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ABSTRACT: Drug resistance mutations emerging during the treatment of non-small cell lung cancer (NSCLC) with epidermal
growth factor receptor (EGFR) inhibitors represent a major challenge in personalized cancer treatment and require constant
development of new inhibitors. For the covalent irreversible EGFR inhibitor osimertinib, the predominant resistance mechanism is
the acquired C797S mutation, which abolishes the covalent anchor point and thus results in a dramatic loss in potency. In this study,
we present next-generation reversible EGFR inhibitors with the potential to overcome this EGFR-C797S resistance mutation. For
this, we combined the reversible methylindole-aminopyrimidine scaffold known from osimertinib with the affinity driving isopropyl
ester of mobocertinib. By occupying the hydrophobic back pocket, we were able to generate reversible inhibitors with subnanomolar
activity against EGFR-L858R/C797S and EGFR-L858R/T790M/C797S with cellular activity on EGFR-L858R/C797S dependent
Ba/F3 cells. Additionally, we were able to resolve cocrystal structures of these reversible aminopyrimidines, which will guide further
inhibitor design toward C797S-mutated EGFR.
KEYWORDS: Cancer, Non-small cell lung cancer, Kinase inhibitor, Structure-based drug design, Epidermal growth factor receptor

The treatment of mutant EGFR with selective tyrosine
kinase inhibitors (TKIs) in non-small cell lung cancer

(NSCLC) has become well-established clinical practice
because it provides improved survival rates for selected patient
populations and is a paradigm for modern precision medicine
in oncology. The emergence of resistance mutations upon
treatment with TKIs, however, represents a major drawback
and necessitates the constant development of next-generation
TKIs. The covalent-irreversible inhibitor osimertinib (1) was
developed as a third-generation TKI for the treatment of
cancer patients that developed the EGFR-T790M resistance
mutation.1−3 However, because of its safety and favorable
pharmacokinetic profile, osimertinib has become the standard
of care not only after the resistance mutation has developed
but also for first-line treatment in patients with EGFR-mutated
advanced NSCLC.4 Unfortunately, resistance mutations are
observed in osimertinib treated patients, one of the most
prevalent being the EGFR-C797S mutation, which abolishes

the covalent anchor-point of osimertinib and results in a
dramatic loss of efficacy in patients.5

Since the discovery of the C797S resistance mutation in
osimertinib second-line treated patients, many approaches
have been followed to develop inhibitors for the EGFR-
L858R/T790M/C797S mutation.6,7 So far, no monotherapeu-
tic agent has been approved by the FDA, making inhibitors for
the multimutated version of EGFR an unmet medical need.
Since the application of osimertinib as a first-line treatment
against EGFR-activating mutations,4,8 the complete multitude
of acquired resistances is not yet fully characterized. However,
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the EGFR-C797S mutation has been observed in several
preclinical models as well as in patients9−11 and thus
substantiates the demand for multiresistance EGFR inhibitors
that are capable of overcoming both the T790M and C797S
resistance mutations. From the different approaches targeting
the C797S mutation,6,7 now the first reversibly binding
inhibitors like BLU-525, BLU-701, BLU-945, BDTX-1535,
and BAY2927088 are being investigated in a clinical
setting.12−15

In this publication, we present reversible EGFR inhibitors
that are based on the 2-aminopyrimidine hinge-binding motif
known from osimertinib and additionally exploit the hydro-
phobic back pocket of the ATP-binding site with different
substituents in the 5-position. The introduction of ester
functions and growing the substituent into the back pocket
showed significant impact on reversible binding affinity and
cellular efficacy on osimertinib-resistant EGFR-L858R/C797S
Ba/F3 cells.

