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Abstract

In our recent researches racemic RC-33 was identified as a potent and highly promising 6, receptor
agonist, showing excellent o, receptor affinity and promoting NGF-induced neurite outgrowth in
PC12 cell at very low concentrations. Surprisingly, both its interaction with the biological target and
its effect on neurite sprouting proved to be non-stereoselective. Starting from the observation that
an hydrogen bond center in the scaffold of a o, ligand is an important pharmacophoric element for
receptor/ligand interaction, we hypothesized that the absence of such pharmacophoric feature in the
structure of RC-33 could be also responsible for the lack of enantioselectivity in its interaction with
the target receptor. To verify our hypothesis, in this paper we evaluated - both in silico and in vitro -
the ability of a series of enantiomeric arylalkylaminoalcohols and arylpyrrolidinols 1-5 to interact
with the receptor. All these compounds are structurally related to RC-33 and characterized by the
presence of an —OH group as the additional pharmacophore feature. Interestingly, the results of our
study shows that the ; receptor exhibits enantiopreference toward compounds characterized by (S)-
configuration at the stereogenic center bearing the aromatic moiety only when the alcoholic group is

also present at that chiral center, thus supporting our original hypothesis.
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Introduction

The sigma (o) binding sites were originally defined and classified as opioid receptor subtypes.'
Later investigations demonstrated that ¢ receptors were distinct from opioid and phencyclidine
analogues, and since then at least two distinct o receptor subtypes, designated o, and o,,” have been
pharmacologically characterized. In particular, the o, receptor subtype has been purified and
cloned from several animal species and man.®’ o, receptors are ubiquitously expressed in

mammalian tissues and highly distributed in the central nervous system (CNS),*°

with the highest
density found in the spinal cord, cerebellum, hippocampus, hypothalamus, midbrain, cerebral
cortex, and pineal gland. Strong pharmacological evidences indicate that 6, receptors are involved
in the pathophysiology of all major CNS disorders,"' including mood disorders (anxiety'? and

14

depression13), psychosis and schizophrenia, © as well as drug addiction, pain,15

and
neurodegenerative diseases such as Parkinson’s, Alzheimer’s, and amyotrophic lateral sclerosis.'®
Moreover, from a biological perspective, the 6, receptors reside in the endoplasmic reticulum (ER)
at the ER—mitochondria interface,'” and they are unique ligand-regulated molecular chaperones'®
that can translocate to the plasma membrane or to other subcellular compartments under stressful
conditions and/or pharmacological manipulation.

Ligands displaying preferential affinity for the o, receptor subtype are (+)-benzomorphans such as
(+)-pentazocine and (+)-N-allylnormetazocine (NANM, SKF-10,047), whereas haloperidol and 1,3-
di-(2-tolyl)guanidine (DTG) exhibit high affinity for both receptor subtypes’'. Since (+)-
pentazocine shows a very low affinity for the o, receptors, it represents the prototypical selective
agonist used in its tritiated form to label o, receptors. Several compounds endowed with o, affinity
and selectivity, characterized by different scaffolds, have been identified, e.g., arylalkylamine,zza*f
benzooxazolones,” and spirocyclic pyranopyrazoles,24 and different pharmacophore models for o,
receptor ligands have been published. All these models share the common features of a basic amino
group and at least two hydrophobic substituents at the basic nitrogen atom.”*" However, the last-

generation, three-dimensional (3D) pharmacophore models?**

are characterized by an additional
pharmacophore requirement: an heterogroup the scaffold of the molecule able to perform an
hydrogen bond interaction with the receptor counterpart. Actually, heteroatoms such as O or S are
frequently present in very potent o; ligands, bridging the aromatic component and the classic alkyl
or cycloalkyl intermediate spacer linked to the basic nitrogen atom.***’

In this scenario, our group designed and synthesized a large number of very interesting 6, receptor
ligands.**** Among these, the most promising molecule is 1-[3-(1,1’-biphen)-4-yl]butylpiperidine

