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ABSTRACT 

Metadynamics (META-D) is emerging as a powerful method for the computation of the 

multidimensional free-energy surface (FES) describing the protein-ligand binding process. 

Herein, the FES of unbinding of the antagonist N-(3α-hydroxy-5β-cholan-24-oyl)-L-β-

homotryptophan (UniPR129) from its EphA2 receptor was reconstructed by META-D 

simulations. The characterization of the free-energy minima identified on this FES proposes a 

binding mode fully consistent with previously reported and new structure-activity relationship 

data. To validate this binding mode new N-(3α-hydroxy-5β-cholan-24-oyl)-L-β-homotryptophan 

derivatives were designed, synthetized and tested for their ability to displace ephrin-A1 from the 

EphA2 receptor. Among them two antagonists, namely compounds 21 and 22, displayed high 

affinity versus the EphA2 receptor and resulted endowed with better physicochemical and 

pharmacokinetic properties than the parent compound. These findings highlight the importance 

of free-energy calculations in drug design confirming that META-D simulations can be used to 

successfully design novel bioactive compounds.  
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INTRODUCTION 

The EphA2 receptor is a member of the Eph receptor superfamily of receptor tyrosine kinases1 

and its biological activity is primarily controlled by a membrane-bound protein known as ephrin-

A1.2 The EphA2 receptor is highly expressed in a large number of cancer types, including 

melanoma, prostate, breast, colon, lung, pancreatic, and lung cancers.3 Recent evidence indicates 

that both EphA2 and its ephrin-A1 ligand are implicated in carcinogenesis4 as they promote the 

self-renewal of tumor-propagating cells, the acquisition of a migratory phenotype, and the 

formation of new blood vessels.5 Furthermore, the abnormal activation of EphA2 in tumor cells 

has been linked to vasculogenic mimicry,6,7 a process in which vascular channels are not formed 

by endothelial cells but rather by metastatic and genetically deregulated tumor cells. In this 

scenario, the EphA2 receptor has emerged as a promising target for the development of new and 

yet alternative antiangiogenic therapies.8 In principle, two key strategies can be used to inhibit 

the tumorigenic activity of the EphA2 receptor. The first one is based on the use of classical 

ATP-mimicking agents directed at the intracellular kinase domain of Eph receptor.9 The second 

one is based on molecular agents targeting the extracellular ligand-binding domain of EphA2, 

thus preventing its direct interaction with ephrin-A1.10,11 Some small molecules acting with this 

mechanism of action have been reported in the literature.12,13,14 Among them, lithocholic acid15 

(LCA, Chart 1) and its analogues were identified as competitive and reversible antagonists of the 

EphA2 receptor, active in prostate cancer cells (PC3) at non-cytotoxic concentration.16 Starting 

from LCA, we recently synthesized a set of amino acid conjugates able to interfere with the 

EphA2–ephrin-A1 interaction with potency in the low micromolar range.17 In this series, N-(3α-

hydroxy-5β-cholan-24-oyl)-L-β-homotryptophan (UniPR129, compound 16, Chart 1) emerged as 

a particularly active EphA2 antagonist able to suppress angiogenesis in human umbilical vein 
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endothelial cells (HUVECs) through selective interaction with EphA2 receptor.18 Despite its 

promising pharmacodynamic profile,19 Compound 16 possesses some unfavorable 

physicochemical properties (i.e., high lipophilicity and low solubility), which have limited the 

study of this compound in vivo.20 

 

Chart 1. Structures of reference EphA2 receptor antagonists. 

 To improve the physicochemical properties of this class of steroidal-based ligands while 

maintaining or increasing their affinity for the EphA2 receptor, the knowledge of the atomistic 

mechanism of action of compound 16 becomes fundamental. On the other hand, the poor 

physicochemical profile of 16 has so far hampered the atomic resolution of the EphA2-

compound 16 complex by X-ray and NMR spectroscopy. Therefore, the combination of free-

energy simulations,21,22 either based on metadynamics (META-D)23 or other enhanced sampling 

methods,24,25 and extensive structure-activity relationship (SAR) analysis26,27,28 appears as an 

alternative, viable approach to propose a reasonable model of interaction, exploitable in 

prospective drug design.29,30 META-D is currently emerging as a powerful enhanced sampling 

method31 for the efficient and rapid computation of multidimensional free-energy surfaces (FES) 

describing the protein-ligand binding process.32,33 This FES provides information on the position 

and energetics of minima such as the bound and the unbound states of a protein-ligand system  

allowing to retrieve the equilibrium binding free energy (∆Abind) which is related to the affinity 

of a ligand for its target. Moreover, this FES allows to identify minimum binding geometries of 
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the protein-ligand complex that can be used to design novel compounds for the target under 

investigation. In the present work, we expanded the current knowledge of SAR around both the 

amino acid portion and the 5β-cholan-24-oic nucleus of 16, reporting the synthesis and the 

biological activity of new LCA amino acid conjugates. The biological data were used to develop 

a reliable atomistic model of interaction between the lead compound 16 and the EphA2 receptor. 

