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ABSTRACT: Among several potential applications, sigma receptors ligands can be used as antipsychotics, antiamnesic and against
other neurodegenerative disorders as well as neuroprotective agents. We present herein a new series of diazepane-containing
derivatives as oR ligands obtained by a conformational expansion approach of our previously synthesized piperidine-based
compounds. The best results were reached by benzofurane 2¢, 3¢ and quinoline 2d, 3d -substituted diazepane derivatives, which
showed the highest oR affinity. The cytotoxic activities of synthesized compounds were evaluated against two cancer cell lines, and
the results indicated that none of the compounds induced significant toxicity in these cells. We also evaluated the antioxidant
activity by radical scavenging capacity of our best compounds on ABTS and H,O,. The results obtained reveal that our new
derivatives possess an excellent antioxidant profile and could be protective for the cells. Overall, the benzofurane derivative 2¢ due
to its strong interaction with the active site of the receptor, as confirmed by molecular dynamic simulations, emerged as the

optimum compound with high 1R affinity, low cytotoxicity, and a potent antioxidant activity.

The sigma receptors (o R) are a class of proteins initially
classified, by Martin and coworkers,! as a subtype of the
opiate receptors. Further studies revealed them to be a
different receptor class comprising two distinct subtypes: o 1
and 62.2° The olR is a chaperone protein, cloned in 1996
from several tissues including human, consisting of 223 amino
acids®” with a MW of 25.3 kDa.? Crystallized twenty years
later it revealed a trimeric protein organization.” The o IR
subtype is primarily localized to mitochondria-associated ER
membranes (MAM) of neuronal and peripheral cells, such as
cardiac myocytes and hepatocytes. This receptor can also
translocate to the plasma membrane or ER-membrane and
regulate the activity of other proteins by modulating different
ionic channels via an IP;-indipendent mechanism.!%!! The
olRs have neuroprotective and antiamnesic activity,'>!3
modulate opioid analgesial* as well as drug addiction,’> and
their antagonists seem to be effective against the negative
manifestations  of  schizophrenia  without producing
extrapyramidal side effects.'®!” In addition, several studies
suggest a role for 1R in tumor biology, since its expression
increased in some cancers.'®

After 40 years from the discovery of oRs,' in 2017, the 2R
subtype has been purified and identified as transmembrane
protein-97 (TMEM97)," an endoplasmic-reticulum-resident
transmembrane  molecule  implicated in  cholesterol
homeostasis due to its association with the lysosomal
transporter NPC1.2%2! The 62R crystal structure is still elusive,
but several pharmacophore models have been proposed.???

The o2Rs are overexpressed in many cancer cell lines
including lung cancer,?*?” breast cancer,?® ovarian cancer,?
glioma cancer®® and gastric cancer.?! In this context, since 62R
agonists can induce tumor cell death, they have been proposed
as potential antitumor drugs. On the other hand, the 62Rs are
widely expressed in cerebellum, red nucleus, and substantia
nigra, and are a potential target for the treatment of movement
disorders and of neuroleptic-induced acute dystonia.’?> In
addition, 1R antagonists as well as 62R agonists can
modulate neuropathic pain.3*3*

In the last decade, our group has synthesized and biologically
evaluated an extensive series of compounds both of
preferential affinity for c1R and 2R subtypes. Following up
our studies in this field, we report herein the development of a
new class of sigma ligands designed through the expansion of
the conformational selection paradigm applied to our
previously synthesized piperidine-based 1R ligands 1 (Figure
1).35

2a-g (R=H);3a-g (R=24(CHy),

Kio1l = 13.6 - 373 nM

Ar = Furyl (a), thiophenyl (b), benzofuranyl (c), quinolinyl
Kio2 = 270 - >1000 nM @ phenyt ) ¥ (0), Y

(d), pyridin-4-yl (e), naphtalen-1-yl (f), phenyl (g).

