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A B S T R A C T

Liver X receptors (LXRs) are nuclear receptors that play central roles in the transcriptional control of lipid
metabolism. The ability of LXRs to integrate metabolic and inflammation signalling makes them
attractive targets for intervention in human metabolic diseases. Several oxidized metabolites of
cholesterol (oxysterols) are endogenous LXR ligands, that modulate their transcriptional responses.
While 25R-cholestenoic acid is an agonist of the LXRs, the synthetic analogue 27-norcholestenoic acid
that lacks the 25-methyl is an inverse agonist. This change in the activity profile is triggered by a
disruption of a key interaction between residues His435 and Trp457 that destabilizes the H11-H12 region
of the receptor and favors the binding of corepressors. The introduction of fluorine atoms on the oxysterol
side chain can favor both hydrophobic interactions as well as hydrogen bonds with the fluorine atoms
and may thus induce changes in the receptor that may lead to changes in the activity profile. To evaluate
these effects we have synthesized two fluorinated 27-nor-steroids, analogues of 27-norcholestenoic acid,
the 25,25-difluoroacid and the corresponding 26-alcohol. The key step was a Reformatsky reaction on the
C-24 cholenaldehyde, with ethyl bromodifluoroacetate under high intensity ultrasound (HIU) irradiation,
followed by a Barton-McCombie type deoxygenation. Activity was evaluated in a luciferase reporter assay
in the human HEK293 T cells co-transfected with full length human LXRb expression vector. The
25,25-difluoro-27-norcholestenoic acid was an inverse agonist and antagonist similar to its non-
fluorinated analogue while its reduced derivative 25,25-difluoro-27-norcholest-5-ene-3b,26-diol was an
agonist. Molecular dynamics simulation of the ligand-receptor complexes showed that the difluoroacid
disrupted the His435-Trp457 interaction although the resulting conformational changes were different
from those induced by the non-fluorinated analogue. In the case of the difluoroalcohol, the fluorine
atoms actively participated in the interaction with several residues in the ligand binding pocket leading
to a stabilization of the active receptor conformation.

ã 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Oxysterols, the oxygenated metabolites of cholesterol, not only
form part of the cholesterol degradation pathway, but they also are
regulatory molecules with diverse specific biological actions.
Particularly, they act as endogenous modulators of the Nuclear
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Receptor (NR) superfamily transcription factors, involved in
essential functions of cellular physiology. As part of the extrahe-
patic alternative pathway of bile acid synthesis, CYP27A1, one of
the ubiquitous P450 enzymes, produces two oxygenated steroids
at C-27, 25R-cholestenoic acid (1) and 26-hydroxycholesterol (2)
(Fig. 1), that bind to the Liver X Receptors (LXRs) and modulate
their transcriptional responses [1,2].

In the last two decades, LXRs have emerged as attractive
pharmacological targets due to their relevant abilities to regulate
lipid metabolism and cholesterol transport, as well as glucose
homeostasis and inflammatory response [3]. Two LXR isoforms
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Fig. 1. Endogenous and synthetic LXR ligands.
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have been described (LXRa and LXRb) that form heterodimers
with the retinoid X receptor (RXR). Structurally, LXRs are modular
proteins organized into three domains: a N-terminal activation
domain that recruits ligand-independent co-activators, a central
DNA-binding domain and a C-terminal ligand binding domain
(LBD), which also is involved in the binding of cofactors at the AF-2
region. Upon the binding of agonist ligands, the LXR-LBD under-
goes conformational modifications that result in the release of
corepressors and recruitment of coactivators, leading to gene
expression regulation. There is evidence that LXR agonists might
be useful for the treatment of Alzheimer’s disease and other
neurodegenerative diseases of the CNS [4], on the other hand the
undesirable effect of LXR agonists on hepatic lipogenesis has
prompted the development and characterization of LXR antago-
nists and inverse agonists [5,6].

Recently, in the search for novel oxysterol analogues with
simplified steroid side chains, we synthesized the 27-nor-steroid 3,
analogue of compound 1 (Fig. 1) [7]. Surprisingly, we found that
compound 3 behaved as an inverse LXR agonist with an improved
capacity of the LXRb/3 complex to bind corepressors rather than
coactivators. Even more, in silico MD simulations revealed that the
absence of the C-25 methyl provokes a disruption of the His435-
Trp457 interaction, and consequently a destabilization of the H11-
H12 region of the receptor.

Based on these results and considering that replacing hydrogen
by fluorine entails a large electronic effect on neighboring
functional groups, thus increasing the acidity of carboxylic acids
and alcohols, we have now prepared two fluorinated 27-nor-
steroids compounds 4 and 5. These are analogues of 3, in which
polarity and lipophicility of the side chain have changed. We
wondered if the increased acidity of the terminal group at C-26
could have an effect on the interaction with the LXRs, but also if the
fluorine atoms at C-25 could interact per se with residues in the
LXR ligand binding pocket (e.g. His435), as observed in the crystal
structure of LXR complexes with the non-steroidal ligand GW3965
(pdb:1pq6, pdb:3ipq and pdb:4nqa).
2. Materials and methods

2.1. Chemistry

Mps were taken on a Fisher-Johns apparatus and are
uncorrected. NMR spectra were recorded on an Avance II 500
NMR spectrometer (1H at 500.13 MHz, 19F 470,59 MHz, 13C at
125.77 MHz). Chemical shifts are given in ppm downfield from
TMS as internal standard (1H and 13C) or CFCl3 external standard
(19F), J values are given in Hz. Multiplicity determinations and 2D
spectra (COSY, NOESY, HSQC and HMBC) were obtained using
standard Bruker software. Exact mass spectra were obtained using
a Bruker micrOTOF-Q II mass spectrometer, equipped with an ESI
source operating in positive mode. Flash chromatography was
carried out on silica gel 60, 0.0040-0.0063 mm, Merck 9385. High
intensity ultrasound (HIU) irradiation was provided by an
ultrasonic processor probe system SonicCell VCX 750 (20 KHz,
750 W, 3 mm stepped tip at power level of 20–30%) in a reactor
from Sonics and Materials. Medium Pressure Liquid Chromatogra-
phy (MLPC) was carried out on a Buchi Sepacore purification
system C-615 equipped with two pumps of 10 bar maximum
pressure. Thin layer chromatography (tlc) analysis was performed
on silica gel 60 F254 (0.2 mm thick). The homogeneity of all
compounds was confirmed by tlc and 1H NMR. Solvents were
evaporated at reduced pressure and ca. 40–50 �C. 3b-(t-Butyldi-
methylsilyloxy)-chol-5-en-24-al (6) was prepared following the
procedure previously described by us [7].

