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The binding modes of a set of known ionotropic glutamate receptor antagonist-ligands have been
studied using homology modeling, molecular docking, molecular dynamics (MD) simulations and ab
initio quantum mechanical calculations. The core structure of the studied ligands is the decahydroiso-
quinoline ring, which has a carboxylic acid group at position three and different negatively-charged
substituents (R) at position six. The binding affinities of these molecules have been reported earlier.
From the current study, the carboxylate group of the decahydroisoquinoline ring hydrogen bonds with
Arg485, the amino group with Pro478 and Thr480, and the negatively charged substituent R interacts
with the positively charged N-terminus of helix-F. The subtype selectivity of these ligands seems to be
strongly dependent on the amino acid at position 650 (GluR2: leucine, GluR5: valine), which affects the
conformation of the ligand and ligand–receptor interactions, but depends considerably on the size of
the R-group of the ligand. In addition, the MD simulations also revealed that the relative positions of
the S1 and S2 domains can alter significantly showing different “closure” and “rotational movements”
depending on the antagonist-ligand that is bound. Accordingly, molecular docking of antagonist
ligands into static crystal structures cannot sufficiently explain ligand binding and subtype selectivity.

Introduction

The ionotropic glutamate receptors (iGluRs) can be divided, based
on agonist binding affinities, into three subclasses: N-methyl-
D-aspartic acid (NMDA; NR1–3 subunits), (S)-2-amino-3-(3-
hydroxy-5-methyl-4-isoxazolyl)propionic acid (AMPA; GluR1–4)
and kainic acid (KA; GluR5–7 and KA1–2) receptors. These re-
ceptors play an important pharmacological role in many processes
and when over-activated they cause neuronal degeneration.1,2 As
different glutamate receptors have different functions and roles
in disease processes,3–6 the development of effective antagonist-
ligands, which can discriminate between different glutamate
receptors, has been the focus of extensive research. Derivatives
of decahydroisoquinoline comprise one set of antagonist-ligands
that are subtype-selective for different iGluRs.7–10 Compounds
from the decahydroisoquinoline series have also been reported
to have potential in the treatment of several diseases; for exam-
ple, some GluR2-selective decahydroisoquinoline derivates are
neuroprotective and, therefore, may have use in the treatment
of ischemic conditions,7,8 and GluR5-selective molecules have,
in turn, demonstrated efficacy towards epilepsy9 and migraine.10

In contrast to several other antagonists, decahydroisoquinoline
derivatives have good water solubility, which would help in their
clinical use.7 However, the binding mode of these ligands into
iGluRs is not known.

Three-dimensional structures of an iGluR with a bound
antagonist ligand have been published only for the ligand
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binding domain (LBD) of GluR2 with bound 6,7-dinitro-2,3-
dihydroxyquinoxaline (DNQX)11 and 2-amino-3-[5-tert-butyl-3-
(phosphonomethoxy)-4-isoxazolyl]propionic acid (ATPO)12 and
for the LBD of NR1 with bound 5,7-dichlorokynurenic acid
(DCKA).13 Each of these structures shows a high degree of
opening of domain S1 versus S2 in comparison to agonist-
bound structures.11–15 In addition, based on various experimental
studies [X-ray crystallography,11–13,15 solution X-ray scattering,16,17

nuclear magnetic resonance (NMR)14,18–22 and using other spectro-
scopic methods23–25] and on modeling studies [molecular dynamics
(MD)]26–29 and structural comparison,30 antagonist-bound struc-
tures have displayed different degrees of S1–S2 domain opening.

The interactions between an antagonist ligand and receptor are
strongly dependent on the three dimensional shape of the ligand:
ATPO forms strong electrostatic interactions with the N-terminus
of helix-F (helix-F: Gly653–Ser662), Arg485 and Glu705 (Fig. 1),
whereas DNQX and DCKA, which are both fairly planar ligands,

Fig. 1 Key interactions (hydrogen bonds, orange dotted lines) at the
binding site of the GluR2–ATPO crystal structure (in stereo). The silver
spiral highlights the N-terminus of helix-F. In addition, the important
water molecules (w1–w5) are shown.
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Table 1 The ligand binding affinities (Ki/nM) for GluR2 and GluR5 for
the studied ligands

Ligand GluR2 GluR5

I 3200a 4200a

3250b 4880b

II 820b 3410b

III 6250b 370b

IV 117000a 156a

V 37120b 1010b

VI 36400b 2620b

a Data taken from ref. 10 b Data taken from ref. 7

lack the interaction with the N-terminus of helix-F and, thus,
interactions with the receptors are quite different from those of
ATPO. Water molecules also have critical roles in ligand binding
(Fig. 1). Notably, water molecules w1 and w2 (Fig. 1) are seen in
all published crystal structures (see e.g. ref. 11). Water molecule
w4 interacts with the main-chain amino group of Glu705 and the
bound ligand (e.g., ATPO), and can be replaced by the ligand
when a ligand can directly accept a hydrogen bond from the main-
chain amino group of Glu705 (e.g., AMPA). Water w5, accepting
a hydrogen bond from the hydroxyl group of Thr655, is observed
less often since ligands usually occupy that space.

In the present work, the binding of a set of decahydroiso-
quinoline molecules (Fig. 2), which are known to be selective
antagonists for GluR2 or GluR57,10 (Table 1) and potential
antagonist molecules for the treatment of several diseases, has

Fig. 2 The structures, IUPAC names and LY-numbers of the decahy-
droisoquinoline molecules (I–V) studied. Compound VI is shown for
reference.

been studied by the means of homology modeling, molecular
docking, MD simulations and quantum mechanical calculations.
The experimental binding affinities for these molecules on ho-
momeric iGluRs (Table 1) have been reported earlier.7,10 We
have constructed binding motifs (relative positioning of a ligand
in the ligand-binding site and the physicochemical interactions
that take place) for these antagonist-ligands and found plausible
explanations for ligand-binding selectivity among the different
iGluRs. An analysis of this kind should yield information that
would facilitate the design of new, more effective subclass- and
subunit-selective antagonist-ligands for iGluRs.

Results and discussion

Ligands studied

The antagonist ligands I–V, whose modes of binding to the GluR2
and GluR5 receptors were studied, are shown in Fig. 2, and their
experimentally determined binding affinities obtained from the
literature are listed in Table 1. All ligands consist of a decahy-
droisoquinoline bicyclical ring having a carboxylic acid group at
position three and a substituent R at the position six (Fig. 2). The
substituent R at position six of the decahydroisoquinoline ring
differs for all of the ligands. Ligands I–III have a tetrazole group
attached via a linker to the decahydroisoquinoline ring. I has a
CH2–CH2-linker, whereas in II the CH2-group next to the decahy-
droisoquinoline ring has been replaced with a sulfonyl group. The
linker of III is longer than those in I and II, having two CH2-groups
and a sulfur atom next to the decahydroisoquinoline ring. Ligand
IV has 4-carboxy-1H-imidazole attached via one CH2-group to the
decahydroisoquinoline ring, and V has a 3-carboxy-phenyl group
directly attached to the decahydroisoquinoline core ring.

