitor binding site are known by different names, 
and we have followed the nomenclature set out by Lui and Gray, 200632). Neratinib is a unique 
irreversible second-generation TKI in that it stabilizes the inactive (αC-helix out) form of the kinase by 
binding a pyridine group anchored from HRII into the allosteric pocket (Figure 1B), a feature not seen 
in other second-generation EGFR TKIs. Neratinib shares this unique structural motif (pyridine versus 
fluorobenzyl) and property in common with the reversible inhibitor lapatinib and it is often classified as 
a type 1.5 TKI due to the requirement for this inhibitor to reinforce the αC-helix out inactive conformation 
rendering the mechanism both ATP-competitive and allosteric.37 It is noteworthy to mention that this 
phenyl ring in the allosteric pocket corresponds to recently reported mutant-selective allosteric 
inhibitors38-45 and ATP-allosteric chimeric molecules.46-48 
 

Third-generation inhibitors possessing an alternative hinge binding anilinopyrimidine scaffold 
were breakthrough molecules possessing T790M-selectivity25 and led the way for FDA approval of 
AZD9291 (osimertinib).24, 49 The anilinopyrimidine scaffold exemplifies the utility of irreversible 
inhibitors as it enables weak but selective binding to T790M mutant harboring kinases and is made 
uniquely potent by the formation of the covalent bond to C797.25, 50 The pyrimidine core binds to the 
hinge through two H-bonds and, different to quinazoline inhibitors, harbors an N-methylindole extending 
away from the adenosine-binding region (AdR) and not into HRII (Figure 1C). The structural origin of 
the T790M-selectivity has been attributed to productive intermolecular van der Waals interactions with 
the mutant methionine side chain recently characterized by the comparison of soaked and cocrystallized 
EGFR kinase domain structures coupled to MD simulations.51 A newer third-generation TKI developed 
by Yuhan and Janssen (YH25448, lazertinib) has shown marked improvements over osimertinib in terms 
of diminished dose-limiting toxicity and HER2 off-target inhibition, while utilizing similar van der Waals 
interactions with T790M, in addition to novel H-bonding, to afford effective and preferential EGFR 
mutant targeting.30, 31, 52, 53 Distinctly, several lead compounds have been developed and exhibit inhibition 
of C797S-containing kinase domains from various EGFR mutant variants. Important examples of such 
are trisubstituted imidazole molecules, which were the earliest instances of C797S-targeting inhibitors 
and lead to a variety of irreversible analogues being produced (LN2057 Scheme 1, Figure 1D). These 
compounds, which bind an imidazole in the AdR as well as a 4-fluorophenyl to HRII, are made potent 
against C797S EGFR through extra H-bonds to conserved catalytic residues. Molecules of this type are 
not mutant selective, and exhibit high WT potency, but share structural elements with C797S mutant-
selective inhibitors.28 The molecules featured in Scheme 1 and Figure 1 are well-studied and are examples 

https://doi.org/10.26434/chemrxiv-2023-tkqqk ORCID: https://orcid.org/0000-0002-0722-5160 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-tkqqk
https://orcid.org/0000-0002-0722-5160
https://creativecommons.org/licenses/by-nc-nd/4.0/


 5 

of the diverse binding modes for covalent EGFR TKIs, which are informative for understanding the 
methods utilized to determine and interpret their potency and mutant-selectivity.21, 28 
 
Kinetics of Covalent Inhibitors 
 

All irreversible EGFR TKIs bind and inactivate EGFR tyrosine kinase activity in a two-step 
process. The first process is a rapid equilibrium that forms the non-covalent E.I complex, described by 
the dissociation constant, Ki (Figure 2, Eq 3), followed by an irreversible covalent adduct formation (E-
I), defined by the rate constant, kinact (Figure 2). For a particular TKI, one can assess the potency through 
the composite second-order inhibitor potency (kinact/KI, Eq 1) that reflects the time-dependence of 
inhibition from free enzyme (E) to fully inactivated enzyme-inhibitor complex (E-I). The expression for 
kinact/KI is dependent on all of the rate constants that govern target inhibition (Eq 1) and is the most 
important term in assessing covalent inhibitor structure activity relationships (SARs) or more 
appropriately structure kinetic relationships (SKRs). Separately, the inactivation constant, KI,  is the 
inhibitor concentration required to inactivate the enzyme at ½kinact.54. Similar to KM for enzyme substrates, 
KI can be seen as a composite of the rate constants describing the fate of the noncovalent E·I complex 
(Eq 2). Determination of the irreversible inhibitor potency can be done by the obtaining observed rate 
constant (kobs) as a function the inhibitor concentration [I]. This plot for irreversible inhibitors yields a 
hyperbola where the upper asymptote is kinact, the [I] at half maximal kobs is KI, and the slope of the initial 
linear approximation of the hyperbola is kinact/KI. This traditional analysis method can prove productive, 
but only accounts for variations in kobs. A far better method is available which incorporates all the 
information in the primary data to yield not only kobs, but also the initial reaction rate, and these values 
are determined with higher confidence. Here, the formation of phosphorylated product (P) can be 
monitored through progress curves as generated from a 24-point 1.5-fold dilution series on a single plot 
(Figure 3, See supporting information for method details). A global fit of all the data yields a much 
stronger fit, and statistical tests can be done to determine if a one-step fit (yielding kinact/KI) or two-step 
fit (yielding kinact and KI separately) is most appropriate. It is also important to emphasize a recurring 
point of confusion in this field regarding Ki versus KI. There are cases where investigators correctly give 
values for kinact/Ki (e.g., 53) and others where “kinact/Ki” is listed but the method actually reports kinact/KI. 
There are instances where Ki approximates KI (when k-1 >> kinact, Eq 2), but they are rarely 
interchangeable.51 In any event, attention to the details of these parameters is of utmost importance. 
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Figure 2. The two-state inactivation of an enzyme target by an irreversible inhibitor. 

