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Efficacy of chemotherapy …

J. Schiller, N Engl J Med. 2002, 346, 92-8.NSCLC Collaborative Group & MRC UK (Cullen 1997)

Progress in the treatment of lung cancer? 
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Understanding tumor biology – molecular biology 
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Hour of birth of Precision 
medicine
• cancer arises and persists 
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Erlotinib, approved by the FDA 2005

• attacking the weaknesses

Cancer is a 
disease of the genome!
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EGFR: molecular signaling switch of tumor cells
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Seeing the “dragon”, its weaknesses
Knowing how to attack …
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NGM-Evaluation II: Nächstgenerations-
Inhibitoren verlängern das Überleben signifikant 

No. of pts mOS
1 = clin trial 25 55
2 = no trial 83 22
Total 108 29

P = 0,002 (log-rank test) 

1: Chemo: 21 pts - mOS 8
2: 1 ALKi. 45 pts - mOS 23
3: 2 ALKi. 19 pts - mOS 35

P < 0,0001

EGFR Mutation ALK Fusion

Einsatz von Dritt.gen.EGFR-Inh. Kostenko et al, ASCO 2017
Curtesy Jürgen Wolf, Köln



What are these weaknesses?

Seeing the “dragon”, its weaknesses

but …
rare alterations, 04/18 28 drugs, resistance …



Sebastian Bauer, Essen
Martin Schuler, Essen

Jens Siveke, Essen

Roman Thomas, Köln
Martin Sos, Köln

Reinhard Büttner, Köln

Chemical Oncology
converging cancer genetics, structural biology 

and medicinal chemistry …
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Small Molecules for Dissecting Protein Function
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Engel, Lategahn, Rauh, ACS Med Chem Lett, 2016, 7(1):2-5.

Hope and Disappointment: Covalent Inhibitors to 
Overcome Drug Resistance in Non-Small Cell Lung Cancer

osimertinibrociletinib
(discont. 12/2016)T790M



Engel, Becker, et al. Angew. Chem. Int. Ed. 2016.
Engel, Smith, et al., J Med Chem 2017, 60, 7725-7744.

N6 nitrogen atom, which served as a hydrogen-bond donor.
Remarkably, the co-crystal structure of compound 1a
revealed a direct association of the 3-substituted methylindole
with Met790 and an apparent interaction between this moiety
and the alkyl side chain of the conserved, catalytic Lys745.
The methylindole moiety was sandwiched between Met790
and Lys745, inducing lipophilic interactions that may explain
the increased affinity of these compounds towards the T790M
mutant variants. Strikingly, the 1-naphthyl group of com-
pound 1b displayed an identical orientation towards Met790
and the side chain of Lys745, yielding a favorable lipophilic
interaction. These structural observations yield a reasonable
explanation for the high potency of this pyrazolopyrimidine
series against the T790M mutant and strengthen our con-
clusion that addressing the hydrophobic space that comprises
the methionine gatekeeper with lipophilic motifs may dra-
matically affect the affinity and mutant selectivity of these
inhibitors owing to reduced interactions with the polar Thr790
gatekeeper in wild type EGFR. Overall, lipophilic moieties
on C3 of this novel series of pyrazolopyrimidines are
indispensable for gaining mutant selectivity as long as the
introduced moieties do not interfere with the sterically
demanding Met790. Mass-spectrometric analysis of EGFR-
T790M treated with 1a or 1b further confirmed the covalent
binding, which increased the mass of the complex by 401 Da
or 398 Da, respectively, versus a DMSO-treated reference
kinase, and was consistent with a 1:1 inhibitor/protein ratio in
the complex (Figure S3). Tandem mass spectrometry indi-
cated specific single alkylation of Cys797 (Figures S4 and S5).

In summary, we have developed a novel class of covalent
and mutant-selective EGFR inhibitors that displayed excel-
lent inhibitory effects on drug-resistant H1975 cells and
further demonstrated high potential for targeting the newly
acquired C797S drug resistance mutation in EGFR. Further
development of these inhibitors should provide a unique

opportunity to target all clinically relevant oncogenic mutant
variants of EGFR with one and the same drug. X-ray analysis
of these inhibitors in complex with EGFR-T790M in combi-
nation with kinetic studies of the entire set of clinically
relevant EGFR mutants led to deeper insight into the
inhibition of drug-resistant EGFR and revealed the key
principles for targeting EGFR-C797S. The discovery of this
class of inhibitors may stimulate the development of forth-
generation EGFR inhibitors targeting acquired T790M and
C797S drug resistance, and may lead to a further break-
through in challenging acquired drug resistance in the treat-
ment of EGFR-driven NSCLC.
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Figure 3. Crystal structures of pyrazolopyrimidines in complex with
EGFR-T790M. Diagrams of the experimental electron densities of
a) EGFR-T790M/1a at 2.5 ä (PDB code: 5J9Z) and b) EGFR-T790M/1b
at 2.8 ä resolution (PDB code: 5J9Y); 2FoˇFc map contoured at 1s.
Hydrogen-bond interactions of the inhibitors with the hinge region
(white) are illustrated by red dotted lines. The structural elements of
the N-terminal lobe and the C helix are displayed in white and blue-
white, respectively. The lipophilic methylindole (1a) and 1-naphthyl
(1b) moieties at the C3 position of the pyrazolopyrimidine both point
towards a hydrophobic back pocket and are sandwiched between the
methionine gatekeeper (M790) and the alkyl side chain of K745.
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revealed the key requirements for targeting the recently
discovered drug resistance C797S in EGFR. We focused our
efforts on two principles that we expected to be crucial for the
development of EGFR inhibitors with sufficient efficacy for
the T790M gatekeeper-mutated variant of EGFR. First, we
sought to design a covalent inhibitor with an electrophile
optimized in terms of geometry and orientation for the
alkylation of Cys797. Second, we aimed to avoid steric
interference with the gatekeeper residue while exploiting its
hydrophobic nature for additional lipophilic interactions to
maximize the affinity as well as the selectivity towards the
T790M mutant variant of EGFR. Hence, we employed the
4-aminopyrazolopyrimidine core structure as it provides
a well-known hinge-binding element and allows for the
rapid synthesis of focused libraries. We chose an acrylamide
as the Michael acceptor, which was linked to the pyrazolo-
pyrimidine core through a 3-piperidine substituent (Fig-
ure 1b), and explored pyrazolopyrimidines with different C3
substituents. To investigate the possible beneficial interplay
between lipophilic substituents and Met790 while retaining
the crucial direct-hinge interactions of the pyrazolopyrimi-
dine core, we established a generic synthetic route for
synthesizing pyrazolopyrimidines 1 a–1c (see the Supporting
Information, Scheme S1).

We then assessed the inhibitory efficacy of these com-
pounds on the drug-resistant NSCLC cell line H1975, which
harbors EGFR-L858R/T790M, as well as on cell line A431,
with wild type EGFR (Table 1). The whole series displayed an
excellent inhibitory effect on H1975 cells (GI50 values of
0.21 mm, 0.49 mm, and 0.14 mm for 1 a, 1b, and 1c, respectively)
whilst showing a reduced inhibitory impact on EGFR wild
type (WT) cells (A431; 26–49 fold), which is consistent with
the mutant selectivity observed in the activity-based assay
described below. We further analyzed compounds 1a–1c and
the third-generation EGFR inhibitor WZ4002 as a reference
compound in cellular studies to determine their influence on
the phosphorylation of EGFR as well as its downstream
signaling in the cell lines A431 and H1975 (Figure 2 and
Figure S1). Treatment with 1c induced a dramatic dose-
dependent reduction of EGFR phosphorylation (Y1068) in
H1975 cells whilst showing only a marginal effect on pEGFR
in the EGFR-WT cancer cell line (A431). This outcome is
consistent with the results discussed above, underscoring the
remarkable mutant-selective inhibition profile of 1 c.

