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ABSTRACT
We report here virtual design of new anthranilic acid derivatives (AAD) identified as potent partial Farnesoid

X receptor (FXR) agonists with favorable predicted pharmacokinetic profiles. By in sifu modification of the
crystal structure (PDB ID: 30LF) of FXR complex with a benzimidazole-based partial agonistic ligand, 3D
models of 17 FXR:AADx complexes with known observed activity (ECs,™") were prepared to establish a
quantitative structure—activity (QSAR) model and linear correlation between relative Gibbs free energy
(GFE) of receptor-ligand complex formation (AAG¢,m) and ECso™P: pECs™" = -0,1146 AAGon, + 8,175 (#);
R*=0.98. A 3D QSAR pharmacophore model (PH4) derived from the QSAR directed our effort to design
novel AAD analogs. During the design, an initial virtual library of 94501 AAD was focused down to 33134
drug-like compounds and finally, PH4 screened to identify 100 promising compounds. Theoretical ECs,
(EC5"™) values of all analogs compounds were predicted by means of equation (#) and their pharmacokinet-
ics (ADME) profiles were computed. More than 12 putative AADs display ECs"* 300 times superior to that
of the reported most active training set ligand AADI.

Keywords: FXR; anthranilic acid derivatives; molecular modeling; QSAR models; pharmacophore; combi-
natorial library; in silico screening.
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1. INTRODUCTION

Farnesoid X Receptor (FXR), is a member of nu-
clear receptor family [1]. Soon after the identifica-
tion of bile acids to be likely the prevailing endoge-
nous ligands of FXR [2] an intense research activi-
ty has been devoted to unravel functions of FXR.
As aresult, it emerges that FXR plays a crucial role
in many physiological and pathological processes
including bile acid (BA), triglyceride, and glucose
homeostasis [3]. For this central biological role,
FXR has gained considerable attention as drug tar-
get for severe liver disorders and metabolic diseas-
es [4]. FXR ligands might be beneficial for the
treatment of primary biliary cirrhosis (PBC), diabe-
tes, dyslipidemia, cancer and other disorders [5,6].

Two decades ago, GW4064 was identified as the
first non-steroidal FXR agonist, endowed with a
potency of approximately 90 nM on FXR and an
efficacy of 140% compared with chenodeoxycholic
acid (CDCA) [7]. Meanwhile researchers from
both academia and pharmaceutical industry have
developed diverse classes of FXR agonists divided
into BA derivatives, natural products, and synthetic
compounds. 6-ethyl chenodeoxycholic acid (6-
ECDCA) and GW4064 were the most important
and widely used steroidal and nonsteroidal FXR
agonists [8]. Unfortunately it was found that
GW4064 is active on sevral off-target[9,10] and
have a poor bioavailability or show toxic effects
which limit their clinical utility. 6-ECDCA known
as INT-747 or OCA has in 2016 been approved by
the FDA for PBC treatment and is currently inves-
tigated in late stage clinical development for
NASH [6, 7,11]. But OCA’s clinical success comes
with some major liabilities such as pruritus, high-
density lipoprotein cholesterol (HDLc) lowering,
low-density lipoprotein cholesterol (LDLc) in-
crease, and a potential for drug-induced liver tox-
icity[12]. Some of these effects can also be attribut-
ed to on-target effects exerted by FXR.
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Therefore, research efforts are increasingly focused
on developing selective FXR modulators, also
known as “selective bile acid receptor modula-
tors” (SBARMs), which should activate or repress
specific FXR functions, to reduce side effects up
on chronic treatment[13]. Both GW4064 and OCA
constitute full agonist. Moreover , it seems that
nuclear receptors involved in metabolic processes
such as FXR and PPARY has taught that full activa-
tion of a ligand activated transcription factor may
lead to various side effects in long-term treatment
and that full activation is not necessarily required
for beneficial effects[5,14,15]. However, partial
agonists can display tissue-specific activation or
repression of nuclear receptors, as has been shown
for the estrogen receptor partial agonist raloxifen
[16].

In the present work our objective was to design
novel potent partial agonist. We employed a series
of 17 (training set) plus 3 validations set partial
FXR agonists based on Anthranilic Acid Deriva-
tives (AAD) reported by Merk et al[15]. Starting
with in situ modification of the crystal structure of
the complex (PDB ID: 30LF) with the benzimidaz-
ole-based partial agonist (Figure 1). We have built
AADI (Figure 3) and have elaborated a QSAR
model which correlated Gibbs free energies (GFE)
of FXR-ADDx complex formation with the poten-
cies ECs5,™ and determined the active confor-
mation of AADs bound at the active site of FXR
(MM-PB complexation approach). Based on this
active conformation we have formulated 3D QSAR
pharmacophore of FXR activation (PH4). Large
virtual library of compounds sharing the AAD
scaffold has been generated and in silico screened
with the PH4. The screening yielded virtual hits
that exhibited predicted activation potencies ECso™*
more than 860 times lower than the most active
training set compound ADDI. Several of the iden-
tified putative activator displayed favorable ADME
profiles.
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Figure 1. (a) 2D schematic interaction diagram of complexed ligand at the active site of FXR (b) 3D sche-
matic interaction diagram of complexed ligand at the active site of FXR involving residues that occupy S1, S2,

and S3 pockets of the active site

2. MATERIALS AND METHODS

2.1. Training and Validation Sets

Chemical structures and biological activities
(ECs50™) of training and validation sets of an-
thranilic acid derivatives ligands of FXR used in
this study were taken from literature [15].The
potencies of these compounds cover a sufficient-
ly broad range of half-maximal effective concen-
trations (8 < ECs5,™” < 6900 nM) to allow con-
struction of a QSAR model. The training set (TS)
containing 17 AAD ligands and the validation set
(VS) including 3 AADs were taken from the ref
[15].

2.2. Model Building

Molecular modelling was carried out for the P:L
(FXR:AAD) complexes, the free protein FXR.
and the free AAD ligands starting from the Crys-
tal structure of human FXR in complex with 4-
({(2S)-2-[2-(4-chlorophenyl)-5.6-difluoro-1H-
benzimidazol-1-yl]-2 cyclohexylacetyl}amino)-3
-methylbenzoic acid (PDB code 30OLF. resolu-
tion 1.90 A) using Insight II molecular modelling
program Insight-II [29].

The structures of FXR and the P-L complexes
were considered to be at pH of 7 with neutral N

and C-terminal residues and all protonizable and
ionizable residues charged. No crystallographic
water molecules were included in the model. The
ligands were built into the reference structure
30LF by in situ replacing of derivatized groups
in the molecular scaffold of the template ligand
AADI. An exhaustive conformational search
over all rotatable bonds of the replacing function
groups coupled with a careful gradual energy-
minimization of the modified ligand and active
site residues of the FXR located in the vicinity of
the ligand (within 5 A distance) was employed
to identify low-energy bound conformations of
the modified ligand. The resulting low-energy
structures of the P-L complexes were then care-
fully refined by minimization of the whole com-
plex.

This procedure has been successfully used for
model building of viral, bacterial, and protozoal
enzyme—inhibitor complexes and design of pep-
tidomimetic.  Hydroxynaphthoic, thymidine,
triclosan, pyrrolidine carboxamide, nitriles, chal-
cone-based, Benzamide inhibitors [18,23,24,].

2.3. Molecular Mechanics
Modeling of ligands. FXR and P-L complexes
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was carried out by molecular mechanics using
CFFO1 force field [31] as described earlier [18].

2.4. Conformational Search

Free ligand conformations were derived from
their bound conformations in the P-L complexes
by gradual relaxation to the nearest local energy
minimum as described earlier [18].

2.5. Solvation Gibbs Free Energies

The electrostatic component of solvation Gibbs
free energy (GFE) that includes also the effects
of ionic strength via solving nonlinear Poisson—
Boltzmann equation ****! was computed by the
DelPhi module in Discovery Studio [21] as de-
scribed earlier [18].

2.6. Calculation of Binding Affinity and
QSAR Model
The calculation of binding affinity expressed as

complexation GFE has been described fully ear-
lier [18].

2.7. Interaction Energy

The calculation of MM interaction energy (Eiy)
between protein residues and the ligand CFF91
force field [31] was performed as described ear-
lier [18].

