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Abstract

The Eph receptor–ephrin system is an emerging target for the development of novel
antiangiogenetic agents. We recently identified lithocholic acid (LCA) as a small molecule able to
block EphA2-dependent signals in cancer cells, suggesting that its (5β)-cholan-24-oic acid
scaffold can be used as a template to design a new generation of improved EphA2 antagonists.
Here, we report the design and synthesis of an extended set of LCA derivatives obtained by
conjugation of its carboxyl group with different α-amino acids. Structure-activity relationships
indicate that the presence of a lipophilic amino acid side chain is fundamental to achieve good
potencies. The L-Trp derivative (20, PCM126) was the most potent antagonist of the series
disrupting EphA2-ephrinA1 interaction and blocking EphA2 phosphorylation in prostate cancer
cells at low μM concentrations, thus being significantly more potent than LCA. Compound 20 is
among the most potent small molecule antagonists of the EphA2 receptor.

INTRODUCTION

The erythropoietin-producing hepatocellular carcinoma (Eph) receptors are the largest
family of receptor tyrosine kinases and together with their ligands, the ephrins, represent a
distinctive communication system in which both ligands and receptors are bound to
membrane and initiate bidirectional cell-cell signaling.1 Indeed, the Eph receptor-ephrin
system can both transduce “forward” signals into Eph receptor-expressing cells and
“reverse” signals into the cells where the ephrins are expressed.2

Fourteen Eph receptors (divided in the EphA and EphB classes) and eight ephrins (also
divided in A and B classes, corresponding to their affinities for the Eph receptor sub-
families) have been so far identified in humans.3 Given their membrane localization, these
proteins can modulate a large and diverse array of biological functions including organ
development, tissue remodeling, neuronal signaling, insulin secretion, blood haemostasis
and bone metabolism.4,5 Not surprisingly, dysregulation of the Eph-ephrin signaling system
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has been implicated in pathological conditions related to all of these systems.5 In particular,
the involvement of Ephephrin signaling in tumorigenesis has been extensively investigated
due to recurrent up-regulation of Eph receptors in several types of human cancers.6-8

Despite these findings, the roles played by Eph receptors in tumor progression remain
unclear, due to the diverse biological functions associated with individual Eph receptors and
ephrin ligands, including oncogenic or tumor suppressor functions.9-11

From a therapeutic perspective, targeting the Eph receptors appears straightforward in the
context of inhibiting Eph/ephrin-signaling in the vasculature as a mean of preventing tumor
angiogenesis.11 Indeed, inhibition of EphA2 and EphB4 has been shown to effectively block
angiogenic processes in vivo.6,12 Furthermore, it has been recently shown that the EphA2
receptor can be exploited to deliver anticancer drugs into EphA2-expressing cancer cells, by
using targeting peptides.13

Two main strategies can be used to inhibit Eph receptor dependent signals:6,14 i) blockage of
Eph receptor forward signaling by a direct action on the ATP-binding pocket in the receptor
kinase domain;15-17 ii) blockage of both Eph receptor forward and ephrin reverse signals by
disruption of the Eph receptor–ephrin interaction.18 While the first approach is based on the
use of small molecules inhibiting the ATP binding site in the intracellular kinase domain, the
second one is based on the use of recombinant proteins (soluble forms of Eph receptors and
ephrins), antibodies and peptides.18

The discovery of small molecules able to disrupt protein–protein interaction remains a
challenging task for medicinal chemistry, mainly because the contact surfaces involved in
protein–protein interactions are large (~1,500–3,000 Å2) compared with those usually
involved in protein–small-molecule interactions (~300–1,000 Å2).19 Nevertheless, the
ephrin-binding site of Eph receptors presents favorable features for high affinity binding of
small molecules. Indeed, different classes of low-molecular weight compounds able to
interfere with the binding of ephrins to Eph receptors have been recently identified (Figure
1). These include: i) bile acid derivatives, such as lithocholic acid (LCA, compound 1)20,21

and cholanic acid,22 two competitive Eph receptor antagonists having a moderate preference
for the EphA receptor subfamily; ii) salicylic-acid derivatives,23, 24 exemplified by 4-(2,5-
dimethyl-1H-pyrrol-1-yl)-2-hydroxybenzoic acid, which inhibit the EphA2 and EphA4
receptors;23,24 iii) doxazosin,25 the marketed α1-adrenoreceptor antagonist that has been
recently shown to bind and activate EphA2 and EphA4 receptor subtypes; iv) some
polyphenols and polyphenol metabolites.26-28

Among these classes of Eph-ephrin system modulators, we recently focused our attention on
LCA, a compound characterized by a (5β)-cholan-24-oic acid scaffold, which competitively
displaces ephrin-A1 from the ligand-binding domain of EphA2.21 In the present work, we
report the synthesis and structure-activity relationship (SAR) profile of an extended series of
α-amino acid conjugates of LCA, designed starting from a theoretical binding mode of LCA
into the EphA2 binding site. The synthesized compounds were examined for their ability to
disrupt EphA2-ephrin-A1 binding and to prevent EphA2 phosphorylation in a prostate
cancer cell line.

