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In the search for nicotinic acetylcholine receptor (nAChRs) agonists with a selective affinity for the homo-
meric o7 channels, we carried out the virtual screening of a test set of potential nicotinic ligands, and
adopted a simplified MM-PBSA approach to estimate their relative binding free energy values. By means
of this procedure, previously validated by a training set of compounds, we reached a realistic compromise
between computational accuracy and calculation rate, and singled out a small group of novel structurally
related derivatives characterized by a promising theoretical affinity for the o7 subtype. Among them, five
new compounds were synthesized and assayed in binding experiments at neuronal a7 as well as o482

© 2009 Elsevier Ltd. All rights reserved.

Neuronal nicotinic acetylcholine receptors (nAChRs), which are
members of the four transmembrane domain superfamily of neu-
rotransmitter-gated ion channels, are pentameric combinations
of o and o/B subunits, with a high degree of complexity conferred
by 12 different o (02-010) and B (p2-p4) subunits.!? Hence, a
large repertoire of molecular architectures can be generated, and
the functional relevance of these subunit compositions has yet to
be fully clarified."? Although neuronal nAChRs play an array of
critical roles in the central nervous system (CNS), only in the last
two decades a rapidly growing understanding of subtype localiza-
tion has been associated with potential therapeutic applications.
Indeed, the most abundant nAChR subtypes in the CNS are a4p2
heteromers and o7 homomers. The a4p2 subtypes are expressed
predominantly in the cortex, hippocampus, visual cortex, striatum
and substantia nigra, mesocorticolimbic pathway, and nucleus
raphe magnus, whereas the a7 subtypes are mainly localized in
the cortex, hippocampus, and auditory cortex.®> Functionally, o7
channels are easily distinguished from o4B2-containing receptors
due to their lower affinity for acetylcholine, a high affinity toward
a-bungarotoxin, a rapid desensitization, and a relatively high per-
meability to calcium.>* The improved knowledge of the role played
by the two cited subtypes in cognitive processes (attention, mem-
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ory), mood, nociception, and neuroprotection has encouraged the
development of subtype-selective compounds designed for differ-
ent pathologies of the CNS, including Alzheimer’s and Parkinson’s
diseases, attention deficit hyperactivity disorder (ADHD), schizo-
phrenia, epilepsy, Tourette’s syndrome, anxiety, depression, and
nicotine addiction.>® Recently, the role of nAChRs has expanded
from the modulation of specific neuroprotective mechanisms to
central regulation of inflammatory properties, which predomi-
nantly involves the homopentameric o7 channel, thus disclosing
an innovative therapeutic target for arthritis.> Worth mentioning,
an alternative approach to the design and synthesis of compounds
specifically targeting nAChR subtypes is the investigation of allo-
steric agents, mainly positive allosteric modulators, which is an
emergent research theme especially with regard to o7 receptors.”®

We recently investigated the binding mode of representative
agonists of o7 nAChRs by performing molecular docking, cluster
analysis, geometry optimizations and sampling with molecular
dynamics (MD), and molecular mechanics Poisson-Boltzmann sur-
face area (MM-PBSA) binding free energy calculations.® With this
protocol, based on MD simulations of fully solvated protein-ligand
complexes, we estimated the contribution of both polar and non-
polar terms as well as entropy to the overall free energy of binding.
Since the calculated values were in good agreement with the
experimental data, the MM-PBSA method emerged as a flexible
theoretical tool for the rational design of ligands targeting the
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neuronal o7 nAChR subtype. However, the robustness of the MM-
PBSA approach was paid for in terms of computational time, since
the procedure required a laborious calculation of the entropic
factors.

