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Anxioselective agents may be identified among compounds binding selectively to the a3y, subtype of the
y-aminobutyric acid-A (GABAA)/central benzodiazepine receptor (BzR) complex and behaving as agonists
or among compounds binding with comparable potency to various BzR subtypes but eliciting agonism only
at the opf3xy, receptor. Because of subtle steric differences among BzR subtypes, the latter approach has
proved much more successful. A biological screening within the class of indol-3-ylglyoxylamides 1—3 allowed
us to identify compounds 1c and 2b as potential anxiolytic/nonsedative agents showing o, selective efficacy
in vitro and anxioselective effects in vivo. According to molecular modeling studies, and consistently with
SARs accumulated in the past decade, 5-NO,— and 5-H-indole derivatives would preferentially bind to
BzR by placing the indole ring in the Lp; and the L, receptor binding sites, respectively.

Introduction

Benzodiazepines are currently the drugs of first choice in the
treatment of anxiety. These compounds bind to an allosteric
site located at the y-aminobutyric acid-A (GABAA®) receptor
complex, the so-called central benzodiazepine receptor (BzR).!
Actually, benzodiazepines represent just one of the many
chemically diverse classes of ligands of the GABAa/BzR
complex that display a pharmacological action ranging from
full agonism (anxiolytic, anticonvulsant, sedative-hypnotic, and
myorelaxant agents) to antagonism (agents to reverse sedation
caused by BzR agonists), and to inverse agonism (anxiogenic,
somnolytic, and proconvulsant agents). Agonists and inverse
agonists are positive and negative allosteric modulators of
GABA affinity, respectively, while antagonists do not modify
GABA binding.??

The GABAA/BzR complex contains a chloride channel and
is a membrane-bound heteropentameric protein that may be
assembled from at least 21 subunits belonging to eight different
classes (6, 48, 4y, 1, 18, 3p, 10, and 17).* ® It has been
found that a fully functional GABAA/BzR must contain an a
subunit, a 5 subunit, and a y subunit, and it is currently accepted
that the predominant native receptors comprise 2a, 23, and 1y
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subunits. The major benzodiazepine-sensitive GABA receptor
subtypes in the brain are oyfByy2, 0Bxy2, 0afxy2, and osByy 2,
with the BzR being located between the a and y subunits. The
oufxy2 and agfxy» subtypes do not respond to benzodiazepines
and are therefore called benzodiazepine-insensitive receptors.”
The v, subunit is the major occurring y subunit in the brain.
The f subunit does not seem to affect the pharmacology of
benzodiazepines, whereas it has been demonstrated that the o
subunit is the main determinant of BzR ligand selectivity
(therefore BzR subtypes take their names from the o subunit).”®
In situ mRNA hybridization, subunit specific immunoprecipi-
tation, and immunoaffinity chromatography have allowed the
determination of the distribution of the GABA subtypes in the
brain. The ayfyy, subtypes are the dominant ones and are present
in both the cerebellum and the cortex. The afxy. and oafByy2
receptors are of medium abundance and are found mainly in
the cortex and hippocampus, whereas the osfxy, isoforms are
scarcely abundant as they are only largely expressed in the
hippocampus. This differential localization of the GABAa
receptor subtypes in brain areas has suggested that the different
subtypes may be associated with different physiological effects.
In particular, it was demonstrated that the o containing BzR
mediates sedative action, that the a, subtype is involved in
anxiolytic and myorelaxation effects, and that the as subtype
is associated with cognition processes like learning and memo-
rizing. Finally, the role of the a3 subtype seems to be mainly
involved in mediating anxiety.” ® The correlation between
pharmacological profile and specific action at the various BzR
subtypes provides a rationale for the search of molecules capable
of binding and/or eliciting allosteric modulation at a single or
a group of BzR subtype/s. Thus, an anxioselective BzR ligand
may be identified either among compounds binding selectively
to the o, subtype and behaving as agonists (affinity-based
selective agents) or among compounds binding with comparable
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Chart 1. Structures of Indol-3-ylglyoxylamide Derivatives 1—3
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potency to various BzR subtypes that elicit agonism at the a,
subtype and antagonism at other subtypes (efficacy-based
selective agents). Compared to classical nonspecific BzR
agonists, such as diazepam, either affinity or efficacy-based o,
selective agonists are expected to retain anxiolytic properties
without side effects like sedation, ataxia, tolerance, dependence,
and impairment of cognitive processes.*®**

Molecular modeling studies performed by Cook’s group*?
on structurally different classes of BzR ligands led to the
development of a comprehensive pharmacophore/topological
model consisting of several BzR interaction (sub)sites: (i) an
H-bond acceptor (A,), (ii) an H-bond donor (H,), (iii) an H-bond
donor/acceptor (Hy/As3), (iv) four lipophilic pockets (L;, Ly, Ls,
and Lp;), and (v) three sterically forbidden sites (S;, S,, and Ss)
as boundaries of the receptor binding cleft.

Further studies by the same researchers have suggested that
the shapes of the BzR subtypes are very similar, with the
exception of oy and a5 subtypes that seem to be slightly larger
in size at two distinct lipophilic regions, called Lp; and L,
regions, respectively.™® The above steric differences have been
exploited to obtain ligands that bind selectively to either a; or
as subtypes™® but have also hampered the identification of
affinity-based a, and/or os selective ligands.® The search of
efficacy-based o, and/or a3 selective ligands by screening and
lead optimization methods has yielded better results in a variety
of chemical classes.*016~2

In the past several years, our research group has described
the synthesis and biological evaluation of several BzR ligands
featuring an indol-3-ylglyoxyl scaffold: N-benzylindol-3-ylg-
Iyoxylamides (1),%° (R) and (S) enantiomers of N-(a-substituted-
benzyl)indol-3-ylglyoxylamides (2),>” and N-(indan-1-yl)indol-
3-ylglyoxylamides (3)?” (Chart 1). The structure—affinity
relationships of these ligands were rationalized by assuming that
they adopt two alternative binding modes, called A and B in
their interaction with the BzR (Figure 1). Specifically, the 5-CI/
NO, derivatives adopt preferentially the binding mode A,
whereas the 5-H derivatives preferentially adopt the binding
mode B.2"%8

