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ABSTRACT: The neuroprotective transcription factor Nurrl was
recently found to bind the dopamine metabolite $,6-dihydrox-
yindole (DHI) providing access to Nurrl ligand design from a
natural template. We screened a custom set of 14 k extended DHI
analogues in silico for optimized descendants to select 24
candidates for microscale synthesis and in vitro testing. Three R
out of six primary hits were validated as novel Nurrl agonists with - ©
up to sub-micromolar binding affinity, highlighting the druggability m 14 k derivatives
of the Nurrl surface region lining helix 12. In vitro profiling HO N

confirmed cellular target engagement of DHI descendants and DHI

demonstrated remarkable additive effects of combined Nurrl natEucr:aI ﬂlﬁrglohgﬁnd

agonist treatment, indicating diverse binding sites mediating Nurrl % a

activation, which may open new avenues in Nurrl modulation.

B INTRODUCTION

Nuclear receptor-related 1 (Nurrl) is a neuronal ligand-
activated transcription factor with neuroprotective and anti-
neuroinflammatory roles."”> Animal models have characterized
Nurrl as a critical for (dopaminergic) neuron development and
survival and link the transcription factor with neurodegenerative
diseases.' ™ Diminished neuronal Nurr1 activity in mice caused

DHI is an attractive lead for Nurrl agonist development.
Structure—activity relationship (SAR) evaluation of DHI has
yielded S-chloro-1H-indole (2b) as a Nurrl agonist with
improved features and reduced toxicity,”* but an extension of
the fragment-like 2a and 2b has not been studied.

Using DHI as lead and the Nurrl:DHI complex (PDB ID
6dda®) as a structural basis for docking-driven design and
scoring, we have obtained derivatives of the natural Nurrl ligand

a phenotype with features of Parkinson’s disease’ and
exacerbated the pathology of Alzheimer’s disease models’ and
experimental autoimmune encephalomyelitis.® Moreover,
Nurrl levels were decreased in human patients of Parkinson’s
and Alzheimer’s disease and in rodent models of these
pathologies.”~ " The transcription factor may therefore provide
new opportunities in the treatment of neurodegeneration.
Despite the remarkable therapeutic potential of Nurrl,
modulators are still rare.'*'> The antimalarials amodiaquine
(AQ) and chloroquine (CQ), identified as the first direct Nurrl
agonists,' have limited potency but served for studies on Nurrl
biology”'® and as lead structures.'”'® We have recently
developed Nurrl agonist 1 with significantly enhanced potency
as a next-generation chemical tool to elucidate the therapeutic
potential of Nurrl."” Still, new and chemically diverse Nurrl
agonist scaffolds with improved potency are needed to enable
target validation of this remarkable nuclear receptor.
Prostaglandins Al and E1*° and the oxidized dopamine
metabolite 5,6-dihydroxyindole (DHI, 2a, Chart 1)*" have been
discovered as potential endogenous Nurrl ligands and were
found to form covalent adducts with Cys566 of the Nurrl
ligand-binding domain (LBD). As a putative endogenous ligand,

© 2023 The Authors. Published by
American Chemical Society

7 ACS Publications

with enhanced affinity and potency. We employed a custom
virtual library of 14,421 computationally generated DHI
analogues, from which 24 top-scoring designs were prepared
by microscale synthesis and tested for Nurrl agonism. Six
primary hits were prepared in batch and fully characterized to
obtain three new validated and chemically diverse Nurrl
agonists. Additionally, structural fusion of the most active DHI
analogue (50, K; 0.5 uM, ECy, 3 uM) with the known ligand AQ
produced another potent Nurrl agonist (13, K4 1.5 uM, ECy; 3
uM). In vitro characterization confirmed cellular Nurrl
modulation by DHI descendants and interestingly revealed
pronounced additive Nurrl activation with the recently
developed agonist 1.'” Our structure-driven design and
microscale synthesis approach successfully generated innovative
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Chart 1. Nurrl Agonists”

O COOH
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“The blue arrow indicates the site for covalent interaction with Nurrl (after oxidation of DHI).

Nurrl ligand scaffolds based on a natural ligand, demonstrating
druggability of the Nurrl surface region lining helix 12.

B RESULTS AND DISCUSSION

Structure-Guided Design. Despite recent progress in
Nurrl ligand discovery, only a few ligand-bound Nurrl LBD
cocrystal structures are available among which the Nurrl:DHI
complex (PDB ID 6dda”") appeared best suitable for structure-
based design due to the favorable features of the indole scaffold.
Structure analysis suggested space for structural extension of
DHI (2a) or the related S-chloroindole (2b), especially in the S-
and 6-positions of the indole, while the five-membered ring was
buried in a narrow pocket (Figure 1a). The indole S- and 6-
positions are solvent exposed with opportunities to explore

Figure 1. Structural basis for DHI-derived Nurrl agonist design. (a)
Cocrystal structure of the DHI-bound Nurrl LBD (PDB ID 6dda,*"
surface representation with bound DHI). DHI is bound in a narrow
pocket with no space for extension around the five-membered ring,
while the S- and 6-positions are oriented toward the solvent. (b)
General structure of the virtual amide library based on 5-chloro-1H-
indole-6-carboxylic acid and 14,421 primary amines (M, < 240) and
docking of the virtual amide library to the Nurrl LBD (PDB ID
6dda®"). The virtual designs extended to the grooves on the Nurrl LBD
surface around the DHI-binding site.

adjacent grooves formed by helices H4/H12 and H10/H11 on
the surface of the Nurrl LBD. Previous structure—activity
relationship analysis of the indole has demonstrated a preference
for a chlorine substituent in the $-position,”” prompting us to
probe the extension of the indole in the 6-position to address the
surface binding opportunities.

For a broad virtual exploration of potential substituents, we
generated a virtual library based on 5-chloroindole as a common
motif, which was extended in the 6-position by an amide linker
and fused with 14,421 commercially available primary amines
(M, < 240) to obtain a virtual library of amides (full list in the
Supporting Information). Amide linkage was chosen since
potential for H-bond formation between the carbonyl group and
the His516 backbone amine and between the amide nitrogen
and the backbone carbonyl of Pro597 was observed in a
preliminary docking assessment (Figure S1). Additionally, this
approach enabled rapid and economic preparation of computa-
tionally preferred designs in microscale format even from very
expensive amine building blocks. The full virtual library was
docked with Glide to the DHI-binding site of the Nurrl LBD. In
line with the design hypothesis, the molecules populated the two
grooves on the protein surface (Figure 1b). Docking scores
varied widely over the entire virtual library (—7.71 to +3.57 for
the best pose of each molecule) suggesting that the model was
suitable to distinguish promising designs. We inspected the
binding modes of the 100 top-ranking designs and selected 24
structurally diverse molecules (Table 1) for synthesis and testing
based on a binding mode addressing the DHI pocket and
suitability for microscale amide synthesis.

