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a b s t r a c t

Non-competitive ligands of kainate receptors have focused significant attention as medicinal compounds
because they seem to be better tolerated than competitive antagonists and uncompetitive blocker of
these receptors. Here we present structural studies (X-ray structure determination, NMR and MS spectra)
of novel indole-derived non-competitive antagonists of GluK1/GluK2 receptors, homology models of
GluK1 and GluK2 receptors based on novel AMPA receptor template as well as molecular docking of
ligands to their molecular targets. We find that the allosteric site is in the receptor transduction domain,
in one receptor subunit, not between the two subunits as it was indicated by our earlier studies.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The glutamatergic system remains an attractive molecular
target for pharmacological intervention.1–3 Ligands acting on
ionotropic glutamate receptors (iGluRs: NMDA, N-methyl-D-aspar-
tate; AMPA, a-amino-3-hydroxy-5-methyl-4-isooxazolepropionic
acid and kainate receptors) or metabotropic glutamate receptors
(mGluRs) are potential drug candidates for the treatment of neuro-
degenerative diseases (Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease), epilepsy as well as schizophrenia, anxiety
and memory disorders.2,3 Although only a few glutamate receptors
ligands turned out to clinically useful (firstly, because of a crucial
role of glutamatergic system in many physiological processes and
secondly—due to the unfavorable psychotropic side effects,
traditionally linked with high-affinity NMDA receptor antagonists),
ligands of kainate receptor subfamily seem to be especially
promising.4,5 Kainate receptors are involved in epileptogenesis
and inducing synaptic plasticity, mainly via mossy fiber long-term
potentiation mechanism. Thus, antagonists of kainate receptors are
potential anti-seizure and neuroprotective agents. Moreover, as
non-competitive antagonists of AMPA receptors are well tolerated
in preclinical and clinical studies,6 it may be expected that it will
also concern such ligands of kainate receptors.

The research on non-competitive antagonists of kainate recep-
tors is hindered by the fact that only three series of such com-
pounds have been obtained up to now,7–9 (Fig. 1). Recently we
have reported 2,3,5-trisubstituted indoles 1–4 (intermediates)
and 1,2,3,5-tetrasubstituted indole derivatives 5–10 which belong
to most active non-competitive antagonists of GluK1 receptor and
are the first known such ligands of GluK2 receptor (Fig. 2).9 We
also proposed a pharmacophore model for these ligands.9 More-
over, we have suggested a binding site for them in the receptor
transduction domain10 thanks to construction of whole receptor
models.10,11 In order to build models of GluK1 and GluK2 receptors
we used separate templates for each domain (transmembrane
domain, transduction domain, ligand-binding domain and
N-terminal domain). Although the constructed models differed
significantly from the later obtained crystal structure of GluA2
receptor,12 they exhibited the correct twofold symmetry and
correct dimensions. Here we present structural studies of these
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Table 1
Pharmacological activity of novel non-competitive antagonists of GluK1/GluK2
receptors, nd–not determined8

R1 R2 R3 R4 IC50, lM

GluK1 GluK2

1 H Ph H OCH3 nd nd
2 H 4-OMePh CH3 H nd nd
3 H Ph CH3 OCH3 nd nd

4 H OCH3 nd nd

5 C2H5 4-OMePh CH3 OCH3 4.0 0.7
6 4-ClBn 4-OMePh CH3 OCH3 0% (100 lM) 20% (100 lM)
7 C2H5 Ph H OCH3 12.0 6.7
8 C2H5 4-OMePh CH3 H 32% (100 lM) 10.0
9 C2H5 Ph CH3 OCH3 32% (100 lM) 6.0

10 C2H5 OCH3 0% (100 lM) 1% (100 lM)

Figure 2. Synthesis of indole derivatives.

Figure 1. Non-competitive antagonists of GluK1 receptors.
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compounds, homology models of GluK1 and GluK2 receptors built
using a novel AMPA GluA2 receptor template12 and molecular
docking to the transduction domain of the receptors.