The binding affinities of ligands I–V to GluR2 and GluR5
(Table 1) have been determined at pH 7.5. Therefore, all carboxyl-
groups and amino groups were modeled in the ionic forms. All
tetrazole groups were assumed to be negatively charged under
experimental conditions, since the pKa value for tetrazole is 4.9.31

Similarly, the 3′ nitrogen in the imidazole ring of IV (Fig. 2) was
assumed to be unprotonated at pH 7.5, since the pKa value of
the nitrogen atom of a similar structure (1-methylimidazole-4-
carboxylic acid) is 5.7.32

Protein models

The crystal structure of the ligand binding domain of GluR2 in
complex with the antagonist ligand ATPO (PDB code: 1n0t12)
was used as a starting structure for GluR2–ligand complexes
and as a template structure to build protein models of different
extracellular domains of the AMPA/KA receptors. This X-ray
structure was chosen since the binding characteristics of the
decahydroisoquinolines were expected to be more similar to those
of ATPO than those of DNQX. Model structures for all of the
other AMPA/KA receptors were built with Homodge in the Bodil
Modeling Environment33 using the multiple sequence alignment
of the AMPA/KA receptors made with Malign in Bodil (Fig. 3).
The sequence identity varies from approximately 90% (among the
AMPA receptors: GluR1–4) to about 50% (between GluR2 and
the KA receptors: GluR5–7 and KA1–2), thus, the quality of the
sequence alignment is high enough to produce reliable homology
models. The recently published crystal structures of GluR5 with
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Fig. 3 Sequence alignment of the LBDs of rat AMPA (GluR1–4) and KA receptors (GluR5–7 and KA1–2) (triangle indicates the S1–S2 junction).
Residues within the ligand-binding pocket are boxed; conserved residues are shown in bold type; the secondary structure and residue numbering are from
the GluR2 crystal structure (PDB code: 1n0t12).

bound agonist ligands34,35 cannot be used in studies of antagonist
ligands I–V, because of different closure state of S1–S2 domains.
However, as the amino acid side chain conformations are highly
similar for GluR2 with bound agonist and antagonist ligands, it
can be assumed that also the amino acid conformations of GluR5
would be highly similar in both agonist and antagonist ligand
bound conformations. Because our GluR5 model structure has
similar side chain conformations as seen in the published crystal
structures of GluR5 with bound agonist ligands,34,35 it can be
assumed that the quality of the model structure is high enough
to be used in the antagonist ligand binding studies. For clarity, we
have used GluR2 numbering throughout the text.

Binding mode of the decahydroisoquinoline-3-carboxylic acid core
structure in GluR2 and GluR5

The conformations of ligands I–V were optimized quantum
mechanically, first in vacuo and then using a continuum solvent
model (e = 80, water). The bicyclical ring in all compounds was ob-
served to adopt a chair–chair conformation. In order to compare
the theoretically calculated conformation of the decahydroiso-
quinoline structure to those determined experimentally, similar
(sub)structures to decahydroisoquinoline-3-carboxylic acid having
a substituent at position six were identified within the Cambridge
Structural Database (CSD).36 The majority of such structures

display a similar chair–chair conformation as obtained from quan-
tum mechanical calculations. The same chair–chair conformation
was also seen in the structure of decahydroisoquinoline-3(S)-
carboxylic acid determined using nuclear magnetic resonance.37

Accordingly, the chair–chair conformation seems to be the lowest
energy conformation of the decahydroisoquinoline ring. However,
the bioactive conformation is not necessarily at the global energy
minimum, and therefore several bicyclical ring conformations were
built with Corina,38,39 and they were docked into GluR2.

The docking of decahydroisoquinoline structures with different
ring conformations revealed that in the chair–chair conformation
the decahydroisoquinoline can form more strong interactions than
with other ring–ring conformations. The interactions that are
seen for docked decahydroisoquinoline chair–chair conformation
are (i) the carboxylate group at position three interacts with the
guanidinium group of Arg485, and (ii) the amino group at position
two interacts with both the main-chain carbonyl oxygen atom
of Pro478 and the side-chain hydroxyl-group of Thr480 (Fig. 4).
The interaction of the ligand carboxylate with Arg485 is seen in
all crystal structures of GluR2 with bound ligand.11 The amino
group interactions with the modeled structures are also found in
the crystal structures of iGluRs with bound ligands: the secondary
amine found in KA (bound into GluR2)11,40 and in domoic acid
(bound into GluR6)41 interacts with the carbonyl oxygen atom of
Pro478 and the carboxyl-group of Glu705, whereas the primary
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Fig. 4 Essential interactions of the core structure of decahydroisoquino-
line in the binding pocket of GluR2 (in stereo). The hydrogen bonds
established by the carboxylate and amino groups are shown with orange
dotted lines. The star indicates the position where substituents of the
studied ligands are attached (see Fig. 2).

amine (e.g., GluR2–GLU,11 GluR2–ATPO12) forms an additional
interaction with the hydroxyl-group of Thr480. Accordingly,
based on the experimentally observed interactions seen in the
X-ray structures and conformations of similar structures in the
literature,36,37 it can be assumed that the decahydroisoquinoline-
3-carboxylate binds to iGluRs in a chair–chair conformation
forming polar interactions with Arg485, Pro478 and Thr480.

Binding mode of ligands I–V in GluR2 and GluR5

Quantum mechanically optimized structures of ligands I–V were
docked into the crystal structure of GluR2 and into the model
structure of GluR5. Several side chain conformations for various
amino acids at the ligand binding site were tested, especially
for those amino acids that differ between GluR2 and GluR5.
In all cases, the decahydroisoquinoline ring adopted the chair–
chair conformation and the 3-carboxylate and 2-amino groups
form similar interactions as observed in the docking of 3-carboxy-
decahydroisoquinoline. In contrast to our previous study of
agonist ligand binding and subtype selectivity,43 where homology
modeling and docking were able to produce receptor–ligand
complexes that explain the subtype selectivity, in this study the
antagonist ligand conformations achieved from docking were not
able to explain the experimentally observed differences in the
binding affinities. Therefore, MD simulations were performed on
all of the modeled complexes. The best ligand conformation from
docking simulations was selected as a starting structure for MD
simulation. This selection was based on the following criteria:
(a) 3-carboxylate group of ligands has to be in close proximity to
Arg485, (b) 2-amino group of ligands has to be in close proximity
to main chain carbonyl oxygen atom of Pro478 and hydroxyl group
of Thr480, (c) the R-group of ligands has to be positioned in such
way that it has at least some favorable polar interactions with the
receptor, in practice either with main chain amino group of Glu705
or with main chain amino group and side chain hydroxyl group of
Thr655, and (iv) the fitness values given by Gold. However, with
ligand II in complex with GluR5, a different starting conformation
was selected (see below), in order to investigate the effect of the
starting structure on the result of MD simulation. The stability of
protein structures during the MD simulations was examined by
measuring the time evolution of the root mean square deviation
(RMSD) of the Ca atoms. According to RMSD curves, stable
trajectories are obtained, where the RMSD varies between 1.5–

Table 2 Differences in the internal energies (kcal mol−1) for ligand
conformations obtained from the MD simulations

Ligand I II III IV V

DEinternal(GluR2–GluR5) −3.0 −3.8 9.0 −1.0 4.2

The internal energies for each ligand are calculated as average energies
for 27 structures with 15 ps time intervals during the last 450 ps of
total simulation time. Internal energies are calculated with B3LYP/6-31 +
G*. DE internal(GluR2–GluR5) = E internal(GluR2)–E internal(GluR5). Standard
deviation for internal energies for each ligand was less than 1%.