2.1.1. 3b-(t-Butyldimethylsilyloxy)-25,25-difluoro-24j-hydroxy-27-
norcholest-5-en-26-oic acid ethyl ester (7)

To a solution of aldehyde 6 (363 mg, 0.770 mmol) in THF
(2.7 mL), activated Zn dust (151 mg, 2.30 mmol) and iodine
(58.4 mg, 0.230 mmol) were added and Ar was bubbled through
the mixture. The mixture was sonicated 1 cycle, and ethyl
a-bromo-a,a-difluoroacetate (468 mg, 2.30 mmol) was added,
followed by THF (1 mL). The reaction mixture was sonicated for
10 min in (6 � 4) s pulse mode. During irradiation, the reaction
vessel was immersed in a circulating water bath at 25 �C. At the end
of the reaction period, the reaction mixture was poured onto an
aqueous saturated solution of NH4Cl (10 mL), extracted with ethyl
acetate (3 � 10 mL), washed with aqueous NaCl, and the solvent
evaporated. The resulting solid was purified by MPLC (flow rate:
10 mL/min, hexane-ethyl acetate 97:3) to give 7 as a 1:1 mixture of
epimers at C-24 (298 mg, 65.0%). 1H NMR (500.13 MHz, CDCl3) dH:
5.31 (1H, m, H-6); 4.36 (2H, q, J = 7.0 Hz, O-CH2CH3); 3.98 (1H, m, H-
24 epimer 1); 3.94 (1H, m, H-24 epimer 2); 3.48 (1H, tt, 11.1 and
5.4 Hz, H-3); 2.27 (1H, m, H-4b); 2.17 (1H, m, H-4a); 2.03 (1H, m,
H-23a epimer 1); 2.00 (1H, m, H-12b); 1.97 (1H, m, H-7b); 1.83
(1H, m, H-16a); 1.80 (1H, m, H-1b); 1.78 (1H, m, H-23a epimer 2);
1.74 (1H, m, H-22a epimer 1), 1.73 (1H, m, H-2a); 1.59 (1H, m, H-
15b); 1.58 (1H, m, H-23b epimer 1); 1.55 (1H, m, H-2b); 1.54 (1H,
m, H-7a); 1.50 (1H, m, H-22b); 1.47 (2H, m, H-11); 1.46 (1H, m, H-
20 epimer 1); 1.45 (1H, m, H-20 epimer 2); 1.44 (1H, m, H-8); 1.39
(1H, m, H-23b epimer 2); 1.37 (2H, t, J = 7.0 Hz, O-CH2CH3); 1.33
(1H, m, H-22b); 1.27 (1H, m, H-16b); 1.16 (1H, m, H-12a); 1.11 (1H,
m, H-17); 1.10 (1H, m, H-22a epimer 2); 1.08 (1H, m, H-15a); 1.03
(1H, m, H-1a); 1.00 (3H, s, H-19); 0.99 (1H, m, H-14); 0.95-0.94
(3H, d, J = 6.5 Hz, H-21); 0.91 (1H, m, H-9); 0.89 (9H, s, (CH3)3C-Si);
0.682 (3H, s, H-18 epimer 2); 0.677 (3H, s, H-18 epimer 1); 0.06 (6H,
s, (CH3)2-Si); 13C NMR (125.77 MHz, CDCl3) dC: 163.7 (t, J = 31.0 Hz,
C-26); 141.6 (C-5); 121.1 (C-6); 114.6 (t, J = 254 Hz, C-25); 72.6 (C-3);
72.6 (t, J = 26.2 Hz-C-24 epimer 1); 72.0 (t, J = 25.2 Hz, C-24 epimer
2); 63.0 (O-CH2CH3); 56.75 and 56.73 (C-14); 55.76 and 55.70 (C-
17); 50.2 (C-9); 42.8 (C-4); 42.35 and 42.34 (C-13); 39.8 (C-12); 37.4
(C-1); 36.6 (C-10); 35.7 and 35.2 (C-20); 32.1 (C-2); 31.9 (C-7 and C-
8); 31.6 and 31.2 (C-22); 28.2 and 28.1 (C-16); 26.0 and 25.6 (C-23);
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25.9 ((CH3)3C-Si); 24.2 (C-15); 21.0 (C-11); 19.4 (C-19); 18.6 and
18.4 (C-21); 18.3 ((CH3)3C-Si); 14.0 (O-CH2CH3); 11.86-11.85 (C-18);
�4.60 ((CH3)2-Si); 19F NMR (470.59 MHz, CDCl3) dF: �114.46 (dd,
JFF = 263 Hz, JFH = 3.5 Hz, F-25a epimer 1); �115.01 (dd, JFF = 262 Hz,
JFH = 3.5 Hz, F-25a epimer 2); �122.30 (dd, JFF = 264 Hz, JFH = 14.7
Hz, F-25b epimer 1); �122.54 (dd, JFF = 264 Hz, JFH = 15.2 Hz, F-25b
epimer 2); HRMS-ESI: calculated for C34H58F2NaO4Si: 619.3965,
found 619.3972.

