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Abstract—(S)-Aporphine metho salts with the 1,2,9,10 oxygenation pattern displaced radioligands from recombinant human o7 and
04p2 neuronal nicotinic acetylcholine receptors (nAChR) at low micromolar concentrations. The affinity of the nonphenolic glau-
cine methiodide (4) (vs [*H]cytisine) was the lowest at a4B2 nAChR (K; = 10 uM), and predicentrine methiodide (2) and xanthopla-
nine iodide (3), with free hydroxyl groups at C-2 or C-9, respectively, had the highest affinity at these receptors (K; =~ 1 uM), while
the affinity of the diphenolic boldine methiodide (1) was intermediate between these values. At homomeric o7 nAChR, xanthopla-
nine had the highest affinity (K; = 10 pM) vs ['*°IJa-bungarotoxin while the other three compounds displaced the radioligand with K;
values between 15 and 21 pM. At 100 uM, all four compounds inhibited the responses of these receptors to ECsy concentrations of
ACh. The effects of xanthoplanine iodide (3) were studied in more detail. Xanthoplanine fully inhibited the ECsy ACh responses of
both a7 and 042 nACh receptors with estimated ICsy values of 9 = 3 uM (a7) and 5 + 0.8 uM (04B2).

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

One of the earliest generalizations in the structure—activ-
ity field was that N-methylation of several alkaloids
affords compounds with curare-like properties.! Almost
half a century later a “nicotinic paralyzing” action of
tetraalkylammonium salts was demonstrated on
autonomic ganglia,>* and both neuromuscular and
ganglionic blockade were attributed to nicotinic acetyl-
choline receptors (nAChR). The widespread occurrence
and important regulatory roles of nAChR in the central
nervous system (CNS) were recognized much more re-
cently, but the diversity of receptor subtypes and the
lack of sufficiently selective agonists or blockers have
hindered a detailed description of their individual roles.’
In this sense, the potential of quaternary alkaloids or
alkaloid derivatives related to the classical bisbenzyliso-
quinoline nicotinic receptor blocker tubocurarine
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(Fig. 1), as blockers of CNS nAChR, has not been suf-
ficiently explored.

The monomeric aporphine alkaloids, regardless of their
secondary, tertiary or quaternary ammonium nature
(e.g., laurifoline or N-methylisoboldinium, Fig. 1), are
rigid structural mimics of one of the benzyltetrahydro-
isoquinoline halves of tubocurarine, which makes them
attractive templates for structure-activity studies as nic-
otinic receptor blockers. Although aporphine alkaloids
are widespread in nature and constitute one of the
largest alkaloid families, their quaternary ammonium
N-methyl derivatives or metho salts seem to be relatively
rare and little is known of the pharmacology of these
quaternary salts.

N-methylboldinium [(6aS5)-2,9-dihydroxy-1,10-dimeth-
oxyaporphinium] chloride has been described as a con-
stituent of Cocculus laurifolius DC (Menispermaceae)
together with several other quaternary aporphine
alkaloids that are presumably responsible for the
neuromuscular blocking and hypotensive activities of
the water-soluble alkaloid fraction of that plant.'! Xan-
thoplanine or N,N-dimethyllaurotetaninium [(6aS)-9-
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tubocurarine
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Figure 1. Structures of tubocurarine, the prototypical nAChR blocker,
and laurifoline, a quaternary aporphine alkaloid.
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Figure 2. Structures of aporphine metho salts studied in this report.

hydroxy-1,2,10-trimethoxy-/N-methylaporphinium] has been
found on several occasions in plants,'? while N-methyl-
glaucinium [(6aS)-1,2,9,10-tetramethoxy-N-methylapor-
phinium] only seems to be known as a synthetic
product.!3 To the best of our knowledge, N-methylpred-
icentrinium  [(6aS)-2-hydroxy-2,9,10-trimethoxy-N-
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methylaporphinium] has neither been found in nature
nor prepared synthetically before the present work.

More than 30 years ago the methiodides of both
enantiomers of the aporphines corydine (1-hydroxy-
2,10,11-trimethoxyaporphine), isocorydine (11-hydro-
xy-1,2,10-trimethoxyaporphine), glaucine (1,2,9,10-
tetramethoxyaporphine), and boldine (2,9-dihydroxy-
1,10-dimethoxyaporphine) were prepared and assayed
for curaremimetic blockade of the neuromuscular junc-
tion. It was concluded that the (6aS) isomers, corre-
sponding to the naturally occurring tertiary amines,
are slightly more potent than their mirror images,
although details are lacking and the different (i.e.,
1,2,10,11 and 1,2,9,10) oxygenation patterns are a hin-
drance to structure—activity analysis.® It therefore
seemed of interest to reproduce this study in part, ana-
lyzing the effects of the metho salts of 1,2,9,10-tetraox-
ygenated aporphines on the predominant neural
subtypes of nAChR (a7 and 042), using more modern
methodology to look for possible effects of the degree
and position of methylation of the free hydroxyl groups
of the antioxidant,” cytoprotective,® and monoaminer-
gic antagonist™!® parent alkaloid boldine upon their
interactions with these receptors.