(RC-33, Fig. 1), showing excellent 6, receptor affinity and agonistic profile in its racemic form, as
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testified by its K; o; value of 0.70+0.3 nM and by the potentiation of the NGF-induced neurite

outgrowth in PC12 cell at very low concentrations.”*

Weopge

Fig. 1. (R.5)-RC-33

Racemic resolution of RC-33 and isolation of the enantiomers revealed that i) the interaction with
the biological target is non-stereoselective (Kiclm' RC33 —1.940.2 nM, Kicl(R)' RC33 —1.8+0.1 nM)
and ii) the pharmacological activity is not dependent on the absolute conﬁguration.zze'f The
behavior of RC-33 is particularly surprising, since the enantioselectivity of the o, receptor is well
documented.” Starting from the observation that an important pharmacophoric element is missing

in the RC-33 structure (i.e., an hydrogen bond donor or acceptor)“*

, we first hypothesized that the
absence of such pharmacophoric feature could be responsible for the lack of enantioselectivity in
the interaction with the biological target. Then, we verified our hypothesis by evaluating the ability
of a series of enantiomeric arylalkylaminoalcohols and arylpyrrolidinols, structurally related to RC-
33, to interact with o; receptors. Specifically, here we report and discuss in detail the results of the
in silico study, synthesis, chiral resolution and biological evaluation of the arylalkylaminoalcohol 1
(Table 1), analogue of RC-33, complemented by the in silico and in vitro study of other
enantiomeric arylalkylaminoalcohol and arylpyrrolidinol derivatives (Table 1). These molecules
were selected from a compound cohort previously prepared and characterized by us as analgesic
agents with effects similar or higher than morphine but never evaluated as o, receptor ligands.?***

The final aim of our work is to understand how chirality may affect the o; receptor — ligand
interaction and activity, thus contributing a step forward in unveiling the sigma-enigma. Indeed,

even admittedly our knowledge of the sigma receptors has evolved over the past 20 years, several

aspects in the sigma field still remain rather obscure.

Results and Discussion

Compound selection

With the aim of evaluating the role of a hydrogen bond center as an additional pharmacophore
element in the stereoselective interaction with the o; receptor we designed compound 1, featuring an
alcoholic function on the alkyl spacer bridging the aromatic ring to the basic nitrogen atom, as an

analogue of the arylalkylamino derivative RC-33 (Table 1).
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é:; . . R'4 Constrained R4
Ry ° N structure

Row N

template I template II
Compound | Template Ar R, R, NR;R,
(R.5)-1
(R)-1 I biphenyl-4yl CH; | H | N(CHy)s
(9)-1
(R.5)-2
(R)-2 I naphth-2-yl CH; | H | N(CH;),
(5)-2
(R.5)-3 i 5 i
(R)-3 I 6 metho;}}]/l naphth CHy | H | N(CHy),
(9)-3
(2R/S,35/R)-4
(2R,35)-4 I naphth-2yl CH; | CH;
(25,3R)-4
(2R/S,35/R)-5
(2R.3S)-5 I 6-methoxy-naphth- cH, | cH,
(2S,3R)-5 2yl

Table 1. Alcoholic compounds structurally related to RC-33.

For the purpose of comparison and discussion, we selected other structurally related alcoholic
compounds from our library of chiral molecules synthesized over the years. Among these, we chose
molecules 2 and 3 (template I, Table 1) as structurally related to 1, and the constrained
arylpyrrolidinols 4 and 5 (template II, Table 1), being characterized by less conformational
freedom. 24

