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GPCR Targeted Library Design:
Novel Dopamine D; Receptor
Ligands

A. Bocker,® B. C. Sasse ,®! M. Nietert,® H. Stark,”™ and
G. Schneider*®

The design of G protein-coupled receptor (GPCR)-focused com-
pound libraries sets a challenging scenario for the application
of virtual screening tools for hit and lead structure finding. In
this study, different computational techniques were strategical-
ly utilized to identify structurally novel ligands for the dopa-
mine D; receptor.

Dopamine receptors belong to the subfamily of biogenic
amine binding class A GPCR and are implicated in various neu-
rological and neuropsychiatric disorders.? They are divided
into dopamine D;-like receptors, with its subtypes D, (D,,) and
D; (D,p), and dopamine D,-like receptors, including D,, D;, and
D, receptor subtypes.”? The dopamine D, receptor attracts in-
tensive attention because of its restricted distribution in limbic
brain areas associated with cognitive and emotional func-
tions.! Consequently it has been proposed that the dopamine
D, receptor is implicated in schizophrenia, Parkinson’s disease,
and drug abuse."¥ Currently, selective dopamine D; receptor
antagonists and partial agonists are in clinical development as
potential therapeutics for the aforementioned disorders.”

The unavailability of an experimentally determined three-di-
mensional (3D) structure of this GPCR limits the applicability of
structure-based design techniques. Therefore, ligand-based
clustering techniques were first applied to identify regions of
interest in chemical space using

Two different binding modes of a new lead compound were
observed. A pharmacophore model was constructed consider-
ing both predicted binding modes, and K; values of the final
candidate compounds were determined. The most affine li-
gands (1, 18) yielded K; values of 65 nm at dopamine D; recep-
tors. Results clearly demonstrate the applicability of current
chemoinformatic prediction techniques to early stages of
GPCR drug discovery.

The starting point for our analysis was an intensive literature
search for dopamine receptor antagonists and partial agonists
with the aim to identify affine and selective dopamine D; re-
ceptor ligands. The dominant motif present in these molecules
is summarized in Figure 1 showing as an example BP 897, a
selective dopamine D; partial agonist. The structural motif con-
tains 1) an aryl residue, 2) an amide moiety, 3) a spacer region,
and 4) an amine residue.”? Mutagenesis studies of the dopa-
mine D, receptor report the aspartic acid Asp 114 (correspond-
ing to Asp 110 in D; receptors) as an essential interaction part-
ner of the positively charged nitrogen in the amine moiety.”
With the exception of the amide group and the charged nitro-
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Figure 1. SAR of dopamine D, receptor antagonists. The example depicts
BP 897, a clinical phase Il partial agonist.”*”

sets of known dopamine D; re-

ceptor antagonists. Two hier- Table 1. Data sets used for virtual screening.”’
archical ~ clustering  methods, | b, set DS MOE DS CATS3D
namely hierarchical k-means and Number of compounds 230,130 230,130
NIPALSTREE,” and the self-or- (472 D, + 229,658 SPECS) (472 D, + 229,658 SPECS)
ganizing map (SOM)™ approach Descriptor set MOE2D CATS3D
were employed. Then, automat- | Original dimension of descriptor 146 420
ed ligand docking was per- UFS® R%-based pruning 110 338
. Entropy-based pruning 53 35
formed into a homology model Threshold © 2% 21
of the transmembrane domain
of the dopamine D receptor. [a] See Supporting Information for details on descriptor pruning. [b] UFS: Unsupervised Forward Selection.
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gen, the remaining parts of the molecules are characterized by
aromatic or hydrophobic residues. A distance of 6-7 A be-
tween the amide oxygen and the positively charged nitrogen
seems to be responsible for selective binding to dopamine D,
receptors.” A linear spacer region has been favored for recep-
tor binding, although aromatic substitutions are tolerated.”
The structure-activity relationship (SAR) of the amine rest is
relatively steep, as large substitutions and differently substitut-
ed bioisosteric groups decrease K; values.” In contrast, the aryl
portion tolerates larger aromatic or hydrophobic substitu-
tions.”?
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Table 2. Dopamine D, and D; receptor subtype affinities of compounds from the first and second virtual
screening cycle.
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For our virtual screening ex-
periments two data sets were
compiled (Table 1). These con-
tain 472 active compounds with
known K; values for D, and D, re-
ceptors, and the SPECS com-
pound catalogue (version of
June 2003; Specs, HT Delft, The
Netherlands). All molecules were
described by two-dimensional
(2D) descriptors available from
the software suite MOE (version
2005, Chemical Computing
Group, Montreal, Canada), and
by a 3D pharmacophore descrip-
tor (CATS3D)."” Both descriptor
sets were clustered using the hi-