2. Results and discussion

The methiodides of boldine (1), predicentrine (2),
N-methyllaurotetanine (xanthoplanine iodide, 3), and
glaucine (4) (Fig. 2) displaced ['*IJo-bungarotoxin
(from human a7 nAChR) or [’H]cytisine (from human
04p2 nAChR) with low micromolar K; values in rather
narrow ranges, although glaucine was considerably less
potent than its phenolic analogues at ho4p2 nAChR
(Table 1, Fig. 3).

Data represent means + SEM of four experiments, each
with triplicate samples. The [*H]cytisine concentration
in all a4B2 nACh displacement studies was 1 nM, while
the concentration of ['*’I|a-bungarotoxin (which also
binds to the agonist site)'® in all &7 nACh receptor dis-
placement studies was 0.2 nM. The equilibrium dissoci-
ation constants (Kp) used to estimate K; values were
1nM for ['*IJo-bungarotoxin binding to a7 nACh
receptors and 0.43 nM for the binding of [*H]cytisine
to ha4p2 nACh receptors.

For the sake of comparison, the nonquaternary boldine
(5) was assayed against human o7 nAChRs or o4p2

Table 1. Binding affinities of quaternary and tertiary aporphines vs ['>’I] a-bungarotoxin (a7) and [>H] cytisine (a4p2) at human nAChR expressed in

cultured cells

Compound o7 1Csp (LM) o7 K (LM) 04p2 ICso (UM) 04B2 K; (LM)
Boldine Mel (1) 185 15 82+3 2.5
Predicentrine Mel (2) 27+8 21 32+0.3 0.97
Xanthoplanine iodide (3) 12+5 10 3.0+0.7 0.91
Glaucine Mel (4) 21+4 18 34+2 10

Boldine (5) 81 0.7 67 102 3
3-Bromoboldine (6) 100 £5.9 83 99 +4 30
3,8-Dibromoboldine (7) 114+ 8.4 95 1016 31
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Figure 3. (a) Displacement of ['*’I]oa-bungarotoxin from SH-SY5Y
cells stably expressing human o7 receptors,'® by quaternary aporphine
derivatives. (b) Displacement of [*H]cytisine from SH-EPI cells stably
expressing human o4p2 receptors,’”” by quaternary aporphine
derivatives.

nAChRs. Boldine completely inhibited 0.2 nM ['**I]a-
bungarotoxin binding with K; = 67 uM and thus has at
least fourfold weaker affinity for o7 nAChRs than its
quaternary salt. Unexpectedly, boldine proved to be a
practically equipotent displacer of [*H]cytisine from
04B2 nACh receptors as compared with N-methylboldi-
nium (1), exhibiting K; = 3 uM.

The effect of bromination of boldine at C3 (6) and at
both C3 and C8 (7) was also examined. The brominated
derivatives were unable to displace 0.2 nM ['**I]a-bun-
garotoxin completely from o7 nAChRs, and their esti-
mated K; values were slightly worse than for boldine.
At this low concentration of toxin, the maximal binding
inhibition was 91 * 5% with 3-bromoboldine (6) and
85 £ 3% with 3,8-dibromoboldine (7). 3-Bromo- and
3,8-dibromoboldine also inhibited binding of [*H]cyti-
sine to a4B2 nACh receptors with estimated K; values
two to three times better than the K;’s estimated for their
effects on a7 nACh receptors.

To examine the effects of boldine and its O-methylated
derivatives on the function of a7 or 042 nACh recep-
tors, we first determined the effect of 100 uM com-
pounds 1-4. As shown in Figure 4, all these
compounds inhibited the responses of these receptors
to ECso concentrations of ACh. The effects of the most
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Figure 4. Response of Xenopus laevis oocytes transfected with human
o7 or a4p4 subunit cDNA to ECsy concentrations of acetylcholine in
the presence of 100 uM quaternary aporphine derivatives.

potent compound, xanthoplanine (3), were studied in
more detail. As shown in Figure 5, xanthoplanine fully
inhibited the ECsy ACh responses of both o7 and
04B2 nACh receptors. The estimated ICs, values were:
a7,9+ 3 uM; adP2, 5% 0.8 uM.

