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ABSTRACT: The ligand-sensing transcription factor tailless
homologue (TLX, NR2E1) is an essential regulator of neuronal
stem cell homeostasis with appealing therapeutic potential in
neurodegenerative diseases and central nervous system tumors.
However, knowledge on TLX ligands is scarce, providing an
obstacle to target validation and medicinal chemistry. To discover
TLX ligands, we have profiled a drug fragment collection for TLX
modulation and identified several structurally diverse agonists and
inverse agonists of the nuclear receptor. Propranolol evolved as the
strongest TLX agonist and promoted TLX-regulated gene
expression in human glioblastoma cells. Structure—activity
relationship elucidation of propranolol as a TLX ligand yielded a
structurally related negative control compound. In functional
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cellular experiments, we observed an ability of propranolol to counteract glioblastoma cell proliferation and migration, while the
negative control had no effect. Our results provide a collection of TLX modulators as initial chemical tools and set of lead
compounds and support therapeutic potential of TLX modulation in glioblastoma.

B INTRODUCTION

The tailless homologue TLX (NR2E1) is an orphan member
of the protein family of nuclear receptors (NRs), which act as
ligand-dependent transcriptional regulators. In adults, TLX
expression is strongly limited and only found in neural stem
cells (NSCs) and retinal progenitor cells."”” Current evidence
suggests that TLX mainly acts as a transcriptional repressor
that recruits histone deacetylases, lysine-specific histone
demethylase-1, REST corepressor 1, atrophin-1, and oncopro-
tein B-cell lymphoma 11A to suppress the expression of tumor
suppressors such as p21 and the phosphatase and tensin
homologue (PTEN).”~° However, there are also genes that are
positively regulated by TLX activity such as sirtuin 1 (SIRT1).”
Observations from animal models characterize TLX as an
essential factor to maintain NSCs in an undifferentiated,
proliferating state.® TLX mutations were found to disturb
neurogenesis, and TLX knockout triggered an aggressive
behavior and abnormal brain development.* ' In human
patients, mutations or altered expression of TLX is associated
with mental disorders, and the receptor is attributable for
important functions in cognitive function and learning,''~"*
Based on these observations, TLX agonists may present great
therapeutic potential in neurodegenerative and neurological
disorders, but pharmacological validation of this hypothesis
remains elusive. In addition to the crucial involvement of TLX
in neuronal homeostasis, altered TLX expression was detected
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in glioblastoma and neuroblastoma cells.">'® This suggests that
TLX plays a role in brain tumor development and progression
and might also hold therapeutic potential in this regard.

Despite the remarkable promise of the orphan NR TLX as a
potential target for the treatment of neurodegeneration and
central nervous system (CNS) tumors, only a few weak TLX
ligands have been discovered to date.'”~"” TLX modulators to
serve as pharmacological tools for target validation of TLX are
lacking.

To expand the sparse knowledge on TLX ligand chemotypes
and discover tools to study TLX biology, we have systemati-
cally profiled a collection of 480 drug fragments for TLX
modulation in vitro. We identified several structurally diverse
TLX modulator scaffolds including activators and inverse
agonists presenting as early tools and as attractive starting
points for medicinal chemistry. Subsequent expansion to the
related drug molecules revealed several TLX modulating drugs,
among which propranolol (22) acted as the strongest agonist
activating TLX in several orthogonal cellular settings. Binding
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of propranolol (22) to the TLX ligand-binding domain (LBD)
with sub-micromolar affinity was confirmed by isothermal
titration calorimetry (ITC). Through systematic structural
variation of the f adrenoceptor blocker, we have elucidated the
structure—activity relationship (SAR) of propranolol (22) as
TLX activator and identified a close structural analogue lacking
activity on TLX, which can serve as a valuable negative control.
Intriguingly, treatment of human glioblastoma cells with
propranolol (22) decreased their proliferation and migration,
while the negative control had no effect. Our results provide
important insights into modulation of the orphan receptor
TLX and characterize propranolol (22) as a useful early tool
equipped with a negative control for functional studies.

B RESULTS AND DISCUSSION

We used a cellular reporter gene assay to discover chemical
starting matter for TLX modulator development. Since TLX
acts as a transcriptional repressor,”® we established a cellular
reporter gene assay, capturing this peculiar characteristic as a
screening system. It relies on the Gal4 hybrid technique® and
incorporates the ligand-independent transcriptional activator
Gal4-VP16>"** to induce reporter (firefly luciferase) activity,
which is countered by Gal4-TLX (composed of the Gal4
DNA-binding domain and the human TLX LBD). The assay
conditions were optimized to allow observation of bidirectional
TLX modulation including TLX activation and inverse TLX
agonism (see Figure S1). In addition, this setting enabled an
important control experiment by verifying the effect of test
compounds modulating Gal4-VP16/Gal4-TLX on Gal4-VP16
alone. Using this TLX reporter gene assay, we screened the
core set of the Prestwick Drug-Fragment Library, a collection
of 480 common fragment structures of FDA-approved drugs,
which comprises a chemically diverse set of fragment structures
with favorable properties complying with the rule of 3 (see ref
23 for features and all contained fragments). Despite
containing no steroidal elements, this fragment library has
revealed novel NR ligands in previous applications.”” The
entire fragment library was screened at 100 M in two
independent repeats, and fragments inducing a reporter activity
<0.5-fold (TLX agonists) or >1.5-fold (inverse TLX agonists)
compared to that of dimethylsulfoxide (DMSO)-treated cells
were considered as primary hits. After curation for test
compound toxicity (observed by effects on constitutive Renilla
luciferase activity) and pan-assay interference substances
(PAINS), 20 fragments (1—20) were considered as primary
hits (Tables 1 and S1), of which 14 scaffolds were retained
after control experiments on Gal4-VP16 to reveal non-specific
activity (Table 1).

However, NR activity can also be regulated indirectly
involving, for example, altered expression levels, post-transla-
tional modifications, and complex monomer—oligomer equi-
libria.** Accordingly, indirect NR modulators have been
reported, for example, for Nur77>%%*® and HNF4a.”> Hence,
we used a secondary cellular screening system based on a
reporter construct for human full-length TLX with the TLX-
activated element (TAE)” from the SIRT1 promoter region to
control reporter expression for further validation. This TAE
assay was performed in HEK293T cells, and full-length human
TLX (ITLX) was overexpressed. In contrast to the Gal4-TLX
system in which TLX activators cause increased repression and
hence a lower reporter signal, reporter expression under TAE
control is induced by TLX agonists (and vice versa for inverse
TLX agonists). These two cellular assays detecting opposite
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Table 1. Fragment Screening Hits

Gald-TLX* TAE DSF®
ID  structure (fold. act.)  (fold. act.) (ATm [°C])
NH
2 @fN\Q 0.47+0.03  2.20£0.06 1.2
H
ot
4 & 0.3240.06  0.68£0.05 1.1
NT 0T
o/\(\NH2
5 on 0.27+40.08  3.2+0.2 1.5
H
N
7 Qrp 047£0.05  1.12£0.06 0.6
o
Q H
I )Y 33403 1.47£0.08 1.1
O)\N N
H
o
oo
9 N 0.17£0.07  0.57£0.06  -0.5
Cl
(\NH
10 Q 037£0.01  0.57£0.04 2.3
COOH
11 034£0.04  0.41£0.02 -1.4
12 5 0 C)on 05202 0.86+0.03 0.8
H
N /
K oS 2.740.5 1.33£0.08 0.5
NH,
16 [ 0.44£0.04  0.65£0.03 -3.2
5 Q/
N,
8 L 29505 18502 12
19 ) 0.45£0.01  2.1£0.2 2.4
HN NHz
HNT
20 c'ﬁ% 0.46£0.02  1.05:0.09  -0.3
HoN o~

“Gal4-TLX + Gal4-VP16 with Gal4-responsive firefly luciferase was
used for the primary screen. Data are mean + standard deviation
(SD) reporter activitzr of 100 uM test compound vs DMSO (0.4%)-
treated cells, n = 2. “A TAE luciferase reporter responsive to fITLX
was used as secondary screen. Data are mean =+ standard error of the
mean (SEM) reporter activity of 100 uM test compound vs DMSO
(0.1%)-treated cells, n = 3. “DSF with recombinant TLX-LBD served
as a cell-free counter-screen. Data are mean AT, at 500 uM
compound, N = 3.

