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The molecular models of ionotropic and metabotropic glutamate receptors, ionotropic y-aminobutyric acid receptors, adenosine
and melatonin receptors are discussed; the developed models were used in the design of new neuroprotective compounds.

The functioning of central nervous system (CNS) involves the
activation of numerous receptors. In the case of neurodegen-
erative diseases, usually, some corrections of that activation
are necessary. For this purpose, the selective agonists and
antagonists, as well as the positive and negative modulators
of receptors, could be considered as drug candidates. For their
efficient design as potential drugs, the detailed knowledge of
the 3D structure of CNS receptors is necessary. However,
despite a great amount of X-ray data available for various
proteins, the 3D structure of the majority of CNS receptors can
currently be obtained only using molecular modelling.!

Here, we consider the molecular modelling of ionotropic and
metabotropic glutamate receptors, ionotropic g-aminobutyric acid
(GABA) receptors, adenosine and melatonin receptors.

Ionotropic glutamate receptors

The glutamatergic system is of vital importance for learning and
memory functioning.?3 It includes both metabotropic glutamate
receptors mGluR | ¢ and ligand-gated ionotropic receptors, which
are subdivided into several types: NMDA receptors, AMPA
receptors and KA receptors (or kainate receptors) named after
their agonists N-methyl-D-aspartate 1, 2-amino-3-(3-hydroxy-

5-methylisoxazol-4-yl)propionic acid 2 and kainic acid 3, respec-
tively. The kainate receptors are often considered as a subtype
of AMPA receptors.

NMDA receptors are involved in neuronal signalling pro-
cesses, memory consolidation and synaptic plasticity. NMDA
receptor hyperactivation induces neurotoxic effects leading to a
number of pathological conditions including neurodegenerative
diseases. Thus, NMDA receptor antagonists or reversible ion
channel blockers could be used for the cure of such diseases.
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(b)

Figure 1 (a) Model of Ca?* ion transport through the NMDA receptor ion
channel, and (b) channel blocking by the hydrated Mg2* ion.

An NMDA receptor is composed of two NR1 and two NR2
subunits. Each NR2 subunit belongs to one of its four subtypes,
NR2A-NR2D, leading to the heterogeneity of the wild-type
NMDA receptors. NR1 and all NR2 subunits have similar four
domain structures: (a) the N-terminal extracellular modulatory
domain, (b) the agonist/coagonist binding domain, which holds
the glycine (or D-serine) binding site in an NR1 subunit and
the glutamate binding site in an NR2 subunit, (c¢) the trans-
membrane channel-forming region, which hosts several binding
sites, and (d) the C-terminal intracellular regulatory domain.

The NMDA receptor ion channel is an important target for
compounds exhibiting neuroprotective properties. The reversible
channel blockers decreasing the Ca?* influx into neurons could
be used for the cure of neurodegenerative diseases. However,
the 3D molecular structure of the channel was not considered
in the literature before our modelling studies. The first 3D
model of a closed form of NMDA receptor ion channel was
constructed* on the basis of its homology with the potassium
channel KscA.> For the construction® of the open form of the
channel, the X-ray data on the potassium channel of Methano-
thermobacter were used. The latter model is important as far as
it was demonstrated’ that the ion channel blockers influence
the receptor in the presence of its agonists; that is, they interact
with the open form of the channel. The channel consists of
four subunits surrounding a pore having a narrow neck with
carbonyl groups involved in the intermediate binding of the
cations passing through the channel. The carbonyl group of an
asparagine side chain at the neck inlet should be involved in
the dehydration of Ca?* cations [Figure 1(a)]. The hydrated
magnesium ion binds with this asparagine residue and serves as
a natural channel blocker [Figure 1(b)]. The binding mode of
memantine 4 (a drug used for the cure of neurodegenerative
diseases) is somewhat similar to that of magnesium; its proton-
ated form also should generate a hydrogen bond with asparagines
(Figure 2). Thus, the ligand-bound asparagine cannot be involved
in the cation dehydration, which is a necessary step for passing

S 0

E\ :
M M G@
N ¢ Me

Figure 2 (a) NMDA receptor ion channel (top view), and (b) its blocking
by memantine (side view).