Figure 1. Conformational expansion approach starting from
previously synthesized sigma ligands 1.
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In addition to the spacer replacement, we opted to expand the
new series of compounds by using various aromatic
fragments, including heterocycles, both monocycles and
bicycles, linked to the amide carbonyl group. Moreover, in
order to verify the influence on the sigma affinity of the
substitution on benzyl moiety, we decided to retain the
unsubstituted phenyl ring, present in many IR ligands and
the 2,4-dimethyl substituted phenyl ring, typical of several
o2R ligands.’® The synthesis of our new diazepane-based
derivatives 2a-g and 3a-g is depicted in Scheme 1.

The synthetic route of our new series of compounds
(Supporting information) was carried out by treating the
appropriate, commercially available, 1-benzyl-1,4-diazepane,
which was made to react with the appropriate aroyl chloride to
give the corresponding first subseries 2a-g. These compounds
did not need further purification after the classical work-up.
The 2,4-dimethyl derivatives 3a-g were obtained in three
reaction steps, starting from 1-Boc-1,4-diazepane and the
corresponding aroyl chloride to provide the acylated
intermediates 4a-g. The cleavage of protecting N-Boc group
with TFA, led to the intermediates 5a-g which were
subsequently N-alkylated, with a direct reductive amination
using 2,4-dimetylbenzaldheyde and NaCNBH;, to give the
final subseries 3a-g. These compounds were purified by
DCVC technique.

Scheme 1. Synthesis of compounds 2a-g and 3a-g*
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Ar = Furyl, thiophenyl, benzofuranyl, quinolinyl, pyridin-4-yl, naphtalen-1-yl,
phenyl.

a3) DCM, EtN, 0°C; b) DCM, TFA, rt; ¢c) DCM, 2.4-
dimethylbenzaldheyde, NaCNBHj; rt.

The c1R and o2R affinities of the test compounds were
determined in competition experiments by radiometric assays,
using [*H]-(+)-Pentazocine as radioligand for the c1R assay,
and [3H]-DTG (di-o-tolylguanidine) as radioligand in the 2R
assay. Compounds 2a-g and 3a-g were tested against 1R and
62R of animal origin, prepared from guinea pig brain and rat
liver membranes by homogenization, centrifugation and
washing of the respective tissues. We also performed a
competition experiment towards GluN2b subunit containing
NMDA receptors in a radioligand binding assay. This receptor

subtype plays important roles in synaptic transmission and
plasticity, learning, memory and other physiological and
pathological processes.’”*® Hence, antagonist of GIuN2b
subunit are of interest as neuroprotective drugs for various
CNS disorders. The radioligand used in the competition assay
was [*H]-labeled Ifenprodil, a prototypical allosteric inhibitor
of GIuN2b subunit (Supporting Information).

For compounds with affinity value higher than 100 nM, only
one measure was performed. The clR, 2R and GluN2b

affinities of compounds 2a-g and 3a-g are presented in Table
L.

Table 1. Affinities of compounds 2a-g and 3a-g towards o1,
o2 and GluN2b receptors.
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K; (M)
Cmpd R Ar
ol o2 GluN2b
2a \@ 333 560 1%
2b ~J 147 297 0%
2 J@@ 80+£0.6 47+15  1.6uM
N\
2d m 19432 47+19  15uM
F
H
2e B 267 495 0%
Z
2f 41+12 187 9%
2g © 116 0% 0%
3a ~ 690 3.9 uM 0%
3b ) 336 1.8 uM 3%
3¢ @ 20+5 28411 59+12
N\
3d \@ 29+10 3554 108
2,4(CHs),
3e B 254 2 uM 116
Z
3f 70+7 102 79+ 19
3g © 849 3.9 uM 294
Ifp - - 125£24  98+34  10+7.0
Hal - - 63£1.6 78+2.3 nt?
DTG - - 89+29  57+18 nt