CHEMISTRY

Lithocholic acid (LCA, compound 1) was purchased from Sigma while compounds 2, 4-7

and 12-21 were synthesized according to a procedure similar to that described in
references.29,30 Methyl ester hydrochlorides of α-amino acids were purchased from
commercial suppliers (3a, 4b-7b, 12b, 14b, 16b-18b, 20b) or synthesized following step i of
Scheme 1 (i.e. methyl ester hydrochloride derivatives 13b, 15b, 19b and 21b). The methyl
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ester hydrochloride of the proper α-amino acid was reacted with 1 (LCA), using N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDCI) as coupling agent. The
resulting amides 3, 4a-7a, 12a-21a were hydrolyzed with NaOH to give compounds 2, 4-7,
and 12-21.

Compounds 8 and 9 were synthesized according to the procedure reported in Scheme 2.
Methyl ester hydrochlorides 8c and 9c were prepared starting from O-benzyl L- or D-serine.
Then compounds 8c and 9c were coupled to 1 (as described above), giving the
corresponding amide conjugates 8b and 9b. Reductive deprotection of intermediates 8b and
9b afforded 8a and 9a. These compounds were hydrolyzed giving the final products 8 and 9.

Compounds 10 and 11 were synthesized according to the procedure reported in Scheme 3.
The amino group of L- or D-asparagine was protected with di tert-butyl dicarbonate
(Boc2O). This reaction gave compounds 10d and 11d, which were transformed in the
corresponding benzyl esters 10c and 11c. The Boc protection was then removed giving 10b

and 11b, which in turn were coupled to 1 to obtain compounds 10a and 11a.31 The final
products 10 and 11 were obtained by removing the benzyl ester protection via
hydrogenation.

RESULTS AND DISCUSSION

Molecular modeling and discovery of glycolithocholic acid (2) as an EphA2 antagonist

Molecular modeling investigations previously performed by our group22 suggested that
LCA (1) can mimic the binding mode of ephrin-A1 to the EphA2 receptor32 by inserting its
cyclopenta[a]perhydrophenanthrene scaffold into the hydrophobic EphA2 receptor ligand-
binding channel and forming a salt bridge with Arg103 (Figure 2A), a critical residue for
ephrin-A1 recognition.29 In agreement with this hypothesis, modifications of the carboxylic
group of LCA, e.g. esterification, led to inactive or poorly active compounds.22 However,
visual inspection of the EphA2-LCA complex suggested that conjugation of LCA with
natural α-amino acids, exemplified by the glycine derivative 2 (glycolithocholic acid),
would lead to compounds still able to form a salt bridge with Arg103 (Figure 2B), and
potentially able to undertake additional interactions with EphA2, thus endowed with higher
potency than LCA.

To verify this hypothesis, we evaluated the EphA2 binding properties of compound 2 by
means of an ELISA assay.21 A dose-dependent disruption of the EphA2-ephrin-A1 complex
was observed when compound 2 was co-incubated with these two proteins (Figure 3A).
Compound 2 had pIC50 (-log (IC50)) of 4.31, similar to the value previously found for LCA.
To evaluate the nature of the antagonism of compound 2, saturation curves of EphA2-
ephrin-A1 binding in the presence of increasing concentrations of compound 2 were plotted
(Figure 3B). From each of these curves, the KD or the apparent KD values were calculated
and the corresponding Schild plot was generated (Figure 3C). The slope of the regression
line of the Schild plot was 1.35 units (r2 = 0.97), indicating competitive binding of
compound 2 to the EphA2 receptor. The displacement experiment was repeated by
incubating 100 μM of compound 2 for 1 hour and washing some wells before adding 50 ng/
mL ephrin-A1-Fc. The displacement was detected only where the washing was not
performed, suggesting that compound 2 acts as reversible binder of the EphA2 receptor
(Figure 3D).

Structure-activity relationship (SAR) analysis of LCA derivatives

Based on the results reported above, we decided to synthesize an extended set of α-amino
acid derivatives of LCA (3-21). Compounds 3-21 were evaluated for their ability to disrupt
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the binding of ephrin-A1 to the EphA2 receptor, using the ELISA binding protocol
described above.21 The pIC50 values for the different compounds are reported in Table 1,
together with the corresponding standard deviations of the mean (SEM).