The proposed molecular model was computationally validated by means of META-D 

simulations and exploited to design novel EphA2 receptor antagonists. Anticipating our results, a 

small set of new EphA2 antagonists, equally or slightly more potent than 16 with improved 

physicochemical properties or metabolic stability were identified. The present work underlines 

the potential of enhanced sampling methods in lead optimization campaigns.34,35        

 

Results and Discussion 

SAR analysis of amino acid conjugates of LCA 

We started our SAR exploration on LCA amino acid conjugates by investigating the 

importance of the spacer connecting the terminal carboxylic acid to the amide group. The IC50 

values (µM) of tested compounds together with their 95% confidence interval and with the polar 

surface area (PSA)36 values are reported in Table 1. Conjugation of lithocholic acid (LCA) with 

glycine provided a compound (2) able to displace ephrin-A1 from the immobilized EphA2 

receptor with a potency (IC50 = 49 µM) comparable to that of LCA (1). Compound 3, obtained 

by conjugation of LCA with β-alanine, showed a moderate improvement in the inhibitory 

potency (IC50 = 29 µM), consistently with binding data reported in references 17 and 21. 

However, a further lengthening of the spacer resulted detrimental for binding the EphA2 

receptor, as indicated by the barely detectable activity of compounds 4 and 5 (IC50 > 100 µM). 
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Analyzing the role of the terminal carboxylic group, we found that replacement of the carboxylic 

acid of compound 3 with a sulfonic acid (6) or its functionalization into a methyl ester 

(compound 7) led to a loss in the inhibitory potency, suggesting that the presence of a free 

carboxylic group is critical for the inhibition of EphA2-ephrin-A1 association.  Given these 

preliminary results, we focused our work on the synthesis of β-alanine conjugates of LCA (Table 

2) bearing lipophilic chains of different size, shape and electronic properties. Aliphatic side 

chains, either linear (compound 8) or branched (compounds 9 and 10) ones, were inserted at the 

β position of the amino acid moiety of compound 3. Among them, only the β-homovaline 

derivative 9 resulted slightly more potent than compound 3. Similarly, the introduction of a 

phenyl (11), a benzyl (12), or a phenylethyl (13) substituent gave unsatisfactory results 

considering that 11 and 12 resulted moderately more potent than 3. A significant improvement in 

the inhibitory potency was instead obtained introducing larger aryl side chains. Single digit 

micromolar IC50 values were observed for the α-naphthylmethyl derivative 14 and the 

benzo[b]thiophen-3-ylmethyl one 15. This improvement in the inhibitory potency could be 

ascribed to the ability of the naphthyl and benzothiophene nuclei to undertake productive steric 

and/or electrostatic interactions with an accessory pocket of the EphA2 binding site.  A further 

enhancement in the potency was obtained with the indol-3-ylmethyl derivative 16. The inhibitory 

potency of this compound approached the sub-micromolar range (IC50 = 0.91 µM). Although the 

NH group of the indole group has been proposed to be a weak H-bond donor,37 we attributed the 

slightly higher activity of 16, compared to that of 14 and 15, to the ability of this NH to form an 

additional H-bond within the EphA2 receptor. To support this hypothesis, the diastereoisomer of 

16, in which the chirality of the β carbon bearing the indol-3-ylmethyl chain was inverted, was 

synthesized and tested. Compound 17, which likely projects the indol-3-ylmethyl chain in 
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another region of EphA2 binding site, thus failing to undertake a H-bond with the receptor, 

resulted 25-fold less potent than 16, supporting our working hypothesis. 

 

Table 1. IC50 values for LCA and its linear amino acid conjugates 2-7 obtained from 

EphA2-ephrin-A1 displacement experiments.a 

 

Cpd. R- IC50 (μM)b,c PSA (Å2)d 

1 

(LCA) 
 

79  

[67-93] 
72 

2 
 

49  

[42-58] 
109 

3 
 

29  

[23-36] 
111 

4 
 

inactiveb 106 

5 
 

inactiveb 106 

6 
 

72  

[53-100] 
119 

OH



 8 

7 
 

inactivec 91 

a Compounds 2 and 3 have been described in references 17 and 21, respectively.  bValues are the 
mean from at least three independent experiments. bNumbers in brackets denote the 95% 
confidence interval for IC50. c No signal detected up to 100 µM. d Polar surface area calculated 
with QikOrop38 obtained from minimized 3D-structures of the listed compounds. 
 