In this study, we took into account on one hand the results re-
ported by Borea et al.'® which, through thermodynamic experi-
ments, provided evidence that the binding of nicotinic agonists is
mostly enthalpy driven. Moreover, we considered the approach de-
scribed by Ferrari et al.,!" which allowed correlation of the exper-
imental binding free energy values with the sum of enthalpic and
solvation contributions (AGy;,,), leading to a remarkable reduction
of the calculation time (8 h/cpd, 4 cpu). On these premises, adapt-
ing our MM-PBSA procedure to that reported by Ferrari et al., in
this Letter we initially calculated the AG;,, of a training set of
known o7 nAChR ligands. Next, the same computational procedure
was applied to a series of new potential a7 nAChR ligands, and fi-
nally we synthesized and tested in binding assays some of the
derivatives characterized by the lowest predicted AG; 4 for the
studied receptor subtype.

At first, we selected a group of 16 nAChR agonists reported in
the literature and characterized by a relatively wide range of affin-
ity for the a7 subtype; their molecular structures have been repro-
duced in Figure 1.

To this training set we applied the 3D model of the o7 nAChR pre-
viously reported by us,® which utilized as reference structure the
crystallographic coordinates of A-AChBP co-crystallized with the full
agonist (—)-epibatidine (PDB code 2BYQ). The ligands were docked
at the MD-refined o7 nAChR binding pockets by means of the genet-
ic-based algorithms docking program corp 3.1.1% The active-site ra-
dius was set equal to 10 A from the indole nitrogen of Trp147
responsible for the primary ligand anchoring point. Next, cluster
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analysis was carried out on the outputs of the docking program. To
preliminarily assess the clusterability of docking outputs, a simple
test (H* test) based on the work of Hopkins'> was applied. Cluster
analysis should be carried out only when H*— 1. If the H* test output
was 0.6 <H*<1, the hierarchical-agglomerative script (ACIAP)'
was applied to select a solution and, therefore, a statistically signif-
icant binding mode. The obtained o7 nAChR complexes were refined
by means of a short molecular dynamics simulations (0.5 ns) apply-
ing our previously reported computational parameters.® Then, a
minimization of the entire ensembles was performed setting a con-
vergence criterion on the gradient of 0.05 kcal mol~! A1,

The evaluation of the AG,;,, was performed by means of the
MM-PBSA approach on the minimized complexes (Eq. 1):

AG;)ind = GIcompl - (G;ec + Giig) (1)

Each thermodynamic term contributing to the complex forma-
tion was computed by the sander and mm-pbsa.pl internal modules
of the ameer 9 package according to (Eq. 2):

G, = U + Wi ?)

where U is the term calculated by molecular mechanics (MM)
methods and is the result of different contributions: Upopq+
Uangle + Utorsion + UvdW + Uele- The terms Ubond, Uanglev and Utorsion
turn out to be zero when the single trajectory approach is applied,
while the terms Uygw and U are the main parameters contributing
to the AG,;, value. WV is the solvation energy term and results
from the sum of Wpopar and Wignpolar, Where Wyoiar comes from
the solution of the linear Poisson-Boltzmann equation and Wyonpolar
is the result of scaling the solvent accessible surface area by an
appropriate surface tension.
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Figure 1. Chemical structures of the compounds inserted in the training set.
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The data obtained on the training set confirmed the reliability of
the applied computational protocol, particularly when the results
were compared with those from other computationally faster
methods in use for affinity prediction, such as the GOLD score
and the pure enthalpic estimation (Table 1).

In fact, the calculated AG,; 4 and the experimental binding free
energy values showed better correlation and predictivity
(R? =0.81, leave-one-out cross-validated g = 0.75) with the MM-
PBSA procedure, since application of the GOLD score (R? = 0.44,
q*>=0.34) and the enthalpic (R*=0.71, g°>=0.61) protocols gave
poorer results. Worth mentioning, for 3 (nicotine) and 8 we simu-
lated a binding mode involving the presence of water molecules as
hydrogen bond bridges, as it has been hypothesized in the litera-
ture for ‘shorter’ ligands.'>'® Unfortunately, such a contribution
cannot be estimated by the standard MM-PBSA algorithm, which
results in underestimated theoretical AG,;, 4 values for 3 and 8. In-
deed, the correlation with MM-PBSA is improved (R?=0.86,
g = 0.83) if the latter compounds are considered as outliers.

