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ABSTRACT: A high throughput screen was developed to identify novel, nonsteroidal RORα agonists. Among the validated hit
compounds, the 4-(4-(benzyloxy)phenyl)-5-carbonyl-2-oxo-1,2,3,4-tetrahydropyrimidine scaffold was the most prominent.
Among the numerous analogues tested, compounds 8 and 9 showed the highest activity. Key structure−activity relationships
(SAR) were established, where benzyl and urea moieties were both identified as very important elements to maintain the activity.
Most notably, the SAR were consistent with the binding mode of the compound 8 (S-isomer) in the RORα docking model that
was developed in this program. As predicted by the model, the urea moiety is engaged in the formation of key hydrogen bonds
with the backbone of Tyr380 and Asp382. The benzyl group is located in a wide hydrophobic pocket. The structural
relationships reported in this letter will help in further optimization of this compound series and will provide novel synthetic
probes helpful for elucidation of complex RORα physiopathology.
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The retinoic acid-related orphan receptor alpha (NR1F1,
RORα) is a ligand-activated transcription factor and a

member of the nuclear hormone receptor superfamily. The
characterization of RORα-deficient mice (staggerer mice)1−3

that carry the natural, nonsense mutation in the NR1F1 gene
has provided a great insight into the critical functions of RORα
in the regulation of a variety of physiological and devel-
opmental processes, related to bone health, energy homeostasis,
immune function, inflammatory responses, brain development
processes, and neuroprotection. RORα activity modulates the
expression of several components of the circadian clock system.
This receptor is also suspected to play a role in integrating the
central pacemaker signal and the rhythmic expression pattern of
downstream (metabolic) genes. For a thorough description of
RORα-related physiology, readers are referred to the recent
excellent reviews.4−7

Kallen et al. described the first crystal structure of the ligand
binding domain (LBD) of RORα. Surprisingly, authors
identified a molecule of cholesterol that was present in the
ligand binding pocket of the RORα protein that was purified
from insect cells.8 They concluded that cholesterol (or its

derivative) binding in RORα LBD stabilized the receptor in the
agonistic conformation. Later, they further demonstrated that
cholesterol sulfate also binds within the pocket, although with
better affinity.9 Recently, 7-α-hydroxycholesterol, 7-β-hydrox-
ycholesterol, and 24-S-hydroxycholesterol were identified as
RORα inverse agonists.10,11 These novel ligands bound to the
target protein with nanomolar affinities, down-regulated RORα
activity in reporter assays, and down-regulated target gene
expression in vitro. The interpretation of dynamic hydrogen/
deuterium exchange experiments (HDX) on the ligand−
receptor complex led to the model in which the unliganded
RORα-LBD (protein produced in bacteria that do not contain
cholesterol) is in an active conformation and constitutively
interacts with the coactivator peptide. The binding of an inverse
agonist ligand, such as 7-α-hydroxycholesterol leads to a
decrease in the affinity for the coactivator binding and results in
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a decreased transactivation activity and reduced transcriptional
output.11

Finally, two synthetic RORα ligands have been recently
published.12,13 These small molecules, SR1078 (dual RORα/γ
agonist) and SR3335 (RORα selective inverse agonist),
modulated RORα activity in reporter assays and target gene
expression in cell culture models.
In this letter, we report on the discovery of new nonsteroidal

RORα ligands by high throughput screening of a small
molecule compound library and on the preliminary optimiza-
tion of one hit series (Hit Scaffold 1, Scheme 1). In particular,

the structure−activity relationships (SAR) that corroborate the
results of the docking studies with the most active compounds
(in-house docking model) will be highlighted and further
optimization opportunities will be pointed out.
The screen was accomplished in a cell-free format with the

use of the pull-down assay that measured the recruitment of the
TIF2-BAP reporter hybrid protein on the immobilized GST-
RORα protein. TIF2 (NCOA2) was chosen for this project
since it was previously described to serve as a natural RORα
coactivator with a distinct physiological function.14 The
recruitment assay was validated with a known RORα ligand,
7-dehydro-cholesterol (7DC, cf. Supporting Information
Supplementary Figure 1).8