Microscale Library Preparation and Screening. To
explore the Nurrl agonist potential of the computationally
preferred designs in a rapid and economical fashion, we initially
prepared the compounds in a microscale format (100 gmol).
Amide synthesis was performed in 1.5 mL reaction tubes from 5-
chloro-1H-indole-6-carboxylic acid (3) and the respective
amines (4a—x) with EDC-HCl in ethyl acetate to obtain Sa—x
(Scheme 1a). Products from the microscale synthesis were
roughly purified by a washing procedure with aqueous sodium
bicarbonate, and amide formation was confirmed by mass
spectrometry. The S-chloro-1H-indole-6-carboxylic acid build-
ing block 3 was prepared from 2-chloro-4-methylbenzoic acid
(6) by Batcho—Leimgruber indole synthesis (Scheme 1b)
involving nitration to 7, esterification (8), cyclization with DMF
dimethylacetal to indole 9, and ester hydrolysis to 3.

A Gal4—Nurr1>® hybrid reporter gene assay served for in vitro
testing which is based on a chimeric receptor composed of the
human Nurrl LBD and the DNA-binding domain of Gal4 from
yeast. A firefly luciferase construct with five tandem repeats of
the Gal4 response element was used as the reporter gene and
constitutively expressed (SV40 promoter) Renilla luciferase was
employed for normalization and to capture potential test
compound toxicity. The microscale synthesis products Sa—x
were tested for Nurrl modulation in the Gal4—Nurrl hybrid
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Table 1. Gal4—Nurrl Modulation by the Microscale DHI Analogue Library”

cl
~ \
R= b R= m

(@)
ID fold ID fold
Nurrl act. Nurrl act.
HoN N 4da 1.10+0.08 5a 1.58+0.09
2 ~ .
\O\/O/ R (toxic)
,L 4b 1.62+0.15 5b 1.26+0.04
- H
N-g
R 4c 1.29+£0.09 5¢ 0.90+0.08
R
@N/\/\N/QN
H l—/
4d 1.60+0.14 5d 1.36+0.09
H
N.
R
_N
R 4e 1.10£0.12  5e 1.59+0.08
R
¥}
" 4f 0.97£0.10 5f 0.91+£0.07
N-g
Y
|
@H 4g 1.24+£0.05 5g 0.76+0.09
N N‘R
N
™ 4h 1.6+0.4 5h 1.53+0.05
~ N " (toxic)
ok
F 4i 1.02+0.14  5i 1.22+0.14
H
\N£ Neg
H\R 4j 1.60+£0.27  5j 1.29+0.08
)\/’O/
NH, 4k 1.09+£0.05 5k 0.71+0.02
(toxic)

O
ID fold ID fold
Nurrl act. Nurrl act.
al N 41 0.89+0.07 51 0.96+0.01
R
L
N
H 4m 1.08£0.04 5m 1.49+0.07
N\/\/N\R
O\ H 4n 0.96+0.12 5n 1.12+0.01
NN
N
al ¥ 40 1.19£0.05 50 1.60+0.01
R
|
\©[O/\/N\
N 4p 1.51+0.19  5p 1.82+0.07
N (toxic)
an.
R
/ﬂ 4q 1.20+0.18  5q 0.72iQ.08
N\\;@\/n\ (toxic)
R
R 4r 1.05+0.13  5r 1.46+£0.10
N>R
@&H 4s 1.72+0.28  5s 1.36+0.01
N\R
H 4t 0.83+0.13 5t 1.46+0.04
R
T
)
R 4u 1.34+0.04  5u 0.57+0.04
(toxic)

4v 1.39+0.30  5v 1.47+0.12

R
N
O

0.70+£0.15 5w 1.26+0.04

0.86+0.08  5x 0.89+0.06

“Compounds were screened at 100 #M assuming full conversion, actual concentrations were lower. Nurrl activity data from the hybrid reporter
gene assay are relative reporter activity vs DMSO-treated cells. Data are the mean + SD, n = 3. Compounds causing a decrease of the Renilla
luminescence to <50% of DMSO-treated cells were considered as potentially toxic (cf. Figure S2).

reporter gene assay at 100 uM (assuming full conversion, actual
concentrations were lower). To monitor the activity of the
amine building blocks potentially remaining in the mixtures, the
amines were also tested at 100 M to reveal true positive Nurrl
ligand hits. This enabled the discovery of promising scaffolds for
further evaluation from a very diverse set in a rapid and cost-
efficient manner despite expensive building blocks. The

13558

possibility of false negatives resulting from the microscale
synthesis format, purification procedure, and assay setting was
accepted.

Of the 24 computationally favored designs Sa—x, six (Se, Sm,
50, 5r, 5t, 5v; Table 1) were considered as primary hits as they
activated Nurrl by >140% compared to DMSO-treated cells,
exhibited no pronounced effect on cell viability as observed by
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Scheme 1. Microscale Amide Synthesis (a) and Synthesis of
Indole Building Block 3 (b)“

a - NH2
Cl 4a-x Cl
> W § >
HO N O, N N
H H
(e} 3 (0] 5a-x
b ¢ ; cl ) o]
(i) (iv) N\
H — _ — _
© r© NO, r© N
© © 7: R=H ° 9: R=CH
6 :R= : R=CHg
() E g R=CH, WM 3l R-n

“Reagents and conditions: (i) EDC-HCI, EtOAc, rt, 36 h; (ii) HNO,/
H,S0,, S °C, 0.5 h, 59%; (iii) acetyl chloride, MeOH, 50 °C, 4 h,
96%; (iv) DMF-DMA, DMF, 120 °C, 2 h; then Zn, AcOH/H,0, 80
°C, 2 h, 40%; (v) LIOH-H,0, EtOH/H,0, rt, 18 h, 94%.

stable Renilla luciferase activity and in a WST-8 assay (Figure
S2), and their corresponding amines were inactive/less active.
These compounds were hence prepared in batch and isolated for
full characterization.

Hit Validation. For orthogonal validation of the primary
hits, we first employed isothermal titration calorimetry (ITC) to
observe direct interaction and determine binding affinities
(Table 2). Of the six hits in the primary screening, three (Se, Sm,
5t) exhibited no detectable interaction with the Nurrl LBD and
three revealed binding with Kj values of 0.5 uM (50), 3.2 uM
(5r), and 16 uM (Sv), respectively. In accordance with these
results, Se, Sm, and St failed to activate Nurrl up to 100 uM,
while 5o, Sr, and Sv were confirmed as Nurrl agonists (Table 2).
So emerged as the most active DHI descendant with a K value
of 0.5 uM and an ECg, value of 3 M.

Binding Site Evaluation. Inspection of the predicted
binding modes of the three active hits to Nurrl revealed a similar
orientation of 50, Sr, and Sv with binding to a hydrophobic
groove on the Nurrl LBD surface lining helix 12 (Figure 2a),
suggesting that this surface region of Nurrl is druggable. The
common indole motif was bound facing Cys566 and sandwiched
between Arg515 and Arg563. Binding of the amide substituents
was mainly mediated by hydrophobic contacts. The most active
compound So additionally formed a face-to-face interaction
with His516 (Figure 2b), rationalizing its enhanced potency.

Mutagenesis of the binding site cysteine 566 to serine
diminished the activity of So (Figure 2c), supporting interaction
with this epitope and the importance of Cys566 in ligand—
Nurrl contacts. High stability of So against glutathione (Figure
2d) and no observable adduct formation between recombinant
Nurrl LBD and So in LCMS (Figures S3 and S4) indicated that
the interaction was non-covalent despite the prominent role of
Cys566.