2.1.2. 3b-(t-Butyldimethylsilyloxy)-25,25-difluoro-27-norcholest-5-
en-26-oic acid ethyl ester (8)

To a solution of compound 7 (50.0 mg, 0.08 mmol) in dry 1,2-
dichloroethane (5.0 mL), thiocarbonyldiimidazole (37.3 mg,
0.2 mmol) and dimethylaminopyridine (0.5 mg, 0.004 mmol) were
added. The mixture was heated under reflux for 3 h, allowed to cool
to room temperature and the solvent evaporated. Purification by
MPLC (Flow rate: 10 mL/min; hexane-ethyl acetate 97:3 ! 90:10)
gave the thionocarbonate as an amorphous solid (54.2 mg, 91.0%).

A solution of the thionocarbonate (54.2 mmol, 0.08 mmol)
obtained above in dry toluene (2.2 mL) was brought to boiling
under Ar, and diphenylsilane (42.7 mL, 0.23 mmol) added. The
reaction mixture was subsequently treated with 122 mL portions of
a solution of lauroyl peroxide in toluene (0.112 g/mL) at 20 min
intervals during 3 h. When the reaction was complete (tlc) the
solvent was evaporated in vacuum and the residue purified by
MPLC (flow rate: 10 mL/min; hexane-ethyl acetate 100 ! 99:1) to
give compound 8 as an amorphous solid (35.7 mg, 80.0%). 1H NMR
(500.13 MHz, CDCl3) dH: 5.32 (1H, dt, J = 5.0 and 1.9 Hz, H-6); 4.33
(2H, q, J = 7.0 Hz, O-CH2CH3); 3.48 (1H, tt,10.7 and 5.2 Hz, H-3); 2.27
(1H, m, H-4b); 2.17 (1H, m, H-4a); 2.01 (2H, m, H-24); 2.00 (1H, m,
H-12b); 1.97 (1H, m, H-7b); 1.82 (1H, m, H-16a); 1.81 (1H, m, H-
1b); 1.72 (1H, m, H-2a); 1.59 (1H, m, H-15b); 1.54 (2H, m, H-23a
and H-2b); 1.52 (1H, m, H-7a); 1.48 (2H, m, H-11); 1.44 (1H, m, H-
8); 1.40 (1H, m, H-20); 1.36 (2H, t, J = 7.0 Hz, O-CH2CH3); 1.35 (1H,
m, H-23b); 1.25 (1H, m, H-16b); 1.16 (1H, m, H-12a); 1.10 (3H, m,
H-17 and H-22); 1.08 (1H, m, H-15a); 1.05 (1H, m, H-1a); 1.00 (3H,
s, H-19); 0.99 (1H, m, H-14); 0.93 (3H, d, J = 6.0 Hz, H-21); 0.92 (1H,
m, H-9); 0.89 (9H, s, (CH3)3C-Si); 0.68 (3H, s, H-18); 0.06 (6H, s,
(CH3)2-Si); 13C NMR (125.77 MHz, CDCl3) dC: 164.5 (t, J = 33.1 Hz, C-
26); 141.6 (C-5); 121.1 (C-6); 116.4 (t, J = 250 Hz, C-25); 72.6 (C-3);
62.7 (O-CH2CH3); 56.8 (C-14); 55.8 (C-17); 50.2 (C-9); 42.8 (C-4);
42.3 (C-13); 39.8 (C-12); 37.4 (C-1); 36.6 (C-10); 35.5 (C-20); 35.4
(C-22); 34.9 (t, J = 23.0, C-24); 32.1 (C-2); 31.91 (C-7); 31.89 (C-8);
28.2 (C-16); 25.9 ((CH3)3C-Si); 24.2 (C-15); 21.0 (C-11); 19.4 (C-19);
18.5 (C-21); 18.3 ((CH3)3C-Si); 18.0 (t, J = 4.2, C-23); 14.0 (O-
CH2CH3); 11.8 (C-18); �4.60 ((CH3)2-Si); 19F NMR (470.59 MHz,
CDCl3) dF: �105.51 (ddd, JFF = 259 Hz, JFH = 17.9 Hz and 16.0 Hz, F-
25a); �106.19 (ddd, JFF = 259 Hz, JFH = 17.9 Hz and 16.0 Hz, F-25b);
HRMS-ESI: calculated for C34H58F2NaO3Si: 603.4015, found
603.4016.

2.1.3. 25,25-Difluoro-3b-hydroxy-27-norcholest-5-en-26-oic acid
ethyl ester (9)