2.5 Å (data not shown). Since water molecules play an important
role in ligand binding, methods such as MM-PBSA,42 which uses
a continuum solvent model, cannot be applied for binding energy
estimations. Similarly, the empirical scoring functions cannot be
used because they do not take into account the solvent molecules
and they cannot reliably evaluate the internal energy of ligand and
receptor. Therefore, the binding mode of each ligand was analyzed
by comparing experimentally determined Ki-values to observed
interactions in the modeled complexes (Figs. 5–9; Table 1) and
internal energies of ligands calculated with density functional
theory (Table 2).

Ligand I

The binding mode obtained from docking of I into GluR2 is shown
in Fig. 5a. A very similar conformation for I was also obtained in
the GluR5–I complex (not shown). In both cases, the 1′ nitrogen
atom forms a hydrogen bond with the hydroxyl group of Thr655
and the 2′ nitrogen atom with the main-chain amino group of the
same residue (Fig. 5a).

During the MD simulation, I as a complex with GluR2 adopts
a more extended conformation when compared to the starting
structure of the complex (Fig. 5b). This extended conformation
becomes possible due to rotation of the S2 domain such that helix-
F and helix-H (helix-H:Thr685–Ser696) move with respect to the
S1 domain (see Fig. 5c). Consequently, the distance between the
domains increases from 9 Å to 10 Å (measured as the distance
between the Ca-atom of Ser654 and the Cf-atom of Arg485). The
resulting conformation of the receptor closely resembles that of
the NR1 receptor with bound DCKA (PDB access code: 1pbq13),
instead of GluR2 receptor with ATPO that was used as a starting
structure (Fig. 5d).

In the extended conformation obtained from the MD simula-
tion (Fig. 5b), the tetrazole ring is stabilized from one side by
electrostatic interactions with the hydroxyl and main-chain amino
group of Thr655 and from the other side by the main-chain
amino group of Glu705 (Table 3). None of these interactions can
be considered as strong hydrogen bonds since the angles between
the acceptors and donors are not optimal for hydrogen bonding
(Table 3). However, the alkyl linker is very flexible, allowing for
alternative orientations of the tetrazole ring, which, in turn, can
enforce strong interactions to either Thr655 or Glu705, but not
both of them at the same time. In Fig. 5b is shown the average
structure (over the last 450 ps of the total simulation time),
which is, in addition to hydrogen bonds, stabilized by the packing
of Leu650 against the planar face of the tetrazole ring. This
hydrophobic packing is also seen in those ligand conformations
where tetrazole ring position is stabilized by the main chain amino
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Fig. 5 The binding conformation of I as well as the changes in
receptor conformation during the MD simulation. While (a) the docked
conformation of I (orange carbon atoms) into GluR2 is bent, the
(b) conformation of I after MD simulation (green carbon atoms) is in
a more relaxed form. The essential hydrogen bonds are shown with orange
dotted lines. In (c) the relative movement of domain S2 and the change in
the ligand conformation are shown (starting structure: orange trace and
orange carbon atoms; simulated structure: green trace and green carbon
atoms). (d) The receptor conformation after MD simulation (green trace
and green atoms) is highly similar to that of the crystal structure of NR1
in complex with DCKA (blue trace and blue carbon atoms). The protein
structures in (c) and (d) are superimposed over Ca atoms of the S1 domain
and helices F and H are indicated with arrows.

group of Glu705 or the side-chain hydroxyl and main-chain amino
group of Thr655 (data not shown). In addition, water molecules
w1 and w2 hydrogen bond with the tetrazole ring regardless of
the changes in the conformation of the ligand (Table 3; Fig. 5b).

Fig. 6 Docking of II (orange carbon atoms) into (a) GluR2 and (c) GluR5
resulted in conformations where the interaction with helix-F was absent.
However, during the MD simulation the ligand takes on a conformation
highly similar to that seen with I (see Fig. 5). Even though the interactions
of II (green carbons) are highly similar with (b) GluR2 and (d) GluR5, the
packing with the receptor is different. The essential hydrogen bonds are
shown with orange dotted lines.

The starting structure of I in complex with GluR5 is similar to
that in the complex with GluR2. When compared to the starting
structure, during the MD simulation the receptor–ligand complex
undergoes a smaller conformational change than was seen for the
GluR2–I complex. Both the degree of rotation and the distance
between the S1 and S2 domains are smaller than with GluR2.
Therefore, the shape of the ligand binding pocket is different and
the ligand consequently must adopt a less extended conformation
than with GluR2. In addition, the tetrazole ring is in different
orientations in GluR2 and GluR5; in GluR2 the plane of the
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Fig. 7 Docking of III into both GluR2 (not shown) and (a) GluR5
results in highly similar conformations. During the MD simulation both
the receptor and ligand conformations remained quite similar as in the
starting structure, however, (b) Leu650 of GluR2 forces the ligand to
have an unfavorable intramolecular conformation in contrast to (c) GluR5
where valine is seen at position 650. The essential hydrogen bonds are
shown with orange dotted lines.

tetrazole ring is parallel with the plane of decahydroisoquinoline,
whereas in GluR5 the tetrazole ring is oriented perpendicular
to the decahydroisoquinoline ring. These differences are also
reflected in the internal energy of the ligand, which is 3.0 kcal mol−1

(Table 2) more unfavorable with GluR5 than with GluR2. The
interactions between the ligand and GluR5 also differ from those
seen with GluR2. With GluR5 the tetrazole ring forms only one,
but strong, hydrogen bond with the receptor (from N2′ to the OH
of Thr655; Table 3), while the other interactions seen with GluR2
are not present. In addition, the favorable packing of Leu650 is
not seen with GluR5 since leucine is replaced by smaller valine.