We began our investigation by comparing the activity of compounds 1-3 in the binding
assay. Compounds 1 and 2 were both active in preventing the binding of ephrin-A1 to
EphA2, with pIC50 values of 4.20 and 4.31, respectively. Conversely, compound 3, the
methyl ester derivative of 2, resulted inactive, confirming the importance of a free carboxyl
group for maintaining biological activity. We next synthesized and tested eight α-amino acid
conjugates (4-11), the side chains of which (L- and D-Ala, L- and D-Ser, L- and D-Val, L-
and D-Asn) represent the four combinations of positive and negative levels for lipophilicity
and steric hindrance, as described by π and MR (molar refractivity) variables, respectively
(Figure 4).

pIC50 Values for these compounds indicated that the hydrophobic groups (4-7) had a
favorable impact on potency, regardless of the absolute configuration of the chiral centre on
the amino acid moiety. On the other hand, the introduction of hydrophilic groups was
tolerated for the small side chains of serine derivatives (8,9) but it was detrimental for
activity in the case of the bulkier side chain of asparagine (10,11). Ten additional α-amino
acids were then coupled with LCA, to further cover the space of lipophilic and steric
properties. We confirmed the negative effect of polar amino side chains synthesizing L- and
D-Asp derivatives (12, 13) which proved to be inactive. On the other hand, the introduction
of amino acids with lipophilic side chains always led to active compounds. Compounds 14

and 15, bearing a methionine side chain, showed a limited increment in the binding activity
compared to compound 1. Notably, the introduction of aromatic substituents had a
significant impact on pIC50. Phenylalanine derivatives 16 and 17 resulted nearly ten times
more potent than LCA. Conversely, the replacement of phenylalanine with tyrosine led to
poorly active compounds (18, 19) possibly due to their lower lipophilicity. The importance
of a lipophilic group at the α position was further confirmed by the tryptophan conjugates 20

and 21, which were significantly more active than LCA. In particular, the L-Trp conjugate
20 showed a pIC50 of 5.69, resulting the most potent EphA2 ligand of the series.

As the amino acid side chains of compounds 2 and 4-21 constitute a set with a large
variation in both lipophilicity (almost 2 π units) and steric bulk (40 MR units), we examined
the statistical relationship between these properties and the pIC50 values. A poor correlation
was found for pIC50 with π (r2 = 0.29) as well as with the steric descriptor MR (r2 = 0.22).
Therefore, while it could be qualitatively inferred that hydrophobic interactions are crucial
for potent ligands, side chain lipophilicity (π) appears inadequate to quantitatively explain
the variation in potency.

The availability of the X-ray crystal structure of EphA2 in complex with the ephrin-A1
ligand34 prompted us to evaluate the existence of a correlation between experimental pIC50
and free energy of binding estimated by means of theoretical methods. Compounds 2, 4-9

and 14-21 were docked into the EphA2 binding site using the Glide software35 and then, for
each of the resulting protein-ligand complexes, the binding free energy was estimated using
the MM-GBSA approach36 implemented in Prime,37 and the MM-PBSA approach38

implemented in Impact.39

These methods employ a combination of molecular mechanics and continuum solvation to
elicit binding free energy directly from structural information at a reasonable computational
cost. MM-GBSA is becoming a standard tool to rescore docking poses in the field of
structure-based drug design. Indeed, it provided improved enrichment in virtual screening of
databases and superior correlation between calculated binding affinities and experimental

Incerti et al. Page 4

J Med Chem. Author manuscript; available in PMC 2014 April 11.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



data in lead optimization of sets of congeneric inhibitors when compared to classical scoring
function.40

The docking approach applied here gave binding poses for the synthesized compounds
superimposable to that of glycolithocholic acid 2 (Figure 2B). The resulting complexes
highlighted the presence of an accessory hydrophobic site in the ligand-binding channel of
the EphA2 receptor where the α-side chain of the conjugated derivatives could be
accommodated. Such a binding mode can thus explain the lack of activity for the more polar
derivatives 10-13, as well as the significant increment in the pIC50 values observed for the
aromatic derivatives 16, 17, 20, and 21 bearing a phenylalanine or a tryptophan portion.
Visual inspection of the EphA2-compound 20 complex further supported the importance of
aromatic interactions at the EphA2 receptor (Figure 5). Indeed the indole ring of 20 tightly
interacts with Phe108, a conserved residue responsible for the recognition of one of the two
aromatic residues (namely Phe111) of the ϕ-x-x-ϕ binding motif of ephrin ligands.41,42

Superposition of ephrin-A1, co-crystallized with EphA2, and compound 20 docked into the
same receptor (Figure 5), shows that the binding mode proposed for this compound closely
resembles the arrangement of the protein ligand at its binding site.

