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Abstract

The structure activity relationship study of a small molecule Rev-erba. agonist is reported. The
potency and efficacy of the agonists in a cell-based assay were optimized as compared to the
initial lead. Modest mouse pharmacokinetics coupled with an improved /n vitro profile make 12ea
suitable /n vivo probe to interrogate the functions of Rev-erba in animal models of disease.

Rev-erba was originally identified as an orphan nuclear hormone receptor based on its
canonical domain structure.! Rev-erbf was identified based on its homology to other
nuclear receptors (NR) and has an overlapping pattern of expression with Rev-erba. Rev-
erbs have particularly high expression in the liver, adipose tissue, skeletal muscle and
brain?—* and are expressed in a circadian manner in these tissues.>8 The Rev-erbs are
unique within the NR superfamily in that they lack the typical C-terminal AF2 domain
(helix 12), which is required for coactivator protein binding. Although these receptors lack
the ability to activate transcription of target genes due to their inability to recruit
transcriptional coactivator proteins, both have been shown to be effective repressors of
transcription due to their ability to recruit transcriptional corepressor proteins such as NCoR
and HDAC3.% 10 |t has been recently demonstrated that the porphyrin heme functions as a
ligand for Rev-erba and Rev-erbB.%-2 Heme binds reversibly and specifically to the ligand
binding domain (LBD) of Rev-erb. Binding induces a conformational change in the LBD
that results in the ability of the receptor to recruit NCoR and thus repress target gene
transcription. The nuclear hormone receptors, Rev-erba and Rev-erbp, regulate a number of
physiological functions including the circadian rhythm, glucose and lipid metabolism,
adipogenesis, and cellular differentiation.13: 14 The observation that these NRs are ligand
regulated suggests that development of synthetic ligands may be possible.

Recently, the first nonporphyrin synthetic ligand for Rev-erba, GSK4112/SR6452/1 (Figure
1) was identified.15 16 This ligand acts as an agonist, mimicking the action of heme and
resets the circadian rhythm in a phasic manner. It also represses expression of gluconeogenic
genes in liver cells and reduces glucose output in primary hepatocytes. 1 was identified in a
fluorescence resonance energy transfer (FRET) assay that significantly and specifically
enhances the Rev-erba-NCoR interaction with an ECsg value of 0.40 M. We recapitulated
this data showing that SR6452 was able to modulate the interaction of either Rev-erba or
Rev-erbp with an NCoR CoRNR box peptide using Luminex technology.1”- 18 SR6452
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dose-dependently increased the interaction of both Rev-erba and Rev-erbp with the NCoR
peptide, indicating that the ligand modulates the activity of both Rer-erb subtypes. Direct
binding of an analog (12€) to Rev-erba was also confirmed by circular dichroism analysis.18

The compound was reported to show no activity on related nuclear hormone receptors
(LRH1, SF1, FXR, or RORa) using the same FRET assay and no activity on LXRa. or
LXRp in reporter-gene assays. Unfortunately, the pharmacokinetic profile of 1 in rodents
was poor hampering its use as an /in vivotool. Additionally, 1 had modest potency and
limited efficacy in a cellular assay (in-house data). With the goal of interrogating the
function of Rev-erba in animal models of disease, we needed a more potent compound with
improved potency and efficacy and an adequate /7 vivo profile. Based on trisubstituted
amine 2, we initiated the structure-activity relationships (SAR) study described herein.

Based on the lead structure 1, the three portions of the molecule were individually modified
in a step-wise fashion investigating R, R, and R? as in 2. The analogues 4-11 were
synthesized in straightforward fashion starting from commercially available starting
materials (Scheme 1). In one instance, reductive amination of #butyl glycine (3) with p-
chlorobenzaldehyde afforded secondary amine 4. Functionalization of the third amine
substituent was carried out by a second reductive amination or sulfonylation or acylation as
described to give products 5a—e. Alternatively, reductive amination of #butyl glycine and 5-
nitrothiophenecarboxaldehyde (6) uneventfully afforded secondary amine 7. This could then
be converted to final products 8 in a similar fashion. Lastly, the 5-
nitrothiophenecarboxaldehyde and p-chlorobenzylamine (9) could be condensed to yield
amine 10, which was converted to final products 11.