Prompted by the interesting potency displayed by some of
the indoles 1—3 at the wild type BzR, as well as their favorable
pharmacokinetic properties,®®2° we tested them as potential
anxioselective agents in three steps: (i) determine the affinity
for the rat recombinant oyf,y,, B2y, and asfsy, BzR
subtypes, (ii) determine the efficacy profile for compounds
displaying the highest potency at the o, BzR subtype, and (iii)
evaluate the in vivo pharmacological properties of compounds
that turned out to be affinity- or efficacy-based o, selective.
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Figure 1. Hypothetical binding modes A and B of indole derivatives
to BzR within the framework of Cook’s pharmacophore/topological
model 2728

Scheme 1. Synthesis of Indol-3-ylglyoxylamide Derivatives
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The same screening was then extended to newly synthesized
derivatives of the relatively rigid N-(indan-1-yl)indol-3-ylgly-
oxylamide scaffold®” bearing different substituents (X = F, NO,,
CHjs, OCHj) at the 5' position of the indane nucleus (compounds
3c—j).

Herein, we describe the synthesis of the novel derivatives
3c—j and the biological/pharmacological studies on a number
of indoles 1—3 leading to the identification of functionally
selective agonists of the o, BzR subtype characterized by in
vivo anxioselective properties. Finally, molecular modeling
studies were carried out to rationalize the structure—affinity
relationships in the class of indol-3-ylglyoxylamides at the
molecular level.

Chemistry. Acylation of the appropriate indoles 4 and 5 with
oxalyl chloride,® followed by reaction of the indolylglyoxylyl
chlorides 6 and 7 in toluene with the appropriate amines 8—11
under mild conditions and in the presence of triethylamine
afforded the new compounds 3c—j (Scheme 1).

The 1-indanamines 8,*10,% and 11* were prepared follow-
ing a published synthetic procedure®® starting from the corre-
sponding 5-substituted-1-indanones, whereas the 5-nitro sub-
stituted derivative 9 was obtained in three steps according to
another synthetic route (Scheme 2). The 5-nitro-1-indanone 13
was synthesized in good yield (66%) by oxidation of the
5-amino-1-indanone 12 with m-chloroperoxybenzoic acid in
dichloromethane. Reaction of 13 with methoxyamine led to the
intermediate methyloxime 14 that was converted into the final
amine 9 by treatment with diborane in tetrahydrofuran. All
1-indanamines 8—11 were used as racemic mixtures.

Biological and Pharmacological Studies. The binding
affinity of the newly synthesized indole derivatives 3c—j for
the BzR in bovine brain membranes was determined by
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Scheme 2. Synthesis of 5-Nitro-1-indanamine 9
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competition experiments against the radiolabeled antagonist
[®H]flumazenil** and expressed as K; values only for compounds
inhibiting radioligand binding by more than 80% at a fixed
concentration of 10 uM (Table 1). The binding data of the
previously described indol-3-ylglyoxylamides 1a—h,?®2a—b,?’
and 3a—b?” are also included in Table 1.

The affinity of compounds 3c—j for BzR subtypes was
evaluated by measuring their ability to displace [*H]flumazenil
in membranes from HEK293 cells expressing rat o322, 0af2)2,
and asfsy; BzRs (Table 1).2” The same binding assays were
performed for compounds 1c—h,?® 2a—b,?” and 3a—b?'(Table
1).

The compounds displaying the highest potency at the a, BzR
(1c, 2b, 3b) were tested for their functional efficacy by
measuring their modulatory effect on *¢CI~ influx through the
ion channel pore at a GABA concentration, evoking 20% of
the maximum influx (ECy) in cloned HEK293 cells expressing
a1f2y> and B2y, BzRs, as previously described.?®° A 100
times higher concentration than the K; value of the tested
compound provided the maximal effect on the GABA-evoked
Cl~ influx.®® Efficacy results are shown in Figure 2, in which
the nonselective full agonist diazepam was included as the
reference standard.

Furthermore, the anxiolytic activity of the selected compounds
1c, 2b, and 3b was first evaluated by a mouse light/dark (LD)
test, after ip treatment with the test compound (20 mg/kg), or
diazepam (1.25 mg/kg) used as control (Figure 3).

Molecular Modeling Studies. Docking simulations were
carried out using the AutoDock4 (AD4) software.>” Compounds
1c and 2b were docked into the models of the BzR constructed
by Cromer et al.® and by Ernst et al.>® The binary complexes
between ligands and the receptor were further investigated by
molecular dynamics (MD) simulations using the AMBER 9.0
package software.*® Visual inspections of the calculated com-
plexes were attained using the MGL Tools** and the UCSF
Chimera packages.*?

Results and Discussion

The binding data reported in Table 1 indicate that most of
the newly synthesized compounds 3c—j show appreciable
affinity for the BzR in bovine brain membranes, with the 5-NO,
substituted derivatives being more potent than the corresponding
5-H counterparts. Compound 3j, bearing 5-NO, and 5'-OCH3
substituents, stands out as the most potent in the whole series
with a K; value of 13 nM. The higher potency of 3j (K; 13 nM)
compared with the parent compound 3b (K; 28 nM) may be
due to an H-bond between the 5'-OMe group of 3j (in the
binding mode A) and an H-bond donor that we believe is present
on the surface of the S; site.** Within the 5-H indanyl
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derivatives, the insertion of electron-withdrawing groups on the
side chain of the aromatic ring does not improve the affinity,
differently from the trend observed in the benzylamine series
(compare 3c and 3e vs 3a, with respect to 1c and le vs 1a).

The novel compounds endowed with significant potency at
the wild type BzR (3c,d,f,i,j), together with some previously
described indoles (1c—h, 2a,b, and 3a,b), were assayed for their
affinity to recombinant rat ayf,y2, 00272, and asfsy, BzRs
(Table 1).