Synthesis, chiral resolution and configurational assignment

For the synthesis of (R,S)-1 we planned to follow the methodology described in our previous work,
with suitable modifications (Scheme 1).*** We started our synthetic approach with the synthesis of
4-piperidinyl butan-2-one (6), obtained via Michael addiction from a solution of piperidine and but-
3-en-2-one in PEG 400 in good yield (62%). Concerning the synthesis of (R,S)-1, B-aminoketone 6
was added to the biphenyl anion, obtained by halogen-metal exchange between aromatic substrate
and tert-butyllitium (zer#-BuLi) in anhydrous ethyl ether (Et,0O) at -40°C. After an acid-base work-
up and purification by crystallization from methanol/water, (R,S)-1 was obtained as white solid in

good yield (68%). Final compound was characterized by 'H-NMR.
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Scheme 1. Synthesis of (R,S)-1. Reagents and conditions: a) z-BuLi, anhydrous Et,0, -40°C to rt; b) 4-piperidinyl
butan-2-one (6), -78°C to 0°C; ¢) H,O rt.

In order to make (R,S)-1 suitable for biological assays, a small amount of this compound was
obtained in its salt form as (R, S)-1-DL-tartrate.

Chiral resolution of (R,S)-1 was performed using chiral high performance liquid chromatography
(HPLC). To identify the best experimental condition for the subsequent scaling-up, a standard
screening protocol for cellulose and amylose derived chiral stationary phases (CSPs) was applied to
the Chiralcel OJ-H (4.6 mm diameter x 150 mm length, Spm), Chiralpak AS-H (4.6 mm diameter x
250 mm length, Spm) and Chiralpak IC (4.6 mm diameter x 250 mm length, S5pm) columns, whose
chiral selectors are cellulose tris-(4-methylbenzoate) (Chiralcel OJ-H) and amylose tris [(S)-a-
methylbenzylcarbamate] (Chiralpak AS-H) coated on a silica gel substrate and cellulose tris (3,5-
dichlorophenylcarbamate) immobilized on silica gel (Chiralpak IC). Elution conditions adopted
included mixtures of n-heptane and polar modifiers (EtOH or 2-propanol), alcohols (MeOH, EtOH,
and 2-propanol), and acetonitrile; in all cases 0.1% of diethylamine was added to the mobile phase;
in the analysis with Chiralpak IC 0.3% of trifluoroacetic acid was also added. The best result, in
terms of enantioselectivity () and resolution factor (Rs), was obtained with Chiralcel OJ-H, eluting
with MeOH/diethylamine (100/0.1, v/v), as clearly illustrated in Fig. 2 (41 = 6.99 min; #, = 9.59
min; o = 1.98; Rs = 6.93).
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Fig. 2. Analytical separation of (R,S)-1. Chromatographic conditions: Chiralcel OJ-H (4.6 mm x 150 mm, 5um ),
MeOH/diethylamine 100/0.1 (v/v), flow rate: 0.5 mL/min, UV detector at 254 nm.

000 (nin)

These experimental conditions are characterized by the most important prerequisites for an
economic and productive enantiomeric separation on a semi-preparative scale, such as high
solubility of racemate and enantiomers in the eluent solvent, shortest retention times, and the use of
a mobile phase consisting of a pure low-cost solvent, which ultimately facilitates workup and re-use
of the mobile phase. Therefore, the analytical method was suitably transferred to the semi-
preparative scale employing Chiralpak OJ-H column (10 mm x 250 mm, 5 pum). In 17 cycles, 51 mg
of (R,S)-1 were processed, yielding 22.1 mg of the first eluted enantiomer and 23.2 mg of the
second eluted one, characterized by [0]p”° values of +24.1 and -24.2, respectively (c: 0.5 in MeOH),
along with 5.7 mg of an intermediate fraction as a mixture of the two enantiomers. Both
enantiomers of 1 were obtained with a yield of about 87 % and ee > 99.9%, as evidenced by
analytical control of the collected fractions.