Structure—Activity Relationship of DHI Descendant
50. The DHI descendant So presented markedly enhanced
activity and affinity (Figure 3a) compared to the natural
template 2a and induced Nurrl-regulated expression of tyrosine
hydroxylase (TH) and vesicular amino acid transporter 2
(VMAT?2) in astrocytes (T98G), indicative of cellular target
engagement (Figure 3b). Based on this promising profile, we
explored the structure—activity relationship of this new Nurrl
agonist scaffold (Table 3). The inverted analogue 10 comprising
the opposite indole regiochemistry exhibited similar activity as
50, indicating, in line with the predicted binding mode (Figure

Table 2. Binding Affinity to the Nurrl LBD and Nurrl
Modulation of the Primary Hits (2a and 2b for
Comparison)“™*

ID structure Ky ECs (eff.)
DHI  HO -0 > 100 pM>!
oy Y
HO N
2b cl \ 15uM?  40+4 uM
m (2.4+0.1-fold act.)
Se cl \ o inactive
f y binding 4100 um
\(U o
5m (j no inactive
N binding® at 100 uM
goss
N N
N
o
50 h\l 0.5 uM 3+1 uM
o (1.340.1-fold act.)
o me
N N
N
o
cl
Sr 32uM 1242 uM
(1.4+0.1-fold act.)
N N
H
o)
5t HC' \ Do inactive
N N binding° at 100 uM
n
/\N/O/ o] H
)
Sv 16 uM 28+6 uM
(1.3£0.1-fold act.)
cl
N N
H
0

“Binding affinity of Se, Sm, So, Sr, St and Sv to the Nurrl LBD was
determined by ITC. Nurrl modulation was determined in the Gal4—
Nurrl hybrid reporter gene assay; data are mean + SD; n > 3.
bCovalent binder. “No interaction in ITC with 200 uM ligand and 30
HM protein.

2), that the orientation of the indole scaffold in the binding site is
not critical. In accordance with this, methylation of the indole
nitrogen of So in 11 had also little effect on affinity, albeit a
fivefold decrease in cellular potency was observed. Reduction of
the amide in So to a secondary amine linker in 12 was also
tolerated, but it led to no improvement in affinity or potency.
These results thus suggest 6-chloro-1H-indole-5-carboxamide
and S-chloro-1H-indole-6-carboxamide as suitable and easily
accessible scaffolds to develop Nurrl ligands binding to the LBD
surface.

Several available Nurrl ligands comprise a chloroquinoline
motif derived from AQ,"'®"” and we have observed that a
scaffold hop from indole (fluvastatin, ECs, = 1.9 uM) to
quinoline (pitavastatin, ECsy = 0.12 #M) produced a relevant
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Figure 2. Predicted binding modes of So (magenta), Sr (cyan), and Sv
(orange) to the Nurrl LBD (PDB ID 6dda”'). (a) The three active
DHI descendants So, Sr, and Sv were predicted to bind to the DHI-
binding site and extend toward a hydrophobic groove lining helix 12.
(b) The most active Nurrl agonist So formed a face-to-face contact
with His516, which is not observed for Sr and Sv, supporting the higher
affinity of 50. (c) 50 was less active on the Nurrl-CS66S mutant,
supporting interaction with the proposed epitope. Data are the mean +
SEM,; n > 3. (d) So was stable against reaction with glutathione
(GSH). Phenyl vinyl sulfone (PVS) as positive control (125 uM So or
PVS were incubated with 2.5 mM GSH in PBS at 37 °C). n = 3.

improvement in potency.” Thus, we evaluated the possibility of
fusing the structural elements of So and AQ. Interestingly, the
merged compound 13 composed of the 7-chloroquinolin-4-
amine motif of AQ and the amide substituent of So acted as a
Nurr1 agonist (Ky 1.5 uM, ECso 3 uM) with considerably higher
potency than AQ (ECg, 36 uM).

In Vitro Profiling of Optimized DHI Descendants. 5o
and its AQ-hybrid 13 emerged as the most potent DHI
descendants from the structure-guided approach to Nurrl
modulator development. Their further in vitro profiling
confirmed Nurrl agonism also on the human full-length
receptor on the response element NBRE with similar potency
to that observed in the hybrid reporter gene assay (So: ECg, =2
+ 1 uM, 2.1 + 0.2-fold activation; 13: ECyy =4 + 1 uM, 2.4 +
0.2-fold activation; Figure 3c).

Selectivity profiling in Gal4 hybrid reporter gene assays
(Figure 3d) revealed a preference of So for Nurrl over Nur77
(NR4A1) and, interestingly, no NOR-1 (NR4A3) activation,
suggesting that the binding site of the DHI descendants is not
conserved in NOR-1. 13 activated Nurrl and Nur77 with equal
potency but was less active on NOR-1. No nuclear receptor
modulation by 50 and 13 was observed outside the NR4A family
(Figure 3e).

We also studied the response of Nurr1 to combined treatment
with 50/13 and the recently developed Nurrl agonist 1 and,
interestingly, detected additive Nurrl activation (Figure 3f).
The presence of So or 13 (20 uM each) did not alter the ECy,

value of 1 but increased its max. effect by 34—77%. This non-
competitive behavior with additive Nurrl activation suggests
different, non-overlapping binding sites of the ligands, opening
new avenues to modulation of Nurrl.

To assess the effects of the DHI descendants in a native
cellular setting, we evaluated their effects on Nurrl-regulated
gene expression in the immortalized rat dopaminergic neural cell
line N27°%%° (Figure 3g). S-Chloroindole (2b), So, and 13
induced TH, VMAT, and superoxide dismutase 1 and 2 (SOD1/
2) expression in a dose-dependent fashion. The efficacy of
VMAT2 and SODI induction by 2b, So, and 13 was
comparable, while TH and SOD2 upregulation by So and 13
was stronger compared to that by 2b. DHI (2a) had generally
weaker effects and, interestingly, downregulated TH expression,
suggesting that other regulatory mechanisms were involved.

B CONCLUSIONS

Drug discovery based on natural ligands of nuclear receptors has
been very fruitful in the past as exemplified by steroidal 1i§ands
for NR3 receptors or the FXR agonist obeticholic acid.'”*® Our
results demonstrate that the binding site of the natural
(covalent) Nurrl ligand DHI (2a) is druggable and can be
addressed by non-covalent binders with markedly enhanced
potency compared to the natural template, opening a new
avenue to Nurrl agonist development.

Apart from the activity of S-chloro-1H-indole (2b) and
related fragment-like analogues,22 no SAR knowledge was
available on DHI as Nurrl agonist, prompting us to follow a
structure-based virtual screening approach using a custom
library of DHI derivatives. Modeling prioritized 24 molecules
and experimental validation confirmed three DHI analogues as
novel Nurrl ligands. S50 emerged from these DHI analogues
with sub-micromolar affinity to Nurrl, preference over Nur77,
and selectivity over NOR-1. Additionally, So and its AQ-hybrid
13 caused additive Nurrl activation with the recently discovered
agonist 1,'"” indicating that Nurrl can be simultaneously
modulated through diverse ligand-binding sites, which may
have additional therapeutic potential.