Compounds were screened in a cell-based luciferase assay in a two-step format.18-20 Cells
were co-transfected with an expression plasmid harboring full-length Rev-erba and a
luciferase reporter driven by the Bmall promoter. Compounds were first screened at two
concentrations (1 M and 10 M) to determine the effect on repression of Bmall
transcription. Rev-erb is a transcriptional repressor. Rev-erb agonists lead to recruitment of
co-repressors, which leads to repression of transcription. Maximum inhibition at 10 pM is
reported.2! The lower the value, the more efficacious the agonist is at repressing
transcription. A value of 1.0 effectively means no repression. Compounds that appeared
efficacious at 10 uM were then fully titrated in an eleven-point dose response format to
generate ECsq values. In our in-house cell-based assay, GSK4112/SR6452/1 showed only
modest potency and minimal efficacy (Table 1).

Given the potential for issues with the nitrothiophene residue /n vivo, we assessed
replacement of this group first. Several small heterocycles and carbocycles were tried as
nitrothiophene isosteres, however none of them showed any improvement with regards to
efficacy (Table 1). One might argue that the 4-pyridyl analog (5a) and the benzothiazole
analog (5c¢) were equally efficacious as 1, however these early compounds were not fully
titrated. Compounds 4, 5b and 5d showed no repression. Temporarily unsuccessful in
replacing the nitrothiophene ring, we moved on to investigate the other two portions of the
molecule.

Efforts were then focused on replacing the po-chlorobenzyl group (Table 2). The compounds
shown are only a subset of those actually made however they are representative of the
group. Substitutions on the benzyl group had modest effects on efficacy (8a—d) as did the
naphthyl analogs (8e—f), however this did not translate into an improved ECsgy. Converting
the amine to an amide or sulfonamide showed improved efficacy, and 8i was the first
compound synthesized with an ECsg <1 M. This represented a nice improvement over 1.
Unfortunately, we were unable to assess the /7 vivo characteristics of 8i as this analog could
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not be detected in the mass spectrometer due to poor ionization under a number of
conditions.

Finally, we began to modify the third segment of 1 and looked to modify the acetic ester
side chain (Table 3). We found that the #butyl ester residue was not important for activity,
as the corresponding methyl ester (11a), primary amide (11c), and nitrile (11d) were all
equipotent. Attempts to replace the ester group with aryl and heteroaryl residues (11e-g)
were slightly misleading as improved efficacy at 10 uM did not translate into an improved
ECsp. Saturated ring systems were accommodated (11i—k), however only one showed
improved cellular ECgq (11k). Amides and sulfonamides (11/-m) showed nice
improvements in efficacy, however these analogs also displayed only modest ECgg's. The
most potent and efficacious analog identified was carbamate 11k. In an effort to further
improve the activity of 11k, we investigated ring size and linker length (Table 4).

The first aspect investigated was to see if the methyl pyrrolidine side chain was optimal. We
examined other 5-and 6-membered ring isomers (11n-r) with and without the methylene
linker between the nitrogen atom and the ring. These analogs were synthesized simply via
reductive amination with the corresponding ketone or aldehydes. All products are racemic at
this stage, however, they could be made in enantiomeric fashion if desired. This might also
lead to improvements in potency. The methyl pyrrolidine group in 11k was certainly better
than either isomer of the piperidines (11n-o), however the analogs lacking the methylene
spacer appeared to be equipotent (11p-r).

We next considered modifications to the carbamate group in 11k (Table 5). Deprotection of
the #butoxycarbonyl group (BOC) in 11k by exposure to acid was uneventful (Scheme 2).
Installation of the R3-substituent via standard chemistry afforded products 12. Slightly
smaller carbamates (12e,f) showed similar efficacy at 10 M, but with nearly 3-fold
improvement in ECsgq's. The corresponding ureas (12g-i) and sulfonamides (12j,I-m) were
also equally efficacious and considerably more potent than 11k. Urea 12i and sulfonamide
12m were the most potent analogs synthesized. Amide 12c was equipotent to 11k. Removal
of the BOC group and substitution with alkyl groups (12a-b) led to a substantial drop in
efficacy. Clearly the additional hydrogen bond acceptors are important for activity.