To a solution of 8 (40.0 mg, 0.06 mmol) in THF (1 mL) and
acetonitrile (1 mL) cooled to 0 �C, was added 40% hydrofluoric acid
(0.05 mL) and the solution stirred at 25 �C for 2 h. The reaction
mixture was neutralized with aqueous potassium bicarbonate and
extracted with ethyl acetate. The organic layer was washed with
water, dried with sodium sulphate and the solvent evaporated.
Purification by MPLC (flow rate: 5 mL/min; hexane-ethyl acetate
95:5 ! 90:10) gave compound 9 as an amorphous solid (33.0 mg,
95%). 1H NMR (500.13 MHz, CDCl3) dH: 5.35 (1H, dt, J = 5.5 and
1.9 Hz, H-6); 4.33 (2H, q, J = 7.0 Hz, O-CH2CH3); 3.53 (1H, tt, 10.6 and
4.9 Hz, H-3); 2.30 (1H, ddd, J = 12.9, 5.0 and 2.0 Hz, H-4b); 2.23 (1H,
m, H-4a); 2.00 (3H, m, H-12b and H-24); 1.97 (1H, m, H-7b); 1.81
(1H, m, H-16a); 1.85 (1H, m, H-1b); 1.84 (1H, m, H-2a); 1.59 (1H,
m, H-15b); 1.54 (1H, m, H-23a); 1.50 (1H, m, H-2b); 1.52 (1H, m, H-
7a); 1.48 (2H, m, H-11); 1.46 (1H, m, H-8); 1.40 (1H, m, H-20); 1.35
(2H, t, J = 7.0 Hz, O-CH2CH3); 1.35 (1H, m, H-23b); 1.25 (1H, m, H-
16b); 1.16 (1H, m, H-12a); 1.09 (1H, m, H-17); 1.10 (2H, m, H-22);
1.07 (1H, m, H-15a); 1.08 (1H, m, H-1a); 1.00 (3H, s, H-19); 0.98
(1H, m, H-14); 0.92 (3H, d, J = 6.5 Hz, H-21); 0.93 (1H, m, H-9); 0.68
(3H, s, H-18); 13C NMR (125.77 MHz, CDCl3) dC: 164.5 (t, J = 32.7 Hz,
C-26); 140.8 (C-5); 121.7 (C-6); 116.4 (t, J = 250 Hz, C-25); 71.8 (C-
3); 62.7 (O-CH2CH3); 56.7 (C-14); 55.8 (C-17); 50.1 (C-9); 42.34 (C-
4); 42.28 (C-13); 39.7 (C-12); 37.2 (C-1); 36.5 (C-10); 35.5 (C-20);
35.4 (C-22); 34.9 (t, J = 22.6, C-24); 31.9 (C-7 and C-8); 31.7 (C-2);
28.2 (C-16); 24.2 (C-15); 21.1 (C-11); 19.4 (C-19); 18.5 (C-21); 18.0
(t, J = 4.0, C-23); 14.0 (O-CH2CH3); 11.8 (C-18); 19F NMR
(470.59 MHz, CDCl3) dF: �105.49 (ddd, JFF = 258 Hz, JFH = 17.4 and
16.0 Hz, F-25a); �106.17 (dt, JFF = 258 Hz, JFH = 16.9 Hz, F-25b);
HRMS-ESI: calculated for C28H44F2NaO3: 489.3150, found
489.3170.

2.1.4. 25,25-Difluoro-3b-hydroxy-27-norcholest-5-en-26-oic acid (4)
To a solution of ester 9 (30.0 mg, 0.0600 mmol) in methanol

(1 mL) and THF (1 mL), 5% aqueous LiOH (0.3 mL, 0.700 mmol) was
added. The reaction mixture was stirred for 30 min at 25 �C, diluted
with water and concentrated to a third of its volume. The mixture
was acidified to pH 3 with 1 N HCl and extracted with ethyl acetate.
The organic layer was washed with water, dried with sodium
sulphate and the solvent evaporated under vacuum. Purification by
MPLC RP-18 (flow rate: 5 mL/min; MeOH-H2O 70:30) gave acid 4 as
an amorphous solid (17.0 mg, 60.3%). 1H NMR (500.13 MHz, DMSO-
d6) dH: 5.25 (1H, bs, H-6); 3.25 (1H, m, H-3); 2.10 (2H, m, H-4); 1.96
(2H, m, H-24); 1.94 (1H, m, H-12b); 1.90 (1H, m, H-7b); 1.76 (1H,
m, H-1b); 1.75 (1H, m, H-16a); 1.66 (1H, m, H-2a); 1.53 (1H, m, H-
15b); 1.41 (1H, m, H-23a); 1.50 (1H, m, H-7a); 1.42 (2H, m, H-11);
1.38 (2H, m, H-8 and H-22a); 1.35 (2H, m, H-2b and H-20); 1.25
(1H, m, H-23b); 1.23 (1H, m, H-16b); 1.13 (1H, m, H-12a); 1.04 (1H,
m, H-17); 1.06 (1H, m, H-22b); 1.02 (1H, m, H-15a); 0.97 (1H, m, H-
1a); 0.96 (1H, m, H-14); 0.93 (3H, s, H-19); 0.88 (3H, d, J = 6.5 Hz, H-
21); 0.87 (1H, m, H-9); 0.64 (3H, s, H-18); 13C NMR (125.77 MHz,
DMSO-d6) dC: 165.9 (t, J = 30.8 Hz, C-26); 141.7 (C-5); 120.9 (C-6);
117.5 (t, J = 249 Hz, C-25); 70.5 (C-3); 56.7 (C-14); 55.9 (C-17); 50.1
(C-9); 42.7 (C-4); 42.3 (C-13); 39.7 (C-12); 37.4 (C-1); 36.5 (C-10);
35.4 (C-20); 35.3 (C-22); 34.7 (t, J = 23.0, C-24); 31.94 (C-8); 31.89
(C-7); 31.82 (C-2); 28.2 (C-16); 24.3 (C-15); 21.1 (C-11); 19.6 (C-19);
18.8 (C-21); 18.3 (t, J = 3.7, C-23); 12.1 (C-18); 19F NMR (470.59 MHz,
DMSO-d6) dF: �106.17 (dt, JFF = 259 Hz, JFH = 18.8 Hz, F-25a);
�106.80 (dt, JFF = 259 Hz, JFH = 14.1 Hz, F-25b); HRMS-ESI: calculat-
ed for C26H40F2NaO3: 461.2838, found 461.2833.

