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Abstract: The ephrin type-A receptor 2 (EPHA2) kinase
belongs to the largest family of receptor tyrosine kinases.
There are several indications of an involvement of EPHA2 in
the development of infectious diseases and cancer. Despite
pharmacological potential, EPHA2 is an under-examined
target protein. In this study, we synthesized a series of
derivatives of the inhibitor NVP-BHG712 and triazine-based
compounds. These compounds were evaluated to determine
their potential as kinase inhibitors of EPHA2, including

elucidation of their binding mode (X-ray crystallography),
affinity (microscale thermophoresis), and selectivity (Kino-
beads assay). Eight inhibitors showed affinities in the low-
nanomolar regime (KD<10 nM). Testing in up to seven colon
cancer cell lines that express EPHA2 reveals that several
derivatives feature promising effects for the control of human
colon carcinoma. Thus, we have developed a set of powerful
tool compounds for fundamental new research on the
interplay of EPH receptors in a cellular context.

Introduction

Protein kinases have been a focus of medicinal chemistry as
potential drug targets. Numerous inhibitors, both orthosteric
and allosteric, have been developed. Many of these inhibitors
are effective drugs approved for clinical applications. The ephrin
type-A receptor 2 (EPHA2) is a less explored target despite its
substantial pharmacological potential. The role of EPHA2 has
been widely investigated in recent years, showing involvement

in infectious diseases and cancer.[1,2] Overexpression of EPHA2 is
observed in different cancer types (breast,[3] head and neck,[4]

non-small-cell lung cancer[5] and colorectal cancer (CRC)[6]), and
often predicts a poor clinical prognosis.[6,7]

Several approaches have been exploited for targeting
EPHA2, including agonistic-[8,9] as well as antagonistic-[10,11]

acting small molecules and peptides. Two strategies for
interfering with EPHA2 are commonly used: 1) Interaction with
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the extracellular ephrin binding domain,[8–11] 2) binding to the
intracellular kinase domain.[12–17]

In recent years, the role of EPHA2 in the development of
CRC, one of the most frequently occurring cancer types,[18] has
been investigated intensively. In stage II/III CRC, EPHA2 mRNA
and protein levels are abnormally elevated compared to the
normal colorectal tissue and are associated with poor patient
survival, raising the possibility that targeting EPHA2 might be a
strategy for treatment.[6,19] Furthermore, a significant correlation
between high level expression of EPHA2 in advanced CRC and
resistance to anti-epithelial growth factor receptor (EGFR)
targeting with the monoclonal antibody Cetuximab has been
observed.[20,21]

Up to now, only two kinase inhibitors are FDA-approved for
the treatment of metastatic CRC: 1) The multi-kinase inhibitor
Regorafenib;[22] 2) A combination of the BRAF-targeting inhibitor
Encorafenib and Cetuximab for treating metastatic CRC show-
ing a BRAF(V600E) mutation.[23] Initial studies in CRC models
showed promising effects of EPHA2 inhibition by small
molecules. Specifically, the potent pan-EPH inhibitor GLPG1790
was shown to selectively target EPHA2 by reducing its
phosphorylation/activation in human CRC cells and inducing
cell-cycle arrest.[24] Furthermore, ALW-II-41-27, a specific EPHA2
inhibitor, was shown to revert acquired resistance to the anti-
EGFR antibody Cetuximab in human CRC models.[25]

Previously, we performed a broad off-target analysis of pre-
clinically and clinically investigated kinase inhibitors using
chemical proteomics (Kinobeads technology), NMR-based con-
formational dynamics and crystal structures of the EPHA2-
inhibitor complexes. We could identify potential scaffolds
binding to EPHA2.[26] NVP-BHG712 (NVP), a nanomolar binder of
EPHB4 developed by Novartis[27] also inhibited EPHA2 in the
similar affinity regime. A detailed follow-up structural inves-
tigation revealed that all tested commercially available NVP
samples were a regioisomer (NVPiso) of the originally described
inhibitor by Novartis and differed in the localization of a single
methyl group on the two adjacent nitrogen atoms on the
pyrazole ring (Figure 1, below). This small change observed in
the substitution pattern of NVP induces substantial differences
not only in the binding affinities but also in the modes of
binding to EPHA2 (Figure S1 in the Supporting Information).[17]