Moreover, 1c likewise affected the cellular H1975 EGFR
downstream phosphorylation states and decreased the
amount of pAkt as well as pMAPK and pS6. We also

evaluated the inhibitory activity of the pyrazolopyrimidines
1a–1c in an activity-based assay with respect to WT, activat-
ing (L858R), and drug-resistant mutant variants of EGFR
(L858R/T790M and L858R/T790M/C797S; Table 2). The
three covalent pyrazolopyrimidines exhibited significant
potency against the activating (L858R) and drug-resistant
(L858R/T790M) mutant variants of EGFR with IC50 values in
the single-digit nanomolar range. Remarkably, 1 c, which is
decorated with 2-napthalene, even showed an inhibitory
activity in the subnanomolar range. All of these pyrazolopyr-
imidines are highly mutant-selective inhibitors as they show
reduced activity in EGFR-WT (up to 31 fold), providing an
excellent mutant-selectivity profile. Notably, 1c also dis-
played significant potency (88 nm) against the second
acquired drug resistance L858R/T790M/C797S. This result
indicates that covalent inhibition is the driver for the
tremendous potency of 1c in L858R/T790M cells as the
point mutation of Cys797 to a serine prevents covalent bond
formation. Covalent inhibitors have distinct binding proper-
ties owing to their ability to undergo covalent bond forma-
tion, and, for complete characterization of these compounds,
we went on to investigate their binding kinetics. To explore
the rate and efficiency of covalent bond formation of our
pyrazolopyrimidine inhibitors 1a–1c, we determined the
corresponding Ki and kinact parameters with respect to WT,
the activating mutant (L858R), and the drug-resistant mutant
variants (L858R/T790M and L858R/T790M/C797S) of EGFR
using an activity-based, time-resolved[6] assay (Table 2).
Compounds 1a–1c did not display a loss of affinity towards
the mutant forms as compared to WT, but rather demon-
strated an excellent binding affinity towards the drug-
resistant methionine gatekeeper mutant of EGFR (L858R/
T790M). Compound 1c, in particular, exhibited an extremely
high affinity with Ki values in the low nanomolar range
(1.5 nm), and along with the rate of covalent bond formation,
compound 1c displayed the most favorable inhibition profile

Table 1: Inhibition of cellular growth (GI50) with reference compounds
and the new pyrazolopyrimidines.

GI50 [mm] for NSCLC cell lines
Compound A431 (WT) H1975 (L858R/T790M)

1a 8.9⌃5.7 0.21⌃0.07
1b 24⌃7.5 0.49⌃0.32
1c 3.6⌃1.5 0.14⌃0.06
EGF816 3.9⌃1.4 0.27⌃0.07
CO-1686 1.7⌃0.12 0.12⌃0.05
AZD9291 0.67⌃0.23 0.02⌃0.01

Figure 2. Western blot analysis of 1c in a) A431 (EGFR-WT) and
b) H1975 (L858R/T790M) cancer cell lines. All of the cells except the
control were stimulated with EGF (50 ngmLˇ1). Compound 1c
decreased the phosphorylation level of EGFR and its downstream
targets pAkt, pMAPK, and pS6 in H1975 cells, but did not have
a significant effect in A431 cells.
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Engel, et al. J Med Chem 2015, 58, 6844-63.

Tomassi, Lategahn, et al. 
J Med Chem 2017, 60, 2361-2372.

5d were found to evoke similar potency resulting in IC50 values of
2.3 and 1.8 lM towards EGFRL858R and 1.2 and 0.72 lM towards
EGFRL858R/T790M, respectively. Of note, trifluoromethyl as electron
withdrawing element at R1, inverts the influence of the R2 electron
withdrawing and donating substituents with respect to the inhibi-
tory activity. 5n (R1 = CF3) for instance, decorated with an electron
withdrawing p-fluoro moiety, reveals solely weak inhibition of
EGFRL858R/T790M (IC50 = 6.3 lM) while the respective counterpart
5a (R1 = CN, IC50 = 0.12 lM) exhibited 50-fold improved inhibition.
On the contrary, an electron donating tertiary amine as in 5e
results in complete loss of inhibitory efficacy towards
EGFRL858R/T790M in case of cyano substitution at R1 while moderate
inhibitory effects were observed in case of a trifluoromethyl substi-
tution at R1 as in 5o (>10 lM vs 2.2 lM). Notably, derivatives 5c,
5d and 5f decorated with stronger electron withdrawing groups
evoke significantly reduced inhibitory effects (1.2, 0.72 and
0.94 lM, respectively) which may be dedicated to the sterically
demanding features of these substituents as compared to p-F and

therefore disadvantageous interactions with the protein surface.
Heterocycles as introduced in 5g and 5i, however, account for
the most significant impact with respect to high selectivity
towards EGFRL858R/T790M associated with strong inhibitory activity
and therefore represent an appropriate compromise between ring
size and withdrawing properties which is reflected in the biochem-
ical data. Among different heterocycles, compound 5g was found to
be the most potent CRI in activity-based studies accounting for IC50

values of 0.15 lM and 0.037 lM for EGFRL858R and EGFRL858R/T790M,
respectively. We hypothesize that the superior inhibitory activity
results from the beneficial charged interaction of the 4-pyridyl
moiety of 5g with the side chain of Asn800 located at the front
lip of the ATP binding pocket of EGFR (Fig. 1D). On the contrary,
smaller aliphatic groups illustrate reasonable selectivity for the
clinically relevant mutant over constitutively activated and wild
type EGFR (e.g., 5j: 0.083 lM vs 0.35 lM vs >10 lM, Table 1).
Among non-functionalized aliphatic substituents at R2, compound
5j with a sterically less demanding cyclopropyl group was five to

Figure 2. Comparative illustration of deconvoluted mass spectra of cSrc variants treated with covalent-reversible inhibitor 5j, covalent inhibitor 21 and the reversible
inhibitor 25. Covalent inhibitor binding was confirmed by mass increase relative to the respective DMSO control.
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substitution in T790M and, therefore, retain their inhibitory effi-
ciency towards clinically relevant EGFR mutants. However, solely
few compounds possessing such beneficial structural features are
under clinical investigation. Since T790M continues to be the pre-
dominant drug resistance mutation, there is an urgent medical
need to identify novel mutant selective molecules that potentially
amalgamate the advantages of both reversible and covalent inhibi-
tion yet devoid of the potential disadvantages associated with both
strategies.6,9

Within the wide spectrum of kinase inhibitors, covalent-re-
versible inhibitors (CRIs) represent an innovative class of promis-
ing inhibitors that can be optimized in terms of extended drug-
target residence times while retaining the advantages of non-cova-
lent inhibition with respect to limited off-target effects.26 Recent
studies by Taunton and co-workers indicate potential advantages
of CRIs since the covalent protein modification is exclusively eli-
cited and stable within the properly formed binding site of the tar-
get protein. The covalent bond is formed temporally and cleaved
reversibly when the ligand binding site is disintegrated upon pro-
tein unfolding or proteolysis. Michael acceptor elements of CRIs
(Fig. 1C) are as a matter of principle dually activated and thus lead
to increased target affinity by covalent modification. In combina-
tion with the reversible hinge binding properties, this class of inhi-
bitors provides prolonged pharmacodynamics over classical
reversible inhibitors. Although CRIs are to date exclusively used
as tool compounds, they might very well translate into the devel-
opment of innovative therapeutics to overcome the challenges
associated with conventional covalent inhibition strategies, such
as potential toxicity and off-target activities.26–28

Here, we set out to explore the concept of CRIs for the inhibition
of clinically relevant EGFR mutants while sparing wild type EGFR.
In this proof of concept study, we designed, synthesized and

biochemically characterized a focused library of CRIs based on
the WZ4002 scaffold possessing the ability to address Cys797 in
drug resistant mutants of EGFR with a fine-tuned electron-defi-
cient olefin.

