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Abstract
1
 

The Eph receptor−ephrin system is an emerging target for the development of novel anti-

angiogenic therapies. Research programs aimed at developing small-molecule antagonists of the 

Eph receptors are still in their initial stage as available compounds suffer from pharmacological 

drawbacks, limiting their application in vitro and in vivo. In the present work, we report the 

design, synthesis and evaluation of structure-activity relationships of a class of 
5
-cholenoyl-

amino acid conjugates as Eph-ephrin antagonists. As a major achievement of our exploration, we 

identified N-(3β-hydroxy-Δ
5
-cholen-24-oyl)-L-tryptophan (UniPR1331) as the first small 

molecule antagonist of the Eph-ephrin system effective as an anti-angiogenic agent in endothelial 

cells, bioavailable in mice by the oral route and devoid of biological activity on G protein-

coupled and nuclear receptors targeted by bile acid derivatives. 

 

Keywords 

Protein-protein interaction inhibitors; Eph-ephrin antagonists; EphA2; anti-angiogenic agents; 

oral bioavailability; bile acids 

  

 

 

                                                 

1
Abbreviations  

EphA2, ephrin receptor A2; PPI, protein-protein interaction, HUVEC, human umbilical vein 

endothelial cell; FXR, farnesoid X receptor; TGR5, G protein-coupled bile acid receptor 1; PXR, 

pregnane-X receptor; ELISA, enzyme-linked immunosorbent assay. DMF, di-methyl formamide; 

DIPEA, di-isopropyl ethyl amine; TBTU, (O-(Benzotriazol-1-yl)-N,N,N’,N’-tertamethyluronium 

tetrafluoroborate.  
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1. Introduction 

The erythropoietin-producing hepatocellular carcinoma (Eph) receptors constitute the largest 

family of receptor tyrosine kinases, composed of fourteen receptor subtypes divided in the A 

(EphA1-A8) and B (EphB1-EphB6) classes [1]. Together with their membrane-bound ligands, 

i.e. the ephrins, they represent a key cell-cell communication system essential both for the 

development of the embryos and the renewal of adult tissues [2]. The Eph–ephrin system 

regulates the majority of the morphogenetic processes occurring during the embryonic 

development, whereas in the adult is predominantly involved in the maintenance of cellular 

architecture of various epithelial tissues [3]. Increasing evidence supports the notion that a few 

specific subtypes of Eph receptors, namely EphA2, EphB2 and EphB4, are involved in tumor 

and vascular functions during carcinogenesis [4].
 
In particular, the inhibition of EphA2 receptor 

with monoclonal antibodies [5] or recombinant proteins [6] has been shown to impair tumor 

angiogenesis in animal models, [7] thus blocking the growth of solid tumors (i.e. pancreatic, 

breast and lung cancers), and to reduce the insurgence of peripheral metastasis. Furthermore, the 

EphA2 receptor has been exploited to deliver cytotoxic anticancer drugs into EphA2-expressing 

cancer cells, using peptides selectively targeting the EphA2 receptor [8]. From these premises, 

EphA2 emerges as a promising target for the development of antiangiogenic and antitumorigenic 

therapies [9].  

Early efforts aimed at the discovery of agents targeting the Eph-ephrin system led to the 

identification of peptides of moderate size (i.e. composed by twelve residues) able to bind the 

ephrin-binding pocket of Eph receptors with potencies approaching the nanomolar range, [10] or 

smaller synthetic peptides with micromolar potency [11,12]. Most of these peptides suffer from a 
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significant proteolytic degradation in vivo, albeit chemical modifications allowed to improve 

their metabolic stability in rat plasma [13]. 

In the last years, small molecules able to disrupt the Eph-ephrin complex have been reported in 

the literature [14]. Most of these compounds demonstrated to exert their pharmacological activity 

by targeting the ligand-binding domain of the Eph receptor and thus to act as classical protein-

protein interaction (PPI) inhibitors  [15]. Among them, derivatives of lithocholic acid (compound 

1, Figure 1) were discovered as competitive and reversible antagonists of the EphA2 receptor 

[16], active in prostate cancer [17] and cardiac muscle cells [18] at non-cytotoxic concentration. 

Other small molecules interfering with the Eph-ephrin system reported so far include i) 4-(2,5-

dimethyl-1H-pyrrol-1-yl)-2-hydroxybenzoic acid (also know as CPD-1, Figure 1) which is 

inactive by itself, but able to inhibit EphA2 and EphA4 after exposure to air and light [19]; ii) the 

farnesoid X receptor (FXR) agonist GW4064 [20], targeting EphA2 both in binding and 

functional assays [21]; and iii) the 1-adrenoreceptor antagonist doxazosin, a micromolar binder 

of the EphA2 receptor able to reduce metastasis in mice [22].  

Starting from lithocholic acid (1), we recently prepared a set of conjugates with amino acids 

able to interfere with the EphA2–ephrin-A1 interaction with potency in the micromolar range 

[23]. Two compounds emerged as the most promising EphA2 antagonists: N-(3α-hydroxy-5β-

cholan-24-oyl)-L-tryptophan (UniPR126, compound 2, Figure 1, [23]) and N-(3α-hydroxy-5β-

cholan-24-oyl)-L--homotryptophan (UniPR129, compound 3, Figure 1, [24]). They exhibited 

low micromolar inhibitory activity on EphA2 and were able to suppress angiogenesis in human 

umbilical vein endothelial cells (HUVECs). However, the usefulness of conjugates 2 and 3 as 

Eph-ephrin antagonists has been so far restricted to in vitro investigations, as these compounds 
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suffer from poor physicochemical properties and limited selectivity [25], due to their lithocholic 

acid moiety. 