It also has varied effects on VEGF-A (vascular endothelial growth
factor A)-mediated angiogenesis. Application of NVP led to a
decrease of VEGF-A-mediated sprouting of human umbilical
vein endothelial cells (HUVEC) as shown by a reduced number
of sprouts and cumulative sprout lengths. In contrast, NVPiso
did not affect VEGF-A-mediated sprouting, even at high
concentrations, and Dasatinib revealed a reduction of spheroid
outgrowth with increasing concentrations (Figure S2). These
findings suggest that NVP and Dasatinib, but not NVPiso, exerts
anti-angiogenic effects. Both isomers showed promising anti-
tumor activity in human CRC, as they reduced endogenous EPH
tyrosine phosphorylation, suppressed cell proliferation and
increased cell death in a panel of human CRC cell lines. NVPiso
additionally inhibited the growth of human CRC in mice,
showing the potential of EPH inhibitors as novel therapeutics.[28]

These findings underline that EPHA2 is a promising target
for treating CRC. However, the number of studies that have
focused on the development of new inhibitors for the kinase
domain of EPHA2 is limited. Such inhibitors would be
instrumental to gain a better understanding of the role of this
specific kinase as a therapeutic target.

Results and Discussion

Based on our previous results with NVP and NVPiso, we chose
to investigate this compound class from a structural, biochem-
ical, and cellular perspective. Appreciating that even a small
structural difference between NVP and NVPiso translated into
substantial structural and biochemical changes, we synthesized
a series of compounds featuring small modifications around the
NVP and NVPiso prototypes. We introduced chemical modifica-
tions at several positions (substitution of pyridine with other
azines (Figure 1; compounds 1–3), modification of the pyrazolo-
pyrimidine moiety (compounds 4 and 5) or modifications of the
phenylbenzamide motif (compounds 6–24), resulting in a series
of NVP-like compounds. Furthermore, we enlarged the scope by
preparing derivatives containing substructures of the kinase
inhibitors Nilotinib and Ponatinib. These inhibitors are known
from earlier experiments to exhibit high affinity towards EPHA2
(Kinobeads Assay: Nilotinib Kapp

D =415 nM; Ponatinib Kapp
D =

6.9 nM).[26]

For the synthesis of the NVP-like derivatives, we relied on
the following synthesis sequence:[17] 1) Preparation of the
precursors (phenylbenzamides and amino modified heterocycle
substructures, for detailed information see Schemes S1 and S2),
and 2) Amination under Buchwald-Hartwig conditions
(Scheme S3). Using this synthesis route, we could successfully
prepare 24 NVP-like derivatives.

The binding affinities of these derivatives to EPHA2 were
investigated by microscale thermophoresis (MST).[29] The mod-
ification of the parent molecule NVP (KD=13 nM)[17] causes
various effects on the affinity. The introduction of different
azine substituents (compounds 1 and 3) results in binding
constants in the low-nanomolar range (KD=3–4 nM). In con-
trast, a change of the central heterocycle to a quinazoline or
pyrido[2,3-d]pyrimidine motif leads to less potently binding
inhibitors, showing an increased KD of 86 (4) and 225 nM (5),
respectively (Table 1). Modification of the phenylbenzamide
moiety leads also to diverse effects on the affinities towards
EPHA2. Substitutions of the CF3-residue in the 3-position to the
amide linker does not negatively influence the binding proper-
ties.

The introduction of Cl- (10), CN- (11), CH3- (12) or OCH3-
groups (14) leads to binding constants of 2–4 nM. Only the
fluorine-modified derivative 13 exhibited a slightly reduced
affinity (KD=32 nM).

However, shifting the residues to the 4-position resulted in
significantly less EPHA2 affine derivatives (15–18), and by
introduction of larger residues like morpholine (23) and COOEt
(24) the affinities were even further reduced. In contrast to this
finding, derivatives featuring the optimized disubstituted
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phenylbenzamide substructures from Nilotinib and Ponatinib
were well tolerated, showing high binding affinities towards
EPHA2 (8, KD=33 nM and 9, KD=5 nM). However, disubstituted
phenylbenzamide derivatives (position 3 and 4 (22) or position
3 and 5 (19–21)) exhibited binding constants between 3 and
284 nM. The corresponding NVPiso derivatives of compound 1
and 10 showed 44- (2, KD=132 nM) and 98-fold (6, KD=

295 nM), respectively, lower binding affinity towards EPHA2.

This discrepancy is in line with our previous observations for
NVP and NVPiso.[17] In summary, these results indicate that
functionalization in 3-position to the phenylbenzamide bridge
is more favorable than in the 4-position. Furthermore, the
NVPiso-pyrazolopyrimidine motif reproducibly results in less
affine derivatives in comparison to the NVP-substitution
pattern.

