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Glutamate is the major excitatory neurotransmitter in the
mammalian central nervous system. Its long-term modulating
affect on synaptic transmission is mediated by the metabo-
tropic glutamate receptors (mGluR),[1] a family of class III G pro-
tein-coupled receptor (GPCR) proteins. This class of GPCRs is
characterized by the typical seven transmembrane domain and
an additional large extracellular ligand-binding domain.[2] Allos-
teric modulators that bind to the receptor within the seven
transmembrane helix region—that is, the region where the
ligand-binding pocket is located in type I and type II GPCRs—
represent an attractive class of molecules for addressing sever-
al neural disorders associated with mGluR activity.[2] The first
selective allosteric antagonists for mGluR5, SIB-1751 (1) and
SIB-1893 (2), were published in 1999 (Scheme 1).[3] SIB-1751
was identified by high-throughput screening (HTS), and SIB-

1893 resulted from a UNITY search for analogues.[3] In phos-
phoinositol (PI) hydrolysis assays, the two molecules revealed
IC50 values of 3.1 and 2.3 mm, respectively. Chemical variation
of SIB-1893 resulted in the much more potent, highly selective
mGluR5 antagonist 2-methyl-6-(phenylethynyl)pyridine (MPEP,
3), which had an IC50 of 36 nm in PI hydrolysis assays.[4] Several
MPEP analogues (4–9)[5] with reported low nanomolar activity
have been published in the scientific and patent literature
since then. Nonetheless, the mode of action of these ligands is
not completely understood. Recent publications of MPEP and
MPEP derivatives also reported off-target activity[5] and a short
plasma half life.[6] In particular, the latter could be attributed to
potential metabolic instability of the ethynyl linker.

Pharmacophore-based similarity searching has been proven
to be suited to finding new ligands that exhibit similar biologi-
cal activity but are based on a different chemical scaffold.[7]

Using a set of known specific allosteric antagonists of mGluR5
(3–9),[4, 5] which were compiled from scientific and patent litera-
ture, we applied a hierarchical, ligand-based virtual-screening
approach to identify novel compounds that modulate mGluR5.
First, a “drug-likeness” estimation by an artificial neural-net-
work system was employed to prescreen just for molecules
with a predicted “drug-like” structure.[8] For subsequent similar-
ity searching, we used the CATS3D descriptor, a 3D extension
of the original topology-based CATS approach, both of which
were designed for the sake of “scaffold-hopping”.[9, 10]

CATS3D encodes the conformation of a molecule in the
form of a histogram that contains the normalized frequencies
of all pairs of atoms of a molecule.[10] Atom pairs were subdi-
vided into groups that were characterized by atom–atom dis-
tance ranges in Euclidean space and six different pharmaco-
phore types. 20 equal-distance bins from 0–20 � were used.
One of the pharmacophore types—cation, anion, hydrogen-
bond acceptor, hydrogen-bond donor, polar (hydrogen-bond
acceptor and hydrogen-bond donor) or hydrophobic—was as-
signed to each atom by using the ph4_aType function of MOE
(Chemical Computing Group Inc. , Montr�al, Canada; URL:
http://www.chemcomp.com). The CATS3D representation is ro-
tation- and translation-invariant, and therefore enables rapid
pair-wise comparisons of molecules without the need to ex-
plicitly align the molecules.

To form a hypothesis about receptor-bound 3D conforma-
tions of 3–9, we used the flexible-alignment tool of MOE. Li-
gands were successively aligned from 3 to 9 (Figure 1), and

Scheme 1. Reference allosteric mGluR5 antagonists.

Figure 1. Flexible pharmacophore-based alignment of reference molecules 3–
9.[4, 5] Red: oxygen ; blue : nitrogen; yellow: sulfur ; gray : carbon.

[a] S. Renner, Prof. Dr. G. Schneider
Johann Wolfgang Goethe-Universit�t
Institut f�r Organische Chemie und Chemische Biologie
Marie-Curie-Straße 11, 60439 Frankfurt am Main (Germany)
Fax: (+ 49) 69-798-29826
E-mail : g.schneider@chemie.uni-frankfurt.de

[b] T. Noeske, Dr. C. G. Parsons, Dr. T. Weil
Merz Pharmaceuticals GmbH
Eckenheimer Landstraße 100, 60318 Frankfurt am Main (Germany)

[c] Dr. P. Schneider
Schneider Consulting GbR
George-C.-Marshall Ring 33, 61440 Oberursel (Germany)

620 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/cbic.200400332 ChemBioChem 2005, 6, 620 –625



conformations were chosen based on existing knowledge
among the best-ranked results. Molecule 9 was manually ad-
justed to fit to the alignment. In molecule 3 the angle between
the two planes of the ring systems was set to 908 (Merz, un-
published results). These individual 3D conformations served
as query structures for CATS3D similarity searching.

