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a b s t r a c t

Several selective and potent EphB4 inhibitors have been discovered, optimized and biophysically char-
acterized by our groups over the past years. On the outset of these discoveries high throughput docking
techniques were applied. Herein, we review the optimization campaigns started from three of these hits
(Xan-A1, Pyr-A1 and Qui-A1) with emphasis on their in depth in vitro and in vivo characterization,
together with previously unpublished angiogenesis and fluorescence based assays.
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1. Introduction

Kinases are one of the largest families of enzymes. The 518
protein kinases encoded in the human genome [1] catalyze the
transfer of the g phosphate from ATP to the hydroxyl group of
serine, threonine or tyrosine mainly in signaling proteins. Thus
protein kinases regulate key biological processes including cell
differentiation, proliferation, and motility.

Receptor tyrosine kinases (RTKs) are transmembrane proteins
that undergo a conformational change upon the binding of
signaling molecules to the extracellular domain (N-terminal
domain). The conformational change triggers the autophosphor-
ylation of tyrosine residues in the RTK located in the intracellular
domain. Subsequently, the activated RTKs are able to phosphorylate
a variety of cytoplasmic signaling proteins, which transmit a
cellular response that induces the transcription of specific genes
among many other processes. Thus, the activity of protein kinases
has been linked to a wide variety of therapeutic areas such as
oncology [2], neurology [3], immunology [4], cardiology [5] and
infectious diseases [6]. Among these, cancer has been notably
addressed, and as certain protein kinases are overexpressed in
many cancer cells, kinase inhibition has been sought for the
development of targeted anti-cancer agents.

Eph (erythropoietin-producing human hepatocellular carci-
noma) RTKs are the largest RTK family [7]. They are divided into
two families, EphA and EphB, which preferentially bind to ephrin-A
or ephrin-B ligands respectively [8]. The Eph-ephrin system is
characterized by its bi-directional signaling, as it induces a down-
stream signaling into the Eph containing cell and an upstream
signaling into the ephrin containing cell [9], which enables cell-cell
communication, cell migration, cell repulsion and adhesion to the
extracellular matrix among other processes. As a consequence,

Eph-ephrin interactions modulate several mechanisms of the ner-
vous system, where they are highly expressed, such as axon guid-
ance during neural development, development of the visual system
and vascular development during embryogenesis [10].

Eph receptors and ephrins are also involved in the growth,
maturation and remodeling of blood vessels. The EphB4-ephrinB2
interaction in particular plays a prominent role in the cardiovas-
cular development and it regulates vascularization of malignant
tumors. In fact, EphB4 overexpression has been linked to several
tumor types such as breast [11], prostate [12], colon [13], uterus
[14], melanoma [15] and ovarian cancer [16] among others [17].
EphB4 has been associated to angiogenesis, tumor growth and
metastasis, making it a valuable target for therapeutic applications.
However, the role of EphB4 in cancer remains a matter of debate,
since Eph-ephrin interactions have been shown to either promote
or inhibit tumor growth [11,12,18e21].

Several anti-cancer strategies that address the EphB4-ephrinB2
interaction have been developed. Soluble fusion proteins of the
extracellular domain of EphB4 that antagonize EphB4-ephrinB2
interaction could inhibit tumor growth and angiogenesis in tumor
xenograft models, confirming the importance of EphB4 in oncology
[22,23]. Moreover, monoclonal antibodies and peptides that block
EphB4-ephrinB2 interaction have also been described [24e27].
Surprisingly, only a few potent inhibitors of the kinase domain of
Eph receptors have been reported (IeIX, Fig. 1) [28e38]. Different
binding modes have been disclosed for these molecules: [39] type I
(such as I [28] and II [29]) are ATP competitors that recognize the
activated state of the kinase; type II (e.g. V and VII) [34] interact
with an inactive conformation of the kinase and generally offer
better selectivity profiles, and type I1/2 inhibitors (e.g. III [31]) that
bind to the kinase in the active DFG-in conformation, but extend
their interactions to the hydrophobic back pocket establishing the

Fig. 1. Previously reported nanomolar inhibitors of Eph kinases [28e38].

A. Unzue et al. / European Journal of Medicinal Chemistry 112 (2016) 347e366348



characteristic hydrogen bonds present in type II inhibitors [39].
Efficacy data with the selective EphB4 inhibitor NVP-BHG712

(VII) have been reported, showing inhibition of VEGF driven
angiogenesis in vivo [36]. Several of the FDA approved kinase in-
hibitors, such as dasatinib [40], bosutinib, vandetanib, crizotinib
and nilotinib [41e43], as well as other multi-kinase inhibitors
[44e48] are also able to inhibit EphB4 among other kinases.

Our groups at the University of Zurich have contributed to the
discovery, optimization and characterization of several selective
and potent EphB4 inhibitors. On the outset of these discoveries
high throughput docking techniques were applied. Specifically, we
have developed an efficient computational method called ALTA
(Anchor-based Library Tailoring) that generates a focused library
and prioritizes molecular fragments according to their binding
energy [49]. As a first step, millions of commercially available
molecules are automatically decomposed into predominantly rigid
fragments which are docked in the binding site of the protein.
Fragments with the most favorable binding free energy (also called
anchors) are used to retrieve the molecules which they originated
from. These molecules are then submitted to flexible ligand dock-
ing. Finally, compounds are ranked according to their interaction
energy taking into account desolvation effects, and visual inspec-
tion from the top ranked compounds starts. This in silico fragment-
based approach has resulted in the identification of xanthines Xan-
A1, Xan-A2 and Xan-A3 [49] and pyrimidoisoquinolinone Pyr-A1
[50] as low micromolar EphB4 inhibitors (Fig. 2).

We have also successfully applied semi-empirical quantum
mechanical (QM) calculations for rapidly screening compound
poses generated by high throughput docking [51]. A total of 2.7
million of commercially available compounds were docked in the
ATP binding site of EphB4 generating ca. 100 million poses. Their
binding energy was estimated by calculating the formation

enthalpy in the presence of small molecules (called QM probes)
emulating functional groups in the hinge region and at the entrance
of the binding pocket. This study resulted in the discovery of a low
micromolar EphB4 inhibitor, 2-formamido-4-phenylthiophene-3-
carboxamide Thio-A1, whose binding mode was confirmed by X-
ray crystallography of a close derivative in complex with EphA3
(PDB code 4TWO) [52].

Further high throughput docking studies were performed using
an inactivated DFG-out conformation of the EphA3 kinase obtained
by explicit solvent molecular dynamics (MD) simulations [53]. This
campaign resulted in the discovery of a new scaffold, 5-(piperazine-
1-yl)isoquinoline and in particular compound Pip-C1 (Fig. 2) which
is a novel type II inhibitor that presents lowmicromolar affinity for
EphA3 and unphosphorylated Abelson tyrosine kinase (Abl1) [53].

