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Drug Design Strategies for Targeting
G-Protein-Coupled Receptors**

Thomas Klabunde* and Gerhard Hessler®

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

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, Ca?*
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), Ca?* 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 $30billion in 2001."" 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-
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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.

KEYWORDS:

drug design - focused libraries - G-protein-coupled receptors
- molecular modeling - target family

ing olfactory receptors),? 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.! 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. -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]l 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.
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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
Ga unit is induced within the cell, followed by the dissociation of the Ga-GTP unit from Gy and
coupling to effector enzymes. Thus the production of secondary messengers like, for example,
cAMP, cyclic guanosine monophosphate (cGMP), diacylglycerol (DAG), and Ca?* ions is induced
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or inhibited. PKC = protein kinase C, PLC = phospholipase C.

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.”? 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.® ® 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 A
resolution, illustrated as a ribbon diagram in Figure 2 A, confirms
the presence of seven TM helices as implied before by
cryoelectron microscopy studies.'” 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

ChemBioChem 2002, 3, 928 - 944
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Table 1. Annual worldwide sales of drugs acting at GPCRs in the top 100 best selling prescription drugs in 2000."" Compound numbers refer to structures given in
Scheme 1.

Trademark Generic name Structure Company Disease Target receptor million $
Claritin loratadine 1 Schering-Plough allergies H, antagonist 3011
Zyprexa olanzapine 2 Eli Lilly schizophrenia mixed D,/D,/5-HT, 2350
Cozaar losartan 3 Merck & Co hypertension AT, antagonist 1715
Risperdal risperidone 4 Johnson & Johnson psychosis mixed D,/5-HT,, 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 H, antagonist 1070
Imigran/Imitex sumatriptan 8 GlaxoSmithKline migrane 5-HT, agonist 1068
Serevent salmeterol 9 GlaxoSmithKline asthma /3, agonist 942
Plavix clapidogrel 10 Bristol-Myers Squibb stroke P2Y,, antagonist 903
Zantac ranitidine 1 GlaxoSmithKline ulcers H, antagonist 871
Singulair montelukast 12 Merck & Co asthma LTD4 antagonist 860
Pepcidine famotidine 13 Merck & Co ulcers H, antagonist 850
Cardura doxazosin 14 Pfizer hypertension a, antagonist 795
Gaster famotidine 13 Vamanouchi ulcers H, antagonist 763
Zofran ondansetron 15 GlaxoSmithKline antiemetic 5-HT, antagonist 744
Zoladex goserelin 16 AstraZeneca cancer LH-RH agonist 734
Diovan valsartan 17 Novartis hypertension AT, antagonist 727
BuSpar buspirone 18 Bristol-Myers depression 5-HT, agonist 709
Zyrtec/Reactine cetirizine 19 Pfizer allergies H, antagonist 699
Duragesic fentanyl 20 Johnson & Johnson pain opioid agonist 656
Atrovent ipratropium 21 Boehringer Ingelheim asthma anticholinergic 598
Seloken metoprolol 22 AstraZeneca hypertension [, antagonist 577

extracellular side

cytoplasmic side

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.””! The 11-cis-retinal
molecule is shown in red. The figures have been prepared using the programs
Molscript!’ and Raster3d.l'%!

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.!"" 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 (VIIl in Figure 2) lying almost parallel to
the plane of the membrane, which may modulate the rhodop-

ChemBioChem 2002, 3, 928 - 944

sin —transducin interaction. The extracellular loops of rhodopsin
are folded around two twisted f hairpins, thus forming a
compact and well-resolved domain structure. The innermost 3
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.'™ 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."

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
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available, homology models of GPCRs were based on bacterio-
rhodopsin as a structural template.l'> '® 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
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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.!'”

Recently, a new technology, named PREDICT, was described
for modeling the 3D structure of any GPCR from its amino acid
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sequence (without the use of a structural template).'® 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 [,-adrenergic receptor),
purines (such as the P2Y, receptor), small hormone peptides
(like the angiotensin |l AT, 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. B,-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 B,-adrenergic receptor has been established by a series of
pioneering site-directed mutagenesis studies and has been
reviewed many times.['® 2! 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 Il, melanocyte concentrating hormone (MCH), and
somatostatin (sst) receptors), forms a salt-bridge with the basic

Asp113

0“OH
Ser204 ﬂ
== 1o

HO
OH /

Ser207

4~

\
N

OH 7/
H,N
o)

Asn293

0

Phe289

Scheme 2. Schematic drawing of the interaction of isoproterenol with the [3,-
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.
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amine nitrogen; 3) Phe289 and Phe290 on the TM7 helix are
probably involved in m-stacking interactions with the catechol
ring; 4) Asn293 most likely interacts with the chiral S-hydroxy
group common to many biogenic amines and could therefore
be responsible for the stereoselectivity.?"! 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.”?? The interaction of this ‘exosite binding’ with the
lipophilic tail is thought to be responsible for the enhanced
duration of action of these compounds.??3

For the biogenic amine binding GPCRs a three-binding-site
hypothesis was proposed.?® For the type-1A 5-hydroxytrypt-
amine (seratonin) receptor (5-HT,, 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 3,-adrenergic receptor and to Asp116 in
the 5-HT,, 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 Il receptor type-1 (AT,)

The type-1 angiotensin Il (Angll) receptors (AT, receptors) have
been a key target for the pharmaceutical industry. Research has
led to the discovery of the non-peptide AT, antagonist losartan
(trade name Cozaar, see Table 1 and Scheme 1) as an orally active
antihypertensive. The small molecule binds to the mammalian
rat AT,, receptor with high affinity (IC;, =2 nm). Interestingly, the
type-a frog AT, receptor is unresponsive towards losartan
binding, while peptide ligands such as Angll and saralasin bind
with similar affinities.?> 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 AT,, receptor onto the previously
unresponsive amphibian receptor.?9

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 AT,, receptor identified the residues involved in
binding of the small-molecule antagonist losartan.? 2 The most
marked attenuation of losartan binding (greater than a factor of
ten as measured in a radioligand-displacement assay with '%I-
labeled [Sar!, lle®]Angll) was observed upon replacement of
Val108 (TM3), Lys199 (TM5), and Asn295 (TM7) by alanine residues.
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Figure 3. Three-ligand binding sites of the 5-HT,, receptor in a rhodopsin-based 3D model according
to Jacoby and co-workers.? 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 (TMIIl; 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 [3-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

5-HT,, partial agonist
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3.3. Purinergic GPCRs

The adenosine A; and the purine P2Y, recep-
tors belong to the family of purinergic recep-
tors comprising the P1 family (for example, A;,
A, A;) and the P2Y family (for example, P2Y;,
P2Y,, P2Y,, P2Y,, P2Y,,). While the A; receptor
(P1 family) is activated by adenosine, the P2Y,
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.l8-3"
According to these studies, adenosine and ATP
bind to the transmembrane cleft of their
respective receptors.

For the P2Y, 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 NS-alkylated ATP de-
rivatives and mutagenesis studies, the model
of the P2Y, - ATP complex (displayed schemat-
ically in Scheme 3) furthermore reveals a
potential interaction of the adenine moiety
with the receptor by the exocyclic N® atom
(hydrogen bond to GIn307 (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.

oriented parallel to the helices (interactions by 8-OH to Ser393 and Asn396 and by amino group to

Asp116).

Underwood and co-workers generated a 3D model of the
human AT, receptor based on bacteriorhodopsin and were able
to dock the losartan-type antagonist L-158,282 (MK-966) into the
biogenic amine binding site.””? 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 Angll 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 AT, receptor; they
revealed a 42-fold reduction of the binding of the Angll
analogue saralasin to the Lys199Ala mutant.?® 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.
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Scheme 3. Schematic drawing of the interaction of ATP with the P2Y, 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.
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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.?? 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 K, of 60 nm.23 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.?¥ 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 (VIl 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).

ChemBioChem 2002, 3, 928 - 944

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.* The initial lead
compound showed high affinity towards the CCR5 receptor but
was unselective for several biogenic amine receptors and
especially for the muscarinic M, 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.3 3¢ 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’.?” Thus, even
certain antibodies directed towards extracellular loops of 7-TM
receptors can mimic the action of endogenous ligands and
activate the receptor.®® 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.? %% 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.! 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-p-Trp-Lys-Thr-Phe-] (L-363,377) as a somatostatin ago-
nist.*? It could be shown that the Tyr-b-Trp-Lys motif is required
for the biological activity. The side chains of this motif were used
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Scheme 4. A three-dimensional representation of the Tyr-o-Trp-Lys motif of the cyclic hexapeptide L-363,377 was used to virtually screen the Merck compound
collection. |-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-o-Trp-Lys motif of the peptidic lead; this motif is necessary for the biological efficacy.

as a probe to search Merck’'s compound collection with a 3D
search method (Scheme 4).44 41 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 urotensinll receptor. Various truncated peptide
derivatives of the cyclic 11 amino acid peptide urotensin Il were

Lys8
[ 4

NMR spectroscopy

solution structure

Glu-Thr-Pro-Asp-Cys-Phe-Trp-Lys-Tyr-Cys-Val
| ]

A0-pharmacophore
model

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 urotensinll 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 Il and of the disulfide-
bridged analogue Ac-Cys-Phe-p-Trp-Lys-Tyr-Cys-NH, (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 Il 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,
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Figure 5. Virtual screening approach to identify non-peptide urotensin Il antagonists.* For the cyclic undecapeptide urotensin Il (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).
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obtained from the human urotensin Il structure, showed a hit
rate of 2% (10 actives out of 500 compounds tested) with an 1Cy,
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 ll, 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.”” “® 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 M;
receptor.* M, 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,®® the thrombin
receptor,®" and the growth hormone secretagogues®? and
somatostatin®®3 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.>*>¢! 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),55” 8 have supported the chemical opti-
mization of numerous GPCR lead compounds. CoOMFA correlates
the steric and electronic field environment of a set of ligands
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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,5°"! the serotonin receptors,©2%4 the
endothelin receptor,®? and the adenosine receptors.’6® 7]
CoMFA models can also be used to recognize molecular
features that are responsible for selectivity of the ligands. Lopez-
Rodriquez and co-workers observed side affinities for the a,-
adrenergic receptor in a series of aryl piperazines that were
active against the 5-HT;, receptor.®® 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-HT,, receptor,
since the a1 receptor, in contrast to the 5-HT,, receptor, does not
tolerate large residues at this position (Figure 6). Further on,

Figure 6. A) CoOMFA model of aryl piperazines for the 5HT,, receptor. At the meta
position of the aryl piperazine moiety green polyhedra indicate that larger
subtituents are beneficial for the affinity towards the 5HT,, receptor. In contrast,
the CoMFA for the a.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-HT,, receptor.®® 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
Ravina and co-workers for the analysis of selectivities of
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conformationally restricted butyrophenones against the dopa-
mine and the serotonin receptors.

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-HT,¢,,5 receptors;
the series showed only minor side affinity towards the 5-HT,,
receptor.” 7" 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-HT,, and the
5-HT,c receptors could be recognized from the sequence
comparison (Figure 7). Due to the presence of two leucine

U T M
\_::—"\

CF,

Figure 7. A) Docking mode of an indoline urea compound, depicted in (C), into the 5-HT ¢

T. Klabunde and G. Hessler

residues in the 5-HT,, receptor instead of two valine residues in
the 5-HT,c receptor the binding site of the 5-HT,, receptor
appeared to be more constricted than the binding site of the
5-HT,c 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 CoOMFA 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 (Scheme5). Astles and co-workers had
developed two compound series which were origi-
nally derived from the same 3D database query.’?
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

receptor model. The thiomethyl substituent points towards the “specifity pocket” lined by
residues Val212 and Val608. For 5-HT,, these valine residues are replaced by bulkier leucine
residues to result in a narrower binding pocket.”’ 7! 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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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.”> 74 Nowadays a paradigm shift has occurred
towards the synthesis and screening of small focused
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cationic interaction
on receptor

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.”? 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.

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.”

Due to the distinguished past of GPCR research there is a large
number of commercially successful compounds acting on GPCRs
(see Table1 and Scheme1). 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¢!
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.”” 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 a,-adrenergic receptor ligands encompassing multi-
ple chemical classes.”® 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
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relevant to ligand -receptor binding with topological or dis-
tance information.”” 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.®® 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.®!

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.B2 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
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NH,

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 Il type-1 antagonist (losartan); 2, endothelin-A antagonist (preclinical),"'°¥ 3, histamine-H1 antagonist (fexofenadine); 4, neurokinin NK,
antagonist (preclinical); 5, monocyte chemoattractant-1 (MCP-1)/CCR2 antagonist; 6, dopamine antagonist (spiperone); 7, adenosine (A,) antagonist (phase l); 8,

adenosine (A;) antagonist.

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,®3!
with the assumption of 11 default bond cleavage types.® 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.® 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.®-%% 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
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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 Il D, antagonist
2 Pfizer preclinical D, agonist
3 Pfizer preclinical D; antagonist
4 MSD phase Il D, antagonist
5 Otsuka phase Il 5-HT,, agonist
6 BMS launched 5-HT,, antagonist
7 Boehringer Ingelheim  biological testing  5-HT, antagonist
8 Taisho biological testing 5-HT; antagonist
9 Kyowa Hakko biological testing antihistaminic
10 Med.Acad. preclinical a antagonist
1 Roche launched a, antagonist
12 Taisho biological testing sigma antagonist
13 Servier preclinical substance P antagonist

molecular framework.”" 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 (K;=50pm 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
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Table 3. GPCR ligands sharing the GPCR privileged framework hexahydroindo-
lo[4,3-fg]quinoline. Compound numbers refer to structures given in Scheme 8.
Status

Structure Company Activity

1 Takeda biological testing substance P antagonist
2 Poli Industria Chimica biological testing dopamine agonist
3 LEK preclinical 5-HT,,/D, antagonist
4 LEK biological testing  5-HT,,/sigma antagonist
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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.®? Therefore, the pharmaceutical
industry addresses the issues of absorption, distribution, metab-
olism, and excretion (ADME) in an early phase of the drug
discovery process.”¥ 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
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Scheme 9. GPCR ligands of the capped amino acid type. 1, melanocortin-4 (MC4) receptor agonist;'%! 2, somatostatin (sst2) agonist (clinical candidate);'% 3, growth
hormone (GH) secretagogue antagonist (phase II);/'” 4, cholecystokinin (CCK2) antagonist (clinical candidate);'°® 5, neurokinin (NK,/NK,) antagonist;'% 6,
neuromedin-B (NMB)/bombesin (BB,) antagonist (clinical candidate),;"""” 7, bombesin BB,/BB, antagonist."""

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.® Such models comprise fairly simple counting
rules like the rule of five.” 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.?-%

6.2. Chemogenomics and structural biology—Ilinking
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

942

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.['®? 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

ChemBioChem 2002, 3, 928 - 944





Targeting G-Protein-Coupled Receptors

structural genomics on GPCRs (MePNet)'" provide some
realistic expectations that this challenging task will be fulfilled
in the near future.

Abbreviations
5-HT 5-hydroxytryptamine, serotonin
7-T™M seven-transmembrane-helix (receptor)

8-OH-DPAT  8-hydroxy-N,N,-dipropylaminotetralin
A adenine

ADME absorbtion, distribution, metabolism, excretion
ADP adenosine diphosphate

Angll angiotensin Il

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 y-aminobutyric acid

GDP guanosine diphosphate

GPCR G-protein-coupled receptor

GTP guanosine triphosphate

H histamine

lle 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

™ transmembrane

UTpP uridine triphosphate
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Dopamine D; Receptor Ligands with Antagonist

Properties
Anneke E. Hackling and Holger Stark*®

The dopamine D; receptor has been recognized to play an
important role in the molecular mechanisms of various neuro-
psychiatric disorders. The development of new dopamine D;
receptor selective antagonists is premised on the potentially
improved therapeutic treatment of psychosis like schizophrenia.
Partial agonists at dopamine D; receptors are supposed to be
beneficial when administered to drug abusers or in Parkinson’s
disease. The structural basis for most compounds is at least a basic,
aryl-substituted alkanamine part with an alkyl moiety, which in
many compounds forms a spacer to another aryl residue.
Structural variety among the amine moiety includes aminotetra-

1. Introduction

The biogenic amine dopamine is an essential neurotransmitter in
the brain and periphery. Fundamental work in this area by A.
Carlsson was recognized by the Nobel committee in 2000.M The
cerebral dopaminergic system is implicated in a variety of
physiological and pathophysiological processes. It comprises the
regulation of motion, emotion, and cognition. An imbalance in
dopaminergic neurotransmission and dopamine receptors un-
derlies manifold neurological and psychiatric disorders, for
example, Parkinson’s disease, Huntington’s disease, and schizo-
phrenia.? Individual therapy for these disorders appeals to
discriminating effects on one or several dopamine subrecep-
tors.! Differential distribution of dopamine and distinct aminer-
gic pathways related to specific projections of dopaminergic
neurons reflect the functional diversity of the dopaminergic
system at cellular level . !