Figure 3 Docking of MK-801 into an NMDA receptor ion channel.

cations through the neck of the channel. Other known channel
blockers like phencyclidine 5 or MK-801 6 not only form a
hydrogen bond with asparagine but also stick tightly to the
hydrophobic walls of the channel and occupy the hydrophobic
pocket (Figure 3). Thus, their binding becomes excessively
high to cause serious side effects. The design of flexible
analogs of MK-801 to decrease the binding could be a reason-
able outcome.*

Extracellular agonist and co-agonist binding domains host
the binding sites of a natural agonist (glutamic acid 7) or a
co-agonist (glycine 8 or D-serine 9). The glutamate and glycine
binding sites of the NMDA receptor have similar 3D structures
and are localized in NR2 and NR1 subunits, respectively. The
simultaneous binding of an agonist and a co-agonist together
with membrane depolarization to relieve magnesium block leads
to receptor activation®? and opening of the ion channel as a
result of conformational reorganization.
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The models of the glutamate binding site (in closed and
open forms) of the NMDA receptor NR2B subunit have been
constructed'®!! on the basis of comparative modelling with the
GluR2 ligand binding core.!? These models allowed us to analyse
the binding modes of agonists and antagonists (Figure 4) and to
explain known structure—activity relationships for them like a
switch between the agonist and antagonist activity of ligands
upon lengthening the chain between the amino acid moiety and
the distal anionic group, the preference for the D-configuration
in some agonists (like NMDA) and antagonists, efc.

Interest in the glycine binding site of NMDA receptor signi-
ficantly increased after the discovery of the fact that antagonists of
this site may lack certain undesirable side effects observed for many
noncompetitive and competitive antagonists. The modelling of
the glycine binding site of NMDA receptor!314 was based on the
same template as for the glutamate binding site. The docking of
agonists and antagonists to the models (Figure 5) was used to
analyse their binding modes and to explain structure—activity
relationships. Note that, after the first publication of our model,
X-ray data for the glycine binding site of NMDA receptor!3

(b

Figure 4 (a) Docking of agonist glutamate 7 into the closed form, and (b)
docking of antagonist AP5 10 into the open form of NMDA receptor
glutamate binding domain.
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Figure 5 (a) Docking of agonist glycine 8 into the closed form, and (b)
docking of antagonist 11 into the open form of NMDA receptor glycine
binding domain.

with the same antagonist 11 as in our model were published.
All main structural features in our model were confirmed
experimentally including the binding mode of the antagonist.!
Subsequently, we suggested the concept of selectivity fields,
which was demonstrated using data on the binding of antagonists
of the glycine site of NMDA receptor and glutamate site of
AMPA receptor. 1
NMDA receptor N-terminal domains are of considerable
interest as potential targets for the treatment of neurodegenerative
diseases: the binding sites for many pharmacologically signifi-
cant compounds affecting CNS are localized in these domains.
The modelling of the 3D structure of N-terminal domains of NR1
and NR2B subunits!” was based on their homology with the
N-terminal domain of metabotropic glutamate receptor mGluR,.!8
The constructed models were used for the evaluation of putative
binding sites of ifenprodil-like compounds. It was shown that,
in the N-terminal domains of NR2B subunits, the side chains
of the amino acid residues involved in binding of modulator
ifenprodil 12 (according to site-directed mutagenesis data) are
exposed to the space between globules while for NR1 subunit
the amino acid residues important for ifenprodil binding are
exposed to the outer surface of the globule and do not form a
certain binding site. As far as ifenprodil-like compounds are
considered as selective antagonists of the NR2B subunit of
NMDA receptor, it can be supposed that the main binding site
of ifenprodil is located in the N-terminal domain of the NR2B
subunit, while the NR1 subunit is additionally involved in the
binding process. The molecular models of NMDA receptor
N-terminal domains together with 3D QSAR studies allowed us
to evaluate the structural features of ifenprodil-like compounds
important for binding to NMDA receptor.!”
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The constructed models of NMDA receptor domains together
with X-ray data for AMPA receptors and our QSAR studies for
their ligands!®19 allowed us to develop a virtual screening system
for the design of ligands of NMDA and AMPA receptors.?°

Recently, a model of the tetrameric structure of ionotropic
GluR6 was built?! and the crystal structure of the AMPA-sens-
itive, homotetrameric, rat GluA2 receptor at 3.6 A resolution
in complex with a competitive antagonist was reported,??
which means a considerable success in the experimental studies

of ionotropic glutamate receptors. The latter structure can serve
as a good template for modelling a complete NMDA receptor
structure.