In search for new ligands, we virtually screened the Asinex
Gold compound collection (April 2003 version, Asinex Ltd. ,
Moscow, Russia ; http://www.asinex.com), which contained
194 563 molecules. Counterions were removed by using CLIFF
(Molecular Networks GmbH, Erlangen, Germany; http://www.
mol-net.de), and, as a prescreening filter, we selected the
20 000 most “drug-like” compounds, as described previously.[8a]

“Drug-likeness” was calculated from i) the output (“score”) of
an artificial neural network that was trained to distinguish be-
tween “drugs” and “nondrugs”,[8] based on topological phar-
macophores (CATS approach), ii) predicted aqueous solubili-
ty,[11] and iii) calculated polar surface area (PSA) (ASA_P option
from MOE). Subsequent principal component analysis of this
3D “drug-likeness” space was performed to obtain uncorrelat-
ed variables, and compounds were selected on the basis of
their distance to “optimal” variable values (i.e. , high drug-like-
ness score; high solubility value; PSA<140 �2). The result of
this procedure can be seen, for example, for the neural net-
work prediction. The average drug-likeness score of the com-
plete Asinex Gold collection according to the artificial neural
network was 0.36 (s= 0.28), for our screening set the score

was 0.60 (s= 0.23; higher values indicate more “drug-like” mol-
ecules.[8] It should be noted that the selection of the screening
compounds resulted from three variables, not just the neural
network score. This was done to account for several aspects of
the “drug-like” behavior of molecules.[12]

3D conformations of the screening compounds were calcu-
lated in MOE by using the MMFF94 force field.[13] The results
were restricted to a maximum of the 20 lowest-energy confor-
mations per molecule. Similarity between a database entry and
a reference molecule was expressed by the Manhattan dis-
tance [Eq. (1)] .

DA,B ¼
Xi¼N

i¼1

jxiA�xiBj ð1Þ

Here A and B indicate the CATS3D vectors of two molecules, xi

is the value of vector element i, and N is the total number of
vector elements (N = 420). Separate similarity searches were
performed with each of the molecules 3–9, and 27 of the top-
scoring molecules (Scheme 2) were selected for experimental
testing. Molecules were chosen that had low Manhattan dis-
tances to one of the reference molecules and that were not
too similar to the previously selected molecules, as judged by
visual inspection from a medicinal chemistry perspective
(Table 1).

To estimate the degree of “scaffold-hopping” we compared
the average distance of each molecule 10–36 to its respective

Table 1. Results of virtual screening and the binding assays.

Molecule Most Rank Virtual Screening Binding Assay
no. similar (CATS3D) CATS3D CATS2D MACCS Ki mGluR5 Ki mGluR1 Selectivity

reference Manhattan Manhattan Tanimoto [mm] [mm] (Ki mGluR1/
molecule distance distance similarity Ki mGluR5)

10 3 1 0.68 2.85 0.21 24 >100 >4.2
11 3 4 0.88 2.2 0.2 >100 63 <0.6
12 3 5 0.94 5.03 0.17 >100 41 <0.4
13 3 6 0.95 3.79 0.22 >100 >100 1
14 3 7 1.02 2.64 0.17 >100 >100 1
15 3 17 1.12 3.06 0.24 >100 >100 1
16 4 1 1.52 2.54 0.35 >100 >100 1
17 4 3 1.67 5.27 0.22 >100 >100 1
18 4 4 1.67 2.34 0.34 >100 >100 1
19 4 6 1.73 1.88 0.25 >100 >100 1
20 5 3 2.14 1.79 0.42 >100 >100 1
21 5 7 2.22 1.79 0.36 >100 >100 1
22 5 38 2.52 2.66 0.38 41 64 1.6
23 6 5 1.41 2.23 0.48 33 61 1.8
24 6 6 1.45 1.91 0.31 12 17 1.5
25 7 2 1.55 2.69 0.38 35 >100 >2.9
26 7 3 1.56 2.41 0.39 >100 >100 1
27 7 5 1.6 2.62 0.53 >100 14 < 0.14
28 8 2 0.79 5.49 0.38 >100 >100 1
29 8 7 0.91 5.37 0.24 >100 >100 1
30 8 9 1 5.37 0.31 40 >100 2.54
31 8 12 1.14 4.81 0.28 >100 >100 1
32 8 36 1.3 5.33 0.2 14 45 3.2
33 9 1 1.49 2.19 0.46 63 >100 >1.6
34 9 2 1.54 1.94 0.45 38 >100 >2.7
35 9 5 1.59 2.59 0.46 >100 >100 1
36 9 7 1.64 6.63 0.46 >100 >100 1
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nearest reference (hDlibi) compound with the average distance
between the reference molecules 3–9 (hDrefi). Three such indi-
ces were employed, the CATS3D Manhattan distance, the topo-
logical CATS2D Manhattan distance, and the substructure-
based MACCS key Tanimoto similarity from MOE. While the
average CATS3D distance of the library compounds to their ref-
erence molecules was significantly smaller in comparison to
the average distance between the reference molecules (hDlibi=