Despite recent progress in ligand discovery, molecular
understanding of ligand binding to Nurrl is still limited, and
binding sites are elusive.' The binding site of DHI-derived
Nurrl ligands can be located with high confidence at the surface
of the LBD close to helix 12 which opens new possibilities in
Nurrl ligand development. DHI descendants So and 13
valuably expand the scarce collection of validated Nurrl
modulators and can serve as tools for chemogenomics and
functional studies on the role of DHI and its binding site in
Nurrl modulation.

B CHEMISTRY

The primary hits (5e, Sm, 50, Sr, 5t, 5v) were prepared
according to Scheme 2 by amide coupling of 3 and the
corresponding amines 4e, 4m, 40, 4r, 4t, and 4v, respectively.
The synthesis of 10 comprising an inverted substitution pattern
on the indole was performed by the same route using the
corresponding 6-chloro-1H-indole-S-carboxylic acid (3a) for
amide coupling with 40. The N-methyl indole analogue 11 was
obtained by N-methylation of the ester 9, followed by ester
hydrolysis to 9a and amide coupling with 40 using TCFH-NMI
as coupling agent.

For the preparation of the secondary amine analogue 12, 9
was reduced to the corresponding alcohol 14 using LiAlH, and
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Figure 3. In vitro profiling of DHI-derived Nurrl agonists. (a) Isothermal titration calorimetry (ITC) demonstrated binding of So and 13 to the
recombinant Nurrl LBD. The fitting of the heat of binding is shown, and the isotherms at 25 °C are shown as insets. (b) 5o (30 M) induced Nurr1-
regulated mRNA expression of tyrosine hydroxylase (TH) and vesicular amino acid transporter 2 (VMAT2) in T98G cells. Data are the mean + S.E.M.
rel. mRNA expression (272), n=4.% p < 0.1, #* p < 0.01 (£-test vs DMSO ctrl). (c) S0 (ECs=2 + 1 M) and 13 (ECyo = 4 + 1 uM) activated full-
length human Nurrl on the NBRE. Data are the mean + S.E.M. fold act. vs DMSO ctrl, n > 4. (d) So exhibited preference for Nurrl over the related
NR4A receptors (p < 0.001 vs NOR-1; p < 0.01 vs Nur77; two-way analysis of variance (ANOVA) with multiple comparisons test); 13 activated Nurrl
and Nur77 with equal potency but revealed preference over NOR-1 (p < 0.01). Data are the mean + S.E.M. fold act. vs DMSO ctrl, n > 4. (e) Soand 13
did not modulate the activity of nuclear receptors outside the NR4A family. Data are the mean + S.E.M. fold activation vs DMSO ctrl, n > 3. (f) So and
13 enhanced max. Nurr] activation by agonist 1 to 134% (50) and 177% (13) of its max. effect alone. Data are the mean + S.E.M. relative Nurrl act. vs
1M 1, n > 3. (g) DHI (2a), S-chloroindole (SCI, 2b) and the descendants So and 13 modulated Nurrl-regulated gene expression in dopaminergic
neural cells (N27). TH, tyrosine hydroxylase; VMAT2, vesicular amino acid transporter 2; SOD1/2, superoxide dismutase 1/2. Data are the mean +
S.E.M. relative mRNA expression compared to 0.1% DMSO; n = 7—8; * p < 0.05, ** p < 0.01, *** p < 0.001 (Wilcox test or t-test).

reoxidized to its aldehyde 15 with Dess—Martin periodinane,
which reacted with amine 40 in a reductive amination reaction
to afford 12. The AQ/So0 hybrid 13 was prepared from 4-bromo-
7-chloroquinoline (16) by Buchwald—Hartwig amination with
amine 4o.

B EXPERIMENTAL SECTION

Chemistry. General. All chemicals were of reagent grade and used
without further purification unless otherwise specified. All reactions
were conducted in oven-dried Schlenk glassware under an argon
atmosphere and in absolute solvents. Other solvents, especially for
work-up procedures, were of reagent grade or purified by distillation
(iso-hexane, ethyl acetate, ethanol). Reactions were monitored by thin-
layer chromatography on TLC Silica gel 60 F,s, aluminum sheets by
Merck and visualized under ultraviolet light (254 nm). Purification by
column chromatography (CC) was performed on a puriFlash
XSS520Plus system (Advion, Ithaca, NY) using high-performance
spherical silica columns (SIHP, SO #M) by Interchim and a gradient of
iso-hexane to EtOAc; reversed-phase CC was performed on a puriFlash
5.250 system (Advion) using C18HP columns (SIHP, 15 uM) by
Interchim and a gradient of 0.1% FA in H,0, 10—100% acetonitrile
(HPLC gradient grade). Preparative HPLC was also performed on the

13561

puriFlash 5.250 system using a PREP-LC column (C18-HQ, 5 uM) by
Interchim and a gradient of 0.1% FA in H,0, 10—100% methanol
(HPLC gradient grade). Mass spectra were obtained on a puriFlash-
CMS system (Advion) using atmospheric pressure chemical ionization
(APCI). High-resolution mass spectrometry analysis (HRMS) was
performed with a Thermo Finnigan LTQ FT instrument for
electrospray ionization (ESI). NMR spectra were recorded on a Bruker
Avance III HD 400 MHz or 500 MHz spectrometer equipped with a
CryoProbe Prodigy broadband probe (Bruker). Chemical shifts are
reported in & values (ppm), and coupling constants (J) are reported in
hertz (Hz). Purity was determined by quantitative 'H NMR (qH
NMR) according to a method described by Pauli et al. with internal
calibration.”” The qH NMR measurements were carried out under
conditions allowing complete relaxation to assure the exact
determination of peak area ratios. Used internal standards were ethyl
4-(dimethylamino)benzoate (LOT# BCCC6657, purity 99.63%) and
maleic acid (LOT#BCBMS8127V, purity 99.94%) in CDCl;, MeOD-d,,
DMSO-d4 or acetone-dg. All compounds for biological testing had a
purity >95% according to gH NMR.
2-Chloro-4-methyl-5-nitrobenzoic acid (7).°® 2-Chloro-4-methyl-
benzoic acid (6, 10.0 g, 55.8 mmol, 1.00 equiv) was suspended in
sulfuric acid (100 mL) and cooled to 5§ °C. Over a period of 40 min
nitric acid (3.39 mL, 52.7 mmol, 0.90 equiv) was added dropwise so
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Table 3. In Vitro Characterization of 10—12 Derived from
Screening Hit So and S0/AQ-Hybrid 13“

ID structure Ky ECs (eff.)
So ! 0.5uM 3+l uM
> (1.3%0.1-fold act.)
0 Hm'jgm
N
Cl
10 4 1.6uyM  6+3uM
~N
oj cl 4 (1.420.1-fold act.)
(o]
Cl
n 4 1uM 1656 uM
o (1.420.1-fold act.)
(o)
W
BO®
Cl
12 ,L 1.8uM  5£2uM
; (1.420.1-fold act.)
N N
H
Cl
13 \ 1L5uM 3=l pM

(1.5+0.1-fold act.)

ol
oy
N‘\
N
cl

“Binding affinity to the Nurrl LBD was determined by ITC. Nurrl
modulation was determined in the Gal4—Nurrl hybrid reporter gene
assay; data are mean + SD; n > 3.

that the reaction mixture did not exceed a temperature of 15 °C. After
complete addition of nitric acid, the reaction mixture was stirred at rt for
30 min and then poured into ice water. The solid that subsequently
precipitated was filtered off, washed with cold water, and dissolved in
EtOH. Water was added dropwise to the solution, whereupon a
colorless solid precipitated. The solid was filtered off, washed with cold
water, and dried under reduced pressure, yielding compound 7 as a
colorless solid (7.57 g, 59%). R (iso-hexane/EtOAc = 8:2 + 2% AcOH)
=0.33. MS (—APCI): m/z 214.5 ([M — H]™). 'H NMR (400 MHz,
acetone-dg): § = 8.54 (s, 1H), 7.72 (s, 1H), 2.65 (s, 3H) ppm. *C NMR
(101 MHz, acetone-dg): 5 = 164.70, 148.50, 139.43, 138.57, 136.14,
129.76, 128.72, 20.03 ppm.