erarchical  techniques  NIPAL-
STREE and hierarchical k-
means.”! We focused only on

terminal clusters of the hierarchi-
cal dendrograms  containing
known dopamine D, receptor li-
gands, and analyzed the co-clus-
tered SPECS molecules: From NI-
PALSTREE we selected 37 SPECS
compounds, and from the hier-
archical k-means analysis 144
SPECS molecules were selected.
Then, a SOM® was trained con-
taining 30x20 neurons (cluster
centroids). In the resulting 2D
map, a clustering of dopamine
D, receptor ligands was visible
(cf. Supporting Information).
Molecules belonging to these
activity islands (n=1,551) were
further analyzed by training a
second SOM containing 15x10
neurons. From this more fine-
grained map we picked 52
SPECS substances from neurons
containing at least five already
known dopamine receptor li-
gands. The resulting 37 + 144
+ 52=233 candidate molecules
were checked for duplicates (n=
26), and 17 of 207 compounds
were manually extracted by con-
sidering drug-like properties,™
presence of positively charged
nitrogen essential for receptor
binding,">'® and structural dis-
similarity to the training set of
well-known leads. Calculated
logP values for these selected
molecules are in the range of
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Table 2. (Continued)

Compd. Chemical structure K; (D,) [nm]® K (D) [nm]® Ratio
K; (Dy/D3)™!

14 é. ? /ON/ 3212, 5549 190+ 58 23.1
O

o]

YAY
15 > k/NWI/\Nj > 10000™ 3016, 6542 nd.
@ g

16 216, 284" 2707, 2464" 0.1
17 495, 575" 1093, 621® 0.6
18 162426 6549 25
19 13594315 498 476! 27
20 1376+ 285" >1000® nd.
21 439243489 2636+ 3491 1.7

[a] K; values (mean value with standard deviation (SD)) were measured in CHO cells stably expressing hD,s and
hD; receptors in triplicates by using [*Hlspiperone. [b] Two independent experiments. [c] Three independent
experiments. [d] Four independent experiments. n.d.: Not determined.

mine D, and D; receptors. Re-
sults are listed in Table2 for
compounds 1-17.

Our study was intended to
provide potential new lead
structures rather than classes of
structural analogues. Therefore,
we defined a hit as a compound
yielding a K; <1 pm, and conse-
quently found nine hits for dop-
amine D; and six for D, recep-
tors. Five compounds exhibited
a K <300nm at D; (1, 2, 5, 9,
14), and one compound (16)
yielded a K; value of 250 nm at
the D, receptor.

Compound 1 was the overall
most potent with K;=65 nm and
a 13-fold preference for dopa-
mine D; over D, receptors. Com-
pound 14 displayed the overall
best selectivity ratio (23-fold). By
analyzing the structures we rec-
ognized a novel structural fea-
ture, a benzamide moiety. It acts
as a spacer between the aryl
moiety and the amine residue
(Figure 1). Benzamides in this
structural motif have been de-
scribed as aryl moieties only;
representatives are the atypical
antipsychotics, sulpiride and ra-
clopride, with high affinities for
dopamine D, and D; recep-
tors."¥ Synthesis of spacer ben-
zamides is straightforward and
enables the production of a
large variety of derivatives by
parallel synthesis.

Summarizing the first round of
our study, both hierarchical clus-
tering algorithms and the SOM
were able to identify new dopa-
mine D; receptor-preferring li-
gands.