Table 2. IC50 values of β-substituted β-alanine conjugates of LCA obtained from EphA2-

ephrin-A1 displacement experiments. 

  

Cpd. R- IC50 (μM)a,b PSA (Å2)c 

3  H 
29  

[23-36] 
111 

8   
83  

[50-138] 
104 

9  
 

10  

[6.6-16] 
96 

10  
 

inactiveb 105 

11 
 

14 

 [10-20] 
104 
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12 

 

18  

[12-26] 
104 

13 

 

inactiveb 98 

14  

 

3.9  

[3.0-5.0] 
104 

15 

 

1.8  

[1.5-2.1] 
102 

16 

 

0.91  

[0.80-1.1] 
120 

17 

 

26  

[18-37] 
123 

a Values are the mean from at least three independent experiments. bNumbers in brackets denote 
the 95% confidence interval for IC50. c No signal detected up to 100 µM. c Polar surface area 
calculated with QikProp obtained from minimized 3D-structures of the listed compounds. 
 

 

Free-energy simulations  

The availability of the X-ray structure of the EphA2 receptor39 prompted us to investigate the 

binding mode of compound 16 by atomistic simulations. Flexible docking of 16 within the 

EphA2 receptor failed to produce a binding pose able to satisfactorily explain the SARs for β-

alanine conjugates (Table 2). In particular, it was not possible to identify a specific interaction 
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for the indole ring of 16 that could account for its higher inhibitory potency compared to those of 

analogues 14, 15 and 17. As the inclusion of both conformational flexibility and solvent 

reorganization are often fundamental to get a reasonable guess of a protein-ligand binding 

arrangement,40,41 we performed molecular dynamics (MD) simulations (see Methods for details) 

starting from the top-ranked solution of 16 obtained with Glide42 software (Figure 2A and Figure 

S1). A 30 ns-long simulation revealed that the docked conformation was not stable within the 

EphA2 active site as indicated by its high root-mean-square deviation (RMSD) observed after 

only 5 ns of simulation (Figure 2B). On the other hand, the same MD identified an alternative 

arrangement of 16 (vide infra) whose geometry was maintained for nearly 25 ns of simulation. In 

this new arrangement (Figure 3A and Figure S2), the indole ring of 16 was inserted in a solvent-

exposed pocket of EphA2 delimited by Phe108, Cys70, Val69 and Asp53. The proximity of the 

β-alanine substituent to the hydrophobic side of the pocked formed by Phe108, Cys70 and Val69 

could explain the improved potency of compounds bearing larger aromatic groups (i.e., 

compounds 14-16 vs compounds 8-13) and the H-bond undertaken by the indole NH of 16 with 

the carboxylate group of Asp53 may be the reason for its higher potency compared with the 

benzo[b]thiophen-3-yl group of 14 or the α-napthyl one of 15. Moreover, the newly identified 

binding mode underlines the importance of having an N-acyl-β-alanine portion with a free 

carboxylate group capable of forming a tight network of interactions with the conserved Arg103 

of EphA2. It is worth mentioning that docking simulations with Glide (either in SP or XP mode) 

were not able to produce a binding pose for 16 comparable to that observed during the MD 

simulation reported in Figure 3A.  
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A   B  

Figure 2. A) Compound 16 (yellow carbon atoms) within the high-affinity pocket of the EphA2 

receptor (white cartoons, white carbon atoms) as obtained by docking with Glide. B) Root mean 

square deviation (RMSD) of heavy atom positions of compound 16 calculated from an MD 

simulation trajectory using the docked conformation of the ligand as reference structure. 

  

To check the stability of this novel binding mode, we performed five independent runs of short 

MD simulations (for a total of 100 ns of simulations) using the EphA2-compound 16 complex 

depicted in Figure 3A as starting structure. The root mean-square deviation (RMSD) of the 

ligand remained below 2.5 Å in all the runs suggesting that this specific arrangement of the 

protein-ligand complex was in a well-defined free-energy minimum (Figure S3, Supporting 

information). To corroborate this model of interaction, we reconstructed the FES of unbinding 

for the EphA2-compound 16 complex by means of well-tempered META-D,43 starting from the 

complex obtained by docking with Glide. META-D allows the compound to explore the whole 

binding site moving from one free-energy minimum to the others and then going back into the 

previous ones, overcoming the high free-energy barriers encountered during the binding process. 

