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Covalent inhibition is a reemerging paradigm in kinase drug design,
but the roles of inhibitor binding affinity and chemical reactivity
in overall potency are not well-understood. To characterize the
underlying molecular processes at a microscopic level and de-
termine the appropriate kinetic constants, specialized experimental
design and advanced numerical integration of differential equations
are developed. Previously uncharacterized investigational covalent
drugs reported here are shown to be extremely effective epidermal
growth factor receptor (EGFR) inhibitors (kinact/Ki in the range 105–
107 M−1s−1), despite their low specific reactivity (kinact ≤ 2.1 ×
10−3 s−1), which is compensated for by high binding affinities
(Ki < 1 nM). For inhibitors relying on reactivity to achieve potency,
noncovalent enzyme–inhibitor complex partitioning between inhib-
itor dissociation and bond formation is central. Interestingly, revers-
ible binding affinity of EGFR covalent inhibitors is highly correlated
with antitumor cell potency. Furthermore, cellular potency for a sub-
set of covalent inhibitors can be accounted for solely through re-
versible interactions. One reversible interaction is between EGFR-
Cys797 nucleophile and the inhibitor’s reactive group, which may also
contribute to drug resistance. Because covalent inhibitors target
a cysteine residue, the effects of its oxidation on enzyme catalysis
and inhibitor pharmacology are characterized. Oxidation of the
EGFR cysteine nucleophile does not alter catalysis but has widely
varied effects on inhibitor potency depending on the EGFR context
(e.g., oncogenic mutations), type of oxidation (sulfinylation or glu-
tathiolation), and inhibitor architecture. These methods, parameters,
and insights provide a rational framework for assessing and design-
ing effective covalent inhibitors.
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Receptor tyrosine kinases, such as the epidermal growth factor
receptor (EGFR) tyrosine kinase, catalyze protein phos-

phorylation reactions to trigger signaling networks. Oncogenic
activating mutations of EGFR lead to aberrant signaling for
a subpopulation (10–30%) of nonsmall cell lung cancer patients
(1). These mutations reside primarily in two regions of the
EGFR catalytic domain [namely, the in-frame deletion mutations
(e.g., Del746-750) preceding the N-terminal Cα-helix (exon 19)
and the C-terminal activation loop L858Rmutation (exon 21)] (2).
Patients harboring these activating mutations usually respond to
reversible ATP competitive drugs (e.g., erlotinib and gefitinib), but
their effectiveness is limited by the emergence of drug resistance,
in part, through an additional active site mutation (T790M and
gatekeeper residue) in 50% of the responsive patients (3).
A second generation of drug discovery dating back to the

1990s resulted in inhibitors that incorporate a chemically re-
active Michael Acceptor (MA) electrophile (warhead) to target
a cysteine nucleophile (EGFR-Cys797) in the hinge region of the
ATP binding cleft (4). The ensuing 1,4-conjugate addition re-
action of these inactivators results in an irreversible covalent
adduct (Fig. 1A); hence, the term covalent inhibitors is used (5).

To date, clinical trials of covalent EGFR inhibitors have produced
mixed results (6, 7). The first covalent drug (CI-1033) did not
proceed beyond early clinical studies. The next series of covalent
inhibitors has advanced to phase III studies or are Food and Drug
Administration-approved (3) [dacomitinib, PF-00299804 (8); ner-
atinib, HKI-272 (9); afatinib, BIBW-2992 (10)]. Emerging clinical
evidence indicates that these drugs can have superior clinical
performance relative to reversible drugs but are also limited by the
emergence of drug resistance (11, 12).
Covalent inhibition has reemerged as a protein kinase drug

design strategy for a number of reasons (13, 14). The scope of
the approach has recently expanded beyond the 11 EGFR-
related kinases (e.g., HER2 and BTK) to 193 kinases that have
a cysteine exposed in other regions of the active site (15). A
subset of the covalent drugs is emerging as superior to reversible
drugs (11, 12), which may be because of prolonged pharmaco-
dynamic activity, lower dose, and more complete target in-
hibition (3). However, this mode of inhibition carries the risk of
creating an immune response to epitopes from either expected
or nonspecific covalent modifications (16). Therefore, the clini-
cal benefit can outweigh the risks for well-designed inhibitors
that maximize the benefit of reactivity and minimize its liability.
To date, the distinct and separate contributions of noncovalent
binding affinity and chemical reactivity to overall potency for the
covalent EGFR investigational drugs have not been defined (17).
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In biochemical assessments of these highly potent drugs, the
kinetic analysis is difficult, because deriving an exact algebraic
solution is “hopelessly complex” (18). Nonetheless, defining the
components of covalent inhibitor potency is important, because
unlike other enzyme classes (e.g., proteases), the deep kinase
active site cleft facilitates high-affinity inhibitor binding; thus,
chemical reactivity can be rationally incorporated.
There is a growing appreciation that oxidation of cysteine resi-