In a previous study, a 3D ho-
mology model of the dopamine
D, receptor had been shown to
produce meaningful results."!
We used this receptor model for
automated docking of com-
pounds 1-17 with the software
GOLD (version 2.2, The Cam-

2.14-5.62 (cf. Supporting Information), which is characteristic ~ bridge Crystallographic Data Centre, Cambridge, UK)."® Only
of central nervous system penetrating drugs."” For experimen-  positive GOLD score values were obtained indicating that all
tal verification, binding affinities for these 17 selected ligands = compounds potentially fit into the putative binding pocket. As
were determined in radioligand competition assays for dopa-  expected,"” no correlation was observed between the docking

1002 www.chemmedchem.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemMedChem 2007, 2, 1000 - 1005


www.chemmedchem.org

score and pK; values (D;) (R?=0.03, cf. Supporting Information).
Consequently, manual analysis and interpretation of the pre-
dicted binding modes was required.

We observed that the ligands could bind with their aryl
moiety into two alternative binding pockets of the dopamine
D, receptor model. This is exemplified in Figure 2a for BP 897,
two binding modes of compound 1, compound 14, and a
(phenylpiperazinyl) benzoxazinone, which was previously iden-
tified by us in a machine learning study."” Close proximity of
the investigated ligands was observed to Asp110 (TM3),
Phe 345 (TM6), Phe 346 (TM6), Ser192 (TM5), and Thr369 (TM7)
(Figure 2b), which have been claimed to be important interac-
tion partners of dopamine D, receptor ligands.””'>'®

Phe346
(TM6)
\

Aromatic

\.

NG /’Afomatic! 5 i
Rt Hydrophobic, N y
- Aromatic /‘/’\ Fr h =~ =

Figure 2. Docking and pharmacophore studies. a) BP 897 (gray), its morpholino analogue (green), two binding
modes of compound 1 (yellow) and compound 14 (light gray) bind with the aryl moiety into alternative parts of
the binding pocket of a dopamine D; homology model. b) Pharmacophore model used for virtual screening re-

quiring both aryl moieties.”'> '8
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The suggested docking modes provided the basis for build-
ing potential pharmacophore models. In a first experiment, a
dopamine D; receptor antagonist pharmacophore model was
created based on the motif shown in Figure 1. It contains an
aromatic potential pharmacophore point (PPP) in the aryl
moiety, a hydrogen-bond acceptor PPP at the position of the
oxygen amide, a hydrophobic or aromatic PPP in the spacer
region, an essential cationic and an aromatic PPP in the amine
rest (we defined that three of the five PPPs had to match in a
virtual hit as different binding modes of diverse leads could be
implemented by this procedure). The model was validated em-
ploying two data sets: The first set contained 374 of the 472
dopamine D; receptor ligands (Table 1, the missing 98 com-
pounds did not pass prior drug-
likeness filtering implemented in
the pharmacophore search rou-
tine of the software package
MOE) and 1,473 randomly
picked SPECS compounds. 305
(65%) dopamine D, receptor li-
gands were correctly predicted
by the pharmacophore model,
and only six (0.4%) additional
SPECS compounds were re-
trieved. The 69 false-negative D,
receptor ligands were mainly ag-
onists, which had been de-
scribed to require a different
pharmacophore model."”? The
results encouraged us to contin-
ue our validation with com-
pounds 1-17. Setting the K, (D,)
threshold to 3 pum, 15 com-
pounds were correctly classified,
and only two false-positives oc-
curred. These results suggest
that we constructed a useful an-
tagonist model which could
serve as a filter in a second
round of virtual screening.

For identification of com-
pounds binding into both pre-
dicted aryl pockets, the pharma-
cophore model was extended
(Figure 2b). An additional aro-
matic PPP was introduced for
the alternative aryl binding
e pocket. With this procedure four
out of six PPPs were defined as
essential (nonessential: the ac-
X ceptor PPP and the PPP in the
spacer region). Screening the
entire SPECS catalogue, only 35
molecules were identified obey-
ing the specified rules. To draw
conclusions about the effect of
the two aryl residues, three com-
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pounds were selected, which differ from our ligand data set
only in the aryl pocket. These molecules and an additional
molecule were ordered and experimentally tested in radioli-
gand binding assays. Results for these compounds 18-21 are
given in Table 2.