From the final FES, all the accessible binding modes are identified and classified along a fairly 
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accurate free-energy scale.44 To this end, we simulated the unbinding process following a 

computational protocol already successfully applied to study the interaction of EphA2 and LCA 

(reference 21), applying general collective variables,45 i.e., the distance between the center of 

mass (CM) of EphA2 and the CM of compound 16 and the angle vector taken between the 

protein CM and the major inertia axis of the steroid moiety of 16.  Figure 3B reports the resulting 

FES of unbinding of 16 from the ligand-binding domain of EphA2 receptor. The surface 

identifies a profound free-energy minimum region corresponding to protein-ligand geometries 

(distance = 9.5 Å; angle= 100 °) resembling the binding mode proposed by the plain MD 

simulation and displayed in Figure 3A. On the same FES, geometries corresponding to the 

binding pose obtained by docking (Figure 2A) were observed in a high free-energy region 

(distance = 10 Å; angle= 130 °), in agreement with the poor structural stability of this 

arrangement observed during the plain-MD simulation. According to the shape of the FES, no 

other free-energy binding minima were detected. Conversely, a well-defined minimum 

corresponding to the (fully solvated) unbound state of the ligand was identified (distance > 20 Å; 

60 < angle < 130 °), allowing us to estimate the Helmholtz free-energy of binding (∆Abind). The 

calculated ∆Abind for the EphA2-compound 16 complex (-8.35 kcal/mol) was in reasonable 

agreement with the experimental one of -8.80 kcal/mol, deduced from the previously reported 

Ki,18 supporting the validity of the proposed model of interaction. 
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A  B  

Figure 3. A) Most stable binding conformation of the EphA2-compound 16 complex observed in 

a 30 ns-long MD simulation starting from the docking complex depicted in Figure 2A. 

Compound 16 is depicted with yellow carbon atoms while EphA2 carbon atoms are in white. B) 

FES of unbinding of compound 16 from EphA2 reconstructed using metadynamics as a function 

of the distance between the CM of EphA2 and the CM of compound 16 and the angle vector 

taken between the protein CM and the major inertia axis of the steroid moiety of 16. The yellow 

star indicates the binding mode identified by docking, while the white star indicates the position 

of the most stable binding mode identified by plain MD simulation.  

 

Binding mode validation: Design and testing of novel EphA2 antagonists  

The binding mode depicted in Figure 3A highlights the importance of the 3α-hydroxyl group of 

compound 16 for receptor binding. This group is indeed engaged in a H-bond network involving 

Asn57 side chain and Ile58 backbone. To confirm that the presence of a substituent with H-bond 

capability and with a specific spatial orientation is essential to maintain high inhibitory potency, 

we synthesized derivatives of compound 16 where the 3α-hydroxyl group was replaced by a 3β-

hydroxyl one (18), was removed (19), or oxidized to a 3-keto group (20).  In all these cases, a 
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significant drop in the inhibitory potency was observed (Table 3). Starting from the model of 

Figure 3A, we designed substituents in principle able to form a H-bond network comparable to 

that of the 3α-hydroxyl group. Supported by the results of META-D simulations, we thus 

replaced the 3α-hydroxyl group of 16 with a 3-hydroxyimino (21) or a 3α-carbamoyloxy group 

(22). Indeed, simulations indicated that both the hydroxyimino and the carbamoyloxy groups 

were able to interact with Asn57 and Ile58 (Figure S4) and that their estimated free-energy of 

binding ∆Abind for the EphA2 receptor of 21 and 22 was comparable with that of the reference 

compound 16 (vide infra). When tested in wet assay, these new compounds showed an inhibitory 

potency comparable or slightly higher than the lead compound 16, with IC50 values of 3.1 µM 

and 0.8 µM for 21 and 22, respectively (Table 3). Again, removal of the H-bond donor group as 

in compound 23, led to a reduction in the inhibitory potency confirming that position 3 of the 

steroidal nucleus is accommodated in a hydrophilic pocket of EphA2 with strict stereo-electronic 

requirements.  

 

 

 

Table 3. IC50 of 3-substituted 5β-cholan-24-oyl-L-β-homotryptophan derivatives from 

EphA2-ephrin-A1 displacement experiments. 