Figure 1. Cocrystal structures of EGFR with different inhibitors were used for a structure-guided design approach of reversible aminopyrimidine-
based inhibitors. (A) Comparison of osimertinib (gray, PDB 6JX4) and mobocertinib (white, PDB 7A6K) bound to EGFR-T790M. Hydrogen
bond network of mobocertinib is in red, and the reorientation of Met790 (green surface) by the isopropyl ester is highlighted (red circle). (B) The
ALK inhibitor brigatinib bound to EGFR-T790M/C797S (PDB 7ZYM). Ionic interactions of the front pocket substituent with Asp800 highlighted
in blue. (C) WZ4002 (white) bound to EGFR-T790M/C797S (PDB 7ZYN) in comparison to WZ4002 (gray) bound to EGFR-T790M (PDB
3IKA) showing an additional ionic interaction with Asp800. The unfavorable reorientation of the acrylamide is highlighted (red arrow). All
|2Fo−Fc| maps are contoured at a rmsd of 1. Simulated annealing |FoFc| omit electron density maps are shown in SI, Figure S1.

Table 1. Biochemical and Cellular Evaluation of First Subset of 2-Aminopyrimidines Based EGFR Inhibitorsa

aEGFR wild-type (WT), L858R (LR), and L858R/C797S (LR/CS) were measured by HTRF-Assay. EGFR-L858R and EGFR-L858R/C797S
dependent Ba/F3 cells were measured by CTG assay.
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In a screening campaign of known EGFR inhibitors against
EGFR-L858R/C797S, we observed that the EGFR Exon20ins
mutation inhibitor mobocertinib16,17 (2, IC50-LR/CS 25 nM)
shows a more than 10-fold higher biochemical activity than
osimertinib (IC50-LR/CS 354 nM). The only structural
difference is the presence of an isopropyl ester in the 5-
position of the 2-aminopyrimidine. Structural analysis of
osimertinib bound to wild-type EGFR (PDB 4ZAU) showed
an unoccupied hydrophobic back pocket in a position suitable
for binding of the isopropyl ester of mobocertinib and thus
potentially explaining the increased affinity. We previously
published the cocrystal structure of mobocertinib in EGFR-
T790M/V948R (PDB 7A6K) exposing additional interactions
with the mutated kinase compared to osimertinib (PDB
6JX4).18 In addition, we were able to solve the cocrystal
structure of the aminopyrimidine brigatinib (14), a repurposed
ALK inhibitor,19 which exhibits good inhibition of T790M/
C797S-mutated EGFR (PDB 7ZYM, Figure 1B, Supporting
Information (SI), Figure S1) and has been reported to be
beneficial in C797S-mutated NSCLC treatment in combina-
tion with the EGFR antibody cetuximab.20,21 Additionally, a
therapeutic window for C797S-mutated EGFR, in terms of
sparing wild-type EGFR, is unlikely to be achieved by an
inhibitor bearing a covalent warhead addressing Cys797
present in wild-type EGFR. For these reasons and keeping in
mind the unfavorable reorientation of the warhead in the
C797S mutant (PDB 7ZYN, Figure 1C, SI, Figure S1), the
elimination of the acrylamide moiety was the first step in our
inhibitor design. The structural analysis of reversibly bound
aminopyrimidines in C797S-mutated EGFR inspired us to
create reversible 2-aminopyrimidine inhibitors that additionally

exploit the hydrophobic back pocket. The elimination of the
acrylamide from osimertinib and implementing different esters
was the first step to investigate the effect of addressing the
hydrophobic back pocket. Additionally, we chose WZ4002s
(15) front pocket methylpiperazine substituent to exploit the
observed ionic interaction with Asp800 (Figure 1C; for
synthetic schemes and procedures, see SI).
Compared to osimertinib, a small improvement toward the

L858R/C797S mutant could be observed for the unsubstituted
derivative 3 (Table 1). However, implementation of the ester
functionality and growing its size from a methyl to the
isopropyl ester was necessary to increase the biochemical
activity to a low nanomolar level (6, IC50 = 1.6 nM). To our
delight, the success in biochemical optimization of inhibitor 6
could also be transferred to a cellular environment. The
proliferative inhibition of EGFR-L858R/C797S dependent
Ba/F3 cells could be improved to a submicromolar level with
0.6 μM for the isopropyl ester 6. To further investigate the
impact of addressing the hydrophobic back pocket on the
biochemical and cellular activity and the compatibility toward
T790M-mutated EGFR, a comprehensive structure-activity
investigation including different esters, amides, inverse amides,
and heterocyclic bioisosters was performed, alongside with
derivatizations of the front pocket substituent and the indole.
With the cocrystal structure of covalently bound mobocertinib
with EGFR-T790M in hand, we designed and synthesized a
library including diverse substituents for the hydrophobic back
pocket to obtain further insights into the nature of this pocket.
Within the library consisting of esters, amides, and hetero-
cycles (R1, for complete SAR see SI, Table S2), the larger
aromatic esters 7 and 8 proved to be the most suitable for the