effects of TLX ligands on reporter activity therefore
complemented each other (Figure S1). Additionally, we
performed differential scanning fluorimetry (DSF) using
recombinant human TLX-LBD as a third cell-free counter-
screen. Both secondary and tertiary assays fully confirmed TLX
activation and direct interaction for fragments 2, S, and 19.
These TLX agonists promoted the repressor activity of Gal4-
TLX and enhanced fITLX activity on the TAE. In addition, 8,
13, and 18 were identified as direct TLX modulators causing
derepression in the Gal4-TLX assay and fITLX activation on
the TAE. All six TLX modulators stabilized the TLX LBD,
indicated by positive melting temperature shifts (AT,,) of 1.1—
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Table 2. Validated Fragment TLX Agonists

ID  structure Gal4-TLX? TAEP
[ ECso74elsuM O~ 100uM
2 b (0.420.1 remain.) (2.15-fold act. at
N A ) 100 M)
5 9TV ECs 194409 uM ECso 4349 pM
P (0.07+0.03 remain.) (2.3+0.3 fold act.)
e ECso> 100 uM
ECso 6748 pM 50 iy
19 Q . (1.98-fold act. at
N (0.50+0.03 remain.) 100 pM)
H

“Gal4-TLX + Gal4-VP16 with Gal4-responsive firefly luciferase.
Remaining activity compared to 0.1% DMSO-treated cells. Data are
the mean + SEM, n > 3. YTAE luciferase reporter and fITLX. Fold
activation compared to 0.1% DMSO-treated cells. Data are the mean
+ SEM, n = 3.

2.4 °C in the DSF assay. In line with previous reports,'” the
reference TLX ligands dydrogesterone and ccrp2 destabilized
the TLX LBD with thermal shifts of —1.9 and —1.6 °C,
respectively.

Full dose—response profiling of the fragment TLX agonists
2, 5, and 19 on Gal4-TLX and fITLX/TAE consistently
revealed potencies in the single/double-digit micromolar range
(Table 2). These orthogonally validated fragment TLX ligands
not only serve as a potential chemical tool to study TLX
biology but also present an attractive starting point for the
development of potent TLX modulators.

We then followed up on the most active TLX agonists
(Table 2) by performing a substructure search in the
DrugBank”’ for each fragment and evaluated approved drugs
associated with the respective fragment structures for TLX
modulation in the Gal4-VP16/Gal4-TLX assay (Table 3).

Table 3. Activity of Approved Drugs on TLX"

drug INN structure Gal4-TLX
<O HN

Tadalafil 07 I AN ECso 51 uM

O N
21 f " (0.62+0.04 remain.)

N"So
Propranolol o/\(\HJ\ ECs0 324 uM
rac-22 o (0.08+0.08 remain.)
Propafenone O J/ ECs047+10 uM
P o O/Y\H s0 H
rac-23 O OH (0.2£0.1 remain.)
Atenolol OH
inactive
rac-24
NH,

o
Sotalol g
otalo! N

oL /Q)V j/ inactive

rac-28 S

H

“Gal4-TLX + Gal4-VP16 with Gal4-responsive firefly luciferase.
Structural differences of 21 and 22 to the active fragment structure
discovered in the screening in red. Activities were validated against
Gal4-VP16. Data are the mean + SEM; n > 3. Fold activation or
remaining activity refers to the maximum effect on reporter activity
relative to DMSO (0.1%)-treated cells.

Tadalafil (21, from fragment 2) and propranolol (22, from
fragment S) were confirmed to be active on TLX. Tadalafil
(21) exhibited TLX agonism with an ECy, value of S uM but

Scheme 1. Synthesis of 26—28, 30, and 31“
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~ —_— ~
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(h)
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41

30

“Reagents and conditions: (a) Dimethylformamide (DMF)/H,0, NaOH, room temperature (rt), 120 h, 11%. (b) Acetone, NaH, rt, 48 h, 27%. (c)
N-Methylisopropylamine (35) or piperidine (36), uw, 100 °C, 30—45 min, 29—89%. (d) iPrOH (37), NaH, rt, 12 h, 90%. (e) iPrNH, (38), 60 °C,

10 h, HCl—dioxane (4 M), rt, 72 h, 87%. (f) DMF, NaH, rt, 24 h, 88%.
Dichloroethene, triethylamine, acetic acid, NaB(OAc);H, rt, 17 h, 46%.
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(g) Dichloromethane, HCl—dioxane (4 M), rt, 21 h, 80%. (h) 1,2-
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Figure 1. Profiling of propranolol (22) as a TLX activator. (a) Control experiments on Gal4-VP16 in the absence of Gal4-TLX revealed no non-
specific effect of propranolol (22), confirming TLX-mediated activity. The boxplot shows min—max, n = 4. *** p < 0.001. (b) Propranolol (22)
activated the TAE with an ECs, value of 37 uM; atenolol (24) was inactive. Data are the mean + SEM, n > 3. (c) ITC of the propranolol (22)—
TLX interaction. The isotherm after subtraction of ligand dilution heat is shown in the top panel, and the fitting of the heat of binding is shown
below. (d) Propranolol (22) was selective in a panel of NRs except weak CAR activation. The heatmap shows mean relative NR activation
compared to reference agonists, n = 3. (e) Propranolol (22) modulated TLX-regulated gene expression in human T98G glioblastoma cells with
induction of SIRT1 and downregulation of the PTEN and TET3. The expression level of TLX was not affected by propranolol (22), and atenolol

ad no significant effect on ) , an expression. Data are the mean + ,n=4"p<0.1, < 0.0s.
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Scheme 2. Synthesis of 29

Oﬂ”wk 0

“.‘J\
O_ R

‘ ‘ 46 R=Boc

29 R=H <:| ©

“Reagents and conditions: (a) H,0, Boc,0 (43), NaHCO;, rt, 18 h, quant. (b) DMS (45), uw, 60 °C, 3 h, 14%. (c) HCl—1,4-dioxane, rt, 12 h,

90%.

with weak efficacy. Propranolol (22), in contrast, enhanced
TLX activity with a remarkable efficacy of more than 10-fold
(8% remaining VP16-induced reporter activity) and moderate
potency (ECsy 32 uM). Importantly, propranolol (22) did not
affect Gal4-VP16 activity in the absence of Gal4-TLX (Figure
la).

Intrigued by the marked TLX agonism of propranolol (22),
we next studied a potential TLX modulation by related S
adrenoceptor antagonists. Propafenone (23) exhibited consid-
erable TLX activation, while atenolol (24) and sotalol (25)
were inactive. The lack of TLX modulation by the structurally
related drugs 24 and 25 additionally validated the activity of
propranolol (22) as TLX-mediated. To further profile
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propranolol (22) as a TLX agonist, we probed its activity on
fITLX using the TAE reporter. Indeed, propranolol (22)
robustly induced activity of ITLX on TAE with an ECy, value
of 37 uM, while atenolol (24) was inactive (Figure 1b). This
was additionally supported by ITC, confirming direct
propranolol—TLX interaction with a K4 of 0.5 M (Figure 1c).

When we treated TLX-expressing human glioblastoma cells
(T98G) with propranolol (22) and quantified messenger RNA
(mRNA) levels of TLX-regulated genes, we observed
induction of SIRT1” and repression of PTEN® and the Tet
methylcytosine dioxygenase 3 (TET3)*® (Figure 1le). The
expression level of TLX was not affected. This indicated
therefore that propranolol (22) enhanced TLX activity via
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direct activation. On the contrary, atenolol (24) did not alter
TLX-regulated gene expression apart from slight upregulation
of PTEN, suggesting no effect toward TLX activation.

The pronounced TLX agonism in three orthogonal cellular
settings with confirmed direct binding and high selectivity
among NRs (Figure 1d) rendered 22 as an attractive chemical
tool for biological studies and a starting point for ligand
optimization. The different activities of 22—25 already
provided first insights into the SAR of propranolol as a TLX
activator and suggested the naphthalen system of propranolol
(22) as a favored motif for TLX activation. To obtain further
insights into the SAR of propranolol as a TLX agonist, we
studied key pharmacophore elements of the scaffold by
systematic structural modifications (26—31, Table 4).

Propranolol derivatives 26—31 were prepared according to
Schemes 1 and 2. Compunds 26—28 and 31 were prepared
over two steps following a published route® with minor
modifications. 1-Naphthol (32a) and quinoline-4-ol (32b)
were reacted with rac-epichlorohydrin (33) to 34a and 34b,
respectively. Subsequently, the epoxide in 34a was opened with
N-methylisopropylamine (35), piperidine (36), or isopropanol
(37), yielding the corresponding alcohols 26—28. Epoxide 34b
was opened with iso-propylamine (38), yielding aminoalcohol
31 [Scheme 1, (a—e)]. Analogue 30 lacking the hydroxy group
was synthesized by nucleophilic substitution of tert-butyl-(3-
bromopropyl)carbamate (39) with 1-naphthol (32a) followed
by acidic Boc cleavage to 41 and reductive amination with
acetone (42) using NaB(OAc);H to 30 [Scheme 1, (f—
h)].>>*" Methoxy analogue 29 was prepared from propranolol
(22) by Boc protection of the secondary amine to 44 followed
by methylation with dimethyl sulfate (45, DMS) under
microwave irradiation to 46 and Boc cleavage to 29 (Scheme
2).