 
  

 
(Equation 1) 

 
(Equation 2) 

 
(Equation 3) 

 
(Equation 4) 

 

 
Figure 3. Illustrative examples of time-dependent process curves. Measurements of product 
formation with a covalent inhibitor dosed against EGFR A) WT and B) L858R/T790M kinase domains. 
Data generated from a 24-point 1.5-fold dilution series.  
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Methodological diversity in measuring time-dependent kinetics for irreversible EGFR TKIs. 

 
The optimization of any drug compound relies on various assays to assess SARs to deliver several 

lead molecules. Unlike reversible-binding inhibitors that can be readily compared on the basis of IC50 
values, irreversible inhibitors require more sophisticated dynamic experiments to properly assess potency 
(kinact/KI) and ideally the constituent kinetic parameters kinact and KI. Reliance solely on IC50 values to 
guide SARs for irreversible inhibitors can be misleading, and proper evaluation of kinetic parameters are 
needed for the more proper SKR. In this section, we will review the methods that have been used 
previously to assess the time-dependent behavior of irreversible EGFR TKIs with the ultimate goal of 
providing context for variables that may impact experimental outcomes. 

 
The general experimental set up for assessing irreversible inhibitor potency involves a dynamic 

readout of enzyme activity ideally performed in a 96- or 384-well microplate to capture a wide range of 
inhibitor concentrations simultaneously at comparable conditions. For assessing the activity of 
irreversible EGFR TKIs, investigators have utilized several methods including 1) progress curve analysis 
(PCA), 2) incubation time-dependent potency IC50(t), and 3) stopped-flow (SF) double mixing. PCA 
requires an assay method that monitors the dynamics of EGFR substrate phosphorylation, and the 
majority of studies50, 53, 55 have utilized sulfonamido-oxine (Sox)-peptide reagents that enable assays to 
measure substrate phosphorylation with fluorescence in a continuous, direct and quantitative format.56-58  
In our experiments, for example,53 we find that such studies should be conducted to maximize the number 
of time points collected where possible to enable accurate global fitting. The continuous nature of the 
Sox-based PhosphoSens platform from AssayQuant Technologies, Inc. provides flexibility to collect the 
most appropriate regions of the progress curve, and this is done for every condition and in every well of 
the 96- 384- or 1536-well microplate. Importantly Sox was designed to be small and minimally 
hydrophobic (very similar to tryptophan) to avoid artifacts seen with other larger fluorophores commonly 
used in kinase activity series. Another approach has been developed that allows for the determination of 
time-dependent inhibition values by comparing IC50 values at different times after initial enzyme 
incubation with inhibitor.59, 60 Typically, IC50 values alone are inappropriate to assess covalent inhibitor 
potency,54 whereas this method utilizes an implicit time-dependent expression for obtaining kinact and KI 
that is amenable to alternative end-point assays, such as HTRF.61 There have been reports of liabilities in 
the IC50(t) method that pertain to drug preincubation with enzyme (common for IC50 value determination) 
that can overestimate kinact and underestimate kinact/KI.62 Alternatively, double mixing experiments with 
an SF spectrofluorometer have been utilized to determine kinact values directly where an initial pre-
incubation of EGFR kinase domain proteins with osimertinib are subsequently mixed with substrates 
allowing for measurement of displaced non-covalently bound osimertinib.50 These methods represent the 
diverse approaches available for irreversible inhibitor potency determination, although as is the case for 
many biochemical assays, it can be challenging to know how best to compare results between such 
studies, especially if the experimental methods are incompletely described as is commonly observed. 
 