Cpd. Structure IC50 (μM)a,b PSA (Å2)c 

16 

 

0.91  

[0.80-1.1] 
120 
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18 

 

17  

[13-24] 
118 

19 

 

28  

[22-35] 
96 

20 

 

28  

[22-36] 
127 

21 

 

3.1  

[2.8-3.6] 
141 

22 

 

0.80  

[0.51-0.98] 
158 

23 

 

13  

[8-20] 
127 

a Values are mean from at least three independent experiments. bNumbers in brackets denote the 
95% confidence interval for IC50.c Polar surface area calculated with QikProp obtained from 
minimized 3D-structures of the listed compounds. 
 
 
As a conclusive step of validation of our proposed model of interaction, we calculated the free-

energy of binding of a small set of selected EphA2 inhibitors by means of well-tempered META-

D and we analyzed their agreement with the experimental data. Binding free-energy obtained 

through well-tempered META-D has been reported to be within the range of chemical 

accuracy,46 and thus useful for retrospective and perspective drug design studies.    
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Table 4 reports the calculated ∆Acalc for compound 3, 15, 16, 17, 19 and 22 along with their 

experimental pIC50 values.  The computed ∆Acalc values well parallel inhibitory data on ephrin-

A1 binding to EphA2 as indicated by the Pearson correlation coefficient (r) of 0.96. It is worth 

mentioning that while statistically significant (p-value < 0.05) such a correlation is based on a 

limited number of compounds (n = 6). 

Table 4. pIC50 values, experimental binding free-energies (∆Gexp) and calculated binding free-

energies (∆Acalc) for selected EphA2 antagonists. 

Cpd. pIC50a ∆Gexp  (kcal/mol)b ∆Acalc (kcal/mol)c 

3 4.54  -6.87 - 4.46  

15 5.74  -8.57 - 7.65 

16 6.04 -9.00 - 8.35 

17 4.58 -6.93 -5.29 

19 4.55 -6.88 - 3.35 

22 6.10 -9.08 - 8.78 

 
a pIC50 values obtained from data reported in Tables 1 and 3. ∆Gexp values were obtained from 
∆Gexp = - RT ln Ki, while Ki were deduced from IC50 value by applying the Cheng-Prusoff 
equation. c The convergence of META-D simulations was verified comparing the FES at 
different times of simulation (see Methods). In these conditions, the error associated to the 
estimation of ∆Acalc was lower than 0.5 kcal/mol. 
 
Said that, the applied computational methodology was able to reproduce the gain in inhibitory 

potency obtained introducing the benzo[b]thiophen-3-ylmethyl chain in compound 15 (cfr. 3 and 

15) and replacing the sulfur atom in 15 with the NH group of 16. Furthermore, these META-D 

simulations well reproduced the difference in the binding free energy between the reference 

antagonist 16 and its diastereoisomer 17 (∆Acalc = -3.06 kcal/mol vs ∆Gexp = -2.07 kcal/mol .). The 

binding geometry corresponding to the main free-energy minima found for the EphA2-

compound 17 (Figure 4) indicates that the D-β− homotryptophan moiety of this compound failed 



 17 

to undertake productive polar interactions with Asp53, which is instead targeted by the L-

β−homotryptophan portion of 16. 

 

Figure 4. Representative binding free-energy minimum of the EphA2-compund 17 complex 

identified by META-D simulation. Compound 17 is represented with violet carbon atoms, while 

EphA2 atoms are reported in white. For comparison, the bound conformation of its 

diasteroisomer 16 (shaded yellow carbon atoms) is also reported.  

 

Finally, the effect on the potency obtained through modification of position 3 of compound 16 

was also well captured by our simulations, as indicated by the ∆Abind values calculated for 

compounds 19 and 22, with the former higher and the latter substantially equal to that of 

compound 16. 
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Physicochemical properties and pharmacokinetics of selected EphA2 antagonists 

 Computer-aided exploration of the SAR around the N-(3α-hydroxy-5β-cholan-24-oyl)-L-β-

homotryptophan nucleus of compound 16, allowed to identify two effective EphA2 antagonists 

(i.e., compounds 21 and 22) possibly endowed with improved in vitro ADME properties 

according to their slightly higher polar surface area (PSA, Table 3).47 We therefore evaluated the 

plasma concentrations of compounds 21 and 22 following oral administration to mice. In fact, 

the parent compound 16, while endowed with a lipophilicity (i.e., the distribution coefficient in 

n-octanol/buffer at pH 7.4, Table 5) compatible with oral absorption,48 barely reached detectable 

plasma levels (i.e. < 0.01 µM) after oral administration to mice at 30 mg/kg (Figure 5).  