As a next step, we co-crystallized 14 members of this series
with EPHA2 to gain structural insights on how NVP substitutions
affect binding modes to EPHA2. From our previous investiga-
tions, we knew that small chemical modifications of NVP can
lead to different binding modes.[17] All co-crystallized inhibitors
shift the conformational equilibrium present in the apo kinase
to the DFG-out conformation that is linked to an inactive state
of the EPHA2 kinase. These inhibitors feature a conserved
hydrogen bond interacting with the same four amino acid
residues: T692 (gatekeeper), D757 (activation loop), E663 (αC
helix) and M695 (hinge). Furthermore, six out of the compounds
possess a dual binding mode to EPHA2. Interestingly, the
heterocyclic substructure of the six NVP derivatives (1, 3, 4, 10,
11 and 14) adopts not only the anticipated, but also the close-
to-180° rotated orientation we had previously observed in the
complex of NVPiso with EPHA2 (Figure 2). This rotation around
the amine axis of these compounds leads to an interaction

Figure 1. Chemical structures of the parent compounds NVP-BHG712 (NVP) and NVPiso as well as the synthesized NVP-like derivatives. The moieties modified
in comparison to the parent compounds are marked in red.

Table 1. Affinities of the NVP-like derivatives determined by microscale
thermophoresis (MST). The affinities of NVP and NVPiso were reported
previously.[17] n.i.: not inhibited.

Compound KD MST [nM] Compound KD MST [nM]

NVP 13 12 3
NVPiso 73 13 32
1 3 14 2
2 132 15 167
3 4 16 231
4 86 17 n.i.
5 225 18 130
6 295 19 284
7 10 20 22
8 33 21 3
9 5 22 113
10 3 23 ~800
11 4 24 ~1000
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between M695 and the nitrogen of the azine substituent
(NVPiso-like orientation) as well as with the pyrazole nitrogen of
the pyrazolopyrimidine moiety (NVP-like orientation). A signifi-
cant trend is observed by comparing inhibitor orientations in
complex with EPHA2. In the case of the NVP-like orientation a
short hydrogen bond towards the gatekeeper T692 (average:
2.95 Å) goes along with an elongated interaction with M695
(average: 3.22 Å) in the hinge region. In some of these
structures featuring an NVP-like inhibitor orientation, the
distance to M695 is too long to form a hydrogen bond.

However, the NVPiso-like orientation results in a reverse effect,
that is, the hydrogen bond to M695 is shortened (average:
2.98 Å) while the interaction to the gatekeeper is elongated
(average: 3.18 Å).

Surprisingly, both defined (NVP- or NVPiso-like) as well as
dual binding modes could be observed for structurally similar
molecules, for example compound 7, which differs from NVP
only by a retro-inversed amide. Compound 7 exclusively binds
to EPHA2 in an NVPiso-like orientation. Particularly unexpected,
is the observation of a dual binding mode in the case of

Figure 2. Crystal structures of the newly synthesized compounds in complex with EPHA2. A) 1 (PDB ID: 6HEX), B) 3 (PDB ID: 6HEW), C) 4 (PDB ID: 6HES), 5 (PDB
ID: 6HEV), E) 7 (PDB ID: 8BOG), F) 8 (PDB ID: 8BOH), G) 9 (PDB ID: 8BOI), H) 10 (PDB ID: 6HET), I) 11 (PDB ID: 8BM8), J) 12 (PDB ID: 8BOF), K) 14 (PDB ID: 8BOM),
L) 19 (PDB ID: 8BOC), M) 20 (PDB ID: 8BOD), N) 21 (PDB ID: 8BOK).
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inhibitor 4 (Figure 2C, PDB ID: 6HES), despite possessing only a
single nitrogen as hydrogen bond acceptor to interact with
M695. This shows that the number of formed hydrogen bonds
does not seem to be decisive for the occurrence of the different
binding modes. As there is no simple explanation for the
observed orientations, predicting the effects of small chemical
modifications on the binding mode of EPH kinase inhibitors is
not straightforward, justifying a need for detailed structural
analysis of similarly modified kinase inhibitors to direct the
synthesis of novel inhibitors.