An overview of the binding data shows that all tested
compounds display enhanced affinities for the o, isoform
compared with o, and os subtypes with various degrees of
selectivity. The only exception is 1c, which showed a moderate
o binding selectivity. However, a number of ligands (1e, 2b,
3b, 3j) showed a fairly good o, binding affinity, even though
they were not selective. These data indicate that the insertion
of small groups with various steric and electronic properties on
the side chain of the benzene ring (both in the benzylamines
1,2 and in their indanyl closed-chain analogues 3) does not lead
to a selective binding to the o, BzR.

As mentioned above, it has been widely reported in the
literature how difficult it is to obtain affinity-based o, selective
ligands due to subtle steric differences among BzR subtypes,*®
whereas efficacy-based o, selective agents have been more
easily identified.*®*°** Thus, we assessed the efficacy profile
of compounds 1c, 2b, and 3b, displaying the highest potency
at the a, BzR. Figure 2 shows the maximal efficacy on
coapplication with GABA of the tested compounds at the rat
recombinant a; and a, BzRs, using diazepam as the reference
standard. At the a; subtype, all three compounds displayed an
efficacy lower than the one of diazepam (11%, 35%, 1%, and
71% for 1c, 2b, 3b, and diazepam, respectively). In particular,
the efficacy ranged from antagonism for 3b to partial agonism
for 2b and antagonism/partial agonism for 1c. At the o, subtype,
1c and 2b showed an efficacy profile comparable to the one of
diazepam (85%, 79%, and 81% for compounds 1c, 2b, and
diazepam, respectively), whereas 3b behaved as a partial agonist
(48% and 81% for 3b and diazepam, respectively). These results
may predict anxiolytic nonsedative properties for the tested
compounds.

Because of their promising efficacy profile, 1c, 2b, and 3b
were evaluated in vivo for their effects on mouse anxiety by
means of a light/dark (LD) apparatus, using diazepam as the
anxiolytic control.

The LD test is based on the mouse conflict between its innate
aversion to brightly illuminated areas and its spontaneous
exploratory behavior in response to mild stress, that is, novel
environment and light. When given a choice between a large
brightly lit compartment and a small dark compartment, a mouse
spontaneously prefers the dark one. The conflict rises between
the natural tendency to explore and the initial tendency to avoid
the unfamiliar (neophobia). In this view, drug-induced increase
in behaviors in the brightly lit open area is proposed to reflect
anxiolytic activity.*® The time spent in the lit area and the
number of transitions between the light and dark chambers have
been reported as the most reliable parameters to assess anxi-
olytic-like activity.**~*° Another important parameter involves
the evaluation of the total activity of the animals that could be
considered as an index of potential sedative action. Thus, it
seems obvious that animals that spend less time in one
compartment demonstrate few movements and vice versa. To
avoid this problem, results of movements/exploratory behavior
in a specific area were expressed as a function of the time spent
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Table 1. Inhibition of [*H]Flumazenil Specific Binding to Bovine Brain Membranes and to Rat o32y2, 0xB2)2, and asB3y, GABAA/Bz Receptor
Subtypes® of Indol-3-ylglyoxylylamide Derivatives 1—3

K; (nM)b or % inhibition (10 pM)°

no. R;s R’ X Conf.

cortex oufoy: (147378 osBsy2

X
Rs Q Hp
N
1a H H H - 120£11%  346+£29° 39%=+3°  46%+5°
1b NO, H H - 117£12%  65+£5°  32%=3°  44%4°
1c H H F - 52+4¢ 245120 11810 163 + 14
1d NO, H F - 24% £ 3¢ NDf ND ND
le H H NO, - 21+2¢8 16+ 28 210+ 15 58+ 6%
1f NO, H NO, - 620495  293x17 2980272 2220+ 180
1g H H OCH; - 163£12¢ 19516 1950+156  30%=5
1h NO, H OCH; - 53+59 42+3% 1645114 126+ 118
2a H CH; H R 1307+ 1248 1150+ 86% 1550+ 132 5500+ 360¢
2b NO, CH; H R 17+18 14+28 12149 239+218
Rs Q R
O
N X

3a H - H R 675+31% 225+13% 3100290 2160+ 160%
3b NO, - H R 28+28 9+ 0.68 85+7 95+ 8%
3c H - F R/S 2160+ 168 2049+180  29%=3 44%+3
3d NO, - F R/S 300+£21  195+10  810+73 1420120
3e H - NO, R/S 47% ND ND ND
3f NO, - NO, RS 178410  200+15  513+41 749 + 65
3g H - CH: RS 15% ND ND ND
3h NO, - CH; RS 2% ND ND ND
3i H - OCH; R/S 63641  246+19 690+ 62 28%+ 2
3j NO, - OCH; R/S 13+£02  28+05  231+10 252+ 14
diazepam 10+ 1.1 11+21 15+1.7 9.8+ 1.1
zolpidem 51+4 50+3 765 + 63 35+3

aThe ability of the compounds to displace [*H]flumazenil was measured in membranes from HEK293 cells expressing the aufay2, auB2y2, and asBay:
subtypes, as described in the Experimental Section. ° K; values are means &= SEM of three determinations carried out in triplicate. ¢ Percentage inhibition
values of specific [*H]flumazenil binding at 10 «M concentration are means + SEM of three determinations carried out in triplicate. ¢ Data taken from ref

26. € Data taken from ref 29. T Not determined. 9 Data taken from ref 27.

in the compartment under consideration.*® Anxiolytic agents
selectively increased exploration rather than general activity.
In the present investigation, the time spent in the white
compartment (TW), the number of transfers from the lit to the
dark area and vice versa (Tran) were measured after the mouse
was treated ip with the test compounds 1c, 2b, and 3b (20 mg/
kg) or diazepam (1.25 mg/kg) used as control (Figure 3a,b).
To evaluate the total activity parameter, the number of
exploratory rearings in the white section and the number of line

crossings (total activity, AW, data not shown) were also
measured and expressed as a function of TW (AW/TW, Figure
3c).