In another high throughput docking campaign, an evaluation of
the hydrogen bonding penalty upon ligand binding was integrated
to the binding energy calculation [54]. This study resulted in the
discovery of three novel Eph inhibitor scaffolds: quinoxalines (Qui-
A1 and Qui-A2, with nanomolar affinities for EphB4) and the
micromolar inhibitors triazolo[4,3-a]quinazoline (Tri-A1), and
phenylquinoline (Phe-A1).

In the next sections, we review the optimization campaigns
started from Xan-A1 [55,56], Pyr-A1 [50] and Qui-A1 hits [57],
with emphasis on their in depth in vitro and in vivo characteriza-
tion, together with previously unpublished angiogenesis and fluo-
rescence based assays.

2. Optimization of the xanthine scaffold (Xan-A1-A3)

To streamline the structure activity relationship (SAR) study of
the xanthine scaffold (Xan), a modular synthetic approach towards
these molecules was developed as shown in Scheme 1. The key

Fig. 2. EphB4 tyrosine kinase inhibitors identified in our groups [49e51,53,54]. Throughout the manuscript, the molecules are labeled by the first letters of their scaffold (Xan, Pyr,
Thio, Pip, Qui, Tri, and Phe), followed by the letters A, B, and C for type I, I1/2, and II inhibitors, respectively.

Scheme 1. Reagents and conditions: (a) a-Halo ketone, DIPEA, DMF, 25 �C, 17 h; (b) Primary amine or aniline, EtOH, sealed tube, reflux, 15 h.
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intermediate 8-bromoxanthine 1 was obtained by condensation of
commercially available cyanoacetic acid and methylurea or ben-
zylurea in five steps [55]. 8-Bromoxanthine 1 was then alkylated
with a variety of a-halo ketones using N,N diisopropylethylamine in
dimethylformamide as solvent, providing the 8-bromo-3-alkyl-7-
(2-oxo-2-phenylethyl)xanthines 2 in good yields. Treatment of in-
termediates 2with primary alkylamines or anilines in a sealed tube
at 180 �C in ethanol afforded the desired imidazo-[1,2-f]xanthine
derivatives Xan-A (for type I inhibitors) and Xan-B (type I1/2)
(Scheme 1).

This effective synthetic approach yielded over 34 derivatives
that enabled a detailed SAR study of the xanthine core. The inhib-
itory activity of the synthesized analogues was determined by a
fluorescence resonance energy transfer (FRET) based enzymatic
assay that quantifies inhibition of phosphorylation of a synthetic
substrate of EphB4 at Km concentration of ATP. Moreover, cellular
phosphorylation assays were performed with some of the de-
rivatives, where murine embryonal fibroblast cells (MEF) were
transfected with myc-tagged human EphB4. The cells were incu-
bated with the corresponding inhibitor and stimulated with
ehrinB2-Fc, to finally quantify the autophosphorylation of EphB4
via sandwich ELISA.

First, the affinity of type I inhibitors Xan-A1-A3 was optimized
(Table 1). The chemical edition of the molecule started at R1 posi-
tion, which modulates the interactions of the nitrogen substituent
with the Ala700 residue of the binding pocket (Table 1, Xan-A4-

A6). However, the exchange of the methyl group by a benzyl sub-
stituent (Xan-A4, A5) or a hydrogen (Xan-A6) resulted in a loss of
the inhibitory activity compared to the parent hit molecules (Xan-
A1, A2 and A3).

Since only around 20% of the human kinases possess a small
gatekeeper residue, among them EphB4 with a threonine residue
(Thr693), we modified the substitution pattern at the phenyl ring
aiming to improve the affinity and selectivity. In contrast to pre-
viously developed EphB4 inhibitors (compound II, Fig. 1) [29,30],
the presence of a dioxole ring or methoxy groups at different po-
sitions of the phenyl ring (Xan-A7-A12) significantly reduced the
binding affinity. As the decrease of activity could be due to the
limited space around the phenyl ring, less sterically demanding
substituents such as chlorine andmethyl groups were incorporated
(Xan-A13-A18), resulting in the first nanomolar inhibitors, Xan-
A13 and Xan-A15, bearing a chlorine and methyl group in ortho
relative position respectively. The role of the methyl substituent
was examined by performing an exhaustive conformational anal-
ysis using quantum mechanics. The presence of a methyl group in
ortho relative position did not only restrict the accessible confor-
mations of the molecule but also contributed to an energy gain in
van der Waals interactions with the side chains of Val629(635),
Ala645(651) and the gatekeeper residue Thr693(699), where the
first three digits correspond to the aminoacid residue number in
EphB4 and the digits in parentheses to the ones in EphA3. Inter-
estingly, the presence of the studied methyl substituent represents

Table 1
EphB4 inhibition data for type I xanthine derivatives.
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a common substitution pattern among kinase inhibitors [39].
With the optimized type I inhibitors in hand, we embarked on

the development of type I1/2 inhibitors that could establish
hydrogen bond interactions with the conserved Glu664(670) and
the backbone of the activation loop, Asp758(764) (Table 2). Thus,
hydroxyl groups were introduced in different positions of the
benzene ring (Xan-B1-B6). A meta relative substitution (Xan-B3,
B4) showed the highest inhibition with IC50 values in the FRET
enzymatic assay of 368 and 691 nM respectively. In those cases, the
replacement of the anisidine (Xan-B1, B3, B5) for a butyl side chain
(Xan-B2, B4, B6) had a limited influence in the inhibitory affinity,
consistent with the trend observed for the type I xanthine in-
hibitors (Table 1).

The combination of the most promising substitution patterns,
methyl substituent in ortho (Table 1, Xan-A15) and hydroxyl group
in meta relative position (Table 2, Xan-B3, B4), yielded compound
Xan-B9, which displayed a ~1000-fold higher affinity (an IC50 value
of 5 nM in the FRET enzymatic assay) and an increased ligand ef-
ficiency (0.37 kcal/mol) compared to the original hits Xan-A1 and
Xan-A2 (ligand efficiency of 0.26 kcal/mol). Unfortunately, a sig-
nificant reduction (almost two orders of magnitude) of the inhibi-
tory activity of this compound was observed in cellular assays (IC50

value of 130 nM, column 10, Table 2), which could be a consequence
of reduced permeability or increased efflux in the cell. In addition,
phenols are known to have poor pharmacokinetic properties as
they can undergo glucuronidation during phase II metabolism
[58,59]. These data prompted us to investigate the cell permeability
of compounds Xan-A2, Xan-A3 and Xan-B9 (Table 3) in the Caco-2
model, which expresses many transport proteins present in
epithelial cells of the small intestine and provides insights on the
absorption across intestinal tissues in vivo.

Interestingly, the hit compounds Xan-A2 and Xan-A3 (Table 1)
having an un-decorated phenyl ring showed no significant efflux,
whereas Xan-B9 (Table 2), bearing a methyl group in ortho relative
position and a hydroxyl in meta, was significantly effluxed by P-
glycoprotein transporters, explaining the discrepancy between
enzymatic (IC50 ¼ 5 nM) and cellular (IC50 ¼ 130 nM) assays
(Table 2). In addition, compound Xan-A3 presented higher mem-
brane permeation than Xan-A2, which could be attributed to the
presence of the butyl side chain at position R7 (Table 1). Thus, a next
generation of xanthine inhibitors bearing an alkyl substituent in
that position were synthesized in order to improve the pharma-
cological profile of the molecules (Table 4).