The configuration assignment study of the resolved enantiomers of compound 1 was then
performed comparing the electronic circular dichroism (ECD) curves of (+)-1 with that of (5)-(-)-2,
whose absolute configuration was already assigned.”® The ECD spectra (reported in the Supporting
Information) of both (+)-1 and (S5)-(-)-2 evidenced a similar profile in the range of wavelength
between 200 and 300 nm. In detail, both compounds show a negative Cotton Effect (CE) at about
210 nm [(+)-1: Amax 206.5 nm, Mol.CD -6.61; (S)-(-)-2: Amax 209.0 nm, Mol.CD -6.21] and a
positive CE in the range 220-260nm [(+)-1: Apax 253.5 nm, Mol.CD +2.60; (S)-(-)-2: Amax 224.0
nm, Mol.CD +16.80]. Based on these considerations, the absolute configuration (S) was assigned to
(+)-1. Both enantiomers of 1 were finally converted into the corresponding tartrates [(R)-1:L-

tartrate and (S)-1-D-tartrate, respectively], suitable for biological investigations.

Molecular modeling studies
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Molecular Dynamics (MD) simulations were carried out to predict binding mode, affinity, and
eventual stereoselective binding features of the selected compounds towards the o, receptors. To
the purpose, both (R) and (S) enantiomers of compounds 1-5 were modeled and the relevant free

29a,b

energy of binding (AGying) With the protein was estimated via MM/PBSA calculations using the

optimized structure of the compounds in complex with our validated homology model of the o
receptor.’**®
Taking compounds (R)-1 and (S5)-1 as proof-of-concept, the analysis of the corresponding MD
trajectories revealed that four major types of interactions are involved in the binding mode of both
(R)-1 and (S)-1 to the o) receptor, as showed in Fig. 3A and 3B: i) a permanent salt bridge is
detected between the -NH' moiety of the ligand piperidine ring and the COO™ group of Asp126; ii)
the side chains of Argl19 and Trpl21 are engaged in stabilizing 7 interactions with the biphenyl
group of the ligands; iii) several further hydrophobic interactions concur to stabilize
compound/receptor binding, mainly via the side chains of the o; residues belonging to the
hydrophobic pocket Ile128, Phel33, and Tyr173; and iv) an hydrogen bond (HB) between the
hydroxyl group of the compounds and the carboxylic chain of Glul72 conclusively anchors the

ligand to the protein binding cavity.

Aspl126

Tle128

Phel33

O
Asplza/Y \ on —> WG"’”Z me
NS

Ty,
7
73 Phel33
@q Tle128

Glul72

Tyrl73
(S)-1 )

Fig. 3. (A) Two dimensional schematic representation of postulated interactions between the ol receptor and 1,
established by direct affinity measurements. The lines/arrows indicate proposed key interaction between the receptor
and its ligand. (B) Modeled complex of the o; receptor with (S)-1 showing the key interactions proposed in the
topographical interaction model depicted in part A. The main protein residues involved in these interactions are Argl19
(red), Trp121 (cyan), Aspl126 (blue), Ile128 (forest green), Glul72 (yellow), and Tyr173 (magenta). The ligand is
portrayed in sticks and balls and colored by element, while the protein residues mainly involved in the interaction with
(8)-1 are highlighted as colored sticks and labeled. Salt bridge and H-bond interactions are shown as black lines. Water,
ions, and counterions are not shown for clarity.
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The results of our modeling investigation predict that both enantiomers of 1 can be aptly
accommodated within the o, binding site and establish similar networks of stabilizing interactions
with the receptor.

To quantify the overall effect of these interaction, binding free energy calculations were applied
and, according to our simulations, both molecules are endowed with similar affinities towards the
biological target, with a slight preference of the receptor for the (S) enantiomer, as AGping =-10.81 £
0.22 kcal/mol for (R)-1 and AGying = -11.09 £ 0.23 kcal/mol for (S)-1. The same trend was obtained
for all other protein/ligand complexes considered, although compounds 2-5 showed lower affinities
towards the o) receptor with respect to the biphenyl derivatives, as seen from the AGying values

listed in Table 2.