dues affects signaling networks (19–21), including a report that
EGFR is oxidized by hydrogen peroxide (H2O2) at Cys797 (the
reactive nucleophile) (22, 23). Because oxidation fundamentally
affects the chemical properties of the cysteine thiol by transforming
it to either a highly polar oxo-acid or a bulky glutathione adduct,
the EGFR active site topography and conformation may be af-
fected. Therefore, oxidation of the nucleophilic Cys797 thiol has the
potential to alter catalytic properties as well as covalent inhibitor
potency and possibly, drug resistance. Taken together, the com-
ponents of covalent inhibitor potency are critical to understanding
biological effects as well as facilitating rational drug design.

Results
Defining the Covalent and Noncovalent Contributions to Overall
Inhibitor Potency. The concentration of EGFR peptide substrate
[Pep]0 is very much lower than the corresponding Michaelis

constant Km,Pep, which makes it necessary to invoke a truncated
hit-and-run (E + S → E + P) mechanistic model (Fig. 1B and SI
Appendix, sections 1.1 and 1.2 show the derivation). If the pep-
tide solubility was not a limitation, other kinetic regimes would
be possible. The corresponding mathematical formalism as a sys-
tem of simultaneous first-order ordinary differential equations is
derived in SI Appendix, Section 3. The noncovalent Ki values are
determined by two independent methods. The first method is
based on the initial reaction rates analyzed by an algebraic fitting
model (SI Appendix, section 2 and Table S1). This method relies
on the fact that the initial enzyme–inhibitor complex is formed
instantaneously on the timescale of the experiment. This rapid
equilibrium assumption is applicable for all EGFR inhibitors in-
vestigated, because the empirically determined initial rates vary
strongly with the inhibitor concentration, and this variation of
initial rates follows the Morrison equation (24) for tight binding
inhibition (SI Appendix, section 2, Fig. S6, and Table S1). A
second, independent method of kinetic analysis relies on the
global fit of complete reaction progress curves using a suitable
differential equation numerical integration fitting model (SI Ap-
pendix, section 3). The two sets of noncovalent Ki values, de-
termined by two independent methods, showed very good
agreement (R2 = 0.99) (SI Appendix, section 3). The inactivation
rate constant kinact (Fig. 1B) is also determined by numerical in-
tegration approach. Thus, we separate the overall inhibitory
effect into two contributing components: the strength of non-
covalent binding and the chemical reactivity of the initial
enzyme–inhibitor complex.

Biochemical Kinetic Benchmarking of Covalent Inhibitors to WT EGFR.
With this kinetic system, the first complete kinetic description of
covalent drug potencies to their original therapeutic target (WT)
is now possible (Fig. 2 and Table 1). Overall, the quinazoline-
based covalent drugs (dacomitinib, afatinib, and CI-1033) are
extremely effective (kinact/Ki = 6.3–23 × 106 M−1s−1) with high
affinity (Ki = 0.093–0.16 nM) and low specific reactivity (kinact ≤
2.1 ms−1). As expected, these drugs are potent inhibitors of WT
EGFR autophosphorylation in A549 tumor cells (IC50 = 2–12
nM). The quinolone-based investigational drug neratinib has the
identical reactive substituent as afatinib, but its affinity is 50-fold
weaker, with 25-fold weaker overall biochemical potency (kinact/
Ki). The pyrimidine-based inhibitor WZ4002 has the same re-
active substituent as CI-1033 with fivefold more intrinsic chem-
ical reactivity; however, it has 260-fold less biochemical potency.
From this analysis, covalent drugs can be extremely effective

Fig. 1. (A) Chemical mechanisms of irreversible enzyme inhibition. Repre-
sentative covalent inhibitor with reactive MA (bracket) and the resulting
EGFR adduct. (B) The postulated kinetic mechanism for two-step covalent
inhibition under the special experimental conditions where the Michaelis
constant for the peptide substrate, S, is very much lower than the corre-
sponding Michaelis constant Km,Pep. The dashed box represents the rapid
equilibrium approximation for inhibitor binding and dissociation. (C)
Structures of EGFR covalent inhibitors investigated in this report.