The substitution of the anisidine side chain in Xan-A15 (Table 1)

Table 2
EphB4 inhibition data for type I1/2 xanthine derivatives.

Table 3
Cell permeability measurements using the Caco-2 model.

Compound %Recovery Papp (�10�6 cm/s)a Efflux ratiob Permeability classificationc Significant effluxd

A-B B-A A-B B-A

Xan-A2 71 76 32.3 35.8 1.1 High No
Xan-A3 69 78 42.5 42.5 1.0 High No
Xan-B9 51 74 3.13 23.0 7.3 High Yes

a Apparent permeability (Papp) is measured from the apical side to the basolateral side (A-B) and from the basolateral side to the apical side (B-A).
b Efflux ratio¼ (PappB / A)/(PappA / B).
c Permeability classification: low¼ (PappA / B) < 1.0 � 10�6 cm/s; high¼ (PappA / B) > 1.0 � 10�6 cm/s.
d Significant efflux: efflux ratio >3.0 and (PappB / A) > 1.0 � 10�6 cm/s.
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by a butyl group resulted in compound Xan-A19with an IC50 value
of 56 nM. Extension of the butyl chain by one (Xan-A20) or two
(Xan-A21) additional carbon atoms led to a decrease in activity due
to the hydrophobic effect, as the mentioned alkyl chains point to-
wards the solvent. The addition of a fluorine atom at position R4
(Xan-A22) did not yield an improved potency with an IC50 value of
91 nM. However, the addition of a chlorine atom at R5 (Xan-A23) or
the replacement of the methyl group in ortho relative position by a
chlorine atom (Xan-A24) or a trifluoromethyl moiety (Xan-A25)
led to lower binding affinity values, probably due to steric effects
and less favorable van der Waals interactions as already seen in
Table 1 (Xan-A9, A10 and A13). Along the same lines, the bis-ortho
substitution in xanthine Xan-A26 dramatically decreased the po-
tency, bringing the IC50 value to the micromolar level.

The phenol moiety of the type I1/2 compound Xan-B9which had
showed significant efflux in cells (Table 3), was replaced by an
indazole group, able to provide a similar hydrogen bonding pattern
as well as an improved bioavailability profile [58]. As such, Xan-B11
derivative showed an IC50 value in vitro of 14 nM.

As anticipated, the replacement of the anisidine to a butyl side
chain led to compounds with nanomolar levels of inhibitory ac-
tivity in cells (Xan-A19, A20, A22 and A24), which correlates with
the potencies measured in the enzymatic assays. Unfortunately, the
type I1/2 compound Xan-B11 showed a ten-fold decrease in inhi-
bition in cells overexpressing EphB4 with an IC50 value of 150 nM.
This being the case, the cell permeability of compounds Xan-A19
and Xan-B11 was evaluated on Caco-2 monolayers (Table 5). As
already predicted by the cell based inhibition (Table 4), compound
Xan-A19was not effluxed by transport proteins, in contrast to Xan-
B11, which showed a significant efflux.

2.1. Confirmation of the binding mode by protein X-ray
crystallography

The binding modes of the most potent type I compound Xan-
A19 (Table 4) and the two type I1/2 Xan-B9 (Table 2) and Xan-B11
inhibitors (Table 4) were confirmed by high resolution X-ray crys-
tallography in complex with EphA3, a very similar protein to EphB4
that shares 32 out of 36 residues of the ATP binding site (Fig. 3). The
binding modes are essentially identical to that predicted in silico
[49]. In the three inhibitors, the pyrimidine ring forms two
hydrogen bonds with the hinge region mimicking the adenosine
moiety of ATP, whereas the phenyl ring that has been modified
throughout the SAR study is located in the hydrophobic back pocket
of the protein.

Inhibitors Xan-B9 and Xan-B11 present the prototypical
hydrogen bond pattern of type I1/2 inhibitors accepting a hydrogen
bond from the backbone NH of Asp758(764) of the activation loop
and donating a hydrogen bond to the side chain of Glu664(670) via
their phenol (Fig. 3A) or indazole (Fig. 3B) substituents, respec-
tively. Interestingly, the anisidine side chain in Xan-B9 points
outside of the binding pocket, in analogy to the butyl side chains of
compounds Xan-A19 and Xan-B11 (Fig. 3D).

2.2. Selectivity profile

The selectivity profile of the nanomolar inhibitors Xan-B9 and
Xan-A19 was determined against a panel of 124 kinases. These
xanthine derivatives show a good selectivity for tyrosine kinases
with a threonine residue as gatekeeper (Fig. 4).

Table 4
EphB4 inhibition data for type I and I1/2 xanthine derivatives with improved pharmacological profile.

Table 5
Cell permeability measurements using the Caco-2 model.

Compound %Recovery Papp (�10�6 cm/s)a Efflux ratiob Permeability classificationc Significant effluxd

A-B B-A A-B B-A

Xan-A19 85 89 42.7 28.1 0.7 High No
Xan-B11 84 96 8.02 49.0 6.1 High Yes

a Apparent permeability (Papp) is measured from the apical side to the basolateral side (A-B) and from the basolateral side to the apical side (B-A).
b Efflux ratio¼ (PappB / A)/(PappA / B).
c Permeability classification: low¼ (PappA / B) < 1.0 � 10�6 cm/s; high¼ (PappA / B) > 1.0 � 10�6 cm/s.
d Significant efflux: efflux ratio >3.0 and (PappB / A) > 1.0 � 10�6 cm/s.
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Fig. 3. A, B) Crystal structures of the catalytic domain of the tyrosine kinase EphA3 in its DFG-in conformation in complex with the type I1/2 inhibitors Xan-B9 (PDB code 4GK2) and
Xan-B11 (PDB code 4GK4) respectively. Yellow dashed lines represent intermolecular hydrogen bonds. The side chains mentioned in the text and the inhibitors are shown as sticks.
C) Crystal structures of the catalytic domain of the tyrosine kinase EphA3 in its DFG-in conformation in complex with the type I inhibitor Xan-A19 (PDB code 4GK3). Dashed lines
represent intermolecular hydrogen bonds. The residues that establish van der Waals interactions with the methyl substituent of the phenyl ring are shown as sticks. D) Super-
position of compounds Xan-B9 (in cyan), Xan-B11 (in green) and Xan-A19 (in magenta). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 4. Selectivity profile of compound Xan-A19 (left) and Xan-B9 (right). Measurements were performed at the University of Dundee using a [g-33P]ATP based enzymatic assay at
3 mM concentration of compound Xan-A19 and 1 mM of compound Xan-B9. The affinity is defined as strong, medium and low (corresponding to <10%, 10e30%, and 30e70% of
remaining activity with respect to a DMSO control). The dendrogram was obtained from KinomeScan using the KinomeTree software.
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Interestingly, Xan-A19 and Xan-B9 show a similar selectivity
profile to Dasatinib [60], as they mainly target the tyrosine kinase
family and have common targets among themost inhibited kinases,
including Src, Lck, Abl, Yes1 and several Eph kinases (EphA3, A5 and
A8). Remarkably, our inhibitors are less promiscuous and thus are
likely to be less toxic than the FDA approved drug dasatinib [60].
However, it should be noted that the selectivity of dasatinib was
addressed against a broader panel of kinases (442 kinases).