2.8. Pharmacophore Generation

Bound conformations of ligands taken from the
models of P-L complexes were used for con-
structing of 3D-QSAR pharmacophore (PH4) by
means of Catalyst HypoGen algorithm [34] im-
plemented in Discovery Studio[21] as described
earlier [18].

2.9. ADME Properties

The pharmacokinetics profile of AADs were
computed by the QikProp program[27]as de-
scribed earlier [ 18].

Guy Miiller Banquet OKRA et al.

2.10. Virtual Library Generation
The virtual library generation was performed as
described earlier [18].

2.11. ADME-Based Library Searching

The drug-likeness selection criterion served to
focus the initial virtual library as described earli-
er[18].

2.12. Pharmacophore-Based Library Search-
ing

The pharmacophore model (PH4) described in
Section 4.8 and derived from the bound confor-
mations of AADs at the active site of FXR
served as library searching tool as described ear-
lier [18].

2.13. Activation Potency Prediction

The conformer with the best mapping on the
PH4 pharmacophore in each cluster of the fo-
cused library subset was used for AAG,,y, calcu-
lation and ECs,™ estimation (virtual screening)
by the complexation QSAR model as described
earlier [18].

3. RESULTS

3.1. Training and Validation Sets

The training set of 17 AADs and validation set
of another 3 ligands (Table 1) were selected from
the structure-activity relationship (SAR) of an-
thranilic acid derivatives as partial FXR agonists
reported by Merck and al [15]. The whole series
was obtained by variations at three positions R,
R, and R; of the aromatic ring and amide group
as shown in (Table 1). The experimental half -
maximal effective concentration (ECsy) (8<
Ec’< 6900 nM) [15] cover a sufficiently wide
concentration range for building of a reliable
QSAR model. The ratio between the sizes of
training and validation sets remains a critical
point of correct classification but is limited by
the count of the set of homologous compounds
available from the literature[17].
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Table 1. Training Set (AAD1-17) and validation set (AADV1-3) of FXR activation [15] used in the preparation of QSAR
models of activation binding. The R, R, and R; groups are numbered in the first part of the Table as #R _ group index

o
R7 NH
A,
R group
#R 1 2 3 4 5
-H -Cl -Br -CH3 -OMe
#R 6 7 8 9 10
st L jo! Oy
#R 11 12 13 14 15
MeO. F Cl:
K@\ oFs ‘(©\000H ';Q\COOH HJQ\COOH ‘;©\COOH
#R 16 17 18 19 20
Br OMe /\ e Cl
Il Ji I
(O;:OOH ﬂcuw “{\/ “cooH coon \)@:cow
Training set
Molecule #R-#R,-#R; ECso(nM)
AADI1 5-6-12 8
AAD2 4-6-18 43
AAD3 1-6-18 45
AAD4 2-6-12 47
AADS 1-6-17 47
AAD6 3-6-12 48
AAD7 4-6-12 61
AADS 5-6-18 87
AAD9 2-6-18 110
AAD10 1-6-16 150
AADI11 1-6-17 280
AADI12 1-6-14 480
AADI13 1-6-15 1100
AAD14 1-9-12 3700
AADI15 1-10-12 4900
AADI6 1-8-12 5000
AAD17 1-11-12 6900
Validation set
AADV1 1-19-12 42
AADV2 1-6-12 280
AADV3 1-17-6 4700
3.2. QSAR Model variation in the ADDs experimental activation poten-

3.2.1. One Descriptor QSAR Models

Each of the 17 training sets (TS) and 3 validation sets
(VS) FXR-AADx complexes (Tablel), was prepared
by in situ modification of the complex (PDB ID:
30LF) [15] with the benzimidazole-based partial ago-
nistic ligand as described in the Methods section. Fur-
ther, the relative Gibbs free energy (GFE) of the FXR
-AADs complex formation (AAG..,) was computed
for each of the 20 optimized FXR-AADs complexes.
Table 2 lists computed values of AAG.,, and its com-
ponents as defined in Equation (7) [18], for the TS
and VS of AADx [15]. The QSAR model explained

cies (pECL® = —log10(Eck*)[15]. by correlating it with
computed GFE AAG,, through linear regression
(Equation (8) [18], Table 2).In addition, significant
correlation obtained in this QSAR relationship per-
mitted to determine the active bound conformation of
the AADs at the FXR binding site and enabled defini-
tion of the PH4 pharmacophore. In search for a better
insight into the binding affinity of AADs towards
FXR, we have analyzed the enthalpy of complexation
in gas phase AAHyyv by correlating it with the
pECso™". The validity of this linear correlation (for
statistical data of the regression see Table 3, Equation
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A) allowed assessment of the significance of receptor
-ligand (R-L) interactions (AAHpy) when solvent
effect and loss of entropy of the ligand upon binding
to the protein were neglected. This correlation ex-
plained about 98% of the pECs,™ data variation and
underlined the role of the enthalpic contribution to
the binding affinity of the ligand. Similarly, the more
advanced descriptor, namely the GFE of the
FXR:AADx complex formation including all compo-
nents: AAHyum, AATS,, and AAG,,, has been as-
sessed (for statistical data see Table 3, Equation B).

Guy Miiller Banquet OKRA et al.

Relatively high values of the regression coefficient
R?, leave-one-out cross-validated regression coeffi-
cient R%,, and Fischer F-test of the correlation sug-
gest strong relationship between the 3D model of
ligand binding and the observed activation potencies
of the AADs !, Therefore, structural information
derived from the 3D models of FXR:ADDx complex-
es can be expected to lead to reliable prediction of
FXR activation potencies for new AADs analogs
based on the QSAR model B, (Table 3).

Table 2. Gibbs free energy (binding affinity) and its components for the training set of FXR ligands AAD1-17

and validation set ligands AADV1-3 [15].

Training set * Mw" AAHyy ¢ AAGsol ! AATS,; © AAGeom ' ECP®
AADI 445 0 0 0 0 8
AAD2 443 75 041 1.43 6.45 43
AAD3 429 79 284 192 7.02 45
AAD4 449 64 -4.03 -5.29 7.62 47
AADS 445 84 -121 -0.10 7.8 47
AADS6 494 638 456 621 8.48 48
AAD7 429 838 -3.53 261 7.84 61
AADS 459 15.2 29 1.37 10.92 87
AAD9 463 10.4 378 371 1032 110
AADI0 494 95 413 -5.94 11.32 150
AADII 449 12.1 243 -5.42 15.08 280
AADI2 433 14. -148 528 17.81 480
AADI3 449 19.4 54 57 19.9 1100
AADI14 437 314 127 5.1 239 3700
AADIS 417 312 127 37 22 4900
AADI6 445 29.9 -11.08 64 253 5000
AADI7 427 318 115 6.1 263 6900

Validation set * Mw" AAHyy ¢ AAGsol * AATS,;, ¢ AAGeom * PG/ o
AADVI 426 629 226 -3.74 777 0.99
AADV2 415 14.6 2.84 -3.74 15.51 0.98
AADV3 445 292 425 023 2473 100

*for the chemical structures of the training set of ligands see Table 1; ® M,, is the molar mass (g.mol") of ligands; © AAHywm (kcal.mol'l)is
the relative enthalpic contribution to the GFE change related to R-L complex formation derived by MM; AAHwy = [Exm{R-Lx} - Epu
{Lx}] [Enm{R-Lig} - Esv{Lee} ], Lref is the reference ligand AADI1; ¢ AAGy, (kcal.mol) is the relative solvent effect contribution to
the GFE change of R-L complex formation: AAG, = [Go1{R-LX} - Ggo1{LX}] - [Gsol{R-Lret} - Gsor{Lrer}]; © AATSi (kcal.mol™) is the
relative entropic contribution of ligand to the GFE of R-Lx complex formation: AATS.i, = [TSuin{Lx}E - TSvin{Lx}] - [TSvib{Lret}E - TSvib
{Leet} I " AAGeom (kcal.mol™) is the overall relative GFE change of R-Lx complex formation: AAGeom ~ AAHyy + AAGg — AATS ;&
ECs°™ is the experimental half-maximal effective concentration of FXR obtained from ref15; " ratio of predicted and experimental half-
maximal effective concentration pECso™/pECsy™P(pECso"“=-logoECso") was predicted from computed AAG..y, using the regression

equation for FXR shown in Table 3, B.
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Table 3. Analysis of computed binding affinities AAGeom, its enthalpic component AAHy, and experimental
half-maximal effective concentration of (ECE*

= —loglo(Eci")AADs towards FXR [15].