To search for novel EphA2 antagonists, we recently applied a combined ligand- and structure-

based virtual screening approach on a library of commercially available compounds, to select a 

set of lipophilic carboxylic acids that could serve as bioisostere analogues of lithocholic acid 

[26]. Among the selected compounds, the 3-hydroxy-5
-cholenic acid 4 was identified as a 

micromolar inhibitor of the EphA2-ephrin-A1 interaction with a pIC50 of 4.40. While compound 

4 was only barely more active than 1 (pIC50 = 4.25), it did not activate most of the physiological 

targets of 1, such as the nuclear receptors FXR and the pregnane X receptor (PXR) [27].  

Please insert Figure 1 here 

Despite the similar activity on EphA2 and the high 2-D similarity of lithocholic acid 1 and -

hydroxy-5
-cholenic acid 4, these two compounds significantly differ in the shape of their rigid 

core (Figure 2). Compound 1 possesses a bent shape due to a cis-junction connecting ring A and 

B (steroidal nomenclature), while 5
-cholenic acid 4 has an extended cholesterol-like structure 

arising from the sp
2
 hybridization of the C5 and C6 carbon atoms. 

Please insert Figure 2 here 

We also evaluated whether 1 and 4 could adopt a similar binding mode within the EphA2 

receptor by means of docking simulations [26]. These studies suggested that these two 

compounds, while being able to mimic the G-H loop of ephrin-A1 (i.e. the natural agonist of 

EphA2), occupy different regions of the EphA2 receptor (Figure 3). Specifically, the A ring of 1 

points toward Phe156, whereas that of compound 4 interacts with Ile58 on -strand D. On the 

other hand, the carboxylate group of both antagonists is able to engage a salt bridge with Arg103 
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of EphA2, suggesting that the SAR profile previously collected for amino acid-conjugates of 

lithocholic acid should be transferable to 5
-cholenic acid derivatives.  

Please insert Figure 3 here 

The modeled binding mode thus suggests that it would be possible to identify effective EphA2 

antagonists by conjugating the carboxylic acid of -hydroxy-5
-cholenic acid with a panel of 

various amino acids. Moving from these premises, we report here the design, synthesis and 

pharmacological characterization of a series of amino acid conjugates of 4. The synthesized 

compounds were examined for their ability to i) prevent binding of biotinilated-ephrin-A1 to 

EphA2 receptor, ii) inhibit EphA2 phosphorylation in prostate cancer cells, iii) block 

angiogenesis in HUVE cells, and iv) interact with known off-targets of bile acid-derived 

compounds. 

2. Chemistry 

Conjugates 5-17 and 19-21 were prepared condensing the carboxylic acid group of the 

commercially available 3-hydroxy-5
-cholenic acid 4 to the amino group of various natural and 

unnatural amino acids by means of activation with an uronium-salt-based condensing agent (O-

(benzotriazol-1-yl)-N,N,N’,N’-tertamethyluronium tetrafluoroborate, TBTU), as depicted in 

Scheme 1[28]. This procedure allows the chemoselective coupling of various amino acids 

without the need for protecting groups, provided that a one-pot, two-step sequence is adopted. 

By exposure of a chilled solution of cholenic acid 4 in DMF to strictly one equivalent of TBTU, 

the activated O-benzotriazol-1-yl-ester i is formed. Without isolation of i, direct addition of the 

amino acid produces the conjugates 5-17, and 19-21 in good yield, after brief aqueous work-up 

and silica gel column chromatography (see Supplementary data for details). Compound 18 was 

obtained by direct condensation of cholenic acid 4 with L-Trp methyl-ester hydrochloride, while 



 7 

20 was derived from 10 by acetylation of the 3--hydroxyl group with excess acetic anhydride in 

pyridine.  

Please Insert Scheme 1 here 

3. Results and Discussion 

3.1 Antagonism at the EphA2-ephrinA1 system and structure-activity relationships of 3-

hydroxy-5
-cholenoyl amino acids. 

The synthesized compounds 5-21 were evaluated for their ability to disrupt the binding of 

biotinilated-ephrin-A1 to the EphA2 receptor, using a previously validated ELISA binding 

protocol [17]. The pIC50 values for the newly synthesized compounds are reported in Table 1, 

together with the corresponding standard error of the mean (SEM). 

Please Insert Table 1 here 

We began our structure-activity relationship (SAR) investigation by testing compounds 

5-9 in which the 3-hydroxy-5
-cholenic acid nucleus was connected to -amino acids of small 

(glycine, L-serine) or larger (L-methionine, L-phenylalanine, L-O-phenylserine) size. 

Unexpectedly, most of these compounds resulted inactive or weakly active at preventing the 

binding of ephrin-A1 to EphA2 receptor, regardless of their lipophilicity. Only the L-O-

phenylserine derivative 9 retained an acceptable inhibitory activity displaying a pIC50 close to 

that of cholenic acid 4. A noteworthy improvement in the potency was obtained conjugating 4 

with L-tryptophan. The resulting N-(3β-hydroxy-Δ
5
-cholen-24-oyl)-L-tryptophan (UniPR1331, 

10) was indeed ten times more potent than the parent compound 4 as it displayed a pIC50 of 5.45. 

