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We conducted virtual docking studies using GLIDE with modified LXR/ ligand-binding domain (LBD) on
internal compound collection followed by the gene profiling with ArrayPlate mRNA assay. A total of 69
compounds were found to upregulate LXRa and certain LXR regulated genes from 1308 compounds selected
by virtual screen (hit rate: 5.3%). Compound 4 was shown to significantly induce the expression of LXR
target genes such as ABCA1, ABCGI, APOE, SCD-1, and SREBP-1c in THP-1 differentiated macrophages.
In vitro binding assay confirmed that 4 binds to both LXRa and LXRf directly and recruits coactivator
peptide SRC-1. It functions as a full LXR agonist in stimulating cholesterol efflux in THP-1 differentiated
macrophages and induces lipogenesis in HepG2 cells. This study demonstrates that the combination of
virtual screen and high throughput gene profiling is an efficient approach for rapid identification of novel

LXR modulators.

Liver X receptor-a. (LXRa,” NR1H3) and LXRS (NR1H2)
are oxysterol-activated nuclear receptors composed of a ligand-
binding domain (LBD) and a DNA-binding domain (DBD).!
Upon the ligand binding to the LBD, LXR forms a heterodimer
with the retinoid X receptor (RXR; NR2B1). The LXR/RXR
heterodimer binds to LXR response elements in promoter
regions of specific genes, resulting in adaptation of gene
transcription by recruiting coactivators or corepressors. LXRs
are activated by natural ligands, such as oxysterols (e.g., 1)
and glucose,’ and control the expression of various genes
involved in cholesterol, glucose, and fatty acid metabolisms.
Thus, synthetic LXR agonists are of potential utilities as
antiatherosclerotic, anti-inflammatory, and antidiabetic agents.]
For instance, treatment with agonists such as 2 (GW3965)4 or
3 (T0901317)° attenuated development of atherosclerosis in
apolipoprotein E-deficient (ApoE™/") and low-density lipopro-
tein (LDL) receptor-deficient (Ldlr /~) mice.*” ABCAI in
p-cells is shown to be critical for insulin secretion through
modulating cellular cholesterol homeostasis, suggesting that
LXR modulators may also affect f-cell function in type 2
diabetes.® However, synthetic LXR agonists may cause undesir-
able lipogenesis-related side effects, primarily through the
upregulation of genes related to fatty acid and lipid synthesis
(SREBP-I1c, FAS etc). Up to date identification of new LXR
modulators has mainly relied on conventional approaches such
as receptor binding, cofactor recruitment, or reporter assays.’
These approaches require screening of large compound libraries
and lack the capability of differentiating compounds with
preferable selectivity profiles in gene regulation.'® In this report,
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Figure 1. LXR ligands.

we describe the rapid and successful identification of novel LXR
modulators using the combination of structure-based virtual
screening and high-throughput gene profiling technologies.

The crystal structures of the ligand-binding domain (LBD)
of LXR in complex with native or synthetic ligands have been
reported, which contribute to the current understanding of the
activation mechanism of LXR.>'! Like most if not all nuclear
hormone receptors, binding of a LXR agonist stabilizes a
conformation of the receptor, where C-terminal H12 helix folds
like a lid onto the ligand, thereby generating a hydrophobic
surface on the outside of the receptor that serves as platform
for the recruitment of coactivators. It is suggested that LXR
agonists maintain an active conformation through interaction
with His453 in H12 to position its imidazole ring against Trp457
indole ring.''®

To establish a valid virtual docking method, we selected 127
representative LXR agonists in six different chemical classes
from the literature, including patent applications (Table 1, see
Supporting Information),'* and docked those compounds to a
panel of LXR crystal structures. Most of those compounds are
reported to be LXR agonists with binding data. The 2D agonist
structures were converted to 3D structures using CORINA
program'? prior to docking with GLIDE.'* Among the seven
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Figure 2. (A) Compound 2 in 1pg6. (B) Predicted binding mode of 2 in modified LBD 1p8d-+-+; the C1 pocket is colored as orange. The residues
within 5 A of the C1 pocket were used to calculate PLP1 scores with Cerius II; (C) The potential binding mode of compound 4 in 1p8d++. (D)

Overlap of compounds 4 and 2 in the binding pocket in 1p8d+-+.

Table 1. Template Structures and Recovery of Known LXR Agonists

template” 1(33) I (31) I (26) IV (16) V (14) VI (7) total® (127)

1p8d 6 7 5 5 3 1 27
1pSd+ 8 8 4 7 4 1 32
IpSd++ 28 14 5 8 8 6 69

“ 1p8d: original crystal structure with 1; 1p8d+: modified structure by
rotating the side-chains of Ile353 and Phe340; 1p8d++: changed ligand in
1p8d+ from 1 to 2 and the new complex was minimized. * Number in
parenthesis indicates the compound number selected from each chemotype
and the number in the column indicates the total hits identified with each
model.