2. Materials and methods

2.1. Chemistry

The intermediates 1–4 were synthesized by Fischer or Bischler
indolization method and were alkylated with ethyl bromide or
4-chlorobenzyl chloride in the presence of sodium hydride in
anhydrous DMF to give final compounds 5–10 as reported
previously (Fig. 2).9

2.2. Pharmacology

The final products, 5–10 were tested for their affinity to GluK1
and GluK2 receptors as reported previously.9 In particular, the
investigations with the 3H-kainate binding assay showed no
inhibition, which makes it possible to conclude about the
non-competitive type of antagonism for compounds 5–10.
Pharmacological data are presented in Table 1.

2.3. X-ray structure analysis

Prismatic colorless crystals of 5 and 6 suitable for X-ray
diffraction analysis were grown by slow evaporation of an ethanol
solution. X-ray data were collected on the Bruker SMART APEX CCD
diffractometer; crystal sizes: 0.25 � 0.22 � 0.05 of 5 and
0.20 � 0.17 � 0.2 of 6, x scans. The multi-scan absorption correc-
tion was applied (SADABS13). The structures were solved by direct
methods using SIR9214 and refined by full-matrix least-squares
with SHELXL97.15 All hydrogen atoms in 5 were located in a differ-
ence Fourier map and their coordinates were refined isotropically
[C–H = 0.94(3)–1.11(4) Å and Uiso(H) = 1.5Ueq(C)]. In the case of 7
the H atoms were treated as riding on their parent C atoms with
C–H distances of 0.93 (aromatic), 0.97 (CH2) and 0.96 (CH3) and
Uiso(H) = 1.5Ueq(C). The assumed absolute crystal structure of 5
was confirmed by refinement of the Flack parameter.16 The crystal
and experimental data are listed in Table 2. Molecular graphics
were prepared using ORTEP3 for Windows.17 PARST18 and PLA-
TON19 were used for geometrical calculations. All calculations were
performed using WINGX v. 1.64.05 package.20 CCDC-930477 for 5
and CCDC-930478 for 6 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge at http://www.ccdc.cam.ac.uk/conts/retrieving.html [or
from the Cambridge Crystallographic Data Centre (CCDC), 12 Union
Road, Cambridge CB2 1EZ, UK; fax: +44(0) 1223 336 033; email:
deposit@ccdc.cam.ac.uk].

2.4. NMR studies

NMR spectra were acquired using Bruker Avance 500 spectrom-
eter (equipped with BBO-5 mm-Zgrad probe) operating at
500.13 MHz for 1H and 125.77 MHz for 13C, respectively. Spectra
were recorded at 25 �C using CDCl3 as a solvent with a non-
spinning sample in 5 mm NMR-tubes. Spectra were processed by
a PC with Windows XP operating system and XWin-NMR software.
Proton and carbon spectra were referenced internally to TMS signal
using value 0.00 ppm.



Table 2
Crystal data and structure refinement for 5and 6

5 6

Empirical formula C19H21NO2 C24H22NO2Cl
Formula weight 295.37 391.88
Temperature (K) 293(2) 293(2)
Crystal system Orthorhombic Triclinic
Space group P212121 P�1

Unit cell parameters
a (Å) 8.720(2) 9.088(2)
b (Å) 9.553(2) 12.477(3)
c (Å) 20.024(4) 18.704(4)
a (�) 87.93(3)
b (�) 87.82(3)
c (�) 80.37(3)
V (Å3) 1668.2(6) 2088.5(7)
Z 4 4
Dcalc (g cm�3) 1.176 1.246
F(000) 632 824
k (Cu Ka) (Å) 1.54178 1.54178
Cell parameters from 870 reflections 104 reflections
h range for lattice parameters (�) 38.35–68.90 2.36–70.14
Absorption coefficient l (mm�1) 0.600 1.761
Tmin/Tmax 0.864/0.971 0.720/0.966
h Range for data collection (�) 4.42–70.05 9.30–39.80
Index ranges h, k, l �10/10, �11/11, �24/24 �11/11, �15/15, �22/22
No. of measured reflections 19196 24160
No. of independent reflections 3166(Rint = 0.0192) 7612 (Rint = 0.0187)
No. of observed reflections 3054 with I > 2r(I) 6148 with I > 2r(I)
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Final R indices: R, wR(F2) 0.0337, 0.1019 0.0502, 0.1476
Goodness-of-fit on F2, S 1.034 1.137
Data/parameters 3166/264 7612/506
Extinction coefficient 0.0070(7) 0.0011(3)
Flack parameter 0.1(2)