“Only compounds with highest affinities (<100 nM) were
tested in triplicates. For low-affinity compounds, the
competition curves were recorded only once (single value),
whereas the inhibition of the radioligand binding (shown as
%) was assayed at a test compound concentration of 1 uM;
bnot tested.
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From the obtained data we can summarize the following: i) the
bulky diazepane spacer retained, or even improved, the cR
affinity to both o1 and o2, with respect to piperidine ring; ii)
only bicycle derivatives displayed moderate to high affinity
towards both oR subtypes, while the corresponding
monocycles analogues were weak inhibitors or avoiding of cR
affinity; iii) the best results against 1R was reached by
benzofurane derivative 2¢, while its 2,4-dimethyl substituted
analogue 3c gave the best pan-affinity with K; values of 8.0
and 28 nM towards both oR subtypes and also the best
GluN2b inhibition value of 59 nM; iv) the 2,4-dimethyl
substitution on benzyl moiety derivatives, improves the c2
over ol affinity of the bicycle derivatives, as well as the
affinity towards GIuN2b subunit receptor.

To get insight the interaction of our compounds into the 1R
active site, we performed a computational assessment of the
best 1R ligand of the series, 2¢, in comparison with its
monocycle analogue 2a.

We prepared the olR following our previously procedure3
(Supporting information) and we docked compounds 2a and
2c¢ to the target by following the same protocol.

The comparison between the optimum pose obtained for each
compound (Figure 2) suggests that compound 2c slides further
into the pocket than 2a pushing its benzene ring to interact
with Trp164 and Phe133, closed at the bottom by Tyr206, and
forming an H-bond with Thr181. Moreover, compound 2¢
optimum pose is predicted to be in touch through 17
hydrophobic interactions with target residues and a hydrogen
bond with Thr181 (inset in Figure 2a). Also compound 2a
interacts with the target with 17 hydrophobic interactions
including Thr181 and shares 14 of those interactions with
compound 2¢ (inset in Figure 2b).

Figure 2. 3D putative of (a) compound 2¢ and (b) compound 2a
in the optimum AutoDock pose. Protein residues interacting with
both compounds by van der Waals interactions are highlighted in
red, Thr 181 in green, other interacting residues (Trp 164, Phe
133, Tyr 206 in panel (a) and Thr202, Val84, Ile124 in panel (b))
are white. In the insets: schematic diagrams of the interaction
between the receptor and the respective compounds in the same
optimum AutoDock pose. Protein residues interacting with the
compounds by van der Waals interactions are highlighted in red,
while hydrogen bonds are indicated by green dotted lines. The
hydrogen bonds distances are also indicated. Residues interacting

ACS Medicinal Chemistry Letters

with both compounds through van der Waals interactions are
circled in red. Thr 181 (circled in green) form a hydrophobic
interaction with compounds 2a, while a hydrogen bond with
compound 2c.

To confirm the docking result and understand the different
behavior of the two compounds we ran 250 ns of molecular
dynamics (MD) simulation of the complexes in water solvent.
The ligand topologies were built with ATB.3° The topologies
were validated as the molecular mechanics minimized
structure of compound 2a had root mean square deviation
(RMSD) of 0.01007 nm with respect to the semi-empirical
minimized structure, while for compound 2¢ the same RMSD
was 0.0082 nm.