As expected, the affinity of the quaternary N-methyl-
boldinium (1) was several times greater than that of
the nonquaternary boldine (5) for human o7 nAChR.
The halogenated derivatives of boldine (6 and 7) bound
more poorly than the parent compound, but the differ-
ence was minimal. At o7 nAChR, the 9-O-methylated
derivative N-methylpredicentrinium (2) and the 2,9-di-
O-methylated N-methylglaucinium (4) did not differ
much from N-methylboldinium (1), while the 2-O-meth-
ylated xanthoplanine (3) had somewhat higher affinity
with the rank order 3 > 1 ~ 4 ~ 2, suggesting a slightly
stronger interaction of xanthoplanine with the o7
receptor.

At 04p2 nAChR the affinities of all four quaternary
ammonium salts were greater than those at o7 nAChR,
judging from their K; values, with a rank order of affin-
ities of 3~ 2 >1 > 4, although at this receptor the non-
phenolic  glaucine methiodide had an affinity
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Figure 5. Response of Xenopus laevis oocytes transfected with human
o7 or a4B4 subunit cDNA to ECs, concentrations of acetylcholine in
the presence of different concentrations of xanthoplanine iodide.
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approaching the same low range as at o7 nAChR. The
almost identical micromolar affinities of xanthoplanine
(3) and predicentrine methiodide (2) suggest that a4p2
nAChR receptor blockade by 1,2,9,10-tetraoxygenated
quaternary aporphines is insensitive to the position of
the free hydroxyl group. The similar affinities of boldine
methiodide (1) and its parent compound (5) for a4f2
nAChR indicate that in this series quaternization is
not always a requisite for effective nicotinic receptor
blockade and is reminiscent of the effect of tubocurarine,
in which one of the benzylisoquinoline moieties is also
not quaternary, and of the tertiary Erythrina alkaloids
and the synthetic secondary amine mecamylamine.
However, bromination of boldine at C-3 (6) or at both
C-3 and C-8 (7) resulted in a 10-fold drop in affinity
for a4p2 nAChR.

3. Experimental
3.1. General procedures and chemicals

Solvents and reagents were of synthetic quality, pur-
chased from Sigma-Aldrich (St. Louis, MO) or Merck
(Darmstadt, Germany). The purity of the aporphine
alkaloids used as starting materials (boldine isolated
from Peumus boldus bark,'* and N-methyllaurotetanine
isolated from Duguetia vallicola leaves'>) was assessed
by TLC (CH,Cl,-MeOH-25% aq NH; 80:19:1).
3-Bromoboldine (6) and 3,8-dibromoboldine (7) were
prepared as described previously.'® Melting points are
uncorrected. NMR spectra were recorded at 300 MHz
(*H) or 75 MHz ('3C) using the solvent peak as an inter-
nal reference.

3.1.1. Boldine methiodide (1). Boldine was treated with
Mel as described by Bremner and Winzenberg."> 'H
NMR (MeOH-d,)  3.15 (3H, s, N-CH3), 3.50 (3H, s,
N-CH3), 3.70 (3H, s, 1-O-CH3), 3.93 (3H, s, 10-O-
CHsy), 4.58 (1H, dd, J=14.1, J' = 3.4 Hz, H-6a), 6.78
(1H, s, H-3), 6.93 (1H, s, H-8), 8.03 (1H, s, H-11). *C
NMR (DMSO-dg) 6 23.49 (C-4), 28.53 (C-7), 43.45
(N-CH3), 53.41 (N-CH3), 56.15 (1-O-CH3), 60.03 (10-
O-CHs), 68.44 (C-6a), 112.2 (C-11), 114.7 (C-3), 115.7
(C-8), 118.6 (C-3a), 122.2 (C-7a), 125.5 (C-11a), 126.3
(C-3b), 127.5 (C-11b), 144.2 (C-1), 146.9 (C-9), 147.2
(C-10), 151.4 (C-2).

3.1.2. Predicentrine methiodide (2). Predicentrine
(350 mg, 1.03 mmole), prepared by partial methylation
of boldine,'* was treated with methyl iodide in a proce-
dure similar to that used for boldine. The gummy prod-
uct was crystallized in MeOH-i-PrOH to afford 34 mg
off-white microcrystalline rods, mp 202-204°C, 'H
NMR (MeOH-d,) 6 3.05 (3H, s, N-CHj3), 3.40 (3H, s,
N-CH3), 3.60 (3H, s, 1-O-CH3), 3.82 (3H, s, 10- or 9-
0-CH3), 3.87 (3H, s, 9- or 10-O-CH3), 4.53 (1H, dd,
J=14.2, J =3.5Hz, H-6a), 6.70 (1H, s, H-3), 7.00
(1H, s, H-8), 7.97 (1H, s, H-11).