Fig. 2. Covalent drugs and inhibitors characterization based on kinetic
properties with WT (□) and L858R/T790M EGFR (●): quadrant I, low affinity
and high reactivity; quadrant II, high affinity and high reactivity; quandrant
III, high affinity and moderate reactivity; quadrant IV, weak affinity and
moderate to low reactivity.
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EGFR inhibitors, but properties other than intrinsic chemical
reactivity are critical to overall potency.

Biochemical and Cellular Characterization of Covalent Inhibition of
Oncogenic EGFR. To better define the molecular determinants con-
tributing to drug resistance as well as facilitate rational drug design
of unique covalent inhibitors, the double mutant EGFR-L858R/
T790M is profiled with a panel of covalent inhibitors (Table 1)
encompassing three molecular scaffolds, two MAs, and the original
EGFR covalent inhibitor series (3-bromo-anilino-quinazoline; CL-
387785; 2–5) (Fig. 1C) (25). Molecular modeling studies provide
insight into the mode of binding for selected inhibitors (SI Appendix,
Fig. S14). Although the quinazoline-based inhibitor 1 (PF-6274484)
and the pyrimidine-based inhibitor WZ4002 share a common MA,
the inhibitor scaffold places it in distinct orientations to Cys797. For
compound 1, the nitrogen on the quinazoline ring interacts with the
hinge region similar to EGFR drugs (gefitinib, lapatinib, and erlo-
tinib), positioning the MA β-carbon 6 Å from Cys797. WZ4002 binds
to the hinge with the nitrogen on the pyrimidine ring, whereas the
NH and phenoxy linkers position the MA β-carbon 3 Å from Cys797.
Chemical reactivity of the covalent inhibitors to the glutathione
(GSH) thiol is used to assess nonenzymatic, intrinsic reactivity of
these compounds (Table 1). Thus, the panel of covalent inhibitors
covers a range of chemical properties and binding interactions.
Because covalent bond formation is thought to be critical, we

explored the contribution of chemical reactivity to overall potency.
The nonenzymatic reactivity to GSH varies only 12-fold across the
inhibitor panel, whereas the specific enzymatic reactivity (kinact)
varies 73-fold (Table 1). There is no significant correlation between
intrinsic GSH reactivity and kinact (R

2 = 0.13), which is consistent
with the EGFR architecture optimizing the reaction. There is only
a moderate correlation of kinact with inhibition of EGFR-L858R/
T790M autophosphorylation in H1975 tumor cells (R2 = 0.60) (SI
Appendix, Fig. S10, circles). In contrast, the covalent inhibitor
binding affinities (Ki) vary 750-fold across the panel (Table 1).
Reversible binding affinity (Ki) correlates more strongly with cel-
lular potency (R2 = 0.89) (SI Appendix, Fig. S10, triangles). Overall
biochemical potency as measured by the kinact/Ki ratio is mostly
strongly correlated with cellular potency (R2 = 0.95) (SI Appendix,
Fig. S10, squares). A broader analysis of 154 chemically diverse,
cell-permeable covalent inhibitors encompassing six distinct core
structures also shows a strong correlation of binding affinity with
cellular potency (SI Appendix, Fig. S11). Inhibitor affinities are also
determined for the oncogenic mutant EGFR-L858R (SI Appendix,
Table S5). The quinazoline-based covalent drugs are found to have
high binding affinities for EGFR-L858R (Ki = 0.4–0.7 nM), whereas
the binding of pyrimidine-based WZ4002 is significantly weaker
(Ki = 13 nM). Again, noncovalent binding affinities to EGFR-
L858R are well-correlated with inhibiting EGFR-L858R auto-
phosphorylation in tumor cells (H3255). We conclude that the
initial noncovalent binding interactions leading to the formation of

the initial enzyme–inhibitor complex make critically important
contributions to cellular potency.