Dopamine receptor subtypes belong to the family of G-pro-
tein-coupled receptors and share the characteristic of seven
transmembrane domains. Five dopamine receptor subtypes can
be classified into two families, referring to analogies in sequence
and in signal transduction. The D,-like dopamine receptors
include the dopamine D, and the D; receptors. They are
characterized by activation of adenylyl cyclase mediated by a
G, protein, consequently effecting higher concentrations of the
secondary messenger cyclic adenosine-3’,5-monophosphate
(cAMP), and under aspects of molecular biology by the lack of
introns in their gene. The D,-like receptor group consists of the
dopamine D,, D, and D, receptors, which couple to G, proteins
and can inhibit adenylyl cyclase. In the genes of dopamine D,-
like receptors introns can be found. Distinguished from the D;-
like receptor family, the expressed D,-like receptors bear a
comparatively long third intracellular loop, a relatively long N
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lins, tetrahydroisoquinolines, isoindoles, benzazepines, and amino-
indans, as well as pyrrolidines, pyrroles, and 4-phenylpiperazines.
Various ways for lead optimization are shown in different classes of
compounds. Promising ligands with high D; receptor affinity often
lack sufficient selectivity or display deficits in the required in vivo
parameters. Structure - activity relationships for dopamine D;
receptor antagonists and partial agonists are discussed here,
along with the outlook for their potential therapeutic application.

KEYWORDS:

antagonist - dopamines
medicinal chemistry - neurotransmitters

G-protein-coupled receptors

terminus, and a short C terminus.® The D,-like dopamine D, and
D, subreceptors display a pronounced pharmacological similar-
ity and homology in the sequence of amino acids, which is even
increased up to 75 % when limited to the seven transmembrane
domains.”?

Among dopamine receptors, D; receptors are relatively few in
number but show high abundance in brain regions associated
with emotional and cognitive functions.® The highest incidence
of dopamine D, receptors is reported in the nucleus accumbens
and the islands of Calleja, where the D; receptor has been shown
to be mainly postsynaptically located.’ ! A subset of dopamine
D, receptors may be presynaptically located.'” Signaling path-
ways of the D; receptor include increased extracellular acid-
ification and modulation of expression of the transcription factor
c-fos' The neuroanatomical localization, mainly restricted to
expression in distinct areas of the limbic system, evokes a special
interest for the potential treatment of diverse neurological and
psychiatric disorders, such as schizophrenia, Parkinson’s disease,
and cocaine abuse.”" 31 For the characterization of the
dopamine D; receptor and for further therapeutic application,
the identification of highly affine and completely dopamine D,
receptor discriminating ligands is still required."¥ Selective
ligands facilitate the construction of receptor models, which, in
return, may offer deeper insight into ligand - receptor interac-
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tions." In vivo receptor imaging by positron emission tomog-
raphy (PET) and single photon emission computer tomography
(SPECT) with appropriate compounds allows the direct inves-
tigation of (not only) dopaminergic drug targets and drug action
in living patients, thereby supporting the design of compounds
with less unwanted effects.'® Especially typical antipsychotics
of the first generation, which mostly prefer the dopamine D,
receptor, cause extrapyramidal side effects such as tardive
dyskinesia.'”! In this field, not only are highly D, (and D,) receptor
selective compounds looked for, but also a mixed binding profile
for other neurotransmitter receptors is desired for the so-called
atypical antipsychotics devoid of extrapyramidal effects.!'®! Non-
dopaminergic antipsychotics have also been proposed and
classified as third generation."” Since brain regions with low
expression in motor divisions are mainly concerned, selective
compounds with a dopamine D, receptor antagonist profile may
give rise to beneficial antipsychotic activity without significant
extrapyramidal side effects.?”’ Dopamine D, receptor agonists,
which are already in use for the treatment of Parkinson’s disease,
provide additional neuroprotective effects.?"! Partial dopamine
D, receptor agonist action is supposed to alleviate craving
symptoms during withdrawal, as mesolimbic dopamine path-
ways play an important role in the reinforcing properties of

Holger Stark studied pharmaceutical
sciences at the Freie Universitdt Berlin,
Germany, and completed his PhD de-
gree in medicinal chemistry with W.
Schunack, working on prodrugs and
antagonists for histamine H; receptors
in 1991. After a postdoctoral period
working on non-peptidergic direct
G-protein activators, he focused on
research into dopamine D,-like recep-
tors. His Habilitation was finished in
1999 on the development of novel
dopamine D, receptor ligands with different pharmacological
properties. Since 2000/2001 he has held a professorship for
pharmaceutical/medicinal chemistry at the Biozentrum of the
Johann Wolfgang Goethe-Universitdt, Frankfurt am Main, Ger-
many. His main work is engaged towards neurotransmitter
research, mainly for the central nervous system (focusing on
histamine and dopamine receptor subtypes as G-protein-coupled
receptors) and for N-methyl-p-aspartate (NMDA) receptors as
cation channels. Along with the development of pharmacological
tools and potential drugs for therapeutic use, special emphasis is
put on inhibition of metabolic enzymes, prodrugs with improved
pharmacokinetics, molecular modeling, different kinds of radio-
ligands (PET, SPECT), and the pharmacological behavior of ligands
having the complete range from full to inverse agonists. He and his
collaborators are mainly involved in the generation of new leads
for the aforementioned receptors and in the detection of high
constitutive receptor activity in vivo, as well as looking into new
dopamine D; receptor dependent ways to fight drug abuse and
levodopa-induced dyskinesia.
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drugs of abuse,?? and furthermore these agonists have potential
in the treatment of levodopa-induced dyskinesia in Parkinson
patients.2% 24

Structural analogies can be found among many dopamine D,
receptor antagonists when applying a core scaffold, divided into
three subunits (I-1ll): an aryl moiety (I), which is connected to an
amide, heteroatom or heterocycle, possibly enabling hydrogen
bonding, and further linked through an alkyl spacer (ll) to a basic
moiety (lll) with various lipophilic residues. In this pattern | -11-1lI
(aryl - spacer —basic moiety) at least one element may be
missing.

The review starts with early developments and briefly
mentions the first dopamine D; receptor agonists. Consequently
dopamine D; receptor partial agonists and antagonists are
structurally grouped according to their basic moieties. Struc-
ture — activity relationships are discussed with consideration of
dopamine D; receptor affinity and selectivity in different classes
of important ligands following larger variations of their chemical
structures. Functional pharmacological aspects are only consid-
ered for selected compounds and are dealt with in a pursuing
section. A short summary and an outlook terminate the overview
of structures and functional pharmacology in the recent
approach to develop highly potent and selective dopamine D,
receptor antagonists and partial agonists.

Compounds cited in this article have been tested at least for
D; and D, receptor affinity in binding assays with different
radioligands, thereby evaluating D; receptor selectivity. Func-
tional in vitro D, receptor activity has been preferably assessed
by [EHIthymidine incorporation after induction of mitogenesis?!
or extracellular acidification measured by microphysiometry.2¢!
Determination of in vivo potencies included various test
systems, regarding distinguished behavioral, endocrine, or other
physiological responses.’”’-?! An antagonist profile may include
partial agonism as well. The discrepancy of neutral antagonism
and inverse agonism will not be addressed. Data and binding
values for the compounds itemized refer preferably to initial
publications or publications with data comparable to other
systems cited here. Affinity is mostly given in inhibition constant
(K;) values.

2. Early Developments

After cloning and identification of the rat dopamine D, receptor
in 1990 by Sokoloff et al.,*” dopamine itself was found to bind
with at least 30-fold preference to this subreceptor compared to
the dopamine D, receptor and other dopamine subreceptors.
Several known ligands for dopamine receptors have been
screened for their D; receptor binding affinities, by using
['*lliodosulpiride in replacement studies. The compound 7-hy-
droxy-N,N-dipropyl-2-aminotetralin (7-OH-DPAT) was made out
as a template for a D, receptor preferring radioligand, acting as
an agonist. [*H]7-OH-DPAT bound with subnanomolar affinity
(0.7 nm) to dopamine D; receptors and displayed = 100-fold
selectivity for dopamine D, receptors against D, receptors and
even higher rates against D, and D, receptors.*" Later the (R)-(+)
isomer of 7-OH-DPAT was identified as the eutomer (more potent
enantiomer) with more than 200-fold higher affinity for do-
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pamine D; receptors (0.57 nm) versus D, receptors.B? Also, for the
generally less D; receptor selective 5-hydroxy analogues a
significant stereochemical influence on D; receptor affinity was
manifested, with (S)-(—)-5-OH-DPAT being the active isomer.53
The affinity-mediating aminotetralin moiety could also be used
for the development of antagonists.

3. Antagonists Based on the Aminotetralin
Structure

On the antagonist side, the 1,3,8-triazaspiro[4.5]decan-4-one
derivative spiperone still maintained dopamine D, receptor
preference while having subnanomolar binding at the D,
receptor, whereas 5-methoxy-1-methyl-N-propyl-2-aminotetralin

Hsc/\ CHa

(1, (R-(+)-AJ76) and its N,N-dipropyl analogue 2 ((R)-(+)-
UH 232)B4 exhibited slight D, receptor preference over D, (3-
to 4-fold) and nanomolar (91 nm) to low nanomolar (9.2 nm)
binding affinity, respectively (Scheme 1).53% For compound 2
partial agonist activity was postulated.B> 3¢

The dihydrofurano-N,N-dipropyl-2-aminotetralin derivative 3
(S 14297) was described to block hypothermia in rats induced by
the dopamine D; receptor agonist (+)-7-OH-DPAT and therefore
determined as a functional D, receptor antagonist.?”! D, receptor
affinity values were revealed at 13 nm with more than 20-fold
preference against the D, receptor. The distinguished functional
activity of 3 was investigated in several in vitro and in vivo tests.
The potency was stereochemically restricted to the (R)-(+)
isomer 3 with the corresponding racemate S 11566 being less

(\CHg

N N
© e \C@

OCHs
1((+)-AJ76) R=H

2 ((+)-UH 232) R= propyl

3 ((+)-S 14297)

K\Q (\CH3
Hoe” N
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Scheme 1. Aminotetralins with an N-alkyl residue. References: 1 and 2,59 3,371 4,53 51411 ¢ 1431 7:141 8 9 _and 10.4
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active, and did not reside in the S distomer (less potent
enantiomer), (—)-S 1777712838

Since compound 3 displayed more than 80-fold preference
against D,, D,, 5-HT,,, and M receptors,®” it seemed to deliver a
promising template for a series of tetracylic analogues (5-HT
receptor = serotonergic receptor; M receptor = muscarinic re-
ceptor).B? One objective was to rigidize the basic moiety by
incorporating the nitrogen into a fourth anellated ring. Adopting
structural features from the selective D; receptor agonist
PD 128907% an oxygen was inserted into the additional ring
to give a morpholino element. Different N substituents have
been introduced, with a propyl chain being favorable in contrast
to deteriorating w-arylalkyl residues. All cis derivatives were
inactive. Compared to 3, the trans-morpholino compound 4,
having the same stereochemistry in the amino group, achieved
slightly increased dopamine D; receptor affinity (10 nm) and
selectivity (40-fold D; versus D,).

Among aminotetralin compounds, the N,N-dipropyl-2-amino-
tetralin derivative 2 was selected for further development, due
to its lack of affinity for many non-dopaminergic receptors.*"! An
advanced binding profile could be achieved with 6-(2-phenyl-
ethyl)-2-aminotetralins. Various 4-phenyl-substituted, racemic
aminotetralins revealed dopamine D, receptor affinities below
3 nm and more than 100-fold selectivity for the D, receptor over
the D, receptor™! Nonpolar substituents achieved superior
binding properties. Within these structures negative aspects
such as high lipophilicity and rapid in vivo clearance came
across. With the objective to decrease lipophilicity but retain the
advanced binding profile for the D, receptor, polar moieties were
introduced into the linker. The (R)-(4-methoxyphenyl)sulphonyl-
methyl derivative 5 (GR218231) was evaluated as the eutomer
and, with reduced lipophilicity, as the most selective compound
in this series with ~400-fold selectivity for the D; receptor over
the D, receptor and 10000-fold selectivity over the D, and D,
receptors (Scheme 1). Functional activity was only tested on D,
receptors, where 5 showed low D, receptor antagonist potency.
Replacement of the 4-methoxy group with an iodine substituent
led to superior binding affinity below 0.2 nm and 120-fold D,
receptor preference, which suggested the potential use of this
compound as a radioligand. Unfortunately, other groups could
only partly reproduce the exceptional selectivity ratio for 5 in
heterologous expression systems. ¢ 42

A very recently published hybrid approach combined 2-ami-
notetralin- and aryl-substituted piperazino moieties.*3! Accord-
ing to previous studies a tetramethylene linker was favorable for
D, receptor affinity,* **! but here best results could be obtained
with a dimethylene spacer (6, Scheme 1). As a remarkable
structural feature, the core structure contained only basic amines
and a 7-hydroxy substituent on the aminotetralin, but no other
heteroatoms. The racemic 7-hydroxy-N-(2-(4-phenylpiperazin-1-
yl)ethyl-N-propyl-2-aminotetralin (6) bound with low nanomolar
affinity (1.75 nm) and 120-fold selectivity for the dopamine D,
receptor versus the D, receptor. Functional activities for the
compounds need to be determined.

In an alternative approach to develop antipsychotic agents, a
mixed dopamine D, and D, receptor as well as a 5-HT, , receptor
binding profile was favored. With this objective a series of
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aminotetralins with substituted benzamide residues was syn-
thesized." s Substituted benzamides are a part of some known D,
and D, receptor ligands, which share a dimethylene chain as the
linker to a basic nitrogen (sulpiride, raclopride). Here the
2-benzamidoethyl moiety was attached to N-propyl-2-amino-
tetralin to enhance affinities for D,, D;, and 5-HT,, receptors.
Unsubstituted benzamides obtained the best results, with the
unsubstituted 2-aminotetralin only surpassed in binding proper-
ties by the 5-methoxy-N-propyl-2-aminotetralin derivative 7
(Scheme 1), which revealed subnanomolar binding (0.58 nm) to
dopamine D; but also to 5-HT,, receptors (0.82 nm) and no
pronounced selectivity against D, receptors. Intrinsic efficiencies
have not been described yet.

More aminotetralins have been described with a biphenyl-4-
carbamide moiety.*” In this series, the known dopamine D,
receptor agonist 5-OH-DPAT®3! was substituted instead of a
2-methoxyphenyl-piperazino moiety in the basic section of the
known antagonist 42 (GR103691, Table 1),*4 the substructure of
which was implied to be responsible for 5-HT,, receptor affinity.
Compared to its more D, receptor selective isomer (R)-(+)-7-OH-
DPAT, in (S)-(—)-5-OH-DPAT the amino substituents were found
to have greater influence on affinity. Therefore it seemed to be
reasonable to combine this aminotetralin with the arylcarbamide
and spacer moiety, 4-(4-phenylbenzoylamino)butyl, of com-
pound 42, which is crucial for its high D, receptor affinity and the
antagonist profile. Diverging results for functional activity were
obtained within this series of compounds.””! Related to the lead
structure 5-OH-DPAT, the 5-hydroxy-2-aminotetralins exhibited
agonist activity, probably due to bioisosterism to the catechol
structure and therefore activation of the receptor by hydrogen
bonding between the 5-hydroxy group and a serine residue on
transmembrane helix V. Among the optimized N-propyl series,
the agonist profile depended on 5-aminotetralin substituents
with the ability to build up similar hydrogen bonds. Compounds
with 5-chloro (8), 5-cyclopropylmethoxy (9), or 5-trifluorometh-
ylsulfonyloxy substitution (10) displayed affinities below 3 nm
and 200- to 320-fold selectivity for the D, receptor, as well as an
antagonist profile (Scheme 1). Later in vivo findings revealed
rapid clearance of these compounds, due to N-dealkylation."s!

In a related study of 2-aminotetralins, different known
dopamine D, receptor agonists were taken as starting points
and, as in the series above, connected through a tetramethylene
spacer to a biphenylcarbamide residue (Scheme 2).“% Similar
results were obtained for functional activity, as only substituents
in the 2-position of the 5,6,7,8-tetrahydroquinazoline ring, which
were not enabling hydrogen bonding to receptor activation, led
to antagonist properties. The best compound in this series was
the 6-tert-butyl-quinerolane analogue 11 with low nanomolar D,
receptor affinity (13 nm) and a D,/D; selectivity ratio of 110.

