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Drug Design Strategies for Targeting
G-Protein-Coupled Receptors**
Thomas Klabunde* and Gerhard Hessler[a]

G-protein-coupled receptors (GPCRs) form a large protein family
that plays an important role in many physiological and patho-
physiological processes. Since the sequencing of the human
genome has revealed several hundred new members of this
receptor family, many new opportunities for developing novel
therapeutics have emerged. The increasing knowledge of GPCRs
(biological target space) and their ligands (chemical ligand space)
enables novel drug design strategies to accelerate the finding and
optimization of GPCR leads: The crystal structure of rhodopsin
provides the first three-dimensional GPCR information, which now
supports homology modeling studies and structure-based drug
design approaches within the GPCR target family. On the other
hand, the classical ligand-based design approaches (for example,
virtual screening, pharmacophore modeling, quantitative struc-
ture ± activity relationship (QSAR)) are still powerful methods for

lead finding and optimization. In addition, the cross-target analysis
of GPCR ligands has revealed more and more common structural
motifs and three-dimensional pharmacophores. Such GPCR priv-
ileged structural motifs have been successfully used by many
pharmaceutical companies to design and synthesize combinatorial
libraries, which are subsequently tested against novel GPCR targets
for lead finding. In the near future structural biology and
chemogenomics might allow the mapping of the ligand binding
to the receptor. The linking of chemical and biological spaces will
aid in generating lead-finding libraries, which are tailor-made for
their respective receptor.
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1. Introduction

G-protein-coupled receptors (GPCRs) comprise a large protein
superfamily sharing a conserved structure composed of seven
transmembrane (TM) helices. GPCRs are located at the cell
surface and are responsible for the transduction of an endog-
enous signal into an intracellular response (Figure 1). The natural
ligands of this receptor superfamily are extremely diverse,
comprising peptide and protein hormones (for example, angio-
tensin, bradykinin, endothelin, melanocortin), biogenic amines
(such as adrenaline, dopamine, histamine, serotonin), nucleo-
sides and nucleotides (adenosine, adenosine triphosphate (ATP),
uridine triphosphate (UTP), adenosine diphosphate (ADP)), lipids
and eicosanoids (for example, cannabinoids, leukotrienes, pros-
taglandins, thromboxanes), and others (such as glutamate, Ca2�

ions). Binding of these specific ligands to the extracellular or
transmembrane regions causes conformational changes of the
receptor that act as a switch transferring the signal to the
trimeric guanine nucleotide binding regulatory proteins (G pro-
teins), thus inhibiting or stimulating the production of intra-
cellular secondary messengers (for example, cyclic adenosine
monophosphate (cAMP), Ca2� ions).

Historically, the discovery of drugs acting at GPCRs has been
extremely successful. Today 50% of all recently launched drugs
are targeted against GPCRs with annual worldwide sales
exceeding $30 billion in 2001.[1] Among the 100 top-selling
drugs 25% are targeted at members of this protein family
(Table 1 and Scheme 1). The human genome project has
revealed several hundred members of the GPCR family (exclud-

ing olfactory receptors),[2] of which only approximately 30
represent targets of currently marketed drugs. Whereas for an
additional 210 receptors the natural ligand is known, another
160, so-called 'orphan receptors', have been identified within the
human genome, for which the ligand and the (patho)physio-
logical function is unknown.[3] Due to the excellent potential for
drug discovery, the GPCR target family represents up to 30% of
the portfolio of many pharmaceutical companies. This review
will attempt to show how the current knowledge of the
receptors and their ligands along with the understanding of
receptor ± ligand interactions can aid the design of novel drugs
for this target family. For a broader understanding of the subject
the reader is referred to other excellent reviews.[4±6]

2. GPCR Structural Information

Although GPCRs share a common membrane topology they are
remarkably diverse in sequence and vary especially in size of the
extracellular amino-terminal tails, cytoplasmic loops, and car-
boxy-terminal tails. Based on these structural differences mam-

[a] Dr. T. Klabunde, Dr. G. Hessler
Aventis Pharma Deutschland GmbH
DI&A LG Chemistry, Computational Chemistry
Industriepark Hoechst, Building G878
65926 Frankfurt am Main (Germany)
Fax : (�49)69-331399
E-mail : Thomas.Klabunde@aventis.com

[**] A list of abbreviations can be found at the end of the text.



T. Klabunde and G. Hessler

930 ChemBioChem 2002, 3, 928 ±944

malian GPCRs are grouped into three major families : family A
(rhodopsin-like or adrenergic-receptor-like family), family B (glu-
cagon-receptor-like or secretin-receptor-like family), and family C
(metabotropic glutamate receptors). Within each family a certain
sequence pattern (so-called fingerprint) and several structural
features beyond the generally shared membrane topology are
conserved.[7] Family A is by far the largest, displaying short
amino-terminal tails and having highly conserved amino acid
residues within each transmembrane helix. Family B receptors
display longer amino-terminal tails with a set of six conserved
cysteine residues. Family C receptors generally have longer
amino acid tails (500 ± 600 residues) folded as a separate ligand
binding domain.

Recently Palczewski et al. reported the 3D structure of bovine
rhodopsin determined by X-ray crystallography as the first GPCR
structure at atomic resolution.[8, 9] Rhodopsin is unique among
the GPCRs because its ligand retinal is covalently bound by
formation of a Schiff's base linked to the amino group of Lys296
in TM7. Absorption of a photon by the 11-cis-retinal causes its
isomerization to all-trans-retinal. This isomerization causes a
conformational change in the receptor that leads to its
activation.

The structure of rhodopsin in its inactivated form at 2.8 ä
resolution, illustrated as a ribbon diagram in Figure 2A, confirms
the presence of seven TM helices as implied before by
cryoelectron microscopy studies.[10] The TM segments have been
found to be tilted to varying degrees with respect to the putative
plane of the membrane layers, thus forming the binding site of
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Figure 1. Signaling pathways of GPCRs. A wide variety of ligands, including biogenic amines,
lipids, peptides, proteins, nucleosides, nucleotides, and amino acids use GPCRs to stimulate
cytoplasmic targets. Upon activation of the receptor the exchange of GTP for GDP bound to the
G� unit is induced within the cell, followed by the dissociation of the G�-GTP unit from G�� and
coupling to effector enzymes. Thus the production of secondary messengers like, for example,
cAMP, cyclic guanosine monophosphate (cGMP), diacylglycerol (DAG), and Ca2� ions is induced
or inhibited. PKC�protein kinase C, PLC�phospholipase C.