 

Figure 5. Plasma profiles of compounds 22 (black circles) and 16 (black squares). Compound 

concentrations (µM) are reported over 1440 minute (24 h) for 22 and 120 min for 16. Data are 

the means of at least four independent experiments ± SEM. 

 

A further analysis of its properties revealed that while 16 possesses both a fair kinetic solubility 

(31.8 ± 4.2 µM) and high mouse plasma stability (% of recovered compound close to 100 after 
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24 h of incubation), it suffers from rapid degradation in mouse liver microsomes (t1/2  = 16.8 ± 

1.5 min), mainly due to the oxidation of the carbon at position 3. HPLC–ESI-MS/MS data indeed 

confirmed that the main metabolite of 16 is its 3-keto analogue 20 (data not shown). Compounds 

21 and 22, being not susceptible to oxidation at position 3 displayed a greater metabolic stability 

in mouse liver microsomes (t1/2 of 60.4 ± 9.3 min for 21 and 156.3 ± 10.1 min for 22) and 

reached higher levels in vivo, with Cmax of 0.40 ± 0.10 (reached at 1 h, data not shown) and 0.87 

± 0.25 µM (reached at 1 h, Figure 5), respectively, after oral administration to mice at 30 mg/kg. 

These results thus indicate that the introduction of polar groups different from the 3α-hydroxyl 

one is an effective strategy to maintain good inhibitory potency on EphA2 while gaining a higher 

oral bioavailability in mice. 

 

Table 5. Physicochemical properties, in vitro metabolic stability and in vivo concentration 

of selected compounds. 

Cpd. logDoct,7.4 
Solubilitya 

(µM) 

Plasma stability 

% after 24 h 
Liver stabilityb 

t1/2 (min) 

In vivo Cmax  
(µM)c 

16 4.90 ± 0.15 31.8 ± 4.2 98.3 ± 9.5 16.8 ± 1.5 0.01 ± 0.01 

21 4.23 ± 0.11 51.9 ± 4.4 93.7 ± 11.3 60.4 ± 9.3 0.40 ± 0.10 

22 5.01 ± 0.20 18.7 ± 3.4 98.2 ± 2.5 156.3 ± 10.1 0.87 ± 0.25 
a From DMSO stock solution. Final DMSO concentration in 50 mM MOPS buffer pH 7.4: 1%. b 

Mouse liver microsomes. c Compounds (30 mg/kg) were orally administered to at least 4 fasted 
mice. 

 

CONCLUSIONS 
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META-D methods show great promise in elucidating the mode of action and in computing the 

change in free energy associated with the binding of small molecules to their target.  However, 

META-D techniques have been so far applied in retrospective studies of protein ligand binding. 

The ability of different META-D protocols to reproduce available experimental data suggest that 

the time has now come to use metadynamics in prospective drug design efforts, with a particular 

focus on lead optimization.30  With this in mind, we show here that information gained from 

SAR exploration of 5β-cholan-24-oyl-L-β-homotryptophan derivatives combined with the 

characterization of the FES of unbinding of the reference compound 16 obtained by META-D 

allowed to discover two novel antagonists (compounds 21 and 22) targeting the EphA2 receptor 

with inhibitory potency in the low micromolar range and, more importantly, with higher polarity, 

likely responsible for their good metabolic stability and oral bioavailability in mice. These results 

highlight the power of META-D simulations in the rational design of novel active compounds 

with improved pharmacological properties. 

 

EXPERIMENTAL SECTION 

Model building 

Docking simulations were performed starting from the crystal structure of the EphA2–ephrin-

A1 complex (3HEI.pdb).39 The EphA2–ephrin-A1 complex was submitted to a protein 

preparation procedure using Maestro 10.5 software.49 This approach includes addition of missing 

side chains and hydrogen atoms, assignment of the tautomeric state of histidine residues to 

maximize the number of hydrogen bonds, assignment of the protonation state of titratable amino 

acids at physiological pH, and geometric optimization of the whole system to a RMSD value of 

0.3 Å. At the end of this procedure, ephrin-A1 ligand and solvent molecules were deleted from 

the EphA2 binding site and the resulting protein structure was employed to build a docking grid 
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with Glide 7.0.50 The grid was centred on the ligand-binding domain of EphA2, in a region 

delimited by Arg103, Phe156 and Arg159, using enclosing and bounding boxes of 20 and 14 Å 

on each side, respectively. The atomistic model of compound 16 was built with Maestro and its 

geometry was optimized by energy minimization using OPLS2005 force field51 to a gradient of 

