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Introduction

G-protein coupled receptors (GPCRs) represent the largest
family of cell-surface receptors involved in signal transmis-
sion.[1] More than 50 % of the drugs on the market mediate
their effect via GPCRs.[2,3] Based on sequence similarity, GPCRs
can be subdivided into three groups: The rhodopsin/ß-adre-
nergic receptors (family 1), the secretin receptors (family 2),
and the metabotropic glutamate receptors (family 3).[4] In addi-
tion to metabotropic glutamate receptors (mGluRs), family 3
GPCRs comprise the GABAB,

[5] the calcium-sensing,[6] vomero-
nasal,[7] pheromone,[8] and several putative taste receptors.
These receptors are characterized by a large extracellular
domain (ECD), a heptahelical domain (HD)—which is com-
posed of seven transmembrane helices linked to each other by
alternating extracellular and intracellular loops—and an intra-
cellular domain (ICD) including the C terminus and the G-pro-
tein interaction sites. The extracellular amino-terminal domain
contains a Venus flytrap module for orthosteric agonist bind-
ing.[9] This is in contrast to most other GPCRs where natural
ligand binding occurs within the heptahelical domain.[10] The
mGluR family consists of eight cloned subtypes mGluR1–8 and
several splice variants.[11] Metabotropic glutamate receptors are
further subdivided into three groups according to their se-
quence similarity and their mechanism of signal transduction.

Group 1 receptors (mGluR1 and mGluR5), are localized postsy-
naptically in the somatodendric membrane and coupled to the
activation of phospholipase C (PLC)[12] and, thus, are consid-
ered to be stimulatory. Although glutamate neurotransmission
is primarily mediated by postsynaptic ligand-gated cation
channels, for example, ionotropic glutamate receptors, it can
also be regulated by mGluRs. According to previous studies,
the mGluR1 receptor seems to be mainly involved in therapeu-
tic opportunities such as stroke, brain injury,[13, 14] and pain.[15, 16]

It was shown that the heptahelical domain of mGluRs provides
a binding pocket for a novel class of ligands acting as allosteric

A virtual screening study towards novel noncompetitive antago-
nists of the metabotropic glutamate receptor 1 (mGluR1) is de-
scribed. Alignment-free topological pharmacophore descriptors
(CATS) were used to encode the screening compounds. All virtual
hits were characterized with respect to their allosteric antagonis-
tic effect on mGluR1 in both functional and binding assays. Ex-
ceptionally high hit rates of up to 26% were achieved, confirm-
ing the applicability of this virtual screening concept. Most of the
compounds were found to be moderately active, however, one
potent and subtype selective mGluR1 antagonist, 13 (IC50:
0.362 mm, SEM �0.031; Ki : 0.753 mm, SEM �0.048), based on a
coumarine scaffold was discovered. In a following activity optimi-

zation program a series of coumarine derivatives was synthe-
sized. This led to the discovery of potent (60, IC50: 0.058 mm, SEM
�0.008; Ki : 0.293 mm, SEM �0.022) and subtype selective
(rmGluR5 IC50 : 28.6 mm) mGluR1 antagonists. From our homology
model of mGluR1 we derived a potential binding mode within
the allosteric transmembrane region. Potential interacting pat-
terns are proposed considering the difference of the binding
pockets between rat and human receptors. The study demon-
strates the applicability of ligand-based virtual screening for non-
competitive antagonists of a G-protein coupled receptor, resulting
in novel, potent, and selective agents.
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agonists or antagonists,[17] thus, modulating the activation of
the receptor induced by an orthosteric agonist in a noncompe-
titive way. CPCCOEt was one of the first mGluR1 antagonists
with low micromolar affinity.[18] Other mGluR1 antagonists such
as R214127, LY456066, and EMTBPC have affinities down to
low-nanomolar levels (their chemical structures are given in
the Supporting Information).[19–21] The important role of allos-
teric antagonists of group 1 mGluRs in diseases involving neu-
rodegeneration (for example, Alzheimer’s and Parkinson’s dis-
ease), anxiety, pain, epilepsy, and neuroprotection (stroke, is-
chaemia), and schizophrenia has been investigated before.[22–24]