Administration of the reference diazepam at a dose of 1.25
mg/kg produces anxiolytic-like effects, as evidenced by the
significant increase of TW and Tran parameters with respect to
vehicle treated group (Figure 3ab). These results are in
agreement with the literature.*® This anxiolytic effect is devoid
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Figure 2. Maximal efficacy of compounds 1c, 2b, and 3b, and
diazepam on rat recombinant oSy, and 0By, GABAA receptor
subtypes. Results are expressed as percentage of increase in the response
to GABA, at ECy (mean + SEM) from at least five independent
experiments.

of sedative component, as demonstrated by the AW/TW
parameter that is even greater than the ones of the control group
(Figure 3c).

Administration of compounds 1c and 2b in mice induced an
increase in the TW and Tran values compared to vehicle-treated
mice (Figure 3a,b); however, the AW/TW parameter for both
compounds and control are comparable (Figure 3c). On the basis
of these in vivo data, 1c and 2b may be novel anxiolytic agents
lacking sedative activity.

In spite of its in vitro efficacy at the a, BzR, 3b displayed
no significant differences in vehicle-treated animals for all
parameters measured, evidencing no appreciable in vivo activity
(Figure 3). In this respect, the in vivo effects of pharmacologi-
cally active substances may diverge from those expected on
the basis of in vitro experiments due to unfavorable pharma-
cokinetic properties (for example, 3b may be metabolized to a
different extent than 1c and 2b).

Molecular Modeling. Recently, Cook et al.>° have oriented
the previously proposed pharmacophore model**** into the
binding site of the ay5,y, BzR by considering the most recent
advances in ligand structure—affinity relationships and structural
studies of the receptor binding site. Taking into account this
unified pharmacophore/receptor model, we undertook a molec-
ular modeling study on our compounds in order to explain their
structure—affinity relationships.

Among the available models of ayf,y, BzR in its closed-
channel conformation (Figure 4), we considered those kindly
provided by Cromer®® and Ernst.>*® A detailed comparison of
the two reveals that they share a common general folding,
although, as expected, some differences can be seen in the
orientation of the loops. Both these BzR models, most precisely
the ligand binding domains of the o and y subunits, were used
to dock compounds 1c and 2b that were the most interesting
from a pharmacological point of view. Results of docking
simulations were analyzed by taking into account the predicted
binding free energy (AGaps) associated to each docked solution,
together with the consistency with ligand structure—affinity
relationships data and results of receptor site-directed mutagen-
esis studies.

In particular, because experimental data have outlined that
both the a and y subunits are required for recognition and
binding of BzR ligands,®?*° all the docked poses in which the
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Figure 3. Effects of compounds 1c, 2b, and 3b (20 mg/kg ip) on
behavioral parameters in the LD test in mice (n = 4—6) in comparison
with diazepam (1.25 mg/kg ip) or with vehicle (1% carboxymethyl
cellulose). Each value represents mean + SEM. Statistical significance
was calculated for each substance versus the control using a two-tailed
unpaired t-test. Mice that failed to move from the white to the black
compartment were eliminated from the final analysis. * p < 0.05.

ligand was unable to efficiently contact both subunits at the same
time were discarded.

All the remaining solutions found for 2b using Cromer’s
model belong to the two lowest energy clusters (the predicted
binding free energies are reported in Table 4 in Supporting
Information) and differ for the relative positions of the ligand
aromatic rings. In the first cluster (mode A) 2b projects its indole
ring toward the y subunit in the putative Lp; site (Y160, T142,,
L140,, M130,, and R132,)*° and the phenyl ring is closer to
the o subunit lying in the putative L, site (interface between
loop C and A of the a subunit).>® In the second cluster (mode
B), the ligand aromatic rings are swapped (for any details of
ligand—receptor interactions see Figure 1 in the Supporting
Information). Interestingly, the existence of two possible binding
modes for the indole derivatives had already been postulated
in our previous studies based exclusively on their structure—
affinity relationships.?®
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Figure 4. Side view of the used BzR model. The putative ligand
binding cavity is depicted as a surface while the rest of the protein as
ribbons. The o and y subunits are colored as orange and green,
respectively.

However, when the docking of 2b was performed in the
structural model of a oy BzR by Ernst and co-workers,* the
ligand was unable to take direct contact with both the o and y
subunits at the same time. Particularly, in the great majority of
the calculated binding poses, the ligand is closer to the a subunit.
Such a behavior is mainly ascribable to the presence of Q204
that extends its bulky side chain toward the inner part of the
binding site preventing the ligand to span from the L, to the
Lp;i site. Similar considerations could also be done when Ernst’s
model was used to dock compound 1c. Thus, Cromer’s model
was selected for further ligand—receptor model refinements.

Similarly to 2b, when 1c was docked in Cromer’s model, a
double binding pose was still found with the indole ring pointing
toward the y subunit (in the Lp; site, mode A) or toward the a
one (in the L, pocket, mode B) (Figure 2 in Supporting
Information).

The binary complexes calculated by the docking program for
1c and 2b, in both modes A and B, were then subjected to a 10
ns MD simulations to refine the predicted binding geometries.
Most importantly, given the dichotomy of binding modes
(A and B) predicted for these ligands, results of MD simulations
could suggest a preferential binding orientation for each ligand.

Because in the present study only the extracellular portion
of the BzR ligand binding domain was considered, a preliminary
analysis of MD results was attained to probe whether the
absence of the other BzR subunits (two 8 and one o) might
have influenced the overall binding site architecture. To identify
the relative internal motions of the protein residues, the isotropic
temperature (B) factor for each residue in the simulations was
calculated (see Figures 8 and 9 in Supporting Information). As
expected, the truncation of the model led to a high degree of
flexibility of the regions in direct contact with the missing
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segments. However, such an artifactual plasticity did not affect
the conformation of the ligand binding site, as demonstrated
by the low B-factor values calculated for the residues in this
portion (see Figures 8 and 9 in Supporting Information). Thus,
we are confident that considering the sole extracellular ligand
binding domain does not significantly hamper the correctness
of molecular modeling studies aimed at the description of a
ligand binding mode in BzR.