Statistical Data of Linear Regression (A) (B)
PECsp™" = -0,0856AAHpy + 7,90915 (A)
PECso™ = -0,1146AAG,,p, + 8,1746 (B)
Number of compound n 17 17
Squared correlation coefficient of regression R? 0,94 0,98
LOO cross-validated squared correlation coef. R¥v 0,94 0,98
Standard error of regression s 0,224 0,117
Statistical significance of regression, Fisher F-test 242,91 926,68
Level of statistical significance o >95% >95%
Range of activities EC5,™" [nM] 8- 6900 8-6900

The statistical data confirmed validity of the correlation Equations (A) and (B) plotted on Figure 2.The ratio
pECso"“/pECso™" =1 (the pECs" values were estimated using correlation Equation B,Table 3) calculated for
the validation set AADV1-3 documents the substantial predictive power of the complexation QSAR model from
Table 2. Thus, the regression Equation B (Table 3) and computed AAG.,, GFEs can be used for prediction of
activator potencies ECs5” against FXR for novel AAD analogs, provided they share the same binding mode as
the training set AAD1-19.

9 9
a 8 8 4
g B
2 '
"u:i 7 S o G 7
o < e o
6 o 6
5 < o
0 5 10 15 20 25 30 35 0 < 10 15 50 55 20
AAH
m AAG(‘OIJ]
(a) (b)

Figure 2. (a) plot of correlation equation between pECs,™? and relative enthalpic contribution to the GFE (Equation (6))
AAHyy [keal.mol™]. (b) similar plot for relative complexation Gibbs free energies of the FXR-AADx complex formation
AAGon [keal. mol™'] of the training set [15]. The validation set data points are shown in red color.

3.2.2. Binding Mode of AAD

To date, we have over 60 FXR structures registered in the protein database (PDB) [13]. Among the cocrystal structures of
the FXR-LBD, the complex (PDB ID: 30LF) with the benzimidazole-based partial agonistic ligand seemed most suited for
docking studies on the here reported partial FXR agonists. The ligand binding site reveal a triangular ligand binding pocket

(S1, S2, S3)[15].

Of our Structural investigation receptor-ligand interactions retrieved from the crystal structure of FXR: AAD1 complex
[15] showed that AADs scaffold is well suited to orient its substituents R, R, and R; into the three binding pockets (S1, S2,
S3) of the active site. As indicated in Figure 3, in catalytic site, in pocket S3, it’s formed prominent polar interactions in
between the carboxylic acid head group and Arg335 [5,15.19,20]. Previous studies suggested hydrophobic interaction of
groups at pocket (S2) with Trp458, Leud55, Ph333 and Leu291 seemed to stabilize the compound within the binding site,
thus contributing greater activity [8]. However contribution of residue of pocket (S1) are not yet well known. Consequent-
ly, the obtained 3D-QSAR models and Eint could provide valuable guidance for future design of new potent partial FXR
agonists with an anthranilic acid scaffold.
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Figure 3. (Left) 2D schematic interaction diagram of the most potent ligand AAD1 [15] at the active site of FXR. (Right)
3D schematic interaction diagram of AAD] at the active site of FXR involving residues that occupy S1, S2, and S3 pockets

of the active site.

3.3. Interaction Energy

More structural information was provided by the interac-
tion energy (IE, AE,,) diagram obtained for training set.
R:L breakdown to contributions from FXR active site resi-
due is helpful for the choice of relevant R groups which
could improve the binding affinity of AAD analogs to the
FXR and subsequently enhance the ligand potency. In
FXR:AADx complexes is listed in Table 4 along with its
correlation between that energy with observed ligand po-
tency (ECso™) plotted in Figure 4. The quality of this cor-
relation (69% and 81%) opens the gate to a deeper analysis
of the intermolecular interaction energy E;, variation in
blight with structural requirement of FXR activation name-
ly the active site pockets filling.

The prominent role of the van der Waals (vdW) compo-
nent of E;, in the binding affinity to FXR is highlighted by
the correlation between individual contributions to the
overall Ej. In addition, to assess the impact of the residues

occupying individual active site pockets (S1, S2, S3,) we
have analyzed their contribution to the overall E;,, (Table
5, 6, 7; Figure 5).The contribution of all the three pockets
together explained 85% of the FXR activation potencies of
the training set ligand. This fell down to 32% when remov-
ing the contribution of the S1 pocket and 36% when re-
moving S2 pocket. However contribution of the two pock-
ets S1 and S2 together explained 93%. The filling of the
S1 and S2 pockets by function groups of the ligands is
therefore crucial for enhance affinity FXR-AAD1-17.

Thus, our virtual FXR-ligand design prioritized optimal
filling of the S1 and S2 pockets by the AAD analogs. We
have adopted a combinatorial approach to novel ADD ana-
logs design and in silico screened a virtual library of 33134
AAD analogs with help of the PH4 pharmacophore of
FXR activation derived from the complexation QSAR
model.

Table 4. Receptor-ligand FXR-ADDx overall intermolecular interaction energy Eint (kcalmol-1).

Training set a Enay” Eec ¢ Eine? AEin pECs™P*¢
AADI1 -72.93 18.34 -54.59 0.00 8.10
AAD2 -72.93 18.89 -54.05 0.55 7.37
AAD3 -70.00 16.72 -53.28 1.31 7.35
AAD4 -70.25 16.02 -54.22 0.37 7.33
AADS5 -70.96 19.77 -51.19 3.40 7.33
AADG6 -71.15 15.23 -55.91 -1.32 7.32
AAD7 -69.13 19.02 -50.12 4.48 7.21
AADS -73.80 18.36 -55.44 -0.84 7.06
AAD9 -70.53 19.11 -51.42 3.17 6.96
AADI10 -69.74 18.25 -51.49 3.11 6.82
AADI11 -68.16 18.73 -49.44 5.16 6.55
AADI12 -67.68 15.59 -52.09 2.50 6.32
AADI13 -67.32 15.75 -51.57 3.02 5.96
AAD14 -57.91 18.43 -39.47 15.12 5.43
AADI15 -64.27 16.55 -47.72 6.87 5.31
AADI16 -61.91 17.28 -44.47 10.12 5.30
AAD17 -60.76 17.44 -43.33 11.27 5.16

% For the chemical structures of the training set of ligands see Table 1. ® van der Walls component of non-bonded of interaction energy. ¢ Electrostatic com-
ponent of non-bonded interaction energy. ¢ Ey, is the interaction energy of two sets of atoms, one set represents residues of the FXR the other the ligand:
Eint = Evaw + Eele. ¢ ECs ©® is the experimental half-maximal effective concentrations of AADs towards FXR [15] , pECs™ = -log;o(ECs “P).
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Figure 4. Active site residue contribution to Eint in FXR-AADx complex (kcal.mol-1).

Table 5. Active site residue contribution to Ej, in FXR-AADx complex (kcal.mol™).

Pocket S1
Ile Ile Leu ILe Arg
Residue Total pECso™®
277 278 352 356 355

AADI1 -3.6 -1.8 2.1 -3.1 -6.6 -17.2 8.10
AAD2 -2.6 -1.2 -1.4 -2.8 -6.0 -14.0 7.37
AAD3 -3.0 -1.5 -1.3 -2.7 -5.6 -14.1 7.35
AAD4 2.5 -1.0 -1.4 -2.6 -5.9 -13.3 733
AAD5 -2.8 -1.2 -1.2 -3.0 -5.8 -14.0 7.33
AAD6 -2.5 -1.0 -1.4 -2.6 -5.8 -13.3 7.32
AAD7 -2.3 -0.9 -1.3 -2.8 -5.8 -13.1 7.21
AADS -3.0 -1.2 2.4 -1.0 -6.7 -14.3 7.06
AAD9 -2.3 -1.0 -1.4 -2.9 -6.4 -13.9 6.96
AADI10 -2.6 -1.1 -1.2 -2.8 -5.8 -13.5 6.82
AADI11 -2.0 -0.5 -0.8 -2.6 -5.4 -11.1 6.55
AADI12 2.4 -0.8 -1.0 -2.7 -5.5 -12.3 6.32
AADI13 -1.7 -0.4 -0.7 -2.5 -5.4 -10.6 5.96
AADI14 -1.8 -0.4 -0.7 -2.5 -5.4 -10.8 5.43
AADI15 -1.4 -0.3 -0.8 2.2 -4.9 -15.1 531
AADI16 -1.5 -0.3 -0.6 -2.1 -5.0 -9.6 5.30
AADI17 -1.4 -0.2 -0.8 -2.0 -5.1 -9.5 5.16

Table 6. Active site residue contribution to E;, in FXR-AADx complex (kcal.mol™).