Despite the qualitative rationalization of the SAR data provided by these molecular models,
no correlation was found between the Glide score and the experimental pIC50 (data not
shown). To search for a better correlation between experimental and calculated pIC50
values, MM-GBSA and MM-PBSA energies were calculated for EphA2-ligand complexes.
Linear regression gave r2 = 0.68 with MM-GBSA (n =15, s = 0.25, F = 26) and r2 = 0.65
with MM-PBSA (n =15, s = 0.26, F = 23). The MM-GBSA model accounts for the
introduction of bulky groups at the α-position of the amino acid portion as well as for the
difference in pIC50 values between the two tryptophan-based stereoisomers 20 and 21 on the
ΔG scale (Figure 6). On the other hand, the MM-GBSA approach was not fully able to
capture the detrimental effects on activity observed when the phenylalanine portion of 16

and 17 was replaced by a tyrosine in compounds 18 and 19. Similar indications were
obtained from the MM-PBSA regression model (Figure S1).

Despite this limitation, the MM-GBSA and MM-PBSA binding energy values outperformed
classical property descriptors, such as π or MR, in rationalizing SAR data. All these findings
indicate that strict stereoelectronic complementarity between EphA2 and LCA conjugates is
fundamental to achieve high pIC50 values.

Selectivity profile of compound 20

We further examined the ability of L-Trp derivative 20 to inhibit ephrin binding to all EphA
and EphB receptors by using biotinylated ephrin-A1-Fc and biotinylated ephrin-B1-Fc,
respectively, at their KD concentration (see Experimental Section).

Similar to lithocholic acid,21 compound 20 was able to inhibit ephrin binding to all members
of the Eph receptor family (Figure 7). A moderate selectivity towards EphA receptors was
however observed. Indeed, compound 20 showed IC50 values in the low μM range for all
EphA and EphB receptors. This suggests that compound 20 interferes with Eph receptor-
ephrin recognition by occupying a highly conserved region within the Eph receptor ligand
binding domain (Figure 5).

Effects on EphA2 phosphorylation in human prostate adenocarcinoma cells

LCA conjugates with L-amino acids (i.e. compounds 4,6,8,14,16,20) had slightly higher
pIC50 values than those resulting from conjugation with the corresponding D-amino acids
(i.e. compounds 5,7,9,15,17,21) in the ELISA binding assay. We thus focused our attention
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on the first sub-class of LCA conjugates for functional investigations. To evaluate the
functional effects of 4, 6, 8, 14, 16 and 20, we performed phosphorylation studies using PC3
human prostate adenocarcinoma cells, which predominantly express the EphA2 receptor.43

Glycolithocholic acid 2 was also included as a reference compound. All the tested
compounds were unable to stimulate EphA2 tyrosine phosphorylation on their own (data not
shown), but behaved as pure antagonists of the EphA2 receptor, inhibiting EphA2
phosphorylation induced by ephrin-A1-Fc in a dose-dependent manner (Figure 8).

The L-Phe and L-Trp conjugates 16 and 20 inhibited EphA2 phosphorylation with IC50
values of 19 and 12 μM, emerging as the most potent antagonists of the series. In particular,
compound 20 resulted 5-10 times more potent than 1 (LCA; IC50 = 50 μM)21 and 2 (IC50 =
138 μM) in blocking EphA2 phosphorylation in PC3 cell line.

Finally, pIC50 values of 2, 4, 6, 8, 14, 16 and 20 measured in the phosphorylation assay
roughly paralleled the pIC50 ones obtained in the EphA2-binding assays (r2 = 0.77, Figure
9), confirming that compounds having higher potency in EphA2 binding were also more
effective in preventing EphA2 activation.

Effect on morphology in human prostate adenocarcinoma cells

Activation of EphA2 is known to induce important changes in cell morphology, such as
retraction of the cell periphery and rounding. Rounding and retraction are critical cellular
responses that being responsible for cell migration are directly correlated to cancer cell
invasiveness as well as to formation of new vessels by endothelial cells.44 To evaluate
whether small molecule antagonists of the EphA2 receptor can effectively block cell
rounding and retraction, we tested compound 20 on PC3 prostate cancer cells, which
predominantly express the EphA2 receptor.43

In good agreement with the inhibitory effect shown on EphA2 phosphorylation (Figure 8),
treatment with compound 20 dose-dependently reduced (IC50 = 5.1 μM) the percentage of
retracted cells due to ephrin-A1-Fc stimulation (Figure 10). This indicates that compound 20

can be effectively used to counteract the functional effects mediated by EphA2. Finally,
compound 20 did not affect cell morphology in the absence of ephrin treatment, nor had
cytotoxic effect on PC3 cells at the tested concentrations, as shown in an LDH assay (Figure
S2).