1.41�0.45, hDrefi= 2.66�0.89),
hDlibi was only marginally smaller
than hDrefi for CATS2D (3.31�
1.48 vs. 3.6�1.4). With the
MACCS keys, hDlibi was smaller
than hDrefi (0.33�0.11 vs. 0.39�
0.15) ; this indicates a greater
similarity among the reference
set than between the virtual
screening hits and the reference
molecules, and demonstrates
that the compiled library con-
tains scaffolds that are different
from the references (as estimat-
ed by MACCS substructure fin-
gerprints) but are still considered
isofunctional by the CATS phar-
macophore approaches.

In vitro binding studies for
mGluR5 were performed on the
basis of a [3H]MPEP displace-
ment assay. Estimates of Ki

values for the ligands were
made from measurements at a
fixed concentration of 10 mm. Se-
lectivity of the ligands versus
mGluR1, the most similar recep-
tor to mGluR5 within the mGluR
family,[1] was assessed by a dis-
placement assay with the Merz
proprietary selective mGluR1 an-
tagonist MRZ 3415. Nine mole-
cules (10, 22, 23, 24, 25, 30, 32,
33, 34) exhibited a Ki value
below 70 mm for mGluR5
(Table 1), with structure 10 being
the most selective inhibitor. With
our assay system, we deter-
mined a Ki of 12.5 nm for MPEP
on mGluR5.

The predicted rank order of
the tested library compounds
does not correlate with binding
affinity (Table 1). It is evident
that the Manhattan distance,
which was used for compound
prioritization, does not distin-
guish between molecular attrib-
utes that are relevant or irrele-

vant to a particular receptor–ligand interaction. Furthermore,
the small list of virtual hits that was compiled for each refer-
ence molecule prevents a sound statistical evaluation.[10, 14]

The nine best molecules found were aligned to the refer-
ence molecule alignment with the MOE flexible-alignment tool
(Figure 2). Compounds 23, 24, 25, and 32 fitted well into the
reference alignment (Figure 2 a) with the keto group of each
molecule superimposed onto the pyridine nitrogen as a hydro-

Scheme 2. Molecules selected by virtual screening.
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gen-bond acceptor substitute, and the various linker moieties
aligned to the triple-bond linkers of the MPEP derivatives. For
30, a comparable binding mode should be anticipated, but
was not found by the flexible alignment since MOE did not
recognize the oxazolidine oxygen of 30 as a potential hydro-
gen-bond acceptor. Based on the alignment, it cannot be de-
cided whether molecules 10, 33, 34 and 22 (Figure 2 b–d)
were actually aligned in a reasonable fashion. For these mole-
cules, large substructure elements were placed in the MPEP-
linker region, which we assume to bind to a narrow part of the
receptor-binding pocket. To our surprise 28 and 31—ana-
logues of ligands 10 and 30—were shown to be inactive. For
both molecules, this effect might be explained by steric restric-
tions in the receptor.

The selectivity of the hits was low. Compound 27 was even
found to be a potent and selective binder of mGluR1. This
might indicate the existence of similar binding pockets in both
receptor subtypes. Overlap of the binding pockets for antago-
nists of both receptor subtypes has already been shown.[15]

Similar binding pockets are further supported by the weaker
mGluR1-selective binder 11, which is similar to 23, 24 and 25,
which are more selective toward mGluR5. Compound 14 was
inactive in both mGluR1- and mGluR5-binding studies, al-
though it might be regarded as a close analogue of 11.