So far, most known mGluR modulators were discovered by ap-
plying high throughput screen-
ing (HTS) technologies. Al-
though HTS represents a main
source for identifying novel hit
compounds, it is associated with
numerous pitfalls, for example,
high investment, low hit rates,
high number of false positives
or false negatives. HTS is com-
plemented by virtual screening
concepts, which turned out to
provide rapid and efficient tech-
niques for selecting activity-en-
riched subsets of screening can-
didates.[25] In this study we have
applied virtual screening to find-
ing novel mGluR1 antagonists
by a ligand-based approach,
that is, a topological pharmaco-
phore search (CATS).[26] Topologi-
cal descriptors were calculated
from the 2D-structure of known
mGluR1 antagonists to avoid
problems related to conforma-
tional flexibility as the preferred
binding mode of allosteric
mGluR1 antagonists is still un-
known. A set of virtual hits were
obtained and pharmacologically
characterized and the most
active compound served as the
starting point for a subsequent
lead optimization program. A fo-
cused library was designed, and
mGluR1 antagonists with an im-
proved potency and high selec-
tivity towards mGluR5 were ob-
tained. Moreover, two represen-
tatives potently antagonizing
the mGlu1 receptor were placed
into the allosteric binding
pocket of our own mGluR1 ho-
mology model, which differs
from previously reported
models.[21, 27] We identified

amino acid residues presumably interacting with pivotal ligand
features.

Results and Discussion

Virtual Screening

Six known mGluR1 antagonists served as reference compounds
(“seeds”) for similarity searching in a commercially available
compound collection (Gold Collection of Asinex Ltd.[28])
(Figure 1). Each reference compound in turn served as the
query structure for the CATS search, and the remaining five

Figure 1. Seed structures used for virtual screening. The functional activities of molecules 1–6 for mGluR1 antago-
nism are given. Molecules 1–3 closely resemble R214127,[19] molecules 5 and 6 are EM-TBPC analogues.[20]

Table 1. Activity of the compounds found by virtual screening.[a]

Scoring list Rank Chemical Structure No. rmGluR1 IC50 [mm] rmGluR1 Ki [mm]

1 3

7
7.9

ACHTUNGTRENNUNG(�2.5)
>40

2 2

3 2 12
13.5

ACHTUNGTRENNUNG(�7.0)
25.3

ACHTUNGTRENNUNG(�5.1)

3 3 13
0.36

ACHTUNGTRENNUNG(�0.03)
0.75

ACHTUNGTRENNUNG(�0.05)

6 3 19
12.9

ACHTUNGTRENNUNG(�1.0)
21.6

ACHTUNGTRENNUNG(�3.6)

1 77

27
13.2

ACHTUNGTRENNUNG(�4.1)
>40

2 41
3 72

1 32

28
11.1

ACHTUNGTRENNUNG(�3.0)
>402 18

3 95

[a] Only hits with IC50<15 mm are shown. The first two columns indicate the seed compound on which the
search was based and the position of the test compounds in the corresponding scoring list. Activities are
given as mean values of two independent experiments performed in quadruplicate (binding, Ki) or sextuplicate
(functional, IC50).
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molecules were mixed with the library compounds. This data-
base “spiking” was done to gain an idea of the relevance of
the obtained virtual hit lists[29] (see Experimental Section). For
each run, the CATS-program was prompted to create a ranked
list of the 100 most similar screening compounds. This resulted
in six such virtual hit lists or scoring lists (Table 1). From each
list the top-scoring five compounds were selected. In addition,
we picked all virtual hits that occurred in at least three of the
six hit lists, irrespective of their rank. In total, 38 compounds
were ordered, 23 were delivered, and their pharmacological
profile was characterized. Table 1 only shows the most potent
compounds that were identified. A complete list of all com-
pounds that were tested is provided in the Supporting Infor-
mation (Table S1). Among those compounds, some structurally
similar ones with respect to their seed compounds (1–3) such
as 11, 25, in particular 26, and test compound 14 (seed com-
pound 4) were identified (Supporting Information Table S1),
which is confirmed by their CATS similarity values (not shown).
However, the majority of the test compounds were structurally
distinct from their seed compounds. The pharmacological pro-
file of compounds 7–29 was characterized using in vitro bind-
ing and functional assays. In the binding assay, the displace-
ment of binding of the known noncompetitive mGluR1 antag-
onist [3H]-(3-Ethyl-2-methyl-quinolin-6-yl)-(4-methoxy-cyclohex-
yl)-methanone ([3H]-2) (Figure 1), a tritiated analogue of 2, was
measured. In the functional assay, changes in the inositol phos-
phate (IP3) level were recorded. For pharmacological screening
purpose binding constants Ki (the displacement of radioligand
as % of control was measured and Ki was calculated; Support-
ing Information) and inhibition constants (IC50) have been de-
termined by dose response curves with a few concentrations,
whereas for SAR studies full dose response curves have been
conducted (see Supporting Information). One compound was
found to be highly active (<1 mm), and five compounds were
moderately active with IC50 values between 1–15 mm in the
functional assay. Seven compounds exhibited low activity (15–
40 mm), and ten compounds were found to be inactive (IC50>