To compensate the severe drawback of rapid N-dealkylation
found among N-propyl-2-aminotetralins, a series of fused
aminotetralins was developed. With the aim of maintaining D;
receptor affinity and selectivity but improving metabolic stabil-
ity, the N-alkyl residue was formally fused to the aminotetralin
structure in octahydrobenzo[flquinolines and the corresponding
hexahydro-1H-benzo[elindoles.*® The 7-hydroxy-octahydroben-
zol[flquinoline exposed a D; receptor affinity value of 1 nm and
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Scheme 2. Aminotetralin-related compounds with an amide moiety. References: 11,/ 12, 13, and 14,14 15.50

moderate D, receptor preference (22-fold versus D,) only for the
(S,5)-trans enantiomer of compound 12, which indicates an
important impact of chirality for these rigid compounds. This
offers the perspective of even more enhanced binding proper-
ties for an isomer of the racemic (+)-trans-8-hydroxy analogue
13, which attained more than 3-fold increased D, receptor
selectivity but deteriorated D; receptor affinity (8 nm). Introduc-
tion of a methylsulfonyloxy group in the 6-position of the
racemic (%)-trans-hexahydro-1H-benzo[e]indole 14 was per-
formed to improve lipophilic parameters, and moreover deliver
equivalent binding values (D; affinity 5 nm, 65-fold selectivity for
D, versus D,). Both latter compounds exhibited antagonist
activity in an in vitro functional assay with microphysiometry.8

The cyano-substituted N-(4-(benzopyrano(3,4-c]pyrrol-2-yl)-
butyl)biphenyl-4-carbamide 15 (S33084) has been developed
as another biphenyl derivative with a rigid tertiary amino moiety
(Scheme 2). In comparison to the known dopamine D, receptor
ligands (S)-(—)-5-OH-DPAT and (R)-(+)-7-OH-DPAT, only the trans
derivatives within this series of benzopyrano[3,4-clpyrroles
behaved as conformationally constrained analogues.®® Com-
pound 15 was determined as an antagonist (0.3 nm) with more
than 100-fold selectivity for cloned and native rat dopamine D,
receptors versus D, receptors, and more than 200-fold selectivity
versus 40 other binding sites, including hD,, hD,, and hD;
receptors, as well as a, receptors and 5-HT,, receptors (a
receptor = a adrenoreceptor, hD receptor = human dopaminer-
gic receptor).B4 The corresponding radioligand [3H]S 33084
exposed a binding profile that correlated very well with that of
[PHlspiperone.®” Due to the considerable selectivity for the D,
receptor, [*H]S 33084 may be employed for the characterization
of cloned as well as native receptor populations.
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4. Tetrahydroisoquinoline, Benzazepine,
Aminoindan Derivatives, and Related
Compounds

An approach to compensate the rapid in vivo clearance of N-
propyl-2-aminotetralin structures like 8- 10" was made. Sup-
ported by molecular modeling, a 7-substituted 1,2,3,4-tetrahy-
droisoquinoline was evaluated to give the best overlap fitting
the 5-substituted 2-aminotetralin structure.”? Already the un-
substituted tetrahydroisoquinoline derivative showed promising
lower clearance compared to analogous N-propyl-2-aminotetra-
lin derivatives. Improved binding affinities were obtained by
introducing a 7-(trifluoromethylsulfonyloxy) substituent, which
was consequently maintained within the whole series. In the
arylcarbamide part of the molecule, modifications in the
biphenyl residue revealed the importance of this shape with
its coplanar conformation. A trans-cinnamide group was found
to have similar spatial requirements and led to D,/D; receptor
selectivity increased up to 100-fold. As the 2-naphthylpropen-
amide analogue reached 200-fold selectivity but displayed high
lipophilicity, an indol-3-ylpropenamide rest was alternatively
introduced (16). Compound 16 revealed a D; receptor affinity
value of 4 nm and pronounced selectivity for the D; receptor of
150-fold over the D, receptor (Scheme 3). Selectivity could be
confirmed in an in vitro microphysiometry assay, which deter-
mined this compound as a potent antagonist. However, further
studies disclosed low bioavailability in rats (7%) and only
moderate selectivity over the 5-HT,; and 5-HT,, receptors.!
Recently a related tetrahydroisoquinoline (ST 198) has been used
for the characterization of dopamine autoreceptors subpopula-
tion.>4
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With the rationale to reduce lipophilicity and liability to
metabolism of the 1,2,3,4-tetrahydroisoquinoline moiety, a series
of compounds with alternative substituents and a modified alkyl
linker was developed.>® Replacement of the trifluoromethylsul-
fonyloxy substituent by a cyano group as another electron-
withdrawing residue only led to improvement in oral bioavail-
ability. Comparative analysis of known selective 5-HT,; and
5-HT,; ligands proposed the flexible butyl spacer to affect
selectivity in a negative way. Consequently, introduction of a
more rigid alkyl spacer structure stood to reason. A (trans-1,4-
cyclohexyl)ethyl linker met these requirements and led to
compounds with low nanomolar affinity and more than 100-
fold selectivity for the D; receptor against the D, receptor.
Inhibition of cytochrome P4502D6 was also disclosed, which
was put down to the 7-cyano-1,2,3,4-tetrathydroisoquinoline
moiety. Shifting the cyano substituent from the 7- to the
6-position could diminish this severe drawback. On this struc-
tural basis the 4-quinolinyl derivative with a cyclohexylethyl
spacer and 6-cyano-1,2,3,4-tetrahydroisoquinoline residue, com-
pound 17 (SB-277011), was obtained, which combined nano-
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molar affinity (10 nm) and 100-fold selectivity for the dopamine
D; receptor with relatively high oral bioavailability (43%) and
central nervous system penetration in rats.” Compound 17 was
proved as an antagonist in in vivo microdialysis and exhibited
100-fold selectivity when cross-screened over more than 60
other receptors and ion channels. These results gave reason to
assume 17 was a potential compound for treating the negative
symptoms of schizophrenia.*® Despite the promising pharma-
cokinetics firstly obtained in rats, 17 revealed poor bioavailability
in cynomolgus monkeys.”” A high first pass effect, rather than
malabsorption, is believed to cause this effect. A key factor
discussed may be aldehyde oxidase, which possibly oxidizes the
4-quinolinyl ring of 17. In rat and dog livers, aldehyde oxidase
levels are low, contrary to high levels in monkey and human
livers. Thus, the oral bioavailability of 17 was predicted to be low
in humans.”

In continuing studies, the tetrahydroisoquinoline moiety of 17
was replaced by a 2,3-dihydro-1H-isoindole with the objective to
maintain D; receptor affinity and improve the overall selectiv-
ity.581 Referring to molecular modeling studies, a 5-substituted
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2,3-dihydro-1H-isoindole can be superimposed on 6-substituted
1,2,3,4-tetrahydroisoquinolines. The analogous isoindole deriva-
tive of 17 displayed a deteriorated binding value (60 nm),
whereas replacement in the aryl moiety to a 3-(3-methoxyphe-
nyl)acrylamide delivered equivalent D; receptor binding values
to 17 but reduced selectivity for the D, receptor over the 5-HT,,
receptor. Further variations led to the 3-(4-fluorophenyl)acryl-
amide derivative 18, which turned out to be the compound with
the most favorable binding properties in this series. Being an
antagonist like 17, compound 18 displayed slightly improved D,
receptor affinity (5 nm), markedly improved selectivity for the D;
receptor against the D, (100-fold), 5-HT,, (270-fold), and other
aminergic receptors (more than 200-fold), and a superior
pharmacokinetic profile in rats.

A 2,3,4,5-tetrahydro-1H-3-benzazepine was suggested as a
further alternative bioisosteric moiety with a good overlap to the
6-substituted 1,2,3,4-tetrahydroisoquinoline moiety of 17. There-
fore a series of 7-cyano-2,3,4,5-tetrahydro-1H-3-benz[d]azepines
was prepared to investigate the effects of variations in the aryl
moiety on dopamine D, receptor affinity and selectivity and on
its pharmacokinetic profile." Introduction of a substituted
cinnamide residue led to increased D; receptor affinity and
delivered two highly affine (3 nm) and selective (130- and 180-
fold selectivity for D; over D, receptors) compounds (structures
not shown). After oral administration in rats the 3-acetamide
derivative displayed low systemic exposure and the more
selective 3-methoxy derivative hardly any, probably due to
metabolic instability. Resolving the metabolic drawback with a
deactivating fluoro substituent, the 3-(3-(acetylamino)-2-fluoro-
phenyl)acrylamide — benzazepine derivative 19 with low nano-
molar affinity (4 nm) and a D,/D; receptor selectivity ratio of 130
could be obtained. Compared to lead 17, this compound
exhibited equivalent systemic exposure in rats and selectivity
for the D; over the D, receptor, as well as slightly increased D,
receptor affinity.

With the aim to evaluate the effect of modifications in the
amide moiety of benzamide analogues on D, and D; receptor
binding, a series of 2-(2,3-dimethoxyphenyl)-4-(aminomethyl)-
imidazoles was prepared.® Replacement of the amide by an
imidazole moiety led to no improvement in affinity or selectivity
for the dopamine D, receptor, but provided a possible bioiso-
stere. Introduction of a 1,2,4-oxadiazole effected a dramatic
decrease in D; and D, receptor affinities. Consequently, the
ability to form intramolecular hydrogen bonds between the o-
methoxy oxygen atom and a proton donor, like NH in imidazole
or amide bonds, was proposed as an important structural
feature, which may force a coplanar conformation to the
aromatic residue. In the imidazol-2-ylphenyl moiety, 5-bromo-
substitution on the phenyl ring had a markedly beneficial effect
on affinity and selectivity. Thus, compound 20 achieved the
highest D; receptor preference (7-fold) and nanomolar D,
receptor affinity (21 nm) in this series. Some analogues were
more potent but displayed no selectivity for either the D; or D,
receptor subtype. An impressively high impact on selectivity
could be attributed to the structure of the basic amine residue.
For enhanced binding affinity to D; and D, receptors, an aryl
moiety positioned near the amine functionality seemed to be
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required, due to a postulated additional aromatic binding region
at the receptor site.®"! Furthermore, binding appeared to be
related to the basic property of the amine moiety, whereas a
second basic amine turned out to be disadvantageous. As
phenylpiperazino derivatives bear such a second amine and
nevertheless show high binding affinity (see Table 1), one may
speculate that the orientation of the receptor - ligand interaction
is disturbed by another amino group only if protonated under
physiological conditions.

The structure of 5,6-dimethyoxy-N,N-dipropylindan-2-amine
(21, U 99194 A) was affiliated early on to a series of hydroxylated
or methoxylated 2-aminoindans (Scheme 3).% In later binding
assays 21 displayed nanomolar affinity (31 nm), 30-fold prefer-
ence for the D, receptor site as compared to the D, receptor, and
did not have appreciable affinity to the other monoaminergic,
opioid, or adrenergic receptors tested.?” No apparent intrinsic
activity was found, either at the D, or at the D, receptor.?”!
Nevertheless, in in vivo experiments 21 revealed weak activating
properties. Contrary to the potential antipsychotic efficiency in
animal models, the low metabolic in vivo stability and low oral
bioavailability (<10% in rats) excluded 21 from being a viable
drug candidate.?? In a structurally related series of N-substituted
5,6-dimethoxyindan-2-amines the effects of variable amine
substitution on D; receptor affinity and selectivity were inves-
tigated.?” Here, selective D, receptor antagonists exclusively
bore an N,N-dipropyl group at the 2-aminoindan. All other
modifications on the N-alkyl residues resulted in almost inactive
compounds. Compared to substitution at the 4-position of the
indan-2-amine basic structure, substitution at the 5-position
favored dopamine D; receptor preference, due to reduced D,
receptor binding affinity. Improved metabolic stability could
only be achieved for few derivatives, but no improved binding
profile was obtained.

Representing the N,N-dipropyl-indan-2-amine group, known
from D; receptor active compounds like pramipexole, com-
pound 22 (GMC1111) was attributed to a 2-aminothiazole
moiety, which is a stable and lipophilic bioisosteric replacement
of a phenol/catechol group (Scheme 3).58! In functional mito-
genesis assays both agonist and antagonist action was observed,
combined with high oral bioavailability and long-lasting activity
in rats. Compound 22 displayed partial agonism at D, receptors
with an affinity value of 27 nm. At the D, receptor low nanomolar
binding affinity (1.4 nm) and antagonism could be observed
for 22.

5. Pyrrolidine and Pyrrole Structures

As is evident from the structures in Schemes 1-3, arylcarb-
amides and arylacrylamides deliver a valuable structural basis for
D, receptor ligands. The benzamide derivative 23 (amisulpride;
Scheme 4) was characterized as a dopamine receptor antagonist
with high and similar affinity for both the dopamine D; and D,
receptor, (2.8 nm and 3.2 nwm, respectively).®® Although (S)-(—)-
amisulpride is the eutomer and is 38- to 19-fold more potent
than the R-(+) distomer, the racemate is used in clinical practice.
Amisulpride has disinhibitory effects at lower doses and acts as
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an antipsychotic drug at higher doses.’® This pharmacological  mer 24 displayed 20-fold higher, subnanomolar affinity for the
profile was assumed to be beneficial for both positive and  dopamine D; receptor (0.3nm) and enhanced D; receptor
negative symptoms of schizophrenia.’*® preference (10-fold versus D,) compared to that of its dextro-

The naphthamide derivative 24 (nafadotride) has been isomer. Binding to D, and D, receptors as well as to several other
established as a potent D, receptor antagonist.?” The levoiso-  receptors appeared to be insignificant. In functional assays 24
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exerted no intrinsic activity and antagonized quinpirole-stimu-
lated mitogenesis.?”

Derived from the N-(pyrrolidin-3-yl)benzamide derivative
nemonapride (25, YM-09151-2),1 a very potent but only D,-
like receptor selective antagonist, a series of differently sub-
stituted analogues was synthesized and tested on the dopamine
D,, D5, and D, receptors.’8 Variations of the substituent in the
4-position on the benzamide and of the amino substituent on
the basic pyrrolidine ring were performed. Increased bulkiness of
the substituent on the 4-amino group on the benzamide was
tolerated best by the D, receptor, followed by the D; and the D,
receptors. With regard to the N-pyrrolidine substituent, alicyclic
derivatives could be clearly distinguished as favorable for
dopamine D; receptor binding from corresponding benzyl or
phenethyl derivatives. Increasing the bulkiness and the lipo-
philicity of this substituent consistently enhanced dopamine D,
receptor selectivity over the D, receptor. Potent compounds
were obtained that bore a cyclopropylcarbamide moiety and, at
the pyrrolidine, a benzyl (26, YM-43611) or 2-adamantyl
substituent (27; Scheme 4). Compounds 26 and 27 revealed
low nanomolar binding affinity to dopamine D; (21 nm and
1.7 nm, respectively) and D, receptors (2.1nm and 4.4nm,
respectively) and mild preference over the D, receptor (10-fold
and 2-fold, respectively).

Related to dopamine D; receptor ligands with benzamide
structures (23, 25-27)% another series of naphthamide
derivatives was presented.’®” The 4-bromo-1-methoxy-2-naphth-
amide core structure was linked directly or through a methylene
bridge to an N-substituted piperidine, pyrrolidine (28, 29), or
9-azabicyclo[3.3.1]nonane; in the two latter cases an ethyl chain
was kept to the amide nitrogen. Here, the objective was to
evaluate the structure —activity relationships of the N substitu-
ent. Most of the piperidines showed D, receptor preference. For
pyrrolidines and 9-azabicyclo[3.3.1]nonanes the generally mod-
erate D, receptor selectivities could not be related to the size of
their N substituents. Comparison of stereochemical analogues
indicated a considerable spatial impact on affinity and D,
receptor selectivity. Both, the most selective compound in this
series (R)-28 (D, affinity 2.4 nm; D,/D; ratio of 26), and the most
potent compound (5)-29, with subnanomolar dopamine D;
receptor affinity (0.2 nm; 9-fold preference over D,), bore a
cycloheptyl residue, which points out some advantage of this
increased ring size (Scheme 4). All compounds displayed modest
affinity (5-60 nwm) for sigma o, and o, receptors.

N-(9-benzyl-9-azabicyclo[3.3.1Inon-3-yl)-5-iodo-2,3-dimethoxy-
benzamide (30, IABN) has been developed as a '*I-labeled
structural analogue of the dopamine D,-like receptor selective
benzamide MABN." It bound equipotently to the dopamine D,
and D; receptors with subnanomolar affinity values (0.1 nm), and
in a slightly less affine manner to the D, receptors.”” No
significant binding was found for dopamine D, or sigma o, and
0, receptors. Due to missing apparent intrinsic activity at D,
receptors, '»I-IABN was recognized as an antagonist.

The 3-pyridinecarboxamide derivative 31 (AS-8112) with two
basic structures was found to have high affinity for dopamine D,,
D;, and 5-HT; receptors (ICs, values of 1.0, 2.5, and 1.3 nm,
respectively).”? Low affinity was found for other serotonergic
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and dopaminergic receptor subtypes.”3 Moreover, in ferrets and
dogs 31 showed an improved centrally antiemetic profile, which
was supposed to be mediated by combined D,, D;, and 5-HT;
receptor antagonism.”4

A series of 2,5-disubstituted 1H-pyrroles 32-34 with basic
2-phenylazepane and 2-methoxy-5-sulfonylphenyl moieties has
been described as dopamine D; receptor antagonists
(Scheme 4).7) The precursor with 5-ethylsulfonyl substitution
32, obtained from a previous series, delivered low nanomolar D,
receptor binding affinity (1.3 nm) and 30-fold selectivity against
the dopamine D, receptor.”® Introducing a heteroatom (N, O)
next to the sulfonyl group had a positive effect on the D,/D,
receptor selectivity ratio since this structural attribute decreased
D, receptor affinity. Further improvement was achieved in
sulfonamide structures when avoiding an acidic NH group in this
position by additional alkyl substituents. Conformationally re-
strained structures resulted in either low nanomolar affinity
value (2 nm for 1,2,3,4-tetrahydroisoquinoline 33; 100-fold selec-
tivity for D; versus D, receptors), or prominent D; receptor
selectivity over D, (150-fold for 1,2,3,4-tetrahydroquinoline 34;
D; affinity 6.3 nm).1”!