Experimental considerations  
 

Any drug characterization assay, if biochemical or cell-based, requires decisions that may 
influence the method leading to erroneous or inconsistent results. We sought to better understand a variety 
of experimental conditions in our own PCA SOX-based EGFR assays originating from a recent study on 
irreversible EGFR TKIs.53 The Sox-based PhosphoSens platform can use low or high ATP concentrations 
and we typically perform assays using 1 mM ATP, which is physiological. Alternatively, assays can be 
run at with an ATP concentration near the enzyme KM value. With the EGFR, we use AQT0734 as the 
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optimized Sox-sensor peptide substrate, which allows low nM detection of WT and mutant kinase 
variants. This substrate is derived from a physiologically-relevant protein substrate. Generally, we 
prepare a low volume (6 µL) of ATP, Sox substrate, and the inhibitor, which is mixed together with a 
larger volume (14 µL) of a master mix containing buffer and recombinant EGFR protein (see protocols 
in supporting information). Previously, we had prepared this initial low volume solution with 10-times 
concentration solution of ATP substrate, SOX peptide substrate, and inhibitor where the inhibitor was 
added as a solution of 10% DMSO in water such that after mixture with the rest of the assay components, 
it would be normalized to 1% DMSO, which generated successful functional assessment to determine 
the potency relationships between lazertinib, osimertinib, and LN2057 (10x PCA, Table 1).53 An 
alternative protocol eventually became necessary in subsequent studies due to compound solubility issues 
observed with certain compounds (unrelated, unpublished work) where 100-times solutions (in 100% 
DMSO) of inhibitor were added to ATP and SOX peptide substrate prior to reaction initiation with minor 
adjustments in reaction mixture volumes to ensure proper final concentrations of components in 1% 
DMSO. Unexpectedly, when applied to the current study in this perspective, this inhibitor preparation 
method led to enhancement in kinact/KI values for all three compounds with a range of values: 2.5- to 7.9- 
fold for the WT EGFR and 3.1- to 10.9-fold for the L858R/T790M mutant, with the magnitude of this 
shift being osimertinib > LN2057 > lazertinib (100x PCA Table 1). Interestingly, the differences appear 
to be mainly due to an apparent reduction in KI while kinact remains largely unaffected. 

 
While the exact origins of this enhancement in inactivation constants are undetermined, our 

observations suggest this increase in kinact/KI potency may result when taking the unique solubility 
properties of the inhibitors tested. The fact that this increase in potency happens with all 3 compounds 
and that the rank order of the change in potency is similar with both the WT and mutant enzyme, 
presumably reflects a pharmacological property of the compounds where the use of 100% DMSO 
improves solubility given these assay conditions. The literature is rich with publications seeking to 
identify a collection of physicochemical or thermodynamic properties of compounds that predict 
compound behavior, including solubility, in an aqueous environment.63-65  The topological polar surface 
area (TPSA) is a commonly-used parameter that provides important insights given certain ligand-
receptor interactions and relevant biological conformations with proteins. including H-bonding. TPSA is 
defined as the surface sum over all polar atoms or molecules, primarily oxygen and nitrogen, also 
including their attached hydrogen atoms.63 TPSA is often used to predict cellular absorption for which 
has been reported the optimum TPSA range as 60–140 Å2.65 Intriguingly, the TPSA values for the above 
3 compounds are osimertinib (87.6 Å2) > LN2057 (91.9 Å2) > lazertinib (110 Å2), which is the same rank 
order for the increase in kinact/KI observed with our 100x PCA method (100% DMSO). Additional work 
will be required to test this hypothesis, which highlights a key need to understand how different 
physicochemical properties affect functional potency under different compound treatment and assay 
conditions. 
 