Table 2. Biochemical and Cellular SAR of 2-Aminopyrimidine Based EGFR Inhibitorsa

aEGFR wild-type (WT), L858R (LR), L858R/C797S (LR/CS), and L858R/T790M/C797S (LR/TM/CS) were measured by HTRF-Assay.
EGFR wild-type dependent A431 cells and EGFR-L858R/C797S dependent Ba/F3 cells were measured by CTG assay.
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inhibition of C797S-mutated EGFR and showed a 10-fold
increase in potency (Table 2).
To improve the inhibitors interaction with the acidic side

chain of Asp800, we investigated several front pocket
substituents (R2). We gained inhibitor 9, which we were able
to cocrystallize with EGFR-T790M/C797S, confirming our
proposed mode of binding of the reversible bound amino-
pyrimidines (PDB 7ZYP, Figure 2A, SI, Figure S1). The 4-
aminopiperidine substituted inhibitor 9 and its dimethylated
variant 10 showed improved biochemical and cellular activity
toward C797S-mutated EGFR compared to the methylpiper-
azine 6 (Table 2). However, further structural analysis of the
occupied back pocket with the Met790 gatekeeper showed a
suboptimal interaction profile of the isopropyl ester.
Comparison with osimertinib bound to EGFR-T790M
revealed a necessary rearrangement of the methionine side
chain, which is also observable in the cocrystal structure of
mobocertinib in EGFR (Figure 1A) and explains an
unfavorable influence of the isopropyl esters toward T790M-
mutated EGFR with respect to wild-type selectivity.
Finally, with the obtained cocrystal structure of 9 bound to

EGFR-T790M/C797S, we also wanted to investigate the
effects of derivatization of the indole moiety (R3) and potential
modifications were initially investigated using LigandScout22

(Figure 2), indicating that the acetylated and the free indole
might form additional interactions. Whereas modification of
the methylindole toward the free indole 11 showed a potential
interaction with the side chain of Asp855 of the DFG motif
(Figure 2B), the acetylated indole 12 revealed a potential
interaction of the carbonyl-oxygen with the catalytic Lys745
similarly to previously described EGFR inhibitors (Figure
2C).6,12,23−26

Comparison of the three synthesized derivatives finally
showed that the free indole 11 had superior activity toward
EGFR-L858R/C797S in biochemical and cellular settings
(Table 2) compared to the methylated and the acetylated
inhibitors. As described in the discovery of osimertinib,1 the
methylindole is driving wild-type selectivity toward T790M-
mutated EGFR while lowering overall activity against wild-type
and mutated EGFR in comparison with the free indole. Our
inhibitor series also shows the methylindole to be slightly more
selective against C797S- and T790M-mutated EGFR in a
biochemical setting. However, the three indole derivatives
show equipotency toward the wild-type dependent A431 cell
line, while the free indole shows increased activity against
targeted Ba/F3 EGFR-L858R/C797S cells. With these findings
in hand, we combined our best features within the inhibitor
13: As anticipated, it showed highly improved biochemical and
cellular efficacy toward L858R/C797S-mutated EGFR. With
picomolar affinities against the EGFR-L8585R activating and
EGFR-L858R/C797S resistance mutation, inhibitor 13
showed a higher activity than the investigated reference
compounds brigatinib (14) and erlotinib (16). Inhibitor 13
displayed a favorable cellular activity profile with low
nanomolar activities against EGFR-L858R and EGFR-
L858R/C797S dependent Ba/F3 cell lines, while simulta-
neously having low activity toward the EGFR wild-type
dependent A431 cell line (EC50, 1.8 μM) and the parental
Ba/F3 cell line (EC50 − 1.2 μM; for complete biochemical and
cellular data, see SI, Table S6). Additionally, looking at the
T790M resistance mutation, we were able to generate an
inhibitor which has an advantage over first-generation EGFR
inhibitors regarding T790M tolerability. Inhibitor 13 exhibits
low picomolar inhibition against the EGFR-L858R/T790M