The positive modulators of AMPA receptors could be effective
as cognition enhancers. The docking studies?? for a series of
positive AMPA receptor modulators and a detailed analysis
of their binding modes served as a basis for the design of new
molecules optimally fitting to the modulator binding site. After
the synthesis and biological studies, the compounds with picomolar
activity were found,?* which are significantly more potent than
any other known positive modulators.

Metabotropic glutamate receptors

Metabotropic glutamate receptors?® are considered as targets for
the cure of various CNS disorders. Eight subtypes of metabo-
tropic glutamate receptors are known (mGluR ), which belong
to type 3 G protein-coupled receptors (GPCRs). They may be
divided into three groups with respect to the signal transduc-
tion mechanism, pharmacological properties and the amino acid
sequence homology. The receptors of the first group (mGluR,
and mGluR5) activate phospholipase C, while the receptors of
the second group (mGIuR, and mGluR;) and the third group
(mGluR,;, mGluRy;, mGluR,; and mGluRg) inhibit adenylate
cyclase but differ in pharmacological properties.”> All mGluRs

Figure 7 Molecular model of A, adenosine receptor.

(a)

Figure 8 Extracellular domain of GABA, receptor: (a) arrangement of
domains, (b) top view, and (c) side view.

~ 245 -



Focus Article, Mendeleev Commun., 2010, 20, 243-248

function as dimeric structures, whose monomers incorporate
N-terminal, cisteine-rich (CRD) and transmembrane domains.
Agonists and competitive antagonists bind to N-terminal domain
(to the glutamate binding site), while non-competitive anta-
gonists bind to transmembrane domain. The first our model?® of
the open form of an N-terminal domain revealed the importance
of Arg78 for ligand binding in the mGluR, subtype (unlike
published modelling results). This hypothesis was confirmed
experimentally?’ and later by an X-ray study of the N-terminal
domain of mGIuR,.'® The model for the closed form of mGIuR,
(Figure 6) was built by a threading method.?® The earlier
hypothesis of antagonist binding had also been corrected? as a
result of our simulation. Using the mGIuR, structure as a template,
the models of other seven subtypes of mGluRs were constructed,
the comparative analysis of structures for all subtypes of metabo-
tropic glutamate receptors was carried out® and the results of
their ligands docking were analysed.3!

The transmembrane domain of mGluRs hosts the binding
site of highly active non-competitive antagonists. The structure
of this domain in mGluR,; was constructed using the rhodopsin
structure as a template.32 The CRD is located between N-terminal
and transmembrane domains, its fold type was estimated, the
first 3D models were constructed and the role of CRD in receptor
functioning was considered.?

Adenosine receptors

The adenosine receptors (A;, Ay, A,p and A3)3*3 are activated
by natural agonist adenosine 13 and have been classified as
GPCRs of the rhodopsin family (type 1 GPCRs). They consist
of seven transmembrane a-helices connected by three intra-
cellular and three extracellular hydrophilic loops. Adenosine
receptors are present in various tissues and involved in the
regulation of various processes. The activation of A; and A,
receptors decreases the cCAMP level, while the activation of A, ,
and A,y receptors increases it. Adenosine A; receptor activa-
tion induces the inhibition of the dopamine D, receptors, and
stimulation of the A,, receptor leads to functional inhibition of
the D, dopamine receptors. Antagonists of the A,, receptor can
be used to increase the effect of dopaminergic neurotransmis-
sion in the treatment of Parkinson’s disease. Other adenosine
receptor ligands could be used in treatment of Alzheimer’s
disease and schizophrenia. The antagonist of A, receptor theo-
phylline 14 is a strong antiasthmatic drug. A, receptor agonists
reduce myocardial ischemia/reperfusion injury.
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Our molecular models for all subtypes of adenosine recep-
tors30-4! were built using the bovine rhodopsin structure as a
template. The structure of A,y receptor is shown in Figure 7.
The detailed analysis of docking results both for antagonists
and for agonists (which are located between transmembrane
a-helices) allowed us to evaluate the main features of the
ligands structures responsible for the activity. Recently, after
the publication of the A,, receptor X-ray structure,*? it has
been shown that the crystallographic structure of A,, receptor
has been reasonably approximated using rhodopsin-based
modelling,*>#* though the ligand positions are most accurate

when water molecules are taken into account or some con-
straints (like at least one H-bond) are applied. A comparison of
the A, receptor models based on the X-ray structures of bovine
rhodopsin, the B,-adrenergic receptor and the human A,,
receptor was performed.*’