Pocket S2

Residue ggg 5131; iléit {;;'2 ZSH; Total PECs™
AADI -1.5 -3.7 -1.5 -1.2 -4.9 -12.8 8.10
AAD2 -1.6 -3.9 -1.5 -1.4 -5.7 -14.1 7.37
AAD3 -1.5 -3.7 -1.6 -1.4 -5.0 -13.2 7.35
AAD4 -1.5 -3.9 -1.7 -1.3 -4.9 -13.2 733
AADS -1.5 -4.0 -1.5 -1.4 -5.2 -13.5 733
AAD6 -1.5 -4.0 -1.6 -1.1 -4.6 -12.9 7.32
AAD7 -1.4 -4.0 -1.5 -1.4 -5.1 -133 7.21
AAD8 -1.9 -3.0 -1.2 -0.1 -5.5 -11.7 7.06
AAD9 -1.4 -3.9 -1.5 -1.3 -5.2 -13.4 6.96
AADI10 -1.5 -3.9 -1.6 0.0 -5.3 -12.4 6.82
AADI11 -1.2 -4.0 -1.5 -1.4 -4.9 -13.1 6.55
AADI12 -1.4 -4.0 -1.5 -1.3 -5.3 -13.5 6.32
AADI13 -1.2 -4.1 -1.6 -1.2 -5.3 -13.5 5.96
AAD14 -1.1 -3.4 -1.7 -1.3 -4.9 -123 543
AADI15 -0.3 -3.0 -1.3 -1.0 -1.8 -1.5 5.31
AADI16 -1.4 -4.0 -2.4 -1.4 -3.0 -12.1 5.30
AAD17 -0.9 -3.9 -2.2 -1.3 -2.8 -11.1 5.16
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Table 7. Active site residue contribution to Eint in FXR-AADx complex (kcal.mol-1).

Pocket S3
Arg Met His Arg
Residue Total pECso™®
268 294 298 335
AADI1 -11.9 -4.9 2.4 -20.6 -39.7 8.10
AAD2 -11.0 -5.2 -2.9 -21.8 -40.9 7.37
AAD3 -11.7 -5.3 -2.9 -21.9 -41.8 7.35
AADA4 -12.1 -4.9 2.4 -21.7 -41.2 7.33
AADS -10.8 -5.6 -3.1 -20.4 -39.8 7.33
AAD6 -12.5 -4.9 -2.5 -22.5 -42.4 7.32
AAD7 -11.6 4.8 2.4 -21.5 -40.3 7.21
AADS -10.7 -4.7 -2.7 -21.9 -40.1 7.06
AAD9 -11.3 -5.2 -2.9 -21.2 -40.6 6.96
AADI10 -10.9 -5.2 -2.8 -22.0 -40.9 6.82
AADI1 -11.8 4.8 2.4 2219 -40.9 6.55
AADI2 -112 5.1 2.8 2219 -41.0 6.32
AADI13 -12.0 -4.9 -2.5 -22.7 -42.2 5.96
AADI14 -12.1 5.1 2.5 232 429 5.43
AADI5 -11.5 4.8 2.5 225 412 5.31
AADI16 -11.7 -5.3 -2.6 -23.4 -42.9 5.30
AAD17 -12.0 4.8 -2.5 -22.8 -42.1 5.16
Pockets (S1,52,S3) R2=0,85 Pockets (S2,S3)
10 10 R2=10,32
28
3
8]
L
g
4 4
0.0 2.0 4'OAEint 6.0 8.0 10.0 -4.0 -2.0 0.0 AE; 2.0 4.0 6.0
Pockets (S1,S3) Pockets ( $1,52)
10 10
R2= 0,36 R2=0,93
.89 388
% [ ] o9 B
2 =
i 6 ° ™
® °® °
. 4
0.0 2.0 4.0 6.0 8.0 10.0 12.0
0.0 20  AE,, 40 6.0 AEin

Figure 5. Plot of the correlation between interaction energies of residues belonging to individual active site
pockets (S1, S2, S3) and observed activities pECsy™.
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3.4. QSAR Pharmacophore Model

3.4.1. FXR Active Site Pharmacophore

The interaction generation protocol molecular model-
ing program [21] provides the pharmacophore fea-
tures of the active site of a protein. FXR predomi-
nantly displays hydrophobic features at the active site
(Figure 1) as confirmed by previously reported works
[15]. The largest being the hydrophobic pocket S2 if
it accommodates large groups here then the activity
of the ligand would be improved. While it is suggest-
ed that the agonist activity would be decreased by the
introduction of large groups in the aliphatic pocket
S1 [8]. On the other hand, judicious investigation of
this pocket S1 could also improve the activity of the
ligand.

3.4.2. Generation and Validation of 3D-QSAR
Pharmacophore

FXR activation 3D-QSAR pharmacophore was gen-
erated from the active conformation of 17 TS AADI1-
17 and evaluated by 3 VS AADV1-3 covering a large
range of experimental activity (8—6900 nM) spanning
more than two orders of magnitude. The generation
process is divided into three main steps: (i) the con-
structive step, (ii) the subtractive step and (iii) the
optimization step [21].

During the constructive phase. AAD1 alone was re-
tained as the lead (since only the activity of AADI1
fulfilled the threshold criterion. ECs5,*® < 2 x20 nM)
and used to generate the starting PH4 features. In the
subtractive phase, compounds for which ECs5,**" >
8x103.5 nM = 25.298 nM were considered inactive.
Accordingly none of the training set AADx was inac-
tive and no starting PH4 features were removed. Fi-
nally, during the optimization phase, the score of the
pharmacophoric hypotheses was improved. Hypothe-
ses were scored according to errors in activity esti-
mates from regression and complexity via a simulat-
ed annealing approach. At the end of the optimiza-
tion, the top scoring 10 unique pharmacophore hy-
potheses were kept, all displaying five-point features.
The cost values, correlation coefficients, root-mean
square deviation (RMSD) values, the pharmacophore
features, and the max-fit value of the top 10 ranked
hypotheses (Hypol- Hypol0) are listed in Table 8.

Guy Miiller Banquet OKRA et al.

They were selected based on significant statistical
parameters, such as high correlation coefficient, low
total cost, and low RMSD (Table 8).

The generated pharmacophore models were then as-
sessed for their reliability based on the calculated
cost parameters ranging from 91.56 (Hypol) to
180.00 (Hypo10). The relatively small gap between
the highest and lowest cost parameter corresponds
well with the homogeneity of the generated hypothe-
ses and consistency of the TS of AADx. For this PH4
model, the fixed cost (41.53) is lower than the null
cost (773.28) by a difference A = 731.75. This differ-
ence is a major quality indicator of the PH4 predicta-
bility (A > 70 corresponds to an excellent chance or a
probability higher than 90% that the model represents
a true correlation [21]. To be statistically significant,
a hypothesis has to be as close as possible to the
fixed cost and as far as possible from the null cost.
For the set of 10 hypotheses, the difference A >
593.28 which attests to the high quality of the phar-
macophore model. The standard indicators such as
the RMSD between the hypotheses ranged from 2.03
to 4.03, and the squared correlation coefficient (R?)
falls to an interval from 0.98 to 0.90. The first PH4
hypothesis with the closest cost (91.56) to the fixed
one (41.53) and best RMSD and R* was retained for
further analysis. The statistical data for the set of hy-
potheses (costs, RMSD, R?) are listed in Table 8. The
configuration cost (10.94 for all hypotheses) far be-
low 17 confirms this pharmacophore as a reasonable
one.