Nonreactive Analogs Reveal MA Contribution to Reversible Affinity.
Nonreactive analogs of covalent inhibitors provide insight into
the initial noncovalent interactions of covalent inhibitors, be-
cause the analogs have identical binding interactions, except for
the fact that the MA has been fully reduced to an amide moiety
(SI Appendix, Fig. S17). Surface plasmon resonance is used to
measure the association and dissociation rate constants as well as
the equilibrium binding constants of the reversible analogs of
CI-1033 (7), dacomitinib (8), compound 1 (9), and WZ4002
(WZ4003) (SI Appendix, Tables S7 and S8). The dissociation
equilibrium constants Kd for reversible analogs are compared
with the biochemical inhibition constants Ki for the corre-
sponding irreversible compounds. In all cases, the reversible
(reduced) analogs seem to bind significantly more weakly com-
pared with their reactive counterparts. In the case of WT EGFR,
the smallest difference (Kd/Ki = 5) is seen for compound 7 vs. CI-
1033, whereas the largest difference (Kd/Ki = 22) is seen for
WZ4003 vs. WZ4002. The remaining two pairs of analogs in SI
Appendix, Table S7 differ approximately by an order of magni-
tude (Kd/Ki = 10). These differences are more pronounced with
EGFR-L858R/T790M, where the Kd/Ki ratio ranges from 24
(WZ4003 vs. WZ4002) to 420 (compounds 9 vs. 1). The bio-
chemical Ki values for the nonreactive analogs are in good
agreement with their biophysical dissociation constant Kd. These
results show that the MA moiety contributes significantly to the
noncovalent binding affinity. The contribution of the MA to af-
finity is confirmed by results of cell-based assays (SI Appendix,
Tables S5 and S6). The nonreactive analogs were evaluated to
full-length, endogenous EGFR autophosphorylation in tumor
cells. For example, the IC50 for the double mutant EGFR-L858R/
T790M autophosphorylation inhibition in H1975 cells was 2.3 nM
for CI-1033 but 1,800 nM (an 800-fold difference) for the cor-
responding nonreactive analog (compound 7). Even more dra-
matically, whereas WZ4002 exhibited ∼80 nM cellular IC50 in
inhibiting both double mutant (EGFR-L858R/T790M) and single
mutant (EGFR-L858R) autophosphorylation, the corresponding
nonreactive analog is entirely inactive in cell-based assays.
In contrast, nonreactive analogs of CI-1033 (7) and dacomitinib
(8) are potent inhibitors of WT EGFR in A549 tumor cells: IC50 =
16 ± 2 nM (7) and IC50 = 13 nM (8). The afatinib analog 6 has
similar H3255 tumor cell potency (less than threefold difference
compared with afatinib). Therefore, reversible MA interactions
are highly variable and can contribute significantly to not only
biochemical binding affinity but also, cellular potency.

Oxidation of EGFR-Cys797 Differentially Affects Catalysis and Inhibitor
Potency. The effect of specific cysteine oxidation on inhibitor
pharmacology has not been sufficiently described in the literature.

Table 1. Kinetic analysis of covalent inhibition of EGFR-L858R/T790M WT EGFR

Inhibitor GSH

EGFR-L858R/T790M WT EGFR

Ki (nM) kinact (ms−1) kinact/Ki (μM−1s−1) H1975 IC50 (nM) Ki (nM) kinact (ms−1) kinact/Ki (μM−1s−1) A549 IC50 (nM)

CI-1033 1.0 0.11 ± 0.03 11.0 ± 0.2 100 ± 20 2.3 ± 0.5 0.093 ± 0.002 2.9 ± 1.9 23 ± 1 4.9 ± 0.4
Dacomitinib 1.7 0.63 ± 0.05 1.8 ± 0.1 2.8 ± 0.3 10.3 ± 1.1 0.16 ± 0.01 1.5 ± 0.1 9.9 ± 0.8 2.5 ± 0.1
Afatinib 1.4 0.16 ± 0.03 2.4 ± 0.3 15 ± 4 7.3 ± 1.1 0.15 ± 0.01 0.9 ± 0.1 6.3 ± 0.8 11.5 ± 2.4
Neratinib 1.7 0.14 ± 0.03 1.1 ± 0.2 7 ± 2 9.4 ± 4.0 7.1 ± 0.4 1.8 ± 0.1 0.25 ± 0.01 5.2 ± 0.9
1 1.3 0.14 ± 0.07 8 ± 4 60 ± 40 6.6 ± 0.2 0.18 ± 0.01 2.3 ± 0.2 13 ± 1 5.8 ± 2.5
WZ-4002 4.8 13 ± 3 5.0 ± 0.1 0.40 ± 0.10 75 ± 25 28 ± 1 2.0 ± 0.1 0.089 ± 0.005 1,400 ± 400
CL-387785 5.0 10 ± 2 2.0 ± 0.3 0.21 ± 0.10 100 ± 7
2 1.9 2.3 ± 0.3 3.5 ± 0.6 1.5 ± 0.3 30 ± 2
3 2.2 4.0 ± 1.0 1.8 ± 0.1 0.40 ± 0.10 210 ± 3
4 ND 108 ± 20 1.5 ± 0.2 0.0014 ± 0.0003 6,200 ± 3,200
5 12.4 30 ± 3 1.1 ± 0. 1 0.04 ± 0.01 850 ± 90