The pull-down assay was robust, reproducible, and easily
automated. The primary screen was accomplished with a hit
rate of 0.16% and with a satisfactory z′ factor of 0.55. In
addition to steroid compounds, various small molecules were
identified as RORα ligands. A specific activity of all these
compounds was confirmed in dose response studies with a
TIF2-BAP protein but no interaction was found with a
TIF2(mut)-BAP protein, where all the three LXXLL motifs
were invalidated by side directed mutagenesis. In addition,
none of the hits were active in counter-screen assays, which
scored for nonspecific interactions, such as direct GST binding
or BAP (reporter protein) activation (not shown).
Following the assignment (structure related) of each

confirmed hit to a specific chemical series, singletons and hit
series (comprising several hits) were identified. A hit series
evaluation process began, considering drug-like properties,
synthetic accessibility, SAR, etc, and analogues or compounds
complementary to the chemical space around these series,
either purchased, synthesized, or identified within our library,
were tested in dose−response studies.
In the case of Scaffold 1 (Scheme 1), some 300 related

analogues, including several additional active compounds, were
tested.
Compounds 1 and 4−39 (see Tables 1−4) were either

commercially available or prepared by a Biginelli multi-
component reaction (Scheme 1) from appropriate 4-benzylox-

ybenzaldehydes I, beta-keto/esters/amides/ketones II, and
(thio)ureas III, according to procedure A or B.15,16 When
necessary, additional synthetic steps were performed to prepare
compounds complementary to our pyrimidinone library.
Two crystallographic structures of RORα are available in the

Protein Data Bank (PDB). These structures are complexes of
RORα with either the cholesterol (1N83)8 or the cholesterol
sulfate (1SOX)9 ligands. They are considered to represent the
active, agonist-induced conformation of the receptor. Super-
position of the two structures showed that the main difference
was located in the mobile loop between the alpha helices H1
and H2, whereas no differences were identified with respect to
the positions that interact with the steroid ligands. We used
these two structures as structural models for the docking
experiments.
Although cholesterol forms an important hydrogen bond

network with the protein through multiple water molecules, the
sulfate group of the cholesterol sulfate replaces the water
molecules to form direct hydrogen bonds with the residues of
the mobile loop of the protein. These direct interactions modify
the position of the mobile loop residues and consequently
reduce the space volume of the entrance of the binding site of
the protein. It is noteworthy that one water molecule is strictly
conserved in the binding site between the two crystallographic
complexes. This water molecule, located between alanine 330
and arginine 367 plays an important role in the hydrogen bond
network for the binding of the two ligands.
Glide docking software was used in order to construct the

model.17 Four models (the two crystallographic structures with
or without the conserved water molecule) were evaluated for
the docking procedure using the SP mode of Glide. The model
formed by the protein part of the 1N83 structure and the
conserved water molecule reproduced best the binding modes
of both cholesterol and cholesterol sulfate. This model was
used for all the experiments described in the following part.
Compounds were tested in dose response studies in the pull-

down assay (Tables 1−4). As partial agonists, they can be
differentiated both in terms of the affinity (EC50) and the
efficacy (maximum effect, Emax). The affinity was used as the
metrics to score compounds among them. The efficacy was
used to highlight SAR elements or to differentiate compounds
with comparable EC50 values.
Since Scaffold 1 contains an asymmetric center at C-4, the

influence of its configuration on compound affinity was first
considered. Enantiomers 2 and 3 (Table 1) were isolated from
racemic compound 1 by semipreparative HPLC chiral
chromatography and tested on the pull down assay. As
expected, one enantiomer (compound 3) that was isolated in
a high enantiomeric purity (96.78%) was found to be poorly
potent, while enantiomer 2, isolated in a moderate enantio-

Scheme 1. General Synthetic Pathway to 4-(4-
(Benzyloxy)phenyl)-5-carbonyl-2-oxo-1,2,3,4-tetrahydro-
pyrimidine to Hit Scaffold 1

Table 1. Evaluation of the Chirality Effect on EC50 and Emax

entry compd EC50 (μM) Emax (% 7DC)

1 1 (racemate) 12.7 88
2 2 (enantiomer 1) 10.9 85
3 3 (enantiomer 2) >30a >41b

aNot calculated (no plateau). bNot determined (no plateau).
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meric purity (75.93%), accounted for most of the affinity of
racemate 1
Docking studies with several potent scaffold 1 representa-

tives were also performed to investigate the differences in the
RORα binding mode of (S) and (R) enantiomers. Only (S)

enantiomers had a reproducible and stable binding mode.
Although these observations go along with the results obtained
for compounds 2 and 3 in the pull-down assay, no specific
configuration can be assigned to either compounds 2 and 3
without any dedicated analytical study (X-rays).
All further docking studies were carried on using the (S)

configuration. However, compounds were still purchased or
synthesized as racemates to rapidly produce structure−activity
data.
We next examined the importance of the 4-benzyloxy group

(Table 2, entries 1−10). While benzyl derivative 8 exhibited
moderate affinity and efficacy, both the hydroxyl (compd 4),
methoxy (compds 5 and 7) or propyloxy (compd 6) analogues
were found to be not active. Moreover, chain lengthening from
methylene (compd 9) to ethylene (compd 10) or propylene
(compd 11) resulted in a loss of activity, both in terms of
affinity and efficacy. Substitution of the benzyl ring also had

Table 2. SAR Elements Evidenced for the Benzyloxy Group

aNA: not active at 30 μM.