40 mm). This resulted in an overall hit rate of approximately
26 %, determined by taking into account all compounds with
an IC50 below 15 mm. In general, higher activities were found in
the functional assay than in the binding assay, which could
have different reasons, for example, the existence of another
binding site, which cannot be accessed by the radioligand but
can by test compounds thus revealing significantly higher
functional potency than binding potency (for example, 42) or
overlapping binding sites. Interestingly, compound 13 was
found to bind to the allosteric site of the mGlu1 receptor with
an IC50 value in the nanomolar range and significantly inhibits
receptor activation induced by the orthosteric agonist (R,S)-3,5-
dihydroxy-phenylglycine (DHPG, Figure 2). It displaced the
binding of [3H]-2 with a Ki value of 0.811 mm (standard error of
the mean, SEM, �0.048) and inhibits DHPG-induced intracellu-
lar IP3 formation with an IC50 value of 0.362 mm (SEM �0.031).
Moreover, compound 13 is subtype selective as no affinity to-
wards mGluR5, the closest related subtype according to se-
quence similarity, was observed (Figure 3). This is demonstrat-
ed in a mGluR5 binding assay by applying the potent and se-

lective mGluR5 antagonist [3H]-2-(3-methoxy-phenylethynyl)-6-
methyl-pyridine ([3H]-M-MPEP).[30] Tritiated M-MPEP itself is dis-
placed by the known mGluR5 antagonist MPEP as shown in
Figure 3.

Synthesis of a focused coumarine library

Compound 13 is based on a coumarine scaffold and to the
best of our knowledge no interactions of coumarine deriva-
tives with group 3 GPCRs have been reported before.[31] Syn-
thesis strategies were explored to elaborate a structure–activity
relationship around this scaffold and to improve its activity fur-

Figure 2. Compound 13 is a noncompetitive antagonist of the mGlu1 recep-
tor. It displaces [3H]-EMQMCM binding to the allosteric mGluR1 site with an
IC50 value of 0.753 mm (SEM �0.048) and inhibits DHPG-induced intracellular
IP3 formation with an IC50 value of 0.362 mm (SEM �0.031). Results represent
mean values of two independent experiments performed in quadruplicate
(binding) or sextuplicate (functional), respectively.
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ther. Pechmann condensation of resorcinoles 30a–c with cyclic
b-ketoesters 31a–g (Scheme 1 b) was used to prepare hydroxy-
coumarine derivatives 32aACHTUNGTRENNUNG(a–g), 32ba, and 32ca (Scheme 1 a,
examples see Supporting Information). Alkylation at the hy-
droxy group of compounds corresponding to general formula
32 led to alkyl- and vinyl-aryl ethers 33–36, 37–40, and 41. A
reaction of hydroxyresorcinoles 32 with N,N-dimethylthiocarba-
moylchloride and subsequent Newman-Kwart rearrange-
ment[33, 34] gave mercaptocoumarine derivatives 42–45. The car-
bamoyl group in compound 42 was cleaved and the mercapto
group was alkylated or arylated to give compounds 46 and 47,
respectively. 7-Hydroxycoumarines 32aa and 32ba were nitrat-
ed at the free ortho position of phenolic hydroxy group and
subsequently alkylated at the hydroxy group to obtain 8-nitro-
and 6-nitrocoumarine derivatives 48 and 53. Hydrogenation of
the nitro group of compounds 48 and 53 followed by acyla-
tion gave coumarine derivatives 49–52 and 54 (Scheme 2 a).
The Knoevenagel condensation of ortho-hydroxybenzalde-
hydes 55a–d with ethyl 3-adamantan-1-yl-3-oxopropionate
(56) in the presence of piperidine in ethanol was used to pre-

pare substituted 3-(adamantane-1-carbonyl)-chromen-2-ones
57–60 (Scheme 2 b).[35]

Structure–activity relationship (SAR)