For the 2b/BzR complex in the binding mode A, the
simulation demonstrated that the ligand is stabilized in a
conformation similar to the starting one (Figure 5a and
Supporting Information). In the Lp; site, the ligand 5-NO, group
forms an H-bond with the Y210, side chain (Figure 6a) that
was found to be in direct interaction with other BzR ligands
according to covalent labeling data.>* Furthermore, during the
MD simulations, an additional T-shaped interaction is estab-
lished by the indole ring with Y160, that is reinforced by the
electron-withdrawing NO, group and by the formation of an
H-bond between the ligand indole NH and the Y160a. side chain
OH.

Our 2b/BzR interaction model is consistent with the phar-
macophoric role of the indole NH as H-bond donor because its
methylation as well as its replacement by an oxygen or a sulfur
atom diminishes or abolishes the potency.?®®> Moreover, the
inspection of the energy-minimized average structure of the
complex reveals the presence of an H-bond between the carbonyl
oxygen attached to the indole ring and S206,. In such a
conformation, the ligand side chain methyl group takes favorable
hydrophobic contacts with V203,, V213, and H102, Ad-
ditionally, the aromatic ring of H102, is involved in a well-
oriented T-shaped interaction with the ligand phenyl ring.
According to structure—affinity relationships in the benzyl-3-
indolylglyoxylamides, affinity is enhanced when the pendant
phenyl ring is substituted at the 3" and 4’ positions with hydroxy/
methoxy groups (for instance, compare 3j with 3b). In this
respect, a visual inspection of pose A calculated for 2b reveals
that S205,, (loop C) could indeed donate an H-bond to the above
cited groups when they are present. The same is true for K256,,.
Moreover, it has been demonstrated that only the (R)-enantiomer
of 2b is endowed with affinity for BzR.?” Indeed, the (S)-
enantiomer of this ligand would hardly adopt pose A due to
steric clashes between its phenyl ring and the o receptor subunit.

MD simulations for mode B have shown certain instability
in the binding conformation calculated by AD4. In fact, during
the production run, 2b is displaced from its initial position and
after 8 ns it adopts a stable orientation that differs substantially
from the initial one (Figures 5b and 6b). Interestingly, the frames
calculated in the last 3 ns of the simulations have the lowest
potential energy values recorded during the production run.
However, in this new binding pose, some inconsistencies arise
from the position of the ligand phenyl ring that is now distant
from the Lp; and that makes weak van der Waals contacts with
M81, and L140, side chains in a rather shallow solvent exposed
receptor region. Indeed, structure—affinity relationships data
indicate that affinity is retained by replacing the phenyl ring
with alkyl chains of suitable size and length, such as i-propyl
or n-butyl but not longer or branched such as n-pentyl or
t-butyl.?® Likewise, replacement of the same phenyl moiety with
different 5- or 6-membered aromatic rings allows retention of
the affinity.*® These data would suggest that the cleft hosting
the benzyl moiety should be mainly hydrophobic and have a
limited room. As mentioned before, while in mode A, the
terminal phenyl of 2b is placed in the lipophilic L, site, in mode
B, the same ring is hosted in a rather shallow and large pocket
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Figure 5. Binding conformations of 2b (a and b) and 1c (c and d) in pose A (a and c¢) and B (b and d) into the BzR cleft. The receptor is
represented as green (y subunit) and orange (o subunit) ribbons. Ligands in their docked conformations are represented in purple sticks, while
ligands in conformations calculated through MD simulations are represented as white sticks.

Figure 6. Energy-minimized average structures of the 2b/BzR complex
in binding modes A (a) and B (b). The ligand is depicted as white
sticks, the oo subunit as orange sticks and ribbons, and the y one is
represented as green sticks and ribbons. For clarity, only interacting
residues are shown.

that can possibly host bulky substituents. From these consid-
erations, mode A for 2b, rather than B, seems to be more
consistent with the above outlined experimental data.

Analysis of the MD trajectories for the 1¢/BzR complex in
the binding mode A revealed that the ligand fluctuates among
different orientations reaching after 6 ns a stable pose that is
significantly different from the initial one (Figures 5c and 7a).
Particularly, the ligand phenyl ring is displaced from the L, site
in the o subunit to make weak contacts with loop F of the y
subunit (Figure 7a and Supporting Information).

During the 10 ns MD simulation of 1c in the binding mode
B, the ligand remains stably adapted in the receptor cavity (rmsd
= 1.5 A), contacting both o and y subunits and having strong
interactions (Figure 5d and Supporting Information). Specifi-
cally, the indole moiety is engaged in a 7—s interaction with

Figure 7. Energy-minimized average structures of the 1c/BzR complex
in binding modes A (a) and B (b). The ligand is depicted as white
sticks, the oo subunit as orange sticks and ribbons, and the y one is
represented as green sticks and ribbons. For clarity, only interacting
residues are shown.

the Y160, aromatic ring, the p-fluorophenyl ring favorably
contacts M132,, Y141,, P127,, and A161, residues and engages
a T-shaped interaction with the Y160, side chain, and the amide
NH donates an H-bond to the T142, backbone CO (Figure 7b).
Interestingly, for compounds of the 5-H indoles series, the
replacement of the terminal benzyl moiety with various alkyl
chains always results in a loss of potency.?® This suggests the
involvement of the pendant phenyl ring of these ligands in strong
interactions with the receptor. Thus, pose B rather than A would
be more consistent with structure—activity relationships in the
5-H indole series.

Interestingly, rescoring the minimized average complexes
found in the MD simulations for 2b/BzR and 1c¢/BzR in the
two binding solutions (A and B, respectively) with a new
empirical scoring function implemented in AD,%" we have
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found that for 2b pose A is energetically favored (AG = —7.0
kcal/mol) over pose B (AG = —4.6 kcal/mol) (Table 5 in
Supporting Information). On the other hand, for compound 1c,
the AD4 rescoring predicted a AG value more favorable for
pose B than for pose A (—8.5 and —5.1 kcal/mol, respectively).
Analysis of the energy components of the four AG values
reveals that the differences are mainly related to van der Waals
contacts (corresponding to hydrophobic interactions) that are
maximized in pose A for 2b and in pose B for 1c (Table 4 in
Supporting Information).

Altogether, these results suggest that compound 2b binds to
the o/y interface of the BzR adopting pose A, while 1c
preferentially adopts pose B in agreement with our previously
reported pharmacophore/topological model.?’