LXR LBD crystal structures (lupv, lupw, Ipqc, 1pq9, 1pq6,
1p8d, and 1uhl) tested, 1p8d was found to be the best in
recovering active LXR modulators, but the recovery rate is still
insufficient (27 out of 127), presumably due to the smaller
hydrophobic pocket compared with 1pq6 (Figure 2A). LXR
agonist recovery was slightly improved by expanding the
hydrophobic pocket through rotating the side chains of Phe340
and I1e253 in 1p8d to match the conformations seen for these
residues in 1pq6 (1pd8+). The resulting structure was minimized
in the presence of 2 using OPLS-AA force field to generate a
new structure 1p8d++ (Figure 2B). We were able to recover
over 50% of 127 LXR agonists in our test database using this
adjusted and minimized structure (Table 1). Therefore, this
model was used for our virtual screening studies.

Virtual screening with 1p8d++ against 135000 compounds
from internal collection was conducted to result in 10407
compounds with a GLIDE score better than —9.0 (SP scoring
function). The number of compounds was reduced to 3263 by
eliminating those clashing with protein atoms as evidenced by
a van der Waals overlap of more than 20%. Compounds were

selected for high throughput gene profiling based on the docking
scores as well as on the potential close contacts with His435, a
key interaction thought to be required for LXR agonist
activity.''* Thus, 647 compounds with the best overall fit into
the entire active site as reflected in a top ranked Glide score
were first selected. Second, we selected compounds fitting into
the His435 containing C1 subpocket'' (Figure 2A). A total of
414 compounds were selected using “piecewise linear poten-
tial”'> score calculated with the C1 pocket. Lastly we tested
the hypothesis that a halogen atom may be able to interact with
His435 (e.g., compounds 2 and 3) through hydrogen-bonding
or halogen-nitrogen/oxygen interaction to stabilize agonistic
conformation.'® There are about 247 compounds with docking
poses positioning a halogen atom within 4.5 A of His435. In
total, 1308 compounds were selected for high-throughput gene
expression profiling.'”

LXR is known to regulate a number of genes, notably, genes
related to cholesterol metabolism (e.g., ABCAI and ABCG1),
lipogenesis (e.g., SREBPIc, FAS, and SCD-1), inflammation
(e.g., IL-6 and COX-2), carbohydrate metabolism (e.g., CREBP
and Glut4), and LXRa itself (but not LXRf). We studied the
effect of the virtual screening hits on the expression of 10 LXR
target genes along with LXRoa and LXRJ genes in THP-1
differentiated macrophages using ArrayPlate mRNA assay
technology'” (Table 2; see Supporting Information for detail).
The expression level of each gene was normalized using three
housekeeping genes (B2M, TBP, and ACTB). ANT is used as
a negative control. A total of 69 compounds were found to up-
regulate ABCAI1 gene greater than 2-fold. A compound that
induced the gene expression of LXRa as well as ABCA1 was
defined as a hit. The overall hit rate ranged from 3.2% to 5.9%
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Table 2. Fold Induction of Genes by LXR Modulators in THP-1
Differentiated Cells”
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The potential binding mode of compound 4 in modified LXR
LBD (1p8d+-+) is illustrated in Figure 2C. The compound only

genes 1 2 3 4 occupies the C1 pocket. The hydroxyl group appears to interact
NRIH2 (LXRp) 1.09 1.22 1.17 1.16 with His453 and brings it close to Trp457 to form a typical
LXRa 3.41 4.70 4.56 3.93 agonistic conformation.''® The phenethyl group on the nitrogen
ABCAL 3.59 10.04 3.90 4.53 atom is also important for LXR agonistic activity, because the
ABCG1 9.91 24.92 15.05 13.56 .
APOE 261 413 420 334 corresponding N-methyl or N-cyclopropylmethyl compounds are
SREBPIlc 2.05 508 4.09 4.05 not LXR agonists (data not shown). The phenyl group in
FASN 0.89 3.77 2.59 175 compound 4 was found to interact with Phe329 to form a 7—ux
SCD-1 1.17 12.82 8.16 4.76 stacking interaction. Phe329 is also found to sit in close
HDS11B1 0.79 0.80 1.26 1.43 . ing in 2 s .
IL-6 082 102 178 091 proximity to a benzene ring in 2. It is interesting to note that
Cox-2 1.35 1.20 0.93 1.20 the nitrogen atom in compound 4 aligns perfectly with the
ACTB 0.90 0.89 0.93 0.93 nitrogen atom in 2 (Figure 2D), although no direct interaction
B2M 1.25 118 L.17 1.05 of the basic nitrogen with LXR could be identified in the crystal
i‘;ﬁr 0‘_99 1;25 1;05 ];19 structure or in this docking study.