Targeting G-Protein-Coupled Receptors

ChemBioChem 2002, 3, 928 ± 944 931

Figure 2. Ribbon drawing of rhodopsin (A) viewed parallel to the plane of the
membrane and (B) seen from the extracellular (intradiscal) side of the membrane
revealing a counterclockwise arrangement of the 7-TM helices.[8] The 11-cis-retinal
molecule is shown in red. The figures have been prepared using the programs
Molscript[102] and Raster3d.[103]

the ground-state chromophore, 11-cis-retinal (Figure 2B). The
disposition of the seven TM helices and the location of the cis-
retinal binding site has been analyzed and reviewed recently.[11, 12]

The TM helices are linked together sequentially by extracel-
lular (E1, E2, E3) and cytoplasmic loops (C1, C2, C3; see Figure 1).
Within the currently available rhodopsin structure the cytoplas-
mic surface loops C2 and C3 and the carboxy-terminal tail are not
well resolved. The most striking feature is the presence of an
amphipathic helix TM8 (VIII in Figure 2) lying almost parallel to
the plane of the membrane, which may modulate the rhodop-

sin ± transducin interaction. The extracellular loops of rhodopsin
are folded around two twisted � hairpins, thus forming a
compact and well-resolved domain structure. The innermost �

strand (4 in Figure 2) is folded via the carboxy-terminal residues
of the E2 loop and is attached to the TM3 helix by a disulfide
bridge, a highly conserved motif among all family A receptors.
Together with the TM helices this strand provides contacts with
the chromophore; it runs almost parallel along the length of the
retinal polyene chain. It is thus tempting to speculate that this
strand provides a lid for the ligand in its TM binding pocket, a lid
that might also have homologues in nearly all family A seven-
transmembrane-helix (7-TM) receptors.

Further structural information is available on the extracellular
amino-terminal ligand binding domain of a prototypical family C
receptor, the metabotropic glutamate receptor.[13] In this context
the recently determined crystal structure of the amino-terminal
cysteine-rich domain of the Frizzled 8 protein needs to be
mentioned, as these proteins might constitute a novel family of
7-TM receptors most closely related to the secretin family.[14]

3. Binding Site Analysis and Homology
Modeling

Although bovine rhodopsin reveals only a low sequence
similarity to other GPCRs, the specific arrangement of the 7-TM
helices stabilized by a series of intramolecular interactions
mediated by several backbone and side-chain atoms seems to
be conserved among the family A receptors. Rhodopsin thus
represents an improved structural template for the understand-
ing of experimental data available for related 7-TM receptors and
for generating improved molecular models of other family A
receptors. Before the structure of bovine rhodopsin became

Table 1. Annual worldwide sales of drugs acting at GPCRs in the top 100 best selling prescription drugs in 2000.[1] Compound numbers refer to structures given in
Scheme 1.

Trademark Generic name Structure Company Disease Target receptor million $

Claritin loratadine 1 Schering-Plough allergies H1 antagonist 3011
Zyprexa olanzapine 2 Eli Lilly schizophrenia mixed D2/D1/5-HT2 2350
Cozaar losartan 3 Merck & Co hypertension AT1 antagonist 1715
Risperdal risperidone 4 Johnson & Johnson psychosis mixed D2/5-HT2A 1603
Leuplin/Lupron leuprolide 5 Takeda cancer LH-RH agonist 1394
Neurontin gabapentin 6 Pfizer neurogenic pain GABA B agonist 1334
Allegra/Telfast fexofenadine 7 Aventis allergies H1 antagonist 1070
Imigran/Imitex sumatriptan 8 GlaxoSmithKline migrane 5-HT1 agonist 1068
Serevent salmeterol 9 GlaxoSmithKline asthma �2 agonist 942
Plavix clapidogrel 10 Bristol-Myers Squibb stroke P2Y12 antagonist 903
Zantac ranitidine 11 GlaxoSmithKline ulcers H2 antagonist 871
Singulair montelukast 12 Merck & Co asthma LTD4 antagonist 860
Pepcidine famotidine 13 Merck & Co ulcers H2 antagonist 850
Cardura doxazosin 14 Pfizer hypertension �1 antagonist 795
Gaster famotidine 13 Vamanouchi ulcers H2 antagonist 763
Zofran ondansetron 15 GlaxoSmithKline antiemetic 5-HT3 antagonist 744
Zoladex goserelin 16 AstraZeneca cancer LH-RH agonist 734
Diovan valsartan 17 Novartis hypertension AT1 antagonist 727
BuSpar buspirone 18 Bristol-Myers depression 5-HT1 agonist 709
Zyrtec/Reactine cetirizine 19 Pfizer allergies H1 antagonist 699
Duragesic fentanyl 20 Johnson & Johnson pain opioid agonist 656
Atrovent ipratropium 21 Boehringer Ingelheim asthma anticholinergic 598
Seloken metoprolol 22 AstraZeneca hypertension �1 antagonist 577
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available, homology models of GPCRs were based on bacterio-
rhodopsin as a structural template.[15, 16] However, bacteriorho-
dopsin, even though it belongs to the family of 7-TM receptors,
does not couple through G proteins and thus is not a member of
the GPCR family. With the determination of the bovine
rhodopsin structure it became evident that the positions and
tilts of the seven helices are different between GPCRs and
bacterial retinal-binding proteins. Despite these structural differ-
ences previous bacteriorhodopsin-based models aided the

generation of hypotheses regarding the ligand binding and
the signaling functions for experimental testing. Experimental
findings from structure ± activity, mutagenesis and affinity label-
ing studies have, in turn, been used to revise and refine the
models. By using this combined approach molecular models of
GPCRs and receptor ± ligand complexes have been generated,
which have been recently reviewed.[17]

Recently, a new technology, named PREDICT, was described
for modeling the 3D structure of any GPCR from its amino acid

Scheme 1.
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sequence (without the use of a structural template).[18] It was
demonstrated that PREDICT was capable of reproducing the
known experimental structure of rhodopsin, and it is now
awaiting successful applications for structure-based drug dis-
covery towards GPCR targets.

Within this chapter we highlight some outstanding homology
modeling studies, which are supported by mutagenesis and
ligand binding studies. Examples are given for receptors binding
biogenic amines (for example, the �2-adrenergic receptor),
purines (such as the P2Y1 receptor), small hormone peptides
(like the angiotensin II AT1 receptor) and large proteins (for
example, the chemokine receptor CCR2). These examples
demonstrate how the understanding of receptor ± ligand inter-
actions derived from 3D structural models can be applied for the
design of GPCR ligands.