Aside from liquid handling, several other important variables need to be defined regarding common 
assay reagents, assay conditions, and the source of recombinant enzyme. The majority of drug 
development laboratories do not readily make their own recombinant kinase domains, and routinely 
acquire them from commercial suppliers. Important differences can include the construct size, tag, tag 
location, host expression system, and purification methods. We find that readily available enzymes 
(Signal Chem and Carna) are consistently inhibited by osimertinib with the PCA 100x method (Table 2). 
The choice of peptide substrate is also important. In our studies we have used the AQT0734 Sox-peptide 
reagent, which is a physiologically-relevant substrate. In contrast, many studies use synthetic peptides 
(e.g., polyGlu-Tyr) or sequences that have been extensively modified with multiple terminal lysine or 
arginine residues to facilitate binding to phosphocellulose (P81) paper, which we have seen can 
dramatically change the interaction with the target kinase. Additionally, kinases often require the 
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presence of excess reductant to prevent inactivating oxidation and deterioration of the enzyme proteins. 
A common reductant included in kinase domain buffers is dithiothreitol (DTT, Cleland’s Reagent), which 
contains two thiol groups that have the ability to react with the electrophilic warheads in irreversible 
kinase TKIs, potentially rendering them less active when measuring inhibitor potency. Another common 
reagent included in protein kinase activity assays is bovine serum albumin (BSA) protein, which contains 
a reactive cysteine thiol and may also react with inhibitor electrophilic groups. Kinetic parameters 
determined in the presence and absence of DTT and BSA with osimertinib show no significant 
differences compared to assays performed in the presence of reductant tris(2-carboxyethyl)phosphine 
(TCEP) and no BSA (Table 2). These comparable kinetic values indicate that the inclusion of BSA and 
DTT reagents are not contributing to the observed differences in potency in these biochemical assays. 
Although no significant perturbations are observed here rigorous assessment of any given irreversible 
inhibitor for effects of such buffer additives is still warranted. In any case, these comparisons clearly 
indicate that for osimertinib, inhibition of EGFR is most impacted by alterations in inhibitor liquid 
handling. 
 
Comparing irreversible inhibitor potencies across EGFR TKIs studies 
 

Osimertinib is the most frequently measured irreversible EGFR inhibitor and most informative 
regarding the consistency between studies. Table 1 shows a set of values determined from all of the 
methods mentioned earlier against WT, L858R and L858R/T790M EGFR variants. It is generally seen 
that potency values (kinact/KI)app for osimertinib vary significantly, while the inactivation rate kinact is 
generally consistent across studies in all three enzymes (Table 1). A study by scientists at AstraZeneca 
employed several enzymatic kinetics techniques (PCA and SF) to better characterize the potency of 
osimertinib, and it is a thorough kinetic study of EGFR TKIs.50 In their PCA assays, the investigators 
were unable to obtain two-step fits necessary to determine individual kinact and KI values, but report true 
and apparent kinact/KI due to limited reversible binding (Table 1). Another series of studies have reported 
osimertinib activity utilizing the IC50(t) method allowing for the determination of kinact/KI and the 
individual components (Table 1).59, 66, 67 Overall, and including our earlier values,53 the osimertinib 
apparent potencies (kinact/KI) are quite different and this presumably reflects the diversity in compound 
treatment and assay conditions used for these determinations, the rank order of potencies is the same 
(L858R > L858R/T790M > WT), and this is consistent with the mutant-selectivity of this drug. The 
IC50(t) method deviates from this trend slightly showing osimertinib to be slightly more potent against 
L858R/T790M compared to L858R.59, 66, 67 kinact values from our experiments are mostly comparable with 
the rates obtained from SF double mixing, all being faster than PCA and IC50(t). Lazertinib potency also 
matches the trend in kinact/KI values (L858R > L858R/T790M > WT), is consistent with its T790M 
selectivity, and the non-selective LN2057 is superiorly potent against L858R, but less so for 
L858R/T790M. This global comparison (Table 1) shows that kinact/KI values are relatively difficult to 
compare, and the differences could be due to a variety of experimental factors, but general trends from 
mutant and WT EGFR appear more comparable.  
  
Second-generation EGFR TKIs 
 

Given the trend in apparent potency values across the EGFR variants for third-generation 
inhibitors, it is informative to consider how these trends compare to second-generation TKIs. Since most 
of the attention in this field has focused on osimertinib and other third-generation TKIs, we independently 
obtained kinetic values for second-generation inhibitors afatinib, canertinib (CI-1033), and neratinib to 
compare with our earlier experiments (PCA 100x, Table 3). It is observed that potency against L858R is 
higher for these compounds comparted to WT, similarly reflecting stronger reversible inhibitor binding, 
consistent with the lower KM for ATP.68 In contrast to osimertinib and lazertinib, these three compounds 
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are significantly less potent against L858R/T790M, showing lower kinact/KI compared to WT. This is 
consistent with the notion that acquisition of the T790M mutation renders these inhibitors ineffective and 
their clinical application leads to drug resistance. In the case of afatinib, the trend in potency values is 
consistent with earlier work.50 The principal source of the different potencies observed are all related to 
changes in KI, with kinact remaining fairly consistent, indicating that differences in selectivity and potency 
are enabled by alterations in reversible binding properties.  
 