2.1.5. 25,25-Difluoro-27-norcholest-5-ene-3b,26-diol (5)
To a solution of compound 8 (36.0 mg, 0.0600 mmol) in dry THF

(7.0 mL) lithium aluminium hydride (4.7 mg, 0.120 mmol) was
added under an argon atmosphere. The reaction mixture was
stirred 60 min at 25 �C and ethyl acetate (10 mL) added. The
mixture was percolated through a celite plug and the solvent
evaporated to give alcohol 10 as an amorphous solid (32.1 mg).
Compound 10 was treated with HF-AcN following the procedure
previously described for 9. Purification of the resulting solid by
MPLC (Flow rate: 10 mL/min; hexane-ethyl acetate 70:30) gave the
26-hydroxysteroid 5 as an amorphous solid (20.0 mg, 75.0% from
8). 1H NMR (500.13 MHz, DMSO-d6) dH: 5.27 (1H, bs, H-6); 3.55 (2H,
t, J = 13 Hz, H-26); 3.26 (1H, m, H-3); 2.12 (2H, m, H-4); 1.81 (2H, m,
H-24); 1.97 (1H, m, H-12b); 1.91 (1H, m, H-7b); 1.77 (1H, m, H-1b);
1.80 (1H, m, H-16a); 1.67 (1H, m, H-2a); 1.55 (1H, m, H-15b); 1.47
(1H, m, H-23a); 1.50 (1H, m, H-7a); 1.45 (2H, m, H-11); 1.46 (2H, m,
H-8); 1.38 (1H, m, H-22a); 1.38 (2H, m, H-2b); 0.95(1H, m, H-20);
1.29 (1H, m, H-23b); 1.26 (1H, m, H-16b); 1.15 (1H, m, H-12a); 1.09
(3H, m, H-17); 1.05 (1H, m, H-22b); 1.06 (1H, m, H-15a); 0.98 (1H,
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m, H-1a); 0.99 (1H, m, H-14); 0.95 (1H, s, H-19); 0.91 (3H, d,
J = 6.5 Hz, H-21); 0.88 (1H, m, H-9); 0.66 (3H, s, H-18); 13C NMR
(125.77 MHz, DMSO-d6) dC: 141.7 (C-5); 124.8 (t, J = 241 Hz, C-25);
120.9 (C-6); 70.5 (C-3); 62.6 (t, J = 31.0 Hz, C-26); 56.7 (C-14); 55.9
(C-17); 50.1 (C-9); 42.7 (C-4); 42.3 (C-13); 39.7 (C-12); 37.4 (C-1);
36.5 (C-10); 35.7 (C-22); 35.5 (C-20); 33.5 (t, J = 24.0, C-24); 31.94
(C-8); 31.89 (C-7); 31.83 (C-2); 28.2 (C-16); 24.3 (C-15); 21.1 (C-11);
19.6 (C-19); 18.9 (C-21); 18.4 (t, J = 4.2, C-23); 12.1 (C-18); 19F NMR
(470.59 MHz, DMSO-d6) dF: �105.38 (dt, JFF = 242.3 Hz, JFH = 14.7 F-
25a); �106.21 (dt, JFF = 242.3 JFH = 14.7 Hz, F-25b); HRMS-ESI:
calculated for C26H42F2NaO2: 447.3045, found 447.3026.

2.2. Biological activity

HEK–293 T cells were cultured at 37 �C under 5% CO2 humidified
atmosphere in DMEM supplemented with 10% fetal calf serum (FCS)
containing penicillin (100 IU/mL), streptomycin (100 mg/mL) and
glutamine (2 mM) in p100 plates. For transient transfections, 3 � 105

cells were plated in 12-wells plates and transfected with lipofect-
amine according to the manufacturer protocol (Lipofectamine 2000,
Invitrogen). Analyses of human LXRb or human LXRa activities were
performed by transfecting 0.7 mg of the reporter construct pLRE-
LUC, 0.6mg of the respective pLXRb or pLXRa expression vectors
(kindly provided by Dr. Shutsung Liao, University of Chicago), 0.2 mg
of human pRXR and 0.6mg of pRSV-LacZ (Clontech Inc., Palo Alto, CA)
as control of transfection. After transfection, the medium was
replaced by serum-free medium containing antibiotics. Cells were
then incubated during 18 h with GW3965 (Sigma), compound 4 or
compound 5 at the concentrations indicated. Ligands were applied
from 1000-fold stock solutions in dimethylsulfoxide (DMSO).
Incubations were stopped by aspirating the medium and washing
the cells twice with phosphate buffered saline solution (PBS). Cells
were then harvested in lysis buffer and luciferase activity was
measured according to the manufacturer protocol (Promega Inc.).
Galactosidase activity was measured as previously described [8].
Statistical analyses were performed with STATISTICA 6.0 (StatSoft
Inc.) and consisted in one-way ANOVA followed by Tukey’s multiple
comparisons tests. Differences were regarded as significant at
p < 0.05.

2.3. Computational methods

2.3.1. Initial structures of LXRb/ligand complexes
The starting coordinates of the LXRb ligand binding domain

was taken from the crystal structure of the LXRb/24S,25-
Scheme 1. Synthesis of 25,25-difluoro 3b-hyd
epoxycholesterol complex (pdb:1p8d, chain A). The missing
residues of the H1-H3 loop (255–258) were added with the
Modeller program [9]. The LXRb/GW3965 complex was con-
structed by superimposing the protein backbone with the protein
backbone of pdb:4nqa, and extracting the GW3965 coordinates. In
order to build the LXRb/4 and LXRb/5 complexes, the HF/6-31G**
optimized structures of the steroids were introduced by super-
imposing the skeleton carbon atoms with the corresponding atoms
of 24S,25-epoxycholesterol. For the force field parameters of the
ligands, RESP (restraint electrostatic potential) atomic partial
charges were computed using the HF/6-31G** method in the
quantum chemistry program Gaussian 09 [10] for the correspond-
ing optimized structures.

2.3.2. Molecular dynamics
Molecular dynamics (MD) were performed with the AMBER 14

software package [11]. Ligand parameters were assigned according
to the general AMBER force field (GAFF) and the corresponding
RESP charges using the Antechamber (See Tables S1, S2 and S3).
The FF14SB force field parameters were used for all receptor
residues. Complexes were immersed in an octahedral box of TIP3 P
water molecules using the Tleap module, giving final systems of
around 30000 atoms. Systems were initially optimized and then
gradually heated to a final temperature of 300 K. Starting from
these equilibrated structures, MD production runs of 400 ns were
performed. All simulations were performed at 1 atm and 300 K,
maintained with the Berendsen barostat and thermostat respec-
tively, using periodic boundary conditions and the particle mesh
Ewald method (grid spacing of 1 Å) for treating long-range
electrostatic interactions with a uniform neutralizing plasma.
The SHAKE algorithm was used to keep bonds involving H atoms at
their equilibrium length, allowing the use of a 2 fs time step for the
integration of Newton’s equations.