The validated computational method was then applied to pre-
dict the affinity of a test set of unknown compounds. The structure
of nicotinic agonists may be exemplified by a formula in which a
cationic head (protonatable or permanent) is linked to a substi-
tuted heteroaromatic ring with a hydrogen bond acceptor func-
tion."” About 150 compounds matching this general skeleton
were considered in this study, combining the substructures re-
ported in Figure 2. In this set of compounds, saturated (7-azabicy-
clo[2.2.1]heptane and 1-azabicyclo[2.2.2]octane) or unsaturated
(7-azabicyclo[2.2.1]hept-2-ene and 1-azabicyclo[2.2.2]oct-2-ene)
moieties bearing the charged nitrogen were connected with three
heterocyclic rings (pyridine, quinoline, and isoquinoline) to which
various R? substituents were appended in different positions. The
choice of R? was based on (a) the synthetic feasibility of the inves-
tigated compounds, that is, the commercial availability of suitable
building blocks, and (b) a degree of structural diversity combined
with the improvement of the ligand molecular recognition by the
o7 nAchR. To this end, for example, the bulky morpholine or piper-
azine rings were inserted as R? substituents in compounds charac-
terized by pyridine as the aromatic fragment. In fact, the presence
of a bulky group in this portion of the ligand molecular skeleton

Table 1
Binding free energy terms calculated for the training set of compounds

Compd G score AUE* (kcal/mol) AGy;ng (kcal/mol) AGexp
1 56.02 —253.02 —42.32 -9.67%
2 62.74 —248.86 —38.69 -7.96%
3 71.99 —242.78 —30.30 —7.06°
4 51.20 —264.47 —44.06 —10.70°
5 76.59 —256.80 —35.72 —7.38¢
6 74.74 27039 —47.03 -10.36¢
7 66.52 —275.08 —49.89 ~11.69¢
8 62.43 —253.16 —36.32 -9.65¢
9 67.10 —266.08 —41.34 —9.74f
10 56.95 —270.62 —47.39 —11.52f
11 60.31 —271.21 —-51.49 -12.078
12 78.89 —268.65 —49.80 -10.41¢
13 49.39 —260.64 —45.71 -9.40°
14 42.10 —268.40 —46.31 —-10.77"
15 72.96 —251.38 —39.52 —8.441
16 58.25 —259.16 —36.94 -7.64'

AUE* terms resulted from the application of Egs. 1 and 2 without the solvation
contribution (W),

The experimental binding free energy values were calculated on the basis of the K;
values reported by *Kottalam, J. et al. Biopolymers 1990, 29, 1409; ®Jorgensen, W. L.
et al. J. Chem. Phys. 1983, 79, 926; “Hall, M. et al. Brain Res. 1993, 600, 127; “Tatsumi,
R. et al. J. Med. Chem. 2006, 49, 4374; “Mullen, G. et al. J. Med. Chem. 2000, 43, 4045;
fTatsumi, R. et al. . Med. Chem. 2005, 48, 2678; Wishka, D. G. et al. J. Med. Chem.
2006, 49, 4425; "Biton, B. et al. Neuropsychopharmacology 2007, 32, 1; 'De Amici, M.
et al., unpublished results; 'Holladay, M. W. et al. J. Med. Chem. 1998, 41, 407.
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Figure 2. Structural fragments of potential nAChR ligands belonging to the test set.

might be a requirement to gain selectivity for the o7 subtype, since
this channel is slightly larger than the a4B2 channel, as it has been
demonstrated by molecular dynamics simulations.'®

The application of the above described computational protocol,
based on the simplified version of the MM-PBSA approach, indi-
cated that the lowest predicted AGy;,4 values were invariably asso-
ciated with compounds characterized by the mutual presence of
the pyridine and morpholine moieties, such as derivatives 17-21
depicted in Figure 3. As a consequence, we planned to synthesize
and test these structural analogues, together with 3-(pyridin-3-
yl)-1-azabicylo[2.2.2]oct-2-ene 22 (Fig. 3), lacking the morpholine
ring, which is a known ligand for neuronal nAChR subtypes.'® We
synthesized 22 according to the procedure described in the litera-
ture,'® and used it as a reference compound in the binding affinity
experiments after conversion into the corresponding fumarate.