CONCLUSIONS

Increasing evidence supports the notion that the Eph–ephrin system, including the EphA2
receptor, plays a critical role in tumor vascularization during carcinogenesis. In particular,
EphA2 is currently being explored as a novel target for the development of anti-tumorigenic
and anti-angiogenic therapies.

Few classes of small molecules able to bind the EphA2 receptor have been recently
discovered and employed for biological investigations. However, their usefulness as
biological tools seems limited by pharmacological and/or chemical issues. For instance,
doxasozin, are α1-adrenergic receptor, blocker, binds the EphA2 receptor with low affinity25

and chemical stability concerns have been raised for EphA2/EphA4 salicylic acid
antagonists. These compounds undergo a modification process that leads to the formation of
an unidentified molecular entity able to interact with Eph receptors.23,45 In this context, it is
critical to search for new compounds able to bind the EphA2 receptor with better chemical
and pharmacological profiles.
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In the present study, a computationally-driven exploration of LCA analogues led us to
synthesize a series of α-amino acid conjugates. As a result of the SAR investigation, we
identified the L-Trp conjugated of LCA, 20, (PCM126) as the most potent derivative.
Compound 20 disrupts EphA2-ephrin-A1 interaction at low micromolar concentrations
(pIC50 = 5.69) preventing EphA2 activation and cell retraction in human prostate
adenocarcinoma cells with similar antagonist potency. Compound 20 therefore represents
one the most potent non-peptide antagonist of the EphA2 receptor. Other small-molecule
antagonists of EphA2, i.e. the reference compound 4-(2,5-dimethyl-1H-pyrrol-1-yl)-2-
hydroxybenzoic acid, only block EphA2 activity in cells at very high concentrations,24 while
preventing the binding of ephrin ligands at low micromolar concentrations in ELISA assays.

Due to the presence of the bile-acid scaffold, compound 20 possesses critical
physicochemical properties and potential off target activities46,47 that might hamper its
application in vivo. However, this compound can be used as a pharmacological tool to assess
the potential of pharmacological therapy based on small molecule Eph antagonists, as well
as a starting point to design more potent antagonists of the EphA2 receptor with improved
drug-like profile.

EXPERIMENTAL SECTION

Molecular Modelling

Docking simulations—Molecular modelling simulations were performed starting from
the crystal structure of the EphA2-ephrin-A1 complex (3HEI.pdb),34 using Maestro
software48 and OPLS2005 force field.49 The EphA2-ephrin-A1 complex was submitted to a
protein preparation procedure. Molecular models of compounds 1-2, 4-21 were built using
Maestro, and their geometry optimized by energy minimization using OPLS2005 to a energy
gradient of 0.01 kcal/(mol · Å). Docking simulations were performed using Glide5.5,
starting from the minimized structure of the compounds placed in an arbitrary position
within a region centered on the surface of channel of EphA2, delimited by Arg103, Phe156
and Arg159, using enclosing and bounding boxes of 20 and 14 Å on each side, respectively.
Van der Waals radii of the protein atoms were not scaled, while van der Waals radii of the
ligand atoms with partial atomic charges lower than ∣0.15∣ were scaled by 0.8. Extra
precision (XP) mode was applied. The resulting binding poses were ranked according to the
Gscore, and the best docking solution for each compound was selected for MM-GBSA
calculations.

MM-GBSA and MM-PBSA calculations—Although MM-GBSA and MM-PBSA are
typically applied to large collections of equilibrated structures of protein-ligand complexes
sampled during molecular dynamics in water, these methods can give a reasonable
estimation of the ligand affinity also employing a single energy-minimized structure as
reported in literature.38,40

Specifically MM-GBSA calculations were performed as follow: the docked poses generated
with Glide5.5 were minimized using the local optimization feature in Prime, and the
energies were calculated using the OPLS2005 force field and the GBSA continuum model in
Maestro.48 The free energy of binding was then estimated by applying the MM-GBSA
method as implemented in Prime.36,40 With this approach, the binding free energy ΔGbind is
estimated as:
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where ΔEMM is the difference in energy between the complex structure and the sum of the
energies of the ligand and free protein, using the OPLS force field; ΔGsolv is the difference
in the GBSA solvation energy of the complex and the sum of the solvation energies for the
ligand and unliganded protein, and ΔGSA is the difference in the surface area energy for the
complex and the sum of the surface area energies for the ligand and uncomplexed protein.
Corrections for entropic changes were not applied.

The free energy of binding was then estimated by applying the MM-PBSA method in
combination with energy minimization using Impact software39 starting from the MM-
GBSA energy minima of the EphA2-ligand complexes. Standard settings of Impact, as
implemented in Maestro,48 were employed.