2. Materials and methods

2.1. Molecular modeling

We utilized the co-crystal structure of WZ4002 in complex with
EGFR (PDB-code: 3IKA) as the template for the in silico design of
covalent reversible analogs. We altered R1 and R2 and superposed
the generated derivatives with the principal core of WZ4002.
Extensions at R1 and R2 were introduced according to their spatial
and electronic features to (i) promote the reversibility of binding
(strong electron withdrawing groups at R1, CN and CF3) and (ii)
for tuning the properties of the Michael acceptor (aliphatic and
aromatic groups at R2). DS Viewer Pro 6.0 (Accelrys) was used for
defining structural features (e.g., aromaticity) of the designed
derivatives as well as performing energy minimization. The drafted
compounds were then superposed with the ligand WZ4002 using
PyMOL (The PyMOL Molecular Graphics System, Version 1.5.0.4
Schrödinger, LLC).

2.2. Chemistry

Unless otherwise noted, all reagents and solvents were pur-
chased from Acros, Fluka, Sigma, Aldrich, or Merck and used with-
out further purification. Dry solvents were purchased as anhydrous
reagents from commercial suppliers. 1H and 13C NMR spectra were
recorded on a Bruker Avance DRX 400 or Bruker Avance DRX 500
spectrometer at 400 MHz or 500 MHz and 101 MHz or 125 MHz,

Figure 1. (A) First generation reversible quinazoline-based inhibitors for EGFR. (B) Second generation covalent inhibitors targeting drug resistant EGFRT790M. (C) Design of
new covalent-reversible inhibitors (CRIs, 5) for EGFR. (D) CRI 5g modeled into the ATP-binding cleft of EGFRT790M (modeling based on PDB-code: 3IKA). The 2-
aminopyrimidine forms bidentate hydrogen bond interactions with the backbone of hinge residue Met793. The covalent-reversible Michael acceptor is located in close
proximity to Cys797, which is therefore feasible for covalent bond formation. Furthermore, the protonated pyridine of the inhibitor is in proximal distance to form charged
interactions with the side chain of Asn800.
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Need for 4th generation TKIs!
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a non-ATP competitive mechanism, the ATP-analogue adenylyl-im-
idodiphosphate (AMP-PNP) is bound in the expected manner in the 
active site cleft (Fig. 1c).

Interestingly, the EGFR inhibitors neratinib20 and lapatinib21 extend 
into the allosteric site and make interactions that resemble those of 
two of the three blades of the allosteric agents (Fig. 1d, Extended Data  
Fig. 2a, c). These ATP-competitive inhibitors are not mutant selec-
tive, and they span both the ATP and allosteric sites. Additionally, we 
note that the EGFR allosteric pocket is roughly analogous to a site in 
MEK1 that is targeted by a number of allosteric inhibitors that are now 
approved or in clinical trials22. Despite the similar location of the MEK 
allosteric site, there is no structural correspondence in the binding 
modes of the respective allosteric inhibitors (Extended Data Fig. 2a, b).

The mutant-specificity of the EGFR allosteric inhibitors arises from 
at least two effects. Most apparently, the direct contact of the aminothi-
azole group with the mutant gatekeeper methionine residue can explain 
the selectivity for the T790M mutant. Second, the compound cannot 
bind the fully inactive conformation of the wild-type kinase; simple 
modelling reveals steric clashes of EAI001 with Leu858 and Leu861 in 
the N-terminal portion of the activation loop (Extended Data Fig. 3). 
The L858R mutation rearranges this portion of the activation loop23, 
thereby enlarging the allosteric pocket. EAI045 may also inhibit other 
mutants with a similar mechanism of activation, such as L861Q, but 
we do not expect it to inhibit most exon 19 deletion variants. These 
mutations shorten the loop leading into the C-helix and may therefore 
prevent opening of the allosteric pocket.

Initial studies of the cellular activity of EAI045 showed that it 
potently decreased, but did not completely eliminate, EGFR autophos-
phorylation in H1975 cells, an L858R/T790M-mutant NSCLC cell line 
(Fig. 2a). A similar effect was observed in NIH-3T3 cells stably trans-
fected with the L858R/T790M mutant (Extended Data Fig. 4a). This 
inhibition was selective for mutant EGFR; EAI045 potently inhibited 
EGFR Y1173 phosphorylation in H1975 cells (half maximal effective 
concentration (EC50) = 2 nM), but not in HaCaT cells, a keratinocyte 

cell line with wild-type EGFR (Extended Data Table 4). We observed 
an intermediate level of activity in the L858R-mutant H3255 cells, a 
pattern consistent with our biochemical inhibition data (Extended Data 
Table 4). Despite potent inhibition of mutant EGFR, EAI045 showed no 
anti-proliferative effect in the H1975 and H3255 cell lines with concen-
trations as high as 10 µM (Extended Data Table 4). Profiling in a panel of 
EGFR-mutant Ba/F3 cells revealed that EAI045 inhibited proliferation  
of L858R/T790M and L858R mutant cells, but not the exon19del/
T790M or parental Ba/F3 cells, indicative of on-target mutant-selective 
activity of the allosteric inhibitor (Extended Data Fig. 4b–e). However, 
half-maximal inhibition required ∼10 µM EAI045, a concentration 
much higher than the biochemical IC50 of the compound.

In light of the incomplete inhibition of EGFR autophosphorylation 
and the allosteric mechanism of action of EAI045, we wondered to what 
extent ligand stimulation would affect inhibition of the mutant receptor. 
We compared inhibition of EGFR Y1173 phosphorylation in H1975 
cells in the presence and absence of exogenous EGF (10 ng ml−1) using 
an ELISA-based assay. EAI045 inhibited EGFR phosphorylation with 
a similar EC50 irrespective of EGF stimulation, but notably, inhibition 
plateaued at 50% in the presence of ligand (Fig. 2b). This phenomenon  
suggests two populations of receptor, one that remains sensitive to 
the allosteric inhibitor upon ligand stimulation, and another, equal in 
number, that is rendered insensitive. Ligand-induced dimerization of 
the EGF receptor is known to induce an asymmetric interaction of the 
kinase domains8, and is an apparent potential source of two receptor 
populations with differential inhibitor sensitivity.

In the EGFR asymmetric dimer, the C-lobe of the ‘activator’ subunit 
impinges on the N-lobe of the ‘receiver’ subunit, inducing an active 
conformation in the receiver by reorienting the regulatory C-helix 
to its inward position (Fig. 2c). In wild-type EGFR, only the receiver 
subunit is activated. By contrast, both subunits in a mutant recep-
tor are expected to be catalytically active, because oncogenic kinase 
domain mutations induce the active conformation even in the absence 
of ligand. As explained above, EAI045 binds a ‘C-helix out’ conforma-
tion of the kinase. In the receiver subunit but not the activator, outward 
displacement of the C-helix is impeded by the asymmetric dimer inter-
action. Therefore, we hypothesized that EAI045 was a potent inhib-
itor of the activator subunit of the mutant receptor, but a much less 
potent inhibitor of the receiver subunit, in which the C-helix is captive. 
Because the mutant receptor favours dimer formation24,25, this effect 
could explain both the incomplete inhibition of EGFR autophospho-
rylation and the apparent disconnect in the biochemical and cellular 
potencies of the allosteric inhibitor. To test this notion, we exploited an 
I941R point mutation in the C-lobe of the kinase, which is known to 
block the asymmetric dimer interaction8,26. The activity of the L858R/
T790M mutant is dimerization-independent26 and, as expected, trans-
duction of Ba/F3 cells with EGFR(L858R/T790M/I941R) led to fac-
tor-independent proliferation. In support of our hypothesis, Ba/F3 
cells bearing this dimerization-defective mutant were markedly more 
sensitive to the allosteric inhibitor (Fig. 2d).