As reported in the present paper, 2b and 1c display a different
efficacy profile at the BzR, with the first being a partial agonist
and the second acting mostly as an antagonist. Nevertheless,
we have not attempted to relate the different efficacies of these
two compounds with their different putative binding modes to
the BzR. So far, the molecular underpinnings responsible for
the efficacy behaviors of indol-3-ylglyoxylamides, as well as
of other classes of ligands of the BzR subtypes, still remain to
be determined.

Conclusions

Anxioselective agents may be identified either among com-
pounds binding selectively to the a, BzR subtype that behave
as agonists or among compounds binding with comparable
potency to various BzR subtypes that elicit agonism at the a,
subtype and antagonism at other subtypes. Prompted by the
success of the second approach, a number of indol-3-ylglyoxy-
lamides belonging to our in-house collection were screened for
their binding affinity to the rat recombinant oy, o, and as BzRs.
Among the compounds with highest potency at the o, subtype,
compounds 1c and 2b exhibited interesting properties either in
vitro (full a, agonism and oy partial agonism/antagonism) or
in vivo (anxiolytic/nonsedative activity in mice). Molecular
docking calculations using a model of the BzR ligand binding
domain in the closed state indicated the presence of two possible
binding positions for 2b and 1c in which the ligand aromatic
rings (indole and phenyl) can be alternatively lodged in
the receptor L, and Lp, sites. Analysis of the stability of the
predicted complex through MD simulations suggested that the
presence of the 5-nitro group in 2b would allow the formation
of more productive interactions when the indole ring is
embedded in the Lp; receptor region. Conversely, compounds
devoid of such a substituent, as in 1c, should produce more
effective interactions when the indole ring is placed in the L,
site.

Experimental Section

Chemistry. Melting points were determined using a Biichi
apparatus B 540 and are uncorrected. Routine nuclear magnetic
resonance spectra were recorded on a Varian Mercury 400
spectrometer operating at 400 MHz. EI-HRMS mass spectra were
obtained on a Finnigan MAT95XP spectrometer using a direct
injection probe and an electron beam energy of 70 eV. Evaporation
was performed in vacuo (rotary evaporator). Analytical TLC was
carried out on Merck 0.2 mm precoated silica gel aluminum sheets
(60 F-254). Silica gel 60 (230—400 mesh) was used for column
flash chromatography. Combustion analyses on target compounds
were performed by our Analytical Laboratory in Pisa. All com-
pounds showed >95% purity.

Besides the commercially available starting materials, the
5-substituted indanyl-1-amines 8, 10, and 11 were prepared in
accordance with a reported method.*3
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General Procedure for the Synthesis of N-(Indan-1-yl)-(5-
substituted indol-3-yl)glyoxylamide Derivatives 3c—j. Triethy-
lamine (3.0 mmol) was added dropwise to a stirred suspension,
cooled at 0 °C, of indolglyoxylyl chlorides 6 and 7 (2.5 mmol)
and the appropriate amine 8—11 (2.75 mmol) in 50 mL of dry
toluene. The reaction mixture was left to warm to room temperature,
stirred for 24—48 h (TLC analysis), and then filtered. The
precipitated collected was triturated with a saturated NaHCO;
aqueous solution, washed with water, and collected again to give
a first portion of crude product. The toluene solution was evaporated
to dryness, and the residue was treated with saturated NaHCO4
aqueous solution, washed with water, and collected to yield an
additional amount of crude product. The quantities of amide
derivatives obtained from the initial insoluble precipitate or from
the toluene solution were variable depending upon the solubility
of the various compounds. All products 3c—j were purified by
chromatography (chloroform:methanol = 9:1 v/v as eluant) and
recrystallization from the appropriate solvent whenever a solid was
obtained. Yields, recrystallization solvents, melting points, and
spectral data are reported in the Supporting Information.

5-Nitro-1-indanone 13. A solution of 5-amino-1-indanone 12
(1.5 g, 10.2 mmol) in 10 mL of dichloromethane was treated at 0
°C with 1.75 g (10.2 mmol) of 51% m-CPBA (meta-chloroper-
oxybenzoic acid), and the mixture was stirred at the same
temperature for 48 h. The organic solution was washed with a
saturated NaHCO; aqueous solution, dried over Na,SO,, and
evaporated to dryness. The obtained residue was purified by
chromatography (dichloromethane as eluant) to obtain 13 as a
yellow solid: yield 66%; mp 132—133 °C (lit.>® 131—132.5 °C
dec.). 'H NMR (400 MHz, CDCls) ¢ 2.65—2.80 (m, 2H, 3-CH,),
3.12—3.22 (m, 2H, 2-CHy), 7.27—7.33 (m, 1H, H-7), 7.42—7.48
(m, 1H, H-4), 7.61—7.75 (m, 1H, H-6). Anal. (CoH;NO3) C, H, N.

5-Nitroindan-1-methoxyimine 14. 5-Nitro-1-indanone 13 (1.3
g, 7.3 mmol) and methoxyamine hydrochloride (1.5 g, 18.2 mmol)
were dissolved in a mixture of ethanol (15 mL) and pyridine (15
mL) and heated on a steam bath for 30 min. The solution was
allowed to return to room temperature and then was diluted with
water (30 mL) to precipitate practically pure 14, which was collected
by filtration: yield 84%; mp 174—176 °C. 'H NMR (400 MHz,
CDCl3) 6 2.88—3.21 (m, 4H, 3-CH, and 2-CH,), 4.02 (s, 3H,
OCHj), 7.55—7.70 (m, 1H, H-7), 8.13—8.33 (m, 2H, H-4 and H-6).
Anal. (ClongNzog) C, H, N.