Chemistry

Unless otherwise noted, reagents and solvents were purchased from commercial suppliers
(Aldrich and Fluka) and were used without purification. The progress of the reactions was
monitored by thin-layer chromatography with F254 silica-gel precoated sheets (Merck
Darmstadt, Germany). Flash chromatography was performed using Merck silica-gel 60 (Si
60, 40-63 μm, 230-400 mesh ASTM). Catalytic hydrogenation was performed using a Parr
3911 Hydrogenation apparatus. Melting points were determined on a Gallenkamp melting
point apparatus and were not corrected. The 1H-NMR and 13C-NMR spectra were recorded
on a Bruker Avance 400 spectrometer (400MHz). Mass spectra were recorded on an
Applied Biosystem API-150 EX system spectrometer with ESI interface. The final
compounds were analyzed on a ThermoQuest (Italia) FlashEA 1112 Elemental Analyzer for
C, H and N. The percentages found were within ± 0.4% of the theoretical values. All the
tested compounds were >95% pure as determined by elemental analysis. Characterization
data, including mp, 1H-NMR and 13C-NMR, MS data, and the results of elemental analysis,
are available as Supporting Information.

With the exception of 2,30 3,50 1230 and 20,51 all the other synthetized compounds are
reported here for the first time.

Pharmacology

Reagents—All culture media and supplements were purchased from Lonza. Recombinant
proteins and antibodies were from R&D systems. Cells were purchased from ECACC.
Leupeptin, aprotinin, NP40, tween20, BSA and salts for solutions were from Applichem;
EDTA and sodium orthovanadate were from Sigma. Human IgG Fc fragment was from
Millipore (AG714).

Cell Cultures—PC3 human prostate adenocarcinoma cells were grown in RPMI-1640
media and supplemented with 7% fetal bovine serum (FBS) and 1% antibiotic solution. PC3
were grown in a humidified atmosphere of 95% air, 5% CO2 at 37°C.

ELISA assays and Ki/IC50 determination—ELISA assays were performed as
previously described.21 Briefly, compounds were stocked as 20 mM solutions in dimethyl
sulfoxide (DMSO) and tested in displacing studies, starting from a concentration of 100 μM.
Ninety-six well ELISA high binding plates (Costar #2592) were incubated overnight at 4 °C
with 100 μL/well of 1 μg/mL EphA2-Fc (R&D 639-A2) diluted in sterile phosphate
buffered saline (PBS, 0.2 g/L KCl, 8.0 g/L NaCl, 0.2KH2PO4, 1.15 g/L Na2HPO4, pH 7.4).
The day after wells were washed with washing buffer (PBS +0.05% tween20, pH 7.5) and
blocked with blocking solution (PBS +0.5% BSA) for 1 h at 37 °C. Compounds were added
to the wells at proper concentration in 1% DMSO and incubated at 37 °C for 1 h.
Biotinylated ephrin-A1-Fc (R&D Systems BT602) was added at 37 °C for 4 hours at its KD
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in displacement assays or in a range from 1 to 2000 ng/ml in saturation studies. The wells
were washed and incubated with 100 μl/well Streptavidin-HRP (Sigma S5512) in blocking
solution (0.05 μg/mL in PBS supplemented with 0.5% BSA, pH 7.4) for 20 minutes at room
temperature, then washed again and incubated at room temperature with 0.1 mg/mL tetra-
methylbenzidine (Sigma T2885) reconstituted in stable peroxide buffer (11.3 g/L citric acid,
9.7 g/L sodium phosphate, pH 5.0) and 0.02% H2O2 (30% m/m in water), added
immediately before use. The reaction was stopped with 3N HCl 100 μL/well and the
absorbance was measured using an ELISA plate reader (Sunrise, TECAN, Switzerland) at
450 nm. IC50 values were determined using one-site competition non-linear regression
analysis with Prism software (GraphPad Software Inc.). During the experiment to determine
selectivity of compounds, all EphAs (R&D Systems SMPK1) and EphBs (R&D Systems
SMPK2) receptors were incubated overnight similarly to EphA2 as previously described;
150 ng/ml biotinylated ephrin-A1-Fc or biotinylated ephrin-B1-Fc (R&D Systems BT473)
was used with EphAs or EphBs, respectively.

Phosphorylation of EphA2 in cells—PC3 cells were seeded in 12-well plates at
concentration of 105 cells/ml, 1 ml/well, in complete medium until they reached ~70%
confluence and serum starved overnight. The day after cells were treated with the
compounds under study, vehicle or standard drug, stimulated with ephrin-A1-Fc, rinsed with
sterile PBS and solubilized in lysis buffer (1% NP-40, 20 mM Tris (pH 8.0), 137 mM NaCl,
10% glycerol, 2 mM EDTA, 1 mM activated sodium orthovanadate, 10 μg/mL Aprotinin, 10
μg/mL Leupeptin). The lysates were resuspended and rocked at 4 °C for 30 minutes and
then centrifuged at 14000 × g for 5 minutes. The protein content of supernatant was
measured with BCA protein assay kit (Thermo scientific) and standardized to 200 μg/mL.