Furthermore, the inhibitory potency of 10 was comparable to that of the analogue conjugate of 

lithocholic acid (i.e. compound 2, Figure 1, pIC50 = 5.69 [23]) corroborating the notion that 3-

hydroxy-5
-cholenic acid is an effective bioisostere of lithocholic acid. 
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We next evaluated whether the improvement in the potency of 10 had to be ascribed to an 

unspecific increase in lipophilicity or to the formation of specific interactions within the EphA2 

binding site. We thus prepared the D-Trp conjugate 11 and tested it in the ELISA assay. 11 

resulted a weak inhibitor, displaying a detectable activity only at concentrations equal to or 

higher than 100 M, indicating that the indole nucleus of the L-tryptophan moiety is involved in 

specific interactions with the EphA2 receptor and can represent a starting point for a further SAR 

exploration. At first, we investigated if the indole N-H group could establish polar interactions 

with EphA2. This proved not to be the case, as replacement of the hydrogen atom with a methyl 

group (compound 12), did not affect the inhibitory potency (pIC50 = 5.30). This hypothesis was 

further corroborated by the -L-naphtylalanine conjugate 13, which possesses a pIC50 value of 

5.39, very close to that of compounds 10 and 12. Altogether, these data suggest that the increase 

in the pIC50 value of 10, 12 and 13 compared to that of the parent compound 4 could be ascribed 

to their aromatic bicyclic nuclei, undertaking additional steric or electrostatic interactions within 

the EphA2 receptor. We then focused our attention on the indole ring of 10, inserting in position 

5 a balanced set of substituents featured by different electronic and steric properties (Figure S1, 

supplementary data). Neither electron-withdrawing halogen groups (-F, 14 and -Br, 15) nor 

electron-donating groups (-OH, 16 and -OCH3, 17) led to an increment in the inhibitory activity. 

Additionally, regardless of their electronic properties, only small substituents (-F, -OH) were 

tolerated. Conversely, the introduction in position 5 of bulkier substituents (-Br, -OCH3) led to 

weaker inhibitors. This suggests that position 5 of the indole ring of L-Trp in compound 10 lies 

close to the EphA2 binding surface where only limited room is available to accommodate bulky 

substituents.  
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Finally, we investigated the role of the two terminal groups of 10 by modifying the 

carboxylic acid group of the tryptophan moiety and the 3-hydroxyl group of the steroidal 

nucleus. While methyl-ester 18 was inactive, compound 19, the L-homo-Trp conjugate of 4 

showed a pIC50 of 5.37, close to that of 10, confirming the importance of a free carboxyl group. 

The 3-hydroxyl substituent turned out to be an important structural element affecting the 

potency of these compounds, as the O-acetyl derivate 20 was thirty times less potent than the 

parent compound 10.  

We looked for a plausible binding mode for compound 10 by means of docking simulations 

with Glide software (see experimental section) employing the crystallographic coordinates of the 

EphA2 receptor in complex with its physiological ephrin-A1 ligand [29]. The top-ranked 

docking solution of compound 10 within EphA2 (pose A, GScore = -5.9 kcal/mol) is reported in 

Figure 4A. In this molecular model, compound 10 well fits the EphA2 binding channel, with its 

carboxylate group forming a salt bridge with Arg103 and the 3-hydroxyl group undertaking H-

bonds with Arg159 and Ile58. The accommodation of the L-Trp portion of 10 is consistent with 

the SAR data described above, as the benzene ring of the indole core interacts with Phe108 and 

Met73 while orienting its position 5 close to the EphA2 binding surface. Docking analysis 

identified an alternative binding mode for compound 10, (pose B, GScore = -5.5 kcal/mol, Figure 

4B) featured by a slightly worse docking score, but still consistent with the data reported in 

Table 1. This alternative pose B simply differs from the previous one for the accommodation of 

the indole ring, as the X1  dihedral angle of the L-Trp moiety is about -180 °, compared to the X1 

of -60 ° assumed in pose A (Figure 4).  

Please insert Figure 4 here 
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To discriminate between the two possible orientations of the L-Trp side chain, we synthesized 

a conformationally constrained analogue of 10 by means of the Pictet-Spengler reaction [30], 

where the L-Trp moiety is forced to assume a X1 value of -60 ° by means of a methylene group 

connecting position 2 of the indole nucleus to the -nitrogen of the amino acid (Figure 5). The 

inhibitory potency of the resulting compound 21 (pIC50 = 5.20) closely matched that of 10, 

supporting docking pose A as the putative binding mode for 3-hydroxy-5
-cholenoyl L-Trp 

conjugates. 

Please insert Figure 5 here 

3.2 Pharmacological characterization of selected 3-hydroxy-5
-cholenoyl L-Trp conjugates. 

To calculate the inhibitory constant (Ki) for the two most promising antagonists here 

identified, we built saturation curves (Figure 6) relative to the ephrin-A1 binding to EphA2 in the 

presence of increasing concentrations of compound 10 (Figura 6A) or 16 (Figura 6C). For both 

compounds the curves appear to be surmountable and the Schild analysis [31] suggests that 10 

(Figure 6B) and 16 (Figure 6D) act as competitive antagonists of the EphA2-ephrin-A1 system. 

The Ki values for 10 and 16 of 1.4 and 2.4 M, respectively, are consistent with the pIC50 values 

reported in Table 1.  

Please insert Figure 6 here 

Further characterization of the binding properties of 10 was obtained using Surface Plasmon 

Resonance (SPR) technology [32]. The SPR analysis shows that 10 binds to the immobilized 

EphA2 receptor in a concentration-dependent manner (Figure S2, supplementary data).  The 

value of the steady-state affinity constant (KD) of 3.3 M, is consistent with the inhibitory 

constant obtained from the Schild analysis, suggesting that the ability of 10 to disrupt the 

EphA2-ephrin-A1 complex originates from a specific targeting of the EphA2 receptor. 
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3.3 Effects of selected 3-hydroxy-5
-cholenoyl L-Trp conjugates on EphA2 phosphorylation 

To evaluate the biological properties of compounds 10 and 16 on the Eph-ephrin system, we 

performed phosphorylation studies in human prostate adenocarcinoma cells (PC3 line), which 

naturally express high levels of the EphA2 receptor [33] These two compounds did not stimulate 

EphA2 phosphorylation (activation) on their own (data not shown), rather they inhibited EphA2 

activation induced by ephrin-A1 in a concentration-dependent manner and with IC50 values of 

9.3 µM and 13.9 M for 10 and 16 respectively (Figure 7). Crucially, compound concentrations 

which inhibited EphA2 phosphorylation were not cytotoxic on PC3 cells, confirming that the 

observed reduction in the phosphorylation levels was not due to a condition of cellular stress 

(Figure S3, supplementary data). 