5-Nitro-1-indanamine 9. A solution of 5-nitroindan-1-meth-
oxyimine 14 (1.3 g, 6.1 mmol) in 8 mL of THF was treated with
1 M diborane in THF (38.5 mL) and refluxed for 4 h in an argon
atmosphere. Methanol (10 mL) was added and the solvent
evaporated. The residue was treated with 10% HCI and heated on
a steam bath for 30 min. The mixture was made alkaline with
saturated NaHCO; aqueous solution and extracted with ethyl ether;
the organic phase was dried (Na,SO,) and evaporated. The obtained
residue was purified by chromatography (chloroform:methanol =
8:2 v/v as eluant), yielding the product 9 as a yellow solid: yield
35%; mp 279—281 °C. 'H NMR (400 MHz, CDCls) 6 1.73—1.92
(m, 1H, H-2), 2.52—2.74 (m, 1H, H-2), 2.78—3.18 (m, 2H, 3-CH,),
4.33—4.48 (m, 1H, H-1), 7.43—7.51 (m, 1H, H-7), 8.04—8.18 (m,
2H, H-4 and H-6). Anal. (CgH;oN,O;) C, H, N.

Biological Methods. Materials. [*H]Flumazenil (specific activity
70.8 Ci/mmol) was obtained from NEN Life Sciences Products.
All other chemicals were of reagent grade and were obtained from
commercial suppliers. HEK293 cells stably expressing rat GABAA
receptor subtypes (auf2y2, Qof2y2 0sPsy2) were kindly supplied
by Dr. Francois Besnard, Department of Molecular and Functional
Genomics, Synthélabo, France.>”

Radioligand Binding Studies. Bovine cerebral cortex mem-
branes were prepared in accordance with ref 58. The membrane
preparations were subjected to a freeze—thaw cycle, washed by
suspension and centrifugation in 50 mM tris-citrate buffer pH 7.4
(T1), and then used in the binding assay. Protein concentration was
assayed by the method of Lowry et al.>® [*H]Flumazenil binding
studies were performed as previously reported.?”
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HEK293 cells stably expressing rat GABAA, receptor subtypes
(auB2y2, QPaya, 0sPay-) Were maintained, as previously described,®”
in DMEM/Nut Mix F-12 with Glut-1 (GIBCO), supplemented with
10% fetal bovine serum, L-glutamine (2 mM), penicillin (100 units/
mL), and streptomycin (100 x«g/mL) in a humidified atmosphere
of 5% CO,/95% air at 37 °C. Cells were harvested and then
centrifuged at 500g. The crude membranes were prepared after
homogenization in 10 mM potassium phosphate, pH 7.4, and
differential centrifugation at 48000g for 30 min at 4 °C. The pellets
were washed twice in this manner before final resuspension in 10
mM potassium phosphate, pH 7.4, containing 100 mM potassium
chloride.®” [*H]Flumazenil binding assays to transfected cells
membranes were carried out as previously described.®” In brief,
the cell lines membranes were incubated in a volume of 500 uL,
which contained [®*H]flumazenil at a concentration of 1—2 nM and
the test compound in the range 10~°—10~% M. Nonspecific binding
was defined by 10> M diazepam. Assays were incubated to
equilibrium for 1 h at 4 °C.

Functional Efficacy Studies. 3CI~ uptake was measured in
transfected HEK 293 cells stably expressing rat GABA receptor
subtypes (oufB2y2, 0uB272), essentially as previously described.*®3°
In brief, coverlips were placed 8—10/cell culture plate (100 mm)
and were incubated overnight under germicidal light in a solution
containing 0.01 mg/mL polylysine in 0.1 M boric acid (pH 8.4).
The following day, coverlips were washed twice with phosphate
buffered saline and were placed into individual 6-well cell culture
plates. DMEM/Nut Mix F-12 with Glut-l1 (GIBCO), supplemented
with 10% fetal bovine serum, penicillin (100 units/mL), and
streptomycin (100 ug/mL) were added to each well. Cells were
then plated into each well at a density of 50 x 10° cells/well and
were grown on the coverlips for 3 days at 37 °C with 5% CO,.
Cells were washed twice (10 s/wash) in wash buffer 136 mM NaCl,
5.4 mM KCI, 1.4 mM MgCl,, 1.2 mM CaCl,, 1 mM NaH,PO,,
and 20 mM 4-(2-hydroxyethyl)-1-piperazin ethane sulfonic acid,
adjusted to a pH of 7.4 with Tris base. All steps were conducted at
room temperature. Cells were then dipped into 2 mL of a ¥CI~
solution (2 uCi/mL) containing the drug to be studied, with or
without GABA. Influx were terminated after 8 s by transfer
coverlips to 500 mL ice-cold assay buffer (with 0.1 mM picrotoxin).
Coverlips were drained rapidly and placed into 1.6 mL of 0.2 N
NaOH in 20 mL scintillation vials and were left overnight. A 0.1
mL aliquot was removed and assayed for protein determination.
The remaining 1.5 mL were neutralized with 0.3 mL of 1 N acetic
acid and 20 mL of BioSafe Il were added for counting by liquid
scintillation spectrometry. Values for *¢Cl~ influx were expressed
as nanomol/mg protein.

Pharmacology. Mouse Light/Dark Box Test. The experiments
were carried out in accordance with the Animal Protection Law of
the Republic of Italy, DL no. 116/1992, on the basis of the European
Communities council Directive of 24 November 1986 (86/609/
EEC). All efforts were made to minimize animal suffering and to
reduce the number of animals involved (n = 4—6). Male CD-1
albino mice (35—40 g) (Harlan, Italy) were used. Ten mice were
housed in cages under 12 h reversed lighting conditions (lights off
at 2:00 and on at 14:00) in rooms held at constant temperature
(22 + 2 °C) and fed ad libitum on standard laboratory chow and
tap water. After transfer from the breeding unit to the holding rooms,
mice were allowed to acclimatize during 4 weeks to the reversed
light cycle before the beginning of the experiments. Mice were only
used once.