+0.134 and �0.131
0.1(2)
+0.309 and �0.364

Largest diff. peak and hole (e Å�3) 0.000 0.001
(D/r)max
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1H NMR spectra and 13C NMR proton-decoupled spectra were
acquired with single-pulse excitation and 30� flip angle. 1 Hz expo-
nential weighting was applied prior to Fourier transformation in
carbon spectra. Gradient selected DQF-COSY spectra were acquired
with cosygpmfqf pulse program (pulse programs refer to original
ones installed by Bruker). Gradient selected NOESY spectra were
acquired with noesygpph pulse program. Gradient selected
1H–13C HSQC spectra were acquired with hsqcetgpsisp.2 pulse pro-
gram (using shaped pulses). Gradient selected 1H–13C HMBC spec-
tra were acquired with hmbcgplpndqf pulse program.

2.5. MS studies

The electron ionization (EI) mass spectra were recorded on a VG
ZABSpec mass spectrometer (VG Analytical, Division of Fisons,
Manchester, UK), that was equipped with Opus V3.3X program
package (Fisons Instruments, Manchester, UK).

2.6. Molecular modeling

Multiple alignment was performed with Muscle20 and MOE
Molecular Operating Environment.21 Crystal structure of AMPA
GluA2 receptor (PDB ID: 3KG212) was selected as the main tem-
plate. Additional templates were used for N-terminal domain
(crystal structure of the GluK2/GluK5 NTD tetramer assembly,
PDB ID: 3QLV22) and ligand binding domain (crystal structure of
GluK1 ligand-binding domain (S1S2) in complex with an antago-
nist, PDB ID: 4DLD23). Homology modeling was carried out with
Modeller v. 9.11.24 Input conformations of the investigated com-
pounds were prepared using the LigPrep protocol from the Schro-
dinger Suite.25 To sample different protonation states of ligands in
physiological pH Epik module was used.26 The molecular struc-
tures of the investigated compounds in the ground state (in vacuo)
were further optimized with the B3LYP DFT (the variant of DFT
method using Becke’s three parameter hybrid functional (B3)27

with correlation functional such as the one proposed by Lee, Yang,
and Parr (LYP)28) using 6-31G(d,p) as included in GAUSSIAN 09.29

Molecular docking was performed with Glide from the Schrodinger
Suite. Ligand-receptor complexes were inserted into POPC lipid
bilayer and water with Schrodinger suite of programs and sodium
and potassium ions were added to balance protein charges and
then till concentration of 0.15 M. The stability of ligand-receptor
complexes was assessed by molecular dynamics simulations with
Desmond v. 3.0.3.1.30 The ligands-receptor complexes in lipid
bilayer were minimized and subjected to MD first in the NVT
ensemble for 1 ns and then in NPT ensemble for 20 ns.

The following software were also used for visualization of
results: Chimera v.1.5.3,31 Mercury v.2.4,32 VegaZZ v.2.4.0.25,33

Yasara Structure v.11.9.18,34 PyMol v.0.99,35 Discovery Studio v.
3.136 and ArgusLab.37

3. Results and discussion

3.1. X-ray investigation

For X-ray evaluation we chose 2-methoxyphenyl-3-methyl-5-
methoxy-indole derivatives 5 and 6 because they differ consider-
ably in their GluK1/GluK2 kainate receptor affinity. The complete
crystal structure analysis of these compounds was expected to
yield information concerning the conformation and especially
mutual orientation of pharmacophoric aromatic substituents. The
X-ray investigation revealed that the compound 5 crystallizes in



Figure 3. A view of the molecules 5 (A) and 6 (B) with the atomic labelling. Non-H atoms are represented by displacement ellipsoids of 50% probability.