The dual binding mode of the NVP-derivatives in complex
with EPHA2 inspired the design of symmetrically substituted
triazines (25–27, Figure 3). The triazine core motif results from
merging of the two orientations of the pyrazolopyrimidine
scaffold (showing a 180° rotation, for example, present in
Figure 2A and B). The aromatic substituted triazine precursors
were synthesized using a one-pot ring forming reaction starting
with guanidinium carbonate and aromatic nitriles
(Scheme S4).[30] We enlarged the scope of triazine derivatives
also to asymmetric molecules (28–34) using the well-estab-
lished synthesis strategy of temperature controlled nucleophilic
substitutions on cyanuric chloride (Scheme S4)[31] followed by a
Buchwald-Hartwig coupling with the phenylbenzamide S20
(Scheme S5). Using these strategies, we could prepare a series
of ten triazine derivatives, which we analyzed in a next step for
their affinity towards EPHA2 using MST (Table 2).

The affinities of the triazine derivatives towards EPHA2
cover a broad range from low-nanomolar to micromolar. The
symmetric triazine 25, which displays a substitution pattern (3-
pyridyl) similar to the parent compound NVP, exhibit a high
affinity (KD=24 nM). Shifting of the pyridine substitution
pattern or introduction of an anisole residue significantly
reduces the affinity (26: not inhibited and 27: KD~6000 nM).
Correlation with the substitution patterns indicates that a
nitrogen at position 3 of the triazine substituent is essential for
generating affinity. Therefore, the asymmetric triazine deriva-
tives are functionalized with an imidazole motif in addition to
various cyclic amines. This results in affinities in the middle to
high nanomolar range, whereas the hydroxypyrrolidine deriva-
tives 31 and 32 show lowest binding constants (31: KD=132 nM
and 32: KD=141 nM). However, with the exception of the
derivative 25, the triazines appear to be less potent than the
NVP-like derivatives.

We also co-crystallized the triazine series in complex with
EPHA2 to obtain more structural information about the
molecular interaction (Figure 4). The triazines were expected to
occupy both areas in the active pocket, due to their 4,6-
substitution pattern. Like the NVP-like derivatives, the co-
crystallized triazines also bind to the inactive DFG-out con-
formation of EPHA2, stabilized by the conserved hydrogen
bond pattern. An important hydrogen bond, present in all but
one of the crystal structures, is formed between the amide
backbone of M695 and a nitrogen atom of the pyridine or
imidazole substituent, respectively. The only exception, com-
pound 26 (Figure 4B, PDB ID: 6HEU), where this interaction
cannot be detected in the crystal structure, is explained by
steric hindrance from the substitution pattern preventing this
interaction. These results emphasize the critical importance of a
nitrogen atom as hydrogen bond acceptor in the 3-position of
the substituent on the triazine core for imparting high affinity
binding for the EPHA2 receptor. Two triazine derivatives also
feature dual binding modes. The piperazine substituted triazine
30 (Figure S3A, PDB ID: 6Q7F) shows a second conformation
resulting from a rotation of about 40° around the amine bond
enabling a hydrogen bond with N744. The triazine 31 (Fig-
ure S3B, PDB ID: 6Q7E) shows that the hydroxypyrrolidine
substituent adopts two orientations forming a hydrogen bond
network with the amino acid residues I619, A621 and F758.

In addition to EPHA2, several other kinases play a significant
role in the development and progression of CRC.[22] To elucidate
the selectivity profiles of selected compounds, including
exemplary derivatives, and to identify potential off-targets of
these inhibitors, we used the Kinobeads technology.[32–35] Be-
sides providing the isolated Kapp

D value towards EPHA2, the
Kinobeads assay gives information on the selectivity profile
against broad areas of the kinome (more than 300 kinases
present in different cancer cell lines), including PIKKs and
PI3Ks.[35] We could verify the general trend in affinity differences
determined with MST (Figure 5 and Table S1). However, as
previously observed, the measured affinity is lower in the
Kinobeads assay, arising from different experimental systems,
including different kinase constructs and phosphorylation
states.[17]

Figure 3. Chemical structures of the synthesized triazine derivatives.

Table 2. Affinities of the triazine derivatives determined by microscale
thermophoresis (MST). n.i.: not inhibited.