The therapeutic antibody cetuximab targets the extracellular portion 
of the EGF receptor, blocking ligand binding and preventing dimer 
formation9,10. The antibody is not effective clinically in EGFR-mutant 
NSCLC, and in cell-based studies cetuximab alone does not inhibit 
L858R/T790M or exon19del/T790M mutant EGFR, because their 
activity is independent of dimerization26. However, we reasoned that 
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Figure 1 | Structure and binding mode of allosteric EGFR inhibitors. 
a, Chemical structures of EAI001 and EAI045. b, Overall view of the 
structure of EGFR(T790M/V948R) bound to EAI001 and AMP-PNP. 
EAI001 is shown in CPK-coloured form with carbon atoms in green. The 
V948R substitution was introduced to allow crystallization of the kinase in 
an inactive conformation8. c, Detailed view of the interactions of EAI001. 
A hydrogen bond with Asp855 in the DFG-motif of the kinase activation 
loop is shown as a dashed red line. d, The structure of irreversible inhibitor 
neratinib bound to EGFR(T790M) (PDB, 2JIV). Neratinib occupies the 
ATP site, but also extends into the allosteric pocket occupied by EAI001.

Table 1 | Inhibitory activity of EAI045 on wild type EGFR and 
selected mutants

ATP (µM) EAI045 IC50 (µM)

Wild type L858R T790M L858R/T790M

1 1.6 0.076 0.049 0.002

10 1.9 0.019 0.19 0.002

100 3.5 0.009 0.5 0.003

1000 4.3 0.009 0.6 0.003
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cetuximab should synergize with a kinase-targeted allosteric inhibitor, 
by converting the inhibitor-resistant receiver population into a mon-
omeric form that is remarkably sensitive to EAI045. Notably, in the 
presence of cetuximab (10 µg ml−1), EAI045 inhibited proliferation 
of EGFR(L858R/T790M) Ba/F3 cells with an IC50 of approximately 
10 nM, similar to its potency against this mutant in biochemical assays  
(Fig. 2e). In support of an on-target, mutant-selective effect of the 
allosteric agent, proliferation of Ba/F3 cells bearing EGFR(exon19del/
T790M) was not inhibited by this combination (Fig. 2f).

We next tested the in vivo efficacy of EAI045 in genetically 
engineered mouse model of L858R/T790M-mutant-driven lung  
cancer27, both alone and in combination with cetuximab. Mouse 

pharmacokinetic studies with EAI045 revealed a maximal plasma 
concentration of 0.57 µM, a half-life of 2.15 h, and oral bioavailability 
of 26% after dosing at 20 mg kg−1. In a 4-week efficacy study, mice were 
treated with EAI045 at 60 mg kg−1 by oral gavage once daily, either 
alone or together with cetuximab (1 mg intraperitoneally every other 
day). We observed marked tumour regressions in the L858R/T790M-
mutant mice treated with the combination, whereas those treated with 
EAI045 alone did not respond (Fig. 3a). Cetuximab alone had a very 
modest effect in these mice, as previously observed26. Mice bearing 
EGFR(exon19del/T790M) were treated using the same protocol, but 
as expected failed to respond to the combination therapy (Fig. 3b). 
Magnetic resonance imaging (MRI) studies of cohorts of L858R/
T790M and exon19del/T790M mice after combination treatment for 
1 or 2 weeks are shown in Extended Data Fig. 5.

Mutation of C797 is expected to confer resistance to all third-generation  
irreversible EGFR inhibitors that are active on the T790M-mutant 
EGFR, and a preliminary study reported the C797S alteration in 15 
out of 67 patients (22%) with acquired resistance to AZD9291 (ref. 28).  
Mutations in C797 should not affect the efficacy of EAI045, as this 
residue is remote from the allosteric binding pocket. Consistent with 
this expectation, EAI045 in combination with cetuximab potently 
inhibited L858R/T790M/C797S Ba/F3 cells (Extended Data Fig. 5a) 
and treatment of genetically engineered L858R/T790M/C797S mice 
with EAI045 and cetuximab induced marked tumour shrinkage, similar 
to that observed in the L858R/T790M models (Fig. 3c, Extended Data 
Fig. 5b). Pharmacodynamic studies performed following two doses 
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Figure 2 | Cellular activity and mechanism of synergy of EAI045 with 
cetuximab. a, Analysis of EAI045 inhibition of EGFR phosphorylation 
in H1975 cells by western blotting (anti-pY1068). A dose response study 
is shown at 3 h after compound addition for EAI045 and the irreversible 
quinazoline inhibitor afatinib (control). For gel source data, see 
Supplementary Fig. 1. b, The effect of EAI045 on EGFR target modulation 
in H1975 cells in the presence and absence of EGF. EGFR phosphorylation 
(pY1173) was measured using an ELISA-based assay; error bars indicate 
s.d. (n = 3). c, The allosteric pocket is differentially accessible in the two 
subunits of the asymmetric dimer. Unlike wild-type EGFR in which only 
the receiver subunit is active, both subunits are catalytically active in the 
L858R/T790M mutant. The activator subunit is more readily inhibited 
by allosteric agents (yellow star), because the C-helix can be readily 
displaced. By contrast, opening the allosteric pocket in the receiver 
subunit requires perturbing the dimer. Thus mutations that disrupt the 
asymmetric dimer (such as I941R, blue circle) or antibodies that block 
dimerization (cetuximab) should enhance the potency of allosteric agents. 
d, Inhibition of proliferation of Ba/F3 cells expressing L858R/T790M 
and L858R/T790M/I941R by EAI045. Addition of the dimer-disrupting 
I941R mutation markedly increased inhibition by EAI045. e, f, Treatment 
of EGFR-mutant Ba/F3 cells with EAI045 alone, in combination with 
cetuximab (10 µg ml−1), or with cetuximab alone. Note the pronounced 
synergy with cetuximab that is observed only in the L858R/T790M model. 
The mean ± s.d. (n = 6) is plotted for each drug and concentration (d–f).
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Figure 3 | EAI045 in combination with cetuximab induces tumour 
regression in genetically engineered mouse models of EGFR-mutant 
lung cancer. a, Mice bearing L858R/T790M mutant tumours were treated 
with EAI045 alone (n = 5), cetuximab alone (n = 3) or both agents in 
combination (n = 10). Tumour volumes were measured using MRI 4 weeks 
after initiation of treatment and are plotted for each animal in a ‘waterfall’ 
format. b, As in a, but in mice bearing exon19del/T790M mutant tumours 
(n = 4, 4 and 4). c, As in a, but in mice bearing L858R/T790M/C797S 
mutant tumours (n = 3, 4, and 5). d, e, Pharmacodynamic studies in 
exon19del/T790M and L858R/T790M/C797S mice. Tumour nodules from 
mice treated with EAI045 or cetuximab alone or with the combination 
(combo.) were analysed by western blotting with the indicated 
antibodies to examine the effect of treatment on EGFR signalling. 
Multiple independent mouse tumours were obtained and analysed, two 
independent and representative samples are shown. For gel source data, 
see Supplementary Fig. 1. Source data for tumour volume measurements 
are provided in Supplementary Fig. 2.
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Kinetic studies revealed low Kd values in the single-digit
nanomolar range. There were no significant differences in the
Kd values for 2c used undiluted (dark gray bars) and 30-fold
diluted (light gray bars, Figure 3). By contrast, the reversible

counterpart 2d showed a tremendous Kd shift after dilution,
thus supporting the strong assumption that 2c is an irrever-
sible inhibitor. Another experiment without dilution but with
an equilibration time of 6 hours (see the Supporting
Information) showed 3 to 5-fold lower Kd values. This
outcome indicates slow association kinetics of these com-
pounds, meaning equilibrium formation is not complete after
one hour of incubation.