As a secondary screen of /n vitro activity, select compounds were tested in a Gal4-Rev-erb
LBD cotransfection assay. 12e dose-dependently increased the Rev-erb-dependent repressor
activity assessed in HEK293 cells expressing a chimaeric Gal4 DNA binding domain
(DBD): REV-ERB ligand binding domain (LBD) a or p and a Gal4-responsive luciferase
reporter. It's half-maximum inhibitory concentration (1Csq) against Rev-erba was 670 nM,
in good correlation with its BMAL data.18

The in vivo properties of several analogs were examined in mouse (Table 6)22. As Rev-erba
is highly expressed in the central nervous system (CNS), brain penetration was also
evaluated. Mice were given a 10 mg/kg IP dose of drug, and plasma and brain levels of drug
were determined 2h later. The hydrophobic lead 1 had limited exposure in plasma, although
CNS penetration was good. Urea 12h had somewhat better plasma exposure, with reduced
brain penetration. The reduced brain penetration is not surprising given the increased polar
surface area of the urea. Carbamate 12e had slightly better plasma and brain exposure as 1.
Most surprising was sulfonamide 12j which displayed the best CNS exposure. These
trisubstituted amines have several metabolic soft spots which may contribute to their poor
exposure and it's not clear yet the liability of the nitrothiophene ring. Interestingly, upon
increasing the dose to 50 mg/kg IP for 12e, plasma exposure and brain exposure increase
significantly, although drug formulation was also modified. With an EC5y = 0.7 uM, given a
50 mg/kg dose, there is over 10-fold concentration of drug in brain at t=8h.

Bioorg Med Chem Lett. Author manuscript; available in PMC 2013 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shin et al.

Page 4

As can be seen from the curves in Figure 2, we have greatly improved the overall efficacy
and potency of compounds in this series when compared to the lead GSK4112/SR6452/1.
Compounds like 12¢, 12h, and 12j also have good plasma and brain exposure such they
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21. All assays are performed as contransfections with the dual glow luciferase and data are normalized
to constitutively active renilla luciferase reporter activity. This provides normalization for any
non-specific effects of the compounds and we also monitor renilla luciferase activity directly to
determine potential toxicity.

22. CNS exposure was evaluated in C57BI6 mice (n = 3). Compounds were dosed at 10 mg/kg
intraperitoneally and after 2 h blood and brain were collected. Plasma was generated and the
samples were frozen at —80°C. The plasma and brain were mixed with acetonitrile (1:5 v:v or 1:5
w:v, respectively). The brain sample was sonicated with a probe tip sonicator to break up the
tissue, and samples were analyzed for drug levels by LCMS/MS. Plasma drug levels were
determined against standards made in plasma and brain levels against standards made in blank
brain matrix. All procedures were approved by the Scripps Florida IACUC.
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GSK4112/SR6452 lead
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Figure2.

Cell-based comparison between lead 1 and optimized analog 12e.
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Scheme 1.

Reagents and conditions: a. NaBH(OAc)3, HOAc, CI(CH5),Cl, 4-CI-PhCHO; b. RCHO,
NaBH(OAC)3, HOAc, CI(CH>),Cl; c. RCOCI, TEA, d. RSO,CI, TEA; e. NaBH(OAC)3,

HOAC, CI(CH,),Cl, HoNCH,CO,tBu; f. 5-nitrothiophenecarboxaldehyde, NaBH(OAC)s3,
HOACc, CI(CH5),CI.
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Reagents and conditions: a. TFA, CH,Cl,; b. NaBH(OACc)3, HOAc, CI(CH,),Cl, R3CHO; c.
R3COCI, TEA; d. R3S0,Cl, TEA; e. R3NCO; f. R3OCOCI, TEA, CH,Cl>.
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Table 1
Nitrothiophene Analogs

Compound R axinh ECso (M)

J)%
2

0.82 23
OoN
4 H 12 bt
T N
5a N s“s 081 NT
—_—

5b jJ:‘ 11 NT

N
AN
5c @ S>/\5.r’ 0.82 NT

_;JL’ 0.93 NT
S

N
5w N\\:RH/\HJ 0.88 NT

Value = fold change relative to DMSO control at 10 uM compound;