Compound KD MST [nM] Compound KD MST [nM]

25 24 30 443
26 n.i. 31 132
27 ~6000 32 141
28 231 33 664
29 191 34 783

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202203967

Chem. Eur. J. 2023, 29, e202203967 (5 of 11) © 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 13.04.2023

2323 / 291501 [S. 90/96] 1



The azine substituted pyrazolopyrimidine derivatives 1
(EPHA2: Kapp

D =135 nM) and 3 (EPHA2: Kapp
D =253 nM) exhibited

high-affinity binding towards several A- and B-type EPH
receptors. Compared to NVP, compounds 1 and 3 displayed a
somewhat different off-target profile: reduced affinity for the
kinases FECH, AKT1, HCK, BRAF, INCENP and SLC25A6, and
increased affinity for the kinases DDR1, EPHA1, RIPK3, and

MAPK11. Compound 1 also displayed a somewhat different off-
target profile from compound 3. Modifications of the central
heterocyclic motif, present in compounds 4 and 5, results in a
reduction of targeted kinases, indicating more specific inhib-
ition profiles. However, for the quinazoline 4 no binding to the
EPHrin family was detected at all.

Figure 4. Crystal structures of the triazine derivatives in complex with EPHA2, the inhibitors in structures D and E adopt a dual binding mode. Crystal
structures of: A) 25 (PDB ID: 6HEY), B) 26 (PDB ID: 6HEU), C) 29 (PDB ID: 6Q7G), D) 30 (PDB ID: 6Q7F), E) 31 (PDB ID: 6Q7E), F) 32 (PDB ID: 6Q7B), G) 33 (PDB ID:
6Q7D), and H) 34 (PDB ID: 6Q7C).

Figure 5. Selectivity profile of example derivatives (compounds 1, 3–6, 10, 29 and 33) and the parent compounds NVP and NVPiso for binding to the indicated
kinases as measured by the Kinobeads assay. The color code indicates the pKapp

D value of the compound-target interaction. pKapp
D =negative logarithm of

apparent dissociation constants Kapp
D in molar. The values of NVP and NVPiso are from an earlier Kinobeads assay.[17]
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By analyzing the inhibitors 6 and 10, we also included
derivatives with modifications on the phenylbenzamide scaf-
fold. Like the pyrazolopyrimidine derivatives 1 and 3, com-
pound 10 covers a broad range of the EPHrin family and further
kinases (10 (EPHA2): Kapp

D =129 nM). In comparison, the corre-
sponding NVPiso-like derivative 6 targets EPHA2 with high
selectivity, but reduced affinity (Kapp

D =1477 nM).
The triazine derivatives 29 and 33 also feature narrow

selectivity profiles, showing high affinities towards the discoidin
domain receptor tyrosine kinase 1 and 2 (DDR1 and DDR2).
However, targeting the DDR family is a common feature of all
tested inhibitors. Among the investigated NVP-like compounds,
3 revealed the highest affinity for DDR1 (Kapp

D =77 nM), while
the triazine derivative 33 features a comparable affinity of
Kapp
D =72 nM. This finding is in-line with our previously made

observation for NVP and NVPiso[17] and with reports noting that
derivatives that bind to DDR1/2 exhibit off-target effects for the
EPHrin family.[36–39] In recent years, DDR1 and DDR2 were
identified to play a role in the metastatic development in CRC
and therefore, their inhibition is an attractive therapeutic
strategy.[40,41] For example, the kinase inhibitor Nilotinib, which
inhibits the kinase activity of DDR1, showed a promising anti-
metastatic activity in patient derived CRC cells.[42] The observed
off-target effect of the NVP derivatives, therefore, might open
the opportunity to target CRC using dual inhibitors for the
EPHrin and the DDR families.

We have previously demonstrated that the prototype
compounds NVP and NVPiso inhibit significantly the endoge-
nous phosphorylation of EPHB tyrosine kinase receptors ex-
pressed by human colorectal cancer cells and reduce the
proliferation of human colon carcinoma cells from a panel of
cell lines.[28] Now, we initially screened the newly synthesized
compounds for their ability to inhibit the spontaneous prolifer-
ation of two human colon cancer cell lines (HT-29 and SK-CO-1,
Figure 6A, B) at compound concentrations ranging between
250 and 3000 nM. The HT-29 and SK-CO-1 cell lines were
selected because of their high degree of sensitivity to growth
inhibition by NVP and NVPiso, which were tested in parallel.
Cell proliferation was measured after 72-hour exposure to the
compounds or incubation in culture medium alone (control).
The results of this initial screen, expressed as normalized cell
proliferation, identified compounds with comparable or better
inhibitory activity than NVP or NVPiso against the HT-29 and
SK-CO-1 cell lines, and others with a worse inhibitory activity
compared to the prototypes. In general, non-triazine derivatives
performed better than triazine derivatives in this cell prolifer-
ation screen consistent with their better binding affinities to
EPHA2 by MST.