0.01 kcal mol-1 Å-2. Docking simulations were then performed using Glide 7.0, starting from 

minimized structures of compound 16. The best-ranked solution (according to the standard 

precision Gscore) was selected and the resulting complex with EphA2 was submitted to MD 

simulation.  To this end, the EphA2-compound 16 complex was solvated by 7096 TIP3P water 

molecules and its total charge neutralized by adding 6 Na+ ions. The final system was composed 

by 24144 atoms. All bond lengths to hydrogen atoms were constrained using M-SHAKE. Short-

range electrostatic interactions were cut off at 9 Å, whereas long-range electrostatic interactions 

were computed using the Particle Mesh Ewald method. 52 A RESPA integrator was used with a 

time-step of 2 fs, and long-range electrostatics were computed every 6 fs. The solvated complex 

was equilibrated using 5-ns long molecular dynamics simulations in the NPT ensemble at 1 atm 

and 300 K followed by 5 ns of simulations in the NVT ensemble at 300 K using the Langevin 

thermostat.53 A production run of 30 ns in NVT condition was then performed at 300 K again 

with the Langevin thermostat. All the MD simulations were performed using Desmond 4.5 

software54 in combination with the OPLS2005 force field. 

Molecular models of EphA2 in complex with compounds 3, 15, 17, 19 and 22 were built 

starting from the conformation of EphA2 obtained at the end of the plain MD simulation of the 

EphA2-compound 16 complex (Figure 3A). A new docking grid was build, using the same 

protocol previously described and the minimized structures of compounds 3, 15, 17, 19 and 22 

were docked into the new grid using Glide 7.0. The best docked poses were selected and the 
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resulting EphA2-inhibitor systems were i. solvated with TIP3P water molecules, ii. neutralized 

by adding 6 Na+ ions, and iii. equilibrated by 5-ns long molecular dynamics simulations in the 

NPT ensemble at 1 atm and 300 K followed by 5 ns of simulations in the NVT ensemble at 300 

K using the Langevin thermostat. 

Well-tempered META-D simulations of protein-ligand unbinding 

Well-tempered META-D simulations in the NVT ensemble were performed starting from the 

five equilibrated EphA2-inhibitor complexes. The simulations were performed with Desmond 

4.5 software in combination with the OPLS2005 force field. The META-D biasing potentials 

were added on two distinct collective variables (CVs) relevant for ligand unbinding, namely the 

distance between the center of mass (CM) of the EphA2 ligand-binding domain and the CM of 

the ligand steroid moiety, and the angle vector taken between the same protein reference point 

and the major inertia axis of the steroid moiety. Gaussians were deposited every 0.25 ps, with a 

starting height of 0.15 kcal/mol and gradually decreased on the basis of adaptive bias with a ΔT 

of 1200 K. The width of the Gaussians was 0.5 Å for the distance and 2.5 degrees for the angle. 

We considered the well-tempered META-D simulations ended when the height of the deposited 

Gaussian in the space of the employed CVs decreased close to zero.43 For practical reasons, a 

cut-off of 0.01 kcal/mol, corresponding to a residual height of the Gaussian smaller than the 10% 

of the initial height, was applied to define the end of the well-tempered META-D simulation, 

similarly to what performed in reference 55. We verified that the META-D simulations were 

converged by comparing the FES at different times of simulation once the cut-off in the 

Gaussian height was reached. In these conditions, the error associated to the estimation of ∆Abind 

was lower than 0.5 kcal/mol. All the well-tempered META-D simulations converged in less than 

100 ns. 
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Chemistry 

Unless otherwise noted, reagents and solvents were purchased from commercial suppliers 

(Aldrich and AlfaAesar) and were used without purification. The progress of the reaction was 

monitored by thin-layer chromatography with F254 silica-gel precoated sheets (Merck Darmstadt, 

Germany). UV light and a solution of ammonium molybdate and ceric sulfate in aqueous sulfuric 

acid (5% v/v) were used for detection. Flash chromatography was performed using Merck silica-

gel 60 (Si 60, 40-63 μm, 230-400 mesh ASTM). Dichloromethane was dried by distillation over 

calcium hydride. All reactions were carried out using flame-dried glassware under atmosphere of 

nitrogen. 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); chemical shifts (δ scale) are reported in parts per million (ppm). 1H-

NMR spectra are reported in the following order: multiplicity, approximate coupling constants (J 

value) in Hertz (Hz) and number of protons; signals were characterized as s (singlet), d (doublet), 

t (triplet), q (quartet), m (multiplet), bs (broad signal). Mass spectra were recorded on an Applied 

Biosystem API-150 EX system spectrometer with ESI interface. Compounds 2-23 were prepared 

according to the synthetic procedures described in the supporting information. The purity of each 

compound was assessed by HPLC/MS analysis and shown to be 95% or higher. Compounds 

bearing an azomethinic group in position 3 resulted a mixture of the two isomeric forms E and Z. 