Please Insert Figure 7 here 

We verified whether the ability of 10 to block EphA2 phosphorylation in cells was due to a 

direct interaction with its intracellular kinase domain. The catalytic activity of a recombinant 

EphA2 kinase domain was monitored in presence of increasing concentrations of compound 10. 

Evidence that compound 10 duly acts as genuine PPI inhibitor in intact cells came from the 

observation that it did not affect the enzyme activity up to 30 M (Figure 8). Conversely, the pan 

kinase inhibitor dasatinib, used as positive control for EphA2 inhibition [34], completely 

abolished EphA2 activity at 1 M concentration. 

Please Insert Figure 8 here 

3.4 Effects of compound 10 on angiogenesis 

As the EphA2 receptor (along with EphB4) stimulates the formation of new vessels by 

endothelial cells [35], we evaluated if compound 10 was indeed able to interfere with angiogenic 

processes in vitro. We used a standard assay based on the differentiation of endothelial cells and 
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the formation of tube-like structures on an extracellular matrix, i.e. Matrigel [36]. When 

HUVECs were incubated on Matrigel with compound 10, we observed a dramatic reduction in 

the number of newly formed tubes compared to the control (Figure 9).  

A quantitative analysis demonstrated that compound 10 was able to reduce the formation of 

new tubes in a concentration-dependent manner, with an IC50 value of 2.9M, close to that of 

the reference Eph-ephrin antagonist 3 [24].
 
 

 Please Insert Figure 9 here 

3.5 Selectivity profile of compound 10 

We then set to examine the ability of 10 to inhibit the binding of ephrin-A1−Fc to EphA1-

EphA8 receptors and the binding of ephrin-B1−Fc to EphB1-EphB6 receptors. Similarly to the 

other antagonists of the Eph-ephrin system (i.e. compounds 2 and 3 reported in Figure 1) [23,24], 

10 was able to inhibit ephrin binding to all members of the Eph receptor family with comparable 

inhibitory potency (Figure 10). Considering the promiscuity of the Eph receptors in recognizing 

ephrin ligands, it is likely that the L-Trp derivative 10 binds to the conserved, high affinity region 

present in all the ligand-binding domain of the Eph receptors [37]. Relevant to this point, tumor 

progression is often a highly redundant process in which multiple receptors and signaling 

pathways contribute to an uncontrolled proliferation of cancer cells. As several ephrins and Eph 

receptor subtypes are co-expressed and biologically active in different solid tumors [38,39], the 

ability of 10 to block different Eph receptors might be exploited for the design and development 

of multi-target Eph receptor antagonists featured by a significant anti-tumor efficacy in vivo. 

Please Insert Figure 10 here 

As anticipated, an additional selectivity issue of 10 is related to the presence of the steroidal 

nucleus. We sought to observe the potential interactions of 10 with privileged targets of steroidal 
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derivatives, such as the G protein-coupled bile acid receptor 1 (GPBAR1, TGR5 [40]), a critical 

protein involved in glucose homeostasis [41], and the pregnane X receptor (PXR), which 

controls the expression of liver cytochromes [42]. The cholenoyl-L-Trp derivative 10 did not 

activate TGR5 up to 30 M, while the reference lithocholic acid derivative 3 was a rather potent 

agonist of this GPCR, showing a half maximal effective concentration (EC50) value of 4.0 M 

(Figure S4, supplementary data). Likewise, 10 did not activate PXR up at 10 M, while 

compound 3 had a small, but significant activating effect (30 ± 5%) on this receptor at the same 

concentration.  

3.6 In vitro and in vivo pharmacokinetic (PK) properties of compound 10 

We finally wondered if compound 10 was featured by higher systemic exposure in mice 

compared to Eph-ephrin antagonists derived from lithocholic acid i.e. compound 3 (UniPR129). 

After a single administration (30 mg/kg, os), the Cmax of compound 10 at 30 min was 1.4 M, 

one hundred times higher than the value observed for 3 (Cmax = 0.014 M) when administered at 

the same dose (Figure 11). Additionally, the area under the curve (AUC0-t), a measure of 

systemic exposure to the compound, was equal to 573.1 ng/mL·h for 10, significantly greater 

than that shown by compound 3 (AUC0-t = 21.2 ng/mL·h).  

Please Insert Figure 11 here 

The significant difference in the systemic exposure between 10 and 3 prompted us to 

investigate if 10 was less prone than 3 to liver or plasmatic metabolism. We thus evaluated in 

vitro the metabolic stability of 10 and 3 by following their disappearance when incubated in 

murine plasma or liver S9 fraction. In both assays compounds 10 and 3 showed a similar stability 

(Table 2). In plasma, more than 95% of both compounds was recovered after 24 h of incubation 

indicating that the amide linkage of 3 and 10 was not significantly attacked by plasmatic 
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hydrolytic enzymes. In mouse liver S9 fraction, one of the available model to investigate 

oxidative metabolism of xenobiotics [43] compounds 3 and 10 were recovered unmodified at a 

similar extent after 1 h of incubation, with percentage of remaining compound of 56 ± 5 for 3 

and 70 ± 7 for 10.  