2.3.3. Analysis of results
The root mean squared deviation (RMSD) of backbone receptor

atoms, ligand atoms or side chain atoms of His435 and Trp457; the
root mean square fluctuations (RMSF) of CA receptor residues; the
time evolution of the distances among selected atoms, and the
time evolution of torsion angles between selected atoms were
monitored with the CPPTRAJ module [12]. The temporal evolution
of the secondary structural propensity for the H11-H12 region was
evaluated by the DSSP method [13] implemented in the CPPTRAJ
module. Trajectories were visualized and representative snapshots
were obtained using VMD [14]. The MM/PBSA.py tool [15]
roxy-27-norcholest-5-en-26-oic acid (4).



Scheme 2. Synthesis of 25,25-difluoro-27-norcholest-5-ene-3b,26-diol (5).
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implemented in AMBER was used to compute the electrostatic
(ele) and Van der Waals (vdw) contributions to the total energy of
the molecular mechanics (MM) force field in the gas phase.
Calculations were performed over 6000 snapshots of the last
300 ns of the trajectory, previous deletion of water molecules.

3. Results and discussion

3.1. Chemistry

Compound 4 was obtained from compound 6 [16], as depicted
in Scheme 1. A Reformatsky reaction on the C-24 aldehyde with
ethyl bromodifluoroacetate, was used to introduce the difluoro-
methylene group. Preliminary attempts to carry out this reaction in
THF under reflux were unsuccessful (Table 1, entries 1 and 2).
Ultrasonic irradiation has been used as an alternative for reactions
ordinarily accomplished by heating, being especially useful for
heterogeneous systems where metals are involved. Hans and
Boudjouk reported that the use of a low-intensity ultrasonic
laboratory cleaning bath greatly improved the yields of Reformat-
sky reactions of simple aldehydes and ketones with ethyl
bromoacetate [17], while high intensity ultrasound (HIU) has
been used to promote Reformatsky reactions of phenyl ketones and
a-bromoesters [18]. Based on these reports, we tried different
experimental conditions for the condensation of aldehyde 6 with
ethyl bromodifluoroacetate under HIU irradiation (Table 1).
Compound 7 was obtained in 50% yield as a 1:1 mixture of
epimers at C-24, using 3 equivalents of Zn and 3 equivalents of
ethyl bromodifluoroacetate, a catalytic amount of iodine and THF
as solvent (entry 3). Increasing the number of equivalents or the
reaction time did not improve the reaction yield (entries 4, 5). The
use of chlorotrimethylsilane as an additive in Reformastky
reactions has been reported to activate the formation of the
intermediate organozincate [19], however in our case it led to the
generation of undesired byproducts (entry 6). Previously it was
established that the Reformastky reactions under HIU was
concentration dependent [18], in our case lowering the amount
of solvent improved the reaction yield to 65% (entry 7). No
significant changes were observed when toluene was used as
solvent (entry 8). The 24-hydroxyl in 7 was removed by a Barton-
McCombie deoxygenation using thiocarbonyldiimidazole and
dimethylaminopyridine to generate the corresponding thionocar-
bonate, followed by treatment with diphenylsilane and lauroyl
peroxide to give compound 8 (73% yield from 7) [20]. Removal of
the silyl protecting group at C-3 (40% hydrofluoric acid) gave
compound 9. Treatment of 9 with lithium hydroxide in THF-
methanol-water gave the difluoro-27-norcholestenoic acid 4 (57%
from 8). The 26-alcohol 5 was prepared from 8 by reduction of the
Table 1
Reformatsky reaction on aldehyde 6.

Entry Zn
(wt%)

[6]
(M)

Additives 6/BrCF2CO2Et/Zn Conditions % 7a

1 0.39 0.02 I2 (cat) 1:2:3 Reflux, 1h –

2 0.39 0.02 TMSCl (6 eq) 1:2:3 Reflux, 1h –

3 1.25 0.06 I2 (cat) 1:3:3 HIU, 10 min 50%
4 1.6 0.06 I2 (cat) 1:4:4 HIU, 10 min 53%
5 1.6 0.06 I2 (cat) 1:4:4 HIU, 20 min 45%

6 1.6 0.06 TMSCl (6 eq) 1:4:4 HIU, 10 min 35%
7 4 0.21 I2 (cat) 1:3:3 HIU, 10 min 65%
8b 4 0.21 I2 (cat) 1:3:3 HIU, 10 min 62%

THF was used as solvent except where noted. HIU: High intensity ultrasound
irradiation.

a Isolated yield.
b Toluene was used as solvent.
C-26 ester (LiAlH4/THF), followed by cleavage of the silyl ether with
40% hydrofluoric acid (75% from 8, Scheme 2).