Methyl 2-Chloro-4-methyl-5-nitrobenzoate (8).?° Acetyl chloride
(12.4 mL, 174 mmol, 5.00 equiv) was added dropwise to methanol (70
mL) at 5—10 °C. A solution of 2-chloro-4-methylnitrobenzoic acid (7,
7.50 g, 34.8 mmol, 1.00 equiv) in methanol (100 mL) was added in
portions, and the reaction mixture was stirred at 50 °C for 4 h. After
cooling to rt, the solvent was removed under reduced pressure. The
yellow solid obtained was dissolved in DCM and washed with brine
solution and water. The organic phase was dried over MgSO,, filtered,
and evaporated to yield 8 as a colorless solid (7.66 g, 96%). R; (iso-
hexane/EtOAc = 8:2) = 0.41. MS (+APCI): m/z229.5 (M + H]*).'"H
NMR (400 MHz, acetone-dy): 5 = 8.48 (s, 1H), 7.73 (s, 1Hl), 3.95 (s,
3H), 2.65 (s, 3H) ppm. *C NMR (101 MHz, acetone-dy): 6 = 167.44,
148.34, 139.57, 138.30, 136.08, 129.51, 128.51, 53.18, 20.05 ppm.

Methyl 5-Chloro-1H-indole-6-carboxylate (9).?% Methyl 2-chloro-
4-methyl-S-nitrobenzoate (8, 7.66 g, 33.4 mmol, 1.00 equiv) was
dissolved in DMF (50 mL). N,N-dimethylformamide dimethylacetal

Scheme 2. Batch Synthesis of Se, Sm, So, 5r, 5t, Sv, and 10—

13¢
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m 4e,m,o,rt,v
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o
5
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iy [ 1 3 R—NH, H N
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“Reagents and conditions: (i) EDC-HCl, TEA, CHCL,, rt, 18 h, 8—
32%; (i) LiAlH,, THF, 0 °C, 1 h, 71%; (iii)) Dess—Martin
periodinane, DCM, DMF, 0 °C—rt, 1 h, 100%; (iv) NaBH(OAc),,
AcOH, DCM, DCE, tt, 2 h, 36%; (v) EDC-HCI, TEA, CHCL,, rt, 18
h, 5%; (vi) NaH, CH,I, DMF, 0 °C, 10 min, rt, 2 h, 33%; (vii) LiOH-
H,0, EtOH, H,0, rt, 18 h, 99%; (viil) NMI, TCFH, DME, 80 °C, 18
h, 26%; (ix) Pd(OAc),, BINAP, K,PO,, dioxane, 90 °C, 24 h, 29%.

(10.4 mL, 49.9 mmol, 1.50 equiv) was added to the solution, and the
reaction mixture was stirred for 2 h at 130 °C. The reaction mixture was
concentrated under vacuum, dissolved in EtOAc, and washed with
brine and water. The aqueous phases were extracted with EtOAc, and
the combined organic phases were dried over MgSO,. After removing
the solvent, the obtained purple solid was dissolved in acetic acid (100
mL) and water (20 mL). Over a period of 40 min, zinc powder (13.06 g,
65.34 mmol, 6.0 equiv) was added in portions and the reaction mixture
was heated to 80 °C for 2 h. After cooling to rt, the mixture was diluted
with EtOAc and filtered. The organic phase was separated and washed
with saturated NaHCOj; solution and brine. The organic phase was
dried over MgSO,, filtered, and concentrated under reduced pressure.
The brown oil was purified by CC and yielded compound 9 as a green
solid (2.80 g, 40%). R; (iso-hexane/EtOAc = 8:2) = 0.23. MS (+APCI):
m/z209.7 (M + H]*). "H NMR (400 MHz, acetone-dy): 6 = 10.69 (s,
1H), 8.03 (s, 1H), 7.71 (s, 1H), 7.60 (t, ] = 2.8 Hz, 1H), 6.54 (m, 1H),
3.87 (s, 3H) ppm. C NMR (126 MHz, acetone-dy): 5 = 167.20,
134.86, 132.86, 130.68, 124.13, 123.34, 122.65, 116.02, 102.38, 52.26
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5-Chloro-1H-indole-6-carboxylic acid (3). Methyl S-chloro-1H-
indole-6-carboxylate (9, 2.80 g, 13.4 mmol, 1.00 equiv) was dissolved in
EtOH (25 mL) and water (25 mL). LIOH-H,O (1.69 g, 40.2 mmol,
3.00 equiv) was added, and the reaction mixture was stirred at rt for 18
h. After removal of the solvent, the resulting solid was dissolved in
water. The alkaline solution (pH > 11) was extracted with EtOAc. The
aqueous layer was acidified with aqueous hydrochloric acid (10%) and
extracted with EtOAc. The latter organic layers were combined, washed
with brine, dried over MgSO,, and filtered. The solvent was removed
under reduced pressure, and the residue was recrystallized from a
mixture of DCM/diisopropylether (1:1), yielding compound 3 as a
beige solid (2.47 g, 94%). R (iso-hexane/EtOAc = 8:2 + 2% AcOH) =
0.22. MS (+APCI): m/z 195.7 ([M + H]*). '"H NMR (400 MHz,
acetone-dg): §=11.15 (s, 1H), 10.69 (s, 1H), 8.13 (s, 1H), 7.70 (s, IH),
7.62—7.58 (m, 1H), 6.56—6.53 (m, 1H) ppm. *C NMR (126 MHz,
acetone-dg): 6 = 168.58, 134.20, 131.45, 129.74, 123.62, 122.39,
121.82, 115.47, 101.46 ppm.