We thus looked at some of the physicochemical properties that may affect the oral 

absorption of a given compound. We thus measured the lipophilicity (i.e. the distribution 

coefficient in n-octanol/buffer at pH 7.4) and the kinetic solubility of compounds 3 and 10. As 

indicated in table 2, the cholenoyl derivative 10 resulted significantly less lipophilic than and as 

soluble as the lithocholic acid derivative 3. We thus speculate that the higher oral bioavailability 

of 10 with respect to that of 3 might be due to a more favorable absorption phase helped by a 

lower log D value.  

Please Insert Table 2 here 

4. Conclusions 

Two decades after its discovery, it is now widely accepted that the Eph–ephrin system has a 

pivotal function in tumor vascularization and carcinogenesis. In particular, the EphA2 and 

EphB4 receptors are currently being explored as potential targets for the development of anti-

cancer therapies, with ongoing clinical trials based on the use of siRNA (EphA2, [44]) 

recombinant protein (EphB4, [45]) or pan-kinase inhibitor (i.e. with the XL647 compound 

targeting the kinase domain of EphB4, EGFR, and VEGFR2 [46]). On the other hand, drug 

discovery programs aimed at developing small molecule antagonists of the Eph-ephrin 

interaction are still in their infancy. Moreover, available antagonists of the Eph receptors suffer 

from severe chemical or pharmacological issues, which limit their use in animal models [47]. 

The most potent non-peptidic Eph antagonist reported so far (i.e. compound 3), despite featuring 
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a promising in vitro profile [24], failed to reach plasmatic concentrations suitable for in vivo 

experiments by oral route. In the present study we identified the N-(3-hydroxy-
5
-cholen-24-

oyl)-L-tryptophan 10 (UniPR1331) as a novel, promising Eph-ephrin antagonist with a more 

favorable PK profile than 3. Compound 10 disrupts EphA2-ephrin-A1 interaction in the low 

micromolar range and blocks in vitro angiogenesis at concentrations consistent with its binding 

affinity. Compound 10 overcomes specific key limitations of the lithocholic-based compound 3 

being orally bioavailable in mice and devoid of interactions with off-targets relevant for 

compound 3. We believe that 10 can represent a useful tool to evaluate the potential of 

pharmacological therapy based on small-molecule Eph receptor antagonists, and a starting point 

for the development of a new generation of orally available antagonists of the Eph-ephrin 

system. 

 

 

5. Experimental Section 

5.1 Molecular modeling  

5.1.1 Protein preparation 

The crystal structure of the EphA2 receptor−ephrin-A1 complex (PDB ID: 3HEI [29]) was 

prepared for docking calculations with the Protein Preparation Wizard Tool [48], which added 

missing hydrogens and optimized the overall hydrogen bond network by adjusting the 

protonation state of aspartate, glutamate, lysine and histidine residues as well as the orientation 

of side chains of polar amino acids and of water molecules. The resulting all-atom structure was 

then submitted to a restrained minimization procedure with the OPLS 2005 force field [49] to a 
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root-mean-square deviation of 0.3 Å calculated on heavy atoms. Prior to docking simulations, the 

ephrin-A1 ligand and all the water molecules were removed. 

5.1.2 Docking simulations 

Docking sudies were built with Glide 6.1 [50]. Docking grids were centered in the hydrophobic 

channel of the EphA2 receptor accommodating the so-called “G-H loop” of ephrin-A1, which is 

delimited by Met66, Arg103, Phe108, Phe156 and Arg159. Dimensions of enclosing and 

bounding boxes were set to 32 and 10 Å on each side, respectively, and van der Waals radii of 

protein atoms were not scaled during grid generation. The three-dimensional structure of 

compounds 10 and 21 were initially built in Maestro 9.6 [51] and then energy-minimized with 

MacroModel 10.2 [52] applying the OPLS 2005 force field to an energy gradient of 0.05 kJ 

/(mol Å). Docking simulations were performed with Glide 6.1 in Standard Precision mode, 

imposing a hydrogen bond constraint on the protonated side chain of Arg103. Twenty poses 

were collected for each compound and subsequently ranked according to their GScore value. 

5.2 Chemistry 

 General information and details for each synthesized compound are given in the 

Supplementary data. The final compounds 5-21 were characterized by 
1
H- and 

13
C- NMR 

analysis as well as by MS. The purity of each compound was assessed by HPLC/MS analysis 

and shown to be 95% or higher. 
1
H- and 

13
C- NMR spectra are also provided in the 

Supplementary data section. The preparation of each compound has been carried out using the 

same general procedure, explanatory for compound 10 (N-(3-hydroxy-
5
-cholen-24-oyl)-L-

tryptophan). To a stirred solution of cholenic acid (183.1 mg, 0.489 mmol) in DMF (5.0 mL) at 0 

°C, DIPEA (N,N-diisopropyl-N-ethylamine, 200 L, 1.15 mmol) is added. To the obtained 

suspension, TBTU (O-(benzotriazol-1-yl)-N,N,N,N,-tetramethyluronium tetrafluoroborate, 
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195.2 mg, 0.515 mmol) is added, and the mixture is stirred at 0 °C for additional 25 minutes, 

when a perfectly clear solution appears. L-Trp (100.9 mg, 0.494 mmol) is then added and the 

mixture is allowed reaching room temperature while stirring for a total of 16 h. The mixture is 

poured over AcOEt (50 mL) and extracted with 2% v/v aqueous H2SO4 (50 mL). The aqueous 

layer is discarded, and the organic layer is washed with half-saturated brine and then brine. The 

organic phase is dried over Na2SO4 and evaporated under reduced pressure. The crude material 

thus obtained is purified by silica gel column chromatography eluting at first with a 5% solution 

of methanol in dichloromethane, then with a mixture of DCM:MeOH:AcOH = 95:5:0.5 v/v/v to 

furnish 10 (215.5 mg, 79%) as a white amorphous solid. Rt HPLC (C18 150x4.6 mm, 5 m, 