3.2. Biological activity

The biological activity of compounds 4 and 5 was determined by
a luciferase reporter assay in the human HEK293 T cells co-
transfected with full length human LXRb expression vector (Fig. 2).
The difluoroacid 4 significantly reduced basal levels of luciferase
activity, behaving as an inverse agonist, similar to the 27-nor-
cholestenoic acid 3 [7]. Moreover, when compound 4 was co-
administered together with GW3965, a marked inhibitory effect
was observed. Similar results were obtained when we assessed the
full length human LXRa activity (Fig. S1). Therefore, the
introduction of two fluorine atoms at C-25 did not affect the
activity profile. On the other hand the difluoroalcohol 5 per se,
showed agonist activity and did not inhibit the effect of the
synthetic LXR agonist GW3965. Thus the increased acidity of the
26-alcohol due to the neighboring fluorine atoms, would not be
enough for the 27-nor side chain to confer antagonist or inverse
agonist properties. Together, the reporter gene assays revealed that
Fig. 2. Biological activity of compounds 4 and 5. HEK–293 T cells were cotransfected
with pLRE-LUC, pRXR and pLXRb vectors and then incubated for 18 h as indicated.
Luciferase activity was measured and normalized with b-galactosidase activity.
Values are expressed as fold induction relative to the control (DMSO). Means � S.E.
from three independent experiments are shown. Differences were determined by
one-way ANOVA followed by Tukey’s multiple comparisons tests. Bars with
different superscript letters are significantly different from each other (p < 0.05).



Fig. 3. RMSF values of the LXRb/GW3965 (green), LXRb/4 (red) and LXRb/5 (blue)
complexes. The secondary structure of LXRb LBD is schematized along the x-axis.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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both fluorinated analogues conserved the ability to modulate LXRb
activity, although in opposing ways.

3.3. Molecular dynamics simulation of LXR/ligand complexes

In order to investigate the molecular basis of the interaction
between the LXRb and the fluorinated analogues 4 and 5, we
carried out 400 ns molecular dynamics (MD) simulations of the
LXRb/4 and the LXRb/5 complexes. The LXRb/GW3965 MD
simulation was also ran as a control trajectory. All complexes
were constructed from the crystal structure of the LXRb/24S,25-
epoxycholesterol complex, using a similar procedure to that used
previously to construct the LXRb LBD/1 and LXRb LBD/3
complexes [7]. In the case of the non-steroidal agonist GW3965,
the ligand coordinates of the pdb:4nqa structure were used.

3.3.1. Global analysis of receptor structures
We started our analysis by verifying the stability of the LXRb/

ligand systems along the 400 ns MD runs. Visual inspection
showed that the global folding remained essentially intact, and the
time-dependent residue fluctuation (root-mean square deviations,
RMSD) measured over the backbone atoms from the initial
structures revealed that all simulations were reasonably stable
(Fig. S2a). The average RMSD for GW3965, difluoroacid 4 and
difluoroalcohol 5 systems(Table 2), suggest that the receptor
undergoes more conformational changes in the presence of the
difluoroacid 4.

To study the dynamical behavior of the protein backbone, we
calculated the RMSF (root-mean square fluctuations) in the three
LXRb/ligand systems, that provides a time-average representation
of per-residue fluctuations. Fig. 3 shows that all systems displayed
a similar global fluctuation pattern. However, a detailed compari-
son among systems revealed that the difluoroacid 4 produced a
significant alteration in the C-terminal region of the H11 helix and
in the H11-H12 loop (from Ser432 to Pro450). In the GW3965 and
difluoroalcohol 5 systems, the Ser432 to Leu444 region showed
small RMSF values, which agree with a well-structured a-helix,
while the H11-H12 loop residues (Asp445 to Pro450) presented a
larger fluctuation. In contrast, a marked increase in the mobility of
the Ser432 to Leu444 region occurs when the inverse agonist 4 is
bound, concomitantly with a small fluctuation of loop residues.

Given these results, we used the DSSP method [13] to calculate
the temporal evolution of the secondary structural propensity for
the H11-H12 region (Fig. S3). Significant changes were obtained in
the C-terminal region of H11 for the LXRb/4 system. These
residues, which form a stable a-helix in GW3965 and in compound
5 complexes, shift to another structural motif, such as 3–10 helix
and turn, or completely lose the secondary structure after the first
100 ns of simulation. Fig. 4 shows the superposition of represen-
tative snapshots of either LXRb/4 or LXRb/5 complexes and the
LXRb/GW3965 system, where a notorious deformation of the C-
Table 2
Thermodynamical and structural information of LXRb complexes with GW3965,
and compounds 4 and 5.

GW3965 4 5

Average RMSD (Å)a

Receptor 1.5 1.7 1.5
Ligand 0.6 1.0 0.9
MM (kcal/mol)b

vdw �75.5 �59.7 �60.1
ele �37.1 �12.1 �14.4
MM �112.6 �71.8 �74.5

a Average RMSD values measured over receptor backbone or ligand heavy atoms.
b Interaction energy contributions to the total energy of the MM force field in the

gas phase computed using the MM/PBSA method (vdw: Van der Waals; ele:
electrostatic; MM: total gas phase binding energy).
terminal H11 residues can be observed in the former. Thus, the
global analysis of the receptor structures revealed that the
difluoroacid 4 induces a different dynamic behavior on the LXRb
compared to agonists GW3965 and difluoroalcohol 5.
Fig. 4. Superposition of representative snapshots of a) LXRb/GW3965 (green) and
LXRb/4 (red), b) LXRb/GW3965 (green) and LXRb/5 (blue), showing the H11-H12
region. CA atoms of relevant residues are shown as yellow balls (Ser432, Leu444 and
Pro450) or orange balls (His435 and Trp457). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)



Fig. 6. RMSD of the initial structures measured over side chain atoms of a) His435
or b) Trp457 and c) time evolution of the x2 torsion angle CA-CB-CG-CD of Trp457,
in LXRb/GW3965 (green), LXRb/4 (red) and LXRb/5 (blue) complexes. d) Time
evolution of the distance between the NE1 atom of Trp457 and the oxygen atoms of
the carboxylate group of difluoroacid 4 in the LXRb/4 complex. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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3.3.2. Ligand binding mode and activation mechanism
Visual inspection of the MD trajectories revealed that the global

orientation of all ligands was conserved along the simulation
timescale. Remarkably, although the initial LXRb LBD structure
used to build these systems comes from a steroidal complex,
GW3965 was the ligand which exhibited the smallest positional
modifications (Fig. S2b). Compounds 4 and 5 had larger RMSD
values, mainly due to variations in the position of the steroid side
chain. In order to obtain an estimation of the ligand-receptor
interaction in each MD trajectory, the MM/PBSA method was used
to compute the energetic contributions from the electrostatic
energy and Van der Waals interactions [15]. We found that
GW3965 had the most favorable binding mode, while it was less
favorable and similar for compounds 4 and 5 (Table 2). Although
the Van der Waals term was the major contributor in all cases, its
relative importance was higher for both steroidal ligands.