The target derivatives 17-21 were obtained as racemates taking
advantage of the carbon-carbon palladium-catalyzed Suzuki-
Miyaura cross-coupling, a synthetic strategy richly documented
in the recent literature.!® Thus, as depicted in Scheme 1, the key
step in the reaction sequences was the treatment of the known vi-
nyl trifluoromethanesulfonates 232° and 252! with 6-(morpholin-
4-yl)pyridine-3-boronic acid pinacol ester, using tetrakis(triphen-
ylphosphine)palladium(0) as the catalyst and similar experimental
conditions. The unsaturated N-Boc intermediate 24 (77% yield from
triflate 23) was reacted with a 4 N solution of HCl in dioxane, and
the resulting hygroscopic hydrochloride of 17 was isolated after a
few washings with anhydrous diethyl ether. Conversely, the de-
sired 3-(6-morpholin-4-yl-pyridin-3-yl)-1-azabicyclo[2.2.2]oct-2-
ene 18, obtained in 74% yield from triflate 25,22 was transformed
into the crystalline fumarate and iodomethylate 19, respectively.??
Furthermore, derivative 18 underwent a standard catalytic hydro-
genation of the carbon-carbon double bond, which gave endo-26
as the sole isomer in almost quantitative yield. Epimerization of
26 to the desired exo-3-(6-morpholin-4-yl-pyridin-3-yl)-1-azabi-
cyclo[2.2.2]octane 20 proceeded in 91% yield, using potassium
tert-butoxide in refluxing tert-butyl alcohol (Scheme 1).2% Then,
the quinuclidine derivative 20 afforded its corresponding fumarate
and methyl iodide 21. Since we planned to synthesize also the sat-
urated exo-analogue of 17, we submitted intermediate 24 to cata-
lytic hydrogenation, which provided the expected endo-N-Boc
isomer (not reported in Fig. 3). However, the above cited epimer-
ization procedure failed when applied on the latter derivative or
its corresponding free amine.

The target derivatives 17-21 and the reference compound 22
were assayed for binding affinity at rat o7 and o4p2 nAChRs, using
['?°I]a--bungarotoxin and [*H]epibatidine as radioligands, respec-



6356 G. Grazioso et al./Bioorg. Med. Chem. Lett. 19 (2009) 6353-6357

H o
\ AN o o
N | N — N
XN N\ / N /
/ /N N E’f‘@/ N
CHg
17 19
_ N//\o _ N//\o -
N / \) N / \) N )
;N N II\‘@) N ;N / N
CH3
20 21 22
Figure 3. Compounds synthesized and tested in this study.
Eioc I\/l/\ %
N = / \)
OTf N
Lb/ S 7 N —° »  17xHC
io:a 7 \ N/_\O
23 0 =N —/ 24
d
— 18 fumarate
OTf c
ZN / — > 18
0, /\ e
7 N\
100 —
25
;N —d> 20 fumarate
f 7\
18 —_— N= —_— 20
N 2 > 21
-
26 22 —d> 22 fumarate

Scheme 1. Reagents and conditions: (a) Pd(PPhs),, K,CO3, DME/H,0 (5:1), 80 °C; (b) 4 N HCl/dioxane, Et,0; (c) Pd(PPhs)4, Na,CO3 (aq), THF, 80 °C; (d) C4H404, MeOH; (e)

CHsl, MeOH; (f) Hy, 10% Pd/C; (g) tert-BuOK/tert-BuOH, reflux, 50 h.

tively, according to a previously described experimental protocol.?