In summary, the conformation of I differs for GluR2 and
GluR5 and I does not seem to form very strong interactions
with either of the receptors: with GluR2 there are several weak
interactions, whereas with GluR5 one strong hydrogen bond is
formed. In addition to the explained effect of Leu → Val at
position 650 (GluR2 → GluR5) difference at the binding site,
the other sequence differences between the receptors can explain
partially the observed differences in experimental ligand binding
affinities. The methionine side chain at position 708 at GluR2

Fig. 8 Docking of IV to GluR2 (a) and GluR5 (b) results in highly
similar conformations. However, in GluR2 (a) Leu650 forms unfavorable
interactions with both Tyr702 and the bound ligand; thus, (c) during the
MD simulation both the ligand and the receptor alter their conformation
but cannot form good mutual interactions. (d) In contrast, all possible
interactions of IV with GluR5 are optimized. The essential hydrogen bonds
are shown with orange dotted lines.

can pack against the core of the ligand (Fig. 5b), while serine
that is seen in the equivalent position in GluR5 could not do
this. The other differences, Thr686Ser, Tyr702Leu and Leu704Met
(GluR2 → GluR5), do not clearly affect the ligand binding, even
though that the Tyr702 in GluR2 might help on stabilization of
water w2 position (Fig. 5b). These observations are consistent
with the experimental binding affinities (Table 1), which show that
binding of I is weak into both receptors, but slightly favors GluR2.
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Fig. 9 Docking of V to GluR2 (not shown) and GluR5 (a) results in
highly similar binding conformations. The conformation are not favorable,
and thus, during the MD simulation the phenyl ring tries to change its
conformation from the perpendicular to the diagonal orientation with
respect to the bicyclic ring. In (b) GluR2 this rotation cannot take place
due to the presence of Leu650, while in GluR5 (c) it can because position
650 is occupied by smaller valine. The essential hydrogen bonds are shown
with orange dotted lines.

Ligand II

Molecule II is the most GluR2-selective ligand among the
compounds studied, although the selectivity is rather modest,
GluR2 binding is only approximately 4-fold better than to GluR5
(Table 1). II also has the highest affinity for GluR2 among the
compounds studied; II binds e.g. four times stronger to GluR2
than I does. Docking of II into GluR2 resulted in the conformation
shown in Fig. 6a. In this conformation, two hydrogen bonds
between II and GluR2 are observed: from the 2′ nitrogen atom of
the tetrazole ring to the hydroxyl group of Thr655 and from the sul-
fonyl group and the hydroxyl group of Thr686. The water molecule,
w2, stabilizes the docked conformation. Leu650 also packs
favorably with the planar, hydrophobic face of the tetrazole group.
However, the conformation is not optimal, because the negatively
charged tetrazole ring is positioned very close to the oxygen atom
of the hydroxyl group of Tyr702. In addition, the polar sulfonyl
group is only partially solvated, where only one of two oxygen

atoms is oriented towards the solvent and the other is buried by
the surrounding amino acid residues (Thr686 and Met708).

During the MD simulation of the GluR2–II complex, similar
conformational changes were seen for both the receptor and the
ligand (Fig. 6b) as for the GluR2–I complex (Fig. 5b). This is ex-
pected since both of these ligands have an equal length linker. The
conformation of GluR2–II complex obtained from the MD simu-
lation (Fig. 6b) allows the formation of more favorable interactions
than are seen in the starting structure (Fig. 6a), bringing the nega-
tively charged tetrazole ring into close proximity of the positively
charged end of helix-F. In addition to the hydrogen bond between
atom N3′ of the tetrazole ring and the hydroxyl group of Thr655
seen in the starting structure, atom N4′ hydrogen bonds with the
main-chain amino group of the same residue, and a weak hydrogen
bond forms between atom N2′ and the main-chain NH group of
Glu705 (Table 3). The water molecules w1 and w2 stabilize the lig-
and conformation. The orientation of the linker also changes, such
that the sulfonyl group turns towards helix-F forming a hydrogen
bond with the main-chain amino group of Ser654 as opposed to
the hydroxyl group of Thr686 in the starting structure. As a conse-
quence of the linker orientation, both oxygen atoms of the sulfonyl
group are exposed to solvent, which has a favorable contribution
to the ligand binding energy. In addition, in the structure obtained
from the MD simulation, hydrophobic interactions between the
side chain of Leu650 and the hydrophobic planar face of the
tetrazole-ring, contributes favorably towards the binding energy.

The conformations obtained from the MD simulation of
GluR2–I and GluR2–II are consistent with the observed Ki-
values, which show that II binds four times stronger to GluR2
than I does (Table 1). The tetrazole ring of II forms two hydrogen
bonds and electrostatic interaction with the receptor and also the
sulfonyl group hydrogen bonds with the receptor, whereas with
I the tetrazole ring is only stabilized by electrostatic interactions,
not optimal hydrogen bonds (Table 3). The interactions with water
molecules are highly similar with both I and II. For II the solvation
of the sulfonyl group adds an additional favorable impact for the
ligand binding.

With GluR5, the starting conformation of II was selected in
a way that the sulfonyl group interacts with Ser686 and Ser708
(Fig. 6c). This was done in order to study whether these residues
could stabilize a ligand conformation in a different way from
that seen with GluR2. However, during the MD simulation the
conformation of II in complex with GluR5 changes (Fig. 6d) and
closely resembles the conformation seen with GluR2 (Fig. 6b).
Like for GluR2, the sulfonyl group forms a hydrogen bond with
the main-chain amino group of Ser654 of helix-F, and also the
tetrazole ring interacts with helix-F. However, the interactions
between receptor and the tetrazole ring are different with GluR2
and GluR5 (Table 3). With GluR2, the tetrazole ring forms
two hydrogen bonds with helix-F, whereas with GluR5 only one
hydrogen bond is formed between atom N3′ and the hydroxyl
group of Thr655 (Table 3). In addition, with GluR2, the tetrazole
ring also interacts with the main-chain amino group of Glu705,
which is not present with GluR5. The absence of these interactions
with GluR5 can be explained by the presence of the smaller
valine side chain (residue 650) as opposed to leucine in GluR2.
Accordingly, in GluR5 there is more space in the cavity between
helix-F and helix-H, and the tetrazole group of II can extend
deeper into the cavity, and interactions similar to those seen with
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GluR2 are not possible. Furthermore, in GluR2, bulkier leucine
at position 650 packs better with the hydrophobic face of tetrazole
than smaller valine in GluR5, the former giving a favorable
contribution to the total binding energy. The internal energy of
conformation of II in GluR2 is 3.8 kcal mol−1 more favorable than
in GluR5 (Table 2). The experimentally observed difference in the
binding affinity between GluR2 and GluR5, approximately 4-fold,
seems to be due to the sequence difference at position 650, which
leads to different interactions and conformations of the ligand. In
addition, Tyr 702 in GluR2 can stabilize the water molecule w3
together with the side chain hydroxyl-group of Thr686 (serine in
GluR5) and might thus, affect favorably the enthropy contribution
of ligand binding, while leucine in equivalent position in GluR5
cannot do this. The structures obtained from MD simulation are
consistent with the experimental observation that I and II bind
equally well to GluR5, since the R-groups of both ligands form
two hydrogen bonds with receptor.