1mL/min, =254 nm, A:B = 7:3 (A: MeOH + 0.1% v/v HCOOH; B: H2O + 0.1% HCOOH v/v): 

11.95 min.; m.p.: 204 - 207 °C (dec.); 
1
H-NMR (CDCl3/CD3OD = 1:1, 400 MHz) : 7.53 (d, 1H, 

J = 7.9 Hz), 7.33 (d, 1H, J = 8.1 Hz), 7.09 (dt, 1H, J = 0.9, 8.1 Hz), 7.04 (s, 1H), 7.01 (dt, 1H, J 

= 0.9, 7.9 Hz), 5.31 (d, 1H, J = 4.8 Hz), 3.45-3.38 (m, 1H), 3.37-3.33 (m, 1H), 3.21 (dd, 1H, J = 

6.8, 14.8 Hz), 2.26-2.13 (m, 3H), 2.06-1.90 (m, 3H), 1.85-1.60 (m, 4H), 1.57-1.27 (m, 8H), 1.25-

1.01 (m, 6H), 0.98 (s, 3H), 0.86 (d, 3H, J = 6.5 Hz) 0.63 (s, 3H); 
13

C-NMR (CDCl3/CD3OD = 

1:1, 100 MHz) d: 175.8, 175.0, 141.7, 137.4, 128.5, 124.1, 122.2, 119.7, 119.0, 112.1, 110.3, 

72.0, 57.6, 56.6, 54.1, 51.1, 43.1, 42.6, 40.6, 38.1, 37.3, 36.3, 33.8, 32.8, 32.7, 32.5, 31.9, 28.8, 

28.1, 25.0, 21.8, 19.9, 18.8, 12.3; MS-ESI, calc. for C35H48N2O4: 560.36, found: 561.6 [M+H
+
]. 

5.3 Pharmacology.  

All culture media and supplements were purchased from Euroclone (Milan, Italy). 

Recombinant proteins and antibodies were from R&D systems. Cells were purchased from 

ECACC (Porton Down, UK). Leupeptin, aprotinin, NP40, MTT, tween20, BSA and salts for 

solutions were from Applichem (Darmstadt, Germany); analytical grade extraction solvents, bile 
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acids, EDTA and sodium orthovanadate were from Sigma (St. Louis, MO, USA).  Mouse plasma 

was obtained from male mice (Charles River Laboratories, Milan, Italy). Animals were housed, 

handled, and cared accordingly to the European Community Council Directive 2010/63/UE, in 

Italian regulations (DL 26/2014) and with local ethical committee guidelines for animal research. 

Pooled plasma was obtained by cardiac puncture, collected into heparinized tubes, centrifuged 

(1,900 g, 4 °C, 10 min) and stored at –70 °C until use. Mouse liver S9 fractions were obtained 

from the same mice, transcardially perfused with 20 mL ice-cold KCl 0.15 M. Livers were 

removed, weighted, sliced into small pieces, and homogenized on ice with an ice-cold 

phosphate-buffered saline (PBS) solution (0.01 M, pH 7.4, 20% w/v). The S9 fraction was 

obtained by centrifugation (9000 g, 4 °C, 30 min) and stored at –70 °C until use. Protein content 

was quantified by the colorimetric Bicinchoninic Acid assay (Pierce, Rockford, IL, USA), 

employing bovine serum albumin (BSA) as standard. 

5.3.1 ELISA assays and Ki/IC50 determination on EphA2 

ELISA assays were performed as previously described [24]. 96-well ELISA high binding 

plates (Costar #2592) were incubated overnight at 4 °C with 100 µL/well of 1 µg mL
-1

 EphA2-

Fc (R&D 639-A2) diluted in sterile phosphate buffered saline (PBS, 0.2 g L
-1

 KCl, 8.0 g L
-1

 

NaCl, 0.2 g L
-1

 KH2PO4, 1.15 g L
-1

 Na2HPO4, pH 7.4). Next day the wells were washed with 

washing buffer  (PBS + 0.05% tween20, pH 7.5) and blocked with blocking solution (PBS + 

0.5% BSA) for 1 hour 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 h at its KD value in displacement assays or in a range from 1 to 2000 ng 

mL
-1

 in saturation studies. Then wells were washed and incubated with 100 µL/well 

Streptavidin-HRP (Sigma S5512) for 20 minutes at room temperature, washed again and finally 
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incubated at room temperature with 0.1 mg mL
-1

 tetramethylbenzidine (Sigma T2885) 

reconstituted in stable peroxide buffer (11.3 g L
-1

 citric acid, 9.7 g L
-1

 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.). Ki 

were calculated using Schild analysis. To assess the selectivity of compound 10, all EphA (R&D 

Systems SMPK1) and EphB (R&D Systems SMPK2) receptors were incubated overnight 

similarly to EphA2 as previously described; biotinylated ephrin-A1-Fc or biotinylated ephrin-

B1-Fc (R&D Systems BT473) at their KD values were used towards EphAs or EphBs, 

respectively.  