3.1.3. Xanthoplanine iodide (/N-methyllaurotetanine
methiodide, 3). N-Methyllaurotetanine (256 mg,
0.75 mmole) was dissolved in acetone (2 mL), treated

with methyl iodide (1 mL, 2.28 g, 16 mmole), and stirred
overnight protected from light. The product was col-
lected by filtration as a white solid (296 mg, 81%), mp
188-190 °C (lit.'” 190-191 °C), '"H NMR (D,0) 6 2.89
(s, 3H, N-CH3), 3.27 (s, 3H, N-CHs;), 3.49 (s, 3H, 1-0-
CH,;), 3.67 (s, 3H, 2-O0-CH3), 3.80 (s, 3H, 10-O-CH,),
6.58 (s, 1H, H-3), 6.75 (s, 1H, H-8), 7.60 (s, 1H, H-11).

3.1.4. Glaucine methiodide (4). Glaucine, obtained by
complete O-methylation of boldine,'* was treated with
methyl iodide as described by Bremner and Winzen-
berg.”> '"H NMR (MeOH-d,) ¢ 3.08 (3H, s, N-CHj),
3.43 (3H, s, N-CH;), 3.68 (3H, s, 1-O-CH3), 3.84 (3H,
s, 2- or 9-0-CH3), 3.88 (3H, s, 9- or 2-O-CHs;), 3.89
(3H, s, 10-0-CH3), 4.63 (1H, dd, J=14.2, J' = 3.2 Hz,
H-6a), 6.89 (1H, s, H-3), 7.21 (1H, s, H-8), 7.98 (1H,
s, H-11).

3.2. Pharmacology

3.2.1. Receptor binding. All seven compounds were as-
sayed for binding to human o7 and 42 nAChR stably
expressed in clonal cell lines,'®'® using ['*’I]a-bungaro-
toxin (o7) or [*H]cytisine (04p2) as radioligands,? The
binding saline used in ['**I]a-bungarotoxin studies con-
sisted of (in mM) 140 NaCl, 1 EDTA, and 50 Tris—
HCI at pH 7.4, while for [PH]cytisine binding the saline
contained (in mM) 120 NaCl, 5 KCI, 1 MgCl,, 2.5
CaCl,, and 50 Tris, pH 7.0. ['*’I]a-bungarotoxin bind-
ing and [*H]cytisine binding studies were carried out in
membrane homogenates prepared from o7- or a4p2-clo-
nal cell lines, respectively, as described previously.?!->?
Non-specific binding was defined using 10 pM nicotine.

3.2.2. Functional studies. Xenopus oocytes were prepared
and injected with human o7 or combinations of o4 + 32
nicotinic acetylcholine receptor subunit cDNAs as previ-
ously described.?? Whole-cell currents were measured by
two-electrode voltage clamp (GeneClamp 500, Axon
Instruments, USA) using 0.5-1.5 MQ agarose-cushioned
electrodes containing 3 M KCI. Oocytes were continu-
ally supplied with fresh Ringer solution (mM: 115 NaCl;
2.5 KCI; 1.8 BaCly; 10 HEPES, pH 7.2) in a 60 pL bath,
using a gravity-driven perfusion system at a rate of
10 ml/min. Acetylcholine and the aporphine derivatives
were applied dissolved in the same Ringer medium by
gravity perfusion using a manually activated valve. Ace-
tylcholine was applied for a period sufficient (approxi-
mately 10-20 s) to obtain a stable plateau response (at
low concentrations) or until the beginning of a sag after
the peak response (at higher concentrations). To con-
struct antagonist dose-response curves, the responses
elicited by co-application of the agonist and increasing
concentrations of antagonist were normalized to the re-
sponses elicited by ECsy concentrations of acetylcholine
alone. Constant responses to acetylcholine were ob-
tained before the co-application of agonist and antago-
nist. In these studies oocytes were preincubated with
antagonist for two min prior to the co-application pro-
cedure to ensure equilibration between receptors and
antagonists. To maintain ongoing measurements of the
control response to agonist throughout the experiment,
each co-application was bracketed by an application of
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ECs acetylcholine alone. Between successive drug appli-
cations, the cell was perfused with Ringer solution for
4 min to allow drug clearance and prevent receptor
desensitization.

3.3. Data analyses

Concentration-response functional or radioligand bind-
ing data for antagonists were fit by non-linear regression
(Prism 4.01, GraphPad, USA) to the equations:

i = imax/[1 + (ICso/x)™™"],

wherein i,,,,, maximal normalized current response (in
the absence of antagonist for inhibitory currents); x,
antagonist concentration, 1Csy, antagonist concentra-
tion eliciting half-maximal inhibition, and nHill, Hill
coefficient.

For radioligand binding data, the K; value of the test
compounds was determined using the equation of
Cheng and Prusoff, K; = ECs¢/1 + [X]/Kj.

Results are presented as means * standard error of the
mean (SEM) of at least four separate experiments from
at least two different batches of oocytes or membrane
preparations. Where appropriate, One-way ANOVA
or Student’s ¢ test for unpaired data was used, and val-
ues of P < 0.05 were regarded as significant.
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