The two most potent inhibitors, 1a and 2c, showed very
strong reversible binding to the EGFR active site, so we
tested them in an EGFR assay against the triple mutant
L858R/T790M/C797S, which plays a crucial role in the
development of drug resistance in lung cancer patients who
had previously been treated with third-generation inhibitors
(Table 2). As expected, the third-generation compound
WZ4002 exhibited very low potency against this mutant
kinase (> 7 mm), since most of its binding affinity relies on
covalent bond formation, which cannot take place without

Cys797. Our most promising compounds showed IC50 values
of 90 and 20 nm, which implies that this new generation of
EGFR inhibitors with a very strong reversible binding pattern
can tolerate cysteine mutation better than the irreversible
third-generation EGFR inhibitors.

We also tested the most promising compounds in a set of
tumor-relevant cancer cell lines with different EGFR muta-
tions in a direct comparison to the most recent gold standard
treatments (Table 3). Inhibitor 1 a revealed no significant

activity in the cell lines. Surprisingly, lower IC50 values were
observed in the mutant cells, with a slight selectivity over the
wt cells. Compound 2c is a very potent inhibitor of the
clinically relevant cell lines H1975 (18 nm) and LXFA PC-9
(5 nm); these values were in the same range or better than the
most potent and recently FDA-approved third-generation
inhibitor AZD9291. Furthermore, 2c showed high selectivity
(> 700 fold) towards the double-mutant cell line LXFA NCl-
H1975 over the wt cell line LXFA 526. A kinome scan of 2c,
which included 410 kinases, demonstrated a good selectivity
profile with a selectivity score of 0.039 (Table 4). Additionally,
this tyrosine kinase inhibitor was a very potent inhibitor of all
clinically relevant EGFR mutants. An interesting off-target
hit was the tyrosine kinase BRK (2 % residual activity), which
has been identified in different cancer types, including
NSCLC.[14]

Compounds 1a and 1b were synthesized by using the
optimized Stille cross-coupling reported by Selig et al.
(Figure 4).[12] The imidazoles 3 a and 3b were obtained
through Radziszewski imidazole synthesis. The nitrile of 3b
was reduced to an amine followed by triple BOC protection
to give 4b. These protected imidazoles were stannylated using
nBuLi and Sn(Bu)3Cl. Stille cross-coupling with the previosly
synthesized 4-chloro-1-(methoxymethyl)-2-phenyl-1H-
pyrrolo[2,3-b]pyridine using a 1:3 mixture of Pd(OAc)2/X-

Table 2: Kinase inhibitory activities (single point) of the most potent new
compounds in a triple-mutant EGFR enzyme assay.

IC50 [nm] against EGFR
L858R/T790M/C797S

1a 21
1b 336
2c 90
2d 167
Staurosporine 1
WZ4002 7294

Table 3: Inhibitory activities in different NSCLC cell proliferation assays.

IC50 [mm] in different NSCLC cell lines
LXFA 526
wt

LXFA PC-9
Exon 19 del

LXFA NCl-H1975
L858R/T790M

1a 3.568 1.050 2.488
2c 14.034 0.005 0.018
Gefitinib 12.838 0.037 12.672
WZ4002 5.847 0.138 0.056
AZD9291 2.976 0.019 0.011

Table 4: Inhibitory activities of 2c in mutant EGFR enzyme assays

Residual activity in %
with 2c [200 nm]

EGF-R d746-750 7
EGF-R d747-749/A750P 7
EGF-R d747-752/P753S 5
EGF-R d752-759 9
EGF-R G719C 3
EGF-R G719S 7
EGF-R L861Q 4
EGF-R T790M 5

Figure 3. Binding kinetics of 2c and 2d (scanKINETIC). Kd values
displayed as 300 nm were actually measured to be >300 nm.
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Kinetic studies revealed low Kd values in the single-digit
nanomolar range. There were no significant differences in the
Kd values for 2c used undiluted (dark gray bars) and 30-fold
diluted (light gray bars, Figure 3). By contrast, the reversible

counterpart 2d showed a tremendous Kd shift after dilution,
thus supporting the strong assumption that 2c is an irrever-
sible inhibitor. Another experiment without dilution but with
an equilibration time of 6 hours (see the Supporting
Information) showed 3 to 5-fold lower Kd values. This
outcome indicates slow association kinetics of these com-
pounds, meaning equilibrium formation is not complete after
one hour of incubation.

The two most potent inhibitors, 1a and 2c, showed very
strong reversible binding to the EGFR active site, so we
tested them in an EGFR assay against the triple mutant
L858R/T790M/C797S, which plays a crucial role in the
development of drug resistance in lung cancer patients who
had previously been treated with third-generation inhibitors
(Table 2). As expected, the third-generation compound
WZ4002 exhibited very low potency against this mutant
kinase (> 7 mm), since most of its binding affinity relies on
covalent bond formation, which cannot take place without

Cys797. Our most promising compounds showed IC50 values
of 90 and 20 nm, which implies that this new generation of
EGFR inhibitors with a very strong reversible binding pattern
can tolerate cysteine mutation better than the irreversible
third-generation EGFR inhibitors.

We also tested the most promising compounds in a set of
tumor-relevant cancer cell lines with different EGFR muta-
tions in a direct comparison to the most recent gold standard
treatments (Table 3). Inhibitor 1 a revealed no significant

activity in the cell lines. Surprisingly, lower IC50 values were
observed in the mutant cells, with a slight selectivity over the
wt cells. Compound 2c is a very potent inhibitor of the
clinically relevant cell lines H1975 (18 nm) and LXFA PC-9
(5 nm); these values were in the same range or better than the
most potent and recently FDA-approved third-generation
inhibitor AZD9291. Furthermore, 2c showed high selectivity
(> 700 fold) towards the double-mutant cell line LXFA NCl-
H1975 over the wt cell line LXFA 526. A kinome scan of 2c,
which included 410 kinases, demonstrated a good selectivity
profile with a selectivity score of 0.039 (Table 4). Additionally,
this tyrosine kinase inhibitor was a very potent inhibitor of all
clinically relevant EGFR mutants. An interesting off-target
hit was the tyrosine kinase BRK (2 % residual activity), which
has been identified in different cancer types, including
NSCLC.[14]

Compounds 1a and 1b were synthesized by using the
optimized Stille cross-coupling reported by Selig et al.
(Figure 4).[12] The imidazoles 3 a and 3b were obtained
through Radziszewski imidazole synthesis. The nitrile of 3b
was reduced to an amine followed by triple BOC protection
to give 4b. These protected imidazoles were stannylated using
nBuLi and Sn(Bu)3Cl. Stille cross-coupling with the previosly
synthesized 4-chloro-1-(methoxymethyl)-2-phenyl-1H-
pyrrolo[2,3-b]pyridine using a 1:3 mixture of Pd(OAc)2/X-

Table 2: Kinase inhibitory activities (single point) of the most potent new
compounds in a triple-mutant EGFR enzyme assay.

IC50 [nm] against EGFR
L858R/T790M/C797S

1a 21
1b 336
2c 90
2d 167
Staurosporine 1
WZ4002 7294

Table 3: Inhibitory activities in different NSCLC cell proliferation assays.