Intrinsic chemical reactivity is assessed by the reactivity to GSH relative to CI-1033 (CI-1033 half-life/inhibitor half-life). Cellular potency is quantitated by
inhibition of EGFR-L858R/T790M autophosphorylation in H1975 tumor cells and EGFR WT in A549 tumor cells. ND, not determined.
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EGFR-L858R and EGFR-L858R/T790M proteins are selectively
oxidized with either H2O2 or oxidized glutathione. Intact mass
analysis reveals that a single mass shift occurs, which is consistent
with either sulfinylation (-SO2H) or S-glutathiolation. Tandem MS
analysis encompassing all oxidizable residues (cysteine and methi-
onine; 97% overall amino acid coverage) confirms that oxidation
occurs exclusively at Cys797 (SI Appendix, Figs. S12 and S13). The
resulting oxidized proteins are highly active, with no major change
in catalytic parameters Km and kcat (SI Appendix, Table S4). These
reagents enable us to investigate inhibitor interactions with spe-
cifically oxidized EGFR-Cys797. Inhibitor binding affinities for
specifically S-glutathiolated or sulfinylated EGFR-Cys797 are de-
termined and compared with corresponding unoxidized forms (Fig.
3, Table 1, and SI Appendix, Tables S5 and S6). S-glutathiolation
has the smallest effect on the reversible quinazoline drugs: 3- to 31-
fold weaker affinity for EGFR-L858R (Fig. 3A) and 2- to 19-fold
weaker affinity for EGFR-L858R/T790M (Fig. 3B). Quinazoline
covalent inhibitors have moderately less affinity to S-glutathiolated
EGFR-L858R (11- to 30-fold) (Fig. 3C), with much weaker affinity
for S-glutathiolated EGFR-L858R/T790M (80- to 260-fold) (Fig.
3D). The pyrimidine inhibitor WZ4002 is a weak inhibitor of
S-glutathiolated EGFR proteins (Ki > 1 μM; 170- to 400-fold less
affinity) (Fig. 3C). EGFR-Cys797 sulfinylation has a distinct phar-
macological profile relative to S-glutathiolation. The pyrimidine-
based WZ4002 affinity is highly affected by sulfinylation of EGFR-
L858R (1,100-fold) (Fig. 3C) and EGFR-L858R/T790M (110-fold)
(Fig. 3D), resulting in ineffective inhibition (Ki = 1–10 μM).
EGFR-L858R sulfinylation reduces reversible affinities of covalent
drugs modestly (up to 12-fold) (Fig. 3C). Larger effects for sulfi-
nylated EGFR-L858R/T790M (3- to 100-fold) (Fig. 3D) are ob-
served when the affinity loss correlates with the complexity of the
MA structure. For example, undecorated MAs (CI-1033, 1, and
WZ4002) have large affinity losses (110- to 390-fold), whereas
those inhibitors with elaborate MAs (dacomitinib and afatinib) are
less affected (4- to 13-fold). Taken together, the types of EGFR-
Cys797 oxidation and inhibitor structure can profoundly alter in-
hibitor affinity to specifically oxidized EGFR.

Discussion
An impediment to understanding covalent drug potency is the use
of overly simplified inhibitor analysis (e.g., IC50) or incorrect ki-
netic analysis, which obscures the distinct molecular determinants
(i.e., noncovalent binding affinity and chemical reactivity) that

contribute separately to the overall inhibitor potency to the pro-
tein target (3, 26). In this work, we address this gap by taking
a two-pronged approach. First, we optimized the experimental
conditions to overcome the peptide insolubility limitation using
hit-and-run experimental conditions (peptide substrate concen-
tration very much lower than Km,Pep to simplify the interpretation
of data and the ATP concentration very much higher than Km,ATP
to increase assay sensitivity). Second, we introduce an advanced
method of irreversible inactivation data analysis based on the
numerical integration of the full system of simultaneous first-
order ordinary differential equations (27). This approach allows
us to efficiently define overall inhibitor potency in terms of
contributions from reversible and irreversible components.
Having defined the individual determinants of inhibitory po-

tency, we are able to organize covalent inhibitor potency space
into four quadrants based on initial binding affinity and chemical
reactivity (Fig. 2). Quadrant 1 contains alkylating agents that rely
on intrinsic reactivity to achieve potency. Quadrant 4 is reserved
for low-potency inhibitors. The challenge has been to discrimi-
nate between effective inhibitors that achieve potency by high
affinity and reactivity (quadrant 2) or high affinity and moderate
reactivity (quadrant 3). Covalent EGFR drugs have extremely
high affinity and low reactivity to WT EGFR (quadrant 3).
However, for EGFR-L858R/T790M, afatinib and CI-1033 map
to quadrant 2, which indicates that the drug-resistant form of
EGFR presents Cys797 differently.
The individual kinetic parameters can be used to characterize