To capture the SAR of propranolol (22) as a TLX activator,
we systematically analyzed the contributions of its molecular
features to TLX modulation (Table 4). In vitro characterization
of the two propranolol enantiomers R-propranolol (22a) and
S-propranolol (22b) revealed no preference for an eutomer.
Thus, we continued further SAR studies with racemic
compounds and next probed the contribution of the secondary
amine motif. N-Methylation (26) or replacement of the
isopropylamine with a bulky piperidine residue (27) was
detrimental for activity, and the isopropyl ether analogue 28
was less active than 22, demonstrating the importance of the
secondary amine likely as a H-bond donor. Methylation of the
secondary hydroxyl group (29) or its removal (30), in
contrast, was accompanied only by a moderate loss in activity.
Overall, however, all structural features of the original drug
propranolol (22) appeared favorable for TLX activation.
Following the observation that nitrogen-containing two-ring
heterocycles were favored by TLX (fragments 2, 8, 18, and
19), we prepared the quinoline analogue 31 of propranolol
(22), which, however, was inactive on TLX up to 300 uM. The
absence of TLX modulation by 31 was also confirmed using
the TAE reporter and fITLX. With this lack of activity and its
remarkable structural similarity to the TLX agonist 22, 31
evolved as a useful negative control compound.

TLX has been found to be overexpressed in glioblastoma
and neuroblastoma cells, indicating a potential role in CNS
tumors,">'® and gene expression analysis of propranolol (22)-
treated glioblastoma cells (Figure 1d) confirmed effects of
TLX activation on TLX-regulated SIRT1, PTEN, and TET3.
To reveal a potential phenotypic effect of TLX modulation by
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Table 4. Activity of Propranolol Derivatives on TLX"

Gal4-TLX modulation

1D structure ECso (remain. act.)
oK,

5 OH 19+1 uM (0.070.03)

rac-22 OO oH M 3244 uM (0.08+0.08)
o~

R-22a I '/\c‘;\ H 40+6 uM (0.40+0.09)
O/\/\NJ\

S-22b I' on M 7249 uM (0.25+0.10)
o NJ\

26 | >100 uM

27 O/\O’?’O inactive (100 uM)

inactive u

28 I i OH 8314 1M (0.2940.15)
o NJ\

29 I P.C H 52413 M (0.2840.08)
O/\/\NJ\

30 I ' H 5042 uM (0.42+0.04)
o~

31 m“ inactive (300 pM)

Zg\ /i

“Gal4-TLX + Gal4-VP16 with Gal4-responsive firefly luciferase.
Activities were validated against Gal4-VP16. Data are the mean =+
SEM; n > 3. Remaining activity refers to the maximum repression of
reporter activity relative to DMSO (0.1%)-treated cells.

propranolol on brain tumor cells, we treated human
glioblastoma cells (T98G) with propranolol (22), its inactive
analogue 31, or the f adrenoceptor antagonists 24 and 25 and
studied apoptosis, proliferation, and migration (Figure 2). We
first analyzed potential cytotoxic effects of the compounds by
measuring WST-1 conversion, lactate dehydrogenase (LDH)
release, and apoptosis upon treatment of T98G cells with 22,
24, 25, or 31. Apart from slightly reduced viability at 100 uM
in the WST-1 assay, propranolol (22), the  adrenoceptor
antagonists 24 and 25, and the negative control 31 exhibited
no toxic or pro-apoptotic effect (Figure 2a—c). In a crystal
violet uptake assay (Figure 2d,e), however, propranolol (22)
revealed pronounced anti-proliferative activity on T98G cells,
while 24, 25, and 31 were inactive. Moreover, propranolol
(22) antagonized the migration of T98G cells toward a fetal
calf serum (FCS) gradient in a Boyden chamber, while 24, 25,
and 31 had no effect (Figure 2f).
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Figure 2. Effects of TLX agonist propranolol (22) on human T98G
glioblastoma cells. The § adrenoceptor antagonists 24 and 25 and the
structural analogue 31 were used as negative control compounds
lacking TLX agonism. (a—c) 22, 24, 25, and 31 exhibited no toxic
effects on T98G glioblastoma cells as determined by WST-1
conversion (a), LDH release (b), and apoptosis staining with
propidium iodide (PI)** (c). Data are the mean + SEM, n = 3.
stps—staurosporin. (d,e) 22 inhibited the proliferation of T98G
glioblastoma cells with an ICy, of approx. 75 uM as determined by
crystal violet uptake. Compunds 24, 25, and 31 were inactive. Data
are the mean + SEM, n = 3. (f) 22 (75 uM) inhibited migration of
T98G glioblastoma cells in an FCS gradient in a Boyden chamber.
Compounds 24, 25, and 31 (75 uM each) were inactive. Data are the
mean + SEM, n = 3. * p < 0.05.

The considerable anti-proliferative and migration-inhibiting
effect of the TLX agonist and f adrenoceptor antagonist
propranolol (22) and the absence of such an effect for the
adrenoceptor antagonists 24 and 25 lacking activity on TLX
and the negative propranolol analogue 31 strongly suggest that
the effects of propranolol were TLX-mediated. These
observations further support an important role of TLX in
glioblastoma and indicate therapeutic potential of TLX
modulation.
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B CONCLUSIONS

Several knockout studies and observations from human
patients suggest the orphan NR TLX as an essential regulator
of NSC maintenance with therapeutic potential as molecular
target in neurodegenerative diseases. Moreover, TLX was
found to be overexpressed in brain tumors and might, hence,
open new avenues in this indication too. However, further
evaluation and validation of this therapeutic potential are
hindered by the lack of chemical tools to study the roles of
TLX in health and disease. To provide rapid access to TLX-
modulating small molecules, we have conducted a drug
fragment screen, which has yielded a collection of orthogonally
validated, structurally diverse TLX ligand chemotypes. This set
of TLX modulators can serve as an early chemical tool for
pharmacological control of TLX activity and is very valuable as
a pool of lead compounds for medicinal chemistry. Propranolol
(22) evolved as the most effective TLX agonist and activated
TLX in three different cellular settings. ITC confirmed the
direct interaction of propranolol (22) with the TLX LBD with
sub-micromolar affinity. Nevertheless, complex structures will
be required to provide insights into the binding mode of
propranolol (22) to TLX.

Treatment of human glioblastoma cells with the TLX
agonist propranolol (22) caused a pronounced reduction in
proliferation and migration. The B adrenoceptor antagonists
atenolol (24) and sotalol (25) lacking TLX agonism did not
affect glioblastoma cells, and the structural analogue 31 was
inactive, too, strongly pointing to TLX-mediated effects of
propranolol (22). This phenotypic effect provides further
evidence that TLX plays a role in brain cancer and indicates
that TLX modulation can be pharmacologically exploited in
this indication.