5.3.2 Phosphorylation of EphA2 in PC3 cells  

EphA2 phosphorylation was measured in cell lysates using DuoSet® IC Sandwich ELISA 

(R&D Systems DYC4065) following manufacturer’s protocol. Briefly, 96-well ELISA high 

binding plates (costar 2592) were incubated overnight with 100µL/well of the specific capture 

antibody diluted in sterile PBS at the proper working concentrations. Next day the wells were 

washed and blocked for 1 hour and 100 µL/well of lysates were added for 2 hours. Then, wells 

were incubated with the specific detection antibody and the phosphorylation level was revealed 

utilizing a standard HRP format and tetra-methylbenzidine through a colorimetric reaction read 

at 450 nm. Each step was performed at room temperature and followed by washing each well. 

5.3.3 Phosphorylation of the EphA2 kinase domain 

The kinase activity of the EphA2 kinase domain (Millipore, 14-560) was evaluated with the 

EphA2 kinase assay/inhibitor assay kit from Abnova (KA0061). This screening kit uses a 
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horseradish peroxidase coupled anti-phosphotyrosine monoclonal antibody as a reporter 

molecule in a 96-wells ELISA format.  The manufacturer instructions were followed to perform 

the assay (http://www.abnova.com/protocol_pdf/KA0061.pdf).  

5.3.4 In vitro angiogenesis  

Twenty-four well tissue culture plates were coated with BD Matrigel (80 μL/well) and 

incubated for 30 minutes at 37° C in order to form a thin layer of gel on the bottom of the wells. 

HUVEC were treated with compound 10 (or DMSO as control) and 3.2x105 cells/well were 

seeded on Matrigel. After 15 hours of incubation the cells were fixed with 3.7% formaldehyde 

for 15 minutes at room temperature. Photographs were taken through a digital camera mounted 

on a microscope and the number of polygons formed was counted. Data were normalized to 

control (100%). 

5.4 Pharmacokinetic studies 

5.4.1 Single Dose Pharmacokinetic Study in Mice.  

Compounds 10 and 3 were formulated in 0.5% methylcellulose (10/90 v/v) for the oral 

administration. Test compounds were orally dosed as a single esophageal gavage at 30 mg/kg to 

male mice. Each group consisted of three mice. Blood samples were collected via tail puncture at 

6-8 time points in the following range: 5 min−6 h (oral route). Whole blood samples were 

centrifuged at 5000 rpm for 10 min, and the resulting plasma samples were stored at −20 °C 

pending analysis. Compounds 10 and 3 were dosed in mouse plasma by HPLC-ESI-MS/MS 

employing a Thermo Accela UHPLC gradient system coupled to a Thermo TSQ Quantum 

Access Max triple quadrupole mass spectrometer (Thermo Italia, Milan, Italy) equipped with a 

heated electrospray ionization (H-ESI) ion source. (see Supplementary data for details on the 

http://www.abnova.com/protocol_pdf/KA0061.pdf
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HPLC-ESI-MS/MS method) Xcalibur 2.1 software (Thermo Italia, Milan, Italy) was used for 

sample injection, peaks integration, and plasma level quantification.  

5.4.2 Solubility Measurements.  

Stock solutions (5 mM) of each compound were freshly prepared in DMSO. In a 96-well plate, 

a 2 mL aliquot of DMSO stock solution was added to 198 mL of 0.9% w/v NaCl solution. Plates 

were left into agitation (300 rpm) for 2 h at 25 °C. At the end of the incubation period, samples 

were centrifuged (16000 g, 10 min, 20 °C) and the supernatant was diluted with an equal volume 

of methanol containing the Internal Standard 2 and injected in the HPLC-ESI-MS/MS system. 

The dissolved concentration was quantified by means of calibration curves built by serial 

dilution of stock solutions in MeOH.  

5.4.3 LogDoct, 7.4 Measurements. 

Distribution coefficients (D) at physiological pH were measured by the shake-flask method at 

room temperature (21.0 ± 0.5 °C), employing the biphasic solvent system n-octanol/50 mM 

MOPS buffer pH 7.4, 0.15M KCl ionic strength, mutually saturated by overnight stirring. A 

weighed amount of compound was dissolved in water-saturated n-octanol, buffer was added and 

the sample was stirred for 4 h to reach partition equilibrium. Partition phases were centrifuged 

(9000 g, 10 min, 20 °C), separated, diluted with methanol and dosed in HPLC-ESI-MS/MS.  

5.4.4 Metabolic stability assays.  

They were carried out as previously described [53]. Briefly, stock solutions of 10 and 3 were 

prepared in DMSO immediately before use. Pooled plasma (400 L) was incubated with 10 mM 

Phosphate Buffered Saline (PBS) pH 7.4 (95 L) and 5 L of compound stock solution in 

DMSO (final DMSO concentration: 1%; final compound concentration: 1 M). In liver S9 

fraction stability assays, aliquots (50 mL) of liver S9 fraction were quickly thawed and incubated 
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(5 min, 37 °C) with the NADPH-generating system (2 mM NADP
+
, 10 mM glucose-6-

phosphate, 0.4 U mL
-1

 glucose-6-phosphate dehydrogenase, 5 mM MgCl2) in PBS pH 7.4. At the 

end of the incubation period, compound stock solution (5 L, 100 M) in DMSO was added 

(final DMSO concentration in samples: 1%; final compound concentration: 1 M). At fixed time 

points, aliquots (50 L) were withdrawn, added with two volumes of CH3CN containing the 

Internal Standard 2 centrifuged at 16000 g for 5 min at 4 °C, and analyzed by HPLC-ESI-

MS/MS. The instrument responses (i.e., peak area ratios of test compound vs. internal standard) 

were referred to the zero time-point samples (considered as 100%) in order to determine the 

percentage of compound remaining.  
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Experimental details and spectra (synthesis, 
1
H and 

13
C NMR data, biological assays) are 
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Figure captions 

Figure 1. Chemical structures of selected antagonists of the Eph-ephrin system.  