IC50 [mm] in different NSCLC cell lines
LXFA 526
wt

LXFA PC-9
Exon 19 del

LXFA NCl-H1975
L858R/T790M

1a 3.568 1.050 2.488
2c 14.034 0.005 0.018
Gefitinib 12.838 0.037 12.672
WZ4002 5.847 0.138 0.056
AZD9291 2.976 0.019 0.011

Table 4: Inhibitory activities of 2c in mutant EGFR enzyme assays

Residual activity in %
with 2c [200 nm]

EGF-R d746-750 7
EGF-R d747-749/A750P 7
EGF-R d747-752/P753S 5
EGF-R d752-759 9
EGF-R G719C 3
EGF-R G719S 7
EGF-R L861Q 4
EGF-R T790M 5

Figure 3. Binding kinetics of 2c and 2d (scanKINETIC). Kd values
displayed as 300 nm were actually measured to be >300 nm.
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was yielded by afatinib and osimertinib in contrast with obser-
vations of diminished EGFR signalling in PC9 parent and T790M
cells (Fig. 5f and Supplementary Fig. 11a,b). AZD3463 showed

mild activity in these PC9 cells assessed using western blotting
(Supplementary Fig. 11c). Moreover, these three EGFR–TKIs
showed the same pattern of effectiveness in MGH121-parental
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Figure 5 | Inhibition of cell growth and downstream signal pathway in lung cancer cell lines by brigatinib. (a–e) PC9 (del19) (a), PC9-T790M (T790M/
del19) (b), PC9-triple mutant (C797S/T790M/del19) (c), MGH121 parent (T790M/del19) (d) and MGH121 resistant-2 (C797S/T790M/del19) (e) cells
were treated with serially diluted gefitinib, osimertinib and brigatinib for 72 h. Cell viability was measured using the CellTiter-Glo assay.; N¼ 3. Results are
expressed as mean±s.d. (f) Western blotting of PC9 triple mutant (C797S/T790M/del19) cells indicated that brigatinib and AP26113 analog, but not
afatinib or osimertinib, suppressed phosphorylation of EGFR and its downstream signalling. (g) Similar results were obtained in MGH121 resistant-2.
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N6 nitrogen atom, which served as a hydrogen-bond donor.
Remarkably, the co-crystal structure of compound 1a
revealed a direct association of the 3-substituted methylindole
with Met790 and an apparent interaction between this moiety
and the alkyl side chain of the conserved, catalytic Lys745.
The methylindole moiety was sandwiched between Met790
and Lys745, inducing lipophilic interactions that may explain
the increased affinity of these compounds towards the T790M
mutant variants. Strikingly, the 1-naphthyl group of com-
pound 1b displayed an identical orientation towards Met790
and the side chain of Lys745, yielding a favorable lipophilic
interaction. These structural observations yield a reasonable
explanation for the high potency of this pyrazolopyrimidine
series against the T790M mutant and strengthen our con-
clusion that addressing the hydrophobic space that comprises
the methionine gatekeeper with lipophilic motifs may dra-
matically affect the affinity and mutant selectivity of these
inhibitors owing to reduced interactions with the polar Thr790
gatekeeper in wild type EGFR. Overall, lipophilic moieties
on C3 of this novel series of pyrazolopyrimidines are
indispensable for gaining mutant selectivity as long as the
introduced moieties do not interfere with the sterically
demanding Met790. Mass-spectrometric analysis of EGFR-
T790M treated with 1a or 1b further confirmed the covalent
binding, which increased the mass of the complex by 401 Da
or 398 Da, respectively, versus a DMSO-treated reference
kinase, and was consistent with a 1:1 inhibitor/protein ratio in
the complex (Figure S3). Tandem mass spectrometry indi-
cated specific single alkylation of Cys797 (Figures S4 and S5).

In summary, we have developed a novel class of covalent
and mutant-selective EGFR inhibitors that displayed excel-
lent inhibitory effects on drug-resistant H1975 cells and
further demonstrated high potential for targeting the newly
acquired C797S drug resistance mutation in EGFR. Further
development of these inhibitors should provide a unique

opportunity to target all clinically relevant oncogenic mutant
variants of EGFR with one and the same drug. X-ray analysis
of these inhibitors in complex with EGFR-T790M in combi-
nation with kinetic studies of the entire set of clinically
relevant EGFR mutants led to deeper insight into the
inhibition of drug-resistant EGFR and revealed the key
principles for targeting EGFR-C797S. The discovery of this
class of inhibitors may stimulate the development of forth-
generation EGFR inhibitors targeting acquired T790M and
C797S drug resistance, and may lead to a further break-
through in challenging acquired drug resistance in the treat-
ment of EGFR-driven NSCLC.
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Figure 3. Crystal structures of pyrazolopyrimidines in complex with
EGFR-T790M. Diagrams of the experimental electron densities of
a) EGFR-T790M/1a at 2.5 ä (PDB code: 5J9Z) and b) EGFR-T790M/1b
at 2.8 ä resolution (PDB code: 5J9Y); 2FoˇFc map contoured at 1s.
Hydrogen-bond interactions of the inhibitors with the hinge region
(white) are illustrated by red dotted lines. The structural elements of
the N-terminal lobe and the C helix are displayed in white and blue-
white, respectively. The lipophilic methylindole (1a) and 1-naphthyl
(1b) moieties at the C3 position of the pyrazolopyrimidine both point
towards a hydrophobic back pocket and are sandwiched between the
methionine gatekeeper (M790) and the alkyl side chain of K745.
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revealed the key requirements for targeting the recently
discovered drug resistance C797S in EGFR. We focused our
efforts on two principles that we expected to be crucial for the
development of EGFR inhibitors with sufficient efficacy for
the T790M gatekeeper-mutated variant of EGFR. First, we
sought to design a covalent inhibitor with an electrophile
optimized in terms of geometry and orientation for the
alkylation of Cys797. Second, we aimed to avoid steric
interference with the gatekeeper residue while exploiting its
hydrophobic nature for additional lipophilic interactions to
maximize the affinity as well as the selectivity towards the
T790M mutant variant of EGFR. Hence, we employed the
4-aminopyrazolopyrimidine core structure as it provides
a well-known hinge-binding element and allows for the
rapid synthesis of focused libraries. We chose an acrylamide
as the Michael acceptor, which was linked to the pyrazolo-
pyrimidine core through a 3-piperidine substituent (Fig-
ure 1b), and explored pyrazolopyrimidines with different C3
substituents. To investigate the possible beneficial interplay
between lipophilic substituents and Met790 while retaining
the crucial direct-hinge interactions of the pyrazolopyrimi-
dine core, we established a generic synthetic route for
synthesizing pyrazolopyrimidines 1 a–1c (see the Supporting
Information, Scheme S1).

We then assessed the inhibitory efficacy of these com-
pounds on the drug-resistant NSCLC cell line H1975, which
harbors EGFR-L858R/T790M, as well as on cell line A431,
with wild type EGFR (Table 1). The whole series displayed an
excellent inhibitory effect on H1975 cells (GI50 values of
0.21 mm, 0.49 mm, and 0.14 mm for 1 a, 1b, and 1c, respectively)
whilst showing a reduced inhibitory impact on EGFR wild
type (WT) cells (A431; 26–49 fold), which is consistent with
the mutant selectivity observed in the activity-based assay
described below. We further analyzed compounds 1a–1c and
the third-generation EGFR inhibitor WZ4002 as a reference
compound in cellular studies to determine their influence on
the phosphorylation of EGFR as well as its downstream
signaling in the cell lines A431 and H1975 (Figure 2 and
Figure S1). Treatment with 1c induced a dramatic dose-
dependent reduction of EGFR phosphorylation (Y1068) in
H1975 cells whilst showing only a marginal effect on pEGFR
in the EGFR-WT cancer cell line (A431). This outcome is
consistent with the results discussed above, underscoring the
remarkable mutant-selective inhibition profile of 1 c.