Ligand III

III binds selectively to GluR5, binding being 17-fold better than
for GluR2 (Table 1). Structurally, III differs from the other
decahydroisoquinoline compounds by having the longest linker,
–CH2–CH2–S-, among the compounds studied. The docking of
III to GluR2 and GluR5 resulted in similar conformations for the
resulting complexes (the GluR5–III complex is shown in Fig. 7a).
In this conformation, the sulfur atom accepts a hydrogen bond
from the main-chain amino group of Glu705, and the N2′ of the
tetrazole group interacts with the hydroxyl group of Thr655. In
addition, water molecule w1 stabilizes the ligand binding confor-
mation. The observed interaction between the sulfur atom and the
amino group can be verified with ligand VI (Fig. 2). VI is otherwise
similar to III, but instead of a –CH2–CH2–S-linker, VI contains a –
CH2–CH2–CH2-linker. The binding affinity of VI is ∼7-fold lower
than that of III (Table 1), supporting the presence of the hydrogen
bond between the sulfur atom and the main-chain amino group
of Glu705. Docking to both GluR2 and the model of GluR5 does
not explain the GluR5-selectivity of III, as the ligand binding con-
formations and interactions with both receptors are highly similar.

During the MD simulation of GluR2–III, the receptor confor-
mation does not change as much as was seen for the GluR2–I
and GluR2–II complexes, only a slight rotation of S2 against S1
is seen. This rotation together with the change of the tetrazole
ring orientation, due to the packing of Leu650 against planar face
of tetrazole, allows the formation of one new weak electrostatic
interaction (not an optimal hydrogen bond) between N3′ of the
tetrazole ring and the main-chain amino group of Thr655 (Fig. 7b).
At the same time, the interaction with the hydroxyl group of
Thr655 weakens (Table 3). All other interactions remained the
same as for the starting structure.

The MD simulation of GluR5–III (Fig. 7c) resulted in a
conformation similar to GluR2 (Fig. 7b) except that the linker
and the tetrazole ring are not as strongly bent towards helix-F as
with GluR2 and the orientation of the tetrazole ring is different
than with GluR2 (see Figs. 7b and 7c). This extended orientation
of the linker is possible because of the smaller valine at position
650 in GluR5 instead of the bulkier leucine in GluR2. Valine in
GluR5 allows the ligand to penetrate deeper into the cavity formed
by helix-F and helix-H. Despite the more extended conformation

of III in GluR5 than with GluR2 and in the starting structure,
during the MD simulation the interactions remain similar as at
the beginning of the simulation, but the extended conformation
is energetically more favorable than that resulted from docking
or MD simulation with GluR2. The calculated internal energy
for ligand III in the conformation seen in the complex with
GluR5 is 9.0 kcal mol−1 more favorable than the conformation
seen with GluR2 (Table 2). Accordingly, it seems that the 17-
fold difference in binding affinity between GluR2 and GluR5
results mainly from the internal energy of the ligand. Also the
differences in other sequence positions of GluR2 and GluR5
might affect slightly into the differences in ligand binding affinities:
(i) similarly as for ligand I the Met708 in GluR2 packs against the
core of the ligand (Fig. 7b), while Ser708 in GluR5 cannot do this,
(ii) similarly as in the case of GluR2–II, Tyr702 in GluR2
stabilizes the water w3 position and might contribute favorably
to the enthropy contribution of ligand binding, while leucine in
equivalent position in GluR5 cannot do this.

Ligand IV

Ligand IV has the highest selectivity among the studied ligands.
The Ki for GluR5 is 156 nM versus 117 lM for GluR2, which
means that IV binds 750 times stronger to GluR5 than to GluR2
(Table 1). In contrast to I–III, an imidazole group is found in
IV instead of the tetrazole group (Fig. 2). The docking of IV
into GluR2 resulted in a conformation where the 3′ nitrogen of
the imidazole ring interacts with the main-chain amino group of
Glu705, and the carboxylate substituent of the imidazole ring
interacts with the hydroxyl group of Thr655 (Fig. 8a). In addition,
water molecule w1 stabilizes the ligand conformation. In this con-
formation, however, the hydrophobic side chain of Leu650 forms
unfavorable interactions with the negatively charged carboxylate
group. Docking of IV into GluR5 resulted in a similar conforma-
tion as seen with GluR2 except that the unfavorable interaction
between the hydrophobic side chain and the carboxylate group
does not exist, again due to the presence of the smaller valine (650)
in GluR5 as opposed to the bulkier leucine of GluR2 (Fig. 8b).

During the MD simulation of the GluR2–IV complex, the
imidazole ring of the ligand rotates such that the hydrophobic face
of the imidazole ring is positioned towards leucine, in contrast
to the situation at the beginning of the simulation where the
negatively charged carboxylate group pointed towards leucine
(Figs. 8a and 8c). At the same time, the side chain of leucine moves
away giving more space for the imidazole ring. Due to the change
in the orientation of the imidazole ring, the interaction of the 3′

nitrogen atom with the main-chain amino group of Glu705 is lost
and optimal interactions between carboxylate substituent and the
N-terminus of helix-F cannot be formed (Table 3). Accordingly,
based on the conformations obtained from docking and MD
simulation, it seems that IV does not find a conformation which
would fit into GluR2, nor can the receptor adjust its conformation
to fit the ligand. This observation is consistent with experimentally
observed very poor binding of IV to GluR2 (Table 1).

In contrast to that what is seen with GluR2 (Fig. 8c), in the MD
simulation of the GluR5–IV complex the ligand remains in the
same orientation as the starting structure (Fig. 8D). This orienta-
tion of the imidazole ring is possible because of the leucine/valine
sequence difference at sequence position 650. In the GluR5–IV
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complex, the receptor conformation changes from that of the start-
ing structure, in which helix-F moves towards helix-H. This move-
ment is not seen with the GluR2–IV complex, possibly due to the
very different ligand conformation for molecule IV. The movement
of helix-F towards helix-H allows the carboxylate group of the im-
idazole ring to form hydrogen bonds with the amino and hydroxyl
groups of both Ser654 and Thr655 (Fig. 8d; Table 3). In addition,
the 3′ nitrogen of the imidazole ring can form an ideal hydrogen
bond with the main-chain amino group of Glu705 (Table 3). Thus,
and in contrast to GluR2, IV fits very nicely into the ligand binding
pocket of GluR5, forming five optimal hydrogen bonds (Table 3).

The intramolecular energies for ligand IV are practically same in
both complexes (Table 2). Therefore the differences in the ligand
binding energies (Table 1) must result from the intramolecular
energy of the protein and/or from the differences in the protein–
ligand interactions. As the interactions for GluR5–IV are better,
it can be assumed that in this case the differences in the protein–
ligand interactions between these two receptors are mainly respon-
sible for the difference seen in the ligand binding affinities (Table 1).
In addition to the effect of the Leu → Val (GluR2 → GluR5)
difference, the differences at sequence positions 702 (GluR2:
tyrosine; GluR5: leucine) and 708 (GluR2: methionine; GluR5:
serine) might affect the ligand binding energies. The effect of
position 708 is similar to those explained for ligands I and III:
methionine in GluR2 packs against the core of the ligand (Fig. 8c),
while serine in GluR5 cannot do that. Tyr702 in GluR2 has
unfavorable interaction with the 2′ CH-group of imidazole-ring
of IV, while Leu702 in GluR5 does not have this problem.