Compounds AHbina “TAS AGiing Kioi(caica)®
kcal/mol kcal/mol kcal/mol
(R)-1 -23.89£0.09 -13.08+0.20 -10.81+0.22 12 nM
(5)-1 -2420+£0.08 -13.11£0.22 -11.09+0.23 7.5 nM
(R)-2 -22.55£0.11 -12.83£0.21 -9.72+0.24 76 nM
(5)-2 -22.71£0.12 -12.79£0.20 -9.92+£0.23 54 nM
(R)-3 -22.51+£0.13  -12.81£0.23  -9.70£0.26 78 nM
(5)-3 -22.74£0.10 -12.86£0.19 -9.88 £0.21 57 nM
(2R, 35)-4 -20.97£0.08 -11.88%£0.22 -9.09 £0.23 219 nM
(25,3R)-4 -21.46£0.09 -11.93£0.24 -9.53+0.26 104 nM
(2R,35)-5 -1990+£0.10 -11.79£0.21 -8.11£0.23 1.1 uM
(2S,3R)-5 -19.89+£0.12 -11.70£0.18 -8.19£0.22 998 nM

Table 2. Binding free energies AGying (kcal/mol) and Ko caica) values for the tested compounds in complex with the o,
receptor. *The calculated K;o; were estimated from the corresponding AGy;,q values using the relationship AGyjq = -RT
ln(l/Kicl(calcd))'

To investigate in detail the reason for this behavior, a deconvolution of the enthalpic component
(AHyping) of the binding free energy into contributions from each protein residue was carried out. As
shown in Fig. 4 for compounds (R)-1 and (S)-1, the stable salt bridge involving Aspl26 is
responsible for comparable stabilizing contribution of —2.15 kcal/mol and —2.19 kcal/mol,

respectively (average dynamic length (ADL) =4.11 + 0.05 A for (R)-1 and ADL=4.08 + 0.06 A for
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(5)-1). Furthermore, the substantial van der Waals and electrostatic interactions contributed, via the
aforementioned 7 interaction, by Argl19 (—0.82 kcal/mol for (R)-1 and —0.88 kcal/mol for (S)-1)
and Trp121 (—1.01 kcal/mol for (R)-1 and —0.98 kcal/mol for (S5)-1), and by the residues belonging
to the hydrophobic pocket Ile128, Phel33, and Tyrl173 (with a clustered contribution of —3.08
kcal/mol for (R)-1 and —3.04 kcal/mol for (S)-1), also did not discriminate the affinity of the
enantiomers for the receptor. In contrast, the stabilizing effects provided by the permanent hydrogen
bond through interaction with Glul72 are dissimilar, as confirmed by the corresponding ADL (2.08
£0.06 A for (R)-1 and 1.92 + 0.04 A for (S)-1, Fig. 4A) and, more importantly, the specific AHping
values (—1.01 kcal/mol for (R)-1 and —1.59 kcal/mol for (S)-1, Fig. 4B). These structural and
energetical evidences explain the slightly higher affinity of the enantiomer with (S) configuration

toward the o) receptor.

A B

3
£
—]
g
°
£
-
I
< = (R)-1
1 (S)1
=5 o N © Q; “a q, >
N Q@ 2 V & A A
% N A &\ K N \\0\ Q‘@\ 0\\;\ & *(\

Fig. 4. (A) Comparison between the zoomed view of a MD representative snapshot of the hydrogen bond interaction
between (R)-1 (purple) and (S)-1 (green) with the o, receptor residue Glul72. The compounds are portrayed as ball-
and-stick, while the amino acid is depicted as stick and colored accordingly. (B) Per residue energy decomposition for
o) receptor in complex with (R)-1 (purple) and (S)-1 (green), showing those residues for which |[AHbind| > 0.60
kcal/mol.