Table 3
Selected torsion angles [�] for 5 and 6 in their crystals

Torsion angles 5 6A 6B

N1–C2–C21–C22 �75.85(18) 90.5(3) �121.6(2)
C4–C5–O51–C52 �4.6(2) �179.0(2) �13.7(3)
C23–C24–O27–C28 �176.5(2) 6.3(5) �166.8(2)
C2–N1–C10–C11 �90.9(2) �101.8(2) �111.2(2)
N1–C10–C11–C12 23.0(3) 22.1(3)

Table 4
Intermolecular interaction geometry (Å, �) for 6

D–H� � �A D-H H� � �A D� � �A D-H� � �A

C22–H221� � �Cg1 0.99(2) 2.836(19) 3.6592(16) 141.6(17)
C23–H231� � �Cg2(i) 1.00(2) 2.90(3) 3.7637(16) 145.8(19)
C25–H251� � �Cg(ii) 0.96(2) 2.62(3) 3.5078(17) 154(2)
C26–H261� � �Cg1(ii) 0.97(2) 2.79(3) 3.5695(16) 137.7(18)

Symmetry codes: (i) 1�x, �1/2 + y, 1/2�z; (ii) 1�x, 1/2 + y, 1/2�z.
Cg1–centroid of the pyrrole ring; Cg2–centroid of the benzene ring C4� � �C9.
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chiral P212121 space group, while the compound 6 crystallizes in
P�1 space group with two molecules A and B in the asymmetric part
of the unit cell. The view of the molecules with numbering of the
atoms are shown in Figure 3. The 2-methoxyphenyl-3-methyl-5-
Figure 4. Overlay of molecules 5 and 6A (A), 5 and 6B (B) and
methoxy-indole part is common for both analyzed structures
and the geometry of this molecular fragment in 5 and 6 is very
similar. Its conformation is described by three torsion angles
6A and 6B (C) by least-squares fitting of the indole rings.



Figure 5. Unit-cell packing in crystal of 5. Dashed lines indicate C–H���p intermo-
lecular interactions.

Table 5
Hydrogen-bond geometry (Å, �) for 6

D–H� � �A D–H H� � �A D� � �A D–H� � �A

C12A–H12A� � �N1A 0.93 2.58 2.902(3) 101
C12B–H12B� � �N1B 0.93 2.58 2.899(3) 101
C25B–H25B� � �O51Ai 0.93 2.49 3.409(3) 168

Symmetry codes: (i) 1�x, �y, 1�z.

Figure 6. Unit-cell packing in crystal of 6. Dashed lines
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N1–C2–C21–C22, C4–C5–O51–C52 and C23–C24–O27–C28 (Ta-
ble 3). The first one with �75.85(18)� for 5, 90.5(3)� for 6A and
�121.6(2)� for 6B indicates similar spatial orientation of the 2-
methoxyphenyl substituent in relation to the fused bicyclic system
in 5 and 6B, and slightly different in 6A. The other two torsion an-
gles show the same, respectively, cis and trans conformation of the
both methoxy groups in 5 and 6B and opposite trans and cis confor-
mation of these substituents in 6A. The similarities and differences
in the conformation of the investigated molecules 5 and 6 (A and B)
are shown in Figure 4. The chlorobenzyl substituent in 6 adopts
gauche-trans conformation with respect to the indole ring with tor-
sion angles C2–N1–C10–C11 of �101.8(2), �111.2(2)� and N1–
C10–C11–C12 of 23.0(3) and 22.1(3)� for A and B molecules,
respectively. This conformation is stabilized by the respective
C12–H16���N1 intramolecular hydrogen bonds in molecule A and
B (Table 4).