Figure 2. Superposition of 3-hydroxy-5
-cholenic acid 4 (green carbon atoms) on lithocholic 

acid 1 (cyan carbon atoms) in their minimum energy conformation. 

Figure 3. 3-hydroxy-5
-cholenic acid 4 (green carbon atoms) and lithocholic acid 1 (cyan 

carbon atoms) in their docked conformation within the EphA2 receptor (white ribbons and white 

carbon atoms). The G-H loop of crystallized ephrin-A1 is depicted in red. 

Figure 4. Docking conformations of compound 10 (green carbons) within the binding site of 

EphA2 (white cartoons). Panel A, top-ranked pose, with a X1   dihedral angle of -60 ° for 

compound 10. Panel B,  alternative pose for 10, with a X1  of -180 °. 

Figure 5. Top-ranked docking pose for 21 (orange carbons) within the binding site of EphA2 

(white cartoons). In this pose, the L-Trp moiety of 21 assumes a X1value of -60 ° due to presence 

of methylene group connecting position 2 of the indole and the -nitrogen of the amino acid. 

Compound 10 (shaded green carbon atoms) is reported for comparison in its docking pose A.  

Figure 6. Binding of biotinylated ephrin-A1 to immobilized EphA2−Fc in the presence of 

different concentrations of compound 10 (A, B) or 16 (C, D). Dissociation constants (KD) from 

the previous experiments were used to calculate Log (dose-ratio − 1) and to graph the Schild 

plot. The pKi values were estimated by the intersection of the interpolated line with the X-axis.  

Figure 7. Compound 10 or 16 blocks EphA2 activation induced by ephrin-A1 in PC3 cells. Cells 

were pretreated for 20 min with 1% D SO, or the indicated concentrations (μ ) of compounds, 

and then stimulated for 20 min with ephrin-A1-Fc (0.25 g/ml). Phospho-EphA2 levels are 

relative to ephrin-A1-Fc + DMSO. Data are the means of three independent experiments ± SEM. 

*P < 0.05, **P < 0.01. Dasatinib (1 μ ) was used as control for EphA2 inhibition in PC3 cells. 
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Figure 8. Compound 10 (30 M) does not inhibit enzymatic activity of the recombinant EphA2 

kinase domain while Dasatinib (1 M) fully abolish its activity. The activity of EphA2 was 

evaluated with an ELISA assay kit, incubating EphA2 with the indicated compound for 30 min. 

Figure 9. Compound 10 inhibits in vitro angiogenesis in HUVECs. HUVECs seeded on Matrigel 

were treated with compound 10, and images were taken 15 h later. The number of polygons is 

relative to 1% DMSO, which was used as the control. The histogram shows the means of at least 

three independent experiments ± SEM. One-way ANOVA followed by Tu ey’s post-test was 

performed to compare the 1% DMSO control to all other conditions. *P < 0.05, **P < 0.01. 

Figure 10. Compound 10 is a pan-Eph receptor antagonist. Compound 10 dose-dependently 

inhibits binding of biotinylated ephrin-A1-Fc or ephrin-B1-Fc to EphA or EphB receptor 

ectodomains, respectively. Data are the means of at least three independent experiments ± SEM. 

IC50 values are indicated at the bottom. 

Figure 11. Plasma profiles of compounds 10 (blue circles) and 3 (black squares). Plasma 

concentrations (M) of the compounds over 150 minute time course after a single administration 

in male mice (30 mg/kg, os) are reported as obtained from HPLC/MS analysis.  Data are the 

means of at least three independent experiments ± SEM. 

Scheme 1. Reagents and conditions: a) DIPEA 2.2 eq, TBTU 1.0 eq, anh. DMF, 0 °C, 30 min; b) 

H2N-CHR-COOH (L-homo-Trp for 19), 0 °C to rt, 16 h; c) L-Trp-OMe hydrochloride, 0 °C to rt, 

16 h; d) Ac2O/Pyridine 1:1 v/v, rt, 16 h. 
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Table 1. pIC50 values for compounds 5-21 tested on the EphA2-ephrin-A1 ELISA assay 

 

Cpd. R pIC50 ± SEM
a
 

4 
 

4.40 ± 0.12 

5 
 

inactive
b
 

6 

 

< 4.00 

7 

 

inactive
b
 

8 

 

< 4.00 

9 

 

4.30 ± 0.09 

10 

 

5.45 ± 0.15 
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11 

 

< 4.00 

12 

 

5.30 ± 0.16 
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5.39 ± 0.15 
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5.05 ± 0.03 
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4.65 ± 0.10 
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17 

 

4.32 ± 0.07 

18 

 

inactive
b
 

19 

 

5.37 ± 0.14 

20 

 

4.05 ± 0.06 

21 

 

5.20 ± 0.06 

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

experiments. 
b  

No signal detected up to 100 M. 
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Table 2. Physicochemical and in vitro stability properties of compounds 3 and 10 

Cpd 

% remaining 

compound in 

plasma
a
 

% remaining  

compound in 

liver
b
 

logDoct,7.4 solubility
a
(M) 

3 (UniPR129) 98.3 ± 9.5 56 ± 5 4.90 ± 0.15 31.8 ± 4.2 

10 (UniPR1331) 95.8 ± 4.5 70 ± 7 4.01 ± 0.20 31.5 ± 5.8 

a
 Percent remaining after 24h of incubation, 37 °C 

b 
Percent remaining after 1 h incubation in 

the presence of a NADPH-regenerating system in liver S9 fraction. 
c 
From DMSO stock solution. 

Data are the means of at least three independent experiments ± SEM. 
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