Based on our primary hit compound 13, three parts of the
molecule were chosen for structural modifications. A small li-
brary where R1 was systematically varied led to the discovery
of 42 yielding an IC50 value of 123 nm (Table 2). The introduc-
tion of an iso-propoxy or a thioamide group at R1 turns out to
be favorable to achieve highly active mGluR1 antagonists.
Other hydrophobic, aromatic ether or thioether substituents at
R1 gave only moderately active coumarine derivatives whose
activities were found to vary between 1 and 10 mm in the func-
tional mGluR1 assay (Table 2). In the next step, the iso-propoxy
group at R1 of 13 was kept fixed and position R2 was varied
(Table 3). In particular, hydrogen bond acceptors and donors
were introduced (49–52). A moderate antagonizing effect was
observed in the functional assay whereas in the binding assay,
only low affinities were found. Therefore, the optimal substitu-
ents at R2 seem to be small and nonpolar, for example, hydro-
gen. Any effort towards increasing affinity with functional
groups at R2 failed. Table 4 shows that the introduction of
alkyl- (41), amido- (54), hydrogen (61), or nitro groups (53) in
R4 led to a decrease in the functional activity and therefore,
they could not be regarded as an alternative for the chloro
substituent of 13. Then, the carbocycle next to the lactone
ring was varied with respect to size and substitution pattern
(Table 5). The introduction of a methyl substituent (37) is fol-
lowed by an increase in functional activity to 200 nm whereas
the 7-methyl substituent (38) significantly reduced functional
activity. Interestingly, after exchange of the iso-propoxy group
of 37 (199 nm) by dimethyl-thiocarbamic acid substituent (43,
885 nm), which was found to be the optimal group in the ab-
sence of the 7-methyl group before (42, 123 nm, Table 2), a de-
crease in functional activity was obtained for 43 in the pres-
ence of the 9-methyl substituent. Other modifications such as
8-CF3 (39), 8-ethyl substituents (45), and a reduction in ring
size (40) were well tolerated and only minor activity changes
were observed. The activity data of 37, 39, and 43 suggest
that there exists a hydrophobic pocket within the mGluR1 re-
ceptor, which could be further explored by changing the sub-
stitution pattern at the coumarine core. Therefore, an adaman-
tyl substituent was introduced and connected by a carbonyl
group (Table 6), and only the substituent R1 at the coumarine
scaffold was kept. By using this modification, antagonists with
an improved activity down to 30 nm were obtained (57–60).
Interestingly, for this structural class better correlations be-
tween binding and functional assays were achieved. The main
SAR findings of Tables 1–6 are summarized in Figure 4. Red de-
notes the presence of a hydrogen acceptor group, orange cor-
responds to hydrophobic and acceptor groups whereas the
gray color represents a hydrophobic substituent. In the next
step, a homology model of mGluR1 was developed to get an
idea of the potential binding mode of selective coumarine an-
tagonists presented above.

Figure 3. In contrast to MPEP (10 mm), compound 13 (10 mm) does not dis-
place the binding of [3H]-M-MPEP (5 nm) to the allosteric site of the mGlu5
receptor nor does it inhibit quisqualate (100 nm) induced intracellular Ca2 +

release in rat cortical astrocytes (MPEP: 1 mm). Results are mean values of
two independent experiments conducted in duplicate (M-MPEP binding) or
quintuplicate (calcium-flux). Error bars indicate SEM.
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Binding mode of different coumarine derivatives

The ligands were manually placed into the transmembrane
region in proximity to the pocket where 11-cis-retinal was
found in bovine rhodopsin.[36] As preliminary experiments with
automated docking methods did not lead to reasonable re-
sults, we decided to place the ligands manually in a way most
consistent with the obtained SAR data and mutational results
from literature (see the following details), followed by an
energy minimization. We wish to stress that all presented bind-
ing modes are hypotheses fitting best to our experimental
data rather than extensively evaluated and confirmed results.
As starting point for the placement of the molecules in the
binding site we used data on differences in functional activity
of the molecules between rat and human mGluR1. Of several
ligands for which functional activity in human mGluR1 was
also measured (13, 33, 36–42, 47, 49, 51, 54, 59, 60, 61), all
but 41 showed lower activity on the human receptor. This dif-
ference was attributed to the single amino acid difference be-
tween rat and human receptors within the ligand-binding
region: V757 (5.47 according to the numbering scheme of Bal-
lesteros[32]) in rat versus L757 in human. We have selected the
hydrophobic unsaturated ring as the most likely candidate to