The link between the 98% significance and the num-
ber 49 scrambled runs of each hypothesis is based on
the formula S = [1 - (1 + X)/Y] x 100. with X the
total number of hypotheses having a total cost lower
than the original hypothesis (Hypo 1) and Y the total
number of HypoGen runs (initial + random runs): X
=0and Y = (1 +49), hence 98% = {1 - [(1 + 0)/(49 +
1)]}x100. The evaluation of Hypo 1 was performed
first through Fischer’s randomization cross-validation
test. The CatScramble program was used to random-
ize the experimental activities of the training set. At
98% confidence level, each of the 49 scramble runs
created ten valid hypotheses, using the same features
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and parameters as in the generation of the original 10 pharmacophore hypotheses. Among them, the cost value
of Hypol is the lowest compared with those of the 49 randomly generated hypotheses, as we can see in Table 8

Guy Miiller Banquet OKRA et al.

where the lowest cost of the 49 random runs is listed for each original hypothesis and none of them was as pre-
dictive as the original hypotheses generated shown in Table 8. Thus, there is a 98% probability that the best se-
lected hypothesis Hypol represents a pharmacophore model for activation activity of AADs with a similar level
of predictive power as the complexation QSAR model, which relies on from 3D structures of the FXR-AADx
complexes and computed GFE of protein—ligand binding AAG,,,. Another evaluation of Hypo 1 is the mapping
of the best active training set AAD1 (Figure 6) displaying the geometry of the Hypol pharmacophore of FXR
activation. The regression equation for pECsy™" vs. pECso™ estimated from Hypol: pECso™" = 1.024x pECs,™*
-0.16(n=17.R,=0.95. R,.” = 0.95. F-test = 306.70. 6 = 0.2, o.> 98 %) is also plotted on Figure 6.

Table 8. Parameters of 10 generated PH4 pharmacophoric hypotheses for FXR ligand after Cat-Scramble
validation procedure (49 scrambled runs for each hypothesis at the selected level of confidence of 98%).

Hypothesis RMSD* R?® Total cost Costs P iffe- Slosest Random
rence

Hypo 1 2.03 0.98 91.56 681.72 240.075
Hypo 2 2.68 0.96 110.7 662.58 281.52
Hypo 3 2.77 0.96 114.56 658.72 293.836
Hypo 4 3.50 0.93 146.89 626.39 295.49
Hypo 5 2.78 0.96 149.16 624.12 363.251
Hypo 6 3.61 0.93 152.28 621 403.878
Hypo 7 391 091 172.56 600.72 422.141
Hypo 8 3.96 091 174.54 598.74 431.48
Hypo 9 4.00 0.90 178.14 595.14 447.521
Hypo 10 4.03 0.90 180.00 593.28 449.687

* root mean square deviation; ° squared correlation coefficient; ¢ overall cost parameter of the PH4 pharmacophore; ¢ cost difference be-
tween Null cost and hypothesis total cost; ¢ lowest cost from 49 scrambled runs at a selected level of confidence of 98%. The Fixed Cost =

41.53 with RMSD = 0, the Null Cost = 773.28 with RMSD = 9.35 and the Configuration cost = 10.94.

We can carry out computational design and selection of
new AAD analogs with elevated activation potencies
against FXR. based on a strategy using the noticeable
presence of the hydrophobic features included in the best
pharmacophore model at the position of R, coupled with
mapping of R, to the aromatic ring feature and the appro-
priate ring substitution to the hydrophobic aliphatic fea-
ture in Hypol (Figure 6).

3.5. Virtual Screening

In silico screening of a virtual (combinatorial) library can
lead to hit identification as it was shown in our previous
works on inhibitors design [18,22,23,24].

3.5.1. Virtual Library

An initial virtual library (VL) was generated by substitu-
tions at positions for Ry, Ry, R; and R4 (Table 9) on the
AAD scaffold. During the virtual library enumeration. the
R-groups listed in Table 9 were attached to in positions
R;.R,.R3 and R4 of the AAD scaffold to form a combina-
torial library of the size: Rix RyxR; x Ry =
71x11x 11x11= 94501 analogs. In order match the substi-

tution pattern of the best training set ligand AAD1 and
taking into account the reported structural information
about S pockets filling suitable for substitution not exclud-
ed through the Lipinski’s rule violation (Mw > 500 g/mol
[25]. the VL underwent a focusing. To increase the con-
tent of drug-like and orally bioavailable analogs, the initial
VL was filtered in an ADME-based focusing step. Only
those molecules that satisfied the Lipinski’s rule of five
[25] computed using QikProp [26], were kept. From the
initial set of 94501 analogs, 33134 fulfilled the Lipinski
test (except the restriction M w < 500 g/mol). Out of them,
100 best fitting analogs (PH4 hits) were retained and sub-
mitted to structure-based screening using the QSAR mod-
el and computed GFE of the FXR: AAD complex for-
mation. The calculated AAG¢,, of the FXR:AAD com-
plexes of the hits, their components as well as predicted

P estimated

half-maximal effective concentration ECs
from the correlation equation (B) (Table 3) are listed in

Table 10.
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PEC, P VS pEC,P™
y = 1,024x - 0,16

Figure 6. (A) Distances between centers, (B) angles between centers of pharmacophoric features (C) features, (D) mapping
of pharmacophore of FXR ligand with the most partial agonist AAD1 (yellow). Feature legend: HY DA = Hydrophobic
Aliphatic (blue), HYD = Hydrophobic (cyan), Ar = Ring aromatic (orange), HBA = Hydrogen bond Acceptor (green). (E)
Correlation plot of experimental vs. predicted activation activity.

3.5.2. In Silico Screening of Library of AADs

The focused library of 94501 analogs was further screened for molecular structures matching the 3D-QSAR
PH4 pharmacophore model Hypol of FXR activation, 100 best fitting analogs (PH4 hits) then underwent com-
plexation QSAR model screening. The computed GFE of FXR-ADDx complex formation, their components
and predicted half-maximal effective concentrations ECso™*
3) are listed in Table 10.

calculated from the correlation Equation B (Table
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Table 9. R-groups (fragments. building blocks. substituents) used in the design of the diversity VL of AAD analogs.

Guy Miiller Banquet OKRA et al.

o
O
NH
OH
R] NH Ry
R3 Ry
R, group
1 Me 25 iodoacetyl 49 3-hydroxyprop-1-en-1-yl
2 F-Me 26 ethenyl 50 2-hydroxyprop-1-en-1-yl
3 Cl-Me 27 2-fluroethenyl 51 1-hydroxyprop-1-en-1-yl
4 Br-Me 28 2-chloroethenyl 52 3-fluoroprop-1-en-1-yl
5 I-Me 29 2,2-difluroethenyl 53 3-chloroprop-1-en-1-yl
6 CF; 30 2,2-dichloroethenyl 54 3-hydroxyprop-2-en-1-yl
7 methoxy 31 ethoxy 55 2-hydroxyprop-2-en-1-yl
8 fluoromethoxy 32 2-fluoroethoxy 56 3-chloroprop-2-en-1-yl
9 Chloromethoxy 33 2-chloroethoxy 57 3-fluoroprop-2-en-1-yl
10 bromomethoxy 34 2-bromoethoxy 58 3,3-difluoroprop-2-en-1-yl
11 iodomethoxy 35 2-iodoethoxy 59 2-fluoroprop-2-en-1-yl
12 trifluoromethoxy 36 propyl 60 2-chloroprop-2-en-1-yl
13 Et 37 3-fluoropropyl 61 2,3-difluoroprop-2-en-1-yl
14 2-fluroEt 38 3-chloropropyl 62 2,3-dichloroprop-2-en-1-yl
15 2-chloroEt 39 2-fluoropropyl 63 3-fluoro-2-oxopropyl
16 2-bromoEt 40 3-chloropropyl 64 3-chloro-2-oxopropyl
17 2-iodoEt 41 3-hydroxypropyl 65 3-fluoro-1-oxopropyl
18 2-hydroxyEt 42 2-hydroxypropyl 66 3-chloro-1-oxopropyl
19 1-hydroxyEt 43 1-hydroxypropyl 67 aminomethyl
20 2-oxoEt 44 prop-1-en-1-yl 68 aminoethyl
21 acetyl 45 Prop-2-en-1-yl 79 amido
22 fluoroacetyl 46 3-oxopropyl 70 aminomethoxy
23 chloroacetyl 47 2-oxopropyl 71 aminoacethyl
24 bromoacetyl 48 propanoyl
R, group
1 tert-butyl 5 3,3-dimethylbutyl 9 2-(4-methylcyclohexyl)ethyl
2 2-methylbutan-2-yl 6 2-cyclohexylethyl 10 2-(4-fluorocyclohexyl)ethyl
3 2,2-dimethylpropyl 7 cyclohexylmethyl 11 (4-fluorocyclohexyl)methyl
4 3-fluoro-2,2-dimethylpropyl 8 (4-methylcyclohexyl) methyl
R;, R, group
1 -H 5 -1 9 CF;
2 -F 6 Me 10 Et
3 -Cl 7 F-Me 11 -NH,
4 -Br 8 Cl-Me
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Table 10. GFE and their components for the top scoring 100 virtual AAD analogs. The analog numbering concatenates the
index of each substituent R|.R,.R; and R4 with the substituent numbers taken from Table 9.