Melatonin receptors

Melatonin 15, the natural agonist of melatonin receptors,*©
is widely used to treat daily rhyme disorders, migraine and
seasonal depressions. Melatonin receptors belong to the same
family of GPCRs as adenosine receptors (type 1 GPCRs). Like
other GPCRs, they consist of seven transmembrane o-helices
linked by three extracellular and three intracellular hydrophilic
loops. The models of two subtypes of melatonin receptors based
on the bovine rhodopsin structure were published.#’-52 The
binding site of melatonin is located between o-helices, the oxygen
atom of the methoxy group, as well as the acetamido group of
melatonin, form hydrogen bonds with the receptor. However,
the results of the docking of melatonin and its analogues
showed the absence of any direct interactions of the nitrogen
atom in the indol fragment of melatonin with the receptor. It
allows one to conclude that the indol fragment is not necessary
for the manifestation of activity, and it may be replaced with
other fragments. This conclusion is confirmed by the existence
of a great number of ligands without the indol fragment. The
results of modelling were used in the design of melatonin
receptor ligands incorporating new scaffolds.>?
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Receptors of y-aminobutyric acid GABA, and GABA,
y-Aminobutyric acid (GABA) 16 is the main inhibitory neuro-
transmitter in the vertebrate CNS.%47 GABA activates three
types of receptors, GABA ,, GABAg, and GABA.. The GABA,
receptor is sometimes considered as a subtype of GABA, re-
ceptors, and it is designated as GABA ,,..* The GABAg, receptor
belongs to the type 3 GPCR, and it will not be considered in
this article. GABA, and GABA. receptors are pentameric ligand-
gated ion channels belonging to a nicotinicoid (Cys-loop)
family. Several drugs like benzodiazepines and barbiturates bind
with GABA , receptors. New ligands affecting GABA , receptors
may find application in the treatment of epilepsy, schizophrenia,
Alzheimer’s and Parkinson’s diseases, etc.

HN _~_-COOH
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GABA, and GABA_ receptors consist of five subunits forming
the ion channel. Each subunit includes an N-terminal domain
and four transmembrane o-helices. The extracellular domain
consists of an a-helical region and a B-sandwich. Several types
and subtypes of subunits composing the pentameric structure
of GABA, receptors have been identified, the composition
Y,B,0.,B,0,; [Figure 8(a)] is the most common in brain, and for
this composition (as well as for a few other compositions with
different a-subunit types) our modelling®®>° was performed for
open and closed forms of the receptor using acetylcholine-
binding protein (AChBP) as a template. Similarly, the models
of GABA(. receptor consisting of p, subunits were built.>-¢!
The picture of the model of extracellular domain of GABA,
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receptor is shown in Figure 8. This domain hosts the main
binding sites for the neurotransmitter GABA (located between
o and B subunits) and benzodiazepines (located between a and
v subunits). The analysis of the docking of GABA into the closed
form of the receptor allowed us to suggest the mechanism of the
receptor activation: GABA binds to the GABA, receptor and
interacts with aArg120 and BGlul55 to weaken the salt bridge
between PGlul55 and BArg207. Thus, the latter may interact
with aGlul83 and aAsp184. This can lead to conformational
rearrangements finally causing the channel opening. The detailed
analysis of the GABA binding site allowed us to design new
potent structures.

Our molecular modelling of GABA, and GABA. receptors
and molecular dynamics simulation>8-6! together with other model-
ling studies®?-72 had revealed the receptor structures in different
forms and putative binding modes of many known ligands.

The docking studies for the benzodiazepine-binding site in
several GABA , receptor subtypes jointly with QSAR studies’>-7°
have shown the ligand structural features responsible for the
activity variation and selectivity with respect to those subtypes.

In conclusion, note that the molecular modelling of receptors
and the detailed analysis of their binding sites is an important
step in the design of new drugs. Dozens of receptors ligands
computationally designed by our group had demonstrated exclu-
sively high activity, and some of them are now at the preclinical
stages of pharmacological studies.
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