B EXPERIMENTAL SECTION

Chemistry. General. All chemicals and solvents were purchased
from commercial sources and used without further purification.
Reactions were carried out in absolute solvents. Argon was used as
inert gas if required. Reactions were monitored by thin-layer
chromatography (TLC) using TLC plates (silica gel 60 F,g, 0.2
mm, Merck or Alugram Xtra Sil G/UV 0.2 mm, Macherey Nagel)
with UV-light (4 = 254 and 366 nm) detection or using ninhydrin,
potassium permanganate, phosphomolybdic acid, or cerium molyb-
date stains. Reactions under microwave irradiation were performed on
a CEM focused microwave TM synthesis system, Discover-SP W/
ActiVent. NMR spectra were recorded in DMSO-ds or CDCl; on
Bruker (Billerica, MA, USA) instruments DPX 250, AVANCE 300,
and AVANCE 500. Tetramethylsilane was used as an internal
standard. Chemical shifts (§) are reported as ppm and coupling
constants (J) in Hz. Signal multiplicities are abbreviated as s for
singlet, bs for broad singlet, d for duplet, t for triplet, q for quartet, p
for pentet, sept for septet, and m for multiplet. Electrospray ionization
mass spectrometry (ESI-MS) was performed on a Surveyor MSQ
spectrometer (Thermo Fisher), and high-resolution mass spectra
(HR-MS) were recorded on a MALDI LTQ_ Orbitrap XL (Thermo
Fisher). The purity of the synthesized compounds 26—31 was
determined by high-performance liquid chromatography (HPLC) on
a Waters 600 controller HPLC instrument (Waters, Milford, MA,
USA) equipped with a Waters 2487 dual absorbance detector, a
Waters 717 plus autosampler, and a MultoHigh 100 RP18-5 ym, 240
X 4 mm column (Phenomenex, Torrance, CA, USA) running a
gradient (40% MeOH + 60% H,O + 0.1% formic acid for S min, then
for the next 20 min up to only 100% MeOH + 0.1 formic acid and the
last 20 min maintained with 100% MeOH + 0.1 formic acid) with a
flow rate of 1 mL/min and with UV-detection at 4 = 254 and 280 nm.
All compounds used for in vitro characterization had a purity >95%
according to HPLC-UV.