The planar indole ring system is slightly folded along the junc-
tion C8–C9; the dihedral angle between the six- and five-mem-
bered rings being 1.16(5)� for 5, 0.83(6)� for 6A and 1.71(6)� for
6B. The classic hydrogen bonds are not present in the crystal struc-
ture of 5. Phenyl and indole rings in the crystal of 5 located perpen-
dicularly to each other belonging to the molecules related by 21

axis parallel to [010] direction interact via C–H� � �p interactions
(Table 3). Aromatic C22–H221 and C23–H231 from one side and
C25–H251 and C26–H261 groups from the other side of the indole
ring are involved in these type of interaction (Fig. 5). Similar inter-
actions were found in the crystal structure of 6. They are accompa-
nied by C–H� � �O intermolecular hydrogen bonds (Table 5) linking
into pairs inversion-related molecules A and B (Fig. 6).

3.2. NMR spectra

All studied compounds were fully characterized by NMR spec-
troscopy. The assignment of 1H and 13C NMR chemical shifts were
done by the aid of techniques DQF-COSY, HSQC, HMBC and NOESY.
1H NMR spectrum consisted of signals from aromatic indole core
and different substituents. In a case of 3-methylindole, the proton
indicate C–H���O intermolecular hydrogen bonds.



Figure 7. Numbering system and observed NOESY correlations (in arrows) for
compounds 9 and 10.
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signals can be easily identified based on coupling constants. When
3-methyl was lacking, DQF-COSY information was needed to assign
indole protons. All substituents had their own characteristic proton
signals (arom-CH3: 2.1–2.5 ppm; OCH3: 3.8–4.0 ppm; CH2CH3:
1.1–1.4 and 4.0–4.2 ppm; aromatic signals 6.9–7.7 ppm). When
the proton signals were assigned, HSQC provided directly corre-
sponding proton bearing carbons. The quaternary carbons were
thereafter assigned based on the long range 1H–13C correlations
from HMBC spectrum. Finally, the assignments were proved by
observed NOESY cross peaks. As an example, decisive NOESY
Table 6
1H NMR data (chemical shifts, multiplicity and coupling constants) for compounds 1–3 and

Compound H-3/3-Me H-4 H-5/5-OMe H-6

1 6.76
br. s

7.09
d 2.5

3.87
s

6.86
dd 2.5, 8.8

2 2.43
s

7.58
d 7.8

7.13
dd 7.2, 7.8

7.19
dd 7.2, 8.0

3 2.44
s

7.35
d 2.4

3.90
s

6.87
dd 2.4, 8.7

5 2.20
s

7.03
d 2.4

3.89
s

6.89
dd 2.4, 8.8

6 2.26
s

7.05
d 2.4

3.89
s

6.81
dd 2.4, 8.8

7 6.45
br. s

7.11
d 2.4

3.87
s

6.90
dd 2.4, 8.8

8 2.23
s

7.59
d 7.8

7.14
dd 7.2, 7.8

7.23
dd 7.2, 8.0

9 2.21
s

7.04
d 2.4

3.89
s

6.90
dd 2.4, 8.8

* Only vicinal couplings are presented for substituted aryl group protons.
a 8.22 (br s, NH).
b 3.87 (s p-OMe), 7.94 (br s, NH).
c 7.90 (br s, NH).
d 1.19 (t 7.2, CH3), 3.88 (s p-OMe), 4.02 (q 7.2, CH2).
e 3.84 (s p-OMe), 5.14 (s CH2), 6.85 (d 8.5, H-20), 7.18 (d 8.5, H-30).
f 1.31 (t 7.2, CH3), 4.17 (q 7.2, CH2).
g 1.21 (t 7.2, CH3), 3.89 (s p-OMe), 4.06 (q 7.2, CH2).
h 1.18 (t 7.1, CH3), 4.03 (q 7.1, CH2).

Table 7
13C NMR chemical shifts for compounds 1–3 and 5–9 in CDCl3 and at 25 �C (TMS = 0.00 p