Designed Analogs® AAHyy" AAGy ¢ AATS,; ¢ AAG eom © ECs™ "

N° DDAI 0.00 0.00 0.00 0.00 8¢

1 02-6-6-11 -13.85 0.35 1.30 -14.80 0.135
2 03-6-6-11 -13.44 -0.28 3.67 -17.39 0.068
3 07-1-6-11 -1.87 1.72 5.40 -5.54 1.547
4 07-5-6-11 -10.73 3.70 2.03 -9.06 0.612
5 07-6-1-1 -11.93 0.06 2.17 -14.04 0.164
6 07-6-6-11 -15.51 1.52 6.51 -20.49 0.030
7 07-7-6-11 -8.48 0.67 4.53 -12.35 0.257
8 08-1-6-11 -6.37 1.65 4.00 -8.72 0.669
9 08-3-6-11 -10.61 1.02 213 -11.72 0.303
10 08-5-1-1 -14.69 5.26 1.82 -11.25 0.343
11 08-5-6-11 -15.99 6.07 2.05 -11.96 0.284
12 08-6-1-1 -16.31 0.16 0.53 -16.69 0.082
13 08-6-11-2 -20.08 0.98 -1.23 -17.86 0.060
14 08-6-2-11 -18.87 1.04 -0.62 -17.21 0.071
15 08-6-3-11 -20.41 1.57 -0.93 -17.92 0.059
16 08-6-6-11 -19.00 0.78 4.70 22,92 0.015
17 08-7-6-11 -13.46 0.74 231 -15.03 0.127
18 08-8-11-6 -15.47 132 5.94 -20.08 0.033
19 08-8-6-11 -15.76 0.44 6.04 21.37 0.024
20 09-3-6-11 -10.50 0.66 0.80 -10.64 0.403
21 09-5-6-11 -16.89 5.48 0.89 -12.30 0.260
22 09-6-6-11 -18.45 -0.17 2.72 2133 0.024
23 09-7-6-11 -13.31 0.29 231 -15.34 0.117
24 09-8-6-11 -15.16 0.51 5.15 -19.80 0.036
25 26-5-1-1 9.47 221 2.57 9.84 0.498
26 26-5-6-11 -9.70 2.00 2.19 9.89 0.492
27 27-3-6-11 -7.39 0.98 2.08 -8.49 0.711
28 27-6-6-11 -17.04 3.82 4.88 -18.11 0.056
29 27-7-1-1 -9.30 0.37 2.82 -11.75 0.301
30 31-3-6-11 -7.46 0.65 1.04 -7.85 0.842
31 31-5-1-1 -13.09 0.73 1.74 -14.10 0.162
32 31-5-6-11 -13.41 0.96 5.20 -17.65 0.063
33 31-5-6-2 -14.70 1.05 2.41 -16.07 0.096
34 31-6-1-1 -13.80 -0.29 0.75 -14.84 0.133
35 31-6-6-11 -16.45 1.63 5.93 -20.74 0.028
36 31-7-1-1 -8.97 0.01 3.70 -12.66 0.237
37 31-7-6-11 -10.83 0.16 4.62 -15.30 0.118
38 31-8-11-6 -11.20 0.25 6.45 -17.41 0.068
39 31-8-6-11 -14.04 0.15 6.73 -20.62 0.029
40 32-1-6-11 -7.21 121 -0.01 -5.99 1375
41 32-3-11-1 -7.85 1.08 1.79 -8.56 0.697
v} 32-3-6-1 9.61 0.18 1.80 -11.24 0.344
43 32-3-6-11 -11.17 0.58 -0.56 -10.03 0.474
44 32-5-1-1 -15.70 -0.57 1.24 -17.51 0.066
45 32-5-11-2 -17.52 1.68 1.61 -17.46 0.067
46 32-5-6-11 -15.48 0.88 3.46 -18.06 0.057
47 32-5-6-2 -17.76 0.85 0.86 -17.77 0.061
48 32-6-11-2 -20.14 1.83 2.72 -21.03 0.026
49 32-6-11-6 -18.49 3.73 3.51 -18.28 0.054
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Designed Analogs® AAHyy " AAGqy © AATS,; ¢ AAG om © ECs™ "
50 32-6-2-11 -19.81 1.89 1.70 -19.62 0.038
51 32-6-3-11 -21.77 1.48 2.49 2278 0.016
52 32-6-6-11 -21.41 1.63 5.11 -24.89 0.009
53 32-6-7-11 -22.92 1.71 1.73 -22.94 0.015
54 32-7-1-1 -12.08 0.13 2.40 -14.34 0.152
55 32-7-6-11 -14.58 0.24 3.17 -17.52 0.066
56 32-8-1-1 -14.89 0.63 423 -18.50 0.051
57 32-8-11-6 -15.07 0.92 5.64 -19.79 0.036
58 32-8-6-11 -15.95 0.66 5.68 -20.98 0.026
59 33-6-11-2 -20.98 2.13 1.04 -19.89 0.035
60 33-7-1-1 -11.78 0.59 2.20 -13.38 0.196
61 33-7-6-11 -13.98 0.90 3.21 -16.29 0.091
62 33-8-11-6 -14.16 0.95 4.72 -17.93 0.059
63 33-8-6-11 -15.84 0.65 4.83 -20.02 0.034
64 37-5-6-11 -13.14 1.12 5.01 -17.04 0.075
65 45-6-11-1 -13.68 3.12 4.26 -14.81 0.134
66 45-7-6-11 -8.92 0.46 3.30 -11.76 0.300
67 45-8-11-2 -11.80 2.99 4.39 -13.20 0.205
68 45-8-2-11 9.53 0.59 5.35 -14.28 0.154
69 48-6-6-11 -16.91 2.39 5.29 -19.81 0.036
70 50-5-1-1 -12.68 1.64 0.55 -11.59 0.314
71 50-6-6-11 -17.10 6.90 5.06 -15.26 0.119
72 50-8-6-11 -10.10 0.49 6.39 -16.00 0.098
73 51-5-1-1 -13.27 2.20 0.69 -11.76 0.300
74 51-5-6-11 -13.53 2.59 4.50 -15.44 0.114
75 51-6-6-11 -22.89 10.00 4.39 -17.28 0.070
76 52-5-1-1 -14.54 0.92 0.35 -13.97 0.168
77 52-5-6-11 -16.46 0.41 2.49 -18.55 0.050
78 52-6-11-1 -19.27 1.67 2.13 -19.73 0.037
79 52-6-11-2 -19.67 1.15 0.58 -19.10 0.043
80 52-7-6-11 -13.64 0.80 3.14 -15.98 0.098
81 52-8-6-11 -15.61 0.55 5.25 -20.31 0.030
82 55-6-6-11 -14.72 3.46 4.62 -15.87 0.101
83 65-1-1-1 2.11 0.83 1.18 245 3.500
84 65-1-6-11 -3.95 1.52 -1.42 -1.01 5.116
85 65-5-6-11 -16.50 2.61 228 -16.17 0.094
86 65-6-6-11 -20.48 222 3.21 21.47 0.023
87 65-8-6-11 -15.67 0.38 4.32 -19.61 0.038
88 68-6-1-1 -11.56 0.20 2.35 -13.70 0.180
89 68-6-6-2 -15.66 -0.12 5.24 -21.02 0.026
90 70-5-6-2 -14.01 1.96 0.75 -12.81 0.227
91 70-6-1-1 -13.60 0.41 0.46 -13.64 0.183
92 70-6-6-2 -19.15 0.31 3.03 -21.86 0.020
93 70-6-6-3 -19.07 -0.33 4.18 -23.57 0.013
94 70-6-6-5 -16.08 0.55 2.38 -17.91 0.059
95 70-6-6-6 -15.54 0.02 4.80 -20.32 0.030
96 70-8-6-2 -14.63 0.59 5.45 -19.49 0.039
97 71-5-6-2 -13.89 2.58 233 -13.64 0.183
98 71-6-6-2 -16.35 2.88 4.47 -17.94 0.059
99 71-6-6-6 -13.90 2.39 5.30 -16.81 0.079
100 71-8-6-2 -15.93 0.97 5.64 -20.60 0.029