6. 4-Phenylpiperazino Compounds

Structural analogues of the antagonists 24 (nafadotride), 28, and
29 have been developed, in which the naphthamide is linked
through an ethyl chain to a basic 4-phenylpiperazino moiety.””!
Affinity was maintained but selectivity could be improved for the
dopamine D, versus D, receptors. As mentioned before, in the
arylcarbamide moiety a methoxy group neighboring the amide
was proposed to be required for a constrained confirmation as it
may enable hydrogen bonds to the amide hydrogen. Never-
theless, this structural feature did not seem to be essential for
highly affine D; receptor binding, as seen from various
compounds in Table 1. Increasing the length of the alkyl spacer
chain to trimethylene or tetramethylene led to deteriorated D,
receptor affinity. Substitution in the phenylpiperazino residue
was favorable in the ortho position, as was disubstitution in ortho
and meta positions. In contrast to the structural template of
compound 24 (see Scheme 4), compounds in this series were
found to be antagonists as well as full to partial agonists. Due to
its low nanomolar binding affinity, 4-bromo-N-(2-(4-(2,3-dichlo-
rophenyl)piperazin-1-yl)ethyl)-1-methoxynaphthalene-2-amide
(35) was observed to have partial D,/D; receptor agonist activity,
and also displayed moderate dopamine D, receptor affinity
(Table 1).

Chain elongation and variation of the arylcarbamide moiety
resulted in tricyclic D; receptor antagonists incorporating the
dichlorinated 4-phenylpiperazino moiety as common structural
feature.’®7  The 9H-fluoren-3-carbamide derivative 36
(NGB 2904) and its biphenylen-2-carbamide analogue 37
(NGB 2849) displayed high D; receptor affinity and more than
150-fold selectivity for the D5 receptor over all other dopamine
subreceptors (Table 1).7® The latter compound exhibited also
moderate affinity for the 5-HT, receptor. Spacer length reached
its optimum at four carbons, compared to three and five
carbons. The 9-oxo0-9H-fluorene-4-carbamide derivative 38
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Table 1. Dopamine D, and D; receptor dffinities for 4-phenylpiperazino compounds.

(\N R2
NJ R?
[ X ]—[ Spacer ]/
No. X Spacer R' R? Ki(D,) [nm]® K(D5) [nm]=! ratio® D,/D, Ref.
H3CO o]
N)\
35 OO H (CH,), al al @ 8 - [77]
Br
(e}
N/
36 ’O N (CH,), al al 217 14 155 78]
(0]
37 O.] ~ H/ (CH,), al al 262 0.9 290 78]
o
N
38 é (CH,)a al al 89 14 64 [79]
O N/\
R
(o]
39 s - O/\/ al al 06 0.02 30 [80]
U
(0]
0 (j)ku/ ON H H 38 0.14 270 [80]
(0]
A
M /@*H (CH,), OCH, H 40 05 80 [44]
Br
(o]
N
(T
42 (CH,), OCH, H 40 03 126 [44]
O.
CHa
(0]
43 H/ (CH,), OCH, H 61 09 68 [81]
o]
44 ©i<\<r\1— (CH,)s OCH, H 50 38 1.2 185]
(o]
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Table 1. (Continued).

No. X Spacer R? Ki(D,) [nm]™ K{(D;) [nm]™ ratio® D,/D, Ref.
N:\N
45 C}_/< E\r\/ H 32 0.02 160 [86]
HN— S
7N\ s
46 | \ o (CH,); H 406 15 270 (871
S N
H
S\ N
47 o (CH), OCH, H 13 032 M [45]
NSy
48 7\ = (CH,), OCH, H 1727 95 181 [94]
_ \N/O

[a] Inhibition constant K; values tested on heterologous binding assays. [b] Ratio D,/D; is the quotient of K; (D.): K; (Ds). [c] 35% response at 10 um.””!

slightly differed in structure from 36. Compound 38 is being
evaluated in models of psychostimulant abuse, to assess
whether its high lipophilicity is pharmacokinetically problem-
atic.” Very recently a related 4-(4-(2,3-dichlorophenyl)piperazi-
no)butyl derivative having a 2-benzothiophenecarbamid moiety
(FAUC 365) has been described as an antagonist possessing an
extraordinary D,/D; receptor selectivity ratio of 7200 (D, affinity
0.5 nm).1*!

Alkyl- and arylcarbamides with a cyclohexylethyl spacer and
basic 4-phenylpiperazino residue were synthesized and tested;
they revealed remarkable affinity for the dopamine D, recep-
tor.B% Once more, a stereochemical impact was observed for the
structures, with a trans-cyclohexyl substitution pattern being
more selective for the D; receptor than the cis analogues.
Additional substitution at the amide nitrogen had a negative
effect on affinity for both D, and D; receptors. The 2-thienylcarb-
amide derivative 39 achieved remarkable picomolar D, receptor
affinity and modest selectivity for D; against D, receptors. The
cyclohexylcarbamide derivative 40 with an unsubstituted phe-
nylpiperazino residue was more selective for the D; receptor
with subnanomolar affinity and selectivity of 270 for the D, over
the D, receptor. In functional assays on mitogenesis 39 turned
out to be an antagonist, whereas 40 proved to be a partial
agonist at dopamine D; receptors, with [*Hlthymidine incorpo-
ration at 44 % of the level of the full dopamine agonist quinpirole
(=2intrinsic activity of 0.44). Both compounds were satisfactorally
selective against a;, a,, 5-HT;,, and 5-HT,, receptors.’®%

More phenylpiperazines have been synthesized, exhibiting
~ 100-fold selectivity for the dopamine D, receptor over D,, D,,
and D, receptors.* A 4-bromobenzamide-arylpiperazino deriv-
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ative (41) showed subnanomolar affinity for D; as well as
considerable affinity for the 5-HT,, and «, receptors whilst being
selective against other dopamine receptor subtypes. Optimiza-
tion for selectivity led to 4'-acetylbiphenyl-N-(4-(4-(2-methoxy-
phenyl)piperazin-1-yl)butyl)-4-carbamide (42, GR103691), which
displayed subnanomolar binding affinity, but significantly deter-
iorated selectivity over 5-HT,, receptors and a, adrenoreceptors.
Decreasing or increasing the length of the tetramethylene
spacer from dimethylene to pentamethylene markedly reduced
dopamine D; receptor affinity in most series. First an in vivo test
in rats indicated a potential atypical antipsychotic profile for 42.
In later studies 42 turned out to have only low activity in vivo,
determined on various test systems for D;, D,, and 5-HT,,
receptors. Rapid metabolism, poor blood - brain barrier pene-
tration, or other factors were considered to be responsible for
the general lack of in vivo response for 42.1'4

The naphthamide derivative 43 (BP 897) showed a noteworthy
pharmacological profile (Table 1).B" The characterization of this
4-(2-methoxyphenyl)piperazino derivative with a tetramethy-
lene spacer comprised subnanomolar binding to and 70-fold
preference for the human dopamine D, receptor as compared to
the D, receptor. For D,, D,, @y, a5, 5-HT;,, and 5-HT; receptors no
marked preference was manifested. The pattern of functional
activity obtained was quite heterogeneous and unique. Thus, in
vitro 43 shared a selective, potent, but partial D; receptor
agonism (intrinsic activity of ~0.6 versus the dopamine intrinsic
activity of 1), with a weak antagonism for the D, receptor. In vivo
it acted either as agonist or antagonist, depending on the system
tested.?> 82 Compound 43 proved to be effective in reducing
cocaine-seeking behavior in rats without having rewarding
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effects itself® and in the treatment of levodopa-induced
dyskinesia.?% 24

Quite early related phenylpiperazines linked through a tetra-
methylene chain to an aromatic amide or imide, like 44
(NAN 190), have been described as high affinity and selective
5-HT,, receptor antagonists.® When tested at the dopamine
site, these compounds disclosed remarkable affinity for the
dopamine D, receptor.®

Among the 4-phenylpiperazino group, the following com-
pounds (Table 1) showed clearly that an amide or imide moiety
was not essential for high D; receptor affinity. Within a series of
aminopyrimidines directly connected to a cyclohexylethyl
spacer, the 4-aminoquinazoline derivative 45, displaying an
aromatic amidine substructure instead of amide, achieved an
enhanced affinity for dopamine D; receptors, whilst having
modest affinity for D, and weak affinity for 5-HT,, receptors
(74 nm).B Analogues have been tested in functional assays as
antagonists or partial agonists at D, and 5-HT,, receptors,
indicating a comparable profile for 45.

Modification of the amide moiety into an aryl - alkyl — ether led
to highly affine compounds with partial agonist activity at the
dopamine D, receptor.®”! Among those 2-(4-(propyloxy)phenyl)-
benzimidazole structures, the unsubstituted phenylpiperazino
derivative 46 showed low nanomolar binding affinity for the
dopamine D; receptor and remarkably high selectivity versus the
D, receptor (Table 1). Results of a second messenger assay in
vitro indicated agonist properties, despite an antagonist profile
in vivo. Various substitutions of the aromatic moiety in phenyl-
piperazines mostly reduced the D, receptor preference.

A related series of 4-(2-methoxyphenyl)piperazino derivatives
with the structural feature of a substituted phenoxyalkyl spacer
of variable length was described.”! Conformational analysis was
performed with variations in the heterocyclic 4-phenoxy sub-
stituent and length of the alkyl spacer, whilst maintaining the
4-(2-methoxyphenyl)piperazino group. For the alkyl spacer clear
structure —activity relationships could be observed with two
methylene groups being disadvantageous, three methylene
groups displaying improved values, and a tetramethylene chain
as optimal for high dopamine D, receptor binding as well as for
D, versus D, receptor preference ((CH,), < (CH,); < (CH,),). Fur-
thermore the tetramethylene spacer had an enhancing influence
on the considerable 5-HT,, receptor affinity. Among the hetero-
cyclic modifications, a nitrogen-containing substructure seemed
to be beneficial for improved D, receptor ligand binding. As long
as they bore a tetramethylene chain, all fused imidazole
derivatives showed subnanomolar binding affinities and reason-
able D; receptor preference. The imidazo[1,2-alpyridin-2-yl-4'-
phenyl-ether derivative 47 displayed the best values within this
series and showed 42-fold D; over D, receptor preference.
Functional activity has not been determined yet for this series.

Very recently a series of piperazinylalkylisoxazoles was re-
ported to include several low nanomolar binding (2.6 -27 nm)
dopamine D; receptor ligands with more than 180-fold prefer-
ence for the D; over the D, receptor. The isoxazole was taken as
an alternative bioisostere and linked to a trimethylene or
tetramethylene spacer, the latter being clearly favorable for D,
receptor binding. Special interest is attracted by 1-(2-methoxy-
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phenyl)-4-(4-(3-phenylisoxazol-5-yl)butyl)piperazine (48) with its
D, receptor preferring (181-fold over D,, 21-fold over D,) and low
nanomolar D; binding profile.*¥

7. Functional Pharmacology of Selected
Dopamine D; Receptor Antagonists and
Partial Agonists

Several functional assays have been performed on compound 3
(S14297; Scheme 1). The complete blockade of 7-OH-DPAT-
induced hypothermia in rats indicated an antagonist profile in
vivo for the aminotetralin derivative 3.58 Furthermore, it elicited
neither prolactin secretion nor catalepsy in rats; these are
characteristic actions of dopamine D, receptor antagonists.8 As
compound 3 did not significantly enhance dopamine release, D,
autoreceptors were suggested to control dopamine synthesis
and release.”® The existence of dopamine D; autoreceptors
seems to be clear in special brain areas,'” but their functional
importance still is a matter of debate. In some cases the
influence of D; heteroreceptors localized on non-dopaminergic
neurons cannot be excluded. The cataleptic actions of haloperi-
dol were abolished by 3, but an influence on conditioned
avoidance response, as paradigm for antipsychotic properties,
was not observed.®® With the D, receptor antagonists 21
(U99194 A) and 24 (nafadotride) compound 3 shared stimula-
tory behavioral properties in habituated rats, but had no effect
on locomotor activity in actively exploring rats.?® On the other
hand, 3 was suggested to possess partial agonist properties, due
to stimulation of mitogen-activated protein kinase.®? Although
presenting a reasonable combination of substantial D, receptor
affinity and selectivity as well as satisfactory bioavailability,"¥ the
moderate interactions of 3 at o; and muscarinic receptor sites
compromised its use as an experimental pharmacological
too|_[36, 38]

The antagonist profile of the biphenyl derivative 15 (S 33084;
Scheme 2) has been determined on various functional features.
Compound 15 competitively antagonized dopamine-induced
[**Slguanosine-5-O-(3-thio)triphosphate ([**S]GTPyS) binding in
cell lines expressing hD; and hD, receptors.*® 5% |t also concen-
tration-dependently abolished dopamine-induced stimulation of
D; receptor coupled mitogen-activated protein kinase.2® More
functional tests have been performed to investigate the
influence of dopamine D; receptors on diverse effects and
behaviors. The induction of hypothermia by the agonists 7-OH-
DPAT and PD 128907 was dose-dependently attenuated, as were
7-OH-DPAT-induced penile erections; these factors indicate an
influence of D; receptors.® In contrast to that, 15 had little
effect on 7-OH-DPAT-induced yawning and hypophagia, behav-
iors that are assumed to be mediated by D, receptors.®® The
proposal of principal D, receptor activation in therapy against
Parkinson’s disease with dopamine agonists seemed to be
supported by the failure of 15 to block contralateral rotation
elicited by the preferential D; receptor agonist quinpirole in
unilateral substantia nigra-lesioned rats.”” In models of potential
antipsychotic activity 15 was inactive with regard to conditioned
avoidance behavior, the hyperlocomotor response to amphet-
amine and cocaine in rats, and apomorphine-induced climbing
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in mice.® Furthermore, 15 neither elicited catalepsy nor
inhibited methylphenidate-induced gnawing or induced prolac-
tin secretion in tests predictive of extrapyramidal motor or
endocrine side effects in rats.”® The benefit of compound 15 can
be seen as a tool for further investigation of the physiological
and pathophysiological role of dopamine D; receptors rather
than in therapeutic application.

In in vivo experiments 21 (U 99194 A; Scheme 3) acted as a
prominent activator of locomotor activity in rats, but on the
other hand more or less failed to induce an increase in dopamine
release.’”! One possible explanation for this observation was the
blockade of release-inhibitory dopaminergic autoreceptors or
postsynaptic dopamine receptors involved in the suppression of
some aspects of psychomotor activity.?” Strikingly, in a following
functional test on rats 21 acted as an activator of locomotion,
whereas the higher D; receptor selective antagonist 42
(GR103691) and the less selective compound 24 (nafadotride)
were both ineffective on spontaneous behavior.”" Besides a D,-
like receptor agonism and influence on D,-like receptors, a
putative non-dopaminergic response has to be taken into
consideration.

Compound 22 (GMC 1111; Scheme 3) exhibited a mixed
dopamine receptor agonist/antagonist profile in functional
assays.® In rats unilaterally lesioned with 6-hydroxydopamine
(6-OH-DA) it caused an activation of rotation, which was
suggestive of agonism at postsynaptic dopamine receptors.
The increase in dopamine turnover in rat striatum was assigned
to the blockade of presynaptic dopamine receptors and implied
antagonist action. Therefore 22 displayed dopamine D, receptor
partial agonism but D, receptor antagonism.

For nafadotride (24; Scheme 4) dopamine agonist activity was
not detected in vitro at either the dopamine D, or D, receptors.
In in vivo models for rodents, paradoxical behavior stimulant
properties were observed, shared with the D, receptor preferring
antagonists (+)-AJ 76 (1) and (+)-UH 232 (2).B4 Contrary to
haloperidol, a D, receptor preferring antagonist, low-dosage
treatment of 24 (maximum 1 mgkg™) increased spontaneous
locomotion of habituated rats and climbing behavior of mice.?”
About 100-fold higher dosage was required to evoke catalepsy
in rats, like that obtained with haloperidol, and to antagonize
apomorphine-induced climbing in mice.?® This biphasic behav-
ioral pattern may be attributed to the limited selectivity for
dopamine D; receptors, as low dosage of 24 evoked D, receptor
blockade and higher dosage also blocked D, receptors. A
potential therapeutic application in schizophrenia with allevia-
tion of the negative symptoms was implied.?”

The efficiency of the antipsychotic amisulpride (23; Scheme 4)
against both the negative and positive symptoms of schizo-
phrenia was assigned to the preferential blockade of effects
involving presynaptic D,/D; receptor mechanisms and limbic
structures.® Even at high doses (100 mgkg™, intraperitoneal)
23 did not induce catalepsy.