This per residue-based analysis allowed us to better understand and to quantitatively explain the
differences in affinity among all compounds of the series. As shown in Table 2, the derivatives 2
and 3 show a decrease in AGying of about 1 kcal/mol compared to the best ligand 1. Based on the
results of our computational approach both molecules are able to preserve all key interactions with
the main o; residues involved in the binding site (Figs. S3 A and B). Nevertheless, taking the (S)
enantiomers as reference for our considerations, the replacement of the piperidine portion of (S)-1
with a less bulky N,N-dimethyl group leads to a substantial reduction of the stabilizing contribution
afforded by the o, amino acids Ilel128, Phel33, and Tyr172 which constitute the typical
hydrophobic pocket of the o, binding site (Fig. S4). Actually, if the contribution of the other

residues remained comparable to that for (S)-1, the clustered AHy;ng of these three residues (-1.36
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kcal/mol for (S5)-2 and -1.45 kcal/mol for (S)-3, respectively) would become significantly lower in
comparison with the value of the piperidine derivative (-3.04 kcal/mol).

Regarding the constrained derivatives (25,3R)-4 and (2S,3R)-5, the increased structural rigidity
leads to a different binding pose with respect to the compounds discussed above. As already shown

in other studies on o ligands,zsf’”

to comply with the pharmacophoric requirements upon target
binding these molecules must adopt a reverse orientation into the hydrophobic binding pocket (Figs.
S3 C and D). Therefore, the arylpyrrolidinol derivative (25,3R)-4 exhibits a moderate binding
affinity (Kioi(cacd) = 104 nM, Table 2) since its naphthyl moiety can still be encased in the binding
pocket by establishing favorable interactions with the involved o) residues. As a result of this
binding pose, the interaction profile of [le128, Phe133, and Tyr172 with (2S5,3R)-4 is very similar to
that of compound (S)-1 (Fig. S4). However, the structure of this compound prevents it to establish
other stabilizing interactions: indeed, we detected a drastic loss in the stabilization effect of the salt
bridge with Asp126 and of the hydrogen bond with Glul72 (Fig. S4). In addition, the contribution
of the m interaction with Argl19 and Trpl121 was completely abolished (Fig. S3). Finally, the 6-
OCHj3; substituted compound (25,3R)-5 ranks as the weakest o; binder of the series, with an
estimated affinity in the pM range (Table 2). In fact, the steric hindrance of its methoxyl group
prevents the molecule to penetrate deeply in the receptor binding pocket, (Fig, S3 D) with a
consequent overall decrease of all binding stabilizing interactions (Fig. S4).

Taken together, our in silico studies support our original hypothesis: actually, the presence of an
extra pharmacophoric feature in compounds 1-5, missing in the original compound RC-33, leads to
an additional interaction of the ligands with the o receptor. Importantly, however, the presence of
this feature does not afford a meaningful contribution in differentiating binding affinity of
enantiomeric ligands. but, at the same time, it seems to be a potential key-requirement for the
stereoselective compound interaction with the o) receptor. In fact, notwithstanding the interaction
spectra for (R)- and (S)-1 reported in Fig. 4b differ, both qualitatively and quantitatively, from those
obtained for (R)- and (S)-RC33%%*, the contribution afforded by each residue involved in ligand
binding is somewhat lower in the case of 1 with respect to RC33, ultimately resulting in an only
slightly lower affinity of 1 for the receptor. Hence, the presence of the additional pharmacophore
feature detected for the present series of compounds seems to play an orientational , rather than en

energetically role, in the selectivity of o, for their (S) enantiomers.