Based on these initial proliferation results and consideration
of EPH receptors affinity measurements (Tables 1 and 2), we
selected 13 compounds (1, 3, 5, 7–15, 29) for further functional
analyses. To this end, we selected seven human colon
carcinoma cell lines that reflect the genetic, proteomic, and EPH
receptors complexities of human colon carcinoma (Tables S2
and S3). All 13 compounds along with NVP and NVPiso were
tested at the concentration of 1 μM for their ability to reduce
the proliferation of each of the seven cell lines. The results,

expressed as average % reduction of cell proliferation after 72-
hour culture (Figure 6C), confirmed that some of the new
compounds are overall comparable or better than the proto-
types at inhibiting the proliferation of human colon carcinoma
cells. Among the cell lines, there was variability in susceptibility
to inhibition by all compounds, with some of the cell lines
showing greater resistance to the inhibitors. Such resistance did
not correlate with gene mutational profile (Table S2) or EPH
receptors expression (Table S3) in the cell lines. In addition,
some of the compounds showed increased growth inhibition
for selected colon carcinoma cell lines compared to the
prototypes.

Conclusion

In this study, a series of prototypically modified derivatives of
the known inhibitor NVP-BHG712 as well as triazine-based
molecules were synthesized and reviewed for their suitability as
inhibitors of the kinase EPHA2. This included structural analysis
by X-ray crystallography, biophysical determination of the
affinity and selectivity for the EPH family, as well as inves-
tigation of their effect on the proliferation of different colorectal
cancer cell lines. Marginal modifications of the prototypes NVP
and NVPiso result in significantly different effects on the
binding mode, affinity, and selectivity for EPHA2. Derivatives
with a NVP-like structure prove to be particularly potent.
Hereby, modifications of the azine substituent as well as
substituents in position 3 to the phenylbenzamide bridge are
especially suitable. In summary, these results provide evidence
supporting the therapeutic potential of some of the new
compounds for controlling human colon carcinoma. In addition,
use of these compounds will allow fundamental research on
the relationship between EPH TK inhibition, EPH receptor
expression and activity, analysis of signaling pathways sustained
by active TK receptors, and dissection of mechanisms under-
lying cell growth inhibition.

Experimental Section
Recombinant expression and purification of EPHA2 kinase
domains: The gene encoding the catalytic kinase domain of human
EPHA2 (D596-G900) was synthesized at GenScript USA Inc., USA,
and its sequence was optimized for expression in insect cells.
Synthesized EPHA2 kinase domain (EPHA2 KD) gene was subcloned
in modified pTriEx 1.1-transfer vector with N-terminal Flag-His Tev
protease cleavage site. Recombinant baculovirus with human
EPHA2 KD was generated using BacMagicTM-3 DNA (Novagen) and
pTriEx 1.1-EPHA2 KD transfer vector in insect cells by homologous
recombination, according to the instructions of the BacMagic
system user protocol TB459 with minor changes, as mentioned.
Additional details on the recombinant EPHA2 virus generation and
expression of EPHA2 KD in insect cells and purification of EPHA2
can be found in the published paper.[43]

Protein crystallization and structure determination: EPHA2 was
crystallized as previously reported.[26,43] Diffraction data at resolu-
tions between 0.98–1.72 Å had been collected at beamline P13[44]

(MX1) operated by the EMBL Hamburg at the PETRA III synchrotron
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source (DESY, Hamburg Germany), beamlines X06DA (PXIII) and
X06SA (PXI) operated by the Swiss Light Source (PSI, Villigen,

Switzerland) and beamlines BL14.1 and BL14.2 at BESSY II operated
by Helmholtz-Zentrum Berlin.[45,46]

Figure 6. New compounds inhibit human colon carcinoma cell proliferation. Normalized proliferation of human colon cancer cell lines A) HT-29, B) SK-CO-1
and RKO cultured with compound or medium only for 72 h. Results from triplicate cultures (cpm�SEM); cpm values are normalized to the medium-only
control (Ctrl). C) Normalized percentage reduction of proliferation in seven human colon cancer cell lines treated with 1 μM compound for 72 h. cpm
normalized to medium-only control. Results from n=2–6 biologic replicates�SEM.
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The data were processed by using XDSAPP.[47] The structure was
determined by molecular replacement with Phaser[48] using the
crystal structure of the human EPHA2 kinase domain bound with
the ligand NVP-BHG712 (PDB ID: 6FNF)[17] or Golvatinib (PDB ID:
5IA5)[26] as a search model. Model building was performed using
Coot[49] and the structures were refined and validated using
PHENIX.[50] Figures containing molecular graphics were prepared by
using PyMOL molecular graphics system, version 2.3.4 (Schroe-
dinger). An overview of the structure-solution and refinement
statistics can be found in the Supporting Information.