 Assessing Covalent Inhibitor Mutant Selectivity 
 

An important distinguishing feature of covalent EGFR TKIs is their ability to inhibit specific 
activating EGFR mutants while simultaneously having limited activity against the WT protein. In this 
way, the biochemical behavior of EGFR TKI potency is of vital significance and assessing mutant 
selectivity must be a consideration at all points in the development process. It is well recognized that 
reversible-binding first-generation TKIs, such as erlotinib and gefitinib (Scheme 1), are stronger binders 
with EGFR(LR) due to the significantly weaker ATP-binding affinity compared to WT.68, 69 Acquired 
resistance to these inhibitors results in an additional T790M point mutation that renders first-generation 
TKIs ineffective by enhancing the ATP affinity to approximate the same affinity for WT.70 As such, the 
variability in KM of the ATP substrate in an enzyme that is the target if a covalent ATP-competitive 
inhibitor is a key determining factor in assessing if a given compound is likely to be clinically effective 
(i.e., exhibit an ideal therapeutic window).20  

 
As a practical matter, it is worth considering variabilities often observed in kinetic parameters 

that are routinely used to assess inhibitor potency and selectivity. For reversible inhibitors, enzyme 
inhibition experiments that enable the determination of IC50 values are informative and simpler than 
determining inhibition constants (Ki). Despite their convenience, IC50 values are “apparent” in that they 
vary with respect to ATP substrate concentrations whereas the dissociation constant is invariant (i.e., 
absolute or “true”). The relationship between these two parameters for competitive inhibitors is given by 
the Cheng-Prusoff equation (Eq. 5).71, 72 For covalent inhibitors, kinact/KI measured in any given 
experiment is similar to the IC50 in that they both vary with respect to ATP concentration, and for the 
sake of this perspective, that is where their comparability ends. Calculation of a “true” kinact/KI is possible 
through an equation that resembles the Cheng-Prusoff equation for ATP competitive reversible inhibitors 
(Eq. 6).50 In this respect, the variabilities in a specific kinase KM and the ATP concentration in a specific 
experiment can be eliminated for more direct comparison of the properties of covalent TKIs. 
 

 (Equation 5) 

 (Equation 6) 

 
 

[ATP]/KIC50 Ki= ( )1 + M

[ATP]/Kkinact/KI( )true kinact/KI( )app= ( )1 + M
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Figure 4. Defining reversible TKI mutant selectivity. Graphical representation of apparent potency A) 
(kinact/KI )true B) (kinact/KI )app ratios for WT, L858R (LR) and L858R/T790M (LR/TM) normalized to 
EGFR WT. Mutant selectivity for L858R/T790M can be assessed based on the (kinact/KI )app ratio being 
above or below the WT values. True (kinact/KI ) values are obtained on the basis of KM values from Zhai 
et al. 50 
 

Given the above consideration, a reasonable question in any drug development effort would be: 
“Is the (kinact/KI)true or (kinact/KI)app value most ideal for assessing mutant selectivity of covalent 
inhibitors?”. Adherence to kinetic rigor requires selectivity to be made on the basis of invariant true 
potency values.54 On the other hand, an argument could be made for assessing selectivity on the basis of 
apparent rates, with assays performed at identical and sufficiently high ATP substrate concentrations, that 
would reflect the inhibition of an enzyme given the variabilities in KM for ATP. One may suggest that 
apparent potency values would more accurately reflect biological conditions where ATP concentrations 
in cells are typically much higher (i.e., millimolar values) than target KM values for ATP. To better 
understand the mutant selectivity of a subset of irreversible TKIs, a plot can be generated showing trends 
in mutant potency normalized by WT potency (Figure 4). In this case, we have conducted experiments 
based on the PCA 100x protocol (Supporting Information) at 1 mM ATP concentration for six distinct 
covalent EGFR inhibitors. Normalizing the true (Figure 4A) and apparent (Figure 4B) to the 
corresponding WT values returns the exact same behavior for all six of these molecules in inhibition 
assays for WT, LR, and LR/TM EGFR variants. All six inhibitors show selectivity for LR, as consistent 
with the lower ATP binding affinity for this mutant, and then potency values fall for LR/TM. Osimertinib 
and lazertinib are found to inhibit LR/TM with higher potency than WT, as consistent with their 
established TM selectivity. The remaining four inhibitors are well-accepted to be ineffective against TM 
and their potency falls below the corresponding WT value. (kinact/KI )true LR ratios are generally higher 
than those for (kinact/KI )app on account of the higher KM values for ATP. Provided the mutant KM values 
for ATP are the same or higher than WT, the invariant (kinact/KI)true potencies will exhibit a greater fold 
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difference compared to the corresponding apparent values. It seems reasonable given what is known 
about EGFR kinase KM values for ATP to assess mutant selectivity by ratios of (kinact/KI)true  values. When 
evaluating distinct covalent inhibitor development with other targets, one should carefully consider the 
impact of KM for ATP substrate variance for confidence in assessing covalent inhibitor selectivity. 
 