2.3. Antiproliferative activity

As mentioned in the introduction, EphB4 overexpression has
been linked to several types of cancer, including breast [11], colon
[13] and ovarian [16]. Thus, the antiproliferative activity of com-
pound Xan-B9 (Table 2) was assessed in the NCI-60 cancer cell line
panel (Fig. 5). Remarkable growth inhibition values were obtained
against central nervous system (SNB-75, 128 nM), leukemia (K-562,
309 nM) and breast (HS 578 T, 562 nM) cancer cell lines. Interest-
ingly, Xan-B9 shows a similar antiproliferative activity pattern as
that of dasatinib despite presenting lower inhibition values, and
therefore, lower toxicity, which might be beneficial when pursuing
these compounds towards clinical development (Fig. 5).

Moreover, compounds Xan-B9, A19, A20, A22, A24 and B11
were incubated in the presence of patient-derived tumor cell lines
(including colon, lung, kidney, pancreas, prostate and stomach
cancer cells) using a propidium iodide-based proliferation assay
and dasatinib as reference (Oncotest, Fig. 6). Our xanthine series
presented GI50 values in the low micromolar range.

2.4. Cellular angiogenesis assay

Neovascularization plays a role in several pathological condi-
tions, including tumor growth, arthritis, and choroidal neo-
vascularization. In particular, EphB4-ephrinB2 signaling has been
associated to angiogenesis and blood vessel maturation [61]. In fact,
the EphB4 inhibitor NVP-BHG712 (VII, Fig. 1) [36], was able to
inhibit vascular endothelial growth factor (VEGFR)-driven angio-
genesis and the ephrine inhibitors ONC-101 (VIII, Fig. 1) and ONC-
102 have also been proven to influence angiogenesis [62].

Thus, we decided to examine the efficacy of some of our
xanthine inhibitors on tube formation via an in vitro matrigel
angiogenesis assay. Endothelial cells from human umbilical cords
are able to differentiate and form capillary-like structures on

Matrigel™, which is a protein mixture that resembles the complex
extracellular environment found in tissues [63]. Endothelial cells
were incubated at 1 mM concentration of the compounds, where no
effect on cell proliferation was observed, and tube length, total
number of branching points and total number of loops were
quantified and compared to the control cells (Fig. 7). Xan-B8 was
the most potent compound, being able to significantly reduce the
branching points of newly formed tubes by 87% as well as the
number of loops (97%) in the differentiated endothelial cells, fol-
lowed by Xan-B9 and Xan-A19 (Fig. 7).

The remarkable effect observed for Xan-B8 led us to perform
dose response curves, obtaining IC50 values of 1.7, 0.191 and
0.071 mM for the tube length, total branching points and total loops
respectively. Moreover, in vivo tests were conducted in the retina of
the mice after administering the compounds Xan-A19 and Xan-B8
i.p. at a concentration of 1mg/kg. The number of vascular sprouts as
well as the number of vascular branching points were quantified in
the retinas of the mice. Surprisingly, even if the two inhibitors
showed remarkable inhibition of angiogenesis in vitro (Fig. 7), the

Fig. 5. The antiproliferative activity of xanthine Xan-B9 in the NCI-60 cancer cell panel is shown together with the growth inhibition of two anticancer drugs (dasatinib and
imatinib). The growth inhibition is shown as a matrix with cell lines and compounds arranged vertically and horizontally, respectively. The legend bar shows the color coding which
reflects the log(GI50) value, with red and green indicating high and low cytotoxicity, respectively.

Fig. 6. Anti-proliferative activity against six patient-derived tumor cell lines. GI50
values were determined at Oncotest using a modified propidium iodide assay. Mea-
surements were done after 4 days of incubation with the corresponding compound.
The growth inhibition is shown as a matrix with cell lines and compounds arranged
vertically and horizontally, respectively. The legend bar shows the color coding which
reflects the log(GI50) value, with red and green indicating high and low cytotoxicity,
respectively.
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degree of branching in the developing vasculature of the mice
seemed to increase after compound treatment, whereas the num-
ber of vascular sprouts remained almost constant (see Supporting
information for further details). These results could be explained
by the presence of other Eph receptors in the mice retina that were
absent in the in vitro assay or by a possible activation of alternative
signaling pathways upon Eph inhibition by the inhibitors. Thus,
further in vivo experiments are underway in an effort to further
rationalize the obtained results.

3. Optimization of the pyrimidoisoquinolinone scaffold Pyr-
A1

Pyrimidoisoquinolinone Pyr-A1, with an IC50 value of 9.4 mM in
in vitro FRETassayswas identified using the in silico procedure ALTA
(Fig. 2) [50]. Based on the thorough SAR study performed with the
xanthine inhibitors, a hydroxyl group in meta relative position was
incorporated in the phenyl ring (in an analogous manner to Xan-
B9, Table 2), resulting in compound Pyr-B1, which showed an over
30 fold improvement in binding affinity with an IC50 value of
300 nM.

The synthesis of quinoline Pyr-B1 started from the reported
acetal 3 [64], which was reacted with 2-methoxy-2-methylaniline
under microwave irradiation to afford compound 4 as a mixture
of tautomers [65]. Subsequent reaction with malononitrile pro-
vided intermediate 5 that underwent cyclization in the presence of
formamide [66]. Final demethylation of the methoxy group in in-
termediate 6 was obtained in the presence of BBr3, affording the
final inhibitor Pyr-B1 (Scheme 2).

3.1. Confirmation of the binding mode by protein X-ray
crystallography

The bindingmode obtained by docking andMD simulations [50]
was confirmed by solving the X-ray structure of compound Pyr-B1
in complex with EphA3 at a resolution of 1.7 Å. The inhibitor binds
to EphA3 in its DFG-in conformation forming four intermolecular

Fig. 7. In vitro angiogenesis assay on tube formation. Compounds were incubated with HUEVEC cells seeded on matrigel for 15 h. Tube length (left), total branching points (middle)
and total loops (right) were quantified. All measurements were done at least in triplicate, and their SEM values are indicated as error bars.

Scheme 2. Reagents and conditions: (a) 2-Methoxy-2-methylaniline, o-xylene, MW, 150 �C, 5 min, 46%. (b) Malononitrile, piperidine, EtOH, 100 �C, 1e2 h, 82%. (c) Formamide,
210 �C, 7 h, 62%. (d) BBr3, CH2Cl2, 25 �C, 16 h, 28%.