https://doi.org/10.1021/acs.jmedchem.1c00733
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1-(Isopropyl(methyl)amino)-3-(naphthalen-1-yloxy)propan-2-ol
(26). 2-((Naphthalen-1-yloxy)methyl)oxirane (34a, 100 mg, 0.499
mmol, 1.00 equiv) was dissolved in N-isopropylmethylamine (35, 1.0
mL, 9.6 mmol, 19 equiv) under an inert atmosphere. The reaction
mixture was stirred under microwave irradiation at 100 °C for 45 min.
After cooling to rt, EtOAc (20 mL) was added, and the mixture was
extracted with aqueous HCI solution (1 M, 2 X 15 mL). To the
combined aqueous layers, a sodium hydroxide solution (1 M, 35 mL)
was added, and the aqueous mixture was extracted with EtOAc (2 X
15 mL). The combined organic layers were washed twice with brine
and dried over MgSO,, and the solvent was removed in vacuo. The
crude product was purified by silica gel column chromatography (1:1
n-hexane/EtOAc + 2% triethylamine) to obtain the title compound as
a colorless oil (40 mg, 0.15 mmol, 29%). Ry = 0.5 (1:1 n-hexane/
EtOAc + 2% triethylamine). 'H NMR (500 MHz, CDCl;): § 8.30—
8.20 (m, 1H), 7.82—7.78 (m, 1H), 7.51-7.43 (m, 3H), 7.39-7.35
(m, 1H), 6.84 (d, J = 7.2 Hz, 1H), 4.27-4.22 (m, 2H), 4.15—4.11 (m,
1H), 3.02 (sept, ] = 6.6 Hz, 1H), 2.73 (d, ] = 6.3 Hz, 2H), 2.38 (s,
3H), 1.11 (t, ] = 7.1 Hz, 6H) ppm. *C NMR (126 MHz, CDCL,): §
154.22, 134.65, 127.74, 126.59, 126.01, 125.61, 125.44, 121.79,
120.93, 10S.14, 70.17, 65.26, 57.12, 56.28, 37.37, 17.87, 17.14 ppm.
MS (ESI+) m/z: caled for C;H,,NO, ([M + H]*), 274.18; found,
274.19. HR-MS (MALDI) m/z: caled for C,,H,,NO, ([M + HJ"),
274.18016; found, 274.17971.
1-(Naphthalen-1-yloxy)-3-(piperidin-1-yl)propan-2-ol (27). 2-
((Naphthalen-1-yloxy)methyl)oxirane (34a, 0.10 g, 0.50 mmol, 1.0
equiv) was dissolved in piperidine (36, 1.0 mL, 9.6 mmol, 19 equiv)
under an inert atmosphere. The reaction mixture was stirred under
microwave irradiation at 100 °C for 30 min. After cooling to rt,
EtOAc (15 mL) was added, and the mixture was washed with water
(3 X 10 mL). The organic layer was dried over MgSO,, and the
solvent was removed in vacuo to obtain the title compound as a brown
oil (127 mg, 0.445 mmol, 89%). R; = 0.1 (1:1 n-hexane/EtOAc). 'H
NMR (500 MHz, CDCl,): § 8.28—8.24 (m, 1H), 7.81—7.77 (m, 1H),
7.51-7.45 (m, 2H), 7.44 (d, ] = 8.3 Hz, 1H), 7.39-7.34 (m, 1H),
6.84 (dd, ] = 7.5, 0.5 Hz, 1H), 4.33—4.25 (m, 1H), 422 (dd, J = 9.5,
5.1 Hz, 1H), 4.12 (dd, ] = 9.5, 5.3 Hz, 1H), 2.77—2.64 (m, 4H), 2.49
(s, 2H), 1.73—-1.60 (m, 4H), 1.53—1.45 (m, 2H) ppm. *C NMR
(126 MHz, CDCl,): § 154.57, 134.64, 127.62, 126.54, 125.97, 125.75,
125.34, 122.08, 120.69, 105.02, 70.73, 65.45, 61.83, 55.00, 25.97,
24.18 ppm. MS (ESI+) m/z: caled for C;gH,,NO, ([M + HJY),
286.18; found, 286.19. HR-MS (MALDI) m/z: calcd for C,sH,,NO,
([M + H]*), 286.18016; found, 286.17968.
1-Isopropyloxy-3-(naphthalen-1-yloxy)propan-2-ol (28). A so-
dium hydride suspension in paraffin oil (60% w/w, 23 mg, 0.32 mmol,
1.3 equiv) was added to 2-propanol (37, S mL), and the mixture was
stirred for 15 min at rt. 2-((Naphthalen-1-yloxy)methyl) oxirane (34a,
50 mg, 0.25 mmol, 1.0 equiv) dissolved in 2-propanol (37, 2 mL) was
added, and the mixture was stirred for 12 h at rt. Aqueous HCI
solution (5% v/v, 20 mL) was added, and the mixture was extracted
with EtOAc (3 X 15 mL). The combined organic layers were dried
over MgSO,, and the solvent was removed in vacuo to obtain the title
compound as a yellow oil (59 mg, 0.22 mmol, 90%). R; = 0.2 (4:1 n-
hexane/EtOAc). "H NMR (500 MHz, CDCl,): § 8.26—8.23 (m, 1H),
7.83—7.78 (m, 1H), 7.52—7.42 (m, 3H), 7.40—7.33 (m, 1H), 6.85 (d,
J = 7.1 Hz, 1H), 4.32—4.26 (m, 1H), 4.22 (dd, ] = S.5, 2.0 Hz, 2H),
3.75 (dd, J = 9.5, 4.4 Hz, 1H), 3.70—3.64 (m, 2H), 1.20 (d, J = 2.1
Hz, 3H), 1.19 (d, J = 2.1 Hz, 3H) ppm. *C NMR (126 MHz,
CDCL): 6 154.43, 134.64, 127.68, 126.58, 125.98, 125.70, 125.40,
121.96, 120.78, 105.09, 72.55, 69.49, 69.29, 69.16, 22.23, 22.19 ppm.
MS (ESI+) m/z: caled for C,¢H,,05Na ([M + Na]*), 283.13; found,
283.15. HR-MS (MALDI) m/z: caled for Ci;sH,0; ([M]°),
260.14070; found, 260.14100.
N-Isopropyl-2-methoxy-3-(naphthalen-1-yloxy)propan-1-amine
(29). tert-Butylisopropyl(2-methoxy-3-(naphthalen-1-yloxy)propyl)-
carbamate (46, 38 mg, 0.10 mmol, 1.0 equiv) was dissolved in
methylene chloride (5 mL), and a HCl solution in 1,4-dioxane (4 M,
0.44 mL, 1.8 mmol, 18 equiv) was added. The mixture was stirred at
rt for 120 h. Aqueous NaOH solution (1 M, 15 mL) was then added,
and the mixture was extracted with methylene chloride (3 X 15 mL).
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The combined organic layers were dried over Na,SO,, and the solvent
was evaporated in vacuo. The crude product was purified by silica gel
column chromatography (4:1 n-hexane/EtOAc + 2% triethylamine)
to obtain the title compound as a brown solid (25 mg, 0.091 mmol,
90%). R; = 0.3 (4:1 n-hexane/EtOAc + 2% triethylamine). '"H NMR
(500 MHz, CDCL): 6 8.29-8.18 (m, 1H), 7.81—7.78 (m, 1H),
7.55—7.41 (m, 3H), 7.40—7.32 (m, 1H), 6.82 (d, ] = 7.4 Hz, 1H),
4.27—-4.21 (m, 2H), 3.97—3.90 (m, 1H), 3.59 (s, 3H), 3.04 (dd, ] =
12.1, 3.8 Hz, 1H), 2.96—2.88 (m, 2H), 1.15 (d, J = 3.1 Hz, 3H), 1.14
(d, J = 3.1 Hz, 3H) ppm. *C NMR (126 MHz, CDCl,): § 154.54,
134.66, 127.64, 126.60, 125.94, 125.75, 125.43, 122.08, 120.75,
104.89, 78.90, 68.66, $8.47, 49.25, 48.67, 22.71, 22.44 ppm. MS (ESI
+) m/z: caled for C;H,,NO, ([M + HJ]"), 274.18; found, 274.25.
HR-MS (MALDI) m/z: caled for C;H,NO, ([M + H]),
274.18016; found, 274.18114.
N-Isopropyl-3-(naphthalen-1-yloxy)propan-1-amine Hydro-
chloride (30). 3-(Naphthalen-1-yloxy)propan-1-amine hydrochloride
(41, 88 mg, 0.37 mmol, 1.0 equiv) was suspended in 1,2-
dichloroethane (2 mL) under an inert atmosphere. Triethylamine
(100 pL, 0.743 mmol, 2.00 equiv), acetone (42, 36 uL, 0.48 mmol,
1.3 equiv), and acetic acid (28 uL, 0.48 mmol, 1.3 equiv) were added,
and the suspension was stirred for 30 min at rt. Sodium
triacetoxyborohydride (236 mg, 1.11 mmol, 3.00 equiv) was added,
and the resulting mixture was stirred at rt for 17 h. Aqueous NaOH
solution (2 M, 20 mL) was added, and the mixture was extracted with
methylene chloride (1 X 30 mL). The organic layer was washed with
water (3 X 10 mL), dried over Na,SO,, and concentrated in vacuo.
The crude product in methylene chloride was treated with a HCI
solution in 1,4-dioxane (4 M, 371 uL, 1.49 mmol, 4.00 equiv), and the
suspension was stirred for 72 h at rt. The resulting colorless
precipitate was filtered oft and washed with methylene chloride to
obtain the title compound as a colorless solid (48 mg, 0.17 mmol,
46%). Ry = 0.5 (9:1 methylene chloride/methanol). '"H NMR (500
MHz, DMSO-dq): 6 9.04 (s, 2H), 8.23—8.17 (m, 1H), 7.87 (dd, ] =
7.3, 1.9 Hz, 1H), 7.56—7.46 (m, 3H), 7.45—7.39 (m, 1H), 7.01—6.95
(m, 1H), 4.27 (t, ] = 6.0 Hz, 2H), 3.38—3.27 (m, 1H), 3.18—3.12 (m,
2H), 2.30—2.24 (m, 2H), 1.28 (d, ] = 6.5 Hz, 6H) ppm. 3C NMR
(126 MHz, DMSO-dy): § 153.74, 134.00, 127.47, 126.4S, 126.18,
12528, 124.84, 121.48, 120.07, 105.23, 65.04, 49.42, 41.36, 25.80,
18.57 ppm. MS (ESI+) m/z: caled for C,sH,,NO ([M + HJ]Y),
244.17; found, 244.05. HR-MS (MALDI) m/z: caled for C,¢H,,NO
([M + H]*), 244.16959; found, 244.17072.
1-(Isopropyl(methyl)amino)-3-(quinolin-4-yloxy)propan-2-ol Hy-
drochloride (31). 4-(Oxiran-2-ylmethoxy)quinoline (34b, 571 mg,
2.84 mmol, 1.00 equiv) was dissolved in isopropylamine (38, 9.73
mL, 114 mmol, 40.0 equiv). The solution was stirred at 60 °C for 10 h
and afterward for 24 h at rt. The excess of isopropylamine was
removed in vacuo, and the crude product was dissolved in methylene
chloride (S mL). A total of 2.5 mL of this homogenous solution was
treated with a HCI solution in 1,4-dioxane (4 M, 2.84 mL, 11.4 mmol,
8.00 equiv). The mixture was stirred at rt for 72 h. The resulting
colorless precipitate was filtered off and washed with methanol to
obtain the title compound as a colorless solid (366 mg, 1.23 mmol,
87%). Ry = 0.5 (9:1 methylene chloride/methanol). '"H NMR (500
MHz, DMSO-dg): 6 9.26 (s, 1H), 8.86 (s, 1H), 8.56 (d, ] = 7.3 Hz,
1H), 8.36 (dd, ] = 8.2, 1.4 Hz, 1H), 827 (d, ] = 8.8 Hz, 1H), 7.98
(ddd, J = 8.7, 7.0, 1.5 Hz, 1H), 7.69 (t, ] = 7.6 Hz, 1H), 6.96 (d, ] =
7.3 Hz, 1H), 494 (dd, ] = 14.1, 2.6 Hz, 1H), 440 (dd, ] = 14.2, 9.5
Hz, 1H), 4.36—4.28 (m, 1H), 3.37-3.26 (m, 2H), 3.06—2.96 (m,
1H), 1.29 (d, J = 4.1 Hz, 3H), 1.28 (d, ] = 4.1 Hz, 3H) ppm. *C
NMR (126 MHz, DMSO-dg): & 172.49, 148.74, 139.65, 133.70,
126.05, 124.94, 12337, 118.09, 106.46, 64.77, 56.93, 49.93, 46.76,
18.59, 18.24 ppm. MS (ESI+) m/z: caled for C;sH, N,0, ([M +
H]Y), 261.16; found, 261.14. HR-MS (MALDI) m/z: caled for
C1sH, N,0, ([M + HJ*), 261.15975; found, 261.16004.
2-((Naphthalen-1-yloxy)methyl)oxirane (34a). rac-Epichlorohy-
drin (33, 1.8 mL, 23 mmol, 1.1 equiv) was dissolved in DMF (10
mL). 1-Naphthol (32a, 3.00 g, 20.8 mmol, 1.00 equiv) and NaOH
(990 mg, 25.1 mmol, 1.20 equiv) were dissolved in a DMF/H,0 (2:1
v/v, 9 mL) mixture and stirred for 50 min at rt. Subsequently, the
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alkaline 1-naphthol solution was added dropwise to the previous rac-
epichlorohydrin solution over 40 min at rt while stirring. After
complete addition, the reaction mixture was stirred at rt for 120 h.
Water was added, and the mixture was extracted with methylene
chloride (3 X 50 mL). The combined organic layers were washed with
water and dried over MgSO,, and the solvent was removed in vacuo.
The residue was dissolved in 15 mL of EtOAc, and the mixture was
washed with water (3 X 15 mL) and dried over MgSO,, and the
solvent was removed in vacuo. The crude product was purified by
silica gel column chromatography (9:1 n-hexane/EtOAc) to obtain
the title compound as a purple oil (467 mg, 2.33 mmol, 11%). R;= 0.5
(9:1 n-hexane/EtOAc). 'H NMR (300 MHz, CDCL): § 8.32—8.29
(m, 1H), 7.83-7.78 (m, 1H), 7.53—7.44 (m, 3H), 7.39—7.34 (m,
1H), 6.82 (d, ] = 7.5 Hz, 1H), 4.41 (dd, J = 11.0, 3.2 Hz, 1H), 4.16
(dd, J = 10.9, 5.4 Hz, 1H), 3.53—3.48 (m, 1H), 2.99—2.96 (m, 1H),
2.86 (dd, ] = 4.9, 2.7 Hz, 1H) ppm. *C NMR (75 MHz, CDCL,): §
154.40, 134.68, 127.60, 126.65, 125.84, 125.75, 12547, 122.17,
121.02, 105.15, 69.12, 50.40, 44.92 ppm. MS (MALDI) m/z: calcd for
Cy5H,,0,, 200.08; found, 200.08.
4-(Oxiran-2-ylmethoxy)quinoline (34b). Quinoline-4-ol (32b,
1.50 g, 10.3 mmol, 1.00 equiv) was suspended in acetone (10 mL),
and a sodium hydride suspension in paraffin oil (60% w/w, 455 mg,
11.4 mmol, 1.10 equiv) was added. The resulting orange solution was
stirred at rt for 1S minutes. rac-Epichlorohydrin (33, 2.64 mL, 34.1
mmol, 3.30 equiv) was added, and the solution was stirred for 48 h at
rt. The solvent was removed in vacuo, and the residue was dissolved in
methylene chloride (15 mL). The mixture was washed with water (3
X 15 mL); the combined aqueous wash layers were extracted with
methylene chloride (3 X 20 mL). The combined organic layers were
dried over Na,SO,, and the solvent was removed in vacuo. The crude
product was purified by silica gel column chromatography (19:1
methylene chloride/methanol) to obtain the title compound as a
brown oil (571 mg, 2.84 mmol, 27%). R; = 0.6 (9:1 methylene
chloride/methanol). '"H NMR (300 MHz, CDCL,): 6 8.40 (dd, J =
8.1, 1.4 Hz, 1H), 7.63 (ddd, ] = 8.6, 7.0, 1.6 Hz, 1H), 7.51—7.44 (m,
2H), 7.39—7.29 (m, 1H), 621 (d, ] = 7.8 Hz, 1H), 4.47 (dd, ] = 15.8,
2.3 Hz, 1H), 4.10 (dd, J = 15.8, 5.5 Hz, 1H), 3.35—3.28 (m, 1H), 2.84
(t,J = 4.2 Hz, 1H), 2.51 (dd, ] = 4.4, 2.6 Hz, 1H) ppm. 3C NMR (75
MHz, CDCL): & 17821, 143.59, 14029, 132.42, 127.16, 127.10,
12391, 115.36, 110.41, 53.75, 49.89, 45.25 ppm. MS (ESI+) m/z:
caled for C,H;,NO, ([M + H]), 202.09; found, 202.16.
tert-Butyl-(3-(naphthalen-1-yloxy)propyl)carbamate (40). 1-
Naphthol (32a, 100 mg, 0.693 mmol, 1.00 equiv) was dissolved in
DMF (1 mL) under an inert atmosphere, and a sodium hydride
suspension in paraffin oil (60 w/w, 33 mg, 0.83 mmol, 1.2 equiv) was
added. The resulting green suspension was stirred at rt for 1S min
before tert-butyl-(3-bromopropyl)carbamate (39, 198 mg, 0.832
mmol, 1.20 equiv) dissolved in DMF (2 mL) was added. The
resulting brown solution was stirred at rt for 24 h. Ethyl acetate (40
mL) was then added, and the mixture was washed with water (5 X 10
mL) and dried over Na,SO,, and the solvent was evaporated in vacuo.
The crude product was purified by silica gel column chromatography
(9:1 n-hexane/acetone + 2% triethylamine) to obtain the title
compound as a colorless solid (185 mg, 0.613 mmol, 88%). R; = 0.3
(9:1 n-hexane/acetone + 2% triethylamine). '"H NMR (300 MHz,
CDCly): § 8.30—-8.21 (m, 1H), 7.85—7.75 (m, 1H), 7.54—7.32 (m,
4H), 6.81 (dd, J = 7.4, 1.0 Hz, 1H), 4.85 (s, 1H), 4.22 (t, ] = 5.9 Hz,
2H), 3.44 (t, ] = 6.6 Hz, 2H), 2.13 (p, ] = 6.3 Hz, 2H), 1.45 (s, 9H)
ppm. 3C NMR (75 MHz, CDCl,): § 156.19, 154.62, 134.65, 127.65,
126.55, 125.98, 125.72, 125.38, 122.02, 120.53, 104.73, 66.26, 38.62,
29.79, 28.56 ppm. MS (ESI+) m/z: caled for C;gH,;NO;Na ([M +
Na]*), 324.16; found, 324.10.
3-(Naphthalen-1-yloxy)propan-1-amine Hydrochloride (41). tert-
Butyl-(3-(naphthalen-1-yloxy)propyl)carbamate (40, 178 mg, 0.592
mmol, 1.00 equiv) was dissolved in methylene chloride (3 mL), a HCI
solution in 1,4-dioxane (4 M, 590 uL, 2.37 mmol, 4.00 equiv) was
added, and the solution was stirred at rt for 21 h. The resulting
precipitate was filtered off and washed with methylene chloride to
obtain the title compound as a colorless solid (113 mg, 0.474 mmol,
80%). R¢ = 0.4 (4:1 n-hexane/acetone + 2% triethylamine). '"H NMR
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(500 MHz, DMSO-dy): 6 8.29—8.08 (m, 4H), 7.91—7.84 (m, 1H),
7.56—7.46 (m, 3H), 7.42 (t, ] = 7.9 Hz, 1H), 6.97 (d, ] = 7.5 Hz, 1H),
4.26 (t, ] = 6.1 Hz, 2H), 3.07 (t, ] = 7.4 Hz, 2H), 2.23—-2.15 (m, 2H)
ppm. *C NMR (126 MHz, DMSO-dy): § 153.75, 134.00, 127.47,
126.45, 126.18, 125.27, 124.86, 121.48, 120.03, 105.22, 64.85, 36.31,
2691 ppm. MS (ESI+) m/z: caled for C;3sH(NO ([M + H]Y),
202.12; found, 201.90. HR-MS (MALDI) m/z: caled for C;3H;(NO
([M + H]*), 202.12264; found, 202.12281.