5-Chloro-N-{5-chloro-2-[2-(dimethylamino)ethoxylphenyl}-1H-
indole-6-carboxamide (50). 5-Chloro-1H-indole-6-carboxylic acid (3,
150 mg, 767 pmol, 1.00 equiv) and oxalyl chloride (69.0 uL, 767 ymol,
1.00 equiv) were dissolved in 4 mL of a mixture of one drop of DMF in
DCM (14 mL). After 2 h, the solvent was removed under reduced
pressure. The remaining residue was dissolved in DCM (6 mL), and $-
chloro-2-[2-(dimethylamino)ethoxy]aniline (40, 165 mg, 767 umol,
1.00 equiv) was added to the solution. The reaction mixture was stirred
for 18 h at rt. Then, DCM (10 mL) and saturated NaHCO); solution
(10 mL) were added. The separated organic layer was dried over
MgSO,, filtered, and concentrated under reduced pressure. The crude
product was purified by CC, and subsequent recrystallization from
methanol yielded compound So as a colorless crystalline solid (23 mg,
8%). R; (iso-hexane/EtOH = 1:1 + 2% TEA) = 0.24. MS (+APCI): m/z
391.3 ([M + H]*). HRMS (+EI): m/z calculated 391.08488 for
[C19H,4CLLN;0,]**, found: 391.08645 ([M]**). '"H NMR (500 MHz,
CDCl;) 6 =10.17 (s, 1H), 8.78 (s, 1H), 8.71—8.66 (m, 1H), 7.90—7.86
(m, 1H), 7.68 (s, 1H), 7.38—7.33 (m, 1H), 7.03 (dd, J = 8.6, 2.6 Hz,
1H), 6.92 (d, ] = 8.7 Hz, 1H), 6.54—6.50 (m, 1H), 4.09 (t, ] = 5.4 Hz,
2H), 2.55 (t, ] = 5.0 Hz, 2H), 2.02 (s, 6H) ppm. *C NMR (126 MHz,
CDCl,) 6 = 166.00, 146.62, 134.11, 131.66, 130.50, 129.03, 128.13,
128.09, 123.77, 122.13, 121.87, 120.81, 116.73, 113.63, 102.52, 69.45,
57.99, 45.18 ppm. gH NMR (400 MHz, MeOD-d,, maleic acid as
reference): purity = 95.4%.

7-Chloro-N-{5-chloro-2-[2-(dimethylamino)ethoxy]phenyl}-
quinolin-4-amine (13). 4-Bromo-7-chloro-chloroquinoline (16, 170
mg, 699 pmol, 3.00 equiv), Pd(OAc), (5.3 mg, 23 umol, 0.1 equiv),
(+/-)-2,2-Bis(diphenylphosphino)-1,1'-binaphthalene (29 mg, 47
umol, 0.2 equiv), K;PO, (82.6 mg, 389 umol, 1.67 equiv) and S-chloro-
2-[2-(dimethylamino)ethoxy]aniline (5o, 50.0 mg, 233 umol, 1.00
equiv) were dissolved in 1,4-dioxane (10 mL). The suspension was
stirred at 90 °C for 24 h. After completion of the reaction, the mixture
was filtered through Celite and purified by CC, yielding compound 13
as a yellow solid (25 mg, 29%). R (DCM/MeOH = 95:5) = 0.13. MS
(+APCI): m/z 375.7 ([M + H]*). HRMS (+ESI): m/z calculated
376.09779 for [C,sH,oCLN;0]*, found 376.09885 ([M + H]*). 'H
NMR (400 MHz, acetone-dg) § = 8.57 (d, ] = 5.2 Hz, 1H), 8.54 (s, 1H),
8.27 (d,J = 9.0 Hz, 1H), 7.95 (d, ] = 2.2 Hz, 1H), 7.55 (dd, ] = 9.0, 2.2
Hz, 1H),7.49 (d,] = 2.5 Hz, 1H), 7.22 (d, ] = 8.7 Hz, 1H), 7.13 (dd, ] =
8.7,2.5 Hz, 1H), 7.01 (d, ] = 5.2 Hz, 1H), 4.22 (t,] = 5.3 Hz, 2H), 2.57
(t,J=5.4Hz,2H), 2.23 (s, 6H) ppm. *C NMR (101 MHz, acetone-d)
6 = 152.13, 150.06, 149.79, 147.27, 134.39, 132.89, 128.44, 126.28,
125.43, 124.07, 123.28, 121.72, 119.01, 117.67, 102.99, 68.52, 57.84,
44.8 ppm. qH NMR (400 MHz, acetone-d, Ethyl-4-(dimethylamino)-
benzoate as reference): purity = 95.2%.

Computational Methods. Preparation of the Virtual Screening
Library. Commercially available primary amines were retrieved from
Reaxys with a molecular weight cutoff of <240, yielding 14,421
molecules. The “RDKit Two Component Reaction” node in KNIME>®
was used to generate a virtual library of amides by fusing compound 3
and the commercial amines. Three-dimensional (3D) structures of the
resulting molecules were obtained using Schrodinger ligprep software
with force field OPLS4. Protonation was calculated using Epik®” in a pH

range of 6—8. Chiral information in the two-dimensional (2D) input
structure was retained when present; otherwise, all possible stereo-
isomers were generated. The final amide library comprised 18,421
molecules for docking.

Docking. The 3D structure of Nurrl LBD (PDB ID 6dda®') was
prepared using the Schrodinger Protein Preparation Wizard in Maestro.
The covalently bound ligand DHI was removed manually before
docking. The center of the docking grid was centered at—
40.62762552165796, 12.03178625074534S5, and
66.69510016401517. Docking was performed using Schrodinger
GLIDE*' software in standard precision mode (SP). All parameters
were left at the default values (SP; flexible ligands; sample ring
conformations of ligand; add Epik state penalties to docking score;
scaling of van der Waals radii = 0.8; postdocking minimization of five
poses per ligand; write out of one pose per ligand). A total of 18,340
poses were generated with docking scores in the range between —7.71
and +5.73. A total of 18,313 poses had docking scores below zero.
Structural analyses were visualized by UCSF Chimera.>

Biological Characterization. Hybrid Reporter Gene Assays.
Nurrl modulation was determined in HEK293T cells (German
Collection of Microorganisms and Cell Culture GmbH, DSMZ) by
Gal4 hybrid reporter gene assays using pFR-Luc (Stratagene, La Jolla,
CA; reporter), pRL-SV40 (Promega, Madison, WI; internal control),
and pFA-CMV-hNurrl-LBD, as described previously.”® Cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) high
glucose supplemented with 10% fetal calf serum (FCS), sodium
pyruvate (1 mM), penicillin (100 U/mL), and streptomycin (100 ug/
mL) at 37 °C and 5% CO, and seeded in 96-well plates (3 X 10* cells/
well). After 24 h, the medium was changed to Opti-MEM without
supplements, and cells were transiently transfected using Lipofectamine
LTX reagent (Invitrogen) according to the manufacturer’s protocol.
Five hours after transfection, cells were incubated with the test
compounds in Opti-MEM supplemented with penicillin (100 U/mL),
streptomycin (100 sg/mL), and 0.1% DMSO for 16 h before luciferase
activity was measured using the Dual-Glo Luciferase Assay System
(Promega) according to the manufacturer’s protocol on a Tecan Spark
luminometer (Tecan Deutschland GmbH, Germany). Firefly lumines-
cence was divided by Renilla luminescence and multiplied by 1000,
resulting in relative light units (RLUs) to normalize for transfection
efficiency and cell growth. Fold activation was obtained by dividing the
mean RLU of the test compound by the mean RLU of the untreated
control. All samples were tested in at least three biologically
independent experiments in duplicate. For dose—response curve fitting
and calculation of ECy values, the equation “[ Agonist] versus response
(three parameters)” was used in GraphPad Prism (version 7.00,
GraphPad Software, La Jolla, CA). Selectivity profiling was performed
with identical procedures using pFA-CMV-Nur77-LBD,** pFA-CMV-
NOR-1-LBD,” pFA-CMV-THRa-LBD,** pFA-CMV-RARa-LBD,**
pFA-CMV-PPARy-LBD,”* pFA-CMV-revERBa-LBD, pFA-CMV-
RORy-LBD,*® pFA-CMV-VDR-LBD,”” pFA-CMV-LXRa-LBD,*’
pFA-CMV-EXR-LBD,* and pFA-CMV-hRXRa-LBD.* Activity of
test compounds on the Nurrl-C566S mutant was determined as
described for wild-type Gal4—Nurrl using pFA-CMV-Nurrl-C566S-
LBD, which was constructed by site-directed mutagenesis using the
Phusion Site-Directed Mutagenesis Kit (Thermo Scientific) and the
following mutagenesis primer sequences: Pho-5-TCG TAC CCT
TAG CAC ACA GGG-3' and Pho-5'-AGT TCT GGG AGC TTC
CCC AAC AGT TT-3".