“LXR regulated genes along with housekeeper genes are measured
simultaneously by ArrayPlate mRNA assay technology. Compounds were
tested at 10 uM; Glut4 were not included due to the low detection limit.
ANT serves as a negative control in the assay. Compounds are tested at 10
uM and the CV% is generally less than 20%.

with the halogen hypothesis being the lowest rate and the
average hit rate for 1308 compounds was 5.3%. We paid
particular attention to lipogenesis related genes, such as
SREBPIc, FAS, and SCD-1, in the evaluation of compound
gene profiles. Among the hits identified, compound 4'® (Glide
score: —12.1) is noteworthy (Figure 1). Compound 4 is closely
related to phenazocine,'® an anesthetic agent once approved in
UK as a morphine replacement and later withdrawn from the
market. It is reported as an opioid receptor modulator.'® The
gene profile of compound 4, however, is extremely similar to
those of known LXR agonists like 1, 2, or 3 (Table 2), indicating
it is likely a true LXR agonist.

Compound 4 was subsequently confirmed to be a LXR
agonist by a cofactor recruitment assay>® and relevant cellular
functional assays.?'** As shown in Figure 3, compound 4, like
2 or 3 (not shown), is fully capable of recruiting SRC1 cofactor
peptide to either LXRa or LXRf (Figure 3A,B), indicating it
is a full agonist of LXRa and LXRf. Consistent with the gene
profiling data, compound 4 induces cholesterol efflux in
differentiated THP-1 macrophages and causes lipogenesis in
HepG2 cells in a dose-dependent manner (Figure 3C,D).

In conclusion, we described a rapid and successful approach
for identification of LXR modulators using a combination of
structure-based virtual screen and high-throughput gene profil-
ing. Using a modified LXR LBD structure, about 1% of internal
compound collection was identified as virtual LXR hits, which
showed good overall docking, score. Subsequent high through-
put gene profiling with ArrayPlate mRNA assay identified 69
compounds, which displayed gene regulation profile of a typical
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Figure 3. (A,B) The dose-dependent ligand-induced binding of SRC-1 peptide to LBDs of LXRs. Results shown are mean values £ standard
deviations of duplicate samples in a single experiment. (C) Cholesterol efflux in THP-1 differentiated macrophages. Results shown are mean values
=+ standard deviations of triplicate samples in a single experiment. (D) Lipogenesis in HepG2 cells. Results shown are mean values £ standard
deviations of triplicate samples in a single experiment.
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LXR agonist. Compound 4, a phenazocine analog developed
as morphine replacement, displays a high docking score in LXR
LBD virtual screen and upregulates LXR-regulated genes in high
throughput gene profiling assays. Compound 4 was confirmed
to be a true LXR agonist by an in vitro cofactor recruitment
assay and LXR-relevant cellular functional assays. Identification
of compound 4 as a potent LXR agonist demonstrated the power
of virtual screening and high throughput gene profiling for
identification of novel chemotype LXR modulators with ap-
propriate selectivity profiles.
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treatment with 200 nM PMA. The cells were then labeled with 0.6
uCi of 1, 2-*H (N)-cholesterol for 18 h in the presence of 16 ug/mL
acLDL and 200 nM PMA. Cells were then incubated with vehicle or
compound for 6 h in serum-free media containing 2 mg/mL BSA.
Subsequently, 5 ug/mL of APO-AI was added in fresh, serum-free
medium along with vehicle or compound for additional 18 h
incubation. Cholesterol efflux was monitored by quantifying the
radioactivity in the cell supernatant and the data are presented as fold-
induction versus control (vehicle only). Results shown are mean values
of triplicate samples in a single experiment.

Journal of Medicinal Chemistry, 2008, Vol. 51, No. 7 2061

(22) To measure compound induction of lipogenesis, HepG2 cells in a 48-

well tissue culture plate were pre-treated with vehicle or compound
for 24 h. A total of 1 uCi of ['*C]-glycerol was added and the cells
were cultured for another 48 h. Cellular triglycerides were extracted,
separated by TLC and quantified on a Storm 820 phosphorimager (GE
Healthcare, Giles, U.K.). Lipogenesis was presented as fold-induction
versus control (vehicle only). Results shown are mean values of
triplicate samples in a single experiment.

IM7011326