Compound 43 (BP 897; Table 1) evoked agonist effects on
rotations in 6-OH-DA-lesioned rats and antagonist effects on
c-fos gene expression in the islands of Calleja in rats.® The
hypothesis for the dual activity observed may rest on various
models of receptor activation. On the basis that efficiency of a
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ligand is not only related to its intrinsic property, but also to
receptor G-protein-coupling efficiency, diversity in functional
response may be put down to various tissues with different
receptor reserve.®! Most probably the level of the endogenous
transmitter is also involved in the direction of the response.
Crucial for the potential therapeutic applications were the
findings that 43 significantly reduced conditioned cue-control-
led cocaine-seeking behavior in rats in a dose-dependent
manner, which was prevented by pretreatment with the
antagonist nafadotride (24). The effects obtained were dissocia-
tive and limited to the starting, cocaine-unaffected interval of a
session, whereas no effect on cocaine-induced increase in
responding was perceived.® Attenuation of the stimulus effect
was achieved for cocaine and D-amphetamine, but not for
heroin. As a further positive aspect in the pharmacological
profile, 43 displayed no intrinsic reinforcing effects itself in
monkeys, due to its mixed partial agonist/antagonist properties.
These data supported the potential therapeutic benefit of 43 in
the treatment of cocaine craving and the vulnerability to relapse
as well as in the recently started clinical development.®3 Other
groups proved 43 to be a D; receptor antagonist. In micro-
physiometry and radioligand test systems, it was found to have a
primary antagonist effect on human D, and D, receptors.?™ The
authors proposed that inhibition of cocaine-seeking behavior
depended on antagonist properties. Congruent results were
obtained from studies with an electrophysiological in vivo assay
in rats,®? whereas discrepancy in in vitro tests might be due to
heterologous expression systems.

A more recent therapeutic target for 43 is the proposed co-
administration to levodopa in Parkinson'’s disease.”® The major-
ity of patients suffering from Parkinson’s disease develop
dyskinesia as a severe side effect of long-term levodopa
treatment. As an overexpression of dopamine D; receptors was
suggested to underlie this phenomenon, a compound with
partial D; receptor agonism should prevent patients from
dyskinesia due to normalizing excessive D; receptor stimulation.
Furthermore, the agonist attribute of 43 may contribute to the
therapeutic effect of levodopa or, at least, do not oppose it.*
Promising results were obtained from a test on monkeys, where
BP 897 (43) was able to attenuate levodopa-induced dyskinesia
after oral administration.*

8. Summary and Outlook

In the field of dopamine D, receptor ligands, numerous
developments have been observed during the last decade.
Promising compounds with high affinity for the D; receptor
often do not display sufficient selectivity over the D, or other
neurotransmitter receptors, and only few compounds fulfill the
crucial requirements on pharmacokinetic parameters for drugs
when tested in vivo. Therapeutic options for dopamine D;
receptor antagonists and partial agonists are proposed in the
treatment of psychosis, schizophrenia, drug addiction, and
Parkinson’s disease, with the complete pharmacological recep-
tor profile of compounds taken into consideration. Although it
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may seem that the ideal drug candidate has not been discovered

yet,

major progress in D; receptor drug development for

different diseases is expected for the near future.
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A G-Protein-Coupled Receptor

R. E. Stenkamp,*® D. C. Teller,®™ and K. Palczewski@

KEYWORDS:

G-protein-coupled receptors -

membrane proteins -

protein structures -

rhodopsin - vision

1. Introduction

G-protein-coupled receptors (GPCRs) provide a molecular link
between extracellular signals and intracellular processes. In the
visual system, GPCRs such as rhodopsin and cone visual
pigments absorb photons and initiate G-protein signal trans-
duction processes that result in electrical signals processed by
the brain.'"*¥ Rod cells, containing rhodopsin in their outer
segments, respond to dim levels of light* Cone receptors
contain cone opsins and respond to photons of different
wavelengths, thus providing a basis for color vision.!!

All of these receptors contain a retinylidene chromophore that
undergoes a cis —trans isomerization upon photon absorption.
This conformational change leads to an altered structure at the
protein’s surface capable of binding transducin. This activates
the G protein (transducin) which in turn activates a phospho-
diesterase. The phosphodiesterase converts cyclic guanosine
monophosphate (c-GMP) into GMP subsequently causing
c-GMP-gated ion channels to close. The cell then hyperpolarizes
and generates a signal that is processed by the retinal secondary
neurons. Ultimately, the signal is transmitted to the brain.“ 78

The fundamental importance and natural abundance of
rhodopsin has made it a prime candidate for biophysical studies.
Cryo-electron microscopy (cryo-EM) of two-dimensional rhodop-
sin crystals provided the first views of the seven transmembrane
helices forming the core of the protein’s structure.”'® Other
biophysical techniques, including NMR spectroscopy, have been
applied to characterize the structure and function of the
chromophore or the peptide fragments.[ # 11-21

2. Crystallographic Structure Determination

The three-dimensional crystal structure of bovine rhodopsin was
solved in 2000.?2 Postdoctoral fellow Tetsuji Okada obtained
crystalsi?* 24 by using protein generated from highly purified
bovine rod outer segments by solubilization and centrifuga-
tion.?¥ Crystals were grown with vapor-diffusion methods with
ammonium sulfate as the precipitant. The protein solution
contained 80 mm Zn*" ions to stabilize the protein, nonyl-3-
glucoside as a detergent, and heptane-triol as an additive. Two
properties of the crystals complicated the structure analysis:
they were sensitive to white light and they were merohedrally
twinned. All experiments were carried out under red light. The

ChemBioChem 2002, 3, 963-967 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

twinning problem was alleviated by focusing on crystals with
low twinning fractions for the initial structure solution. The
structure was solved by using multiwavelength anomalous
dispersion phasing methods for a mercury derivative of the
natural protein.?? The structure has been refined at 2.8A
resolution.”!

3. Structure

A stereoview of molecule A of ground state rhodopsin (Protein
Data Bank entry 1HZX) is shown in Figure 1. The N terminus of
the protein is located on the intradiscal, or extracellular, side of
the membrane. Two oligosaccharide sites are located at
residues 2 and 15. The main glycosylation pattern found in
rhodopsin at these sites is (Man);(GIluN),,. Several of the
carbohydrate residues have been added to the model on the
basis of electron density maps.

The polypeptide passes through the membrane in seven
helical segments labeled | -VII. The helices are irregular in length
and orientation. Helix Il is the longest and passes through the
center of the protein. Helix VIl is a short helical segment on the
cytoplasmic side of the membrane oriented with its helical axis
parallel to the membrane surface. Two short §§ strands are
located on the extracellular side of the protein near the retinal
binding site (see below).
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Figure 1. Stereoview of the rhodopsin structure from the three-dimensional crystals (PDB
entry THZX). The polypeptide is represented as a yellow ribbon. N and C denote the N and C
termini, respectively. Helical segments are labeled |- VIII. The retinal chromophore is shown in

red. The figure was drawn by using the Molscript*® and Raster3d™ programs.

The transmembrane helices contain 56 % of the amino acids in
the protein. The remainder of the polypeptide is distributed
among the N-terminal tail, the three extracellular loops between
the helices, the three cytoplasmic loops, and the C-terminal tail.
Several residues in two of the cytoplasmic loops and at the C
terminus are mobile and not included in the molecular model.

11-cis-retinal serves as a cofactor for rhodopsin and the cone
opsins. It is covalently linked to Lys296 in helix VII. The prosthetic
group forms a Schiff base linkage with the amine group of the
lysine residue. The retinal is located between the helices towards
the extracellular side of the protein (see Figure1) and is
completely buried within the protein. The transmembrane
helices block ready access to the hydrophobic region of
the bilayer, and the 3 strands and extracellular loops shield
the chromophore from the aqueous environment on the
extracellular face. The binding site is some distance from
the cytoplasmic surface and amino acid side chains from
the transmembrane helices block access to that surface.

Figure 2 shows the superposition of bovine rhodop- =
sin?? and the helical model available from low reso-
lution cryo-EM of two-dimensional crystals of frog

rhodopsin.l' 28 The transmembrane helices in the two

structures have the same relative intramolecular loca- '
tions, orientations, and sizes. However, there are no »
structural features in the rhodopsin model from the (
crystal structure analysis that permit an unambiguous ‘

determination of the molecular orientation within the
membrane. Integral membrane proteins contain hydro-
phobic surfaces that interact with the hydrophobic
interior of their membranes, but there is an uneven
transition between that surface and the hydrophilic
surface facing the aqueous environment outside the
membrane. It has been noted before?” that the

. }J Ky
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hydrophilic surfaces. In the case of rhodopsin, that is
not the case.”® Alternatively, the charged side chains
in rhodopsin should be located outside the mem-
brane, but defining the molecular orientation in the
membrane on the basis of their location is difficult. It is
" easier, once the orientation of the molecule is known
3 from the superposition of the crystallographic and
. electron-microscopic models, to define limiting planes
just inside of the charged residues that probably mark
the edges of the membrane. In this case, the planes
) would be 30A apart, a reasonable estimate of the
' thickness of the membrane, especially if its thickness
adjusts to accommodate the transmembrane portion
of the protein.

One interesting structural feature that became
apparent with the 2.8 A resolution structure was that
the transmembrane helices are not straight, regular a
helices. Both the cryo-EM and X-ray crystallographic
structures show that the helices are kinked and bent,
and the nature of the kinks has been analyzed
elsewhere.?® 2! |n addition, it has been noted that
turns of 3,, and m helices are also found in this
structure. In addition, in several of the helices, proline residues
are associated with the kinks. Steric clashes between the proline
side chain and the carbonyl group that would normally hydro-
gen bond to this position (in an a helix) force the carbonyl group
to twist away from the helical axis. This alters the main-chain
torsion angles in the neighboring residues, and often results in a
bending or kinking in the helical axis. To relieve the close
interatomic packings, the helix bends to provide room for the
carbonyl group. While this is a reasonable explanation for several
of the kinks, it is not the case for the kink in helix Il at Gly89 and
Gly90. There is no proline residue in this helix, but the helical axis
bends by 30°.

-
i ¥

Figure 2. Stereoview of the rhodopsin structure from the three-dimensional crystals
(yellow ribbons; PDB entry 1HZX) superposed on the helical axes of two-dimensional

crystals from the cryo-electron microscopy study (black rods).?°! The vertical axis is parallel

tryptophan residues in membrane proteins tend to be
located at the crossover between hydrophobic and

9264

to membrane normal. The figure was drawn by using the Molscript®® and Raster3d"’
programs.
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4. Retinal and Its Environment

Rhodopsin’s chromophore, 11-cis-retinylidene, is located be-
tween the transmembrane helices, offset somewhat from the
center of the membrane towards the extracellular side of the
molecule. The 11-cis conformation is readily identified, even at
2.8 A resolution.”? As known from spectroscopic studies of the
protein, the chromophore is not planar.?? The conjugated
system is twisted, possibly due to packing interactions with the
protein, although steric interactions within the chromophore
also contribute. Twisting of the chromophore might provide one
way of adjusting the wavelength dependence of photon
absorption.

The chromophore binding environment is made up of a mix of
hydrophobic and polar/charged groups. Phe212 and Phe261 are
located near the -ionone ring, and the side chain of Trp265 is
located midway between the ring and the Schiff base linkage to
Lys296. The retinal is bent around this residue in the ground
state. Polar groups such as Thr118 and Tyr268 are located near
the center of the polyene, and the side chain of Glu122 is close to
the S-ionone ring. Also, Glu183 makes a close water-mediated
approach to the retinal. The Schiff base at the other end of the
chromophore is protonated in the activated form of the protein,
and Glu113 serves as a counterion for it in the interior of the
protein. More detailed descriptions of the retinal environment
have been presented previously,®* 2 including comparisons
with information about the binding site obtained by using
noncrystallographic techniques.

Cone opsins are proteins related to rhodopsin and are present
in cone cells. These proteins again use 11-cis-retinal as a
chromophore, but their absorption maxima are located at
wavelengths different from that of rhodopsin.! These changes
introduce wavelength sensitivity to the photoreceptors and
form the basis for color vision. The changes in the absorption
maxima come about because of differences in the retinal
environments in the cone opsins. Comparisons of the amino acid
sequences for the human blue, green, and red cone opsins with
that of rhodopsin show 41, 38, and 37 % amino acid identities,
respectively. Homology-modeling efforts for the cone opsins can
take advantage of these high sequence identities to indicate
how the amino acid substitutions known to affect the retinal
environment actually do so. Initial efforts along these lines are
being published,? but further work in this area can be
anticipated.

5. Rhodopsin and Other Known Membrane
Protein Structures

Until the rhodopsin crystal structure became available, the
archetypical structure for seven-transmembrane-helix proteins
was that of bacteriorhodopsin.®"! Bacteriorhodopsin pumps ions
across bacterial membranes. Photon absorption by its retinal
chromophore drives the pumping process, but absorption of a
photon converts the all-trans chromophore into the 13-cis
isomer. The protein’s transmembrane helices are topologically
identical to those in rhodopsin, but the retinal chromophore is
attached to a lysine residue in helix VIl that is not sequentially or
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structurally equivalent to Lys296 in rhodopsin. Comparison of
the structure of bacteriorhodopsin with that of rhodopsin has
been made.?” If the molecules are aligned on the basis of their
structures, 79 Ca atoms in the transmembrane helices can be
superposed with a root mean square distance of 2.13 A between
equivalent Ca atoms. Five of the transmembrane helices in each
protein are aligned, but residues in the other two helices (IV and
V) differ in position by as much as 10-15A. The helices in
bacteriorhodopsin are more regular in structure than the kinked
helices in rhodopsin. As stated above, the retinal chromophores
in the two molecules are covalently attached to lysine residues
that are separated by two helical turns. Nevertheless, in the
ground state, the f-ionone rings at the ends of the chromo-
phores are close to each other when the structures are aligned
by using only the Ca atoms.

6. Rhodopsin and GPCR Function

The rhodopsin crystal structure provides an interesting view of a
significant photoreceptor molecule, but just as importantly, it
provides the first three-dimensional structure of a GPCR. The
importance of GPCRs in biological processes!'”32-3% and their
roles as drug targets have promoted interest in the rhodopsin
structure as a model for understanding ligand binding and
signaling processes in this class of receptors.

One structural feature relevant to the use of the rhodopsin
structure as a base for the modeling of other proteins is
connected with the kinks and bends in the helices. These
distortions from ideal helical structure cause pieces of the helices
to rotate relative to an ideal helix. This places residues in
environments with different neighboring residues than would
have been predicted by using other starting structures for
homology modeling. Comparison with bacteriorhodopsin shows
how significant this can be. At first view, the two structures are
similar with the seven helices arranged in the same tertiary
structure. Looking at the structural details in the helices, it
becomes apparent that the two structures would predict quite
different locations for the same residues when used in homol-
ogy-modeling exercises. At this point, indications are that the
rhodopsin model serves as a better starting point for modeling
of other GPCRs. This is not a surprise, but how representative the
rhodopsin transmembrane helices are for other GPCRs needs
further study.

The retinal binding site is another area where the rhodopsin
structure might prove useful in modeling other GPCRs. The
hydrophobic chromophore is similar to the ligands bound by
many GPCRs, and evidence is available to support the idea that
the retinal site is representative of the ligand binding sites in
those proteins.l'” '8

One aspect of the binding site that was surprising when the
structure was first analyzed is that it is completely buried within
the protein. The retinal site is not accessible to the cytoplasmic
or extracellular surfaces. The site is farther from the extracellular
than the cytoplasmic surface, and the packing of the helices
simply fills the internal space in that direction. Towards the
extracellular surface are found the two short § strands and
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extracellular surface loops that make up the “plug” blocking
access in this direction.B®

The retinal site is not accessible to the hydrophobic environ-
ment within the membrane either. No gaps between the helices
present a path for the retinal to exit the binding site. Given the
need for ligands to move in and out of the binding site and for
retinal to do likewise in the regeneration of the photopigment,
alterations in the published structure must occur in the func-
tional protein. X-ray diffraction patterns are measured over
relatively long time periods (hours) and large samples of
molecules, so the structural views are temporal and spatial
averages. Thermal fluctuations in the structure might be
sufficient to allow the passage of ligands into and out of the
binding site, but longer-lived structures with large open paths to
the site are also possible.

The general features of the retinal site (location, orientation,
environment) might be applicable in studies of other GPCRs and
their ligands. This probably does not hold for the details about
the site. Various derivatives of retinal, including some with major
substituents, have been used to probe the properties of the
chromophore and its environment.®% 37 38 Various spectroscopic
techniques, including NMR studies of wild-type protein and
fluorinated derivatives®-# are being applied to rhodopsin to
characterize the dynamics of the chromophore and G-protein
binding sites. These and earlier studies point out the flexibility of
the binding site in accommodating ligands. This, and the fact
that retinal is bound covalently in its site, will complicate efforts
to model the binding of ligands in other GPCRs.

However, the structural model of ground-state rhodopsin
provides some hints about the dynamic activation and signaling
process of the receptor. A brief description of them is presented
here. More details about the signaling process can be found in
recent publications.® & 42 43]

Ground-state rhodopsin is inactive, and several of its structural
elements combine to restrain the structure. Interactions among
the extracellular loops, including a disulfide bridge, 4" limit the
conformation flexibility of this part of the molecule under dark,
nonsignaling conditions. In addition, the interactions between
the chromophore and the protein, both hydrophobic and
electrostatic, tighten the inactive receptor structure. Mutations
of Lys296 or Glu113 eliminating these interactions result in
constitutively active receptors.®!

Three other parts of the rhodopsin structure are also
important for holding it in the inactive form. One of these is a
tight set of interhelical contacts involving Asp83, Asn55 in helix |,
and Asn302 in the NPXXY region. Also, residues in the helix Il in
the center of the bundle of helices interact with residues in each
of the other helices (except helixl). Finally, Arg135 (in a
conserved D/ERY sequence motif) makes ionic interactions
within the receptor that are important for holding the structure
in the inactive form. Mutations in this motif, for example,
changing Glu134 into GIn134, generate constitutive, hyperactive
receptors.'?!