Figure 2. (A) Cocrystal structure of reversible aminopyrimidine 9 in EGFR-T790M/C797S (PDB 7ZYP). Hinge binding ishighlighted in red. The
|2Fo−Fc| map is contoured at a rmsd of 1. The simulated annealing |FoFc| omit electron density map is shown in SI, Figure S1. (B) Modeling of
the indole using Ligandscout (MMFF94 energy minimization). Hydrogen bond of the free indole with the side chain of Asp855 and hinge binding
is highlighted in red. Ionic interaction of aminopiperidine with the side chain of Asp800 is highlighted in blue. (C) Modeling of the acetyl indole
using Ligandscout (MMFF94 energy minimization). Hydrogen bond of the carbonyl oxygen with the side chain of Lys745 and hinge binding are
highlighted in red.
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resistance mutation and subnanomolar activity against the
EGFR-L858R/T790M/C797S triple mutant, surpassing both
erlotinib and the repurposed ALK inhibitor brigatinib. In
preclinical mutagenesis experiments, erlotinib is shown to
bring up the T790M resistance mutation when treating Ba/F3
EGFR-L858R/C797S osimertinib-resistant cells.9 With our
improved activity toward the T790M-mutated EGFR variants,
our inhibitor might avoid the uprising of T790M-mutated cells
in comparison to erlotinib. Although the potency of inhibitor
13 toward T790M-mutated EGFR variants could be increased
significantly, the accompanying increase in EGFR wild-type
inhibition might hinder the application toward the first-
generation EGFR inhibitor T790M resistance. Our optimized
inhibitors show improved, but only moderate inhibition against
the corresponding Ba/F3-L858R/T790M/C797S cell line with
an EC50 of 0.47 μM for phenol ester 13 and an EC50 of
0.32 μM for its p-fluorophenol analogue (61, for complete
SAR, see SI, Table S2). For a more successful treatment of
T790M/C797S-mutated EGFR, we propose reversible amino-
pyrimidines bearing no substituent or a halogen in 5-position.
Especially aminopyrimidines substituted at the 5-position with
a halogen allow an additional halogen bond with the Met790
side chain, which we were able to observe in our crystal
structure of brigatinib in EGFR-T790M/C797S (Figure 1B),
which shifts the activity in favor of T790M-mutated EGFR
(Table 2). Brigatinib-inspired 5-chloro- and 5-bromo-amino-
pyrimidines exploiting this halogen bond have recently been
described. However, these compounds show only slight
improvement in their activity toward triple-mutant Ba/F3
cells in comparison to brigatinib.27

To our satisfaction, we were able to solve a cocrystal
structure with inhibitor 13 bound to EGFR-T790M, which

allowed us to visualize and verify the inhibitor design and the
anticipated optimization steps (PDB 7ZYQ, Figure 3, SI,
Figure S1). As expected, inhibitor 13 displayed the ionic
interaction of the front pocket substituent with the acidic side
chain of Asp800. Additionally, the hydrogen bond between the
DFG motifs Asp855 side chain and the free indole could be
confirmed as predicted by LigandScout.22 Moreover, we
identified the typically hydrophobic interactions with the
hydrophobic clamp (Val726, Leu844, and Leu718) and the
side chains of Ala743 and Leu792 and stapled interaction of
the phenol ester with Lys745 and Met790. A similar stapling of
an aromatic substituent between the catalytic lysine and the
methionine gatekeeper is present in several T790M inhib-
itors,28,29 which seems a more favorable orientation than the
aforementioned repulsion of the Met790 gatekeeper, present in
our crystal structures of the isopropyl esters mobocertinib
(Figure 1A) and 9 (Figure 2A). Although this stapled
interaction seems to be driving the potency of our optimized
inhibitor against T790M mutants, unfortunately, no improve-
ment in wild-type selectivity can be observed.
To gain further insight into the compound optimization