Compound C-2 C-3 C-3a C-4 C-5 C-6 C-7 C

1 138.61 99.85 129.73 102.25 154.51 112.64 111.63 1
2 133.99 107.75 130.06 118.74 119.44 121.96 110.50 1
3 134.97 108.50 130.42 100.83 154.14 112.44 111.44 1
5 137.76 108.11 128.81 100.80 153.87 111.42 110.16 1
6 138.24 108.70 129.20 100.85 154.15 111.75 110.66 1
7 141.67 101.73 128.60 102.27 154.27 111.79 110.62 1
8 136.96 108.47 128.65 118.76 118.92 121.35 109.37 1
9 137.92 108.41 128.35 100.86 153.91 111.67 110.27 1

a 55.37 (p-OMe).
b 15.45 (CH3), 38.65 (CH2), 55.31 (p-OMe).
c 46.99 (CH2), 55.29 (p-OMe), 127.39 (C-20), 128.72 (C-30), 132.71 (C-40), 137.19 (C-10
d 15.47 (CH3), 38.88 (CH2).
e 55.31 (p-OMe).
f 15.42 (CH3), 38.74 (CH2).
correlations are presented for compounds 9 and 10 in Figure 7. This
figure shows also the numbering of the structures which is adopted
in Tables 6–9.

3.3. MS spectra

All of the compounds 1–10 do not show many fragments. In
all cases the molecular ion forms the base peak of the spectrum
and double-charged molecular ion is always present (4–10%)
although for 6 it is very weak. [M�H]+ ion is also abundant when
R1 = H (2–4) or in the case of compound 10 which also explains
why this ion is the most abundant for 4. Somehow R3 = H (1, 6)
seems to limit the formation of the [M�H]+ ion. In the other
compounds this ion is not very abundant since in all of them R1

is other than H and R3 equal to methyl. Compound 8 for which
R3 = CH3 and R4 = H (like for compound 2) gives 12% of [M�H]+

ion. All compounds also exhibit the ion [M�CH3]+ which is fairly
abundant for compounds 1–3 but very weak for four-membered
compound 4. The [M�CH3]+ ion is missing from the spectrum of
compound 6 due to the dominant loss of the R1 = CH2C6H4CL-p
corresponding to m/z 266 (54%). The loss of methyl can occur from
5–9 in CDCl3 and at 25 �C (TMS = 0.00 ppm)

H-7 H-ortho* H-meta* H-para* Others

7.28
d 8.8

7.64
d 7.5

7.43
t 7.5

7.31
t 7.5

a

7.35
d 8.0

7.51
d 8.8

7.01
d 8.8

— b

7.26
d 8.7

7.57
d 7.5

7.47
t 7.5

7.35
t 7.5

c

7.24
d 8.8

7.31
d 8.7

7.02
d 8.7

— d

7.02
d 8.8

7.21
d 8.7

6.93
d 8.7

— e

7.29
d 8.8

7.49
d 7.4

7.46
t 7.4

7.40
t 7.4

f

7.35
d 8.0

7.32
d 8.8

7.02
d 8.8

— g

7.25
d 8.8

7.39
d 7.6

7.48
t 7.6

7.41
t 7.6

h

pm)

-7a C-3-Me C-5-OMe C-ipso C-ortho C-meta C-para Others

32.00 — 55.84 132.44 125.06 129.02 127.65 —
35.64 9.59 — 125.91 129.00 114.28 158.98 a

31.00 9.76 55.97 133.40 127.66 128.80 127.28 —
30.89 9.32 56.08 124.76 131.64 113.82 159.24 b

31.78 9.49 55.96 124.11 131.59 113.88 159.35 c

32.44 — 55.94 133.22 129.27 128.49 127.88 d

35.79 9.24 — 124.67 131.71 113.82 159.25 e

31.33 9.32 56.05 132.53 130.47 128.35 127.76 f

).



Table 10
Electron impact mass spectra of 4 2,3,5-trisubstituted 1–4 and 6 1,2,3,5-tetrasubstituted indoles 5–10

Compound M+� M2+ [M�H]+ [M�CH3]+ [M�C2H3O]+ [M�R1�C2H3O]+ [M�R3�CH3O]+� [M�H�R1�C2H3O]+ [M�R2]+ [M�H�R1]+

1 223(100) 111.6(8) 222(4) 208(24) 180(47) 179(5) 191(6) — — —
2 237(100) 118.5(7) 236(34) 222(25) 194(5) 193(9) 191(7) 192(7) 130(5) —
3 237(100) 118.6(8) 236(22) 222(27) — 193(9) 191(7) — 160(5) —
4 249(100) 124.3(10) 248(61) 234(4) 206(12) 205(13) 217(9)a 204(14) — 247(6)d