The first step in the activation of rhodopsin is the photo-
isomerization of 11-cis-retinylidene into all-trans-retinylidene
after absorption of a photon. This isomerization is fast,“ and
slower conformational adjustments in the protein as well as the
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chromophore eventually give rise to the signaling form of the
protein, metarhodopsin II.

Cross-linking studies®® indicate that a large movement of the
p-ionone ring is involved in forming metarhodopsinll. In
addition, the conformational switching of the chromophore
might require reorganization of the helical structure of helix VII.
This leads to disruption of the salt bridge between Glu113 and
Lys296% and movement of a proton.!

The conformational change in the chromophore gives rise to
movement of the transmembrane helices™ 52 with helix VIl
moving away from helix| and helix VI moving away from the
other helices. Glu247 is no longer able to interact with Arg135,
which is then able to reorient to the cytoplasmic surface where it
can interact with transducin. Protonation of Glu135 also occurs
during this conformational transition.”!

Site-directed cysteine mutants have provided a means for
obtaining structural information for activated rhodopsin. These
have been utilized in studying disulfide cross-linking patterns as
well as for providing sites for the introduction of spin
labels.!3 52-5%)

The rates of formation of cross-links depend on the distance
between the cysteine residues, as do the dipole-dipole
interactions between nitroxide spin labels attached to the
protein at specific cysteine residues. Comparison of these
distances before and after light activation of the protein shows
which parts of its structure are altered in formation of the
signaling state, metarhodopsin Il. Spin labels have been intro-
duced at positions 306, 313, and 316 in the rhodopsin sequence,
and the changes observed at position 313 in going from the
ground state to the activated protein can best be explained by
movements of helix VILB*! In addition, the cytoplasmic ends of
helices Il and VI bend away from the center of the molecule, with
helix VI moving the largest distance (about 8 A).

This opening up of the cytoplasmic face of rhodopsin
generates a binding site for interactions with and activation of
transducin.”! Motion of helix VII has been identified as important
for the interactions with the G-protein.?® 57

Many of the conformational changes giving rise to the
transducin binding site are part of a general mechanism for
GPCR activation. The details of the initial signaling event, that is,
absorption of a photon for rhodopsin and binding of ligands by
other GPCRs, will of course differ within the protein family, but
sequence similarities indicate that disruption of the interactions
involving the D/ERY motif and the relative motions of the helices
are not unique to rhodopsin.

This research was supported by the National Institutes of Health
(Grant nos.: GM63020 and EY08061), a grant from Research to
Prevent Blindness, Inc., to the Department of Ophthalmology at the
University of Washington, the Alcon Research Institute Award, and
the E. K. Bishop Foundation.
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1. Introduction

Rhodopsin, the visual pigment of the vertebrate rod photo-
receptor cell, is a G-protein-coupled receptor (GPCR) with seven
transmembrane a-helical segments. It defines the rhodopsin-like
(class A) family within the large GPCR superfamily™ and is the
only GPCR for which a high-resolution crystal structure has been
determined.” It is composed of the 40-kDa apoprotein opsin
(348 amino acids) and its chromophore, 11-cis-retinal, a deriva-
tive of vitamin A that acts as an inverse agonist in the rhodopsin
ground state. The retinal is covalently bound to the terminal
amino group of Lys296 in transmembrane helix VIl (H-VII) as a
protonated Schiff base (Figure 1) and its spectral absorption
characteristics are tuned by the protein moiety to the wave-
lengths that correspond to green light. Photon absorption by
rhodopsin isomerizes the 11-cis chromophore to all-trans, which
triggers a series of conformational changes in opsin and leads to
an active state of rhodopsin. This state is competent for binding
the heterotrimeric G-protein of the rod cell, transducin (Gt) and
for catalysis of the uptake of guanosine triphosphate by the
o subunit of Gt, and thereby initiates the enzymatic cascade that
leads to vision.B 4

Rhodopsin attracts attention as a prototypical GPCR and as a
photoreceptor pigment with its light-induced formation of
photointermediates that can be distinguished spectroscopi-
cally.™ The peculiarity of rhodopsin, the photochemical gener-
ation of an agonist inside the ligand binding pocket, allows
information to be obtained on the activation process of this
GPCR. In this work we will review the differences between the
late rhodopsin photoproducts and signaling states as inves-
tigated by UV/Vis and IR spectroscopy. For additional informa-
tion on structure-function relationships in rhodopsin and
GPCRs in general, the reader is referred to recently published
reviews.o-8

2. Light-Dependent Activation of Rhodopsin by
Photoisomerization

2.1 Ground state and early photoproducts

A striking feature of the ground state of rhodopsin is its inactivity
towards nucleotide exchange catalysis in Gt. This was deduced
from the very low level of noise of photoreceptor cells, which is
mandatory for their function as single quantum detectors.”” The
rhodopsin crystal structure provides an explanation for this
characteristic by revealing structural constraints in the ground
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state.” ' Among these structural features are several hydrogen-
bonded networks that constrain the transmembrane helices and
the interaction between the inverse agonist 11-cis-retinal and its
environment. The chromophore is fixed by tight hydrophobic
interactions at the 3-ionone moiety and polar interactions in the
region of the Schiff base, in particular by a stabilizing salt bridge
between the protonated Schiff base and the counterion
Glu113. The chromophore/protein interaction and protonation
of the Schiff base account for the broad visible absorption
maximum of rhodopsin (4,,,=500 nm, Figure 2) compared to
the free chromophore (4,,,, =380 nm).

After photon capture and concomitant cis/trans-isomerization
of the chromophore, rhodopsin relaxes through a series of
photoproducts that lead to the active conformation, meta Il, and
eventual decay to the apoprotein opsin and all-trans-retinal. The
classical photointermediates of rhodopsin, which can be distin-
guished by UV/Vis and IR (especially FTIR) spectroscopy, are
depicted in Figure 3. These spectroscopic techniques are reliable
tools for the characterization of discrete intermediates and allow
their formation to be monitored. 2 Measurement of molecular
vibrations of the chromophore, amino acid side chains, and
peptide backbone by FTIR difference spectroscopy allows
identification of molecular changes that arise from light-induced
retinal isomerization in the chromophore-binding domain. To
get an insight into the mechanism of rhodopsin activation,
pigments with site-specific mutations and/or modified chromo-
phores were investigated with both techniques and key residues
involved in rhodopsin activation were identified.? 7 '3

Highly efficient excitation of rhodopsin by photon absorption
(at around 500 nm, quantum yield ¢ =0.67) isomerizes the 11-
cis-ene to the trans form, which leads to the primary photo-
product photorhodopsin within 200 femtoseconds.'™™ The first
high-energy intermediate of the relaxation process that can be
stabilized at low temperature (—140°C) is bathorhodopsin
(Amax= 543 nm). This intermediate stores two thirds of the
photonic energy (=30 kcal mol~")," and Raman and FTIR differ-
ence spectroscopy revealed that the chromopore is in a twisted
11-trans,15-anti conformation.'® ' The reason for formation of
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Figure 1. Secondary structure model based on the crystal structure of bovine rhodopsin.”’ Transmembrane a-helical segments are shown as grey-blue cylinders
and are designated H-I to H-VII. The cytoplasmic amphipathic helix H8 (bright blue cylinder) is terminated by palmitoylated Cys322 and Cys323 (filled yellow circles).
Lys296 (filled black circle) in H-VIl forms a protonated Schiff base with the chromophore, 11-cis-retinal. The counterion of the protonated Schiff base is Glu113 (filled red
circle). The cytoplasmic domain (top; circles with a blue periphery) comprises peptide loops C-I to C-lll, which connect successive helices, and the C-terminal tail. The
N-terminal tail and intradiscal domain are toward the bottom of the figure and represent the extracellular side of this GPCR. An essential disulfide bridge between Cys110
and Cys187 stabilizes the inactive receptor conformation. Asn2 and Asn15 at the N-terminus carry carbohydrate chains. Amino acid residues are depicted with the
single-letter code. Intradiscal peptide loops, which connect successive helices, are designated E-I to E-lll. Bottom: Structure of the chromophore 11-cis-retinal, which is

bound to the side chain of Lys296 through a protonated Schiff base in rhodopsin.

this distorted all-trans conformation might be a steric restriction
caused by approach of the polyene chain of the retinal and the
side chain of Ser186 after isomerization around the C11—C12
double bond.® This twist seems to occur in the middle of the
chromophore since neither the position of the 5-ionone ring nor
the environment of the Schiff base changes.""? The chromophore
movement causes slight alterations in the backbone structure, as
indicated by infrared difference bands in the amide-l region.!"” 18
FTIR difference bands evoked by the protonated carboxylic acid
group of the amino acid side chains of membrane-embedded
Asp83 in H-lIl and Glu122 in H-1II" have only low intensities,
which suggests that the environment of these residues changes
very little.2

Thermal relaxation leads through a blue-shifted intermediate
(Figure 3),%> 2" which does not accumulate at low temperatures
and can only be obtained in time-resolved measurements, to
lumirhodopsin. In lumirhodopsin, which can be stabilized at
—40°C, most of the twist in the polyene chain has relaxed, as
seen by the low intensities of the hydrogen-out-of-plane (HOOP)

ChemBioChem 2002, 3, 968 - 974

vibrations of the chromophore.?” The C=N group has moved
from an environment in which it was strongly hydrogen-bonded
to a region with weak hydrogen bonds. Glu122, which is in the
middle of H-Ill close to the 3-ionone moiety of the chromophore,
changes its hydrogen bond environment when lumirhodopsin is
formed.?™ This change is in agreement with recent photoaffinity
labeling studies that used a retinal analogue with two photo-
active moieties. The studies concluded that during the con-
version from bathorhodopsin into lumirhodopsin, the S-ionone
moiety of the chromophore flips over from the nearby Trp265 in
H-VI into the vicinity of Ala169 in H-IV.?2 Rhodopsins regen-
erated with S-ionone-ring-modified retinal analogues showed
lower activity towards the G-protein.?! It may be concluded that
the movement of the S-ionone ring triggers the formation of the
protonation- and G-protein-dependent meta | and meta Il states.
These products form on the time scale of micro- and milli-
seconds.

This conclusion is supported by studies with ring-constrained
retinal analogues. These 11-cis-retinal analogues have a bridge
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Figure 2. UV/Vis and IR absorption spectra of rhodopsin. A: The characteristic absorption spectrum of the rhodopsin ground state (A.,= 500 nm) originates from
the interaction between the chromophoric ligand 11-cis-retinal ()., = 380 nm) and its binding site in the apoprotein opsin. The red-shifted \,,,, value of rhodopsin is a
result of the protonated form of the Schiff base and delocalization of the positive charge throughout the polyene chain, which is affected by the distance of the
counterion Glu113 from the Schiff base and the local electrostatic field within the binding site. The absorption at 280 nm represents the apoprotein component. Within
milliseconds after illumination at room temperature, a pH-dependent equilibrium between metarhodopsin | (meta |, A,,.., =478 nm) and the G-protein-interacting active
state, metarhodopsin Il (meta ll, )., = 380 nm), is reached. Gaussian curves represent the two components. B: The photobleaching UV/Vis difference spectrum
(meta-Il — rhodopsin) is obtained by simply subtracting the dark spectrum from a (pure meta ll) light spectrum and yields information about the protonation state
ofthe Schiff base. C: Analogously, an FTIR difference spectrum (meta-Il — rhodopsin) is obtained by subtraction of the dark spectrum from the light spectrum. By FTIR
vibrational spectroscopy, which measures absorption in the infrared range, information about changes in carboxy groups, the protein backbone, and the chromophore
of rhodopsin can be obtained (see Figure 5).1'1 D: Time-resolved formation of the meta Il state can be followed by flash photolysis.*” UV/Vis and FTIR spectra were
taken at room temperature on identically prepared samples of hypotonically extracted rod outer segment disk membranes from retinae. The pelleted membranes were
transferred without drying between two BaF, windows (d =5 um, about 2.2 mm rhodopsin).”? UV/Vis spectra were corrected for scattering.
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Figure 3. Photocyle of rhodopsin with spectroscopically detected intermediates. Photoisomerization of the 11-cis double bond occurs on a femtosecond time scale and
yields the photoproduct photorhodopsin with a highly distorted 11-trans bond. The photolyzed pigment thermally relaxes through several intermediates which can
be distinguished because of their distinct h,,, values by low-temperature spectroscopic studies””” or flash photolysis at room temperature.’! Progressive release of the
strain in the chromophore leads through batho- and lumirhodopsin to meta |, as seen by the different absorption maxima that arise from changes in chromophore/
protein interaction. A blue-shifted intermediate (BSI) cannot be trapped at low temperatures and appears transiently. Up to meta I, protonation of the Schiff base
persists, probably due to the low pK, of the stabilizing counterion Glu113. Larger conformational changes of the protein moiety occur during the transition to the active
state meta II,”¥ which is in equilibrium with its predecessor meta I. Meta Il represents the agonist-bound active receptor state capable of interaction with the appropriate
G-protein transducin. Transition to meta Il is facilitated by retinal in its all-trans conformation, which allows efficient proton transfer to the counterion. Deprotonation of
the Schiff base results in a large blue-shifted value for L, (380 nm). Meta Il decays, either directly or through a species termed meta lll with a reprotonated retinal
Schiff base (k.. =465 nm), into the apoprotein opsin and all-trans-retinal as a result of irreversible hydrolysis of the Schiff base linkage. Unlike in invertebrates,
rhodopsin cannot be regenerated in situ by reisomerization of retinal with a second photon. All-trans-retinal is reduced to retinol by retinol dehydrogenase and
transported out of the photoreceptor cell to adjacent retinal pigment epithelial cells, where 11-cis-retinal is regenerated (for details, see ref. [75]).

970 ChemBioChem 2002, 3, 968 - 974





Active States of Rhodopsin

between C10 and C13 that consists of one to four carbon atoms
and prevents isomerization around the C11—C12 bond. Rhodop-
sins reconstituted with these analogues are stabilized in their
inactive (or minimally active) conformation even in the light.24-28
Photoisomerization of these retinals can still occur even if they
are reconstituted with opsin, albeit not around the C11=C12
double bond. lllumination of rhodopsin regenerated with an
analogue that contains a two-carbon bridge between C10 and
C13 (six-membered ring) allows extraction of several isomers
(9-cis and/or 13-cis forms of the ring-constrained 11-cis-retinal
analogue).” However, Gt activation assays and FTIR spectro-
scopy investigations indicate that this photoisomerization does
not result in significant activation of transducin?-28 or in
chromophore-induced activating structural changes in the opsin
moiety.?® Figure 4 shows an overlay of retinal in its cis and all-
trans conformations and a locked retinal analogue in its 9,11,13-
tri-cis and 11,13-di-cis conformations, modeled in the rhodopsin
ground state structure. Correct repositioning of the f-ionone
ring (which does not occur with the locked retinal analogue) in
the course of cis/trans isomerization was suggested to be a
decisive step towards receptor activation.?8!

2.2 The metarhodopsin states

The meta | intermediate is in a pH- and temperature-dependent
equilibrium with its successor meta I.®! Meta | can be stabilized
by either high pH values or low temperature. According to IR

Figure 4. Structure of retinal isomers and 11-cis-locked retinal analogue isomers in the
binding site of opsin. Rhodopsin ground state with 11-cis-retinal (blue, shown as a stick
model) viewed from the intradiscal side. All-trans-retinal (green) and two ring-constrained
11-cis-retinal analogues (9,11,13-tri-cis-locked retinal analogue (gray) and 11,13-di-cis-
locked retinal analogue (red)), which form upon illumination of the 11-cis isomers, are also
modeled into the retinal binding site and superimposed. After cis/trans isomerization
around the C11—C12 double bond and repositioning of the B-ionone ring, C3 of retinal is
close to Ala169 (marked in red) in H-IV (green, top). Reproduced from ref. [29] with
permission. Copyright (2001) The American Society for Biochemistry and Molecular

Biology.
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spectroscopy results, metal is the first intermediate in which
large changes occur in the secondary structure of the protein.
This conclusion was reached from the intensity gain of the FTIR
spectroscopy amide-l bands, which are sensitive to structural
changes.? It can also be deduced that in meta | and lumirho-
dopsin the distortion of the chromophore is similar, and that the
Schiff base proton is weakly hydrogen-bonded in meta | (which
accounts for a lower pK, compared to the ground state).%

Transition to the signaling state metall, which binds and
activates the G-protein,®! is accompanied by a large shift of the
absorption maximum from 478 nm in metal to 380nm in
meta ll, as a result of deprotonation of the Schiff base (Figure 3).
In addition, protonation of the counterion Glu113 occurs, which
suggests a proton transfer in the hydrophobic core of the
protein.?? FTIR difference spectra indicate that the largest light-
induced alterations of the apoprotein structure take place upon
meta Il formation.'"® An extensive approach that used site-
directed spin-labeling of the cytoplasmic surface of rhodopsin
and EPR spectroscopy led conformational changes of the protein
moiety to be attributed to an 8-A displacement of H-VI outward
toward residue Val227 on H-V and an outward displacement of
H-Il relative to H8 of 3 A.3%3" Conformational changes in the
protein interior are sensed by Asp83 and Glu122, which are more
or less strongly hydrogen-bonded, respectively, in metall
compared to the ground state.' Proton transfer reactions
are, in general, indicators of structural changes since they occur
only if factors like relative orientation and distance of the donor
and acceptor groups that form the hydrogen bonds are
appropriate.?? It was found that the 9-methyl group of
retinal is necessary for the structural changes that lead
to active rhodopsin.B?* 34 |t was suggested that all-trans-
retinal provides the scaffold for the correct adjustment
of donor/acceptor groups, which allow structurally
sensitive proton transfers.?3 The conformational change
affects the environment of the protonated Schiff base
such that its pK, value is lowered from 16 to about 2.5 in
meta I.B% The proton transfer from the protonated
Schiff base destroys the salt bridge; the salt bridge is
one of the crucial stabilizing elements of the ground
state and, in consequence, its destruction may trigger
the helix movements that lead to the active, G-protein-
interacting conformation of the cytoplasmic surface of
rhodopsin. It was found that Schiff base deprotonation
is followed by a second protonation step—proton
uptake by the cytoplasmic surface. The fact that the
two events can be separated by a 20-ms time interval in
detergent solution indicated the existence of two
isospectral metall forms, metall, and its successor,
meta I1,.5% The likely proton acceptor is Glu134 at the
cytoplasmic end of H-Ill (Figure 1) since proton uptake is
controlled by this residue.?” Spectroscopic studies
showed that this residue is protonated in the complex
between rhodopsin and transducin.®® Finally the light-
induced events result in decay of meta Il into opsin and
all-trans-retinal by two parallel pathways, either directly
or through metalll, in which the Schiff base is proto-
nated again.
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How are the metarhodopsin states related to activation
schemes of GPCRs? An analogy can be made between the meta |
and meta Il states of rhodopsin and the low and high affinity
binding conformations of ligand-activated GPCRs, as shown in
Scheme 1. The corresponding high affinity conformation of

light-induced . N
Rhodopsin i — metal + G metall, + G
GPCRs L+R+G = LR' + G = LR* + G =

Scheme 1. The analogy between the meta | and meta Il states of rhodopsin and the low- and high-
affinity binding conformations (R' and R*, respectively) of ligand (L) activated GPCRs. G =G protein.