effect beyond the biochemical and cellular level, we performed
initial investigations regarding in vitro metabolic stability and
kinome selectivity of the isopropyl ester 11 and the phenol
ester 13. To our satisfaction, no significant decrease in
microsomal stability (mouse, phase I; SI, Table S6) could be
observed for the phenol ester 13 (CLint: 55 μL/min/mg)
compared to the isopropyl ester 11 (CLint: 49 μL/min/mg).
Additionally, both compounds showed higher microsomal
stability than osimertinib (CLint: 81 μL/min/mg) and
mobocertinib (CLint: 149 μL/min/mg). To elucidate the
kinome selectivity of our compound class, we tested the

Figure 3. (A) Cocrystal structure of 13 bound to EGFR-T790M/V948R (PDB 7ZYQ). Hinge binding and hydrogen bond with Asp855 side chain
are highlighted in red, and ionic interaction with Asp800 side chain is highlighted in blue. The |2Fo−Fc| map is contoured at a rmsd of 1. The
simulated annealing |FoFc| omit electron density map is shown in SI, Figure S1. (B) View of stapled interaction of the phenol ester with Lys745 and
Met790. (C) Schematic hydrophobic interaction profile of 13 within EGFR-T790M/V948R.
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compounds against a subset of 100 kinases spread across the
human kinome at a concentration of 200 nM (SI, Figure S2
and Table S4). The isopropyl ester 11 showed a good kinome
selectivity with seven non-ErbB off-targets (inhibition >40%),
including ABL1, ALK, BLK, HCK, LCK, LYN, and PEAK1.
The phenol ester 13 showed increased inhibition against
several kinases with 16 non-ErbB off-targets. The activity
toward the well-known EGFR inhibitor off-target BTK as well
as other members of the tyrosine kinase subfamily as FES,
FGFR2, FYN, PDGFRα, PDGFRβ, TXK, VEGFR2, and
VEGFR3 increased above the threshold of 40% inhibition.
Interestingly, typical off-targets for covalent EGFR inhibitors
bearing a Cys797 analogue like BLK (Cys319), BTK
(Cys481), and TXK (Cys350) are inhibited despite the
lacking covalent mode-of-action.30 In contrast, other Cys797
analogue kinase off-targets like BMX (Cys496), ITK (Cys442),
and JAK3 (Cys909) benefit from our reversible binding mode.
Keeping in mind the over 10-fold increase in biochemical
activity and a 15-fold increase in cellular activity against the
targeted EGFR-L858R/C797S mutant, the concomitant
increase toward tyrosine kinases seems tolerable when
changing from the isopropyl ester to the phenol ester.
In this work, we demonstrated the improvement of 2-

aminoyprimidine inhibitors against EGFR-L858R/C797S
osimertinib first-line and EGFR-L858R/T790M/C797S osi-
mertinib second-line resistance mutations based on the
structural features of the Exon20ins mutation inhibitor
mobocertinib. We were able to improve the biochemical
activity from osimertinib to a highly potent reversible inhibitor
13. Additionally, we were able to restore cellular activity
against EGFR-L858R/C797S dependent Ba/F3 cells to a low
nanomolar level (13, 7 nM) with high selectivity over EGFR
wild-type dependent A431 cells (13, 1.8 μM). To exploit the
hydrophobic back pocket even more effectively, we were able
to resolve cocrystal structures of the isopropyl ester 9 and
phenol ester 13 in C797S- and T790M-mutated EGFR. The
distinct sandwich motif of the phenol being locked between
Met790 and Lys745 gives insights, how the initially
unsatisfactory inhibitory activity against T790M-mutated
EGFR can be improved. With this, we generated an inhibitor,
which shows high inhibition against several NSCLC driving
EGFR activating and resistance mutations. We are confident
that this work will guide and stimulate further development of
reversible inhibitors targeting C797S resistance mutations,
which inevitable will be a frequently observed resistance
mechanism in Cys797 reliant NSCLC treatment.
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