Fig. 8. Crystal structure of the catalytic domain of the tyrosine kinase EphA3 in its
DFG-in conformation in complex with the type I1/2 inhibitor Pyr-B1 (PDB code 4G2F).
Yellow dashed lines represent intermolecular hydrogen bonds and the side chains
mentioned in the text and the inhibitor are shown as sticks in grey and cyan
respectively.
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hydrogen bonds, twowith the hinge region, onewith the activation
loop, and a fourth one with the conserved glutamic acid residue, a
characteristic hydrogen bonding pattern among type I1/2 inhibitors
(Fig. 8) [39].

3.2. Selectivity profile

The selectivity of the nanomolar inhibitor Pyr-B1 was
determined in a panel of 453 protein kinases by an in vitro
competition binding assay that reports binding affinity
without the need of ATP (KINOMEscan at DiscoveRx) [67].
Compound Pyr-B1 presents a good selectivity profile, since it is
only able to inhibit a few proteins outside the tyrosine kinase
family (Fig. 9).

3.3. Cellular angiogenesis assay

Due to the implications of EphB4-ephrinB2 signaling in angio-
genesis and blood vessel maturation [61] the efficacy of Pyr-B1was
examined on tube formation via an in vitro matrigel angiogenesis
assay (Fig. 10). Unfortunately, no significant effect was found for
Pyr-B1 in comparison to the xanthine derivative Xan-B8 (Fig. 7),
which could be due to cell permeability or efflux issues.

4. Optimization of the pyrrolo[3, 2-b]quinoxaline scaffold
Qui-A1,A2

Our third medicinal chemistry optimization campaign aimed at
the design of novel and potent, type I1/2 and II tyrosine kinase in-
hibitors using the crystal structure of two type I inhibitors bearing a
quinoxaline scaffold (Qui-A1 and Qui-A2, Fig. 2). These molecules

were discovered by automated docking [54], and their in silico
predicted binding mode was confirmed by X-ray diffraction anal-
ysis of the catalytic domain of EphA3 in complex with both Qui-A1
and Qui-A2 (Fig. 11).

The pyrrolo[3,2-b]quinoxaline scaffold binds within the ATP
binding site with the phenyl substituent nestled into the so-called
hydrophobic pocket. The amide substituent at position 3 of the
pyrrole ring in Qui-A1 is able to form a total of two hydrogen bonds
with Met696(702), a residue of the hinge region, whereas inhibitor
Qui-A2, bearing an ethoxy substituted amide in trans configuration,
establishes only one hydrogen bond with Met696(702). The amino
substituent at position 2 of the pyrrole ring, present in both in-
hibitors, is involved in a bifurcated hydrogen bond with the hy-
droxyl side chain of the Thr693(699) gatekeeper and the backbone
carbonyl of Glu694(700). The lack of a hydrogen bond in compound
Qui-A2, together with the different substituents of the phenyl ring
in the hydrophobic pocket, i.e., eOCH3 and eCl in Qui-A1 and Qui-
A2, respectively, could explain the 10-fold weaker affinity of in-
hibitor Qui-A2 with respect to Qui-A1 (IC50 of 300 nM for EphB4)
[54].

Given our acquired experience during the medicinal chemistry
campaigns of the xanthine (Xan-A1-A3) [55,56] and pyrimidine
(Pyr-A1) [50] scaffolds as well as earlier reports towards the syn-
thesis of potent type I and type I1/2 kinase inhibitors [39], several
modifications within the phenyl substituent of the quinoxaline
scaffold were designed in order to fine tune the interactions of
these type I inhibitors with the threonine gatekeeper residue,
Thr693(699), as well as with the conserved glutamic acid residue,
Glu664(670), and the activation loop, Asp758(764), in order to
achieve type I1/2 and II inhibitors.

To modulate several properties of the hit compounds Qui-A1

Fig. 9. Selectivity profile of compound Pyr-B1 tested on a panel of 453 protein kinases at DiscoveRx. Measurements were performed at a 1 mM concentration of the inhibitor. The
affinity is defined with respect to a DMSO control. The dendrogram was obtained from KinomeScan using the KinomeTree software.

Fig. 10. In vitro angiogenesis assay on tube formation. Compounds were incubated with HUEVEC cells seeded on matrigel for 15 h. Tube length (left), total branching points (middle)
and total loops (right) were quantified. All measurements were done at least in triplicate, and their SEM values are indicated as error bars.
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and Qui-A2 such as potency, type of binding (type I, I1/2 and II) and
drug-like properties, a convergent synthesis towards the quinoxa-
line scaffold was established (Scheme 3). Compound 7 was pre-
pared according to previously reported procedures by
condensation of commercially available 2,3-dichloroquinoxaline
with malononitrile in the presence of sodium hydride [68,69].
The substitution of the chlorine at position 3 with commercially
available or synthetically prepared anilines followed by cyclization
afforded intermediates 8 [70]. Hydrolysis of the cyano group under
strong acidic conditions furnished the desired type I (Qui-A), I1/2
(Qui-B) and type II (Qui-C) inhibitors.

Due to the rather limited space around the phenyl group
revealed by the binding modes of Qui-A1 and Qui-A2, the intro-
duction of small substituents was envisioned, including the incor-
poration of a methyl and a hydroxyl group at positions 2 and 5, a
combination that had been successfully exploited in our previous
studies (Tables 3 and 4) [50,55]. The synthesized compounds were
characterized by several biophysical techniques including fluores-
cence resonance energy transfer (FRET), EphB4 overexpressing cell
based assays and differential scanning fluorimetry (also referred to
as thermal shift). Differential scanning fluorimetry is a high
throughput technique where the increase in thermal stability of a
folded protein upon ligand binding is detected by a fluorescence
dye while measuring its melting temperature during denaturation
[71].

The best inhibition values in type I inhibitors (ca. 4 �C in the
thermal shift assay and 66% inhibition in the FRET assay) were
obtained for ortho-methyl (Qui-A3) and ortho-chlorine (Qui-A7)
substituted quinoxalines, in line with previously reported kinase

inhibitors (including Xan-A15, Table 1) [37,55,58,72e75]. However,
the ortho-fluoro substituted inhibitor (Qui-A8) or bis-ortho
substituted (Qui-A4 andQui-A5) caused a lower stabilization of the
protein as well as lower inhibition values in the FRET enzymatic
assay probably due to the small size of fluorine or the introduction
of an extra steric bulk, respectively. We were pleased to see that
cellular phosphorylation assays on MEF cells transfected with myc-
tagged human EphB4 revealed comparable inhibition values to the
ones observed in the enzymatic assay (Table 6, column 9), with the
ortho methyl substituted derivative Qui-A3 as the most potent
member of this type I series (IC50 ¼ 230 nM in cells).

The transition from type I to type I1/2 inhibitors was accom-
plished by the introduction of a hydroxyl (Qui-B1, B2, B4) or tri-
azole group (Qui-B3) at R3 that could establish hydrogen bonds
with Glu664(670) and Asp758(764). These modifications resulted
in a remarkable increase in potency for compound Qui-B2 (7.2 �C in
thermal shift and an inhibition of 98% in the FRET assay), which
became more pronounced upon introduction of a methyl group in
the ortho-relative position (following the trend observed in type I
inhibitors, Table 6) to yield Qui-B4 with a thermal shift of 11.2 �C
and an IC50 value in EphB4 overexpressing cells of 5.4 nM (Table 6).
To our surprise, a triazole group at the same position (Qui-B3)
dramatically decreased the binding affinity (7% inhibition).