R=GPCR.

rhodopsin, meta ll,, is either stabilized by direct proton uptake
from the aqueous phase, most likely by protonation of the
Glu134 side chain in the highly conserved Asp(Glu)-Arg-Tyr motif
in H-lll, or by binding of the G-protein, which may induce
protonation of this residue. Analogous proton translocation
reactions have been proposed for other GPCRs.3#! This
stabilizing effect of Glu134 protonation on the active state
becomes obvious when looking at the retinal analogue 9-de-
methyl retinal, which lacks the 9-methyl group. This retinal
shows partial agonism.B3 34 However, when reconstituted into
the E134Q mutant, full activity was observed, as compared to
wildtype rhodopsin with normal retinal.*® This mutation (or a
low pH value) shifts the coupled equilibrium towards the active
meta Il, conformation and rescues the transition from meta | to
meta Il in the 9-demethyl retinal pigment, which is impaired by a
less efficient proton transfer from the retinal Schiff base.

As mentioned above, the formation of the active state is
accompanied by several proton transfer reactions. Whether
these protonation changes occur by direct proton transfer from
the donor to the acceptor group or through bridging water
molecules is not clear at the moment, but there is spectroscopic
evidence that water plays a decisive role in the activation
process of rhodopsin. It was observed by FTIR difference
spectroscopy that air-dried rhodopsin forms lumirhodopsin,
which is structurally comparable to the lumirhodopsin obtained
from hydrated samples.*? However, the formation of the later
intermediates, meta | and meta ll, is affected.”* 4! It was reported
that several water molecules undergo changes in hydrogen
bonding upon formation of metal or metall,“? which may
explain why the structural changes that lead to metarhodopsin |
are partially inhibited under dry conditions.”?

Spectroscopic studies proposed the existence of water
molecules close to the residues Glu113*! and Asp83.1¢ Crys-
tallographic work on the rhodopsin ground state has so far
identified seven water molecules in a structural model refined to
2.6-A resolution. %471 Water molecules are involved in stabili-
zation of the ground state by mediation of interactions between
H-I and H-Il, and H-VI and H-VII, respectively. Three water
molecules are part of a hydrogen-bonded network that con-
strains H-Il (through Asp83), H-lll, H-VI, and H-VIl. Two water
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molecules were observed in the retinal binding pocket and are
involved in spectral tuning. A water molecule which is close to
Glu113 does not reside between Glu113 and the protonated
Schiff base but is thought to stabilize this salt bridge by lowering
the pK, value of Glu113.#7

3. Light-Independent Signaling

meta ll,»G
: The activity of ligand-free opsin towards trans-
ducin is very low and is only about 1/10° of the
LF*G activity of meta I.#® It was concluded from FTIR

spectroscopy investigations that opsin exists in a
pH-dependent equilibrium between an inactive
conformation at neutral pH values and a con-
formation very similar to metall at pH 4.0. The
latter conformation forms as a result of proto-
nation of Glu113 and concomitant breaking of
the putative stabilizing salt bridge between Lys296 and
Glu113.#9 A nonvanishing population of this active conforma-
tion of opsin may be the molecular reason for the small but
existent activity of opsin at neutral pH values.*? Enhanced
constitutive activity, the ability to activate transducin in the
absence of any chromophore, is displayed by some mutant
opsins. This enhancement can be caused by a loss of the
stabilizing salt bridge as a result of mutations of Lys296 or
Glu113.5% Mutations in or close to the cytoplasmic surface can
also result in constitutive activity as seen, for example, with
neutralizing mutations of Glu134 at the cytoplasmic end of
H-1II5" or a mutation of Met257 in H-VL.B? It is noteworthy that
binding of 11-cis-retinal can reduce the constitutive activity of
these mutants dramatically because of the activity-inhibiting
potential of the inverse agonist.

Light-independent highly active forms of native opsin can be
generated by the mere addition of all-trans-retinal to the
apoprotein opsin.”3%%1 This opsin-all-trans-retinal complex
(Amax =380 nm) is orders of magnitude more active than opsin
and gains approximately 50 % of the activity of meta Il at pH 7.5%
The active opsin-all-trans-retinal complex is also formed with
permethylated opsin, which lacks free lysine side chains. This and
other lines of evidence suggest a noncovalent binding of all-
trans-retinal to opsin rather than the formation of a covalent
meta-ll-like deprotonated Schiff base between opsin and all-
trans-retinal.®* > |t was found that palmitoylation of Cy-
$322—Cys323 is important for interaction of Gt with this light-
independent signaling state, which suggests that these cysteine
residues and the adjacent H8 are part of a second binding site for
all-trans-retinal >

4. Photoregeneration of Rhodopsin

Attempts to reverse the normal activating pathway by photolysis
of meta Il with blue light (1 <420 nm) result in a shift of the
absorption maximum, which indicates reprotonation of the
retinal Schiff base and proton release. It was shown by UV/Vis
spectroscopy that photolysis of meta Il leads to a mixture of two
photoproducts with absorption maxima of 500 nm and 470 nm,
respectively (Figure 5A). The formation proceeds by two parallel
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Figure 5. Absorption change after photolysis of the active state meta Il with blue light. A: Photolysis of the active
intermediate meta Il (., = 380 nm, spectrum plotted in green; compare with Figure 2) with 400 nm light leads to a
mixture of two photoproducts (P-products, spectrum plotted in blue) with absorption maxima at 500 nm (P,)
and 470 nm (P,,,), respectively,®” and different kinetics of formation.* The two products, Py, and P, are
individually represented by Gaussian curves. B: FTIR difference spectra of the light-induced transitions. The green
line represents the difference spectrum of meta Il minus rhodopsin. Negative bands are from vibrations of rhodopsin
and positive bands are from vibrations in meta Il. Blue shows the difference spectrum of the P-products minus
meta Il. Negative bands correspond to meta Il and positive bands to the P-products. A comparison of the two spectra
shows clearly that spectral features arising from the protein moiety (protein bands) are reversed in the spectrum that
involves the products, which suggests a conformational change back to the ground state. These spectral features
reflect structural alterations in the protein that comprise changes in hydrogen bonding and protonation of carboxy
groups (Asp83, Glu122, and Glu113, at 1768 cm~', 1748 cm~', and 1712 cm~'), and in the peptide backbone (amide |
and amide Il bands at 1700- 1620 cm~" and 1570- 1500 cm~', respectively). No reversal, however, is seen for a
second class of bands (retinal bands), which arise from changes in retinal geometry and retinal - protein interaction.
This observation is reflected in C—C stretching vibrations (fingerprint region; 1238 cm~" band and its satellites), C=C
stretching vibrations (1550 - 1570 cm~'), and HOOP vibrations (960/970 cm~'). A new band at 1349 cm~" is specific
for meta Il photolysis. This indicates that the geometry of the retinal and its interactions with the chromophore are

together, it is evident that Psy, does
not represent the ground state, but
has many of the characteristics of
that state. The IR spectra of Psy, and
meta lll, which arises from meta Il by
thermal decay, are similar. Further-
more, FTIR spectroscopy suggests
that both species, Psy,, and metallll,
undergo similar  conformational
changes upon photolysis with green
light, to give a meta-II-like species.®?
It remains to be investigated how
these findings are connected with
blue-light-induced degeneration of
the retina,®® bleaching adaptation,
and the potential physiological role
of metalll as a storage conforma-
tion. 64

5. Interaction of
Photoactivated
Rhodopsin with
Transducin

UV/Vis spectroscopy experiments
that make use of the intrinsic report-
er group of rhodopsin for the tran-

different in the P-products from in the ground state.

pathways with fast and slow kinetics, which lead to the products
P40 (1 ms) and Psy, (50 ms), respectively.®® 7 These P-products
were identified by their absorption maxima as the 11-cis
or 9-cis ground state.5%% The P, photoproduct cannot
interact with transducin, which allows flash photolysis to be
used to investigate the interaction of Gt with the active
State.[%' 59, 611

A fundamental change in our understanding of photolysis of
the active state arose from a recent study, which showed that the
Psoo photoproduct does not represent the ground state, but
rather a product with new properties.®? Figure 5B shows the
FTIR difference spectra of the rhodopsin —metall conversion
(green line; photolysis of rhodopsin with green light) and the
meta Il —P-products conversion (blue line; photolysis of meta Il
with blue light). The two spectra represent a perfect mirror
image of each other within the spectral ranges observed, which
reflect changes in the protonation states of carboxylic acids,
hydrogen bonding, and secondary structure. This result, how-
ever, does not apply to the spectral region indicative of the
retinal geometry. The exact conformation of retinal in Pgy
straight after photolysis of metall and its exact interactions
with the protein environment are still open questions. Among
other possibilities, it was suggested that the conformation could
even be all-trans because mainly all-trans-retinal was extracted
from photolyzed meta ll, as identified by HPLC analysis.® Taken
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sition to the active conformation, the

retinal Schiff base, have shown that

bound G-protein stabilizes meta Il at
the expense of inactive metal, to produce “extra meta I1".5% In
this regard, the Gt holoprotein can be replaced by synthetic
peptides from the Gta and Gty C-terminal sequences, which
suggests that the respective structures of transducin are
interaction sites for rhodopsin.*-% Interaction of activated
rhodopsins with Gt and Gta- and Gty-derived peptides was also
detected by flash photolysis of the respective complexes® or by
FTIR spectroscopy in transmission or attenuated total reflection
modes.[®72 Both Gta- and Gty-derived peptides stabilize (at
basic pH values) the meta Il form, which is formed spontaneously
under acidic pH conditions,”? and protonation of a carboxylic
acid upon binding of Gt was assigned to Glu134.58 Although the
conformational changes induced upon binding of the Gta- and
Gty-derived peptides are similar,”? the mechanism of interaction
between rhodopsin and the different binding sites on trans-
ducin, which leads to guanosine diphospate release, is not
understood. Major future tasks in GPCR and rhodopsin research
will therefore encompass determination of the structure of a
GPCR-G-protein complex and detailed investigation of the
process of its formation.
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1. Introduction

Numerous biological processes involve interactions of proteins
with other molecules termed “ligands”, which include peptides,
nucleic acids, carbohydrates, steroids, vitamins, or even other
proteins. Specific interactions between pairs of molecules are
the basis for molecular recognition, which is crucial in signal
transduction, gene transcription, immune response, or enzy-
matic regulation. Precise structural data on the bound complex
are required to explore the conformation —activity relationship
and are of critical importance for the field of drug design.

Tightly bound complexes can be studied with diffraction
techniques, provided high quality crystals are available. Multi-
dimensional high-resolution NMR spectroscopy does not require
crystals but is restricted to complexes that show sufficiently fast
rotational diffusion. The current size limit for analysis of tightly
bound complexes with standard solution NMR spectroscopy is
on the order of 30-50 kDa, although recent developments in
methods may push this limit.> 3 This weight limit does not apply
to solid-state NMR spectroscopy. A rapidly developing suite of
solid-state techniques can be successfully used to address
focused questions on membrane proteins and tightly bound
complexestol,

Weakly bound complexes of large proteins with small ligands
that are in rapid exchange between the free and bound state
allow the structure of the bound ligand to be studied by
standard high-resolution NMR spectroscopy on the free ligand.
The traditional transferred NOE (TrNOE) experiment relies on the
much higher efficiency of cross relaxation in the slowly tumbling
complex compared to the fast-tumbling free ligand and provides
proton - proton distance restraints for the bound ligand.’-'%
Transferred cross-correlated relaxation (TrCCR) has recently been
measured in the free form of small ligands in weakly bound
complexes. 12 Such TrCCR data allow specification of projec-
tion angles in the bound ligand.!3 Residual dipolar couplings in
fast-exchanging systems, referred to as transferred dipolar
couplings (TrDCs), report on the time-averaged orientation of
bond vectors in the bound ligand if the complex has a suitable
degree of net alignment. Such couplings have been measured
for small carbohydrates that weakly bind to toxins or maltose-
binding protein, with the water-soluble complex partially
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aligned in an anisotropic bicelle medium.l"*'® |n addition to
characterization of the bound structure of the ligand, dipolar
couplings provide information on the relative orientation of the
interacting molecules. Order matrix analysis or rigid-body
minimization might provide the relative orientation if dipolar
couplings can be measured for both partners.'” '® Use of either
method requires prior knowledge of the high-resolution struc-
tures of the interacting molecules or molecular fragments and
these structures must be at least partially preserved upon
complexation. Rigid-body minimization is applicable if the two
interacting entities are rigidly oriented with respect to each
other, while order matrix analysis permits consideration of
dynamically independent units." Favorable symmetry proper-
ties may allow determination of the mutual orientation of the
protein and ligand from dipolar couplings of the ligand alone.?%

TrDCs also allow characterization of the bound structure of
molecules that rapidly exchange on and off a membrane-
anchored protein.?" Such complexes are of particular interest in
cellular signaling. Examples include the interaction of G-protein-
coupled receptors with G proteins, hormones, or neurotrans-
mitters. Recently, the rhodopsin-bound structure and orientation
of a peptide that represents a binding site from the C terminus of
the a subunit of the G protein transducin (G,) was determined
from residual dipolar couplings and TrNOE data and used to
propose a model for the mutual orientation of rhodopsin and
transducin in their photoactivated complex.”??

2. Detection of Transferred Dipolar Couplings

Binding of ligands to membrane proteins is likely to induce
structural changes in the membrane protein and/or the ligand,
at least locally. In particular, small flexible peptides usually lack a
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preferred conformation in solution, but adopt a distinct structure
upon binding. The objective of the TrDC experiment is to
provide precise information both on the bound structure of
transiently binding ligands, and on the orientation of the ligand
with respect to the receptor.

In the TrDC experiment the purpose of transient binding of
the ligand to a macroscopically aligned membrane protein is
twofold. First, it induces the biologically relevant bound
structure of the complex, and second, it imparts the small
degree of net alignment to the ligand that is required for
observation of residual dipolar couplings (Figure 1). Small

Free Peptide Bound Peptide

'D averages to zero D in kHz range

Fast Exchange

B, Thoung = 100 ps

1Dn‘:f=duﬁ.l ~1—=10Hz

Figure 1. Schematic representation of the TrDC experiment for a transiently
binding peptide. No dipolar couplings are observed for isotropically tumbling,
flexible peptides (upper left). Specific binding may induce a distinct peptide
structure. The static limit of one-bond "H-"3C and 'H-">N dipolar couplings is in
the kHz range; the effective coupling depends on length, orientation, and
motional properties of the bond vector (upper right). Residual dipolar couplings
are observable with solution NMR spectroscopy in the case of transient binding of
the peptide to a macroscopically aligned partner with bound times < 100 us. The
observed TrDCs are a time-weighted average of the couplings in the free and
bound states, respectively, and carry precise information on structure and
orientation of the bound ligand.

molecules in the free state are subject to fast isotropic tumbling
with the effect that all dipolar couplings average to zero. Binding
of a small ligand to a macroscopically aligned surface or large
particle will pass this alignment on to the bound molecule. A
unique set of dipolar couplings is expected in the case of a single
binding mode, that is, when the bound ligand has a unique
conformation and binds to the aligned target molecule at a
single binding site. However, permanent binding of the ligand to
a practically immobile large particle would introduce dipolar
couplings of up to several kHz and extensive line broadening in
the NMR spectrum, an obstacle normally encountered in solid-
state NMR spectroscopy but not a suitable situation for rapid
detection with standard solution NMR techniques. This unfav-
orable situation can be avoided if the dipolar couplings are
scaled down by a factor of about 10° as a result of fast exchange
of the ligand between the free and bound forms. Fast exchange
within the lifetime of nonequilibrium transverse magnetization
results in residual dipolar couplings that represent a time-
weighted average of the couplings in the two states. Most
importantly, residual dipolar couplings that characterize the
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bound structure can be detected in the free form of the fast-
exchanging ligand by using standard solution-state NMR
spectroscopy. Small one-bond residual dipolar couplings are
easily detected as variations of the corresponding scalar
couplings, 'J, relative to the spectrum of the unbound ligand
without unduly increasing either the complexity or the line
width of the high-resolution NMR spectra.?®! Protein-containing
membrane fragments or vesicles are very large. To avoid
complete dephasing of transverse magnetization of the ligand
in the bound state, the duration of a single binding event must
not exceed the inverse of the static '"H-"H dipolar interactions,
which is on the order of 100 ps.