Table 3. SAR Elements Evidenced for Positions 1, 3, and 6
of the Dehydropyrimidinyl Moiety

entry compd R1 R3 R6 EC50 (μM) Emax (% 7DC)

1 14 Me H Me >19b 29
2 15 H Me Me >30a 19
3 16 H H Et >30a >45b

aNot calculated (no plateau). bNot determined (no plateau).

Table 4. SAR Elements Evidenced for the 5-Carbonyl Substituent

aNA: not active at 30 μM. bNot calculated (no plateau).
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beneficial effects; (4-(2-chloro)phenyl) derivative 13 was found
active, while its non-halogenated analogue 12 was not.
The predicted binding mode found for the S-isomer of series

best representative compound, compound 8, is shown in Figure
1. Interestingly, the aryl part is placed in the hydrophobic
subpocket of the active site making it a privileged candidate for
further optimization.

SAR elements were also established for several positions of
the dehydropyrimidinyl ring.
As observed in the pull-down assay, methylation of the

nitrogen in the N-3 position (Table 3, R3 = Me) disrupted the
activity of compound 15 as compared to compound 9, which is
consistent with the binding mode reported in Figure 1.
Methylation of the nitrogen in the N-1 position (compd 14)
was also deleterious to compound affinity and efficacy as
compared to compound 9.
In the C-6 position, replacement of the methyl (compd 9) by

an ethyl (compd 16) led to a decrease in affinity and efficacy.
In the C-5 position, a panel of 6-methyl-2-oxo-5-substituted-

1,2,3,4-tetrahydro-4-pyrimidinyl derivatives (Tables 2−4) has
been tested so far. Among these, ethyl esters appeared as the
best compromise between affinity and activity. Ethyl esters 8, 9,
and 37 exhibited better affinities than bulkier esters 17, 18, 23−
26, 29−31, 34, and 35. Similarly, ethyl ester 9 was more potent
and efficacious than its methoxy analogue 28 or than
hydrophilic acid and amide analogues 27 and 33. Other
bulky analogues such as amide derivatives (compds 32 and 39)
were inactive. Esters 19−21 were low-affinity and/or low-
efficacy compounds as compared to compound 9.
However, bulky ester 38 was surprisingly as potent as

compound 9, though less efficacious. Similarly, compound 22, a
cyclic analogue of compounds 19−21, was more efficacious
than compound 9, though less potent.
According to the proposed binding mode of compound 8-

(S), the ester group in the C-5 position of the pyrimidinyl
moiety is in proximity with the mobile loop (hydrophilic

subpocket). Depending on the nature of the substituent in this
position, water molecules can create bridges between the ligand
and the loop, adapting this cavity to tolerate small to bulky
groups. So far, the docking studies accuracy of 5-substituted-
pyrimidinyl derivatives suffered from a relative lack of examples
to properly model and anticipate their interactions with the
mobile loop and also from the weakness of the docking
software to efficiently take into account the high mobility of
some parts of the receptors associated with the dynamic
creation of water bridges.
Synthesis and testing of many more analogues will be helpful

for the optimization process of the substituents in this
particular position.
Finally, when comparing compounds 36 and 37, with

compounds 31 and 9, respectively, it appeared that 3-methoxy
substitution on the central phenyl ring favored the efficacy. A
similar observation was made when comparing the compound
13 with 1 for which the 3-ethoxy substitution enhanced the
efficacy.
In this study, various nonsteroidal RORα ligands (singletons

or members of a hit series) were identified by a high
throughput screening. As a result of the hit series evaluation
process, 4-(4-(benzyloxy)phenyl)-5-carbonyl-2-oxo-1,2,3,4-tet-
rahydropyrimidine hit series was selected for further structure−
activity relationship studies. Several additional compounds with
moderate affinities and efficacies were identified, including the
best compounds 8 and 9. Mostly, key structural elements were
evidenced such as the benzyl and urea moieties, very important
to maintain the activity or modifications on the central phenyl
that enhance the efficacy. Moreover, these structure−activity
results were consistent with the binding mode of the
compound 8 (S-isomer) in the RORα docking model that
was developed. Key hydrogen bonds between the urea moiety
and the backbone of Tyr380 and Asp382 were identified. The
benzyl group was localized in a wide hydrophobic pocket.
SAR knowledge reported herein will help to advance this

chemical series further, to produce more potent RORα agonist
compounds, notably through the optimization of both aromatic
moieties. Preliminary evaluation has also shown that metabolic
stability of this compound series needs to be improved. Our
next goal is the conception of improved compounds, amenable
to in vivo target validation studies.
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