EphA2 phosphorylation was measured in cell lysates using a DuoSet®IC Sandwich ELISA
(R&D Systems, #DYC4056) following the manufacturer’s protocol. Briefly, 96 well ELISA
high binding plates (costar 2592) were incubated overnight at room temperature with 100
μL/well of EphA2 capture antibody diluted in sterile PBS to the proper working
concentration. After blocking, the wells were incubated for 2 h at room temperature with
100 μL/well of lysates, followed by a 2 h incubation at room temperature with the detection
antibody. Receptor phosphorylation was revealed utilizing a standard HRP format with a
colorimetric reaction read at 450 nm.

LDH assay—Cytotoxicity of compound 20 was evaluated with CytoTox 96® Non-
Radioactive Cytotoxicity Assay, following the manufacturer’s protocol (Promega, #1780).
Briefly, cells were seeded in 96-well plates at a density of 105 cells/ml and the day after
treated with compounds or lysis buffer for 2h. After incubation, released LDH in culture
supernatants was measured using a 30-minute coupled enzymatic assay, which results in
conversion of a tetrazolium salt (INT) into a red formazan product. The amount of colour
formed is proportional to the number of lysed cells and quantified by ELISA plate reader
(Sunrise, TECAN, Switzerland) at 492 nm. The results were expressed as the ratio between
absorbance of the cells treated with the compounds and cells treated with lysis buffer.

Retraction assay—The procedure is similar to that reported in references 21 and 22.
Briefly, PC3 cells (4,000 cells per well) were plated in 96-well plates (Greiner Bio One,
Frickenhausen Germany) and grown for 17 hours. The cells were starved for 1 hour in
serum-free RPMI, incubated for 15 min with the compounds or DMSO, and stimulated for
10 min with 0.5 μg / ml ephrin-A1 Fc or Fc as a control. The cells were then fixed for 15
min in 4% formaldehyde in PBS, permeabilized for 3 min in 0.5% Triton X-100 in TBS, and
stained with rhodamine-conjugated phalloidin (Invitrogen). Nuclei were labeled with 4′,6-
diamidino-2-phenylindole (DAPI). Cells were photographed under a fluorescence
microscope, and the number of retracted cells was counted in a blinded manner.
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ABBREVIATIONS USED

ATP adenosine triphosphate

ELISA enzyme linked immunosorbent assay

EDCI N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride

LCA lithocholic acid

Eph erythropoietin-producing hepatocellular carcinoma

MM-GBSA Molecular Mechanics/Generalized Born Surface Area

NMM N-methyl morpholine

PBS phosphate buffered saline

SAR structure–activity relationship

TK tyrosine kinase
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Figure 1.

Low-molecular weight modulators of the Eph receptor family.
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Figure 2.

Lithocholic acid (panel A, blue carbon atoms) and its glyco-conjugate compound 2 (panel B,
green carbon atoms) within the ligand binding domain of EphA2 receptor. Protein carbon
atoms are depicted in black. Secondary structure elements of the EphA2 receptor are colored
in cyan (β-sheets) and in red (α-helices).
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Figure 3.

Compound 2 competitively inhibits EphA2-ephrin-A1 binding. A) compound 2 dose-
dependently displaced binding of ephrin-A1-Fc from immobilized EphA2-Fc. B) binding of
ephrin-A1-Fc to immobilized EphA2-Fc in the presence of different concentrations of
compound 2. C) Dissociation constants (Kd) from the previous experiments were used to
calculate Log (Dose-ratio - 1) and to graph the Schild plot. The pKi value for compound 2
was estimated by the intersection of the interpolated line with the X-axis. D) EphA2-ephrin-
A1 binding in presence of 100 μM compound 2, with or without washing with PBS.
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Figure 4.

π and MR values for selected amino acids.
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Figure 5.

Compound 20 (green carbons) within the ligand binding channel of EphA2 (grey cartoon
representation). The structure of ephrin-A1 ligand is also displayed (red cartoon
representation), as it appears in the X-ray structure of the EphA2-ephrin-A1 complex.34
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Figure 6.

Plot of experimental pIC50 values versus calculated ΔG of binding from MM-GBSA
calculations.
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Figure 7.