interact with this amino acid.
Figure 5 a shows the predicted
binding mode of 13 in the bind-
ing pocket of mGluR1. The unsa-
turated ring is in contact with
the rat selective V757 (5.47),
which is surrounded by further
hydrophobic residues V753
(5.43) and P756 (5.46) that form
a hydrophobic cluster. In the ho-
mology model, the central lac-
tone group of the coumarine
core interacts as an acceptor
forming two hydrogen bonds
with R661 (3.29) and N747
(45.51). The hydrophobic iso-
propoxy substituent of 13 inter-
acts with the hydrophobic resi-
dues I745 (45.49) and V664
(3.32) whereas the ether group
seems to be involved in forming
a hydrogen bond with T815
(7.39). Replacing the iso-propoxy
group with a dimethylthiocar-
bamyl group resulted in in-
creased activity (42, with IC50 =

0.12 mm, compared to 13 with
IC50 =0.36 mm). This might be
explained by the formation of a
stronger hydrogen bond to
T815 (7.39) by the dimethylthio-
carbamyl group compared to
the iso-propoxy group. Substitu-
ents at the chlorine site of 13
might interact with V664 (3.32)

and V819 (7.43). In comparison to the binding mode of 13, the
receptor model suggests that for all ligands bearing an ada-
mantyl substituent next to the lactone ring (57–60) there is
not sufficient space for the adamantyl group in the subpocket
covered by the unsaturated ring of 13. Thus, an alternative
binding mode was proposed for the adamantyl-containing li-
gands, illustrated by 60 (Figure 5 b). Here the adamantyl group
fills the same part of the pocket as the unsaturated ring in 13.
The oxygen of the carbonyl linker of 60 is involved in the hy-
drogen bond cluster containing R661 (3.29), and the oxygen
acceptor in the ring from the coumarine core forms a hydro-
gen-bonding interaction with T815 (7.39) (see Figure 6).

Both ligands 13 and 60 were found to be subtype-selective
against mGluR5. According to the homology model, the two
binding sites of the receptor subtypes were very similar. Only
four residues differed near the proposed binding site: positions
3.32 (rmGluR1 V664 versus rmGluR5 I650), 3.36 (S668 versus
P654), 5.47 (V757 versus L743), 7.39 (T815 versus M801). The
unfavorable effect of L replacing V on position 5.47 was al-
ready observed experimentally in this study comparing human
and rat mGluR1, The same effect might contribute to the selec-
tivity over mGluR5. M instead of T at position 7.39 in mGluR5

Scheme 1. a) Reagents and conditions: 1) H2SO4, RT.; 2) R4X, K2CO3 or CsCO3, acetone or DMFA, RT. or heating;
3) Me2NC(=S)Cl, DABCO, DMFA; 4) N,N-Diethylaniline, 120 8C; 5) 1N MeONa, MeOH, RT overnight, then R5Br, K2CO3,
RT for 46, 160 8C for 47. b) b-Ketoesters used for Pechmann condensation in part a.
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might prevent binding of the ligands by its more voluminous
sidechain that also cannot form the hydrogen-bonding interac-
tion that was proposed for all our ligands (Figure 5). The larger
sidechains of I in mGluR5 compared to V at position 3.32 and P
instead of S at 3.36 migth also contribute to the selectivity by
sterical hindrance. The proposed binding pocket of 13 and 60
is located in a similar region compared with the negative allos-
teric mGluR1 modulator EM-TBPC, for which mutational data
was published before.[21] EM-TBPC is assumed to interact with

V757 (5.47), W798 (6.48), F801
(6.51), Y805 (6.55), T815 (7.39),
which are all in proximity to 13
and 60. Mutation of N747
(45.51) and N750 (45.54) to ala-
nine resulted in an increased
effect of EM-TBPC, which might
be caused by the lack of a hy-
drogen-bond interaction part-
ner of EM-TBPC. These findings
are consistent with a direct in-
teraction of N747 (45.51) with
our ligands. For rmGluR5 it was
also shown that mutation of
R647 (3.29) (R661 in mGluR1) to
alanine increased the activity of
the mGluR5 negative allosteric
modulator MPEP.[37] This is con-
sistent with a potential direct
interaction of arginine at 3.29
(R661 in mGluR1 and R647 in
rmGluR5) with bound ligands.
These data support our hypoth-
esis for the binding mode of 13
and 60. Furthermore, the exis-
tence of different binding
modes within the pocket could
serve as an explanation for the

observed differences in the functional and binding assay re-
sults as well as the failed attempt to find a quantitative SAR.