The binding modes of the hit inhibitors Qui-A1 and Qui-A2
suggested the possibility of extending the quinoxaline scaffold into
the allosteric binding site (generated by a DFG-out conformation of
the kinase) by substitution of the phenyl ring, so that type II in-
hibitors could be achieved (Fig.11). The extra interactions formed in
the DFG-out pocket and the lower sequence conservation of the

Scheme 3. Reagents and reaction conditions: a) Protocol I: R1NH2 (1e4 eq.), EtOH:Toluene, 1:1, 130e160 �C, 4e12 h, 30e79%. Protocol II: R1NH2 (1e1.2 eq.), DMF, 80 �C, 12 h,
21e61%. b) H2SO4, 25 �C, 30 min, 7e99%.

Fig. 11. Crystal structures of the catalytic domain of the tyrosine kinase EphA3 in its DFG-in conformation in complex with the high-nanomolar inhibitors Qui-A1 (left, PDB code
4P4C) and Qui-A2 (right, PDB code 4P5Q). The ATP binding site of the EphA3 kinase and the inhibitors are shown as sticks.
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inactive kinase conformation among different kinase families pro-
vide type II inhibitors a higher degree of selectivity [76,77]. In order
to target the back pocket of the kinase, a variety of substituents,
some of which are present in known type II inhibitors, were envi-
sioned. The so-called “tail” moiety of type II inhibitors, located
within the allosteric binding site, is characterized by a hydrogen
bond donor-acceptor pair (usually an amide or an urea), linked to a
hydrophobic substituent that occupies the newly formed pocket in
the DFG out conformation of the kinase [2,78,79].

Amide, urea and thiourea linkers were incorporated onto the
quinoxaline scaffold and attached to a m-CF3-phenyl moiety pre-
sent in AAL993 [80], sorafenib [81,82], and GNF-5837 [83] (Qui-C2-
C4, Qui-C7-C9, Qui-C12, Qui-C13, Qui-C14, Table 7). These in-
hibitors caused a similar stabilization effect in the protein accord-
ing to thermal shift as the type I1/2 inhibitor Qui-B4 (Table 6). As
already seen in previous results with type I and I1/2 compounds
(Table 6), the addition of a methyl (Qui-C3, Qui-C8) or fluorine
(Qui-C4, Qui-C9) substituent in R1 lead to higher thermal shifts as
well as slightly more potent IC50 values in cells overexpressing
EphB4. Interestingly, 3-amides (Qui-C7-C10) triggered a higher
stabilization of the kinase in the thermal shift assay than 1-amides
(Qui-C2-C5), which could indicate the formation of a more favor-
able hydrogen bond with Glu664(670).

In an effort to increase the hydrophobic interactions within the
allosteric binding site, 4-methyl imidazole was added to mimic the
well-known drug nilotinib [84] (Qui-C5, Qui-C10). This approach
generated compounds with the most promising thermal shifts (ca.
16 �C), but such activity was not correlated with the cell based
assays (IC50 values of 170 and 270 nM), suggesting membrane
permeability or efflux issues. Unfortunately, the addition of a
cyclopropyl ring as substituent of the amide linker (Qui-C1, Qui-C6,
Qui-C11), a common motif in p38a isoform selective kinase in-
hibitors [85e87], resulted in no thermal shift.

Urea (Qui-C13) or thiourea (Qui-C14) linkers located in para-
relative position of the phenyl ring retained or even enhanced (in
the case of urea Qui-C13) the binding affinity, whereas compound
Qui-C12, bearing the urea in meta-relative position barely pre-
sented any thermal shift, suggesting a disruption or a non-favorable
hydrogen bond interactions with Glu664(670) and the activation
loop in the DFG-out conformation.

4.1. Study of binding kinetics

The kinetics of binding of the optimized type I1/2 (Qui-B4) and
type II urea inhibitor Qui-C13 were investigated using surface
plasmon resonance, where the change in refractive index on a chip
coated with the protein of interest is measured upon ligand binding
(Fig. 12). Dissociation constants (KD) in the low nanomolar range
were obtained for both, Qui-B4 and Qui-C13 (8.6 nM and 39.3 nM
respectively) upon titrating the inhibitors over immobilized
dephosphorylated EphA3.

One of the advantageous characteristics of type II inhibitors over
type I or I1/2 is their slow dissociation rate from the target protein
[88e90], which is considered to be beneficial for drug efficacy and
selectivity in vivo due to the high concentration of the drug near the
target [90,91], as described for the EGFR-specific inhibitor lapatinib
[92]. The remarkably slow koff measured for Qui-C13
(1.45 � 10�4 s�1) denotes its type II binding mode. This value cor-
responds to a residence time of 115 min, a value that compares
positively with that of marketed drugs such as imatinib (28 min for
dephosphorylated ABL), nilotinib (202 min and 205 min for
dephosphorylated and phosphorylated ABL, respectively), and
dasatinib (15min and 4min) [93]. The type I1/2 inhibitorQui-B4, on
the other hand, presents a faster koff in comparison with the
mentioned type II inhibitor Qui-C13 (1.52 � 10�3 s�1).

4.2. Validation of type II binding by X-ray crystal structure
determination

The crystal structure of the catalytic domain of the EphA3 kinase
in complex with inhibitor Qui-C13 was solved at 2.0 Å resolution,
confirming its type II binding mode, i.e., with the DFG-out confor-
mation of the kinase (Fig. 13). The pyrrolo[3,2-b]quinoxaline core
occupies the ATP binding site, where it establishes two hydrogen
bonds as the type I inhibitors (Fig. 11). In addition, the urea linker of
inhibitor Qui-C13 acts as hydrogen bond acceptor for the
Ser757(763) side chain and the amide backbone of Asp758(764),
and as hydrogen bond donor to the side chain of Glu664(670). The
m-CF3-phenyl moiety is nestled in the newly formed hydrophobic
pocket, which originates from the displacement of the Phe side
chain of the DFG motif in the activation loop.

Table 6
EphA3/EphB4 inhibition data for the synthesized quinoxaline type I and type I1/2 derivatives.
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4.3. Selectivity profile

The selectivity profile of inhibitors Qui-B4, Qui-C2 and Qui-C7
was determined by an in vitro competition binding assay [67]
against 453 recombinant kinases, 58 of which were disease
related mutant kinases, mainly of ABL1, EGFR, and PIK3CA.