Moreover, 1c likewise affected the cellular H1975 EGFR
downstream phosphorylation states and decreased the
amount of pAkt as well as pMAPK and pS6. We also

evaluated the inhibitory activity of the pyrazolopyrimidines
1a–1c in an activity-based assay with respect to WT, activat-
ing (L858R), and drug-resistant mutant variants of EGFR
(L858R/T790M and L858R/T790M/C797S; Table 2). The
three covalent pyrazolopyrimidines exhibited significant
potency against the activating (L858R) and drug-resistant
(L858R/T790M) mutant variants of EGFR with IC50 values in
the single-digit nanomolar range. Remarkably, 1 c, which is
decorated with 2-napthalene, even showed an inhibitory
activity in the subnanomolar range. All of these pyrazolopyr-
imidines are highly mutant-selective inhibitors as they show
reduced activity in EGFR-WT (up to 31 fold), providing an
excellent mutant-selectivity profile. Notably, 1c also dis-
played significant potency (88 nm) against the second
acquired drug resistance L858R/T790M/C797S. This result
indicates that covalent inhibition is the driver for the
tremendous potency of 1c in L858R/T790M cells as the
point mutation of Cys797 to a serine prevents covalent bond
formation. Covalent inhibitors have distinct binding proper-
ties owing to their ability to undergo covalent bond forma-
tion, and, for complete characterization of these compounds,
we went on to investigate their binding kinetics. To explore
the rate and efficiency of covalent bond formation of our
pyrazolopyrimidine inhibitors 1a–1c, we determined the
corresponding Ki and kinact parameters with respect to WT,
the activating mutant (L858R), and the drug-resistant mutant
variants (L858R/T790M and L858R/T790M/C797S) of EGFR
using an activity-based, time-resolved[6] assay (Table 2).
Compounds 1a–1c did not display a loss of affinity towards
the mutant forms as compared to WT, but rather demon-
strated an excellent binding affinity towards the drug-
resistant methionine gatekeeper mutant of EGFR (L858R/
T790M). Compound 1c, in particular, exhibited an extremely
high affinity with Ki values in the low nanomolar range
(1.5 nm), and along with the rate of covalent bond formation,
compound 1c displayed the most favorable inhibition profile

Table 1: Inhibition of cellular growth (GI50) with reference compounds
and the new pyrazolopyrimidines.

GI50 [mm] for NSCLC cell lines
Compound A431 (WT) H1975 (L858R/T790M)

1a 8.9⌃5.7 0.21⌃0.07
1b 24⌃7.5 0.49⌃0.32
1c 3.6⌃1.5 0.14⌃0.06
EGF816 3.9⌃1.4 0.27⌃0.07
CO-1686 1.7⌃0.12 0.12⌃0.05
AZD9291 0.67⌃0.23 0.02⌃0.01

Figure 2. Western blot analysis of 1c in a) A431 (EGFR-WT) and
b) H1975 (L858R/T790M) cancer cell lines. All of the cells except the
control were stimulated with EGF (50 ngmLˇ1). Compound 1c
decreased the phosphorylation level of EGFR and its downstream
targets pAkt, pMAPK, and pS6 in H1975 cells, but did not have
a significant effect in A431 cells.
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GI50 EGFR [µM] IC50 EGFR [µM]

A431 
(wt)

H1975
(L858R/T790M) wt L858R L858R/T790M

1a 8.9 0.21 0.035 0.004 0.003

1b 24 0.49 0.058 0.001 0.002

1c 3.6 0.14 0.016 0.001 <0.001
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Compound EGFR IC50 [nM]

1a
L858R/T790M 2.5

L858R/T790M/C797S 838

1b L858R/T790M 1.9
L858R/T790M/C797S 7900

1c L858R/T790M <1
L858R/T790M/C797S 88

AZD9291
L858R/T790M <1

L858R/T790M/C797S 77

1a

1b

1c

Acquired Drug Resistance – C797S Mutation



Compound EGFR IC50 [nM] Ki [nM] kinact [min-1]

1a
L858R/T790M 2.5 16 0.29

L858R/T790M/C797S 838 1008 -

1b L858R/T790M 1.9 58 0.31

L858R/T790M/C797S 7900 1068 -

1c L858R/T790M <1 1.5 0.17

L858R/T790M/C797S 88 49 -

AZD9291
L858R/T790M <1 1.5 0.33

L858R/T790M/C797S 77 25 -

1a

1b

1c

Acquired Drug Resistance – C797S Mutation

high affinity towards
the gatekeeper (Met790) is key for 

targeting T790M/C797S resistance!
Engel, Becker et al., Angew Chem Int Ed Engl 2016, 55, 10909-12.
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N
O
P

IC50 template
Data analysis, storage

and visualisation

§ HTS data analysis 

§ efficient comp. management

§ hit follow-up

§ binding studies (SPR, ITC, X-ray)

§ multi-label system

§ fast HTS reader

§ 96-, 384-, 1536-well plates

§ bulk filling and transfer of buffers, 

substrates, enzymes, cells

§ biochemical and cellular screens

high-quality compound library, 

freedom to operate

robust, straightforward setup

meaningful assays, cost-efficient

§ 35.000 diversity-based compounds

§ selected by various filters e.g. PAINS

2.000 proprietary compounds



Complex regulation of EGFR
EGFR G724S-mediated osimertinib resistance 

J. Fassunke, F. Müller, M. Keul, S. Michels, M. Dammert et al., 2018, revised.



Complex regulation of EGFR

Exon20-
mutations

EGFR G724S-mediated osimertinib resistance 

J. Fassunke, F. Müller, M. Keul, S. Michels, M. Dammert et al., 2018, revised.

29



Complex regulation of EGFR
EGFR G724S-mediated osimertinib resistance 

J. Fassunke, F. Müller, M. Keul, S. Michels, M. Dammert et al., 2018, revised.
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Translation of 
already approved 
2nd gen TKIs into the 
clinical setting of 
EGFRex19del/G724S

Identification of 
novel drug 
resistance mutation

Successful 
expression of active 
target proteins

Biochemical and 
kinetic evaluation

MD-Simulations and 
structural analysis

Cellular and mouse 
studies confirm 
activity of 2nd gen. 
TKIs! 



Stabilizing inactive kinase conformations

allosteric
access to conform. space
highly selective

covalent
binds irreversibly

highly potent
drug-target residence time

covalent-allosteric inhibitors to irreversibly 
stabilize inactive conformations!

31



Stabilizing inactive kinase conformations

(PDB code: 4EJN)(PDB code: 3O96)



Stabilizing inactive kinase conformations

Structure-based 
Design 

& 
SAR

Niklas Uhlenbrock, Steven Smith, Rajesh Gontla, Marius Lindemann, Lena Quambusch
33



Irreversibly stabilizing inactive kinase conformations

Weisner, Gontla, et al., Angew Chem Int Ed Engl. 2015, 54, 10313-6.
adapted from: Schirmeister, et al., J Am Chem Soc. 2016, 138, 8332-5.

IC50 / nM
Compound Akt1_wt Akt1_E17K
GSK690693 2.2 ± 0.7 1.3 ± 0.5

MK-2206 10 ± 2.1 4038.2 ± 783.2

RL1782 3.6 ± 0.8 839.7 ± 225.5

Borussertib 0.8 ± 0.3 115.1 ± 24.1

RL1969 1.2 ± 0.3 171.8 ± 75.7

RL2231 14 ± 6.1 990.8 ± 352.3

RL2232 10.8 ± 2.5 676.7 ± 259.4

RL2283 7.1 ± 1.5 942.7 ± 325.1

RL2284 1.9 ± 0.4 72.4 ± 33.3

RL2321 3.7 ± 0.7 582.5 ± 149.8

Borussertib / RL1784



Irreversibly stabilizing inactive kinase conformations

Weisner, Gontla, et al., Angew Chem Int Ed Engl. 2015, 54, 10313-6.
adapted from: Schirmeister, et al., J Am Chem Soc. 2016, 138, 8332-5.