Conclusion

We have presented the successful applicability of a similarity
search based on topological CATS-descriptors for the identifica-
tion of novel allosteric mGluR1 antagonists. One highly active
antagonist based on a coumarine scaffold was found, which
was subjected to a hit optimization program. A focused cou-
marine library was designed, which led to novel antagonists
with an improved potency below 100 nm. A homology model
was developed to which different coumarine antagonists were
manually docked. A switch in the binding mode of different
antagonists was predicted depending on the type and the po-
sition of the substituent at the coumarine core.

Experimental Section

Computational Methods
Datasets. The Asinex Gold Collection provided by Asinex[28] was
used in sd-format for virtual screening purposes. This external com-
pound library is continuosly being updated and we applied the
versions of February 2003 (194,598 entries) and October 2003
(201 304 entries). Apart from the 2D-chemical structures they in-
clude predicted Lipinski rule properties and some ADMET proper-
ties. A reference database containing 212 compounds was assem-
bled by manually collecting already published structures of non-
competitive mGluR1 antagonists from publications and patents.

Scheme 2. a) Reagents and conditions: 1) HNO3, AcOH, RT; 2) iPrBr, K2CO3, DMFA, 50 8C; 3) H2, 10 % Pd/C; EtOH, RT;
4) for 49 : PhC(=O)Cl, Py, THF, RT; for 50 : HCO2H, reflux; for 51: succinic anhydride, xylenes, 140 8C; for 52 : Ac2O,
reflux; 5) iPrC(=O)Cl, Py, THF, RT. b) Reagents and conditions: 1) piperidine, ethanol reflux.

Figure 4. Visualization of the SAR results for coumarines. Bold lines indicate
the common core and dashed lines denote hydrophobic moieties con-
densed or attached to the scaffold.
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These molecules cover a broad range of activity (1 nm to �10 mm)
and represent various different chemical core structures.

CATS-2D similarity search. The CATS descriptor is a topological
atom-pair descriptor and has been reported earlier.[26] As it is based
on the two-dimensional structure of a molecule it circumvents
problems derived from conformational flexibility. Topological infor-
mation of a molecule is encoded by assigning each atom (node) to
one of the following generalized atom types: hydrogen-bond
donor (D), hydrogen-bond acceptor (A), positively charged (P), neg-
atively charged (N) or lipophilic (L). Atoms, which do not belong to
one of the five mentioned potential pharmacophore point groups,
are not taken into account. Atom pairs denote the shortest dis-
tance connecting two nodes. The frequencies of all 15 possible
atom pairs of CATS types (DD, DA, etc.) are determined and the re-
sulting histogram is divided by the number of nonhydrogen atoms
in the molecule to get a scaled vector.[38] The CATS-similarity (ex-
pressed by the euclidian distance measure) is defined by the
degree to which the topological pharmacophore descriptors of
two atoms match. The output of a CATS run is a list of all library
compounds ranked by descending order according to the CATS-
similarity of the test compound towards the reference compound

which is here referred to as “seed
compound”. Six molecules from
the reference database (Figure 1)
have been selected manually ac-
cording to structural diversity and
high potency serving as seed
compounds. The test compounds
and the seed compounds have
been prepared for similarity
search by removing all hydrogen
atoms using CLIFF software (Mo-
lecular Networks GmbH, Erlangen,
Germany). Intramolecular distan-
ces up to 10 bonds were consid-
ered in this study, leading to a
150 (10 Q 15) dimensional vector
representation of each molecular
compound.
Pharmacological Methods
Membrane preparation (cerebellum
and cortex). Male Sprague-Dawley
rats (approx. 200–250 g) were an-
esthetized and decapitated. Cere-
belli (forebrains for cortex prepa-
ration) were removed and homo-
genized (Ultra Turrax, 8 strokes,
600 rpm) in 0.32 m Sucrose. The
suspension was centrifuged at
1,500 g for 4 min using a Sorvall
Discovery 90 SE ultracentrifuge
(Kendro Laboratory Products
GmbH, Langenselbold, Germany).
Supernatant was removed and
centrifuged at 20,800 g for
20 min. The resulting pellet was
resuspended in ice-cold distilled
water and centrifuged at 7,600 g
for another 20 min. Supernatant
and loosely associated flocculent
membrane material (buffy coat)
were removed by gentle tritura-
tion of the pellet and centrifuged
at 75,000 g for 20 min. Superna-
tant was discarded and the mem-