 
Figure 5. Structural basis for potency differences with T790M. Crystal structure overlays of (A) 
afatinib (grey/yellow, PDB ID 4G5P) and neratinib (magenta/teal, PDB ID 2JIV) with T790M EGFR. 
(B) Afatinib (grey/yellow, PDB ID 4G5P) and neratinib (magenta/teal, PDB ID 2JIV) with T790M 
magnified to highlight shift of T790M. Red arrow highlights the shift in position of the T790M side chain 
due to the steric effects from neratinib binding compared to afatinib. (C) osimertinib with WT EGFR 
(green, PDB ID 6JXT) and T790M EGFR (magenta, PDB ID 6JX0). Red arrow highlights the rotation 
of the N-methylindole for WT versus T790M mutant, which allows for the enhanced mutant selectivity 
seen in osimertinib. (D) lazertinib with WT EGFR (magenta, PDB ID 7UKV) and T790M EGFR (green, 
PDB ID 7UKW).  
 
Potency trends related to binding modes.  
 

Associating TKI activity in the context of available structural information is helpful to understand 
future development of improved pharmacological agents. With the trends in true and apparent potency 
seen in Figure 4, important inclinations can be seen regarding the impact of the T790M variant. Earlier 
work on anilinoquinazoline inhibitors, and our discussion above, shows that the first and second-
generation TKIs all anchor phenyl rings in HRII directly across from the gatekeeper side chain. The 
phenyl ring in neratinib that extends into HRII requires closer binding of this ring near the gatekeeper, 
which is not the case for afatinib (Figure 5A and B). Accordingly, potency values against L858R/T790M 
are diminished for neratinib compared to afatinib indicating this steric clash with T790M is more 
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detrimental for type 1.5 neratinib.37 On the other hand, T790M selectivity for osimertinib has been shown 
to be caused by unique van der Waals interactions with T790M, and made possible due to elaboration of 
hydrophobic groups inside the AdR (Figure 5C).51 This interaction is enabled by the rotational flexibility 
of the N-methylindole of osimertinib, where this moiety is found rotated by ~180° in WT cocrystal 
structures and MD simulations.51 The superior mutant selectivity of lazertinib (Table 1, Figure 4), when 
compared to osimertinib, can be attributed to similar van der Waals contacts with T790M (Figure 5C), 
but where a pendant amine in the AdR for lazertinib enables distinctive intramolecular H-bonding for 
rigidification of this inhibitor orientation (Figure 5D).53 The fact that these structural differences correlate 
with differences in apparent potency values as determined using the 100x PCA method (Table 1) offer 
insights that guide design of novel modifications in the design of clinically important covalent 
compounds with selectivity for the mutant variants, while sparing the WT protein, to improve therapeutic 
efficacy. 

 
Outlook and conclusions. 
 

The rapid growth in popularity of small-molecule inhibitors that form covalent bonds, reversibly and 
irreversibly, is well-justified in drug discovery. Despite this positive trend, we find that potency 
measurements are generally difficult to compare from literature studies and this represents a challenge 
that requires diligence in reporting detailed compound treatment and assay conditions. This perspective 
highlights a variety of factors that influence data generation and offer considerations for ideal 
interpretation to make informed decisions in drug design.  

 
For the characterization of a series of drug candidates and comparison to results published in the 

literature, it important to describe in detail and compare the compound treatment and assay conditions. 
In many cases, published reports may provide insufficient details that make accurate comparisons to any 
given study impractical. Different laboratories may also use alternative liquid handling and mixing 
protocols, that need to be considered. As presented in this perspective, inhibitor-specific properties such 
as TPSA can variably impact potency measurements and ensuring experimental protocols for maximal 
inhibitor solubility are necessary for parameter accuracy (10x vs 100x PCA). Additionally, for a variety 
of reasons, such as differing experimental methods or even confusing use of kinetic constants (Ki versus 
KI), it is unlikely that results from previous studies will approximate each other (Table 1) and the most 
appropriate utility of the literature is based on the trends (e.g., rank order of potency) between inhibitors 
and enzyme target variants. Importantly, we emphasize that any potency assessments should include 
appropriate controls with the same conditions as the experimental inhibitors.  