Ligand V

Ligand V has a 3′-carboxy-phenyl substituent directly attached to
the decahydroisoquinoline ring. Ligand V binds very poorly to
GluR2 and with moderate affinity to GluR5. The docking of V
into GluR2 and GluR5 resulted in very similar conformations;
the GluR5–V complex is shown in Fig. 9a. In this conformation,
the carboxylate group forms a hydrogen bond with the hydroxyl
group of Thr655 but the hydrophophic face of the phenyl ring
is positioned towards the main-chain amino group of Glu705,
forming an unfavorable interaction. In addition, in GluR2 the
hydroxyl group of Thr686 points directly towards the phenyl
ring, but this unfavorable interaction is not present in GluR5
where threonine is replaced by serine. However, the absence of
one unfavorable interaction is not enough to explain the observed
37-fold difference in binding of V to GluR2 and GluR5.

During the MD simulations of the GluR2 and GluR5 complexes
with V, helix-F moves closer to helix-H in the same way as seen
with the GluR5–IV complex. Due to the movement of helix-F,
the carboxylate group on the phenyl ring can form two hydrogen
bonds and two weak interactions with receptor (Figs. 9b and
9c): with the hydroxyl group and the main-chain amino group
of Thr655, and with the hydroxyl group and main-chain amino
group of Ser654 (Table 3). In addition, water molecules w1
and w2 stabilize the ligand conformations. The ligand adopts a
different conformation in GluR5 and GluR2. In GluR5, the plane
of the phenyl ring of the ligand turns from the perpendicular
orientation to the diagonal orientation relative to the plane of
the decahydroisoquinoline ring (Fig. 9c). In GluR2, the plane
of the phenyl ring, in turn, remains perpendicular to the plane of

the bicyclical ring as in the starting structure (Fig. 9b). The
different orientations of the phenyl ring can be attributed to the
leucine/valine sequence difference at position 650. In GluR2, the
side chain of leucine blocks the diagonal orientation of the phenyl
ring, which is accessible to GluR5 with the smaller valine side
chain- the side chain packs nicely against the phenyl ring. Due to
the diagonal orientation of the phenyl ring in GluR5, the polar
amino group of Glu705 no longer points towards the hydrophobic
phenyl ring, whereas in GluR2 this unfavorable interaction re-
mains. In addition, two other unfavorable interactions are present
in GluR2, because the hydroxyl groups of Tyr702 and Thr686
point towards the phenyl ring. Furthermore, in GluR5 the space
between the ligand and Glu705 is occupied by Met704, unlike for
GluR2 where leucine is found (Figs. 9b and 9c). The side chain of
Val650 also packs nicely against the side of phenyl ring.

Accordingly, with both receptors, the 3′ carboxylate group forms
nearly the same interactions with helix-F but the ligand fits better
into GluR5: Met704 fills the empty space between the phenyl
ring and Glu705 and the diagonal orientation of the phenyl ring
removes the unfavorable interaction with Glu705, and Val650
packs against the phenyl ring. The sequence difference at position
708 (GluR2: methionine; GluR5: serine) does not have significant
role in ligand binding selectivity. The diagonal orientation of the
ligand seen with GluR5 is 4.2 kcal mol−1 more favorable than the
perpendicular conformation in GluR2 (Table 2). However, ligand
V does not fit as nicely to GluR5 as ligand IV does, and V lacks the
interaction with the main-chain amino group of Glu705. Based on
this, the difference in the experimental binding affinities, 156 nM
for IV and 1010 nM for V, can be understood.

Molecular dynamics simulation of ligand-free GluR2

To verify that the observed receptor movements are possible,
MD-simulation for ligand-free GluR2 was done for antagonist
receptor complex without an antagonist ligand (i.e. GluR2–
ATPO crystal structure without ATPO). During the simulation,
the receptor conformation varies between the starting structure,
which is from the GluR2–ATPO complex (Fig. 10: orange trace)
to conformation, which is highly similar to that of the crystal
structure of NR1 with bound antagonist ligand DCKA (Fig. 10:
blue trace). The receptor conformations seen in the simulated

Fig. 10 During the MD simulation of ligand-free GluR2, the receptor
conformation changes between the starting structure (GluR2 X-ray
structure; orange trace) and conformation similar to that of X-ray structure
of NR1 (blue trace), e.g. after 310 ps (yellow trace) receptor resembles the
conformation of NR1, while after 810 ps (green trace) and 2150 ps (red
trace) receptor conformation is between the starting structure and that of
NR1. Figure was prepared by using coil-drawing option in Molscript.67

This option was used for clarity.
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Table 3 Polar interactions between the R-groups of the ligands and receptor during MD-simulation

Ligand Thr655NH Thr655OH Glu705NH Ser654NH Ser654OH W1 W2

GluR2
Ia N4′, w/− N3′, w/− N1′, −/w — — N3′ N2′

II N4′ N3′ N2′, w SO2 — N3′ N3′

III N3′, w N2′, w S — — N2′ —
IV O1, w O1, w — — — O1 N3′

V O1 O1, w — O2 O2, w O1 O1
GluR5
I — N3′ — — — N3′ N2′

II — N3′ — SO2 — N3′ N3′

III N2′, w N1′ S — — N2′, w —
IV O1 O1 N3′ O2 O2 — —
V O1 O1 — O2 O2 O1 O1

Mean interactions of 44 structures during the last 1 ns of the whole simulation time (time intervals of 22.5 ps). The standard deviations of interaction
distances and angles were 0.1–0.3 Å and 10–25◦, respectively. The hydrogen bonds are considered to be strong, when the distance between heavy atoms
<3.3 Å and the hydrogen bond angle (X) −45◦ ≤ X ≤ +45◦ between D–H–A. w indicates weak polar interaction (distance between heavy atoms
3.3 Å–4.5 Å or the hydrogen bond angle does not fulfill criteria set to the strong hydrogen bond).a The position of the tetrazole ring easily changes
due to the flexible linker effect on the interactions; i.e. when interactions Thr655NH–N4′ and Thr655OH–N3′ are enforced, Glu705NH–N1′ is, in turn,
weakened and vice versa.

receptor–ligand complexes were observed in the simulation of the
ligand-free GluR2 (compare Figs. 5c–d and Figure 10). Ac-
cordingly, the conformational changes observed for the receptor
suggest that the “open” i.e. antagonist bound form of the iGluR
receptors are inherently flexible.

Binding of ligands to GluR1,3,4

The binding data for I and IV are available for all AMPA
receptors.10 Both of these ligands have a slightly higher affinity for
GluR1 and GluR2 than for GluR3 and GluR4.10 This difference
can be ascribed to position 702 where GluR1 and GluR2 have
tyrosine and GluR3 and GluR4 have phenylalanine (Fig. 3):
Tyr702 can stabilize ligand binding either via a direct hydrogen
bond or through an intervening water molecule (data not shown).