3.1. �2-Adrenergic receptor

Except for some allosteric modulators of GPCRs, general
evidence has been presented that most small-molecule (ant)ag-
onists bind wholly or partly within the transmembrane region of
the receptor, the most reliably modeled part of a GPCR. Ligand
binding within the transmembrane region of the receptor seems
to occur mainly in a region flanked by helices 3, 5, 6, and 7. The
molecular understanding of catecholamine agonist binding to
the �2-adrenergic receptor has been established by a series of
pioneering site-directed mutagenesis studies and has been
reviewed many times.[19, 20] Scheme 2 displays these interactions
schematically with isoproterenol as a prototypical agonist:
1) Ser204 and Ser207 on the TM5 helix interact with the meta
and para aromatic hydroxy groups, respectively ; 2) Asp113 on
helix TM3, conserved among the biogenic amine binding GPCRs
and among several peptide-binding GPCRs (for example, the
urotensin II, melanocyte concentrating hormone (MCH), and
somatostatin (sst) receptors), forms a salt-bridge with the basic

Scheme 2. Schematic drawing of the interaction of isoproterenol with the �2-
adrenoceptor as derived from mutagenesis and modeling studies. For reasons of
clarity the interaction with Phe290 is not shown. References are given within the
text.

amine nitrogen; 3) Phe289 and Phe290 on the TM7 helix are
probably involved in �-stacking interactions with the catechol
ring; 4) Asn293 most likely interacts with the chiral �-hydroxy
group common to many biogenic amines and could therefore
be responsible for the stereoselectivity.[21] Longer-acting ago-
nists, such as salmeterol (trade name Serevent, see Table 1 and
Scheme 1), have a lipophilic tail in addition to features common
to other agonists. The work of Green et al. suggests that residues
on helix TM4 may be involved in binding of the phenalkyl tail of
such ligands.[22] The interaction of this 'exosite binding' with the
lipophilic tail is thought to be responsible for the enhanced
duration of action of these compounds.[23]

For the biogenic amine binding GPCRs a three-binding-site
hypothesis was proposed.[24] For the type-1A 5-hydroxytrypt-
amine (seratonin) receptor (5-HT1A receptor), mutagenesis
studies map three spatially distinct binding regions which
correspond to the binding sites of the ™small, one-site-filling∫
ligands 5-hydroxytryptamine, propranolol, and 8-hydroxy-N,N-
dipropylaminotetralin (8-OH-DPAT; Figure 3). All three binding
sites are located within the highly conserved 7-TM domain of the
biogenic amine receptor and overlap at the aspartate residue in
helix TM3, which constitutes the key anchor site for basic ligands
of the biogenic amine receptors. This key anchor site corre-
sponds to Asp113 in the �2-adrenergic receptor and to Asp116 in
the 5-HT1A receptor. The three distinct binding sites are also
reflected by the architectures of known high-affinity ligands
which crosslink two or three ™one-site-filling∫ fragments around
a basic amino group.

3.2. Angiotensin II receptor type-1 (AT1)

The type-1 angiotensin II (AngII) receptors (AT1 receptors) have
been a key target for the pharmaceutical industry. Research has
led to the discovery of the non-peptide AT1 antagonist losartan
(trade name Cozaar, see Table 1 and Scheme 1) as an orally active
antihypertensive. The small molecule binds to the mammalian
rat AT1b receptor with high affinity (IC50�2 nM). Interestingly, the
type-a frog AT1 receptor is unresponsive towards losartan
binding, while peptide ligands such as AngII and saralasin bind
with similar affinities.[25, 26] Site-directed mutagenesis studies
revealed several residues within the rat receptor, that when
mutated to the corresponding amino acid of the frog receptor,
descreased losartan binding dramatically. On the other hand,
gain-of-function mutagenesis studies, whereby 13 amino acids
of the frog receptor are replaced by the corresponding rat
receptor residues, confer the ability to bind losartan with the
same affinity as the rat AT1b receptor onto the previously
unresponsive amphibian receptor.[26]

As for the biogenic amine ligands, the binding domain of the
non-peptide antagonist losartan has been mapped within the
7-TM region. Analysis of single-point and combinatorial muta-
tions of the rat AT1b receptor identified the residues involved in
binding of the small-molecule antagonist losartan.[25, 26] The most
marked attenuation of losartan binding (greater than a factor of
ten as measured in a radioligand-displacement assay with 125I-
labeled [Sar1, Ile8]AngII) was observed upon replacement of
Val108 (TM3), Lys199 (TM5), and Asn295 (TM7) by alanine residues.
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Underwood and co-workers generated a 3D model of the
human AT1 receptor based on bacteriorhodopsin and were able
to dock the losartan-type antagonist L-158,282 (MK-966) into the
biogenic amine binding site.[27] The structural model is consistent
with the existing knowledge on structure ± activity relationships
for small-molecule antagonists. The key feature of the model is
an ionic interaction between the acid moiety of the ligand and
Lys199. The authors suggest that AngII also binds its receptor by
an ionic interaction between its C terminus and Lys199. Ji and
co-workers provided experimental validation for this hypothesis
by site-directed mutagenesis on the rat AT1 receptor; they
revealed a 42-fold reduction of the binding of the AngII
analogue saralasin to the Lys199Ala mutant.[26] The mutagenesis
data presented in this study indicate that peptide and non-
peptide ligand binding sites on the AT receptor are distinct.
However, the reduced binding affinity of the Lys199Ala and also
the Asn285Ser mutants for both saralasin and losartan indicates
that the binding sites overlap to some extent.

3.3. Purinergic GPCRs

The adenosine A3 and the purine P2Y1 recep-
tors belong to the family of purinergic recep-
tors comprising the P1 family (for example, A1,
A2, A3) and the P2Y family (for example, P2Y1,
P2Y2, P2Y4, P2Y6, P2Y11). While the A3 receptor
(P1 family) is activated by adenosine, the P2Y1

receptor (P2Y family) is stimulated by extra-
cellular ADP and ATP. For both receptors site-
directed mutagenesis and molecular modeling
studies have provided hypotheses for the
binding site of the physiological ligand.[28±31]

According to these studies, adenosine and ATP
bind to the transmembrane cleft of their
respective receptors.