5 295(100) 147.5(9) 294(6) 280(22) 252(8) — 249(5) — — —
6 391(100) Very weak 390(2) — — 223(9) — — — —
7 251(100) 125.7(8) 250(2) 236(42) 208(14) 179(6) 193(6)b 204(14) — —
8 265(100) 132.6(4) 164(12) 250(28) — 193(4) 219(8)b 192(5) — 235(8)
9 265(100) 132.5(6) 264(7) 250(34) 222(9) 193(6) — 192(5) — —

10 277(100) 138.7(8) 276(28) 262(18) 234(6) 205(8) 217(5)c 204(11) 248(6) 247(5)

Other fragments for 1: [M�H�R1�C4H5O]+ 152(8), Ph+(6); 2: [M�H�C4H5O]+ 167(7); 4: [M�H�CH3]+� 233(6), [M�C2H3O�C8H8]+� 152(8); 6: 267(11), [M�R1]+ 266(54),
[M�R1�R3]+� 251(6), [M�H�R1 �R4�C2H3O]+� 191(6), [R1]+ 125(17); 7: [M�CH3�C2H3O]+� 193(6), [M�H2�C4H5O]+� 180(5); 8: [M�H�CH3�R1]+ 220(6), [M�H�R1�CH3O]+�

204(6), [M�H2�R1�C2H3O]+ 191(7). [M�H2�C4H5O]+� 180(5); 10: [M�H2]+� 275(6), [M�R1]+ 248(6), [M�R1�CH3O]+�217(5).
a [M�R1�CH3O]+�.
b [�CH3�CH3O]+�.
c [M�C2H5�CH3O]+�.
d [M�H2]+�.

Figure 8. Homology model of GluK2 receptor, A-front view; B-side view.

Table 8
1H NMR data (chemical shifts, multiplicity and coupling constants) for compounds 4 and 10 in CDCl3 and at 25 �C (TMS = 0.00 ppm)

Compound H-1 H-2 H-3 / 3-OMe H-4 H-5 H-6 H-7 H-8-OMe H-9 H-10 Others

4 7.28
dd 1.4, 7.6

7.23
t 7.6

7.15
dt 1.4, 7.6

7.26
d 7.6

3.05
br t 7.2

2.94
m

6.99
d 2.4

3.87
s

6.84
dd 2.4, 8.8

7.24
d 8.8

a

10 7.52
dd 1.2, 7.8

7.30
dd 7.4, 7.8

7.17
dt 1.4, 7.4

7.32
d 7.4

2.96
m

2.87
m

7.01
d 2.4

3.88
s

6.88
dd 2.4, 8.8

7.26
d 8.8

b

a 8.07 (br s NH).
b 1.51 (t 7.1, CH3), 4.41 (q 7.1, CH2).

Table 9
13C NMR chemical shifts for compounds 4 and 10 in CDCl3 and at 25 �C (TMS = 0.00 ppm)

Compound C-1 C-2 C-3 C-4 C-4a C-5 C-6 C-6a C-6b C-7 C-8 C-9 C-10 C-10a C-11a C-11b Others

4 119.75 126.66 126.62 128.47 136.47 29.55 19.72 112.48 128.94 100.59 154.30 112.40 111.82 132.11 133.87 127.77 a

10 121.97 126.73 126.18 128.71 138.18 30.78 20.17 113.66 126.37 100.43 154.12 112.25 110.28 133.70 134.74 129.66 b

a 55.89 (8-OMe).
b 15.74 (CH3), 39.83 (CH2), 55.93 (8-OMe).
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the methoxy groups (1, 7, 8, 9 and 10) and to some extent also from
the loss of R3 (2, 3, 5, 8 and 9) or from R1 = C2H5 (5, 7, 8, 9 and 10).
Compounds 1, 2, 4, 5, 7, 9 and 10 exhibit the ion [M�C2H3O]+