* M, is molar mass of ligand; "AAHy is the relative enthalpic contribution to the GFE change of the FXR-AAD complex formation AAG., (for details see footnote pf Table 2); © AAGy, is the relative
solvation GFE contribution to AAGeom; ¢ AATS,s is the relative (vibrational) entropic contribution to AAGeom; ¢ AAGeom is the relative Gibbs free energy change related to the receptor-ligand FXR-AAD
complex formation AAGom = AAHyy + AAGy - AATSjp; "ECsg™ is the predicted activation potency towards FXR calculated from AAG,p, using correlationEquation B. Table 3; & ECso™ "] is given for the
reference ligand AAD]1 instead of the ECso™.
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3.6. Novel AAD Analogs
The design of virtual library of novel analogs was guided by structural information retrieved from the AADx active confor-
mation and was used for the selection of appropriate substituents (R;. R,. R3 and R4-groups). In order to identify which
substituents lead to new ligand candidates with the highest predicted potencies towards the FXR, we have prepared histo-
grams of the frequency of occurrence of R, to Ry-groups among the 100 best fit PH4 hits (Figure 7). The histograms show
that the R;-groups 8: fluoromethoxy (12). 31: ethoxy (10). 32: 2-fluoroethoxy (19) and 70: aminomethoxy (7) were repre-
sented with the highest frequency among the 100 AAD hits. The R,-groups most frequently represented in this subset are 5:
3, 3-dimethylbutyl (19). 6: 2-cyclohexyléthyl (34) and 8: (4-méthylcyclohexyl) methyl (14). In the case of R;-groups frag-
ments 1: H (17), 6: Me (51), 11: -NH; (14) and for R4-groups 1: H (21), 2: -F (14),11: -NH, (44).The top ten scoring virtual
hits. Namely, analogs are 32-6-6-11 (ECs, "° = 9.3 pM), 70-6-6-3 (13 pM), 32-6-7-11 (15 pM), 08-6-6-11 (15 pM), 32-6-3-
11 (16 pM), 70-6-6-2 (20 pM), 65-6-6-11 (23 pM), 09-5-6-11 (24 pM), 08-8-6-11 (24 pM) and 32-8-6-11 (26 pM). The R-
groups were buried more deeply in lipophilic pockets display preferences for probably leading to rise in potency [15].

" R,-groups 0 R,-groups
30
20

5 ||| |‘| 1 © | I [
. - .. L.all. . m [ |
1 3 5 6 7 8

2 3 7 8 92627313233374548505152556568 7071

R;-groups R4-groups

60 50
50 40
40 30
30 20
20 0 I
> 1 i
; - — n . . _ =

1 2 3 6 7 11 1 2 3 5 6 11

Figure 7. Histograms of frequency of occurrence of individual R-groups in the 100 best selected analogs mapping to four features of the
PH4 pharmacophore hypothesis Hypo1 (for the structures of the fragments see Table 10); R; = 8: fluoromethoxy (12); 31: ethoxy (10);
32: 2-fluoroethoxy (19); 70: aminomethoxy (7); R, = 5:3.3-dimethylbutyl (19); 6:2-cyclohexylethyl (34) and 8:(4-methylcyclohexyl)
methyl (14); R; = 1:H(17).6:Me(51), 11: -NH2 (14) and Ry = 1:H(21), 2: -F (14).11: -NH2 (44).

The substitutions in R; and R, positions of AADs deeply buried in lipophilic pockets led to an overall increase of affinity of
FXR binding as exemplified by the activation potencies of majority of new designed analogs. The best designed AAD, 32-6
-6-11 displays predicted half-maximal effective concentrations of ECs5o" = 9.3 pM that is about 860 times lower than that
of the most active compound of the TS, namely the AAD1 with EC5,™" = 8 nM. Figures 7 and 8.

3.7. Pharmacokinetic Profile of Novel AAD Analogs

Properties that determine the pharmacokinetics profile of a compound, besides octanol/water partitioning coefficient, aque-
ous solubility, blood/brain partition coefficient. Caco-2 cell permeability, serum protein binding, number of likely metabol-
ic reactions and other 18 descriptors related to adsorption, distribution. metabolism and excretion (ADME properties) of the
ligands were computed by the QikProp program [27] based on the methods of Jorgensen [26,]. According to these methods,
experimental results of more than 710 compounds including about 500 drugs and related heterocycles, were correlated with
computed physicochemical descriptors, resulting in an accurate prediction of molecule’s pharmacokinetic profile. Drug
likeness (#stars) is represented by the number of descriptors that exceed the range of values determined for 95% of known
drugs out of 24 selected descriptors computed by QikProp [27]. Drug-likeness was used as the global compound selection
criterion related to ADME properties. The selected ADME descriptors were calculated from 3D structures of compounds
considered. They were used to assess the pharmacokinetics profile of designed compounds (table 11). The values for the
best active designed AADs are compared with those computed for drugs used for treatment of metabolic diseases such as
diabetes and PBC clinical trials (Table 11).
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Table 11. ADME-related properties of the best designed AAD analogs computed by QikProp [27]

AAD* pstars® | MY Se | Spae® | Vel s | BBt | HBud | logrew) | logSw | logKhsa' | logB/B” | BlPews® | #metab® | HOA? | %HOA | ECH™T
(gmol™) | [A%] [A%] [A] [nM]
31-6:6-11 3 5437 937.9 4806 | 17427 |11 |3 7 6.5 8.7 123 247 33.0 7 1 66.1 0.028
32:6-112 4 565.6 9353 3693 | 17218 [ 11 |3 7 64 9.0 117 2.64 19.0 6 1 61.6 0.026
32.86-11 3 561.7 9319 [ 4329 | 17384 [10 |3 7 6.6 9.0 126 227 333 7 1 67.1 0.026
08-8-6-11 1 547.6 8729 | 3785 | 16527 | 9 3 7 6.1 8.1 1.09 2.06 327 7 1 6.9 0.024
09-5-6-11 2 538.0 8985 | 3550 | 16519 |10 |3 7 6.2 8.5 1.03 2.16 34.5 7 1 65.1 0.024
65-6-6-11 3 573.7 9588 4203 |17917 |11 |3 8 62 89 112 283 14.5 7 1 58.0 0.023
70-6-6-2 3 547.6 9059 |386.8 | 1691.0 |11 |4 8 3.0 72 0.83 2.40 3.5 7 1 412 0.020
32.6:3-11 4 582.1 0422 3669 | 17478 |11 |3 7 69 9.3 1.24 227 30.0 6 1 67.8 0.016
08-6-6-11 1 547.6 8925 | 389.8 | 16779 |10 |3 7 63 83 111 219 316 7 1 64.5 0.015
32:67-11 4 579.6 9573 | 4140 |17747 |11 |3 7 7.0 9.4 131 228 33.9 7 1 9.5 0.015
70-6-6-3 3 564.1 9067 | 3812 | 17066 |11 |4 8 3.1 73 0.87 231 3.6 7 1 25 0.013
32:6:6-11 4 561.7 9467 | 4415|1757 |11 |3 7 6.8 9.1 127 236 337 7 1 619 0.0093
Obeticholic acid 1.0 4206 6872 | 5086 | 13438 [70 |30 54 |44 54 0.7 15 50.8 3.0 3.0 833 ;
Repaglinide 0.0 452.6 647.1 3399 | 13424 [90 |20 63 |44 35 02 09 1390 | 4.0 3.0 90.9 -
Metformin 3.0 129.2 3170 | 1518 | 4886 |20 |50 35 |08 0.5 0.8 08 2689 | 1.0 2.0 65.9 -
liraglutide 1.0 369.5 779.8 | 610.6 | 13862 | 190 | 1.3 58 |42 5. 0.1 25 574 3.0 1.0 833 -
pioglitazone 0.0 356.4 6214 [ 2290 | 10960 [70 |10 48 |36 49 04 11 4745 |60 3.0 95.8 -
sitagliptin 1.0 407.3 617.6 | 1528 | 10824 |50 |10 50 |29 40 0.1 0.0 99.0 5.0 3.0 79.9 ;
Gglicazide 0.0 3234 5708 | 323.6 | 1017.8 |30 |10 50 |22 3.0 0.0 0.9 219 |10 3.0 82.0 ;