For the P2Y1 receptor the negatively charg-
ed triphosphate moiety of ATP and other
nucleotide derivatives is likely to be coordi-
nated to Arg128 (TM3), Thr222 (TM5), Lys280
(TM6), and Arg310 (TM7). Supported by struc-
ture ± activity studies on N6-alkylated ATP de-
rivatives and mutagenesis studies, the model
of the P2Y1 ± ATP complex (displayed schemat-
ically in Scheme 3) furthermore reveals a
potential interaction of the adenine moiety
with the receptor by the exocyclic N6 atom
(hydrogen bond to Gln307 (TM7)) and the N1
atom of the adenine ring (hydrogen bond to
Ser314 (TM7)). The ribose moiety of ATP
appears to be coordinated by Phe131 (TM3),
His132 (TM3), and His277 (TM6). These resi-
dues are modulatory for agonist action and
might interact with the 2� or 3� hydroxy groups
of the ATP ribose unit.

Scheme 3. Schematic drawing of the interaction of ATP with the P2Y1 receptor as
derived from mutagenesis and modeling studies. For reasons of clarity the
interaction with Arg310(TM7) is not shown. References are given within the text.

Figure 3. Three-ligand binding sites of the 5-HT1A receptor in a rhodopsin-based 3D model according
to Jacoby and co-workers.[24] Left : extracellular view; right: side view with extracellular side at the top.
The three ligands are serotonin or 5-HT (yellow), propranolol (cyan), and 8-OH-DPAT (green). Residues
identified by mutagenesis data are indicated. The ™5-HT∫ site is located between TM3 (TM III ; with
Asp116 as the key recognition site) and TM5 (TMV; providing Ser199 and Thr200 to interact with the
5-OH group of serotonin). A second site, the ™propranolol∫ binding site, is located between TM3 and
TM7 (contributing, for example, Asn386 to hydrogen bond the oxygen atoms of the oxy-
propanolamine fragment in �-blockers). The third binding site, the ™8-OH-DPAT∫ binding site is also
located between TM3 and TM7. Ligands addressing this site, like 8-OH-DPAT, are thought to be
oriented parallel to the helices (interactions by 8-OH to Ser393 and Asn396 and by amino group to
Asp116).
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3.4. Monocyte chemoattractant-1 (MCP-1) receptor, CCR2

The chemokine receptors (CCRs) represent another subfamily of
family A GPCRs stimulated by small proteins; these proteins
mediate attraction of leukocytes to inflammatory sites and are
known as chemokines.[32] Astonishingly, for many of the chemo-
kine receptors, small-molecule compounds could also be
identified antagonizing the action of these small-protein ligands
at their respective receptor. For the monocyte chemoattracant-1
(MCP-1) receptor (CCR2), researchers at Roche identified spiro-
piperidine compounds (for example, RS-102895) binding to
CCR2 with a dissociation constant KD of 60 nM.[33] Mutagenesis
studies showed that an acidic glutamate residue in the TM7 helix
(found in most chemokine receptors) is critical for binding of the
spiropiperidine series. It was hypothesized that the basic
nitrogen atom present in the spiropiperidine compounds may
be the interaction partner for Glu291 and a model of RS-102895
bound to the CCR2 receptor was generated by using the
bacteriorhodopsin structure as template (Figure 4). The struc-

Figure 4. Model of RS-102895 bound to the MCP-1 receptor. RS-102895 is the
space-filling molecule in the center of the bundle of helices, indicated by the
ribbons.[33] Receptor residue Glu291 is shown in the ball-and-stick presentation; it
is shown interacting with the basic nitrogen atom of the spiropiperidine structure.
Please note that in contrast to Figure 2B the view from the intracellular side is
displayed.

tural model suggests that the acid ± base pair anchors the
spiropiperidine compound within the transmembrane ovoid
bundle and that the binding site may overlap with the space
required by MCP-1 binding. Interestingly, the Glu291 residue
from helix TM7 (VII in Figure 4) is in a similar spatial position to
the acidic aspartate residue contributed from helix TM3 of the
biogenic amine receptors, which may account for the shared
affinity of spiropiperidines for these two receptor classes (see
also Section 5.2).

Recently, a study has been presented which applies structural
models of chemokine and biogenic amine receptors within the
chemical optimization program of a CCR5 lead.[34] The initial lead
compound showed high affinity towards the CCR5 receptor but
was unselective for several biogenic amine receptors and
especially for the muscarinic M2 receptor. Structural differences
in the binding pockets of computational models from the
biogenic amine and the CCR5 receptor explain how the initially
unselective chemokine antagonist could be chemically modified
to yield a selective derivative of the initial lead structure.

3.5. A common binding pocket within the 7-TM region?

Based on the molecular modeling and mutagenesis studies
performed for several GPCRs that bind diverse types of ligands
(biogenic amines, peptides, nucleotides, and small proteins), it is
tempting to suggest that all family A receptors share a binding
pocket located deeply within the 7-TM region, that can serve as
an interaction site, not only for monoamines, but for all
(ant)agonists of this receptor family.[35, 36] However, this might
be a simplified view. The ligands do not necessarily have to bind
at this site to stabilize the receptor conformation that is
recognized by the G protein as being 'active'.[37] Thus, even
certain antibodies directed towards extracellular loops of 7-TM
receptors can mimic the action of endogenous ligands and
activate the receptor.[38] In addition, allosteric modulation of
GPCRs by small molecules enhancing or diminishing the effects
of endogenous agonists or antagonists has long been recog-
nized and has recently been reviewed.[39, 40] Most interestingly,
the active 7-TM receptor conformation is not only stabilized by
an agonist, but the receptor can also convert into the active
conformation even in the absence of an agonist, as demon-
strated by the frequently observed constitutive signaling.[41, 42]

4. Ligand-Based Drug Design

4.1. Ligand-based lead finding

Due to the limited availability of structural data on GPCRs the
design of ligands for this receptor family still heavily relies on
ligand-based drug design techniques. For many GPCRs the
natural ligand can provide a good starting point in the lead
finding process. Structure ± activity relationships (SAR) can be
directly derived from the natural ligand and its analogues. The
resulting pharmacophore models can then be employed for
virtual screening to identify lead structures with novel scaffolds.
Especially for peptide-binding GPCRs the identification of a non-
peptidic ligand is crucial for drug discovery to avoid the inherent
pharmacokinetic problems associated with peptide lead struc-
tures like poor oral bioavailability or metabolic instability.