Reporter Gene Assay for Full-Length Human Nurr1. Activation of
full-length human Nurrl was studied in transiently transfected
HEK293T cells as described previously”® using the reporter plasmid
pFR-Luc-NBRE, the full-length human nuclear receptor Nurrl
encoded by pcDNA3.1-hNurrl-NE (Addgene plasmid #102363),
and pRL-SV40 (Promega) for normalization of transfection efficacy
and to observe test compound toxicity. Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) high glucose
supplemented with 10% fetal calf serum (FCS), sodium pyruvate (1
mM), penicillin (100 U/mL), and streptomycin (100 #g/mL) at 37 °C
and 5% CO, and seeded in 96-well plates (3 X 10* cells/well). After 24
h, The medium was changed to Opti-MEM without supplements, and
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cells were transiently transfected using Lipofectamine LTX reagent
(Invitrogen) according to the manufacturer’s protocol. Five hours after
transfection, cells were incubated with the test compounds in Opti-
MEM supplemented with penicillin (100 U/mL), streptomycin (100
ug/mL), and 0.1% DMSO for 16 h before luciferase activity was
measured using the Dual-Glo Luciferase Assay System (Promega)
according to the manufacturer’s protocol on a Tecan Spark
luminometer (Tecan Deutschland GmbH, Germany). Firefly lumines-
cence was divided by Renilla luminescence and multiplied by 1000,
resulting in relative light units (RLUs) to normalize for transfection
efficiency and cell growth. Fold activation was obtained by dividing the
mean RLU of the test compound by the mean RLU of the untreated
control. All samples were tested in at least three biologically
independent experiments in duplicate. For dose—response curve fitting
and calculation of ECy values, the equation “[ Agonist] versus response
(three parameters)” was used in GraphPad Prism (version 7.00,
GraphPad Software, La Jolla, CA).

Isothermal Titration Calorimetry (ITC). ITC experiments were
conducted as described previously' on an Affinity ITC instrument (TA
Instruments, New Castle, DE) at 25 °C and a stirring rate of 7S rpm.
Nurrl LBD protein (10 or 30 #M) in buffer (20 mM Tris pH 7.5, 100
mM NaCl, 5% glycerol) containing 3—5% DMSO was titrated with the
test compounds (100 or 200 M in the same buffer containing 3—5%
DMSO) in 2126 injections (1 X 1 L and 20—25 X S L) with an
injection interval of 150 s. As control experiments, the test compounds
were titrated to the buffer, and the buffer was titrated to the Nurrl LBD
protein under otherwise identical conditions. The heat rates of the
compound-Nurrl LBD titrations were analyzed using NanoAnalyze
software (TA Instruments, New Castle, DE) with an independent
binding model.

Glutathione Reactivity Assay. A hundred microliters of test
compound solution (50 or PVS, 250 uM each) in PBS buffer (pH
7.4 containing 2% DMSO) was mixed with 100 4L of S mM glutathione
solution in PBS buffer (pH 7.4) to obtain a final test compound
concentration of 125 M and 2.5 mM glutathione in 200 yL of sample
volume. The samples were shaken at 37 °C. At different time points (0,
6, 18,24 h), a 20 uL aliquot of each reaction sample was diluted with
480 uL of mobile phase (0.1% formic acid/acetonitrile = 40/60, v/v)
containing 10 uM 2-chloro-N-(S-chloro-2-(2-(dimethylamino)-
ethoxy)phenyl)benzamide as an internal standard. The resulting
mixture was then analyzed by liquid chromatography—ultraviolet—
electrospray ionization tandem mass spectrometry (LC—UV—ESI-MS)
using an API 3200 QTrap triple quadrupole mass spectrometer (Sciex,
Darmstadt, Germany) coupled to an Agilent 1100 HPLC system
equipped with an Agilent 1100 diode array detector (G1315B, Agilent,
Waldbronn, Germany) and a SIL-20A/HT autosampler (Shimadzu,
Duisburg, Germany) controlled by Analyst software (v.1.6.3). A
ZORBAX SB-Aq column (3.5 pm, 3.0 mm X 100 mm, Agilent,
protected with a 0.5 ym and a 0.2 um frit) was used as the stationary
phase and 0.1% formic acid and acetonitrile (40:60, v/v) were used as
the mobile phase at a flow rate of 400 yL/min. The injection volume
was 15 uL per sample. MS detection was performed under positive ESI
conditions in single-ion monitoring (SIM) mode recording m/z 392.1
(50), m/z 353.0 (2-chloro-N-(S-chloro-2-(2-(dimethylamino)-
ethoxy)phenyl)benzamide), and m/z 169.1 (PVS). UV detection was
performed at 254 nm. The AUC (area under the curve) values were
determined by integration of LC—UV—ESI-MS chromatogram and
then corrected using the internal standard for both MS and UV
measurements. The experiment was repeated three times.

Evaluation of Covalent Nurrl Ligand Adduct Formation. The
Nurrl LBD (10 uM) was incubated in buffer (20 mM Tris pH 7.5, 100
mM NaCl, 5% glycerol, 1% DMSO) with So (100 4M) or alone for 120
h at 4 °C and then analyzed by LC—UV/MS. LCMS spectra were
recorded on a Bruker microTOF II in positive ionization mode. The
instrument was calibrated in positive mode by direct infusion of a
calibration solution (Agilent Technologies ESI-L Low Concentration
Tuning Mix). The HPLC line was an Ultimate 3000 RP-HPLC System
(Thermo Fisher Scientific) equipped with an Aeris C4 wide pore
column (2.1 mm X 150 mm, 6 m, Phenomenex) with 0.1% formic acid
(A) and acetonitrile (B) as the mobile phase at a flow rate of 0.25 mL/