As mentioned in Section 1, the crystal structures of LXRb/
GW3965 complex show that the trifluoromethyl moiety of the
ligand interacts with His435. Our simulation showed that not only
the orientation of the trifluoromethyl group is conserved, but
actually a stable (NE2)-H-F hydrogen bond exists (Fig. 5a).
Frequencies are similar for the three fluorine atoms (Fig. S4a),
indicating a free rotation of the trifluoromethyl group. The MD
simulation also showed that, except for His435, the fluorine atoms
are always surrounded by non-polar residues in helices H3, H7 and
H11 and in the H6-H7 and H11-H12 loops (Fig. S5). The aromatic–
aromatic interaction of the His435 and Trp457 residues, located in
helix 11 and at the end of helix 12 respectively, has been associated
with LXRb activation [21]. The RMSD curve for the LXRb/GW3965
complex simulation showed that those essential residues
remained positioned in their original coordinates along the whole
simulation (Figs. 6a and 6b, respectively), indicating a well
established aromatic–aromatic interaction (Fig. 5a) that would
be crucial for the receptor to acquire a stable agonist conformation.

In the case of compound 5, the 26-hydroxyl moiety and both
fluorine atoms alternate their interaction with the His435 residue
(Fig. 5c and Fig. S4b). Remarkably, the fluorine atoms in compound
5 occupied a position similar to that of the fluorine atoms in
GW3965, contacting the same non polar residues (Fig. S5).
Moreover, the LXRb/5 complex also maintained a stable agonist
conformation, similar to that of LXRb/GW3965, with small RMSD
values for the His435 and slightly larger for the Trp457 (Figs. 6a and
6b, respectively), but without altering the original aromatic–
aromatic interaction between these residues.

The ligand binding mode of compound 4 showed larger
differences compared to the above agonist systems. The interaction
Fig. 5. Representative snapshots of the ligand binding mode 
between the ligand and His435 occurs mainly through the
carboxylate group, while the participation of the fluorine atoms
is minimal (Fig. 5b and Fig. S4c). Although this leads to moderate
changes on the His435 residue (Fig. 6a), the major change was
observed in the conformation of Trp457 (Fig. 6b). In fact, a
pronounced destabilization of the original position during the first
part of the trajectory followed by an abrupt conformational change
was observed by monitoring the temporal evolution of the Trp457
x2 angle (CA-CB-CG-CD1) (Fig. 6c). The Trp457 side chain rotated
in a way that exposed the indole nitrogen atom (NE1 atom) to the
of a) GW3965, b) difluoroacid 4 and c) difluoroalcohol 5.
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ligand carboxylate group, forming a strong hydrogen bond that
remained stable during the rest of the simulation (Fig. 6d). As a
measurement of the disturbance that this phenomenon produced
in the His435-Trp457 aromatic–aromatic interaction, we calculat-
ed the temporal evolution of the distance between their centers of
mass. We found that the presence of compound 4 increased the
average separation between these residues in 0.5 Å (4.9 Å for
GW3965 and compound 5, and 5.4 Å for compound 4). Together
these results support the idea that the inverse agonist compound 4
produces a substantial destabilization of the agonist arrangement.

4. Conclusion

The wide tissue distribution of compounds 1 and 2, together
with their ability to modulate the gene expression through the
LXRs, make these metabolites very important components of
cellular signalling. As members of the NR superfamily, the central
mechanism of LXRs activation comprises the overall shape of the
AF-2 region, which is mainly determined by the conformation of
the H12 helix. In particular, two residues play a crucial role in the
molecular mechanism of LXRs action: the His435 at H11 and the
Trp457 at H12 helices. Both steroidal and non steroidal ligands
interact with His435, constraining its position and allowing a T-
shaped aromatic–aromatic interaction with the Trp457 [22,23]. In
this way, by interacting with the His435, agonist ligands indirectly
promote the orientation of Trp457 to maintain the H12 in an
agonistic state.

The fluorinated oxysterols 4 and 5 allow us to further
investigate how small modifications of the steroid side chain
may induce conformational changes in the AF-2 domain of the
receptor, that could affect the final LXR biochemistry [7,24]. In the
case of the synthetic inverse agonist 3, introduction of the fluorine
atoms at C-25 had a negligible effect on its LXR activity in the
reporter gene assay. However MD simulations showed that the
effect of compound 4 on the His435-Trp457 aromatic–aromatic
interaction and the resulting conformational changes on the H11-
H12 region of LXRb, differ from those induced by its non-
fluorinated analogue 3 [7] and thus may lead to subtle differences
in coactivator/corepressor recruiting. Based on the similar activi-
ties of the natural ligands 1 and 2 [1], the difluoroalcohol 5 was
initially proposed as a less acidic analogue of 4. However in this
case as shown by the MD simulation, the fluorine atoms actively
participate in the interaction with several residues in the ligand
binding pocket leading to a stabilization of the active receptor
conformation. This was confirmed by the agonistic activity
observed in the reporter gene assay. Our results thus suggest that
the negatively charged carboxylate in 3 and 4 is required to disrupt
the His435-Trp457 aromatic–aromatic interaction and give rise to
the inverse agonist activity.

Supplementary material

Figures S1-S5, 1H and 13C NMR spectra of compounds 4, 5, 7, 8
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geometries. Supplementary data associated with this article can be
found, in the online version.
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