The application of this technique to identify novel non-
peptidic lead structures was successfully demonstrated for the
sst receptor by researchers at Merck. Optimization of somato-
statin-derived peptides has resulted in the cyclic hexapeptide c[-
Pro-Tyr-D-Trp-Lys-Thr-Phe-] (L-363,377) as a somatostatin ago-
nist.[43] It could be shown that the Tyr-D-Trp-Lys motif is required
for the biological activity. The side chains of this motif were used
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as a probe to search Merck's compound collection with a 3D
search method (Scheme 4).[44, 45] Biological testing of only
75 compounds yielded compound L-264,930 with an apparent
inhibition constant of 100 nM for the human sst2 receptor. Its
tripartite structure stimulated the synthesis of several combina-
torial follow-up libraries, which contained highly active agonists
for the human sst2 receptor as well as other subtype selective
somatostatin agonists. Thus, virtual screening in combination
with combinatorial chemistry has resulted in numerous subtype
selective somatostatin agonists.

Recently, researchers at Aventis have employed a similar
virtual screening strategy to identify non-peptidic antagonists
for the urotensin II receptor.[46] Various truncated peptide
derivatives of the cyclic 11 amino acid peptide urotensin II were

synthesized to determine the minimal sequence required for its
biological activity. Further on, an alanine scan identified the Trp-
Lys-Tyr motif in the cyclic part of human urotensin II as the
important pharmacophoric pattern. The spatial arrangement of
the Trp-Lys-Tyr motif was deduced from the NMR spectroscopy
solution structure of human urotensin II and of the disulfide-
bridged analogue Ac-Cys-Phe-D-Trp-Lys-Tyr-Cys-NH2 (Figure 5).
Both results were translated to respective three-dimensional
pharmacophore models, which were used to virtually screen the
Aventis compound collection. By using the pharmacophore
model of the urotensin II analogue as a query, only 1 of the 418
virtual hits showed biological activity. The obtained hit rate is
similar to the hit rate observed for high-throughput screens for
GPCR antagonists. Interestingly, the pharmacophore model,

Scheme 4. A three-dimensional representation of the Tyr-D-Trp-Lys motif of the cyclic hexapeptide L-363,377 was used to virtually screen the Merck compound
collection.[44] L-264,930 was identified as a hit compound, which was further optimized by using combinatorial follow-up libraries to yield L-779,976. The color coding
indicates how the different parts of the non-peptidic compounds map to the Tyr-D-Trp-Lys motif of the peptidic lead; this motif is necessary for the biological efficacy.

Figure 5. Virtual screening approach to identify non-peptide urotensin II antagonists.[46] For the cyclic undecapeptide urotensin II (bottom left), the NMR spectros-
copy solution structure was determined (top left). The spatial arrangement of the Trp-Lys-Tyr motif as found in the solution structure was used to derive a pharma-
cophore model (top right). The mapping of a discovered hit structure to the pharmacophore model is shown (bottom right).



Targeting G-Protein-Coupled Receptors

ChemBioChem 2002, 3, 928 ± 944 937

obtained from the human urotensin II structure, showed a hit
rate of 2% (10 actives out of 500 compounds tested) with an IC50

value of 400 nM for the best compound as derived in a functional
in vitro assay. The virtual screening approach has identified
numerous novel scaffolds with reasonable antagonist activity
providing promising starting points for subsequent chemical
optimization programs.

The high hit rate indicates that the solution structure of
urotensin II, which was used as structural template for the
generation of the pharmacophore model, resembles its recep-
tor-bound conformation. In general, for a high-affinity ligand the
conformational energy difference between bound and unbound
state is small, thus avoiding the reduction of the free binding
energy. However, in several cases conformational changes of the
ligand have been observed upon receptor binding.[47, 48] In those
cases, the solution structure of the natural ligand does not
appear to be a valid template for the search for new lead
structures by virtual screening.

The ambiguity resulting from conformationally flexible ligands
can be avoided by using fairly rigid molecules to derive a
pharmacophore model, as was demonstrated by Flower and co-
workers in the search for antagonists of the muscarinic M3

receptor.[49] M3 receptor antagonists from three lead series were
available. A representative compound was chosen from each
series to derive two different pharmacophore models. With
these three-dimensional pharmacophore models 172 virtual hits
could be identified by searching the Astra compound bank, of
which three compounds with a novel chemical scaffold showed
a significant biological activity at the muscarine receptor.

The examples given demonstrate the potential of virtual
screening for lead identification in ligand-based design pro-
grams. Agonists as well as antagonists can be derived from
natural or surrogate ligands. The generation of a valid pharma-
cophore model and thus the hit rate of virtual screening
approaches benefits from the availability of potent, structurally
diverse, and conformationally restricted receptor ligands as
starting points.

Further examples for the successful use of peptide-derived
structure ± activity relationships to design non-peptidic GPCR
ligands are described for the opiate receptor,[50] the thrombin
receptor,[51] and the growth hormone secretagogues[52] and
somatostatin[53] receptors.

However, especially for peptide-binding GPCRs, screening of
diverse or focused compound sets still remains a successful lead
finding approach, which has yielded the discovery of several
potent, non-peptidic GPCRs ligands.[54±56] Such compounds have
been classified as functional mimetics as they elicit agonist or
antagonist activity, but do not necessarily mimic the structure of
the native ligand.

4.2 Ligand-based lead optimization

Ligand-based three-dimensional quantitative structure ± activity
relationship (3D-QSAR) methods, like the comparative molecular
field analysis (CoMFA),[57, 58] have supported the chemical opti-
mization of numerous GPCR lead compounds. CoMFA correlates
the steric and electronic field environment of a set of ligands

with their biological activity. Thus, a CoMFA study allows
chemical modifications that are benefical or detrimental for
the biological activity to be recognized. The interested reader is
referred to successful case studies of the CoMFA method in
optimizing GPCR-directed ligands as described, for example, for
the dopamine receptors,[59±61] the serotonin receptors,[62±64] the
endothelin receptor,[65] and the adenosine receptors.[66, 67]

CoMFA models can also be used to recognize molecular
features that are responsible for selectivity of the ligands. Lo¬pez-
Rodriquez and co-workers observed side affinities for the �1-
adrenergic receptor in a series of aryl piperazines that were
active against the 5-HT1A receptor.[68] For each receptor a
separate CoMFA model was derived. The comparison of the
models indicated that bulky substituents at the meta position of
the aryl moiety would increase selectivity for the 5-HT1A receptor,
since the �1 receptor, in contrast to the 5-HT1A receptor, does not
tolerate large residues at this position (Figure 6). Further on,