The K; values, which were calculated from the competition curves
of three separate experiments by means of the Licanp program,?®
are gathered in Table 2 together with the corresponding predicted
AGy;,4 for the a7 subtype. In this respect, even though five com-

Table 2

pounds are not statistically significant, the correlation between
the experimental and theoretical data was acceptable if derivatives
17-21 are taken into account (R? =0.51). In analogy with deriva-
tives 3 and 8 belonging to the training set, the reference ligand
22 behaved as an outlier, since the molecular dynamics simula-

MM-PBSA predicted relative binding free energy (AGy;,4) values at 7 nAChRs for compounds 17-22, and experimental affinity data (K;) for the same derivatives at native o7 and

o482 nAChRs present in rat cortical membranes

Compd AGinq (kcal/mol) o7 ['?*IJo-Bungarotoxin K;* (UM) o4[>H]-Epibatidine K;* (uM) Selectivity (a7:04p2)
17 _42.75 33 (42) 12 (23) 0.4

18 ~50.00 0.40 (27) 3.10 (25) 7.8

19 —47.45 5.60 (36) 22 (23) 39

20 —48.04 0.35 (27) 21 (17) 60

21 ~50.34 6.10 (36) 25 (17) 41

22 ~3635 0.14° (32) 0.11¢ (15) 038

Numbers in brackets represent % coefficients of variation.
2 The K; values were all calculated using the uicanp program (Ref. 26).

P K;=0.085 uM (Ref. 18), measured against [*H]MLA as the radioligand, and calculated using the Cheng and Prusoff equation (Ref. 27).
¢ Ki=0.0076 uM (Ref. 18), measured against the same radioligand and calculated using the Cheng and Prusoff equation (Ref. 27).
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tions demonstrated that its binding affinity is mediated by a water
molecule.

The overall pharmacological data show that the morpholine
ring does not improve the affinity at the a7 nAChRs, since the most
affinitive morpholine-containing ligands 18 and 20 (K; = 0.40 and
K;=0.35 um, respectively) gave comparable results to that of their
parent compound 22 (K; = 0.14 pm), which lacks morpholine. How-
ever, the presence of morpholine, which lowers the affinity for the
o4B2 receptors, positively affects the subtype selectivity, as evi-
denced by the value of a7 versus a4p2 ratio on passing from 22
(0.8) to 18 (7.8) (Table 2). This trend is markedly reinforced when
the saturated quinuclidinyl derivative 20 is taken into account,
whose a7 versus o4p2 ratio is equal to 60. On the other hand,
the two quaternary ammonium analogues 19 and 21 display a low-
er o7 affinity, and, consequently, a negligible degree of discrimina-
tion between the subtypes.

Indeed, visual inspection of the ligand-o7 nAChR complexes
indicates that the morpholine ring of 18 and 20 can be located
favorably in a sub-pocket defined by the three residues GIn116,
Tyr117, and Ser149 of the a7 receptor, which correspond to B2-
Phe117, B2-Trp118, and o4-Thr150 of the a4p2 subtype. The pres-
ence of the GIn-Tyr-Ser rather than the Phe-Trp-Thr sequence con-
fers a more hydrophilic character to the o7 sub-site, which,
coupled with the reduced size and the higher flexibility of the in-
volved residues, allows to host sterically hindered substituents
such as morpholine.

In summary, the structure-based design of a7-nAChR agonists
may take advantage of a relatively expeditious computational pro-
tocol, which, by exploiting a previous model of the target receptor
subtype, made use of coLb for pose generation, ACIAP for cluster
analysis, and amBer 9 for the MM-PBSA calculations. Thus, after val-
idating the methodology, we predicted the affinity of a series of po-
tential nicotinic ligands, selected a small set of structural
analogues, and obtained two novel selective o7-nAChR agonists
with a binding affinity in the low micromolar range.
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