Only structures 18 and 19, both containing a benzhydryli-
dene substituted pyrrolidindione residue, were potent with a
slight preference for the dopamine D; receptor. Most other
data for receptor preference should be taken cautiously as nu-
merous affinities were recorded for screening reasons in dupli-
cate only. The more flexible dibenzylcarbamoylbenzyl substi-
tuted 1,2,3,4-tetrahydroisoquinoline 20, and the bulky benzoi-
midazo-substituted phenylpiperazine 21 exhibited affinity at
both receptor subtypes. The planar rigidized molecules 18 and
19 are favored, where compound 18 displayed low nanomolar
binding at D; (K;=65 nm). To understand the lack of activity of
compound 20 we aligned it to 18. In the alignment, the
branching point of the biphenyl structure is closer to the ac-
ceptor oxygen of 20 compared to that of 18. This might pro-
vide an explanation for the observed differences. Noteworthy,
20 lacks an ortho-substituted phenylpiperazine, and the nitro-
gen is dibenzylic, which might result in a different protonation
state compared to 18 at physiological pH. This provides an ad-
ditional interpretation of the observed differences.

Different attempts to further optimize the models for dopa-
mine D; versus D, receptor binding were unsatisfying. Appa-
rently, differences between the two structurally undefined re-
ceptor subtypes are small, impeding successful application of
advanced structure-based approaches. In addition, our ligand
data did not permit successful machine learning (cf. Support-
ing Information).

In conclusion, an objective of our study was to examine the
applicability of virtual screening methods in early stages of the
drug discovery process for the generation of GPCR lead struc-
tures. By strategic combination of different techniques we suc-
ceeded in finding novel lead candidates for the dopamine D,
receptor using hierarchical clustering methods and self-organ-
izing maps. Docking studies suggested two potential binding
modes of dopamine D; receptor antagonists and partial ago-
nists. To enlighten the role of the two predicted binding
modes, a pharmacophore model was constructed simultane-
ously requiring both predicted binding modes. Four such mol-
ecules were found, and the best compound 1 showed a K;
value of 65nm at the D; receptor with a 13-fold preference
over D,, supporting our hypothesis of multiple aryl-accepting
pockets in the antagonist binding region of the receptor. Com-
pared to 18 (K;=65 nm), substance 1 presents a stronger struc-
tural character on novelty,®® which renders it the preferred
candidate for further optimization.

Experimental Section

Dopamine D,s and D; receptor binding assay. Membrane prepara-
tions of CHO-cells stably expressing human D, and D; receptors
were used for displacement studies.?"?? In brief, [*Hlspiperone
(0.2 nm) served as a radioligand and nonspecific binding was de-
termined in the presence of BP 897 (10 um). Stock solutions
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(10 mm) of test compounds were prepared with pure DMSO. They
were diluted to give final concentration ranges either from 1 um to
1 mm or from 10 nm to 10 um, depending on the affinity of the
test compound. The assay was incubated for 2 h at RT and termi-
nated by rapid filtration through PerkinElmer GF/B glass fibre filters
(PerkinElmer Life Sciences, Rodgau, Germany) coated with 0.3%
polyethylenimine (Sigma-Aldrich, Taufkirchen, Germany) using an
Inotech cell harvester (Inotech AG, Dottikon, Switzerland). Radioac-
tivity was counted using a PerkinElmer MicroBeta®Trilux scintilla-
tion counter (PerkinElmer Life Sciences, Rodgau, Germany). For de-
tailed screening the compounds have been tested at seven con-
centrations in triplicates carryed out in two to four independent
experiments. Competition binding data were analyzed by Graph-
Pad PrismTM (2000, version 3.02, San Diego, CA, USA), using non-
linear least squares fit. K; values were calculated from the ICs,
values according to Cheng-Prusoff equation.!

Acknowledgement

We thank Dr. P. Sokoloff (INSERM, Paris), and Dr. J. Shine (The
Garvan Institute of Medical Research, Sydney) for providing cell
lines expressing dopamine D; and D, receptors, respectively. Tech-
nical assistance of T. Kottke is greatly acknowledged. This work
was supported by the Beilstein-Institut zur Férderung der Chemi-
schen Wissenschaften, Frankfurt am Main.