5d

All standard deviations < 25%.
a .
results are average of 2 or more experiments.

bNT = not tested.
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Table 2
p-Cl-Benzyl Analogs
Compound R1 @M axinh ECso (M)
N
1 C|/®/\ 0.82 2.3
8a OZN/O/\ 5 os8 25
8b _‘J" 11 N
8¢ Me0’®/\ & 068 2.9
8d F/O/}’f 0.77 2.0
8e t\ 0.60 25
[
8f O 0.60 NT
Q.0
8g /O/Sfr\' 0.50 3.0
gh I 0.48 26
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Compound RY qaxinh ECso (M)

0

8i 0.37 0.8

Value = fold change relative to DMSO control at 10 wM compound;

All standard deviations < 25%.
a .
results are average of 2 or more experiments.

bNT = not tested. .
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Table 3
Ester Analogs
Compound R?2 3 axinh ECso (M)

1 tBu O2C /}r, 0.82 2.3
1la MeOZC /}J"‘ 0.80 3.9
11b HO2C /}‘d 0.85 byt
11c H 2N OC /}r, 0.75 3.0
11d NC —\ 0.79 2.5
1le 0.70 8.8
11f 0.45 5.5

F3C‘< >_1,:v
11g S 0.50 4.0

3

N

11h Meo2S‘N®/\§3 1.0 NT
11i ©:O 0.40 7.8

T

(@)

13 yi’ 0.30 7.4
11k BOC~N f;‘ 0.33 18
111 O 0.40 2.6

OO :
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11m O o 0.50 25

Value = fold change relative to DMSO control at 10 .M compound;

All standard deviations < 25%.
a .
results are average of 2 or more experiments.

bNT = not tested. .
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Table 4

Pipendine and Pyrrolidine Analogs

Compound R2 & 1ax Inh ECs (M)

11k BOC\NQ/\S{ 0.33 1.8
11n 0.80 b,
BOC'ND’\F{ NT

110 BOC. 'O/\ g 0.90 NT
11p 0.31 NT
BOCND—S-

11q 0.14 NT

BOCN

11r é 0.24 1.6

BOCN

Value = fold change relative to DMSO control at 10 .M compound;

All standard deviations < 25%.
a .
results are average of 2 or more experiments.

bNT = not tested. .
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Table 5
Carbamates, amides, ureas, and sulfonamides
Compound R3 & 1ax Inh ECs (M)
11k E_ CO2tBu 0.33 18
12a 2 C H 0.95 bNT
12b é_ CH-Ph 1.00 NT
2
12c E_COCHS 0.35 16
12d E_ CO Ph 0.55 NT
2
12e E CO Et 0.35 0.70
- 2
12f S_COQA”yl 0.35 0.67
129 g_CONHPh 0.33 0.62
12h E_CONHnBu 0.35 0.67
12i $—CONHp-NO>Ph 0.37 0.40
12j E_ 802 CH3 0.30 0.57
12k E_SO2p—TO| >1 NT
12| E_SOZC H2Ph 0.40 0.63
12m E—SOQ’I-NaphthyI 0.45 0.45

Value = fold change relative to DMSO control at 10 uM compound;

All standard deviations < 25%.

a .
results are average of 2 or more experiments.

bNT = not tested. .

Bioorg Med Chem Lett. Author manuscript; available in PMC 2013 July 01.

Page 16



1duasnue Joyiny vd-HIN

Shin et al. Page 17

Table 6

In vivo properties of selected Rev-erba agonists

Compound  &rpjagmg) oy [BrAN M) &) 5 (o)
b 1 0.25 0.35 140
b 1o 053 024 53
b 12j 0.54 1.3 242
b 12¢ 0.53 0.53 100
€106 6.7 4. 100

aMice sacrificed at t = 2h. Brain and plasma levels of drug determined;
bMice dosed 10 mg/kg IP in 10:10:80 DMSO:Tween:water;

cMice dosed 50 mg/kg IP in 15% cremaphor EL;

dbrain levels at 8h;

e . .
b.p. = brain penetration.
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