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Abstract—A series of 6H,13H-pyrazino[l,2-a;4,5-a’'ldiindole analogs was synthesized in order to probe the pharmacophore hypo-
thesis for allosteric ligands of muscarinic M, receptors. The 3D structure of the novel ring system was determined by means of
NMR spectroscopy and X-ray diffraction revealing a totally flat geometry. Low binding affinities for the [*H]N-methylscopol-
amine-occupied M, receptors (reflected by ECs 4;5s) indicated that the spatial arrangement of the pharmacophore elements (two
aromatic rings flanked by two cationic centers) incorporated in the bisquaternary analogs 5 and 6 is unfavorable for strong ligand-re-
ceptor interactions. Due to the structural similarity of the novel compounds to neuromuscular-blocking agents, their affinities (reflected
by K;) to the muscle type of nicotinic acetylcholine receptors were also determined. The dimethyl and diallyl analogs 5 and 6 exhibited
rather high affinities to the muscle type of nicotinic acetylcholine receptors, suggesting a pronounced neuromuscular-blocking activity.
Compound 5 showed a 34-fold higher affinity for the muscle type nAChR than for the allosteric site of M, receptors.

© 2005 Elsevier Ltd. All rights reserved.

Apart from the conventional acetylcholine binding site,
all five muscarinic receptor subtypes (M;—Ms) contain a
second, allosteric binding domain. Allosteric ligands
could offer several advantages over classical ones,
including greater subtype selectivity and saturability of
their effect.!> According to a pharmacophore hypothe-
sis, potent allosteric ligands of muscarinic M, receptors
should incorporate two positively charged nitrogen
atoms at a distance of approximately 10 A flanked by
two aromatic ring systems. The relative spatial arrange-
ment of the pharmacophoric elements was recently
examined using the rigid caracurine ¥ and related ring
systems.>* SAR and QSAR studies suggested that the
relative orientation of the aromatic rings as given in
the caracurine V scaffold as well as N-quaternization
with non-polar alkyl groups of a maximal chain length
of three carbon atoms are required for an optimal
ligand-receptor interaction.
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To explore the pharmacophore model, we synthesized
several analogs of the 6H,13H-pyrazino[l,2-a;4,5-
a'ldiindole ring system and determined their binding
affinities to cardiac muscarinic M, receptors. The novel
ring system incorporates the pharmacophore elements in
a considerably different 3D arrangement when com-
pared to the caracurine V scaffold. Due to the structural
similarity of the novel compounds to neuromuscular-
blocking agents, we also determined their binding con-
stants to the muscle-type of the nicotinic acetylcholine
receptors. The findings reported here are important for
the development of potent allosteric modulators of mus-
carinic M, receptors with negligible neuromuscular
blocking activity (Fig. 1).

Condensation of the commercially available (25)-(—)-
indoline-2-carboxylic acid using DCC in THF afforded
the 6H,13H-pyrazino[l,2-a;4,5-a'ldiindole-6,13-dione 1,
which was converted to 6a,7,13a,14-tetrahydro-
6H,13 H-pyrazino[1,2-a;4,5-a’ldiindole 2 by reduction
of both carbonyl groups with borane in THF.® Dehy-
drogenation of the indoline moieties of compound 2
yielding 6H,13H-pyrazino[l,2-a;4,5-a’]diindole 3 was
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Figure 1. 3D-structure of caracurinium V salts® with pharmacophore
elements marked by arrows.

accomplished by heating compound 2 at reflux in toluene
with Pd/C 10%.” The methylamine side chains were intro-
duced by means of Mannich reaction using dimethyl-
methylenammonium iodide (Eschenmoser’s salt) in CH,
Cl,.® The resulting Mannich base 4 was double quatern-
ized using methyliodide and allylbrimide in CHCI; yield-
ing the methyl and the allyl ammonium salts 5 and 6,
respectively.® (see Scheme 1).

To determine the relative spatial arrangement of the
pharmacophore elements, the 3D-structure of com-
pound 4 was elucidated by means of NMR spectrosco-
py, semiempirical calculations, and single crystal X-ray
diffraction. Both 'H and '*C NMR spectra of 4 dis-
played only a single set of signals, indicating a symmet-
rical 3D-structure. Moreover, the methylene protons
within the central six-membered ring (6-CH, and 13-
CH,) appeared as a singlet (4H, 6 = 5.4 ppm). The
magnetic equivalence of the protons at C6 (and C13)
is only possible, when the central piperazine ring
adopts a fully flat conformation which implies a totally
flat geometry of the whole 6H,13H-pyrazino[l,2-a;4,5-
a'ldiindole ring system. The plane 3D structure was
also obtained as a result of semiempirical AM1 calcu-
lations (PC SPARTAN!?) irrespective of the starting
conformations of the central piperazine ring. The pro-
posed flat 3D structure was confirmed by X-ray crys-
tallography of compound 4.!" In the crystal structure,
the methylamine side chains are arranged symmetrical-
ly at the opposite sides of the pentacyclic ring system.
Consequently, the whole molecule possesses an inver-
sion center located in the middle of the central pipera-
zine ring (see Fig. 2).