tert-Butyl-(2-hydroxy-3-(naphthalen-1-yloxy)propyl)(isopropyl)-
carbamate (44). rac-Propranolol hydrochloride (22, 2.00 g, 6.76
mmol, 1.00 equiv), di-tert-butyldicarbonate (43, 1.77 g, 8.11 mmol,
1.20 equiv), and NaHCO; (1.25 g, 14.9 mmol, 2.20 equiv) were
dissolved in H,0 (15 mL). The resulting solution was stirred at rt for
18 h. The mixture was extracted once with EtOAc. The organic layer
was dried over MgSO,, and the solvent was removed in vacuo to
obtain the title compound as a colorless solid (2.43 g, 6.76 mmol,
quant.). R = 0.7 (1:1 n-hexane/EtOAc). 'H NMR (300 MHz,
CDCly): § 8.26—8.20 (m, 1H), 7.84—7.78 (m, 1H), 7.54—7.42 (m,
3H), 7.41-7.34 (m, 1H), 6.85 (dd, ] = 7.4, 0.9 Hz, 1H), 4.32—4.01
(m, 4H), 3.52 (d, J = 4.8 Hz, 2H), 1.51 (s, 9H), 1.24 (d, ] = 6.9 Hz,
3H), 1.16 (d, J = 6.7 Hz, 3H) ppm. *C NMR (75 MHz, CDCL,): §
15431, 134.66, 127.73, 126.54, 126.04, 125.60, 125.38, 121.80,
120.75, 104.94, 80.89, 70.04, 48.81, 47.17, 28.61, 27.56, 21.12, 20.64
ppm. MS (ESI+) m/z: caled for C, H;)NO, ([M + HJ*), 360.22;
found, 360.41.

tert-Butyl-isopropyl(2-methoxy-3-(naphthalen-1-yloxy)propyl)-
carbamate (46). tert-Butyl-(2-hydroxy-3-(naphthalen-1-yloxy)-
propyl) (isopropyl)carbamate (44, 400 mg, 1.11 mmol, 1.00 equiv)
was dissolved in DMS (45, 1.9 mL, 11 mmol, 10 equiv) and stirred
under microwave irradiation at 60 °C for 3 h. After cooling to rt,
aqueous NaOH solution (1 M, 20 mL) was added, and the mixture
was extracted with EtOAc (3 X 15 mL). The combined organic layers
were dried over Na,SO,, and the solvent was removed in vacuo. The
crude product was purified by silica gel column chromatography (9:1
n-hexane/EtOAc) to obtain the title compound as a colorless oil (4S5
mg, 0.12 mmol, 14%). R¢ = 0.3 (9:1 n-hexane/EtOAc). "H NMR (300
MHz, CDCL,): § 8.31—8.26 (m, 1H), 7.81—7.78 (m, 1H), 7.51-7.45
(m, 2H), 7.43 (d, ] = 8.2 Hz, 1H), 7.36 (t, ] = 7.9 Hz, 1H), 6.81 (d, ]
= 7.5 Hz, 1H), 4.30—4.22 (m, 1H), 4.15 (dd, J = 10.1, 5.7 Hz, 1H),
3.98 (br s, 1H), 3.58 (s, 3H), 3.54—3.44 (m, 1H), 3.30 (br s, 1H),
1.49 (s, 9H), 1.22 (d, J = 6.8 Hz, 3H), 1.18 (d, ] = 6.8 Hz, 3H) ppm.
BC NMR (75 MHz, CDCLy): 6 154.70, 134.66, 127.59, 126.54,
125.96, 125.81, 125.33, 122.21, 120.59, 104.75, 79.85, 79.35, 69.04,
59.05, 31.58, 29.85, 28.71, 21.07 ppm. MS (ESI+) m/z: calcd for
Cp,H;NO,Na ([M + Na]*), 396.22; found, 396.49.