brane pellet was resuspended by sonication in TrisBuffer (5 mm,
pH 7.4) and afterwards centrifuged at 75,000 g for 20 min. The last
step was repeated twice and membranes were resuspended in
TrisBuffer (50 mm, pH 7.5). The concentration of protein was deter-
mined by the Lowry protein assay with bovine serum albumin as
standard.[39] Membranes were stored frozen at �24 8C, thawed on
the day of the assay, and washed, and centrifuged once again at
75,000 g for 20 min. All centrifugation steps were carried out at
4 8C.
[3H]-2 Binding assay. After thawing, membranes were washed once
with ice-cold binding buffer containing 50 mm Tris-HCl, pH 7.5.
Binding assays were performed at RT in quadruplicate on 96-well
format plates using fixed concentrations of the test compound
(10 mm). The assay was incubated for 1 h in the presence of 1 nm

[3H]-2 and membranes (0.8 mg mL�1) and nonspecific binding was
estimated using 30 mm (3-Ethyl-2-methyl-quinolin-6-yl)-(4-hydroxy-
cyclohexyl)-methanone.[28] Directly after transferring the reaction
volume onto a 96-well multiscreen plate with glassfiber filter
0.22 mm (Millipore GmbH, Eschborn, Germany) binding was termi-
nated by rapid filtration using a multiscreen vacuum manifold (Mil-

Table 2. Variation of R1.

Structure rmGluR1 IC50 [mm] rmGluR1 Ki [mm]

13
0.36

ACHTUNGTRENNUNG(�0.03)
0.75

ACHTUNGTRENNUNG(�0.05)

33
1.95

ACHTUNGTRENNUNG(�0.22)
2.94

ACHTUNGTRENNUNG(�0.36)

34
4.10

ACHTUNGTRENNUNG(�0.60)
14.2

ACHTUNGTRENNUNG(�0.14)

35
5.11

ACHTUNGTRENNUNG(�0.70)
31.94

ACHTUNGTRENNUNG(�0.82)

36
3.28

ACHTUNGTRENNUNG(�0.28)
8.27

ACHTUNGTRENNUNG(�1.27)

42
0.12

ACHTUNGTRENNUNG(�0.007)
2.73

ACHTUNGTRENNUNG(�0.002)

46
1.94

ACHTUNGTRENNUNG(�0.29)
10.86

ACHTUNGTRENNUNG(�0.09)

47
5.35

ACHTUNGTRENNUNG(�0.90)
28.15

ACHTUNGTRENNUNG(�0.50)
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lipore GmbH, Eschborn, Germany). Afterwards, filters were washed
three times with ice-cold assay-buffer and Ultima-GoldTM MV Scin-
tillation Cocktail (Packard Bioscience, Groningen, The Netherlands)
was added. After 14 h–16 h radioactivity was counted in a MicroBe-

taSTrilux (Perkin-Elmer Life Scien-
ces GmbH, Rodgau-JTgesheim,
Germany).
Inositol phosphate determination.
After 6 DIV, the culture medium
was replaced completely with in-
ositol free DMEM (MP Biomedi-
cals, Eschwege, Germany) con-
taining [3H]-myo-inositol (Perkin-
Elmer Life Sciences GmbH,
Rodgau-JTgesheim, Germany) at
a final concentration of 0.5 mCi/
100 mL/ well and incubated for a
further 48 h. The culture medium
in each well was replaced with
100 mL Locke’s buffer (plus
20 mm LiCl, pH 7.4) and incubat-
ed for 15 min at 37 8C. Locke’s
buffer was replaced with ago-
nists/antagonists/putative
mGluR1 ligands in Locke’s buffer
and incubated for 45 min. These
solutions were then replaced
with 100 mL 0.1m HCl in each
well and incubated for a further
10 mins on ice to lyse the cells.
The 96-well plates can be frozen
at �20 8C at this stage until fur-
ther analysis. Homemade resin
exchange columns were pre-
pared as follows: Empty Bio-Spin
Chromatography columns (Biorad
Laboratories GmbH, MTnchen,
Germany) were plugged with
filter paper before filling with
1.1–1.3 mL of resin (AG1-X8
Biorad, 140-14444) suspended in
0.1 m formic acid (24 g resin per
50 mL acid). The formic acid was
allowed to run out before sealing
the syringe tips and filling with
200–300 mL of 0.1 m formic acid
before storage at 4 8C.
On the day of assay, columns
were washed with 1 mL of 0.1 m