Binding of ligands to GluR6 and GluR7

Even though GluR7 has a binding site nearly identical to that
of GluR5, none of the decahydroisoquinoline derivatives binds
well to GluR7 and none of the ligands binds to GluR6.9,10,43 This
binding difference can be attributed to the sequence difference
at position 686. Both GluR6 and GluR7 have asparagine at 686,
which blocks the binding of the decahydroisoquinoline in a similar
way as we described previously for several agonist molecules.44 In
addition, GluR6 has alanine at the position 480 and since the
NH2

+ group of the decahydroisoquinolines is predicted to donate
hydrogen bonds to the main-chain oxygen atom of Pro478 and
the side-chain hydroxyl group of Thr480, the binding affinity for
GluR6 is expected to be lower than for GluR7, which is in good
agreement with the experimental binding data reported for the
decahydroisoquinoline derivatives.9,10,43

Binding of ligands to KA2 (and KA1)

A common feature of the decahydroisoquinoline derivatives is that
they do not bind to the KA2 receptor (Ki is always >100000 nM),
unfortunately these data are available only for small number of
molecules.9,43,45 The sequence difference at the position 478 (Fig. 3)
most likely alters the backbone conformation of the preceding
Ala477, exposing an additional main-chain oxygen atom towards

the ligand binding site and thus towards the hydrophobic dec-
ahydroisoquinoline. This altered backbone conformation affects
the conformation of Tyr450 as well, thus affecting the packing of
the decahydroisoquinoline moiety of the ligands against the S1
domain.44 In addition, the sequence difference at position 650 can
have a drastic effect on ligand binding: while AMPA receptors
have leucine and GluR5–7 have valine, KA1–2 have isoleucine
at this position. As already shown the leucine/valine difference
at position 650 is highly important for subtype selective ligand
binding and it is logical to expect that the isoleucine at that position
has clear impact for binding.

Methods

Structural modeling

The three-dimensional structure of the GluR2 S1S2 construct
in complex with ATPO (PDB access code: 1n0t12), was ob-
tained from the Protein Data Bank.46 The sequence alignment
of human GluR1–4 (AMPA-receptors), GluR5–7 and KA1–2
(KA-receptors) was made using Malign47 in the Bodil Modeling
Environment33 using a structure-based sequence comparison
matrix48 with a gap formation penalty of 40. Malign constructs a
multiple-sequence alignment from pairwise alignments according
to a tree relating the sequences being matched.

The program Homodge in Bodil was used to construct 3D model
structures for each receptor LBD (except GluR2 where the X-ray
structure was used) by keeping the side-chain conformations of
all identical residues fixed and by maintaining the corresponding
torsion angles of similar residues in the alignment. Here, the
sequence identity varies from approximately 90% (among the
AMPA receptors) to about 50% (between GluR2 and the KA
receptors). The intramolecular interactions of the amino acids
in the vicinity of the ligand binding site that are different
from those in the template structure were optimized by using
the amino acid side-chain rotamer library49 incorporated within
BODIL. Hydrogen atoms for all protein structures and models
were added using the program Reduce.50
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Ligand structures

Ligand structures were optimized quantum mechanically with
Gaussian0351 at the HF/6-31 + G** level, first in vacuo and then
using a continuum solvent model (water, using the PCM model of
Gaussian03).

Possible low-energy conformations for the ring-system of the
decahydroisoquinolines were produced with the 2D–3D conver-
sion program Corina,38,39 using an energy window of 60 kcal mol−1.

Hybridization and protonization of the ligands were confirmed
by examining the available pKa values and similar (sub)structures
using Beilstein (MDL Information. Systems, Inc).

Ligand docking

Ligands were docked flexibly into the AMPA/KA receptors with
Gold 2.1.52,53 The search area was limited to a 15 Å radius sphere
centered at the binding site.

Molecular dynamics

The ligand–receptor complex structures obtained from the dock-
ing studies were used as starting structures for the ligand–receptor
MD simulations. For ligand-free simulation, the receptor structure
of GluR2–ATPO complex, without bound ATPO, was used as a
starting structure.12 Water molecules within a 4.0 Å distance of
the ligand in the X-ray structure of GluR2 with bound ATPO
were included in starting structures (water molecules with similar
positions were also included in the GluR5–ligand complexes).
The force field parameters for the protein were taken from the
parm99 parameter set54 of Amber 855 and for the ligands from
the gaff parameter set.56 Missing parameters and atom types of
the ligands were generated using the Antechamber module of
Amber 8. The quantum mechanically optimized structures of the
ligands were used. The electrostatic potentials of the ligands were
obtained from ab initio quantum mechanical single point energy
calculations (HF/6-31 + G* with Gaussian0351) performed for the
structure obtained from the solution optimization. Atom-centered
point charges for corresponding atoms were generated from
the electrostatic potential using the RESP methodology.57–59 The
charges of chemically equivalent atoms were set to equal values.

The ligand–receptor complexes were solvated with a rectangular
box of TIP3P waters extending 13 Å in all dimensions around
the solute using the Leap60 module of Amber 8. The number
of water molecules in simulations were GluR2: 14387; GluR2–
I: 14383; GluR2–II: 14385; GluR2–III: 14383; GluR2–IV: 14387;
GluR2–V: 14386; GluR5–I: 13500; GluR5–II: 13522; GluR5–III:
13500; GluR5–IV: 13512; GluR5–V: 13556. The system was then
neutralized by adding the appropriate number of counter ions
(GluR2 apo: four chlorides; GluR2–I ligand complexes: three
chlorides; GluR5–ligand complexes: one sodium).

Energy minimizations and molecular dynamics simulations
were performed using the PMEMD module of Amber 8. Equi-
libration was performed using the following procedure. In the first
step, the hydrogen atoms in the system were minimized using the
steepest decent algorithm (1000 steps) keeping the rest of the sys-
tem fixed, followed by a similar relaxation of the water molecules.
In the MD run, the system was heated from an initial temperature
of 100 K to 300 K in 30 ps, and thereafter the temperature was
maintained at 300 K. After relaxation, the system was energy min-
imized for 1000 steps. Finally, unrestrained molecular dynamics

simulation of the whole system was started by heating up the whole
system as done in the equilibration MD simulation of the water
molecules. After that, the production simulations of 2.1–3.5 ns at
constant temperature (300 K) and pressure (1 atm) were started.
For GluR2–I complex a longer simulation (3.5 ns) was performed
in order to see if longer simulations would be required. Since the
trajectories were stable and no significant conformational changes
were not seen during the extension of the simulation, 2.1 ns simula-
tion time were considered to be long enough. All simulations were
run using a 1.5 fs step time. A cutoff of 8.0 Å was used for van der
Waals interactions and the long-range electrostatic interactions
were treated using the particle mesh Ewald summation method61–64

with a charge grid spacing of ∼1.0 Å. Bonds containing hydrogen
atoms were constrained using the SHAKE algorithm.65

Trajectory analyses

Trajectories obtained from the MD simulations were analyzed
with the ptraj module of Amber 8.