Microscale thermophoresis: The EPHA2 kinase domain (D596-
G900) was fluorescently labeled using the MonolithTM Protein
Labeling Kit RED-NHS (Cat# MO� L001-amine reactive) by Nano-
temper according to the standard protocol. The elution of the
protein was performed using the MST assay buffer (50 mM Tris
pH 7.6, 150 mM NaCl, 10 mM MgCl2, 0.05% Tween20). The MST
measurement was carried out using 5% (v/v) DMSO. A 1 :1 dilution
series of the investigated compound was prepared (1–16, 18–25,
28–32 c=5 μM–0.153 nM; 27, 33, 34 c=50 μM–1.53 nM). After the
addition of the labeled protein (final concentration 25 nM), the
samples were incubated for 30 min under light exclusion at room
temperature. The samples were transferred in Monolith NT.115
standard treated capillaries. The measurements were conducted
using the Monolith NT.115 from Nanotemper with the following
parameters: temperature: 25 °C, excitation power: 40% and MST
power: 60%. The results were analyzed using MO.Affinity Analysis
(version 2.1.2). All measurements were performed as duplicates.
The corresponding data sets were merged, yielding an averaged
curve with error bars. The used evaluation strategy was Thermo-
phoresis with T-Jump. The measurements of the individual
inhibitors are described in more detail in the Supporting Informa-
tion.

Kinobeads assay

Kinase affinity pulldowns: Kinobeads pulldown experiments were
performed as previously described.[33,35] Briefly, K-562, COLO-205
and MV-4-11 cells were cultured in RPMI 1640 medium (Biochrom
GmbH) supplemented with 10% (v/v) FBS (Biochrom GmbH). SK-N-
BE(2) cells were grown in DMEM/Ham’s F-12 (1 : 1) supplemented
with 10% (v/v) FBS and OVCAR-8 cells were cultured in IMDM
medium (Biochrom GmbH) supplemented with 10% (v/v) FBS. The
cells were lysed in 0.8% NP40, 50 mM Tris·HCl pH 7.5, 5% glycerol,
1.5 mM MgCl2, 150 mM NaCl, 1 mM Na3VO4, 25 mM NaF, 1 mM DTT,
protease inhibitors (SigmaFast, Sigma) and phosphatase inhibitors
(prepared in-house according to Phosphatase inhibitor cocktail 1, 2
and 3 from Sigma-Aldrich). The cell lysate mix used for inhibitor
profiling was generated from COLO-205, K-562, SK-N-BE(2), MV-4-11
and OVCAR-8 lysates by mixing them in a 1 :1 : 1 : 1 : 1 ratio regarding
the total amount of protein as determined by Bradford. 2.5 mg of
the cell lysate mixture was pre-incubated with increasing com-
pound concentrations (DMSO vehicle, 1 nM, 3 nM, 10 nM, 30 nM,
100 nM, 300 nM, 1 μM, 3 μM, 30 μM) for 45 min at 4 °C in an end-
over-end shaker. Subsequently lysates were incubated with
Kinobeads (17 μL settled beads) for 30 min at 4 °C. The beads were
washed and bound proteins were reduced with 50 mM DTT in 8 M
urea, 40 mM Tris·HCl (pH 7.4) for 30 min at room temperature. After
alkylation with 55 mM CAA proteins were digested with trypsin
over night at 37 °C. Peptides were desalted and concentrated using
SepPak tC18 μEluation plates (Waters) and dried down in a
SpeedVac.

LC–MS/MS analysis: Peptides were analyzed by LC–MS/MS on a
Dionex Ultimate3000 nano HPLC coupled online to an Orbitrap
Fusion Lumos (Thermo Fisher Scientific) mass spectrometer.
Peptides were delivered to a trap column (100 μm×2 cm, packed