/O BH3/THF
VAR —

Figure 2. X-ray structure (Ortep-Plot 50%) of compound 4."!

The allosteric action of the test compounds on the disso-
ciation of the conventional, orthosteric radioligand
[’H]N-methylscolamine ([*’H]NMS) was studied in
homogenates of porcine heart ventricles in Na,K,Pi-
buffer (4 mM Na,HPO,, 1 mM KH,PO,, pH 74,
23°C).!? Dissociation assays were used to determine
the affinity of the allosteric agents at receptors in which
access to the orthosteric site was blocked by PH]JNMS.
All compounds investigated were able to retard the dis-
sociation of [PH]NMS concentration dependently. To
generate concentration—effect curves, the apparent rate
constant of dissociation k_; was expressed as a percent-
age of the value under control conditions. The concen-
tration of an allosteric agent for a half-maximum effect
on orthosteric ligand dissociation (ECsgg;ss) corre-
sponds to a 50% occupancy of the liganded receptors
by the respective allosteric test compound.!? Thus,
ECsg4iss indicates the equilibrium dissociation constant
(Kp) of allosteric ligand binding to the PHNMS-occu-
pied receptor and reflects the affinity of the test com-
pound to the allosteric binding site. pECsg giss-values
of compounds 4-6 as well as of the equally substituted
caracurine ¥ analogs* are compiled in Table 1.

Both tertiary analogs 4 and caracurine V exhibited rela-
tively poor allosteric potencies (pECsg giss = 6.36 nM and
6.35, respectively). Whereas the double N-alkylation of
caracurine V with methyl and allyl groups produced a
pronounced increase of allosteric potency (55-fold for
R =Me, 44-fold for R =allyl), the corresponding
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Table 1. Binding constants for the inhibition of PH]NMS dissociation
from muscarinic M, receptors by the indicated compounds in Na,K,Pi-
buffer (for details, see text)

Compound PECs0_diss”
Caracurine V* 6.36 £ 0.04
Dimethylcaracurine V* 8.09 £ 0.02
Diallylcaracurine V* 7.95%0.08
4 6.35+0.05
5 6.64 £ 0.09
6 6.96 = 0.04

#Given are mean values = SEM of three experiments performed as
duplicate determinations.

Figure 3. Superposition of compound 5 (yellow) onto dimethylcarac-
urine V (fitting atoms are all six carbon atoms of one aromatic ring).

bisquaternary pyrazinodiindole analogs 5 (pECsg giss =
6.64 nM) and 6 (pECsg giss = 6.96) showed only slightly
higher binding affinity than the tertiary compound 4.
The findings are likely to be explained by considerably
different positions of the pharmacophore elements in
both ring systems. As shown in Figure 3, while one aro-
matic ring and the adjacent quaternary nitrogen adopt
similar spatial orientation in both caracurine V and pyr-
azinodiindole analogs, the position of the aromatic ring
and the quaternary head on the opposite side are totally
different in both ring systems. However, despite different
3D structures, the intercationic distance is the same in
both ring scaffolds (9.7 A).>!3

Possessing a bisquaternary structure with the positive
charges separated by a distance of ca. 10 A, the pyrazi-
nodiindole ammonium salts 5 and 6 are likely to exhibit
neuromuscular-blocking activity!* which would limit
their usefulness as muscarinic research tools. To assess
their neuromuscular-blocking potential, the equilibrium
binding constants (K;) of the compounds at the muscle

Table 2. Binding constants of the indicated compounds for the muscle
type nAChR in Hepes-buffer (for details, see text)

Compound pKi®
Caracurine V" <4.0
Dimethylcaracurine V> 5.28
Diallylcaracurine V'° 5.82
4 4.97 £0.02
5 6.48 £0.03
6 6.26 £ 0.02

type of nicotinic ACh receptors (nAChR) from the
membrane fractions of Torpedo californica electric organ
were determined in a binding assay using (*)-[*H]epi-
batidine as a radioligand.'® pKj-values of compounds
4-6 as well as of the equally substituted caracurine V
analogs'> are compiled in Table 2.