Compounds Qui-B4, Qui-C2 and Qui-C7 present a very similar
selectivity profile (Fig. 14); in particular, strong binding is only
observed to tyrosine kinases with threonine as a gatekeeper res-
idue, suggesting that most (or even all) tyrosine kinases with a Thr
gatekeeper can assume a DFG-out conformation. Interestingly, the
selectivity profiles of the type I1/2 (Qui-B4) and II (Qui-C2 and Qui-

Table 7
EphA3/EphB4 inhibition data for the synthesized type II quinoxaline derivatives.
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C7) quinoxaline-based inhibitors are very similar to our previously
optimized type I and I1/2 xanthine-based inhibitors (Xan-A19 and
Xan-B9, Fig. 2 and 4) [55,56] and the pyrimidoisoquinolinone in-
hibitor Pyr-B1 (Fig. 9), due, at least in part, to the use of an Eph
tyrosine kinase (EphB4) as primary target for the in silico screening
and optimization. Moreover, the tested quinoxaline derivatives
show remarkable inhibition towards several mutant kinases
(Fig. 14, bottom).

4.4. Antiproliferative activity

Compounds Qui-B4 and Qui-C13 were screened against the
NCI-60 cancer cell line panel (Fig.15). Both compounds display high
antiproliferative activities against leukemia (K-562), lung (HOP-92),
colon (HT-29), renal (A498) and breast cancer cells (MDA-MB-231,
HS 578T) in the low nM range, which constitutes a substantial
improvement compared to our previous inhibitor series (Fig. 5,

Fig. 12. Surface plasmon resonance analysis of the binding of Qui-B4 (A) and Qui-C13 (B) to EphA3. A threefold serial dilution of the compounds was made starting from 200 nM
(for Qui-B4) and 10 mM (for Qui-C13) in duplicate. The theoretical global fit to a 1:1 interaction model is shown in straight lines. Reprinted with permission from Unzue et al. J. Med.
Chem. 2014, 57, 6834e6844 [57].

Fig. 13. Crystal structures of the catalytic domain of the tyrosine kinase EphA3 in its DFG-out conformation in complex with the low-nanomolar inhibitor Qui-C13 (left, PDB code
4P5Z) and superposition of the three inhibitors Qui-A1, Qui-A2, and Qui-C13 based on structural alignment of the Ca atoms of the EphA3 kinase domain (right). The ATP binding site
of the EphA3 kinase and the side chains mentioned in the text and the inhibitors are shown as sticks.
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compound Xan-B9). Interestingly, the inhibition pattern of Qui-B4
resembles that of dasatinib, while showing an overall less toxicity.

Based on these results, the most potent inhibitors of this opti-
mization campaign were tested in-house against the above
mentioned NCI cancer cell lines (Fig. 16). The type II compounds
could remarkably inhibit the proliferation of the leukemia cell line
K-562, especially the 3-amide compoundsQui-C8 andQui-C9, with
GI50 values of 36 and 81 nM respectively. Interestingly, similar
levels of potency were found for imidazole substituted compounds
Qui-C5 and Qui-C10, which seemed to be among the weakest type
II binders in the cellular phosphorylation assays (Table 7), possibly
indicating the presence of other targets than Eph for these mole-
cules. All in all, the mentioned type II inhibitors present nanomolar
inhibition values in the K-562 cell line that compare positively to
that of dasatinib and imatinib, making them very useful tools for
the development of clinical candidates.

In addition, the antiproliferative activity of Qui-B4 (the most
potent compound on cellular phosphorylation assays with an IC50
of 5.4 nM) in patient-derived tumor cell lines (including colon, lung,
kidney, pancreatic, prostate, and stomach cancer cells) was studied
using a propidium iodide-based proliferation assay and dasatinib as

a reference (Oncotest, Fig. 17). Low micromolar GI50 values were
obtained, RXF 393NL being the most sensitive cell line.

4.5. Cellular angiogenesis assay

The efficacy of Qui-B4 on human endothelial cell sprouting in a
spheroid based cellular angiogenesis assay (ProQinase) was
examined [94]. Qui-B4 successfully inhibited VEGF-A induced
HUVEC (primary human umbilical vein endothelial cells) sprouting
in a dose dependent manner with an IC50 value of 1.5 mM. However,
no significant effects on tube length, branching points and number
of loops were observed an in vitro matrigel angiogenesis assay
(Fig. 18) for compounds Qui-B4, Qui-C7 and Qui-C13, in contrast to
the previously developed xanthine inhibitors (Fig. 7).

4.6. Fluorescent properties of quinoxalines for cellular imaging

The fluorescent properties of some of the type I and type I1/2
Qui-derivatives were evaluated concluding that all compounds
presented similar absorption (labs ¼ 370 nm) and emission prop-
erties (labs ¼ 430 nm), which makes them suitable for cellular

Fig. 14. Selectivity profiles of compound Qui-B4 (left), Qui-C2 (center) and Qui-C7 (right) tested on a panel of 453 protein kinases at DiscoveRx. Measurements were performed at a
1 mM concentration of the inhibitor. The affinity is defined with respect to a DMSO control. The dendrogram was obtained from KinomeScan using the KinomeTree software.

Fig. 15. The antiproliferative activity of quinoxalines Qui-B4 and Qui-C13 is shown together with the growth inhibition of two anticancer drugs (dasatinib and imatinib) and our
previous xanthine inhibitor Xan-B9. The growth inhibition is shown as a matrix with cell lines and compounds arranged vertically and horizontally, respectively. The legend bar
shows the color coding which reflects the log(GI50) value, with red and green indicating high and low cytotoxicity, respectively.
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imaging. In addition, their quantum yields were measured in
acetonitrile, obtaining values between 0.20 and 0.25, indicative of
their remarkable fluorescence properties (Table 8).

This being the case, the most potent type I1/2 inhibitor, Qui-B4,
was incubated in the presence of the breast cancer cells MDA-MD-
231 (for which a low micromolar GI50 value was obtained, Fig. 15).
After 2 h of incubation, significant changes in cell morphology were
observed, including cell shrinkage and disruption of cell-cell
adhesion (Fig. 19A, B). Such morphology changes resemble to the
ones obtained with the CDK inhibitor roscovitine [95] and have
been shown to be associated with apoptosis.

In addition, fluorescence emission of compound Qui-B4 was
detected within the cytoplasm of MDA-MB-231 cells after 2 h of
incubation, which confirms a remarkable cell membrane perme-
ability, as well as fluorescence properties of this compound for
in vitro imaging (Fig. 19C).

4.7. In vivo studies

Prior to the in vivo studies, we decided to address the metabolic
stability of three of our most promising quinoxaline inhibitors
(Qui-B4, Qui-C2 and Qui-C7, Supplementary Fig. 4) using human
liver microsomes. The results indicated half-lives longer than
60 min for the three compounds, data that compares positively to
that of known drugs such as imipramine (half-life > 60 min), pro-
pranolol (half-life > 60 min), terfenadine (half-life ¼ 15.5 min) and
verapamil (half-life ¼ 32 min) tested in a similar setting.

Subsequently, the pharmacokinetic properties of these com-
pounds were determined in 20e30 g male CD-1 (ICR) mice on
intravenous (IV) and oral (PO) administration. The compounds
presented low to moderate oral bioavailability, as well as high
compound clearance (Cl) and moderate half-life (T1/2) values, with
compounds Qui-C2 and Qui-C7 showing the most promising
values (Table 9).