In Vitro Methods. Gal4-TLX Reporter Gene Assay. HEK293T
cells were grown in Dulbecco’s modified Eagle’s medium (DMEM,
Thermo Fisher Scientific), high glucose with 10% FCS, sodium
pyruvate (1 mM), penicillin (100 U/mL), and streptomycin (100 ug/
mL) at 37 °C and 5% CO,. A period of 24 h before transfection, cells
were seeded in 96-well plates (30,000 cells/well) in DMEM with
abovementioned supplements. Prior to transfection, medium was
changed to Opti-MEM (Thermo Fisher Scientific) without supple-
ments. Cells were then transiently transfected with plasmid mixtures
containing pFR-Luc (Stratagene, La Jolla, CA, USA), pRL-SV40
(Promega, Madison, WI, USA), pECE—SV4O—Gal4—VP1621 (Addgene
plasmid 71728, Addgene, Watertown, MA, USA), and pFA-CMV-
hTLX-LBD using Lipofectamine LTX reagent (Thermo Fisher
Scientific) according to the manufacturer’s protocol. Five hours
after transfection, cells were treated with Opti-MEM supplemented
with penicillin (100 U/mL) and streptomycin (100 pg/mL)
additionally containing 0.1% DMSO and the respective test
compounds or 0.1% DMSO alone as the negative control. Each
sample was tested in duplicates, and every experiment was conducted
at least three times. After 14 h of incubation, cells were lysed and
assayed for luciferase luminescence using the Dual-Glo luciferase
assay system (Promega) according to the manufacturer’s protocol.
Luminescence was measured with a Tecan Spark M luminometer
(Tecan Group AG, Mannedorf, Switzerland). To consider trans-
fection efficiency and cell growth, the obtained firefly luciferase signal
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was normalized by dividing firefly luciferase signals by Renilla
luciferase signals and multiplying by a factor of 1000 to obtain
relative light units (RLU). Fold reporter activation or repression was
obtained by dividing the mean RLU of a test compound at a
respective concentration by the mean RLU of the 0.1% DMSO
control. IC, and ECs, values were obtained by plotting fold reporter
activation versus test compound concentrations and fitting the
resulting sigmoidal curve with a four-parameter logistic regression in
SigmaPlot 12.5. Separate control experiments to exclude nonspecific
cellular or VP16-mediated effects were performed following the same
procedure with the exception that cells were only transfected with
pFR-Luc, pRL-SV40, and pECE-SV40-Gal4-VP16.

Gal4-NR Reporter Gene Assays for Selectivity Profiling.
Selectivity profiling was performed in hybrid reporter gene assays in
HEK293T cells transiently transfected (as described for Gal4-TLX)
with plasmids encoding the respective Gal4-NR hybrid receptor, pRL-
SV40, and pFR-Luc. The following Gal4-NR plasmids and reference
agonists (at 1 uM) were used: pFA-CMV-hCAR-LBD (CITCO),*
pFA-CMV-hFXR-LBD (GW4064),>* pFA-CMV-hLXRa-LBD
(T0901317),** pFA-CMV-hLXRB-LBD (T0901317),>* pFA-CMV-
hPPARe-LBD (GW7647),° pFA-CMV-hPPARy-LBD (pioglita-
zone),”® pFA-CMV-hPPARS-LBD (L165041), pFA-CMV-hRARa-
LBD (tretinoin),* pFA-CMV-hRXRa-LBD (bexarotene),* pFA-
CMV;};THRa—LBD (T3),> and pFA-CMV-hVDR-LBD (calci-
triol).™

Full-Length TLX/TAE Reporter Gene Assay. The full-length TLX
reporter gene assay was performed in transiently transfected
HEK293T cells (as described for Gal4-TLX) using pFA-CMV-
hTLX encoding fITLX, pFR-TAE-Luc encoding firefly luciferase
under the control of the TLX-activating element (TAE) from the
SIRT1 promoter region, and pRL-SV40. pFA-CMV-hTLX full length
was obtained by inserting the TLX coding sequence (CDS) into pFA-
CMV (Agilent Technologies) while replacing the CDS for Gal4. For
this purpose, the vector backbone was amplified by polymerase chain
reaction (PCR) using high-fidelity DNA polymerase QS (New
England Biolabs) with primers KpnLf: CCC CGG TAC CAG ATC
TTG AAT AAG TAG and BamHLr: GCT TGG ATC CCA TGA
TTC AGG AGG CTT GCT TAT CG. This resulted in a BamHI
cleavage site positioned immediately after the start-Met of the former
Gal4 CDS. A complementary DNA (cDNA) fragment obtained from
PCR amplification using the natural cDNA (TLX BC028031.1,
purchased as IMAGE cDNA clone #5242079 from Source
BioScience, Nottingham, UK) was cloned between the newly
introduced BamHI cleavage site and the Kpnl site of the original
multiple cloning site. The TLX open reading frame encodes Met-Gly-
(NR2E1; uniprot entry: Q9Y466-1 residues 2—38S). pFR-TAE-Luc
was cloned based on the reporter plasmid pFR-Luc (Stratagene) used
for the Gal4-hybrid assays, which contains a section between 178-83
bp upstream of the start codon of the firefly CDS that encompasses
five copies of the Gal4 response element. For the transactivation assay
based on full-length TLX, this section was replaced with the sequence
GGTACCGGGTCACGTGACGGGAGCTC to obtain pFR-TAE-
Luc. The minimal TLX-activating element is preceded by GGG and
flanked by restriction sites for Kpnl and Sacl in order to resemble
construct #10 reported by Iwahara et al.”

Expression of Recombinant TLX-LBD Protein. The recombinant
TLX-LBD with an N-terminal Hiss-tag was expressed in Escherichia
coli Rosetta. Cells were initially cultured in TB medium at 37 °C to an
ODygy of 2.8 prior to induction with 0.5 mM isopropyl f-p-1-
thiogalactopyranoside at 18 °C overnight. Cells were harvested and
resuspended in a buffer containing SO mM N-(2-hydroxyethyl)-
piperazine-N'-ethanesulfonic acid (HEPES), pH 7.5, 500 mM NaCl,
20 mM imidazole, 5% glycerol, and 1 mM TCEP and lysed by
sonication. The recombinant TLX-LBD protein was initially purified
by Ni** affinity chromatography. The histidine tag was removed by
TEV protease treatment, and the cleaved protein was separated by
reverse Ni** affinity purification. The protein was further purified by
size exclusion chromatography and stored in 20 mM Tris, pH 7.5, 150
mM NaCl, 0.2 mM TCEP, and 5% glycerol.
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Differential Scanning Fluorimetry. Experiments were conducted
on an Mx3005p real-time PCR machine (Stratagene, San Diego, CA,
USA) following a published protocol.®” A total of 2 uM recombinant
TLX-LBD protein in buffer (10 mM HEPES pH 7.5; 100 mM NaCl)
supplemented with SYPRO Orange dye (1:1000 dilution) was tested
with 2, 4, §, 7—13, 16, and 18—20 at a final concentration of 500 yuM
with an untreated control (5% DMSO) in 71 cycles (1 °C/cycle).
Dydrogesterone and ccrp2 served as reference TLX ligands and
caused a comparable thermal shift (AT,,) as reported previously.'”
Each compound was tested in three independent experiments.
Amplification plots were analyzed using a Boltzmann fit to obtain
melting points (T,,). AT, corresponds to AT, = T, (compound) —
T,, (untreated).

Isothermal Titration Calorimetry. ITTC was conducted on an
Affinity ITC instrument (TA Instruments, New Castle, DE, USA).
Experiments were performed at 25 °C, and the stirring rate was set to
75 rpm. A total of 40 yuM TLX-LBD protein in buffer containing 1%
DMSO (20 mM Tris, pH 7.5, 150 mM NaCl, 0.2 mM TCEP, and 5%
glycerol) was titrated with 22 (200 yM in the same buffer containing
1% DMSO, 31 injections: 1 X 1 yL and 30 X 3 uL). The injection
interval was set to 300 s. As control experiments, 22 (200 uM) was
titrated into buffer, and the buffer was titrated to the TLX-LBD
protein under otherwise identical conditions. The heat rates of the
22—TLX-LBD titration were corrected by subtracting the 22—buffer
experiment to obtain corrected heat rates, which were analyzed using
an independent binding model using NanoAnalyze software (TA
Instruments, New Castle, DE, USA).