As expected, the bistertiary pyrazinodiindole analog 4
exhibited a very poor affinity to the muscle type nAChR,
suggesting a poor neuromuscular-blocking activity
(pK; = 4.97). In contrast, for the bisquaternary dimethyl
analog 5 a pKj-value of 6.48 was determined, indicating
high binding affinity. The diallyl analog 6 (pK; = 6.26)
was only slightly less potent than the dimethyl deriva-
tive. Both compounds showed affinities comparable to
that of the neuromuscular-blocking drug alcuronium
(N,N'-diallylbisnortoxiferine,'® pK; = 6.62).!> The high
binding affinities of the pyrazinodiindole analogs 5 and
6 to the muscle type nAChR suggest their neuromuscu-
lar-blocking potential being considerably higher than
those of the corresponding caracurine V analogs.

To assess the muscarinic/nicotinic selectivity of the new
compounds, one has to compare the binding constants
for the allosteric binding site of the M, receptor
(ECsp.qiss) With the binding constants at the muscle type
nAChR (K;). However, as the aforementioned binding
assays were conducted under different buffer conditions
(ECspaiss in ‘Na,K,P;-buffer’ 4 mM Na,HPO,, 1 mM
KH,PO,4, pH 7.4; K; in ‘Hepes-buffer:15 mM Hepes,
120 mM NaCl, 54mM KCI1, 0.8 mM MgCl,, and
1.8 mM CacCl,, pH 7.4), and especially the ECs giss-val-
ues are known to be strongly affected by the buffer con-
ditions,'” the direct comparison of the values from
Tables 1 and 2 could not be appropriate. Therefore,
the ECs qiss values of the pyrazinodiindole analogs 4—
6 were determined additionally under the Hepes-buffer
conditions used in the studies with nAChRs (Table 3).

Whereas the rank order of potency (6 > S > 4) observed
in the Na,K P;-buffer (Table 1) remained the same in the
Hepes-buffer (Table 3), the buffer switch was accompa-
nied by a loss of allosteric potency which is in agreement
with previous studies with other allosteric ligands.!” In
this respect, it has to be mentioned that, for example,
Mg**, a component of the Hepes-buffer, is known to
be an allosteric antagonist at M, receptors'®!1? and thus
decreases modulator potency. Anyhow, under identical
conditions the dimethyl analog 5 shows a 34-fold higher
affinity for the muscle type nAChR than for the alloste-
ric site of M, receptors. The diallyl analog 6 displays a

Table 3. Comparison of the binding constants for the allosteric site of
muscarinic M, receptors (ECs 4iss) and for the muscle type nAChR
(K;) in Hepes buffer (for details, see text)

Compound pECSO,dissa p[(1 a ECSO/Ki
4 4.78 £0.04 4.97%0.02 1.5

5 4.95£0.03 6.48 £ 0.03 34

6 5.64 £0.05 6.26 £ 0.02 4.2

#Given are mean values * SEM of three experiments performed as
duplicate determinations.

#Given are mean values of three experiments performed as duplicate
determinations.
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rather low nicotinic selectivity (ECso/K; = 4). The data
have revealed that the bistertiary compound 4 exhibits
equal affinities toward the muscarinic and nicotinic
receptors tested.

In summary, to probe the pharmacophore hypothesis
for allosteric ligands of muscarinic M, receptors, ana-
logs of the 6H,13H-pyrazino[l,2-a;4,5-a’]diindole ring
system 4-6 were synthesized. The 3D structure of the
novel ring system was determined by means of NMR
spectroscopy and X-ray diffraction revealing a totally
flat geometry. Low binding affinities to the PHJNMS-
occupied M, receptors (ECs qiss) indicated that the spa-
tial arrangement of the pharmacophore elements (two
aromatic rings flanked by two cationic centers) incorpo-
rated in the bisquaternary analogs 5 and 6 is unfavor-
able for strong ligand-receptor interactions when
compared to the corresponding caracurine V analogs.
Interestingly, compounds 5 and 6 exhibited higher affin-
ities (K;) to the muscle type of nicotinic acetylcholine
receptors compared with M, receptors whose orthoster-
ic site is blocked by NMS, suggesting a pronounced neu-
romuscular-blocking activity. The largest difference was
seen with the dimethyl analog 5 possessing a 34-fold
higher affinity for the muscle type nAChR than for the
allosteric site of M, receptors.
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