the molecular interactions underlying overall inhibitory potency.
The Ki value is relatively simple to interpret, because it measures
reversible binding affinity. In contrast, many different factors
influence the kinact value, including intrinsic chemical reactivity,
reactant alignment, enforced local concentration, and the cys-
teine pKa. To enhance the use of the microscopic rate constant
kinact, we introduce its inverse value (1/kinact) and assign to it the
term capture period (tC) measured in the units of time. The
typical values of kinact for EGFR inhibitors in this study ranged
from 1 to 10 ms−1, which corresponds to tC = 1,000 s (∼15 min)
and tC = 100 s (∼1.5 min), respectively. The capture period
concept is analogous to the notion of reversible inhibitor resi-
dence time (1/koff) (17), which has found use in drug design.
These two values can be used in concert to facilitate rational
covalent inhibitor design.
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Fig. 3. Specific EGFR-Cys797 oxidation has differential
effects on inhibitor and drug potencies dependent on
the type of oxidation and EGFR mutation. Reversible
drug affinity determined to different Cys797 oxidation
states (-SH, unoxidized; -SO2H, sulfinylated; -SSG, glu-
tathiolated) in (A) L858R and (B) L858R/T790M. Co-
valent inhibitor affinity was measured to (C) L858R
and (D) L858R/T790M.
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Reversible EGFR Complexes with Covalent Inhibitors Are Integral to
Overall Potency. The contribution of a reversible enzyme–inhibitor
complex to covalent inhibitor potency is currently underappreciated.
For example, covalent EGFR inhibitors have been incorrectly
reported to have an infinite active site residence time (28), implying
that the inhibitor never actually dissociates from the initially formed
noncovalent complex. However, our analysis shows that the re-
versible inhibitor–EGFR complex preceding the covalent adduct
formation is critical to cellular potency. Reversible inhibitor binding
to EGFR affects the chemical reaction by multiple mechanisms.
First, it defines the MA moiety orientation to the cysteine nucleo-
phile. Second, it increases the effective reactant concentrations.
Third, it defines the number of binding/release cycles necessary for
a chemical reaction to occur. Nonproductive binding events (no re-
action) should be expected for many reasons, such as misaligned
reactants (protein conformations are dynamic) or cysteine nucleo-
phile in the less-reactive thiol form. An important aspect of the re-
versible inhibitor complex typically overlooked is that it alone is
sufficient to block enzymatic function.

MA Contributes a Key Reversible Interaction to Binding Affinity.
Covalent inhibitor complexes that do not result in adduct forma-
tion may still have reversible Cys797•MA interactions that can
contribute to potency. Binding affinity of all covalent inhibitors can
now be directly measured by enzyme kinetics to quantify the sum of
all binding interactions. Nonreactive analogs have identical struc-
tures, except that they do not have the rigid, planar, π-electron–
containing MA substituent. Therefore, the difference in covalent
inhibitor and reversible analog affinities could result from reversible
Cys797•MA interactions. Although the difference in affinities could
be caused by steric interactions of the flexible, nonreactive sub-
stituent, it is probably a minor component, because the nonreactive
quinazoline inhibitors have EGFR-L858R affinities similar to co-
valent inhibitors. A precedent for S–π or SH–π interactions is found
in both model systems (e.g., H2S–benzene) (29) and protein struc-
tures (30) with the capability of contributing significant binding
energy (e.g., 2.6 kcal/mol). We find that the contribution of the
reversible Cys797•MA interactions to potency can be large and de-
pend on both inhibitor properties and EGFR context. Therefore,
covalent inhibitor affinity can be derived, in part, by reversible MA
interactions with EGFR-Cys797.