Pharmacological evaluation
The affinities of (R,S)-1-3, (2R/S,3S5/R)-4-5, (R)-1-3, (2R,35)-4-5, (S)-1-3, and (2S,3R)-4-5 towards

the o) and o, receptors were experimentally determined in radioligand receptor binding studies.
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In o) receptor binding assay the test compounds compete with a potent and selective radioligand
(i.e. [’H]-(+)-pentazocine) for the respective binding site. Nonspecific binding was recorded in the
presence of cold non-radiolabeled (+)-pentazocine in large excess. Membrane preparations from
guinea pig cerebral cortex homogenates served as receptor source. In the o, assay, membrane
preparations of rat liver served as the source for o, receptors. The nonselective radioligand
[3H]DTG was employed in the o, assay because no o,-selective radioligands are commercially
available yet. To mask the o; receptors, an excess of non-tritiated (+)-pentazocine was added to the
assay solution, while a high concentration of non-tritiated DTG was used to determine nonspecific
binding. In Table 3 the o, and o, receptor affinities of all tested compounds are summarized and
compared with affinities of racemic and enantiomeric RC-33%*° as reference compounds. With the
only exception of arylpyrrolidinol 5, which is a weak o; receptor binder, all compounds generally
showed an interesting o; affinity, in accordance with our in silico predictions (Table 2). Most
importantly, the (S)-configured enantiomers at the stereogenic center directly linked to the aromatic
moiety exhibit a preferential interaction with the target protein, thus suggesting that the interaction
with the receptor is stereoselective. This is particularly evident for (S)-1, which shows an eudismic
ratio of about 8 and represents the compound with both the highest affinity and selectivity toward o,

receptors among all molecules investigated (Kio; = 4.7 + 0.3 nM, Kic»/Kic,;= 382, Table 3).

Compound Kio; (nM) £ SEM Ko, (nM) = SEM
(R,S)-RC-33 09+0.3 103+ 10
(R)-RC-33 1.8+0.1 45+ 16
(S)-RC-33 1.9+0.2 98 + 64
(R.5)-1 6.57+0.2 34.6 +47
R)-1 39+8 43 pM + 315
(S)-1 47403 1.8 uM + 288
(R.5)-2 77 +23 66+ 13
(R)-2 205 + 60 651+ 67
(5)-2 63 +39 75+5
(R.S)-3 41£11 97+ 18
(R)-3 51+ 14 133 £ 63
(5)-3 25+4 1.1 uM + 223
(2R,S/3S,R)-4 65 +18 366 + 64
(2R,3S)-4 86+ 16 94 + 23
(2S,3R)-4 26+2 432+53
(2R,S/3S,R)-5 1.9 uM + 304 1.5 uM £219
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(2R.35)-5 1.5 uM % 226 1.2 uM £ 212
(25,3R)-5 1.2 M %257 1.9 uM + 293

Table 3. Binding affinity of the compounds toward o, receptor. Values are means £ SEM of three experiments.

Racemic and enantiomeric 1 were then selected for further investigation in our validated PC12 cell
model of neuronal differentiation with the purpose of determining their agonistic/antagonistic
profile and investigating the role of chirality on their effect on NGF-induced neurite outgrowth. The
range of concentrations for racemic and enantiomeric 1 was chosen according to our previous
assays™> performed on RC-33. Both (S)-1-D-tartrate and (R,S)-1-DL-tartrate displayed a o,
agonistic profile, consistently and significantly potentiating NGF-induced neurite outgrowth at
concentrations of 2.5 and 5 uM (p=0.05 and p<0.05, respectively, vs. NGF alone for (R,S)-1; p<
0.01 and p<0.005, respectively, vs. NGF alone for (S)-1, Fig. 5). Consistently, the effect of these
compounds was totally blocked by co-administration of the selective 6, antagonist NE-100. On the
contrary, (R)-1-L-tartrate did not affect the percentage of cells with neurite outgrowth with respect
to NGF alone (Fig. 5). Importantly, (S)-1'D-tartrate resulted more effective than the corresponding
racemate in promoting NGF induced neurite outgrowth (p<0.01 vs (R,S)-1, Fig.5).