The rapid interconversion between these two forms didn’t allow the separation of the pure single 

isomers. The attribution of the 1H-NMR the peaks were done considering the most abundant 

isomer, while in the 13C-NMR spectra all the detected peaks were reported.  
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Pharmacology 

ELISA assays and IC50 determination on EphA2-ephrin-A1 binding 

ELISA assays were performed as previously described.15 Briefly, 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 

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.).  

Lipophilicity. Distribution coefficients (Log Doct,7.4) values in the n-octanol/buffer partition 

system were measured at room temperature (25±3°C) via the reference shake-flask method. 

Buffer was 50 mM MOPS (3-morpholinopropanesulfonic acid), pH 7.4, 0.15 M ionic strength 

for KCl addition. Tested compounds, after equilibrating overnight between pre-saturated 

partition phases, were analyzed by HPLC-ESI-MS/MS, after dilution of each partition phase with 
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MeOH, containing the Internal Standard (IS) N-(3α-hydroxy-5β-cholan-24-oyl)-L-tryptophan.17 

Log Doct,7.4 values reported in Table 5 are the means of three independent partition experiments, 

employing different n-octanol/buffer volume ratios. 

Kinetic solubility measurements. 10 mM stock solutions of compounds 16, 21, 22 were 

freshly prepared in DMSO. Samples for solubility measurements were prepared in a 96-well 

plate format by adding 2 µL of DMSO stock solution to 198 µL of 50 mM MOPS, pH 7.4, 

0.15M ionic strength for KCl addition. Final DMSO percentage was kept constant to 1%. 

Samples were left into agitation for 4 h at room temperature (25±3 °C), centrifuged (1,000 g, 10 

min, 20 °C), an aliquot of the surnatant was diluted 1:1 with MeOH containing the Internal 

Standard N-(3α-hydroxy-5β-cholan-24-oyl)-L-tryptophan and injected into HPLC-ESI-MS/MS 

system for quantification. Dissolved concentrations were quantified by means of calibration 

curves built for each compound in MeOH. 

Plasma stability. Mouse plasma was quickly thawed and diluted to 80% (v/v) with 100 mM 

Phosphate Buffered Saline (PBS) pH 7.4 to control pH over the time period of the experiments. 

Stock solutions of compounds 16, 21 and 22 in DMSO were added (compound concentration: 1 

μM, DMSO concentration: 1% v/v) and maintained at 37 °C. At regular time points, aliquots of 

plasma solution were sampled, two volumes of MeCN were added, samples were centrifuged 

(9,000 g, 10 min, 4 °C) and analyzed by HPLC-ESI-MS/MS for percentage of remaining 

compound over incubation time.  

Mouse liver microsomal stability. Stock solutions of compounds 16, 21 and 22 were 

prepared in DMSO immediately before use; co-solvent concentration in final samples was kept 

at 1% v/v. Stability was evaluated by incubation of 1 µM of selected compounds in the presence 

of mouse liver microsomes (1 mg protein ml-1), at 37 °C, in the presence of a NADPH-
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regenerating system (2 mM NADP+, 10 mM glucose-6-phosphate, 0.4 U mL-1 glucose-6-

phosphate dehydrogenase, 5 mM MgCl2) in 100 mM PBS buffer solution pH 7.4. The reaction 

mixtures were preheated (37 °C) for 5 min before adding the compound. At fixed time points (t = 

0; 15; 30; 45; 60 min), aliquots of samples were withdrawn, deproteinized with two volumes of 

acetonitrile, centrifuged and the supernatant analyzed by injection in HPLC-ESI-MS/MS system. 

In vivo dosages. Compounds 16 and 22 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 four mice. Blood samples were collected via tail 

puncture at 5-7 time points in the following range: 15 min−1440 min (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 were dosed by HPLC-ESI-MS/MS employing a Thermo 

Accela UHPLC gradient system coupled to a Thermo TSQ Quantum Access Max triple 

quadrupole mass spectrometer equipped with a heated electrospray ionization (H-ESI) ion 

source. Xcalibur 2.1 software was used for sample injection, peaks integration, and 

quantification.  
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