The trajectories, scored with the Autodock Vina scoring
function,® showed a constant binding score for both
compounds (Figure 3a,b). For both systems the protein
backbone RMSD diverged along the dynamics up to 0.6 nm
(Figure 3c,d), as expected by simulating only a monomer of
the extracellular domain. The ligands RMSD with respect to
the fixed protein backbone, below 0.4 nm for compound 2¢
(Figure 3c), revealed a major conformational change for
compound 2a (RMSD > 1.0 nm, Figure 3d). These variations
were not reflected in the protein backbone radius of gyration
constant at 1.6 nm for both systems (Figure 3e,f). Larger
protein rearrangements peaks at residues 190-200 for both
systems, as observed in the protein backbone root mean square
fluctuation (RMSF > 0.5 nm, Figure 3g,h). These are part of
the helical structure delimitating the pocket but not directly
interacting with the ligands (Figure 3i,j and insets in Figure 2).
Along the whole simulated time ligands were not observed to
leave the pocket with compound 2¢ maintaining its position
but rotating its benzene ring (Figure 3i) and compound 2a
changing position by both flipping its orientation and further
sliding inside the pocket (Figure 3j), a movement not
associated with a gain in binding energy as calculated by
Autodock Vina score (Figure 3b).
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Figure 3. Molecular dynamics simulations analysis for compound
2¢ (left column) and 2a (right column): (a,b) Autodock Vina
score, (c,d) protein backbone RMSD (green) and ligands RMSD
in the protein backbone frame (blue), (e,f) protein backbone
radius of gyration,(g,h) protein backbone RMSF with values
above 0.25 nm highlighted in magenta. All values measured with
respect to the starting configuration correspond to the minimized
optimum pose identified by docking. Simulation snapshots taken
at the lowest Autodock Vina score (circled in panels a,b) for (i)
compound 2¢ and (j) compound 2a. Protein residues with RMSF
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above 0.25 nm are highlighted (magenta). The starting ligand
configuration is also indicated (white).

The MM/PBSA analysis confirmed that the van der Waals
interactions were the major liable for binding the compounds,
a contribution that is more relevant for compound 2¢ which
also benefits of a less unfavorable polar solvation energy than
that calculated for compound 2a (Figure 4a,b). This result is
reflected by the single amino acid contribution to the binding
energy. Indeed, for compound 2a several amino acids opposed
to the binding with Argl19 and Glul72 contribution larger
than 1 kcal/mol, followed by GIn135, Aspl126, and His154.
Instead, compound 2c¢ is synergistically kept bound to its
interacting site by several residues (Figure 4d). More in details
(Figure 4e,f) there are seven residues (namely Leul05, Ile124,
Phel07, Trp89, Val84, Leul82, and Tyr103) contributing to
the binding energy with more than 0.9 kcal/mol with the major
contributing force to be ascribed to van der Waals forces and
hydrophobic interactions.

2000 (3)2C [(b)2a Van der Waalsill | ol
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Figure 4. MMPBSA analysis: energetic contributions to the
receptor binding of (a) compound 2¢, and (b) compound 2a, and
amino acids contribution to the total binding energy of (c)
compound 2a, and (d) compound 2¢ with highlighted the amino
acids opposing to the binding with predicted energy larger than
0.3 kcal/mol; (e) details of the contributions of each amino acid
with binding energy larger than 0.9 kcal/mol for compound 2¢; (f)
snapshot of the complex cl/2¢ with highlighted amino acids
(shades of red) contributing to the binding energy with more than
+ 0.9 kcal/mol. All data averaged over the last 150 ns of the
molecular dynamics trajectory.

Overall the larger ring keeps the ligand fixed in its position,
which is more accessible to Thr181 for H-bonding. A larger
number of contacts deep into the pocket further inhibited the
molecular rearrangement inside the protein pocket.

The effects of this new set of c1R ligands on cell health were
evaluated by testing the cytotoxic response of the human
pancreatic carcinoma (PANC1) and human neuroblastoma
(SH-SYSY) cell lines, selected because they express high
levels of o1R.!® To this aim, we selected the most interesting
compounds (2¢, 2d, 3¢ and 3d) and tested their potential
toxicity by MTT assay (Supporting information, Table S1 and
Table S2). The experiments revealed that none of our
diazepane-containing  derivatives  showed  significant
cytotoxicity at different concentrations, with the exception of
compound 3d which exhibited a moderate toxicity toward
PANCI cells, but only at 100 uM concentration (viability of
51%). Interestingly, compounds 2¢ and 2d, which exhibited
the best o1R affinities (K; = 8 and 19 nM, respectively),
resulted to be the less toxic (viability: 127 and 196% at 50
uM; 98 and 127% at 100 uM, in SH-SY5Y and PANCI,
respectively). Therefore, considering the general consensus

that oclR agonists promote cell survival,*#? these results
support the hypothesis that compounds 2¢, 2d, 3¢ and 3d, can
be included in this category.