Compound 20 dose-dependently displaces the binding of ephrin-A1-Fc and the ephrin-B1-
Fc ectodomains from immobilized EphA-Fc or EphB-Fc ectodomains, respectively. Tested
concentrations: 30 μM (black bar), 10 μM (checkered bar), 3 μM (striped bar), 1 μM (white
bar). IC50 values are means from at least three independent experiments. The error bars
represent standard errors.
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Figure 8.

Relative EphA2 phoshorylation in presence of different concentrations of selected
compounds: 100 μM (black bar), 50 μM (dark gray bar) 25 μM (light gray bar), 12 μM
(striped bar), 6 μM (white bar). EphA2 phosphorylation was induced by treatment of PC3
cells with 0.25 μg/mL-1 ephrin-A1-Fc. Cells were pretreated for 20 minutes with 1% DMSO
or the indicated concentration of compounds and then stimulated for 20 minutes with ephrin-
A1-Fc. Data are reported as a mean ± SEM of at least three independent experiments.
EphA2 phosphorylation in cells treated with ephrin-A1-Fc was arbitrarily assigned a value
of 100, and in cells treated with Fc a value of 0.
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Figure 9.

Plot of pIC50 values obtained in the binding assay with purified EphA2 receptor versus those
measured for EphA2 phosphorylation in PC3 cells.
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Figure 10.

Inhibition of cell-retraction and rounding in PC3 cells by compound 20. A) Dose-response
curve for compound 20 in presence of ephrin-A1-Fc (black bar), or Fc alone (white bar) as a
control. The histogram shows the average percentage of retracting cells ± standard error.
Cells having rounded shape and decreased spreading were scored as retracting. The
percentages of cell retraction under different conditions were compared with those
stimulated with ephrin-A1-Fc + DMSO by one-way ANOVA followed by Dunnett’s post
test. **: p < 0.01. B) Representative pictures of PC3 cells morphology variation. PC3 cells
were pretreated for 15 min with the indicated concentrations of compound 20 (μM) and then
stimulated with 0.5 μg/ml ephrin-A1-Fc or Fc alone as a control for 10 min in presence of
the compound. Cells were stained with rhodamine-phalloidin to label actin filaments (red)
and 4′,6-diamidino-2-phenylindole (DAPI) to label nuclei (blue). DMSO was used as a
control.
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Scheme 1.

Reagents and conditions: i) Acetyl chloride, MeOH, from 0 °C to reflux, overnight; ii)
NMM, EDCI, CH2Cl2, r.t., overnight ; iii) NaOH(aq) 15%, EtOH, r.t. 1 h.
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Scheme 2.

Reagents and conditions: i) Acetyl chloride, MeOH, from 0 °C to reflux, overnight; ii)
NMM, EDCI, CH2Cl2 dry, r.t. overnight; iii) Pd/C 10%, MeOH, H2, 30 psi, 3 h; iv)
NaOH(aq) 15%, EtOH, r.t., 1 h.
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Scheme 3.

Reagents and conditions: i) Boc2O, Na2CO3, 1,4-dioxane, water, r.t., overnight; ii) Cs2CO3,
MeOH, BzBr, DMF, r.t., overnight; iii) TFA, CH2Cl2, r.t., overnight; iv) NMM, EDCI,
CH2Cl2 dry, r.t., overnight; v) Pd/C 10%, MeOH, H2, 30 psi, 3 h.
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Table 1

pIC50 and physicochemical descriptors (π, MR) for amino acid conjugates of LCA

Cpd. X pIC50 ± SEMa π b MRb

1 (LCA) 4.24 ± 0.07 - -

2 4.31 ± 0.09 0 1.03

3 < 3.50 0 1.03

4 4.70 ± 0.20 0.46 5.51

5 4.51 ± 0.09 0.46 5.51

6 4.62 ± 0.05 1.43 14.69

7 4.76 ± 0.11 1.43 14.69

8 4.48 ± 0.03 −0.57 7.14
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Cpd. X pIC50 ± SEMa π b MRb

9 4.22 ± 0.09 −0.57 7.14

10 <3.50 −1.0 13.85

11 <3.50 −1.0 13.85

12 <3.50 −0.29 12.54

13 <3.50 −0.29 12.54

14 4.56 ± 0.10 1.12 22.21

15 4.56 ± 0.12 1.12 22.21
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Cpd. X pIC50 ± SEMa π b MRb

16 5.18 ± 0.12 2.00 30.91

17 5.12 ± 0.07 2.00 30.91

18 4.30 ± 0.16 1.69 32.24

19 4.00 ± 0.11 1.69 32.24

20 5.69 ± 0.12 2.36 41.33

21 4.69 ± 0.03 2.36 41.33

a
Values are means ± standard error of the mean (SEM) from at least three independent experiments.

b
π and MR descriptors for conjugating amino acids of 2-21 were calculated with MOE software.33
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