formic acid followed by 1 mL of
distilled water. Then the contents
of each assay well were added to
one column and washed with
1 mL distilled water followed by
1 mL of 5 mm Sodium tetrabo-
rate/60 mm sodium formate.
Thereafter, the retained radioac-
tive inositol phosphates were
eluted with 2 Q 1 mL of 1 m am-
monium formate/0.1 m formic
acid into 24-well visiplates. Scin-
tillation liquid (1.2 mL UltimaFlow
AF, Perkin-Elmer) was added to
each well, the plate sealed and

vortexed before radioactivity was determined by conventional
liquid scintillation counting (MicroBetaSTrilux, Perkin-Elmer Life Sci-
ences GmbH, Rodgau-JTgesheim, Germany). Unless otherwise
stated, all reagents were obtained from Sigma.

Table 3. Variation of R2.

Structure rmGluR1 IC50 [mm] rmGluR1 Ki [mm]

49
6.67

ACHTUNGTRENNUNG(�1.19)
70.69

ACHTUNGTRENNUNG(�2.04)

50
1.33

ACHTUNGTRENNUNG(�0.16)
16.56

ACHTUNGTRENNUNG(�0.76)

51
4.94

ACHTUNGTRENNUNG(�0.65)
34.03

ACHTUNGTRENNUNG(�0.74)

52
3.16

ACHTUNGTRENNUNG(�0.31)
17.53

ACHTUNGTRENNUNG(�0.17)

Table 4. Variation of R4.

Structure rmGluR1 IC50 [mm] rmGluR1 Ki [mm]

41
2.52

ACHTUNGTRENNUNG(�0.24)
2.63

ACHTUNGTRENNUNG(�0.05)

54
3.95

ACHTUNGTRENNUNG(�0.41)
66.24

ACHTUNGTRENNUNG(�1.15)

61
6.79

ACHTUNGTRENNUNG(�0.92)
36.03

ACHTUNGTRENNUNG(�1.26)

53
0.27

ACHTUNGTRENNUNG(�0.088)
7.54

ACHTUNGTRENNUNG(�0.07)
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[3H]-M-MPEP Binding Assay. After
thawing, cortex membranes were
washed four times with ice-cold
binding buffer containing 50 mm

Tris-HCl, pH 7.5. Binding assays
were performed at RT in duplicate
using fixed concentrations of the
test compound (10 mm). The assay
was incubated for 1 h in the pres-
ence of radiotracer (5 nm) and
membranes (1.2 mg mL�1), and
nonspecific binding was estimated
using 10 mm MPEP. Binding was
terminated by rapid filtration
through GF 52 glass-fiber filters
(Schleicher&Schuell, Dassel, Ger-
many) using a 1225 Sampling
Manifold (Millipore GmbH, Es-
chborn, Germany). Filters were
washed twice with ice-cold assay-
buffer and transferred to scintilla-
tion vials. After addition of Ultima-
GoldTM MV (Packard Bioscience,
Groningen, The Netherlands) radi-
oactivity collected on the filters
was counted in a 1500 Tri-Carb
Packard Scintillation Counter.
Calcium FLIPR studies. Cultured as-
trocytes expressed mGluR5 recep-
tors as shown by immunostaining.
The increase of intracellular calci-
um after stimulation with the
mGluR5 agonist DHPG or l-quis-
qualate was measured using the
fluorometric imaging plate reader
(FLIPR) and the Ca-Kit. Prior to ad-
dition of agonist or antagonist the
medium was aspirated and cells
were loaded for 2 h at RT with
150 mL of loading buffer consisting
of a calcium-sensitive dye (MD #
R8033) reconstituted in sodium
chloride (123 mm), potassium
chloride (5.4 mm), magnesium
chloride (0.8 mm), calcium chloride
(1.8 mm), d-glucose (15 mm), and
HEPES (20 mm), pH 7.3. Subse-
quently, plates were transferred to
FLIPR to detect calcium increase
with the addition of DHPG
(300 mm) or l-quisqualate (100 nm)
measured as relative fluorescence
units (RFU). If antagonists were
tested, these compounds were
preincubated for 10 min at RT
before addition of the respective
agonist.
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