IC50 / nM
Compound Akt1_wt Akt1_E17K
GSK690693 2.2 ± 0.7 1.3 ± 0.5

MK-2206 10 ± 2.1 4038.2 ± 783.2

RL1782 3.6 ± 0.8 839.7 ± 225.5

Borussertib 0.8 ± 0.3 115.1 ± 24.1

RL1969 1.2 ± 0.3 171.8 ± 75.7

RL2231 14 ± 6.1 990.8 ± 352.3

RL2232 10.8 ± 2.5 676.7 ± 259.4

RL2283 7.1 ± 1.5 942.7 ± 325.1

RL2284 1.9 ± 0.4 72.4 ± 33.3

RL2321 3.7 ± 0.7 582.5 ± 149.8

adapted from: Schirmeister, et al., J Am Chem Soc. 2016, 138, 8332-5.



Irreversibly stabilizing inactive kinase conformations

Akt1_wt
Compound Ki / nM kinact / min-1 kinact/Ki / µm-1 s-1

RL1782 6.8 ± 0.3 0.083 ± 0.016 0.202 ± 0.035

Borussertib 2.2 ± 0.3 0.113 ± 0.020 0.853 ± 0.038

RL1969 4.1 ± 0.7 0.110 ± 0.023 0.447 ± 0.074

RL2231 39.3 ± 6.6 0.088 ± 0.010 0.038 ± 0.007

RL2232 27.2 ± 4.2 0.138 ± 0.031 0.085 ± 0.018

RL2283 5.6 ± 0.8 0.032 ± 0.004 0.095 ± 0.013

RL2284 2.6 ± 0.4 0.055 ± 0.006 0.331 ± 0.026

RL2321 7.6 ± 1.1 0.078 ± 0.022 0.168 ± 0.025

§ affinity-driven loss of potency (WT vs. E17K)

§ covalent bond formation rescues enzyme inhibition

Weisner, Gontla, et al., Angew Chem Int Ed Engl. 2015, 54, 10313-6. 



Stabilizing inactive kinase conformations

Weisner, Gontla, et al., Angew Chem Int Ed Engl. 2015, 54, 10313-6. 
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RL1781 Borussertib / 
RL1784

RL1782

Stabilizing inactive kinase conformations

Rebekka Scheinpflug, Patrik Wolle, Jörn Weisner, Ina Landel, unpublished

CAAIs in complex with full-length Akt
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Stabilizing inactive kinase conformations

BT-474
(breast)

PIK3CAK111N

TP53E285K

ZR-75-1
(breast)

PTENL108R

AN3-CA
(endometrium)

PIK3R1R557_K561>Q

PTENR130fs

TP53R213Q

T-47D
(breast)

PIK3CAH1047R

TP53L194F

CTG EC50 / nM
Compound ZR-75-1 T-47D BT-474 AN3CA
GDC-0068 219 ± 83 447 ± 2 2371 ± 745 925 ± 457

MK-2206 63 ± 21 411 ± 23 1682 ± 316 972 ± 322

RL1782 11 ± 3 95 ± 20 464 ± 31 382 ± 31

RL1784 5 ± 1 48 ± 15 373 ± 54 191 ± 90

RL1969 2 ± 0 25 ± 7 259 ± 68 159 ± 70

RL2231 33 ± 9 370 ± 195 1104 ± 212 879 ± 223

RL2232 22 ± 7 255 ± 86 2268 ± 700 1328 ± 60

RL2283 424 ± 253 5503 ± 2520 17191 ± 5466 27089 ± 2338

RL2284 19 ± 4 194 ± 67 1202 ± 447 957 ± 302

RL2321 10 ± 3 119 ± 36 621 ± 85 568 ± 106

39
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Stabilizing inactive kinase conformations

ZR-75-1
(breast)

PTENL108R

T-47D
(breast)

PIK3CAH1047R

TP53L194F

40Mouse MTD and PK, good bioavailability

Parameter 2 mg/kg i.v. 20 mg/kg i.p. 20 mg/kg p.o.

cmax
623.37
1.04

682.53
1.14

77.92
0.13

ng/mL
µM

t1/2 0.85 0.75 2.25 h

AUC 0-t 303.65 1201.25 84.57 h*ng/mL

CLobs 5.77 - - l/h/kg

Vssobs 4.94 - - l/kg

F 47.7% 3.4%

Jörn Weisner, Ina Landel, Stephan Hahn, Jens Siveke, unpublished



Stabilizing inactive kinase conformations

ZR-75-1
(breast)

PTENL108R

T-47D
(breast)

PIK3CAH1047R

TP53L194F

Jörn Weisner, Ina Landel, Stephan Hahn, Jens Siveke, unpublished
41Mouse MTD and PK, good bioavailability

Parameter 2 mg/kg i.v. 20 mg/kg i.p. 20 mg/kg p.o.

cmax
623.37
1.04

682.53
1.14

77.92
0.13

ng/mL
µM

t1/2 0.85 0.75 2.25 h

AUC 0-t 303.65 1201.25 84.57 h*ng/mL

CLobs 5.77 - - l/h/kg

Vssobs 4.94 - - l/kg

F 47.7% 3.4%



Stabilizing inactive kinase conformations

Structure-based 
Design 

& 
SAR

Niklas Uhlenbrock, Steven Smith, Rajesh Gontla, Marius Lindemann, Lena Quambusch
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Stabilizing inactive kinase conformations

Functional Probes

Identify Interaction Partners by 
Fluorescent Probe Labeling

Design of Isoform-selective
functional Probes

Pull-down Assays and Photo-
induced Crosslinking 

Small molecule-induced 
proteasomal Degradation

Proteasomal
Degradation
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Stabilizing inactive kinase conformations

Activity

Borussertib

Her2 INSERT
Her2 wt

EGFR T790ML858R
EGFR wt

Lance IC50 [nM]

>10000
-

>10000
>10000

Her2 INS
EGFR INS

BaF3 CTG [nM]

885
9226

A431
A2780
H1975

HCC1937
CTG IC50 [nM]

1629
100
8285
2576

ADME

Borussertib

Sol [uM] 14

Clint [uL/min/mg] 
mouse / human 36 / 7

Microsomal Stability 
Phase II [% Remain]

mouse / human
-

Plasma Stability 
[% Remain]

mouse / human
100 / 99

PPB [%] 
mouse / human 98.65 / 99.90

PAMPA [%] <5

Caco-2 Papp [10-6cm/s]
A=>B
B=>A

0.04
4.03

Tox

Borussertib

hPBMCs CTG 
IC50 [nM]

6470

HepTox HepG2
IC50 [nM]

>30000

MitoTox Glu
IC50 [nM]

>30000

MitoTox Gal
IC50 [nM] >30000

hERG Predictor Assay 
IC50 [nM]

880

hERG
Patch Clamp @ Cyprotex

IC50 [nM]
-

Thanks to LDC GmbH, Dortmund

In need, compound optimization ...



summary
• Cancer is a disease of the genome

• Genetics lesions across key signaling 

pathways (EGFR) drive tumorigenesis è

historic impact

• Revolution of DNA sequencing drives 

development ...

• Additional key discoveries in the translation – bench-to-

beside-to-bench ...

• In need: new technologies/ approaches, novel 

collaborative models, dialog for a better medicine ...
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PROCESS EFFICIENCY

Profound structural problem in Germany –
lost opportunities! 

Efficient mechanisms are needed

Translators
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