Motivated by these results, we evaluated the in vitro
antioxidant activity of the same compounds tested in the
aforementioned cytotoxic assay. We tested the ability to
scavenge ABTS derived radicals and H,0, oxidant. Ascorbic
acid and Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid) were used as standard antioxidants in
comparison test. The assayed compounds potently inhibited
ABTS radicals and H,0,, compared to the standards (Table 2).

Table 2. In vitro antioxidant activity of compounds 2c, 2d,
3c and 3d.
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Cmpd ICsp (ng/mL)?
ABTS H,0,

2¢ 12.71 £0.25 15.89 £0.18
2d 14.26 £0.15 20.35+0.27
3c 10.05 +0.09 18.56 £ 0.31
3d 9.43 +£0.11 17.44+0.18
Ascorbic Acid 12.75+0.12 19.27 +0.54
Trolox 18.73 £0.26 20.38 £0.19

2All measurements were performed in triplicate

Among the series, the dimethyl substituted compounds 3¢ and
3d exhibited a significant radical scavenging capacity on both
ABTS and H,0, with values of 10.05 and 18.56 pM/mL for 3¢
and 9.43 and 17.44 uM/mL for 3d, lower than compared
standards, ascorbic acid and Trolox (12.75, 19.27 uM/mL and
18.73,20.38 uM/mL, respectively).

Furthermore, in order to evaluate their drug likeness and the
potential ability to cross the BBB, the compounds 2a-g and
3a-g were also in-silico scored for their physiochemical and
pharmacokinetic parameters (ADME) by using the extended
version of Lipinski’s rule of five. All the compounds were
found to be BBB permeant and none of them violate any
Lipinski’s RO5 (Supporting information).

In conclusion, we have synthesized a new series of ring-
expanded diazepane-based compounds. The new series
showed enhanced affinity than its original counterpart®
towards both oR subtypes and, among the series, the
benzofurane derivative 2¢ showed the best IR affinity and
molecular dynamic simulations confirmed a strong interaction
with the active site of the receptor. The benzofurane and
quinoline derivatives 2¢, 3¢ and 2d, 3d, displayed the best K;c
values and a safe profile towards two human cell lines.
Altogether these data, along with the documented radical
scavenging and cell survival promoting activities, support the
interest for further studies aiming at evaluating the potential
neuroprotective activity of this novel series of 1R ligands.

ASSOCIATED CONTENT
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The Supporting Information is available free of charge on the
ACS Publications website.

Detailed experimental, synthetic procedures and characterization
of compounds, additional computational details, pharmacology
and cytotoxicity assays, antioxidant activity, drug likeness
prediction (PDF).
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1 2a-g (R=H); 3a-g (R=2,4(CHy),

Kio1 =18.6 - 373 nM Ar = Furyl (a), thiophenyl (b), benzofuranyl (c), quinoliny!
Kio2 = 270 - >1000 nM (d), pyridin-4-yl (e), naphtalen-1-yl (), phenyl (g).

Figure 1. Conformational expansion approach starting from
previously synthesized sigma ligands 1.
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Scheme 1. Synthesis of compounds 2a-g and 3a-g*

\) o
(74-97%)

2a-g

Boc— NH 4,61) Boc— \ //< b)

N 7,
v (91-99%) v Ar (65-91%)

4a-g

/_\ Ar
{ ) -

Ar 29 40%)

5a-g 3a-g

Ar = Furyl, thiophenyl, benzofuranyl, quinolinyl, pyridin-4-yl, naphtalen-1-yl,
phenyl.