Internal energies of ligands

For each compound, 27 snapshot structures, containing only
ligand coordinates, were collected at 15 ps intervals over the
final 400 ps of the simulation. Single-point energies for these
ligand conformations were calculated quantum mechanically at
the B3LYP/6-31 + G* level with Gaussian03.51

Ligand binding data

The ligand binding data for enantiomerically pure decahydroiso-
quinolines, measured on homomeric iGluRs, were taken from the
literature.7,10

Figures

Fig. 3 was prepared by using Alscript66 and figures 1, 4–10 by using
Bodil,33 Molscript67 and Raster3D.68

Conclusions

With regard to receptor binding, the studied ligands have several
features in common. The decahydroisoquinoline moiety forms
similar interactions in all cases. In addition, all negatively charged
R-groups: tetrazole (I–III), carboxylate groups (IV–V) and the
oxygen atoms of the sulfonyl group (II) interact with the positively
charged N-terminus of helix-F. These results are consistent with
the crystal structures of GluR2 with other types of bound ligands
(with the exception of DNQX), where negatively charged groups
are observed to interact with the helix-F.11 Another important
interaction that is observed is with the main-chain amino group
of Glu705. This interaction is seen in the GluR2–III, GluR5–III
and GluR5–IV complexes and is quite often seen in the crystal
structures too (e.g. GluR2–AMPA11). However, in the complexes
with I, II and V water molecules occupy this interaction site
in a similar way as w4 in the crystal structure of GluR2 with
bound ATPO (see Fig. 1). Water molecules w1 and w2 seen in
the crystal structures (e.g. GluR2–ATPO; Fig. 1) are observed in
all of the ligand–receptor complex structures obtained from MD
simulations (Figs. 5–9). The other water molecules seen in crystal
structures, w3 and w5 (Fig. 1), are, in turn, replaced by some of
the ligands.
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The ligand conformations are strongly dependent on the
sequence differences between GluR2 and GluR5. Especially, the
leucine (in GluR2)-valine (in GluR5) difference at position 650
has a strong influence on the ligand conformation and in this way
also on selective ligand binding to the receptors, depending on the
length of the linker. The ligand with the longest linker (III) has the
highest sensitivity to the size of the side chain at this position. The
smaller valine in GluR5 allows the linker to adopt a more extended
conformation than the bulkier leucine in GluR2, contributing
9.0 kcal mol−1 to the stability of the complex in GluR5 (Table 2). In
contrast, with linkers of two connecting atoms (I–II), the influence
of valine is the opposite: the tetrazole ring can penetrate deeper
into the cavity formed by helices F and H in GluR5 because
of smaller valine, and these results in a loss of interactions. In
addition, the larger side chain of leucine (GluR2) packs better on
the top of the tetrazole ring than the smaller side chain of valine
(GluR5); in the case of II, having accordingly a positive impact on
the total ligand binding energy. With the smaller ligands, IV and V,
leucine prevents the imidazole (IV) or phenyl (V) ring adopting ori-
entations that would allow the best possible interactions with the
receptor, whereas valine allows favorable conformations. With IV,
the observed binding conformation from the MD simulations have
similar internal energies, but with V the conformation in GluR5 is
4.2 kcal mol−1 more favorable than that in GluR2 (Table 2). The
observation of the importance of the leucine/valine difference on
the ligand binding conformation is not new. For example, this se-
quence position has been shown to be responsible for the pharma-
cological differences of the ligand kainate towards the AMPA and
KA receptors69 and also for agonist ligand binding selectivity.70–72

During the MD simulations, the receptor structures alter their
conformations, however, the magnitude and manner of the confor-
mational change depends on the bound ligand and the receptor
type (GluR2 or GluR5). During the simulation of GluR2 with
bound molecules I and II, the receptor changes its conformation to
resemble that of the NR1 receptor (Figs. 5c and 5d), while GluR5
alters its conformation to a much lesser extent. The greater degree
of conformational change in GluR2 allows I and II to adopt a more
favorable conformation in contrast to GluR5. With the largest
ligand, III, neither of receptors changes conformation. Ligands
IV and V are much smaller than I–III. With these ligands, the
movement of the receptors differs from that of the larger ligands.
In comparison to the X-ray structure of GluR2–ATPO complex,
helix-F moves towards helix-H in the GluR5–IV, GluR2–V and
GluR5–V complexes. With GluR2–IV, this kind of movement is
not seen due to the different ligand conformation. The changes in
the receptor conformation that are dependent on bound ligand,
which are seen in this study, are not seen in the currently available
X-ray structures of AMPA/KA receptors.

Although, the results described here are based on single trajec-
tories for each protein–ligand complexes, the results obtained can
be assumed to be reliable because of the following reasons. (1) The
ligands I and II have the same core structure and the length of
R-groups are similar (Fig. 2). When these ligands are bound to
GluR2 and GluR5, similar changes in the receptor conformations
are seen during the MD simulations. Accordingly, similar results
were obtained from four independent trajectories. (2) For ligand
II, two distinct starting conformations were used with GluR2 and
GluR5 (Fig. 6a and 6c). However, during the MD simulation both
starting conformations ended up to highly similar conformation

(Fig. 6b and 6d). (3) The simulation of ligand-free antagonist
form of GluR2 varies between conformations seen for the crystal
structures of GluR2 with bound ATPO and NR1 with bound
DCKA (Fig. 10). In addition, those receptor conformations, which
were seen in the receptor–ligand simulations, were also observed
in the ligand-free simulation. Accordingly, the observed dynamics
of the ligand-free antagonist form of the receptor suggests that
the receptor is inherently flexible. In order to investigate if the
receptor starting conformations effect on the behaviour of the
receptor during MD simulations, several starting conformations
for the receptor should have been used. However, in the case of
GluR-antagonist complexes, it is very difficult to use any other
sensible starting conformation for the receptor beside those used,
since the only available crystal structures for GluR2 and GluR5
with bound antagonist ligands are the complexes of GluR2 with
bound ATPO and DNQX that are highly similar to each others.
The usage of agonist ligand complexes that are numerous and
available for both GluR2 and GluR5 cannot be used as the
receptor structures are more “closed”, which reflects the size of
the binding cavity, and thus, the positioning of studied antagonist
ligands into the binding cavity is impossible. Accordingly, since
several independent trajectories gave consistent results in the
respect of the receptor movement and similar conformations are
also seen in the X-ray structures of iGluRs, our hypothesis that
the “open” (i.e. antagonist) forms of iGluR receptors are flexible
and the receptor conformation may change upon the shape and
size the ligand bound can be assumed to be reasonable.

In summary, the binding mode of decahydroisoquinoline deriva-
tives is a complex problem, affected by many different factors. The
results obtained here show reasonable binding modes for these lig-
ands, which are consistent with the experimentally observed bind-
ing affinities. In addition, the changes in the receptor conformation
depending on the bound ligand give new information about re-
ceptor flexibility upon antagonist ligand binding. Thus, this study
provides a basis for understanding receptor–ligand selectivity and
yields insight applicable to the design of novel selective ligands.
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