Good cellular efficacy and pharmacokinetic properties triggered
the subsequent evaluation of compound Qui-B4 in a xenograft

Fig. 16. Antiproliferative activity against NCI tumor cell lines. GI50 values were
determined using resazurin reduction after 2e3 days of incubation with the corre-
sponding compound. The growth inhibition is shown as the mean of at least three
independent experiments as a matrix with cell lines and compounds arranged verti-
cally and horizontally, respectively.

Fig. 17. Anti-proliferative activity against patient-derived tumor cell lines. GI50 values
were determined at Oncotest using a modified propidium iodide assay. Measurements
were done after 4 days of incubation with the corresponding compound. The growth
inhibition is shown as a matrix with cell lines and compounds arranged vertically and
horizontally, respectively.

Fig. 18. In vitro angiogenesis assay on tube formation. Compounds were incubated with HUEVEC cells seeded on matrigel for 15 h. Tube length (left), total branching points (middle)
and total loops were quantified. All measurements were done at least in triplicate, and their SEM values are indicated as error bars.

Table 8
Quantum yield measurements.

Compound Quantum yield (4)

Qui-A3 0.20
Qui-A4 0.21
Qui-A5 0.22
Qui-A6 0.22
Qui-B1 0.23
Qui-B4 0.25
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mouse model with a tumor derived from the MDA-MB-231 cell line
in a twice-daily dosing regime totaling 100 mg/kg/day of com-
pound Qui-B4 over 21 days. Median tumor volume progression
over time, starting from 108 mm [3], of both treatment and control
cohorts is given in Fig. 20.

Remarkably compound Qui-B4 inhibited tumor growth by 80%
in comparison to the control mice. Thus Qui-B4 is a potent cyto-
static agent as the tumor volume remained almost constant
throughout the nearly three weeks of the study. Mean body weight
of the treatment cohort decreased up to 16% of the initial mean
body weight during the treatment period. These promising results
suggest that further studies of such xenograft model at lower doses
of compound Qui-B4 might provide tumor volume control with
lessened weight loss. Moreover, efficacy studies with type II qui-
noxaline inhibitors on mouse models of K-562 leukemia are
currently undergoing.

5. Conclusions

Seven different chemotypes of inhibitors of the catalytic domain
of the Eph tyrosine kinases have been identified by methods
developed in house for high-throughput docking and scoring [96].
The combination of a fragment-based approach for docking and
accurate evaluation of binding energy (including electrostatic
desolvation upon binding) has resulted in a very high hit rate [97].
With the support of the predicted binding mode and/or structural
information obtained by protein crystallography, the hit optimi-
zation has required the synthesis of a relatively low number of
derivatives: 34, 1, and 24 derivatives of the xanthine, pyr-
imidoisoquinolinone, and quinoxaline hits, respectively. Based on
the X-ray structures of the initial hits of type I in complex with
EphA3, the binding mode could be tuned into the type I1/2 and type
II where the latter is characterized by the DFG-out orientation of
the protein. The three optimization campaigns have culminated in
several nanomolar Eph inhibitors with good selectivities and
remarkable inhibition of proliferation of several tumor cell lines.
Furthermore, the efficacy of our Eph kinase inhibitors on in vitro
angiogenesis assays has also been validated.

The in depth medicinal chemistry optimization performed for
the xanthine scaffold based on its predicted binding mode, resulted
in the single digit nanomolar type I1/2 inhibitor Xan-B9. The efflux
observed for this compound on Caco-2 monolayers was overcome
by fine tuning the substituents of the xanthine core in a second
optimization campaign, yielding Xan-A19 as nanomolar potent
inhibitor with no efflux on cell based assays. In addition, both in-
hibitors, Xan-B9 and Xan-A19 proved to have a good selectivity
profile on a 124 kinase panel. The efficacy of these inhibitors was
assessed in an in vitro angiogenesis assay, which provided further
evidence for the potential of this series for further development.
The knowledge obtained during the optimization of the xanthine
scaffold was then applied to optimize an in silico discovered pyr-
imidoisoquinolinone hit, whose affinity could be improved over 30
fold by the synthesis of a single derivative, Pyr-B1.

The third optimization campaign was carried out on a qui-
noxaline scaffold, for which the crystal structures of two type I hits
were used to design type I1/2 and type II inhibitors. Chemical syn-
thesis of 24 derivatives led to several low nanomolar inhibitors
with good selectivity profile. Importantly, the type II binding mode
could be confirmed by solving the crystal structure of the complex
of the EphA3 kinase and Qui-C13 which shows that the Phe side
chain of the DFG-triad points in an out orientation. Moreover, the
slow koff determined by surface plasmon resonance provides
additional evidence for the type II binding mode. Remarkable cell
growth inhibition values obtained with the quinoxaline series led
to the assessment of the efficacy of compound Qui-B4 in vivo (nude
mice xenografted with human breast cancer). Qui-B4 showed

Fig. 19. Fluorescence images of MDA-MB-231 cells. A) Control cells where the actin cytoskeleton is stained with tetramethylrhodamine isothiocyanate (TRITC)-phalloidin. B) Actin is
stained after 2 h of incubation with compound Qui-B4 (25 mM). C) Fluorescence of compound Qui-B4 (25 mM) after 2 h incubation.

Table 9
Pharmacokinetic properties in mice.

Compound Qui-B4 Qui-C2 Qui-C7

IV PO IV PO IV PO

Dose (mg/kg) 1 5 1 5 1 5
Cl (mL/min/kg) 42 e 32 e 31 e

Vss (L/kg) 1.6 e 2.2 e 2.2 e

T1/2 (h) 1.7 1.7 1.2 5.0 1.1 2.8
AUClast (h ng/mL) 392 493 506 263 533 803
F(%) e 25 e 10 e 30

Fig. 20. In vivo antitumor activity of compound Qui-B4 in MDA-MB-231 nude mice
xenografts. The mice received by gavage twice-daily 50 mg/kg of compound Qui-B4
(red and pink) or vehicle control (black and blue). Each data point is the median or
average of a cohort of 9 animals.
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strong cytostatic activity, confirming the importance of the qui-
noxaline derivative series for further preclinical development.
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Abbreviations

Abl1 Abelson tyrosine-protein kinase 1
ALTA anchored-based library tailoring
ATP adenosine triphosphate
CDK cyclin-dependent kinase
Cl clearance
DIPEA N,N-diisopropylethylamine
DMF dimethylformamide
EGFR epidermal growth factor receptor
Eph erythropoietin-producing human hepatocellular

carcinoma
FDA food and drug administration
FRET F€orster resonance energy transfer
HUEVEC human umbilical vein endothelial cells
IV intravenous
MD molecular dynamics
MEF murine embryonal fibroblast
MW microwave
NCI National Cancer Institute
PIK3CA phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic

subunit alpha
PO per os, oral administration
QM quantum mechanics
RTK receptor tyrosine kinases
SAR structure activity relationship
SEM standard error of the mean
TRITC tetramethylrhodamine isothiocyanate
VEGF vascular endothelial growth factor
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