“a) DCM, EtN, 0°C; b) DCM, TFA, rt; ¢) DCM, 2,4-
dimethylbenzaldheyde, NaCNBH; rt.
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Table 1. Affinities of compounds 2a-g and 3a-g towards
o1, 02 and GluN2b receptors.
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11
12 Ki(nM)“
13 Cmpd R Ar
14 ol o2 GluN2b
1 2a ™ 333 560 1%

5 \/
16 .
17 2b ~J 147 297 0%
18 o
19 2¢ @ 80+0.6 47+15  1.6uM
20 AN
21 2d y \@ 19432 47419 1.5uM
22
23 2e Hﬁ 267 495 0%
24 s
25 2f “ 41£12 187 9%
% O
27 2g h 116 0% 0%
28 L
29 o
30 3a ﬁ; 690 3.9 uM 0%
; ; 3b ~ 336 18uM 3%
33 3c \ \ ; 2045  28+11  59+12
34 "

ST ™
35 3d \f/ ) 2910 35x4 108
36 2,4(CHs),
37 3e Hﬁ 254 2 uM 116
38 ~
39 3f ‘ Y 70+ 7 102 79+ 19
40 NS
41
42 3g B 849 3.9 uM 294
43 Ifp - - 125+24 98+34 10+£7.0
Zg Hal - - 63+1.6 7823 nt’
46 DTG - - 89 +29 57+18 nt
47 “Only compounds with highest affinities (<100 nM) were
48 tested in triplicates. For low-affinity compounds, the competition
p

49 curves were recorded only once (single value), whereas the
50 inhibition of the radioligand binding (shown as %) was assayed
51 at a test compound concentration of 1 uM; “not tested.
52
53
54
55
56
57
58
59
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Figure 2. 3D putative of (a) compound 2¢ and (b) compound 2a
in the optimum AutoDock pose. Protein residues interacting with
both compounds by van der Waals interactions are highlighted in
red, Thr 181 in green, other interacting residues (Trp 164, Phe
133, Tyr 206 in panel (a) and Thr202, Val84, Ile124 in panel (b))
are white. In the insets: schematic diagrams of the interaction
between the receptor and the respective compounds in the same
optimum AutoDock pose. Protein residues interacting with the
compounds by van der Waals interactions are highlighted in red,
while hydrogen bonds are indicated by green dotted lines. The
hydrogen bonds distances are also indicated. Residues
interacting with both compounds through van der Waals
interactions are circled in red. Thr 181 (circled in green) form a
hydrophobic interaction with compounds 2a, while a hydrogen
bond with compound 2e.
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Figure 3. Molecular dynamics simulations analysis for
compound 2c¢ (left column) and 2a (right column): (a,b)
Autodock Vina score, (c,d) protein backbone RMSD (green) and
ligands RMSD in the protein backbone frame (blue), (e,f) protein
backbone radius of gyration,(g,h) protein backbone RMSF with
values above 0.25 nm highlighted in magenta. All values
measured with respect to the starting configuration correspond to
the minimized optimum pose identified by docking. Simulation
snapshots taken at the lowest Autodock Vina score (circled in
panels a,b) for (i) compound 2¢ and (j) compound 2a. Protein
residues with RMSF above 0.25 nm are highlighted (magenta).
The starting ligand configuration is also indicated (white).
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Figure 4. MMPBSA analysis: energetic contributions to the
receptor binding of (a) compound 2¢, and (b) compound 2a, and
amino acids contribution to the total binding energy of (c)
compound 2a, and (d) compound 2¢ with highlighted the amino
acids opposing to the binding with predicted energy larger than
0.3 kcal/mol; (e) details of the contributions of each amino acid
with binding energy larger than 0.9 kcal/mol for compound 2c;
(f) snapshot of the complex c1/2¢ with highlighted amino acids
(shades of red) contributing to the binding energy with more than
+ 0.9 kcal/mol. All data averaged over the last 150 ns of the
molecular dynamics trajectory.

Table 2. In vitro antioxidant activity of compounds 2¢, 2d,
3¢ and 3d.
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Cmpd ICsp (ng/mL)*
ABTS H,0,

2¢ 12.71 £0.25 15.89 £0.18
2d 14.26 £0.15 20.35+0.27
3c 10.05 +£0.09 18.56 £0.31
3d 9.43+0.11 17.44 £0.18
Ascorbic Acid 12.75+£0.12 19.27 £0.54
Trolox 18.73 £ 0.26 20.38 +0.19

*All measurements were performed in triplicate
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