which is strongest for 2 (47%) and all compounds except 5 give also
relatively weak ion [M�R1�C2H3O]+�. Compounds 1–5 and 8 exhi-
bit also some amounts of the ion [M�R3�CH3O]+�. It is interesting
that only 2 and 3 show small amount of the ion [M�R2]+ (Table 10).
Compounds 2, 4, 8–10 exhibit also the ion [M�H�R1�C2H3O]+. It is
interesting that both four-membered derivatives 4 and 10 exhibit
the ion [M�H2]+� which proves that the origin of this ion must be
other than [M�H�R1]+� as it is for 8 and 10. A few more ions can
be observed for most of the compounds as shown below Table 10.

3.3.1. Homology modeling
Homology models of GluK1 and GluK2 receptors were built on

novel AMPA GluA2 receptor template with application of addi-
tional kainate receptor templates for ligand binding domain and
N-terminal domain (see Experimental section for details).
Sequences identity between the GluA2 template and GluK1 and
GluK2 receptors was 39.73% and 40.58% respectively. To our
knowledge, these are first kainate receptor models built on novel
AMPA receptor template.

Homology models of GluK1 and GluK2 receptors have similar
architecture to the used GluA2 receptor template and differ
significantly from previously constructed models based on
separate templates for each domain.10,11 However, they are also
characterized by dimer of dimers topology. They consist of
N-terminal domain, ligand-binding domain, transduction domain
and transmembrane domain. The final model of GluK2 receptor,
a very similar to GluK1 receptor model, is presented in Figure 8.



Figure 9. Compound 5 in the binding pocket of GluK1 (A, B) and GluK2 (C, D) receptor.

Figure 10. Compound 7 in the binding pocket of GluK1 (A, B) and GluK2 (C, D) receptor.
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3.3.2. Ligand-receptor interactions
The binding site for non-competitive GluK1/GluK2 receptors

was identified in the receptor transduction domain, that is, in the
domain which connects ligand-binding domain and transmem-
brane domain. This assumption was made on the basis of studies
by Balannik et al.38 for AMPA receptors as well as on our earlier
molecular modelling studies.10 The exact binding site was found
on the basis of sequence differences between GluK1 and GluK2
receptors in the transduction domain. There are no differences in
S1-M1 linker and in S2-M4 linker Asp823 and Asn824 in GluK1
corresponds to Glu808 and Ser809 in GluK2. Indeed, these residues
were found in the binding pocket (Figs. 9 and 10). In case of GluK1
receptor it was determined that the pharmacophoric9 methoxy
group at position 5 interacts via the hydrogen bond with the side
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chain of Thr761. This was true for all the compounds having meth-
oxy group at this position and it is in contrast with earlier studies.
In case of GluK2 receptor an analogous interaction was not identi-
fied but some residues turned out to have potential for such con-
tacts (like the main chain nitrogen atom of Ala812). Instead, the
derivatives having methoxy group at position 2 formed hydrogen
bond with the main of Glu756. Further derivatives which complete
the binding pockets for both receptors can be found in Figures 9
and 10 drawn for derivatives 5 and 7. It was also determined that
inactive derivatives 6 (with chlorobenzyl derivative in position 1)
and 10 (carbazol derivatives) are too big to adopt well to the bind-
ing pocket. In contrast to our previous molecular docking studies,11

it was found that the binding pocket for non-competitive antago-
nists is situated within one receptor subunit, not on the border
of two subunits. The stability of ligand-receptor complexes was
confirmed in short molecular dynamics simulations.

4. Conclusions

In this Letter we performed extensive structural studies of novel
indole-derived non-competitive antagonist of GluK1 and GluK2
receptors in view of their pharmacological activity. We also built
the first homology model of kainate receptors based on the novel
AMPA receptor template. Furthermore, we identified the site of
allosteric modification of kainate receptors in the transduction
domain. The obtained results are of crucial relevance for elabora-
tion of more potent non-competitive antagonists of GluK1 and
GluK2 receptors as the constructed models may be used in future
structure-based drug design studies. The presented compounds
may find application as pharmacological tools to study kainate
receptors and as lead compounds for further modifications.
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