This test exploited the conflict between the animal’s tendency
to explore a new environment and its fear of bright light. Test for
a change in anxiety were conducted essentially as described by
Costall B. et al.*” between 10.00—13.00 in a quiet darkened room
illuminated by red light. The mice were taken from the dark holding
rooms in a dark container to the experimental room. After 30 min,
mice received ip either test compounds 20 mg/kg, or diazepam
(Sigma) 1.25 mg/kg, or a vehicle (1% carboxymethyl cellulose).
After a 1 h period of adaptation to the new environment, mice were
placed into the test box. The open-topped test box (45cm x 27 cm
x 27 cm high) had the floor area lined into 9 cm squares: two-
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fifths painted black illuminated under a red light (four red bulbs,
each 15 W, 10 Ix total) and the remainder of the box painted white
and brightly illuminated with a 60 W (400 Ix) light source. The
compartments were separated by a divider and connected by an
opening 7.5 cm x 7.5 cm located at the floor level in the center of
the partition. Each mouse was tested by placing it in the center of
the lit chamber, facing away from the dark one. The total duration
of the test was 5 min. Each test was recorded on videotape, and
the behavioral analysis was performed after recording. The time
spent in the white compartment (TW) and the number of transfers
from lit to dark areas and vice versa were measured. To obtain the
total activity parameter, the number of exploratory rearings in the
white section and the number of line crossings were measured.

Results are given as the mean 4+ SEM. Statistical analysis was
performed using single-factor analysis of variance (ANOVA) and
were appropriately followed by the procedure (Fisher’s PLSD) for
comparing the treatments to each other. Data were analyzed using
the software StatView 5.0 Abacus Concept.

Computational Methods. Docking Simulations. The new
version of the docking program AutoDock (version 4, AD4),%” as
implemented through the graphical user interface called AutoDock-
Tools (ADT), was used to dock both 1c and 2b derivatives. This
new release implements a new force field (FF) that, using an
improved thermodynamic model of the binding process, allows
inclusion of intramolecular terms in the estimated free energy.
Moreover, the new FF includes a full desolvation model that
contains terms for all atom types, including the favorable energetics
of desolvating carbon atoms as well as the unfavorable energetics
of desolvating polar and charged atoms. This FF also incorporates
an improved model of directionality in hydrogen bonds, now
predicting the proper alignment of groups with multiple hydrogen
bonds. The structures of compounds 1c and 2b were built by using
the Builder module in Insight2000.1 (Accelrys, San Diego, CA).®°
Atomic potentials and charges were assigned using the cvff force
field.®* Built conformations were geometrically optimized (Discover
module, Insight2000.1) using a distance-dependent dielectric con-
stant mimicking an aqueous environment (¢ = 80r). Energy
minimizations were performed using the conjugate gradient®? as
the minimization algorithm until the maximum rms derivative was
less than 0.001 kcal mol—1 A—1.

BzR structures that were kindly provided Cromer et al.*® and
by Ernst et al.>° were energy minimized using Amber 9.0 software
package.*® Then the constructed compounds and BzR structure were
converted to AD4 format files using ADT generating automatically
all other atom values. The docking area was assigned visually
around the ligands binding site. A grid of 60 A x 60 A x 60 A
with 0.375 A spacing was calculated around the docking area for
the ligand atom types using AutoGrid4. For each ligand, 100
separate docking calculations were performed. Each docking
calculation consisted of 10 million energy evaluations using the
Lamarckian genetic algorithm local search (GALS) method. The
GALS method evaluates a population of possible docking solutions
and propagates the most successful individuals from each generation
into the subsequent generation of possible solutions. A low-
frequency local search according to the method of Solis and Wets
is applied to docking trials to ensure that the final solution represents
a local minimum. All dockings described in this paper were
performed with a population size of 250, and 300 rounds of Solis
and Wets local search were applied with a probability of 0.06. A
mutation rate of 0.02 and a crossover rate of 0.8 were used to
generate new docking trials for subsequent generations, and the
best individual from each generation was propagated over the next
generation. The docking results from each of the 100 calculations
were clustered on the basis of root-mean-square deviation (rmsd)
(solutions differing by less than 2.0 A) between the Cartesian
coordinates of the atoms and were ranked on the basis of free energy
of binding (AGaps). The top-ranked compounds were visually
inspected for good chemical geometry.

Molecular Dynamics and Energy Minimization Simula-
tions. The binary complexes between BzR and 2b andic in both
binding mode A and B were investigated by means of MD
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simulations carried out with the AMBER 9.0 package software.*°
Ligand force-field parameters were derived using the Antecham-
ber program,®® and partial charges for the substrates were derived
using the AM1-BCC procedure in Antechamber. Eleven ns MD
simulations on the aforementioned four complexes were carried
out in explicit solvent and periodic boundary conditions. One
CI~ counterion was added to the solvent bulk of the protein—water
complexes to maintain neutrality in the systems. First, water
shells and counterion were minimized using steepest descent and
conjugate gradient algorithms. Then a minimization of the entire
ensemble was performed setting a convergence criterion on the
gradient of 0.001 kcal mol~* A~L, Equilibration runs were carried
out by heating the system to 300 K in 1 ns. This was followed
by 10 ns MD simulations in the NPT ensemble (constant
temperature and pressure). The parm99 version®* of the all-atom
Amber force field®® was used for the protein and the counterion,
whereas the TIP3P model®® was employed to explicitly represent
water molecules. van der Waals and short-range electrostatic
interactions were estimated within a 10 A cutoff, whereas the
long-range electrostatic interactions were assessed by using the
particle mesh Ewald (PME) method,®” with a 1 A charge grid
spacing interpolated by a fourth-order B-spline, and by setting
the direct sum tolerance to 107°. Bonds involving hydrogen
atoms were constrained by using the SHAKE algorithm®® with
a relative geometric tolerance for coordinate resetting of 0.00001
A. Berendsen’s coupling algorithms®® were employed to maintain
constant temperature and pressure with the same scaling factor
for both solvent and solutes and with the time constant for heat
bath coupling maintained at 1.5 ps. The pressure for the
isothermal—isobaric ensemble was regulated by using a pressure
relaxation time of 1 ps in Berendsen’s algorithm. The simulations
of the solvated protein models were performed using a constant
pressure of 1 atm and a constant temperature of 300 K. Analysis
of MD trajectories was attained using the ptraj software.”® This
software was also used to calculate the average structures of
the four complexes that were energy minimized by employing
the same geometrical optimization protocol mentioned above.
All calculations were performed on a Linux machine employing
a Fedora Core 7 architecture.
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