Keywords: D; receptor - dopamine receptor G-protein-
coupled receptor - homology model - virtual screening

[1] B. Levant, Pharmacol. Rev. 1997, 49, 231 -252.

[2] C. Missale, S.R. Nash, S. W. Robinson, M. Jaber, M. G. Caron, Physiol. Rev.
1998, 78, 189-225.

[3] P. Sokoloff, J. Diaz, B. Le Foll, O. Guillin, L. Leriche, E. Bezard, C. Gross,
CNS Neurol Disord Drug Targets 2006, 5, 25-43.

[4] A. Bocker, G. Schneider, A. Teckentrup, J. Chem. Inf. Model. 2006, 46,
2220-2229.

[5] a) T. Kohonen, Biol. Cybern. 1982, 43, 59-69; b) G. Schneider, P. Wrede,
Prog. Biophys. Mol. Biol. 1998, 70, 175-222; c) P. Selzer, P. Ertl, J. Chem.
Inf. Model. 2006, 46, 2319-2323; d) D. A. R. S. Latino, J. Aires-de-Sousa,
Angew. Chem. 2006, 118, 2120-2123; e) J. Zupan, J. Gasteiger, Neural
Networks in Chemistry and Drug Design, WILEY-VCH, Weinheim, 1999.

[6] M. Pilla, S. Perachon, F. Sautel, F. Garrido, A. Mann, C. G. Wermuth, J. C.
Schwartz, B. J. Everitt, P. Sokoloff, Nature 1999, 400, 371-375.

[7]1 A. Hackling, R. Ghosh, S. Perachon, A. Mann, H.-D. Holtje, C. G. Wer-
muth, J. C. Schwartz, J. C. , W. Sippl, P. Sokoloff, H. Stark, J. Med. Chem.
2003, 46, 3883 -3899.

[8] P.G. Strange, Trends Pharmacol. Sci. 1996, 17, 238 -244.

[9] U.R. Mach, A.E. Hackling, S. Perachon, S. Ferry, C. G. Wermuth, J. C.
Schwartz, P. Sokoloff, H. Stark, ChemBioChem. 2004, 5, 508-518.

[10] U. Fechner, L. Franke, S. Renner, P. Schneider, G. Schneider, J. Comput.
Aided Mol. Des. 2003, 17, 687 —-698.

[11] 1. Mlgge, Med. Res. Rev. 2003, 23, 302-321.

[12] A.E. Hackling, H. Stark, ChemBioChem. 2002, 3, 946 -961.

[13] R.R. Luedtke, R. H. Mach, Curr. Pharm. Des. 2003, 9, 643 -671.

[14] N. Bodor, P. Buchwald, Am. J. Drug Targ. 2003, 1, 13-26.

[15] E. Byvatov, B.C. Sasse, H. Stark, G. Schneider, ChemBioChem. 2005, 6,
997 -999.

[16] M. L. Verdonk, J. C. Cole, M. J. Hartshorn, C. W. Murray, R. D. Taylor, Pro-
teins 2002, 52, 609-623.

[17] G. L. Warren, C. W. Andrews, A. Capelli, B. Clarke, J. LaLonde, M. H. Lam-
bert, M. Lindvall, N. Nevins, S. F. Semus, S. Senger, G. Tedesco, I. D. Wall,
J. M. Woolven, C. E. Peishoff, M. S. Head, J. Med. Chem. 2006, 49, 5912 -
5931.

[18] J. Varady, X. Wu, X. Fang, J. Min, Z. Hu, B. Levant, S. Wang, J. Med. Chem.
2003, 46, 4377 -4392.