Figure 6. A) CoMFA model of aryl piperazines for the 5HT1A receptor. At the meta
position of the aryl piperazine moiety green polyhedra indicate that larger
subtituents are beneficial for the affinity towards the 5HT1A receptor. In contrast,
the CoMFA for the �1 receptor (B) shows that larger substiuents at the meta
position of the aryl piperazine moiety would reach a yellow polyhedra, which
indicates that steric bulk is detrimental for affinity. Reproduced from ref. [68] with
permission. Copyright (1997) American Chemical Society.

increasing the length of the alkyl chain linking the aryl piperazine
with a hydantoin moiety seems to be beneficial for the desired
selectivity. Therefore, a bulky NHCOiPr substituent at the
corresponding position of the lead series was combined with a
long alkyl linker chain. The resulting compound showed the
desired high selectivity for the 5-HT1A receptor.[68] Instead of
building separate models, the selectivity issue can also be
addressed by developing CoMFA models against the ratio of the
affinities of each receptor. Such an approach was chosen by
Ravinƒa and co-workers for the analysis of selectivities of
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conformationally restricted butyrophenones against the dopa-
mine and the serotonin receptors.[69]

The combination of a ligand-derived CoMFA model with a
three-dimensional receptor model provides information about
the potential binding mode of the investigated ligands and can
give additional ideas for compound optimization. Recently,
researchers at SmithKline Beecham used such an approach on an
indoline urea lead series directed against the 5-HT2C/2B receptors;
the series showed only minor side affinity towards the 5-HT2A

receptor.[70, 71] The docking of an indoline urea compound into a
3D receptor model placed the indolinyl moiety into a receptor
pocket for which key differences between the 5-HT2A and the
5-HT2C receptors could be recognized from the sequence
comparison (Figure 7). Due to the presence of two leucine

residues in the 5-HT2A receptor instead of two valine residues in
the 5-HT2C receptor the binding site of the 5-HT2A receptor
appeared to be more constricted than the binding site of the
5-HT2C receptor. In the optimization of the series this key
structural difference was employed to increase the selectivity by
introducing larger substituents. A series of 55 compounds was
synthesized and analyzed with a CoMFA study. The molecules
were aligned by docking the ligands into the receptor model.
The resulting CoMFA model was able to predict the biological
activity of a test set reasonably well. In addition, the presence
and location of sterically disfavored regions recognized by the
CoMFA model agrees well with the 3D receptor model.

It is not always evident whether two chemically different series
targeting at the same receptor share a common binding region.

Consequently, often both lead series are independ-
ently optimized. Alignment of molecules from differ-
ent chemical classes can give first hints about a
common binding mode, especially if the SAR of
corresponding parts of the molecules show parallel
trends. In such cases, elements of the first series can
be used to optimize the second series at the next
step. An illustrative example of such an optimization
strategy has been described for the endothelin A
receptor (Scheme 5). Astles and co-workers had
developed two compound series which were origi-
nally derived from the same 3D database query.[72]

Thus, it was conceived that these series might share a
common binding mode, but no molecular alignment
could be found that matched all relevant pharmaco-
phores of the corresponding compounds. The two
compound series could be combined based on the
assumption that the acidic functions of the molecules
might interact with the same receptor site but from
different positions. Consequently, a chimeric com-
pound was made, carrying elements of both series.
This effort resulted in a compound with tenfold-
increased affinity. As it already was known from one
series that the thienyl moiety would be suitable for
optimizing pharmacokinetic properties, only a few
modifications were necessary to receive a highly
active compound with an acceptable pharmacoki-
netic profile.

5. Focused Libraries Directed against
GPCR Targets

In the beginning of the last decade parallel synthesis
and combinatorial chemistry together with automat-
ed high-throughput screening methodologies were
expected to speed up the lead discovery process. The
rapid and cheap testing of large generalized libraries
of diverse compounds was a common strategy within
many pharmaceutical companies. However, as indi-
cated by the number of new chemical entities, the
desired increase of productivity has not been ach-
ieved.[73, 74] Nowadays a paradigm shift has occurred
towards the synthesis and screening of small focused

Figure 7. A) Docking mode of an indoline urea compound, depicted in (C), into the 5-HT2C
receptor model. The thiomethyl substituent points towards the ™specifity pocket∫ lined by
residues Val212 and Val608. For 5-HT2A these valine residues are replaced by bulkier leucine
residues to result in a narrower binding pocket.[70, 71] B) Orthogonal views of the CoMFA steric
fields around the indoline urea. The yellow regions identify positions where steric bulk is
detrimental for activity. Around the thiomethyl substituent, the yellow regions show a sterically
confined region in agreement with the three-dimensional receptor model depicted in (A).
Reproduced from ref. [71] with permission. Copyright (1998) American Chemical Society.
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compound collections that are often designed and directed
against target families. The knowledge of the structural require-
ments for activity of a compound at a certain target family can
be derived from structural information on the target class or
from the analysis of potent ligands acting on the respective
receptor family. The design of combinatorial libraries by using
molecular properties and 3D pharmacophore fingerprints has
been reviewed recently.[75]

Due to the distinguished past of GPCR research there is a large
number of commercially successful compounds acting on GPCRs
(see Table 1 and Scheme 1). In addition, for each of these
marketed drugs there are hundreds of compounds that, while
being potent ligands of GPCRs, never made it to the market. This
wealth of medicinal chemistry knowledge covering structural
features present within small-molecule GPCR ligands is an
excellent source to enhance the discovery of new lead
compounds against novel GPCR targets. Many pharmaceutical
companies use structural information about internal and public-
domain GPCR ligands as a probe to virtually screen compound
collections or even virtual compound libraries. Compounds
showing similarity to known GPCR ligands are identified and
then compiled into proprietary GPCR-directed screening collec-
tions or (in cases where a virtual library was analyzed) prioritized
for chemical synthesis.

In the past many molecular and pharmacophore descriptors[76]

have been successfully applied to define the molecular similarity
(or dissimilarity) and to guide the design of GPCR-directed
libraries. Mason and co-workers have described a four-point
pharmacophore method for molecular similarity, which calcu-
lates all potential pharmacophores for a given molecule.[77] The
authors were able to identify GPCR-specific pharmacophores
and to apply the pharmacophore key for the design of GPCR-
focused libraries. A similar approach was used by Bradley et al. to
generate a 3D pharmacophore model from 105 published
heterocyclic �1-adrenergic receptor ligands encompassing multi-
ple chemical classes.[78] The pharmacophore descriptor was then
applied as a computational filter to assist lead evolution efforts.