Expression of Covalent Inhibitor Potency in Tumor Cells. We have
shown that overall covalent inhibitor biochemical potency is de-
rived from contributions of reversible binding affinity and co-
valent adduct formation. Cellular analysis of covalent inhibitors is
complicated, because as they achieve higher affinity, the need for
covalent adduct formation becomes less important. Contributing
to the complexity is that in cells, protein kinases are subject to
temporal regulation by multiple cellular mechanisms (e.g., acti-
vation, trafficking, recycling, and degradation) (31, 32). The
translation of biochemical interactions to cellular potency can
now be more finely dissected with the array of tools available.
Quinazoline covalent inhibitors have extremely high reversible
affinity. Nonreactive analogs of CI-1033 and dacomitinib are still
very effective inhibitors of WT (Kd ∼ 1 nM, A549 IC50 ∼ 10 nM).
Although the covalent adduct formation does occur, the expression
of cellular potency can be accounted for solely by reversible inter-
actions, which include those interactions with the MA. The cellular
potency gained through the inclusion of a reactive MA correlates
with the enhanced reversible affinity of the covalent inhibitor. In the
context of L858R/T790M mutations, there is significantly less af-
finity for the reversible analogs of dacomitinib and CI-1033 (Kd =
20–50 nM), and thus, the MA contributes to reversible affinity by
30- to 400-fold. In contrast, other inhibitors may rely more heavily
on covalent adduct formation to achieve potent inhibition. The
pyrimidine inhibitor WZ4002 has a different Cys797•MA orientation
(SI Appendix, Fig. S14). and without a reactive MA, there is no
detectable cellular potency. Collectively, understanding the contri-
bution of reversible binding interactions is critical to defining the
molecular interactions resulting in cellular potency.

Potential Mechanisms of Covalent Inhibitor Drug Resistance. The
more fine-grained characterization of covalent inhibitor proper-
ties made possible by our approach (examining kinact and Ki
separately) may explain conflicting reports on covalent drug re-
sistance. One study reports that CI-1033 elicits a C797S resistance
mutation in a cellular model system and causes an ∼200-fold
reduction in cellular potency (33). Another study reports that
a related covalent inhibitor CL-387785 does not elicit a C797S
resistance mutation in H1975 cells and causes only a fourfold loss
of cellular potency (34). We find that disrupting the reversible
Cys797•MA interaction of CI-1033 by eliminating the acrylamide
MA results in 250-fold weaker affinity for EGFR-L858R/T790M
and an 800-fold reduction of cellular potency. This observation
indicates a reliance of the reversible Cys797•MA interaction, and
CI-1033 drug resistance by C797S mutation seems likely. Re-
placement of the CL-387785 MA propyl alkynamide by a non-
reactive methyl group results in only a 10-fold reduction in
EGFR-L858R/T790M affinity (Ki = 110 ± 2 nM), which predicts
a lower reliance on a Cys797•MA interaction and a lower likeli-
hood of an additional C797S drug resistance mutation. Our
analysis reinforces the concept that specific interactions of co-
valent inhibitors with EGFR-Cys797 are critical to the de-
velopment of drug resistance.

Implications of Specific Oxidation of the Reactive Cysteine Nucleophile.
Recently, the WT EGFR cysteine nucleophile EGFR-Cys797 was
shown to be oxidized by H2O2 (22). However, the ultimate oxida-
tion state was not elucidated, because a transient intermediate ox-
idation state was trapped (sulfenic acid and -SOH). We now show
that the EGFR-Cys797 thiol can be stably oxidized to either the
sulfinic acid (-SO2H) or the S-glutathiolated adduct while retaining
catalytic activity. Because EGFR-Cys797 is not expected to be an
effective nucleophile when oxidized, the impact on covalent in-
hibition seems straightforward, because covalent bond formation is
now precluded, which results in significant loss of overall effec-
tiveness. However, covalent inhibitors can still undergo reversible
association with the altered active site topography of oxidized
EGFR. S-glutathiolation introduces substantial steric bulk,
which can have both steric and conformational effects on in-
hibitor binding. H2O2 oxidation of the Cys797 thiol to sulfinic
acid (Cys797-SO2H) introduces little additional steric bulk but
substantially changes the residue’s polarity. We identified
certain effects of different oxidation states that are specific to
a given inhibitor and the given EGFR mutant. Reversible EGFR-
directed drugs, such as gefitinib, are not negatively affected by
sulfinylation, whereas pyrimidine-based covalent inhibitors have
low binding affinity under identical circumstances. Covalent
quinazoline inhibitors display mixed effects, which may be caused
by favorable sulfinylated cysteine residue interactions for those
inhibitors with a well-aligned basic group substituent (dacomiti-
nib, afatinib, and gefitinib) (SI Appendix, Figs. S15 and S16).
From this biochemical analysis, the effect of cysteine oxidation
can be highly variable depending on both the type of oxidation
and specific inhibitor active site interactions.