Effect of (R,S)-1-DL tartrate and corresponding pure enantiomers
on NGF-induced neurite outgrowth in PC12

£ - o 025 uMm
g N2.5uM
5 30
5 * §5.0uM
: N
b 25 N
= \ \\1\‘
: \ 7 N
e -
3 \ " \
& N\ N\ N
2 1 N\ B \
g \ N N
: \§
2 10 \ \ N\
\ N \
"
5 \ B \\
. N N\

NGF (RI-1  (R)}-1+NE  (S)-1  (S)-1+NE  (R,S)-1 (R,S)-1+NE

Fig. 5. Effect of o; receptor ligands (R,S)-1-DL-tartrate and corresponding enantiomers on NGF-induced neurite
outgrowth. Co-administration of NE-100 selective o, receptor antagonist totally blocked the potentiating effect of (R,S)-
1 and (S)-1 compounds. Histograms represent the mean + SEM of at least three different experiments performed in
duplicate. ***= p<0.005; **= p< 0.01; *=p<0.05; °=p=0.05 vs NGF alone. "=p<0.01 vs (R,/S)-1; = p< 0.01 vs (S)-1.
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Taken together, these results show that (S)-1-D-tartrate is the eutomer. Indeed it enhances NGF-
induced neurite outgrowth and its efficacy is greater than (R,S)-1-DL-tartrate, while (R)-1-L-
tartrate is not effective in promoting NGF induced neurite outgrowth in PC12 cells at the same

concentrations.

Conclusion

The stereoselectivity of the ligand binding to o, receptor remains one of the obscure yet intriguing
aspects of the activity of this enigmatic transmembrane protein. In this paper, to enrich our
knowledge of the structural origins of the enantioselective interaction of o7 ligands we studied the
enantiomeric compounds 1-5 structurally related to the potent 6, agonist RC-33. According to the
latest and more specific o; receptor 3D pharmacophore models and with respect to the reference
ligand RC-33 (for which the interaction with its target receptor is not dependent on the absolute
configuration), compounds 1-5 present an additional pharmacophoric feature: an hydrogen bond
center. Our in silico analysis of the binding modes and interactions between compounds 1-5 and the
o; receptor revealed that, for these molecules, four major intermolecular interactions are involved in
stabilizing ligand binding within the receptor binding pocket. Among those, the extra hydrogen
bond interaction - missing in the RC-33/c, receptor complex - plays a role in mild enantiomeric
binding discrimination. Interestingly, the mechanism of enantiomer recognition is typically
described assuming that three’' or four’” key interactions are necessary to distinguish one
enantiomer from the other. Thus, our results seem to be in line with this view. Accordingly, for all
studied compounds, a weak (about two) to moderate (about eight) stereoselectivity in the interaction
with the o) receptor was observed and (S)-1 was found to be the most active compound of the entire
series (Kio; = 4.7 nM, eudismic ratio = 8). In summary, we showed that o; receptor exhibits
enantiopreference toward compounds characterized by (S)-configuration at the stereogenic center
bearing the aromatic moiety only when the alcoholic group is present at the chiral center. Although
a more robust and populated data set of compounds is undoubtedly needed to verify our hypothesis,
we postulate that an heterogroup at the chiral center is required for a o-ligand interaction to be
stereoselective. An effort to corroborate this claim is ongoing in our laboratories.

Regarding the effect in promoting neurite outgrowth, the results of the functional assays related to 1
demonstrated that the chirality of the molecule affects the biological activity; indeed (S)-1 enhances
NGF-induced neurite outgrowth and, also, its efficacy is greater than (R,S)-1. Most importantly (R)-

1 is not effective in potentiating NGF-induced neurite outgrowth at the tested concentrations.
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Altogether our observations provide further insights into the role of chirality in the o receptor-
ligand interaction and represent a step-forward in future development of more specific and effective

0] agonists.
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To investigate the role of chirality in the ligand/c; receptor interaction, a series of enantiomeric
arylalkylaminoalcohols and arylpyrrolidinols was evaluated by means of both in silico and in vitro

study.