Pearlman and his colleagues have described the molecular
BCUT descriptor, which combines physicochemical properties

relevant to ligand ± receptor binding with topological or dis-
tance information.[79] The Pearlman descriptors have been
utilized for a variety of diversity-related purposes including
reagent selection for diversity libraries. At Neurocrine, first
examples of the descriptors' application for the design of
compound libraries focused against peptide-binding GPCRs
have recently been presented.[80] Researchers at Aventis have
used 2D descriptors comparing molecules based on the
presence (or absence) of functional fragments to compile a
proprietary GPCR-screening collection from internal and external
compound libraries. Initial results from screening the GPCR-
focused compound collection against novel GPCR targets
indicate significantly higher hit rates compared to screening of
an unbiased library.[81]

5.1. Privileged substructures within GPCR ligands

Accumulated evidence suggests that there are many common
features apparent in the small-molecule binding sites of different
GPCRs (for example, the presence of an Asp residue within helix
TM3 of biogenic amine and several peptide-binding GPCRs). This
finding is reflected in the existence of many structural motifs
common among the small-molecule ligands of diverse receptors.
Originally, Evans et al. introduced the term ™privileged structure∫
for benzodiazepines, which are found in several types of central
nervous system agents and in ligands of ion channels and
GPCRs.[82] According to this definition, a privileged structure,
such as a benzodiazepine, ™is a single molecular framework able
to provide ligands for diverse receptors∫; it concludes that
™judicious modification of such structures could be a viable
alternative in the search for new receptor agonists and
antagonists∫. Further examples of GPCR privileged substructures
like biphenyl, 1,1-diphenylmethane, xanthines, 4-arylpiperidines,
4-arylpiperazines, and spiro versions of the latter are given in
Scheme 6. Interestingly, some of the privileged substructures are
not restricted to one GPCR subfamily. The spiropiperidine moiety
can be found within ligands of biogenic amine receptors as well
as within compounds acting on chemokine and peptide-binding
GPCRs. This finding provides further evidence that these GPCR

Scheme 5. A) Comparison of two lead structures for the endothelin A receptor. The hydrophobic groups are shown by the green circles, while the acid functions are
shown by the red circles.[72] B) The two compounds could not be aligned in a way that all important pharmacophoric groups were matched. The hypothesis of a cationic
interaction center on the receptor (blue circle) allowed the two series to be merged by assuming that the acidic groups interact with this center from different directions.
The merged compound revealed a tenfold increase in affinity.
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subfamilies share a common small-molecule binding site despite
their diverse physiological ligands.

Computational methods are available to recognize biolog-
ically active fragments within known GPCR ligands. In a recent
study more than 20000 compounds known to act on GPCRs
have been virtually cleaved into their fragments with the RECAP
(retrosynthetic combinatorial analysis procedure) algorithm,[83]

with the assumption of 11 default bond cleavage types.[84] The
resulting fragments have then been ranked to identify those
which occur in a set of ligands modulating several different
GPCRs. The most frequently occurring fragment found was the
4-phenyl-piperazine, present in a set of 32 compounds which act
at 13 different GPCRs (Table 2 and Scheme 7).

Bemis and Murcko analyzed the molecular framework, which
is defined as the union of ring systems and linkers within a
molecule, of all commercially available drugs in order to identify
common drug shapes.[85] In a similar manner, molecular frame-
works of 20000 known GPCR ligands can be calculated to
identify GPCR privileged frameworks. An example of a molecular
framework as common motif of several GPCR binding molecules
is shown in Table 3 and Scheme 8.

Several libraries based on privileged scaffolds or the incorpo-
ration of privileged fragments as building blocks have been
synthesized as one strategy for the generation of focused
libraries ; examples for benzodiazepines, dihydropyridines,
4-phenylpiperidine and 1,1-diphenyl units are described in
refs. [86, 87] and have also been reviewed.[88±90] Researches at
Merck have made extensive use of privileged structures as
building blocks to generate a somatostatin-directed combina-
torial library; they chose a capped amino acid scaffold as the

molecular framework.[91] After application of initial computa-
tional methods leading to the discovery of a 200 nM murine
somatostatin subtype-2 (sst2) active compound (see Section 4.1.)
a combinatorial library was designed and synthesized to yield
selective and highly active (Ki�50 pM to 200 nM) non-peptide
small-molecule ligands for somatostatin subtypes-1, -2, -4, and -
5. The use of a capped amino acid scaffold decorated with GPCR
privileged 4-aryl piperidines/piperazines or their corresponding
spiro derivatives has been proven to be a very rewarding
approach for the identification of potent antagonists and
even agonists for many other peptide-binding GPCRs. In
addition to the somatostatin ligands, compounds sharing
this GPCR privileged scaffold were found to act on the

Scheme 6. GPCR privileged substructures : Examples of GPCR ligands sharing the biphenyl or diphenylmethyl (1±3), spiropiperidine (4 ±6), or xanthine (7±8) moiety
are shown. 1, Angiotensin II type-1 antagonist (losartan); 2, endothelin-A antagonist (preclinical) ;[104] 3, histamine-H1 antagonist (fexofenadine) ; 4, neurokinin NK2

antagonist (preclinical) ; 5, monocyte chemoattractant-1 (MCP-1)/CCR2 antagonist ; 6, dopamine antagonist (spiperone) ; 7, adenosine (A1) antagonist (phase II) ; 8,
adenosine (A3) antagonist.

Table 2. GPCR ligands sharing the GPCR privileged substructure 4-phenyl-
piperazine. Compound numbers refer to structures given in Scheme 7.

Structure Company Status Activity

1 Otsuka phase III D2 antagonist
2 Pfizer preclinical D2 agonist
3 Pfizer preclinical D3 antagonist
4 MSD phase II D4 antagonist
5 Otsuka phase II 5-HT1A agonist
6 BMS launched 5-HT2A antagonist
7 Boehringer Ingelheim biological testing 5-HT2 antagonist
8 Taisho biological testing 5-HT3 antagonist
9 Kyowa Hakko biological testing antihistaminic
10 Med.Acad. preclinical � antagonist
11 Roche launched �1 antagonist
12 Taisho biological testing sigma antagonist
13 Servier preclinical substance P antagonist
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Scheme 8.

melanocortin, substance P, cholecystokinin, endothelin, gastrin-
releasing peptide, and growth hormone secretagogue receptors
(Scheme 9).