Conclusions
A general approach is developed to characterize the component
biochemical processes of covalent inhibitor potency. With this
approach, we are able to determine both the equilibrium disso-
ciation constant of the initial noncovalent complex and the
chemical reactivity of the warhead moiety. Factoring the overall
inhibitory effect into reversible and irreversible components
enables a deeper understanding and description of this ree-
merging inhibition modality. Reversible interactions of covalent
inhibitors with EGFR, including Cys797•MA, are shown to be
essential to both biochemical and cell potencies. In addition,
specific cysteine oxidation has been identified here as a possible
drug resistance mechanism. Taken together, we present a rational
framework for understanding and optimizing covalent enzyme
inhibitors, which encompasses the inhibitor structure, binding
interactions, and the cysteine nucleophile.

Schwartz et al. PNAS | January 7, 2014 | vol. 111 | no. 1 | 177

BI
O
CH

EM
IS
TR

Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1313733111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1313733111/-/DCSupplemental/sapp.pdf


Materials and Methods
Additional details are in SI Appendix.

Synthesis of Sulfinylated EGFR-Cys797. EGFR-L858R (40 μM) or EGFR-L858R/
T790M (40 μM) was incubated (15 min at 23 °C) in a 120-μL reaction [100 μM
H2O2, 60 mM NaCl, 15 mM KCl, 0.01% Tween-20, 10% (vol/vol) glycerol, 100
mM (NH4)HCO3, pH 9.2] and loaded onto 3× Zeba spin desalting columns
equilibrated with 150 mM NaCl, 10% glycerol, 0.01% Tween-20, and 2 mM
DTT in 50 mM Hepes (pH 7.5) at 4 °C. Sulfinylation at Cys797 was >90% by MS.

Synthesis of Glutathiolated EGFR-Cys797. EGFR-L858R (8 μM) or EGFR-L858R/
T790M (8 μM) was incubated for 185 min at 23 °C in a 600-μL reaction (2 mM
oxidized glutathione, 100 mM NaCl, 0.01% Tween-20, 10% glycerol, 25 mM
Hepes, pH 8.5). Reaction aliquots (0.20 mL) were concentrated fivefold (3×
Microcon spin concentrators, 14,000 × g for 15 min at 23 °C) to 40 μL and
loaded onto 3× Zeba spin desalting columns (100 mM NaCl, 10% glycerol,
0.01% Tween-20, 25 mM Hepes, pH 7.5) at 4 °C.

EGFR Kinase Activity Assays. A coupled enzymatic spectrometric assay mea-
suring ADP production is used to determine catalytic constants and reversible
inhibitor potency (35). Covalent inhibitor analysis uses an Omnia continuous
fluorometric assay with a Y12 tyrosine phosphoacceptor peptide [Ac-EEEEYI
(cSx)IV-NH2; Invitrogen] (36).

Intrinsic Chemical Reactivity Assay. Inhibitor reactivity with GSH is assessed by
monitoring inhibitor loss during the reaction: 0.1 M phosphate buffer (pH
7.4), 0.1 μM compounds, and 5 mM GSH at 37 °C. The intrinsic reactivity is
reported as the ratio of half-lives: inhibitor to CI-1033 (CI-1033 t1/2 = 10 min).

EGFR Cellular Autophosphorylation ELISA. For tumor cell lines, inhibitors were
incubated with cells (H3255, L858R; NCI-H1975, L858R/T790M; A549, WT) for
2 h. PathScan Phospho-EGF Receptor (Tyr1068) Sandwich ELISA (Cell Sig-
naling Technology) was quantitated per the manufacturer’s protocol.

Mass Spectrometric Analysis of EGFR. Intact mass analysis used electrospray
ionization on an Agilent 6210 time-of-flight mass spectrometer coupled to an
Agilent 1200 LC. To identify oxidized residues, a Proxeon nanoLC coupled to
an LTQ mass spectrometer was used on samples isolated by nondenaturing
PAGE, pepsin-proteolyzed, and purified by Reprosil ProteCol Trap C18-AQ
and Halo ES-C18 columnchromatography. MS-MS data are processed in
Agilent Spectrum Mill rev. 4.0.

Inhibitor Modeling and Docking Methodology. Simulations used Glide in
Standard Precision mode. EGFR cocrystal structures [gefitinib, Protein Data
Bank (PDB) ID code 2ITZ; lapatinib, PDB ID code 1XKK; erlotinib, PDB ID code
1M17] optimized and minimized for the docking simulation.

Analysis of Enzyme Kinetic Data. Initial reaction rates were determined by
a least squares fit of the initial portion (tmax < 7 min) of progress curves to the
single exponential equation. Dissociation constants of the initial noncovalent
enzyme/inhibitor complex were determined by two independent methods: (i)
from the initial reaction rates and (ii) from the global fit of the complete
reaction progress curves. The underlying system of first-order ordinary dif-
ferential equations was integrated using the LSODE algorithm (37–39).
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