Quantification of TLX-Regulated Gene Expression in T98G Cells.
T98G cells (Sigma-Aldrich) were cultured in DMEM (Thermo Fisher
Scientific), high glucose supplemented with 10% FCS, sodium
pyruvate (1 mM), penicillin (100 U/mL), and streptomycin (100
pug/mL) at 37 °C and 5% CO,. For gene expression experiments, cells
were seeded in 6-well plates (1 X 10° cells/well). A period of 24 h
after seeding, medium was changed to minimal essential medium
(MEM) supplemented with 1% charcoal-stripped FCS, penicillin (100
U/mL), streptomycin (100 yg/mL), and L-glutamine (2 mM). After
24 h, T98G cells were incubated with the test compounds
[propranolol (22, S0 uM) and atenolol (24, S0 uM)] dissolved in
the same medium additionally containing 0.1% DMSO or 0.1%
DMSO alone as an untreated control for 8 h. Cells were then
harvested, washed with cold phosphate-buffered saline (PBS), and
used directly for mRNA extraction using the E.Z.N.A. total RNA kit I
(R6834-02, Omega Bio-Tek, Inc, Norcross, GA, USA). Extracted
mRNA was reverse-transcribed into cDNA using the high-capacity
RNA-to-cDNA kit (cat #4387406, Thermo Fischer Scientific, Inc.).
TLX-regulated gene expression was analyzed by quantitative real-time
PCR on a StepOnePlus system (Life Technologies, Carlsbad, CA,
USA) using Power SYBR Green (Life Technologies). Each sample
was analyzed in duplicates, repeating in at least four independent
experiments. Data were analyzed by the comparative AAC; method
with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a
reference gene. The following primers (for the human genes) were
used: GAPDH:*" forward §'-CCT GTT CGA CAG TCA GCC G-3/,
reverse 5-CGA CCA AAT CCG TTG ACT CC-3'; SIRT1:” forward
§’-GAA CCT TTG CCT CAT CTA CA-3/, reverse 5'-AGC CGC
TTA CTA ATC TGC TC-3'; TET3:* forward 5'-CAG CAG CCG
AGA AGA AGA AG-3/, reverse 5'-GGA CAA TCC ACC CTT CAG
AG-3'; PTEN (Origene, Rockville, MD, USA): forward S'-TGA GTT
CCC TCA GCC GTT ACC T-3/, reverse 5'-GAG GTT TCC TCT
GGT CCT GGT A-3'; TLX:” forward 5-CTA AGA GTG TGC
CAG CCT TC-3/, reverse 5-TGT TAG CAT CAA CCG GAA
TGG-3'.

Directed Migration (Boyden Chamber Assay). To analyze
potential effects of propranolol (22) on the directed migration of
the glioblastoma cell line T98G in the direction of a serum gradient, a
Boyden chamber assay was performed. A total of 150,000 T98G cells
were seeded on Transwell inserts (growth area 0.33 cm? 8 um pore
size, polycarbonate, Corning, NY, USA) and were treated with
propranolol (22, 75 uM), the f adrenoceptor antagonists atenolol
(24) or sotalol (25), the inactive control substance 31 (75 uM), or
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vehicle (DMSO 0.1%; Sigma-Aldrich, St. Louis, MO, USA) in serum-
free DMEM (Thermo Fisher Scientific) supplemented with sodium
pyruvate (1 mM), penicillin (100 U/mL), and streptomycin (100 ug/
mL). For the generation of a serum gradient, 10% FCS was added to
the lower compartment of the insert for the compound treatment
groups and for the positive control. For the negative control, serum-
free DMEM was added into the lower chamber. The cells were
allowed to migrate in the direction of the serum gradient for 24 h
before they were fixed with a methanol—ethanol solution (ratio 2:1)
for 10 min. Subsequently, the cells were stained using a methanolic
(20%) crystal violet solution (Sigma-Aldrich, St. Louis, MO, USA) for
20 min. Non-migrated cells were removed from the upper part of the
Transwell insert membrane using a cotton swab. After air drying
overnight, 20% acetic acid was used to resolve DNA-bound crystal
violet. Cell-leached crystal violet was quantified by absorption
measurement at 590 nm using a plate reader (SPECTRAFluor Plus;
Tecan). The data were quantified using GraphPad Prism version 5.0
(San Diego, USA), and statistical significance was ascertained
deploying one-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test. Data are expressed as mean + SEM and
considered as statistically significant when p < 0.0S.

Proliferation Assay. Potential effects of propranolol on prolifer-
ation of T98G cells were determined by crystal violet staining. A total
of 4000 cells per well of a 96-well plate (Greiner Bio-One,
Frickenhausen, Germany) were seeded in DMEM supplemented
with 10% FCS, sodium pyruvate (1 mM), penicillin (100 U/mL), and
streptomycin (100 pg/mL). After 24 h, the cells were treated with
indicated concentrations of propranolol (22), the f adrenoceptor
antagonists atenolol (24) or sotalol (25), the control compound 31,
or vehicle (DMSO 0.1%). Additionally, untreated cells were fixed
using a methanol—ethanol solution (ratio 2:1) for 10 min.
Compound- and vehicle-treated T98G cells were allowed to
proliferate for 72 h before they were fixed and stained with crystal
violet together with control cells. After air drying overnight, DNA-
bound crystal violet was resolved using 20% acetic acid. The cell
number was determined by absorption measurement at 590 nm using
a plate reader (SPECTRAFluor Plus; Tecan). For quantification of
cell proliferation, the absorption values of control cells were
subtracted from compound- and vehicle-treated T98G cells. In
addition, 4000 cells per well of a 96-well plate were treated 24 h post
seeding with indicated concentrations of propranolol (22), the
adrenoceptor antagonists atenolol (24) or sotalol (25), 31, or vehicle
(0.1% DMSO). After 72 h, WST reagent (Sigma-Aldrich) was added
to the cells and incubated for 30 min before absorption was measured
on a plate reader (Varioskan Flash, Thermo Fisher Scientific,
Dreieich, Germany) at 450 and 620 nm for reference. The data
were quantified using GraphPad Prism version 5.0 (San Diego, USA),
and statistical significance was ascertained deploying one-way
ANOVA followed by Tukey’s post hoc test. Data are expressed as
mean + SEM and considered as statistically significant when p < 0.0S.
ICy, values were calculated using asymmetrical (five-parameter)
dose—response curves.

Apoptosis Assay. To exclude potential compound-derived effects
on cell death, an apoptosis assay according to Nicoletti et al.*> was
performed. In brief, 24,000 T98G cells were seeded on 24-well plates
(Greiner Bio-One). After 24 h, the cells were treated with indicated
concentrations of propranolol (22), 24, 25, 31, or the vehicle (DMSO
0.1%). After 72 h of incubation T98G cells were detached by
trypsinization. In addition, 24 h before the end of the incubation
period, apoptosis was induced in control cells using staurosporine (1
uM; Sigma-Aldrich). All solutions including washing solutions were
collected in reaction tubes and centrifuged at 300g for S min at 4 °C.
After washing with ice-cold PBS and an additional centrifugation step,
the cells were incubated overnight with a PI (50 ug/mL; Sigma-
Aldrich) solution containing 0.1% sodium citrate and 0.1% Triton-X
100. Apoptotic cells were determined by flow cytometry (FACSVerse;
BD Biosciences, San Jose, CA, USA). The data were quantified using
GraphPad Prism version 5.0 (San Diego, USA), and statistical
significance was ascertained deploying one-way ANOVA followed by
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Tukey’s post hoc test. Data are expressed as mean + SEM and
considered as statistically significant when p < 0.0S.

Analysis of Cell Membrane Integrity. For the exclusion of
potential compound-derived effects on cell membrane integrity, an
assay measuring LDH activity in cell culture supernatants was
performed according to the manufacturer’s instructions (CytoTox 96
Non-Radioactive Cytotoxicity Assay; Promega Heidelberg, Germany).
A total of 4000 T98G cells per well were seeded on 96-well plates.
After 24 h, the cells were treated with indicated concentrations of
propranolol (22), 24, 25, 31 or, the vehicle (DMSO 0.1%). Control
cells were treated with a lysis solution from the kit 45 min before the
end of the incubation period of 72 h. Subsequently, S0 uL of cell
culture supernatants was transferred into a new plate, and a substrate
solution was added (50 uL). After 30 min, the enzymatic reaction was
terminated by the addition of stopping solution (S0 uL), and
absorption was measured at 490 nm using a plate reader (Varioskan
Flash). The data were quantified using GraphPad Prism version 5.0
(San Diego, USA), and statistical significance was ascertained
deploying one-way ANOVA followed by Tukey’s post hoc test. Data
are expressed as mean + SEM and considered as statistically
significant when p < 0.0S.
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