in-house with Reprosil-Gold C18 ODS-3.5 μm resin, Dr. Maisch,
Ammerbuch) and washed at a flow rate of 5 μLmin� 1 in solvent A0
(0.1% formic acid in water). Peptides were then separated on an
analytical column (75 μm×40 cm, packed in house with
Rprosil� Gold C18 3 μm resin, Dr. Maisch, Ammerbuch) using a
52 min gradient ranging from 4–32% solvent B (0.1% formic acid,
5% DMSO in acetonitrile)[51] in solvent A1 (0.1% formic acid, 5%
DMSO in HPLC grade water) at a flow rate of 300 nLmin� 1. The
mass spectrometer was operated in a data dependent mode,
automatically switching between MS1 and MS2 spectra. MS1
spectra were acquired over a mass-to-charge ratio (m/z) range of
360–1300 m/z at a resolution of 60.000 (at m/z 200) in the Orbitrap
using a maximum injection time of 50 ms and an automatic gain
control (AGC) target value of 4e5. Up to 12 peptide precursors were
isolated (isolation width of 1.7 Th, maximum injection time of
75 ms, AGC value of 2e5), fragmented by HCD using 30%
normalized collision energy (NCE) and analyzed in the Orbitrap at a
resolution of 15000. The dynamic exclusion duration of fragmented
precursor ions was set to 30s.

Peptide and protein identification and quantification: Peptide and
protein identification and quantification was performed using
MaxQuant[52] (v.1.6.3.3) by searching the tandem MS data against all
canonical protein sequences as annotated in the UniProtKB
reference database (downloaded 28.11.18, 20193 entities) using the
embedded search engine Andromeda.[53] Carbamidomethylated
cysteine was set as fixed modification and phosphorylation of
serine, threonine and tyrosine, oxidation of methionine and N-
terminal protein acetylation as variable modifications. Trypsin/P
was specified as the proteolytic enzyme and up to two missed
cleavages were allowed. The minimum length of amino acids was
set to seven and all data were adjusted to 1% PSM and 1% protein
FDR. Label-free quantification and match between runs were
enabled within MaxQuant.[54]

Data analysis: For the Kinobeads competition binding assays,
protein intensities were normalized to the respective DMSO control
and IC50 and EC50 values were deduced by a four-parameter log-
logistic regression using an internal pipeline that uses the ‘drc;
package in R.[55] An apparent dissociation constant (Kapp

D ) was
calculated by multiplying the estimated EC50 with a protein-
dependent correction factor. The correction factor of a protein is
defined as the ratio of the amount of protein captured from two
consecutive pulldowns of the same DMSO control lysate. Targets of
the compounds were annotated manually. A protein was consid-
ered a target if the resulting binding curve showed a sigmoidal
curve shape with a dose dependent decrease of binding to the
beads. Additionally, the number of unique peptides and MSMS
counts per condition as well as the protein intensity in the DMSO
control were taken into account.

Data deposition: The mass spectrometry proteomics data and drug
dose response curves have been deposited at the ProteomeX-
change Consortium (http://proteomecentral.proteomexchange.org)
through the PRIDE[56] partner repository with the data set identifier
PXD031880.

Proliferation experiments in human colon carcinoma cell lines

Cell lines: HT-29 (ATCC; HTB-38) and HCT-116 (ATCC, CCL-247) cell
lines were grown in McCoy5 A medium (Corning, Corning, NY; 10-
050-CV) supplemented with 10% FBS (Sigma-Aldrich; F2442) and
penicillin/streptomycin (ThermoFisher Scientific; 15140122); DLD-1
(ATCC, CCL-221) cell lines were grown in RPMI-1640 medium
(Corning,10-040-CV), supplemented with 10% FBS and penicillin/
streptomycin; SW620 (ATCC, CCL-227), SW480 (ATCC, CCL-228), RKO
(ATCC, CCL-2577), SK-CO-1 (ATCC, HTB-39), cell lines were grown in
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DMEM medium (Corning, 10-017-CV), supplemented with 10% FBS
and penicillin/streptomycin. Cells were only used until passage 25.

Measurement of cell proliferation: Cells were plated at 5000 cells per
well (96-well flat-bottom plate) in triplicate cultures. Compounds
were added at the time of plating at concentrations ranging from
250 to 3000 nM. Cell growth was measured after 72 h of incubation
of cells in medium only or medium supplemented with the
compounds. 3H-Tymidine (0.1 μCi) was added to each well and
incubation continued for 8 to 10 h. Plates were frozen to stop cell
growth. Plates were thawed, harvested onto glass fiber filtermats.
Scintillation fluid (FiltronX National Diagnostics, Atlanta, GA, LS-201)
was added to each of the filtermats and counts were measured by
MicroBeta (PerkinElmer). Cell counts normalized to controls (cell
counts from cells cultured in culture medium only).[28]

All synthetic procedures and characterization data are described in
the Supporting Information.
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