A challenging goal of pharmacophore-based similarity
searching is “scaffold-hopping”.[9] This aim was clearly met by
our study. Isofunctional alternatives to the MPEP scaffold were
found that provided several starting points for lead-structure
development. As an important outcome, the metabolically un-
stable triple-bond linker present in the MPEP-derived reference
molecules is substituted by various alternatives in the com-
pounds that were selected by virtual screening. Note that the
double-bond linker of 23, 24, and 32 is structurally identical to
the one present in SIB-1893 and similar to the linker type of
SIB-1757, neither of which was present in the reference collec-
tion (Scheme 1). Some of the tested compounds (12, 13, 15)
have structural similarity to the recently reported mGluR5 an-
tagonist 37 (Scheme 3),[17] which was found by HTS. This fur-

ther underlines the ability of the CATS3D approach to
find isofunctional but structurally different scaffolds.
Molecule 38, a recently reported mGluR5 antagonist
with a tetrazole linker (Scheme 3),[18] shows that more
voluminous groups, as in 22, might also be allowed in
the linker region, assuming a similar binding mode.
The novel scaffolds of compounds 33 and 34 present
a promising opportunity for straightforward combina-
torial design with the aim of significantly improving
binding behavior.

One possible reason for the low selectivity of 23,
24, 25, and 32 might be the replacement of the SIB-1893 pyri-
dine by a keto group. While the hydrogen-bond acceptor func-
tionality of the pyridine is maintained, the substitution results
in a loss of possible steric and stacking interactions. These find-
ings indicate that the receptor-subtype selectivity of MPEP-like
mGluR5 antagonists might be based on steric or p–p stacking
interactions mediated by the pyridine ring. Reference molecule
9, which lacks an aromatic ring, supports the hypothesis that a
defined steric interaction in the region of the MPEP pyridine
might be sufficient for selectivity.

Summarizing, it has been demonstrated that pharmaco-
phore-based similarity searching can lead to novel, isofunction-
al molecular scaffolds that provide a basis for lead-structure
development. The target was an allosteric binding site of a
pharmacologically challenging GPCR.[18] Although homology-
based models of the MPEP-binding pocket have been pub-
lished recently,[15, 19] successful virtual screening that exploits
this information has not been reported until now. Our entirely
ligand-based approach can thus be seen as a working alterna-
tive to more-demanding, structure-based design techniques
with the main aim of developing novel lead series.

Experimental Section

Materials. [3H]-MPEP was obtained from Tocris Cookson (Bristol,
UK). MPEP was synthesized for in-house use as a reference com-
pound according to refs. [4, 20]. Test compounds were purchased
as dry powder from ASINEX Ltd. (Moscow, Russia). The ASINEX
Gold Collection Database was provided by ASINEX Ltd. [3H]-MRZ
3415 was synthesized by Amersham Biosciences (Buckinghamshire,
UK). MRZ 3415 was synthesized for in-house use as a reference
compound by the Latvian Institute of Organic Synthesis (Riga,
Latvia).

Methods
Membrane preparation. Male Sprague Dawly Rats (approx. 200–
250 g) were anaesthetized and decapitated. Forebrains were re-
moved and homogenized (Ultra Turrax, 8 strokes, 600 rpm) in Su-
crose (0.32 m). Animals were housed and experiments were per-
formed according to the Animal Rights Commission Allowance #

Figure 2. Flexible alignment of the most potent found mGluR5 modulators to the alignment
of reference molecules 3–9 (green). Alignments are shown for a) 25, 26, 27, 34 ; b) 10 ; c) 35,
36 ; d) 23.

Scheme 3. Recently reported mGluR5 antagonists with new scaf-
folds.
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OR-04 (Hessen, Germany). The suspension was separated in a Cen-
trikon T-2050 Ultracentrifuge (Tegimenta AG, Rotkreuz, Switzerland)
at 1 500 g for 4 min. The 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 20 min. Superna-
tant and loosely associated flocculent membrane material (buffy
coat) were removed by gentle trituration of the pellet and centri-
fuged at 75 000 g for 20 min. The supernatant was discarded, and
the membrane pellet was resuspended by sonication in Tris-Buffer
(5 mm, pH 7.4) and afterwards centrifuged at 75 000 g for 20 min.
The last step was repeated twice, and membranes were resuspend-
ed in Tris-Buffer (50 mm, pH 7.5).