The various examples given above indicate that the usage of
privileged substructures for lead finding offers the chance to
quickly identify new lead compounds against novel GPCR
targets. However, it is important to note that compounds
sharing a privileged substructure often reveal activity against
many GPCRs. Thus, receptor selectivity of these lead series has to
be addressed within the lead optimization process.

6 Future Trends and Challenges

6.1. Optimizing pharmacokinetic properties

Apart from optimizing the pharmacodynamic properties (for
example, binding affinity towards receptor, in vitro efficacy), the
pharmacokinetic profile of a drug candidates is of paramount
importance. About 40% of drug candidates in clinical trials failed
due to poor pharmacokinetics.[92] Therefore, the pharmaceutical
industry addresses the issues of absorption, distribution, metab-
olism, and excretion (ADME) in an early phase of the drug
discovery process.[93] Nowadays, compound optimization is truly
a multidimensional task, comprised of the joint optimization of
affinity to the receptor and ADME-related properties.

Early ADME considerations have resulted in the establishment
of different experimental model systems to determine ADME-
related parameters by in vitro experiments. Examples are Caco-2

Scheme 7.

Table 3. GPCR ligands sharing the GPCR privileged framework hexahydroindo-
lo[4,3-fg]quinoline. Compound numbers refer to structures given in Scheme 8.

Structure Company Status Activity

1 Takeda biological testing substance P antagonist
2 Poli Industria Chimica biological testing dopamine agonist
3 LEK preclinical 5-HT2A/D2 antagonist
4 LEK biological testing 5-HT1A/sigma antagonist
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cell permeation as a model for intestinal absorption or S9 assays
for drug metabolism. Further on, huge efforts have been
undertaken to develop in silico models to describe and predict
ADME properties based on the chemical structure of the
compound. These tools are applied to support the generation
of screening libraries as well as the chemical optimization of lead
compounds.[94] Such models comprise fairly simple counting
rules like the rule of five.[95] It predicts a compound to be a
poorly absorbed drug candidate, if it violates two of the
following rules: molecular weight� 500 Da, number of hydro-
gen-bond donors� 5, number of hydrogen-bond acceptors
� 10, and logP�5. More advanced computer models can be
derived from experimental in vivo or in vitro ADME-parameters.
Recently, various computational techniques for the prediction of
ADME properties have been extensively reviewed.[96±99]

6.2. Chemogenomics and structural biology–linking
chemical and biological space

In recent years structural biology, homology modeling, and
mutagenesis studies have provided valuable insights into GPCR
structure and receptor ± ligand interactions (see Sections 2 and
3). Typical receptor sites or fingerprints on the primary sequence
level for binding of the natural and surrogate ligands have been
identified, thereby defining the ™biological space∫ of this target
family. On the other hand, knowledge of privileged structural
motifs of GPCR ligands (see Section 5.1.) is steadily increasing
and more accurately defining the receptor's ™chemical space∫.
Today the link between chemical space and biological space has
been established to some extent. It is, for example, well accepted

that for the biogenic amine receptors the aspartate residue in
helix TM3 constitutes the key anchor site of the privileged basic
(spiro)piperidine moiety. In the near future it might be possible
to identify further ™privileged substructure-binding subsites∫ or
™privileged substructure-binding fingerprints∫, thus bridging
chemical and biological space. Nowadays a receptor entering
the drug discovery process is still classified based on the natural
ligand (for example, peptides, chemokines, biogenic amines) or
upon its overall sequence homology with known GPCRs (based
on phylogenetic tree analysis). In the future a novel receptor
(orphan or liganded) could be classified according to the
presence of ™privileged substructure-binding fingerprints∫. This
information will aid the design and synthesis of lead-finding
libraries tailor-made for the respective receptor.

Recently, a first study on this chemogenomic knowledge-
based ligand design strategy has been published for the
monoamine-related GPCRs.[100] Based on the sequence analysis
of residues contributing to each of the three subsites known for
the biogenic amine binding site (see Section 3.1.), 50 receptors
were classified. Based on this analysis ligand predictions were
made for several orphan receptors.

Although powerful bio- and chemoinformatic tools might be
developed in the future to provide the desired linkage between
chemical and biological spaces, the success of this approach will
clearly depend on the availability of further valid structural
information on GPCRs in complex with their natural or surrogate
ligands. The elucidation of 3D structures of several membrane
proteins within the recent years (for example, cytochrome C
oxidase, bacteriorhodopsin, potassium channel, bovine rhodop-
sin) and the recent formation of the first global network on

Scheme 9. GPCR ligands of the capped amino acid type. 1, melanocortin-4 (MC4) receptor agonist ;[105] 2, somatostatin (sst2) agonist (clinical candidate) ;[106] 3, growth
hormone (GH) secretagogue antagonist (phase II) ;[107] 4, cholecystokinin (CCK2) antagonist (clinical candidate);[108] 5, neurokinin (NK1/NK2) antagonist ;[109] 6,
neuromedin-B (NMB)/bombesin (BB1) antagonist (clinical candidate) ;[110] 7, bombesin BB1/BB2 antagonist.[111]
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structural genomics on GPCRs (MePNet)[101] provide some
realistic expectations that this challenging task will be fulfilled
in the near future.

Abbreviations

5-HT 5-hydroxytryptamine, serotonin
7-TM seven-transmembrane-helix (receptor)
8-OH-DPAT 8-hydroxy-N,N,-dipropylaminotetralin
A adenine
ADME absorbtion, distribution, metabolism, excretion
ADP adenosine diphosphate
AngII angiotensin II
AT angiotensin
ATP adenosine triphosphate
BB bombesin
cAMP cyclic adenosine monophosphate
CCR chemokine receptor
CCK cholecystokinin
cGMP cyclic guanosine monophosphate
CoMFA comparitive molecular field analysis
D dopamine
DAG diacylglycerol
GH growth hormone
GABA �-aminobutyric acid
GDP guanosine diphosphate
GPCR G-protein-coupled receptor
GTP guanosine triphosphate
H histamine
Ile isoleucine
LH-RH luteinizing hormone-releasing hormone
LTD4 leukotriene D4
M muscarine
MCH melanocyte concentrating hormone
MCP monocyte chemoattractant
NK neurokinin
P purine
PKC protein kinase C
PLC phospholipase C
QSAR quantitative structure ± activity relationship
SAR structure ± activity relationship
sst somatostatin
Sar sarcosine
TM transmembrane
UTP uridine triphosphate
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