 
We and other groups have also found that the power of using a continuous assay format to generate 

potency values by complete progress curve analysis (PCA) with a global fit greatly improves ease of use, 
reproducibility, and the quality of the data generated as seen with the Sox-based PhosphoSens platform. 
This is especially true with the determination of kinact/KI values with covalent inhibitors. Additionally, we 
have shown that a plot of kinact/KI values normalized to WT is informative for assessing the selectivity of 
covalent inhibitors that target EGFR mutations and that this can be done effectively with both apparent 
and true potency values. While differences in true kinact/KI values supply the most rigorous differences in 
selectivity, apparent values may more accurately reflect time-dependent inhibition of EGFR variants that 
are dependent on KM values for ATP and, where a comparison can be performed using the ATP KM and 1 
mM ATP, the latter can be used to more closely model biological conditions. It is expected that covalent 
inhibitors will continue to be discovered and developed across diverse targets and diseases, and the 
experimental considerations and data analysis reviewed here offer valuable perspectives and should 
inform decision making broadly in medicinal chemistry.  
 

https://doi.org/10.26434/chemrxiv-2023-tkqqk ORCID: https://orcid.org/0000-0002-0722-5160 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-tkqqk
https://orcid.org/0000-0002-0722-5160
https://creativecommons.org/licenses/by-nc-nd/4.0/


 14 

 
 
Table 1. The impact on liquid handling protocol on time-dependent inhibition behavior of AZD9291, YH25448, and LN2057. 
 
 

Compound Protocol 

WT L858R L858R/T790M Reference 
kinact  

⨉ 10-3 
(s-1) 

KIapp (nM) 
(kinact/KI)app 

⨉ 105 
(M-1s-1) 

kinact  

⨉ 10-3 
(s-1) 

KIapp (nM) 
(kinact/KI)app 

⨉ 105 
(M-1s-1) 

kinact  

⨉ 10-3 
(s-1) 

KIapp (nM) 
(kinact/KI)app 

⨉ 105 
(M-1s-1) 

 

AZD9291 
(osimertinib) 

PCA 
10x  11.5 ± 0.70 434 ± 32 0.264 ± 0.004 n.d. n.d. n.d. 10.8 ± 0.6 256 ± 16 0.424 ± 0.006 53 

PCA 
100x 7.20 ± 0.46 34.4 ± 3.3 2.09 ± 0.10 6.36 ± 0.29 4.47 ± 0.3 14.2 ± 0.40 7.60 ± 0.61 16.4 ±1.7 4.63 ± 0.14 This 

work 

PCA n.d n.d. 0.011 ± 0.01 n.d. n.d. 0.69 ± 0.02 n.d. n.d. 0.49 ± 0.07 
50 

SFa 36 ± 1 - - 110 ± 20 - - 120 ± 10 - - 

IC50(t) 7.2 ± 1.8 14 ± 2.3 5.2 ± 0.5 5.0 ± 0.1  1.6± 0.3 32 ± 5 5.5 ± 1 1.5 ±0.1 38 ± 4 59, 66, 67 

YH25448 
(lazertinib) 

PCA 
10x  9.71 ± 0.45 271 ± 15 0.358 ± 0.04 n.d. n.d. n.d. 3.92 ± 0.07 34 ± 1.1 1.15 ± 0.02 53 

PCA 
100x 6.51 ± 0.62 72.1 ± 8.5 0.903 ± 0.026 5.88 ± 0.34 4.68 ± 0.33 12.6 ± 0.3 5.20 ± 0.23 14.6 ± 0.8 3.56 ± 0.05 This 

work 

LN2057 

PCA 
10x  5.59 ± 0.18  98.9 ± 3.9 0.565 ± 0.006 n.d. n.d. n.d. 9.35± 0.69 224 ± 19 0.418 ± 0.007 53 

PCA 
100x 3.84 ± 0.18 11.4 ± 0.9 3.37 ± 0.013 7.17 ± 0.25 1.27 ± 0.06 56.6 ± 0.13 7.43 ± 0.33 32.5 ± 1.8 2.29 ± 0.4 This 

work 

IC50(t) 2.7± 1 14±2.3 1.5 ± 0.4 0.5± 0.2 0.10± 0.03 1.3 ± 0.3 2.2± 0.05 0.10± 0.01 1.1 ± 0.2 59, 66, 67 

n.d.  = “not determined”, PCA = “Progress curve analysis” (Sox-based substrate reagent), 10x = “10x 10% DMSO Inhibitor stock” liquid handling protocol, 100x = “100x 
100% DMSO Inhibitor stock” liquid handling protocol, IC50(t) = “incubation time-dependent potency”, a all values aside from kinact cannot be determined by stopped-flow 
double mixing. Enzyme concentrations and sources for “This work” rows = 4 nM EGFR WT GST-tagged, 4 nM EGFR [T790M/L858R], GST-tagged, Carna, 0.5 nM 
EGFR [L858R] GST-tagged, SignalChem.  
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Table 2. Recombinant enzyme source and buffer additives minimally impact time-dependent inhibition of EGFR WT and mutations with AZD9291. 
 