* designed AAD analogs. Table 6; "drug likeness. number of property descriptors (24 out of the full list of 49 descriptors of QikProp. ver. 3.7. release 14)
that fall outside of the range of values for 95% of known drugs; molar mass in [g.mol-1] (range for 95% of drugs: 130-725 g.mol-1) 7" 9 total solvent-
accessible molecular surface. in [A%] (probe radius 1.4 A) (range for 95% of drugs: 300-1000 A%); ¢ hydrophobic portion of the solvent-accessible molecu-
lar surface, in [A?] (probe radius 1.4 A) (range for 95% of drugs: 0750 A?); "total volume of molecule enclosed by solvent-accessible molecular surface,
in [A%] (probe radius 1.4 A) (range for 95% of drugs: 500-2000 A%); & number of non-trivial (not CX3), non-hindered (not alkene. amide. small ring) rotat-
able bonds (range for 95% of drugs: 0—15); " estimated number of hydrogen bonds that would be donated by the solute to water molecules in an aqueous
solution. Values are averages taken over a number of configurations, so they can assume non-integer values (range for 95% of drugs: 0.0-6.0); ' estimated
number of hydrogen bonds that would be accepted by the solute from water molecules in an aqueous solution. Values are averages taken over a number of
configurations, so they can assume non-integer values (range for 95% of drugs: 2.0-20.0); | logarithm of partitioning coefficient between n-octanol and
water phases (range for 95% of drugs: -2 to 6.5); * logarithm of predicted aqueous solubility. logS. S in [mol-dm ] is the concentration of the solute in a
saturated solution that is in equilibrium with the crystalline solid (range for 95% of drugs: —6.0 to 0.5); ' logarithm of predicted binding constant to human
serum albumin (range for 95% of drugs: —1.5 to 1.5); ™ logarithm of predicted brain/blood partition coefficient (range for 95% of drugs: —3.0 to 1.2);"
predicted apparent Caco-2 cell membrane permeability in Boehringer-Ingelheim scale in [nm s™'] (range for 95% of drugs: < 25 poor. > 500 nms™' great); °
number of likely metabolic reactions (range for 95% of drugs: 1-8);” human oral absorption (1 = low. 2 = medium. 3 = high); ¢ percentage of human oral
absorption in gastrointestinal tract (<25% = poor. >80% = high); " predicted activation constants ECs,™. ECs5,"" was predicted from computed AAGom,
using the regression Equation B shown in Table 3.

LEU278

ILE356

TRP458

PHE288'

Figure 8. (Left) Close up of virtual hit 32-6-6-11, the most active designed AAD analog (ECs," = 9.3 pM) at the active site
of FXR. (Right) Mapping of the AAD 32-6-611 to FXR activation pharmacophore.
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32.6.7-11 (15 pM)

Figure 9. Connolly Surface of the active site of FXR for 4 best active designed AAD analogs. The binding site surface is
colored according to residue hydrophobicity: red = hydrophobic, blue = hydrophilic and white = intermediate

4. DISCUSSION

4.1. Binding mode of anthranilic acid derivatives
Besides the robustness of the QSAR model, the anal-
ysis of the interactions between the AAD and active
site residues revealed the key interactions responsible
for the AAD affinity to FXR, such as hydrogen
bonds, van der Waals interactions, and hydrophobic
contacts, etc. As displayed in the 2D and 3D schemes
of Figure 3, the binding of AAD1 most active ligand
in the TS to the active site of FXR is supported by the
following interactions: HB of the benzoic acid with
Arg335 and hydrophobic contacts.

To verify whether also other stronger interactions
codetermine the binding mode of AAD to FXR active
site and aid structure-based design of new analogs,
interaction energies E;, between active site residues
and AAD were computed (Table 4). The structure of
AAD shed some light on the structure features for
binding affinity and opened the gate to the design of
new AAD ligands taking benefit from S1 to S2 pock-
ets filling. In this way key residues from these pock-
ets contribution to the global interaction energy FXR
—AADx correlate with their activation potencies as
displayed in Figure 5 (table 5, 6 and 7).

4.2. Analysis of new ligands from in silico screen-
ing

An analysis of structural requirement for FXR activa-
tion at the level of hydrophobic contacts with the ac-
tive site revealed that the substituent, namely R;-
group and R,-group in the training set insufficiently
explored the S1 and S2 pockets of the FXR active
site. Therefore, new AAD agonistics that match the

FXR activation pharmacophore and fill better the S1
and S2 pockets may form potent ligands (Table 10).
The top scoring virtual hits are AAD analogs: are 32-
6-6-11 (ECs5¢™ = 9.3 pM), 70-6-6-3 (13 pM), 32-6-7-
11 (15 pM), 08-6-6-11 (15 pM), 32-6-3-11 (16 pM),
70-6-6-2 (20 pM). 65-6-6-11 (23 pM). 09-5-6-11 (24
pM). 08-8-6-11 (24 pM), and 32-8-6-11 (26 pM) with
specific substitution targeting S1 and S2 pockets fill-
ing (R;.R,. R; and R, substituents). The predicted
activity of the best designed AAD analog 32-6-6-11
reached approximately 860 times lower than that of
the most active ligand of the training set AAD1 with
ECs,"" = 8 nM (Table 10).

Despite this exceedingly optimistic picture, our ap-
proach helped to identify interesting hydrophobic
side chains (R;-groups) such as 2-fluoroéthoxy (19).
fluoromethoxy (12) for the S1 pocket filling and a
bulkier group (R,-groups) 2-cyclohexylethyl (34)
compared to the lipophilic 4-tert-butylbenzoyl sub-
stituent for S2 [15,19]. These substituents allowed to
entirely fill the spacious FXR ligand-binding site
[20]. The Connolly surface of the binding site shows
the lipophilic S2 pocket accommodating a bulkier
substituent contributing to better stabilization and
greater affinity (Figure 9).

The ADME-related properties were also computed
for the best active designed AAD (Table 11). It can
be noticed that the human oral absorption in gastroin-
testinal tract (HOA) is low for the new AAD analogs
suggesting non-oral delivery. The blood—brain barrier
descriptor is in the appropriate range.
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5. CONCLUSIONS

Structural investigation of the SAR of anthranilic acid de-
rivatives as partial FXR agonists from the crystal structure
of FXR: AAD complex guided us during preparation of a
reliable QSAR model of activation of FXR which correlat-
ed computed Gibbs free energies upon complex formation
with observed FXR activation potencies. In addition we
have derived a 3D-QSAR PH4 pharmacophore model for
AAD activation using a training set of 17 and validation
set of 3 AADs with known activation activities [15]. Care-
ful analysis of interactions between the FXR’s active site
residues and AADs directed us in the design of an initial
diversity virtual combinatorial library of new AAD ana-
logs with multiple substitutions on the benzene ring and
amido group. A focused library filtered by a set of ADME-
related descriptors and screened by matching of the ana-
logs to the PH4 pharmacophore permitted selection of a
library subset of AADs. This subset of 100 best virtual hits
was submitted to computation of predicted activation po-
tencies by the complexation QSAR model. The best ana-
logs reached predicted activities in the low picomolar con-
centration range. The best designed AAD analogs are 32-6
-6-11 (ECsy™ = 9.3 pM), 70-6-6-3 (13 pM), 32-6-7-11 (15
pM), 08-6-6-11 (15 pM), 32-6-3-11 (16 pM), 70-6-6-2 (20
pM), 65-6-6-11 (23 pM), 09-5-6-11 (24 pM), 08-8-6-11
(24 pM) and 32-8-6-11 (26 pM) (Table 11) are recom-
mended for synthesis and subsequent activity evaluation in
FXR activation assays and may lead to a discovery of nov-
el potent partial FXR agonists.

In addition, our structural study revealed that the residues
11e277, Leu278, Leu352, Arg355 of the S1 pocket strongly
participate in the stabilization of the molecule.
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