The concentration of protein was determined by the Lowry protein
assay with bovine serum albumin as a standard. Membranes were
stored frozen at �24 8C, thawed on the day of the assay, and
washed again four times at 75 000 g for 20 min.

All centrifugation steps were carried out at 4 8C.

[3H]-MPEP binding. After thawing, membranes were washed four
times with ice-cold binding buffer containing Tris-HCl (50 mm,
pH 7.5). Binding assays were performed at room temperature in
duplicate by using fixed concentrations of test compound (10 mm).
The assay was incubated for 1 h in the presence of radiotracer
(5 nm) and membranes (1.2 mg mL�1), and nonspecific binding was
estimated by using MPEP (10 mm). Binding was terminated by
rapid filtration through GF 52 glass-fiber filters (Schleicher &
Schuell, Dassel, Germany) by using a 1225 Sampling Manifold (Milli-
pore GmbH, Eschborn, Germany). Filters were washed twice with
ice-cold assay buffer and transferred to scintillation vials. After
addition of Ultima-Gold MV (Packard Bioscience, Groningen, The
Netherlands), radioactivity collected on the filters was counted in a
1500 Tri-Carb Packard Scintillation Counter.

[3H]-MRZ 3415 binding. After thawing, membranes were washed
four times with ice-cold binding buffer containing Tris-HCl (50 mm,
pH 7.5). Binding assays were performed at room temperature in
quadruplicate in 96-well format by using fixed concentrations of
test compound (10 mm). The assay was incubated for 1 h in the
presence of radiotracer (1 nm) and membranes (0.8 mg mL�1), and
nonspecific binding was estimated by using MRZ 3415 (10 mm). Di-
rectly after transferring the reaction volume into a 96-well multi-
screen plate with a 0.22 mm glass fiber filter (Millipore GmbH, Esch-
born, Germany), binding was terminated by rapid filtration with a
multiscreen vacuum manifold (Millipore GmbH, Eschborn, Germa-
ny). Afterwards, filters were washed four times with ice-cold assay-
buffer, and Ultima-Gold MV Scintillation Cocktail (Packard Biosci-
ence, Groningen, The Netherlands) was added. After 14–16 h radio-
activity was counted in a MicroBeta Trilux (Perkin Elmer Life Scien-
ces GmbH, Rodgau-J�gesheim, Germany).

Solubility determination. Aliquots (40 mL) of the stock-solution
(10 mm, dimethyl sulfoxide (DMSO) as solvent) of each test com-
pound were diluted with DMSO (1.96 mL) to a final concentration
of 200 mm. 100 mL of this solution were diluted by addition of a sol-
vent consisting of methanol and deionized water (1.99 mL, 1:1).
The resulting solution A had a concentration of 10 mm of the test
compound containing 5 % DMSO. Solution B was prepared in the
same manner but with Tris-buffer (50 mm, pH 7.5) as solvent in-
stead of the methanol/deionized water mixture.

To determine peaks of the different solutions, a Hewlett–Packard
Series 1100 HPLC device with diode-array detector (Agilent Tech-
nologies, Waldbronn, Germany) was used. Both solutions passed
separately through a Symmetry C18 Column (Waters Corporation,

Milford, MA) with a average pressure of 190 atm. The resulting
peaks of both solutions were compared at a wavelength at which
the area under the curve (AUC) of the peak of solution A and so-
lution B displayed a maximum. The AUC of solution A was defined
as the 100 % value. Thus, the solubility of each test compound was
determined as follows:

Solubility ½%� ¼ AUCsolution B

AUCsolution A
� 100 ð2Þ

IC50 value estimation. IC50 values were estimated from the % of con-
trol values from the scintillation assay with a four-parameter logis-
tic equation. If both the radioligand and the competitor reversibly
bind to the same binding site, binding at equilibrium follows Equa-
tion (3).

y ¼ 100 %

1þ ðx=IC50Þs
ð3Þ

If s is assumed to be 1, Equation (2) can be reformulated to:

IC50 ¼
x

ð100 %=yÞ�1 ð4Þ

where s = slope factor = 1, x = concentration of test compound
[mm] in the assay, and y = result of the binding assay for the test
compound [% of control] . Ki values were calculated from the IC50

values by using the Cheng–Prussof equation.[21]

K i ¼
IC50

1þ ðL=K dÞ
ð5Þ

Here L corresponds to the radioligand concentration, and Kd to its
dissociation constant.
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