Compound Enzyme 
Supplier Additives 

WT L858R L858R/T790M 

kinact  

⨉ 10-3 
(s-1) 

KIapp 

(nM) 

(kinact/KI)app 

⨉ 105 
(M-1s-1) 

kinact  

⨉ 10-3 
(s-1) 

KIapp (nM) 
(kinact/KI)app 

⨉ 105 
(M-1s-1) 

kinact  

⨉ 10-3 
(s-1) 

KIapp 

(nM) 

(kinact/KI)
app 

⨉ 105 
(M-1s-1) 

AZD9291 
(osimertinib) 

SignalCh
em TCEP/No BSA 6.52 ± 0.55  

14.4 
± 1.6 

4.54 
± 

0.15  
6.36 ± 0.29 4.47± 0.30 14.2 ± 0.4 7.98 ± 

0.51 
8.05 ± 
0.66 

9.92 ± 
0.26 

Carna TCEP/No BSA 7.2 ± 0.46 34.4 ± 
3.30 

2.09± 
0.1  

8.56± 0.5 6.51± 0.54 13.1 ± 0.4 7.60 ± 
0.61 

16.40 ± 
1.70 

4.63 ± 
0.14 

SingalCh
em DTT/BSA n.d. n.d. n.d. 5.34 ± 0.22 3.91 ± 0.22 13.7 ± 0.34 n.d. n.d. n.d. 

Carna DTT/BSA 3.14± 0.18  
25.3 ± 

2.4  
1.24± 
0.054  

n.d. n.d. n.d. 4.77 ± 
0.16 

7.41 ± 
0.36 

6.44 ± 
0.14 

 
n.d.  = “not determined”, Enzyme concentrations and sources 4 nM EGFR WT, Carna; 0.5 nM EGFR [L858R], SignalChem; 4 nM EGFR [T790M/L858R], Carna; 0.5 
nM EGFR WT SignalChem; 5.0 nM EGFR [T790M/L858R] SignalChem; 2.0 nM EGFR [L858R], Carna. Details about commercially available protein can be found in 
the SI.  
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Table 3. Time-dependent inhibition of EGFR enzymes with second-generation TKIs 
 

Compound 

 WT L858R L858R/T790M Reference 
Method kinact  

⨉ 10-3 
(s-1) 

KIapp (nM) 
(kinact/KI)app 

⨉ 105 
(M-1s-1) 

kinact  

⨉ 10-3 
(s-1) 

KIapp 

(nM) 

(kinact/KI)app 

⨉ 105 
(M-1s-1) 

kinact  

⨉ 10-3 
(s-1) 

KIapp (nM) 
(kinact/KI)app 

⨉ 105 
(M-1s-1) 

 

Afatinib PCA 100x 4.44 ± 0.14 0.65 ± 0.03 68.7 ± 0.16 n.d. n.d 298 ± 11 5.40 ± 0.17 45.3 ± 2.0 1.19 ± 0.02 
This work 

 PCA n.d. n.d. 2.0± 0.4 n.d. n.d. 22±1 n.d. n.d. 1.5 ± 0.2 
50 

 SFa n.r. - - n.r. - - 1.5±0.1 - - 
 

 PCA 0.9± 0.1 n.r. n.r. n.r. n.r. n.r. 2.4± 0.3 n.r. n.r. 
55 

Neratinib PCA 100x 8.03 ± 
0.78 6.88 ± 0.8 11.7 ± 0.3 6.34 ± 

0.29 
0.53 ± 
0.03 118 ± 3 4.51 ± 0.19 121 ± 8 0.372 ± 

0.11 
This work 

 PCA 1.8 ± 0.1 n.d. n.d. n.d. n.d. n.d. 1.1 ± 0.2 n.d. n.d. 
55 

CI-1033 
Canertinib PCA 100x 5.57 ± 

0.16 8.93 ± 0.72 40.4 ± 0.8 8.93 ± 
0.72 

0.05 ± 
0.01 1700 ± 80 7.1 ± 0.35 5.27 ± 0.34 13.5 ± 0.3 

This work 

 PCA 2.9 ±1.9 n.r. n.r. n.r. n.r. n.r. 11.0±0.2 n.r. n.r. 
55 

 
n.d. = “not determined”, due to unambiguous two-step model due to inability to reach maximal inactivation rate (kinact) at high afatinib concentration. n.r. indicates values 
that are not reported. a all values aside from kinact cannot be determined by stopped-flow double mixing. Enzyme concentrations and sources for “This work” rows = 4 nM 
EGFR WT GST-tagged, 4 nM EGFR [T790M/L858R], GST-tagged, Carna, 0.5 nM EGFR [L858R] GST-tagged, SignalChem.  
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