ChemMedChem 2007, 2, 1000 - 1005


http://dx.doi.org/10.1007/BF00337288
http://dx.doi.org/10.1007/BF00337288
http://dx.doi.org/10.1007/BF00337288
http://dx.doi.org/10.1016/S0079-6107(98)00026-1
http://dx.doi.org/10.1016/S0079-6107(98)00026-1
http://dx.doi.org/10.1016/S0079-6107(98)00026-1
http://dx.doi.org/10.1021/ci0600657
http://dx.doi.org/10.1021/ci0600657
http://dx.doi.org/10.1021/ci0600657
http://dx.doi.org/10.1021/ci0600657
http://dx.doi.org/10.1002/ange.200503833
http://dx.doi.org/10.1002/ange.200503833
http://dx.doi.org/10.1002/ange.200503833
http://dx.doi.org/10.1021/jm030836n
http://dx.doi.org/10.1021/jm030836n
http://dx.doi.org/10.1021/jm030836n
http://dx.doi.org/10.1021/jm030836n
http://dx.doi.org/10.1016/0165-6147(96)10025-0
http://dx.doi.org/10.1016/0165-6147(96)10025-0
http://dx.doi.org/10.1016/0165-6147(96)10025-0
http://dx.doi.org/10.1002/cbic.200300784
http://dx.doi.org/10.1002/cbic.200300784
http://dx.doi.org/10.1002/cbic.200300784
http://dx.doi.org/10.1023/B:JCAM.0000017375.61558.ad
http://dx.doi.org/10.1023/B:JCAM.0000017375.61558.ad
http://dx.doi.org/10.1023/B:JCAM.0000017375.61558.ad
http://dx.doi.org/10.1023/B:JCAM.0000017375.61558.ad
http://dx.doi.org/10.1002/1439-7633&TRfuge1;(20021004)3:10%3C946::AID-CBIC946%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1439-7633&TRfuge1;(20021004)3:10%3C946::AID-CBIC946%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1439-7633&TRfuge1;(20021004)3:10%3C946::AID-CBIC946%3E3.0.CO;2-5
http://dx.doi.org/10.2174/1381612033391199
http://dx.doi.org/10.2174/1381612033391199
http://dx.doi.org/10.2174/1381612033391199
http://dx.doi.org/10.1002/cbic.200400400
http://dx.doi.org/10.1002/cbic.200400400
http://dx.doi.org/10.1002/cbic.200400400
http://dx.doi.org/10.1002/cbic.200400400
http://dx.doi.org/10.1021/jm050362n
http://dx.doi.org/10.1021/jm050362n
http://dx.doi.org/10.1021/jm050362n
http://dx.doi.org/10.1021/jm030085p
http://dx.doi.org/10.1021/jm030085p
http://dx.doi.org/10.1021/jm030085p
http://dx.doi.org/10.1021/jm030085p
www.chemmedchem.org

COMMUNICATIONS

[19] T. Klabunde, A. Evers, ChemBioChem. 2005, 6, 876 —889. [23] Y. Cheng, W. H. Prusoff, Biochem. Pharmacol. 1973, 22, 3099-3108.
[20] a) A. L. Hopkins, C. R. Groom, A. Alex, Drug Discov. Today 2004, 9, 430-

431; b) M. Congrey, R. Carr, C. Murray, H. Jhoti, Drug Discov. Today 2003,

8, 876-877.
[21] G. Hayes, T.J. Biden, L. Selbie, J. Shine, Mol. Endocrinol. 1992, 6, 920—
926. Received: March 22, 2007
[22] P. Sokoloff, M. Andrieux, R. Besancon, C. Pilon, M. P. Martres, B. Giros, Revised: April 1, 2007
J. C. Schwartz, Eur. J. Pharmacol. 1992, 225, 331-337. Published online on May 3, 2007

ChemMedChem 2007, 2, 1000 - 1005 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemmedchem.org 1005


http://dx.doi.org/10.1002/cbic.200400369
http://dx.doi.org/10.1002/cbic.200400369
http://dx.doi.org/10.1002/cbic.200400369
http://dx.doi.org/10.1016/S1359-6446(04)03069-7
http://dx.doi.org/10.1016/S1359-6446(04)03069-7
http://dx.doi.org/10.1016/S1359-6446(04)03069-7
http://dx.doi.org/10.1210/me.6.6.920
http://dx.doi.org/10.1210/me.6.6.920
http://dx.doi.org/10.1210/me.6.6.920
www.chemmedchem.org