min. The gradient was 0—3 min at 5% B and then 5—95% B in 7 min
plus 2 min of washing at 95% B. The column eluent was monitored by
UV detection at 214, 254, and 280 nm with a diode array detector.
Cytotoxicity Assay. HEK293T cells were cultured at 37 °C and 5%
CO, in DMEM high-glucose medium supplemented with sodium
pyruvate (1 mM), penicillin (100 U/mL), streptomycin (100 ug/mL),
and 10% fetal calf serum (FCS) and seeded at a density of 10,000 cells in
96-well plates precoated with a 10 yg/mL collagen G solution (Merck
KgaA, L7213) at 37 °C for 30 min. After 24 h, the cells were treated with
the test compounds in Opti-MEM medium supplemented with
penicillin (100 U/mL), streptomycin (100 ug/mL), and 0.1%
DMSO or 0.1% DMSO alone as the untreated control. Each sample
was prepared in four biologically independent repeats. After incubation
for 24 h, the medium was removed and 10% water-soluble tetrazolinum
salt (Cell Counting Kit-8, MedChemExpress) in Opti-MEM
supplemented with penicillin (100 U/mL) and streptomycin (100
pug/mL) was added to assess metabolic activity. After 4 h, absorbance
was measured at 450 nm using a Tecan Spark Cyto instrument (Tecan).
Evaluation of Nurr1-Regulated Gene Expression in T98G and N27
Cells. T98G cells (ATCC CRL-1690) were grown in DMEM high
glucose supplemented with 10% FCS, sodium pyruvate (1 mM),
penicillin (100 U/mL), and streptomycin (100 yug/mL) at 37 °C and
5% CO, and seeded at a density of 250,000 cells per well in 12-well
plates. After 24 h, the medium was changed to DMEM high glucose
supplemented with 0.2% fetal calf serum (FCS), penicillin (100 U/
mL), and streptomycin (100 pg/mL), and the cells were incubated for
another 24 h before stimulation with test compound So (30 uM)
solubilized with 0.1% DMSO or 0.1% DMSO as a negative control.
After 16 h of incubation, the medium was removed and cells were
washed with phosphate-buffered saline (PBS), and after full aspiration
of residual liquids, cells were immediately frozen at —80 °C until further
processing. N27 rat dopaminergic neural cells (SCC048, Sigma-
Aldrich, Darmstadt, Germany) were grown in RPMI 1640 medium
(Gibco, Thermo Fisher Scientific, Waltham) supplemented with 10%
FCS, penicillin (100 U/mL), and streptomycin (100 sg/mL) at 37 °C
and 5% CO, and seeded at a density of 250,000 cells per well in 12-well
plates. After 7 h, the medium was changed to RPMI 1640 medium
supplemented with 0.2% FCS, penicillin (100 U/mL), and
streptomycin (100 ug/mL), and the cells were incubated for another
24 h before stimulation with the test compound solubilized with 0.1%
DMSO or with 0.1% DMSO in RPMI 1640 medium with 0.2% FCS as a
negative control. After 16 h of incubation, the medium was removed
and cells were washed with phosphate-buffered saline (PBS), and after
full aspiration of the residual liquids, cells were immediately frozen at
—80 °C until further processing. Total RNA was isolated from T98G or
N27 cells using the EZN.A. Total RNA Kit I (Omega Bio-tek,
Norcross) following the manufacturer’s instructions. RNA concen-
tration and purity were assessed using a NanoDrop One UV/VIS
spectrophotometer (Thermo Fisher Scientific, Waltham) at 260/280
nm. Right before reverse transcription (RT), RNA was linearized at a
concentration of 133 ng/uL (T98G) or 66.7 ug/uL (N27) at 65 °C for
10 min and then immediately incubated on ice for at least 1 min.
Reverse transcription was performed using 2 ug (T98G) or 1 ug (N27)
of total RNA, 20 U Recombinant RNasin Ribonuclease Inhibitor
(Promega, Mannheim, Germany), 100 U SuperScript IV Reverse
Transcriptase including SX First Strand Buffer and 0.1 M dithiothreitol
(Thermo Fisher Scientific, Waltham), 3.75 ng of linear acrylamide, 625
ng of random hexamer primers (#11277081001, Merck, Darmstadt,
Germany), and 11.25 nmol deoxynucleoside triphosphate mix (2.8
nmol each ATP, TTP, CTP, GTP; #R0186, Thermo Fisher Scientific,
Waltham) at a volume of 22.4S L at 50 °C for 10 min and 80 °C for 10
min using a Thermal cycler XT% (VWR International, Darmstadt,
Germany). Quantitative polymerase chain reaction (qQPCR) was
conducted using an Applied Biosystems QuantStudio 1 (Waltham)
and a SYBR green-based detection method. Appropriately diluted
cDNA was added to 6 pmol forward and reverse primers, respectively,
0.8 U Taq DNA Polymerase (#M0267, New England Biolabs, Ipswich),
40 ppm of SYBR Green I (#59430, Sigma-Aldrich, St. Louis), 15 nmol
deoxynucleoside triphosphate mix (as indicated above), 60 nmol
MgCl,, 4 ug of bovine serum albumin (#B14, Thermo Fisher Scientific,
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Waltham), 20% BioStab PCR Optimizer II (#53833, Merck,
Darmstadt, Germany), and 10% Taq buffer without detergents
(#BSS, Thermo Fisher Scientific, Waltham) topped up to a final
volume of 20 yL with ddH2O. Samples underwent 40 cycles of 15 s
denaturation at 95 °C, 15 s of primer annealing at 59.4—62.4 °C
(depending on the primer), and 20 s of elongation at 68 °C. PCR
product specificity was evaluated using a melting curve analysis ranging
from 65 to 95 °C. TH and VMAT2 mRNA expression was normalized
to GAPDH mRNA expression per sample using the ACt method. The
following primers for the human genes were used for T98G cell
samples: hVMAT?2 (SLC18A2), 5'-GCT ATG CCT TCC TGC TGA
TTG C-3' (fw) and §'-CCA AGG CGA TTC CCA TGA CGT T-3’
(rev); hTH, 5'-GCT GGA CAA GTG TCA TCA CCT G-3' (fw) and
5’-CCT GTA CTG GAA GGC GAT CTC A-3’ (rev); and hGAPDH,
5’-AGG TCG GAG TCA ACG GAT TT-3' (fw) and 5'-TTC CCG
TTC TCA GCC TTG AC-3’ (rev). The following primers for the rat
genes were used for N27 cell samples: 'VMAT2 (SLC18A2), S-CAG
AGT GCA GCA GAG CCA T-3' (fw) and 5'-CTG GGG ATG ATG
GGA ACC AC-3' (rev); rTH, S’-TGG GGA GCT GAA GGC TTA
TG-3' (fw) and 5'-AGA GAA TGG GCG CTG GAT AC-3' (rev);
rSOD1, 5'-GAA GGC GAG CAT GGG TTC C-3' (fw) and S'-CAG
GTC TCC AAC ATG CCT CTC T-3’ (rev); rfSOD2, 5'-CGG GGG
CCA TAT CAA TCA CA-3' (fw) and 5'-TCC AGC AAC TCT CCT
TTG GG-3’ (rev); and tGAPDH, §'-CAG CCG CAT CTT CTT GTG
C-3' (fw) and 5'-AAC TTG CCG TGG GTA GAG TC-3’ (rev). For
statistical analysis, data were evaluated for normal distribution
(Shapiro—Wilk test) and outliers (Grubb’s test). Normally distributed
data sets normalized to the respective vehicle control were tested for
statistically significant differences to Hy: p = 1 with either a one-sample
Wilcoxon rank-sum or a t-test depending on the respective Shapiro—
Wilk test results. We considered a value of p < 0.05 to indicate statistical
significance. P-values were indicated as * p <0.05, ** p <0.01, and *** p
<0.001.
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