TrDC experiments are performed with the membrane protein
in its natural environment, a lipid bilayer. There are different
ways to achieve the required alignment of the membrane
protein. In favorable cases the membrane protein can be
prepared from natural sources as part of intact protein-rich
membrane fragments that align spontaneously in the strong B,
field of the NMR spectrometer. A high concentration of trans-
membrane a helices may cause alignment with the membrane
normal, parallel to the B, field direction, based on the anisotropic
magnetic susceptibility of helices.?!! Indeed, this kind of field-
induced alignment has been observed for rhodopsin-rich intact
disk membranes?"” and bacteriorhodopsin-rich purple mem-
brane fragments.?> 28 |n other cases it may be necessary to
reconstitute the membrane protein into artificial membranes like
bicelles that align with their normal perpendicular to B, in a
cooperative manner and form a nematic liquid crystalline
phase.”?”!

TrDC studies are particularly suited to molecules that bind
weakly to membrane proteins and thus fulfill the critical off-rate
(that is, dissociation rate) requirement. Other complexes may be
studied if the affinity can be lowered sufficiently by an
appropriate choice of experimental conditions like temperature,
pH, or ionic strength.?> 28 Alternatively, minor chemical mod-
ifications of the ligand, for example a conservative amino acid
replacement in a peptide,?"! might increase the off-rate without
compromising structure. In any event, the functional integrity of
the complex should be tested to ensure biological relevance of
the TrDC-derived bound structure.

A complication arises if the free ligand is structured and
unspecific interactions with the aligning medium contribute to
the observed couplings. Separation of residual dipolar couplings
attributable to the bound conformation of the ligand may be
achieved based on the dissociation constant of the complex and
the concentration dependence of the observed couplings.' 1

3. Translation of TrDCs into Structure

The alignment of the bound ligand is mathematically described
by the molecular alignment tensor.! If there is only a single
mode for ligand binding to the membrane protein and if the
protein undergoes rotational diffusion around the membrane
normal that is faster than the inverse of the static limit of any of
the observed dipolar interactions (> 100 ps), then the alignment
tensor will be axially symmetric with the unique axis that points
along the local bilayer normal. Indeed, rotational correlation
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times of many membrane proteins embedded in a liquid
crystalline membrane are in the microsecond time scale and
are often shorter than the limiting 100 ps.?

The residual dipolar coupling between nuclei P and Q in the
bound conformation in the case of axial symmetry is given by
Equation (1a), where S is the generalized order parameter for
internal motion of vector PQ3” and D!? is the magnitude of the
residual dipolar coupling tensor, given by Equation (1 b). Here, h
is Planck’s constant, v, the gyromagnetic ratio of nucleus X, x,
the magnetic permeability of a vacuum, ryq the PQ internuclear
distance, 6 the angle between the orientation of PQ and the
unique axis of the molecular alignment tensor A, and A, the axial
component of this tensor.

Dpo(0) = SDE?(3cos?0 — 1) (1a)

DR = — (u/Am)ypyohA./4nriq (1b)
The orientation of the bound ligand relative to the membrane
normal (with twofold degeneracy due to the cos?6 dependence)
can be obtained from the fit of the set of observed residual
dipolar couplings with the couplings predicted for the bound
structure of the ligand, that is, by optimization of the orientation
of the alignment tensor relative to the coordinate frame of the
molecule. The value of A, is not known a priori but is treated as
an adjustable parameter. The fit is often based primarily on a
subset of bond vectors for which a similar level of internal
mobility is expected. This approach allows use of a uniform
generalized order parameter and adsorption of S into Df? in
Equation (1a). For example, the assumption of identical S values
is justified for backbone bond vectors in structured proteins,?%
and uniform DY and D$*M* values can be used for all backbone
N—H and C*—H* vectors in a bound peptide or protein with an
experimentally determined DY :D$“H ratio of — 0.48.131

The three-dimensional structure of the bound ligand can be
refined based on the information on bond vector orientation
present in residual dipolar couplings. If a sufficiently large set of
qualitatively different residual dipolar couplings is available, it
might even be possible to use them as the sole source of
experimental data for backbone structure determination as
recently demonstrated for a soluble protein.?? However, up to
now TrDCs have been used in concert with NOE-derived distance
restraints and dihedral angles, both obtained from TrNOE
experiments.?? Simultaneous structure refinement against re-
straints from the fundamentally different TrDC and TrNOE
experiments minimizes the risk that the derived structure is
biased by potential artifacts of TrNOE-derived distances, which
can result from intermolecular cross-relaxation or spin diffu-
sion,33 34 or errors in predicted TrDCs caused by differential
mobility of bond vectors.

Structural resolution of membrane-protein-bound small li-
gands based solely on TrNOE data is limited. In a small molecule,
a large fraction of the protons is exposed to the surface, which
reduces the number of observable structurally relevant intra-
molecular NOEs relative to those seen in a densely packed
hydrophobic cluster. The problem is compounded by the
complete absence of intermolecular NOESY cross peaks in the
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complex since the spins of the lipid-bilayer-anchored membrane
protein are not observed by the NOESY pulse sequence.
Resolution is particularly poor for extended conformations that
lack any long-range intramolecular NOEs. NOE-derived distances
can be supplemented with residual dipolar couplings to improve
the resolution of the local geometry of protein structures.
Dipolar couplings restrain bond vector orientation relative to a
common reference frame and are therefore global con-
straints,?> 3¢ a feature that is particularly useful in the case of
extended structures and for definition of the relative alignment
of individual units in large multidomain proteins and macro-
molecular complexes.!'® 37 38

In practice, molecular-dynamics-based simulated annealing
combined with a one-dimensional grid search can be used for
simultaneous determination of structure and orientation of
membrane-protein-bound ligands from TrDC data.??

4. How Does a G Protein Bind to Its Receptor?
TrDCs Can Tell the Story!

TrDCs were used to determine the high-resolution structure and
orientation of the C-terminal binding region of the a subunit of
the heterotrimeric G protein transducin (G, in the rhodopsin-
bound state.”? A functionally active undecapeptide analogue
(referred to as S2 peptide) of the C-terminal G,a(340-350)
fragment was studied. Calculated peptide structures and
experimental restraint tables have been deposited with the
PDB (accession code 1LVZ).

Binding of G to the photoactivated meta Il state of rhodopsin
catalyzes replacement of G,a-bound guanosine diphosphate
(GDP) by guanosine triphosphate (GTP), which causes dissoci-
ation of the G,a - GTP and G,#y subunits. These subunits in turn
relay the visual signal to downstream effectors.* Peptide
analogues of the C terminus of G,a, among them the S2 peptide,
compete with G, for binding to meta Il and mimic the ability of G,
to stabilize meta IL% %" The exponential decay time of the
meta Il to meta lll transition increases in the presence of the S2
peptide.?" These observations indicate that the S2 peptide and
G, share a common mode of binding to metall, that is, the
bound S2 structure is of functional relevance for the interaction
of G, with meta Il.

Intact individual rhodopsin-rich disk membranes prepared
from rod outer segments of bovine retina have the shape of
oblate spheroids and spontaneously align with their unique
short axis parallel to the direction of the B, field of a 14.1 T NMR
spectrometer magnet. Transient binding to meta Il invokes the
small degree of peptide alignment required for detection of
TrDCs. Specific binding of S2 to photoactivated rhodopsin is
reflected by a sudden decrease in transverse relaxation time,
strong relaxation interference (Figure 2), and distinct changes in
the observed one-bond J couplings of the peptide. S2 peptide
uniformly labeled with *C and >N was produced by biosynthesis
to enable detection of a large set of TrDCs. A total of nine
backbone N-H, nine Ca-Ha, and 20 side-chain C-H dipolar
couplings were extracted from two-dimensional HSQC experi-
ments (Figure 2) recorded prior to and after photoactivation.
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Figure 2. Section of a 600-MHz "H-">N HSQC spectrum recorded at 20°C
without 'H decoupling for the "*N-labeled S2 peptide (2.6 mm) immediately after
photoactivation of rhodopsin (63 um). The inserted F, cross sections through the
Gly9 and Leu10 resonances show a strong doublet asymmetry caused by
relaxation interference between the '*N chemical shift anisotropy and the one-
bond "N -"H dipolar interaction,*? which proves the transient binding of the
small S2 peptide to a very slowly tumbling object, that is, the rhodopsin-bearing
disk membrane. Correlations for Gly9, Ser8, and the Asn4 side-chain amide
protons (labeled n4) are folded as a result of the small spectral width in F,.
Acquisition times of 120 ms (F,) and 114 ms (F,) were used. Data were apodized
with 72°-shifted sine-bell (F,) and squared sine-bell (F,) windows prior to zero
filling (256 x 2048 points) and Fourier transformation.

The dipolar contributions to the J couplings observed after
photoactivation show an exponential time dependence with
time constants of 15 and 54 min at 20 and 10°C, respectively,
which reflects the decay of the peptide-binding meta Il state.??
This interpretation is in agreement with spectrophotometry
measurements under comparable conditions (20°C; pH6.7),
which gave exponential decay times of 14+2min (with S2
peptide) and 1142 min (without peptide) for the metall to
meta lll transition.2!

TrDCs were supplemented with 121 TrNOE-derived distances
for structure calculation. The meta-ll-bound peptide conforma-
tion is characterized by an N-terminal o helix terminated by an
a,-type C cap, with Gly9 in the C' position.*? The structure of the
three C-terminal residues is relatively open and provides ample
opportunity for specific interactions with meta ll; for example,
the backbone carbonyl groups of Lys6 — Phe11 and the backbone
amide of Phe11 are accessible to form intermolecular hydrogen
bonds and the hydrophobic side chain of Leu10 points out-
wards, most likely the result of hydrophobic interaction with
meta Il. The side chains of Asn4 and Asp7 that are located on one
face of the N-terminal helix, might also be in direct contact with
meta Il as indicated by analysis of intermolecular magnetization
transfer upon binding. The meta-ll-bound structures of undeca-
peptides that correspond to the C-terminal binding region of
Ga have been studied previously based on TrNOE data
alone®2 %1 One of these two structures shares the salient
features of the bound S2 peptide.*? However, the Ramachan-
dran score is significantly better for the S2 structure and the
conformations differ in a number of details that are certainly
relevant for binding metall, for example, the length of the
N-terminal helix, side-chain packing and orientation. The use of
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both TrDCs and TrNOE-derived distances for structure refine-
ment results in a more detailed conformation that is less
susceptible to experimental artifacts. Equally important, the
orientation of the bound peptide relative to the membrane
normal was extracted from the set of TrDCs, crucial information
not available from TrNOE data.

Interpretation of TrNOE and TrDC data is often based on the
assumption of a two-state exchange between the free form and
a unique bound conformation of the ligand. Transient binding of
the S2 peptide to rhodopsin fulfills this condition: the peptide
specifically binds to and stabilizes the metarhodopsin Il photo-
intermediate" and all peptide models generated in molecular
dynamics calculations converge to a single and physically
reasonable conformation that is in agreement with each of
two fundamentally different sets of restraints derived from TrDC
and TrNOE data, respectively.??

5. Aligning the Pieces of the Puzzle

Although high-resolution x-ray structures are available for GDP-
bound transducin (Gafy -GDP) crystallized in the absence of
rhodopsin®! and for dark-adapted rhodopsin,®? a crystal
structure of the active complex has remained out of reach.
Several binding sites on the surface of the G protein and on the
receptor are known.k 46481 Pgint-to-point contact sites have
been identified by mutagenesis studies>>? and by mass
spectrometric identification of chemically cross-linked interac-
tion sites.” In particular, close proximity between residues 342 -
345 of the Cterminus of Ga and residue 240 of rhodopsin,
located on the third cytoplasmic loop, was observed for the
active complex." In this situation TrDCs can provide crucial
information on the detailed structure of contact sites and the
mutual alignment of the molecular players required to assemble
a model of the active complex.

The crystal structure of G.afy-GDP indicates that helix a5
ends with residue 342 of the G,a subunit and no electron density
is observed for the C-terminal residues 343-350. This result
contrasts strikingly the well-defined structure of the meta-Il-
bound S2 peptide. Apparently, intermolecular interactions are
required for induction and stabilization of the meta-ll-bound
conformation of the C terminus of G,a. Most likely, helix a5 gets
elongated upon binding to meta ll. The short stretch of helical
residues common to the x-ray structure of G,afy - GDP and the
NMR structure of S2 allows the two structures to be docked
together.?2 42 A tilt angle of (40 =4)° between the long axis of
the helix and the membrane normal was determined from the
TrDC data. If it is assumed that the elongated helix a5 is not bent
and that binding of G,afy - GDP to meta Il does not cause major
rearrangements in the structure of the G protein apart from
localized conformational changes in the contact region, the
known tilt allows alignment of the G protein relative to the
membrane normal. The vectorial orientation of the peptide
relative to the membrane is masked by the twofold degeneracy
of the axially symmetric alignment tensor. However, only one
orientation of the G,-docked S2 peptide allows interaction with
rhodopsin®*? and this orientation is consistent with the inter-
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molecular contact sites on S2 predicted by qualitative analysis of
the NOESY cross-relaxation pattern.??

The experimentally derived orientation of meta-ll-bound
Gafy-GDP relative to a rhodopsin-containing membrane is
shown in Figure 3. In terms of the relative orientation of Gafy -
GDP and rhodopsin in the photoinduced complex there remains

Figure 3. Orientation of transducin during interaction with rhodopsin. The figure
is based on the refined crystal structures of Gafyy-GDP*! and dark-adapted
rhodopsin.* The insert shows an enlarged ribbon representation of the bound S2
peptide conformation. The orientation of the peptide relative to the membrane
normal (black arrow) is precisely defined by the measured TrDCs. The C terminus
of G, which is not structured in the crystal, was replaced by the meta-ll-bound
NMR spectroscopy structure of the S2 peptide (green/gold) by using a docking
procedure. Binding to meta Il is likely to induce elongation of helix a5 (red) in G,
with the axis of the helix tilted by about 40° relative to the membrane normal. The
C terminus of G,o. binds to a site on the third cytoplasmic loop of light-activated
rhodopsin (orange) that is close to transmenbrane helix 6 in the sequence.> 5"
The program MOLMOL was used to prepare this figure.>”

only one degree of freedom—a rotation of transducin around
the membrane normal. Once a crystal structure of light-activated
meta Il is available, docking software could be used to predict a
model of the activated complex. Precise information on peptides
that mimic several independent binding sites may confirm
whether the crystal structure of free Gafy - GDP is a reasonable
approximation of meta-ll-bound transducin. Therefore, TrDC
data on the structure and orientation of other contact regions of
transducin in the meta-ll-bound state are desirable.

I am grateful to my collaborators who helped to develop and
implement the TrDC method and in particular to Ad Bax for his
vision, support, and guidance.

[11 G.M. Clore, A. M. Gronenborn, Curr. Opin. Chem. Biol. 1998, 2, 564 - 570.

[2] K. Pervushin, R. Riek, G. Wider, K. Withrich, Proc. Natl. Acad. Sci. USA 1997,
94,12366-12371.

[3]1 K.H. Gardner, L. E. Kay, Annu. Rev. Biophys. Biomol. Struct. 1998, 27, 357 -
406.

[4] A. Watts, Curr. Opin. Biotechnol. 1999, 10, 48 -53.

ChemBioChem 2002, 3, 975 - 980

[12]

[13]
[14]

[15]

[16]

[17]

[18]
[19]

[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]

[29]

[30]
B31]

[32]

[33]

[34]
[35]

[36]

[37]
[38]

[39]
[40]

[41]

[42]

[43]

[44]

[45]

P. T. Williamson, J. A. Watts, G. H. Addona, K. W. Miller, A. Watts, Proc. Natl.
Acad. Sci. USA 2001, 98, 2346 —-2351.

S.J. Opella, C. Ma, F.M. Marassi, Methods Enzymol. 2001, 339, 285-
313.

P. Balaram, A.A. Bothner-By, E. Breslow, Biochemistry 1973, 12, 4695 -
4704.

J.P. Albrand, B. Birdsall, J. Feeney, G.C.K. Roberts, A.S.V. Burgen, Int. J.
Biol. Macromol. 1979, 1, 37 -41.

G. M. Clore, A. M. Gronenborn, J. Magn. Reson. 1983, 53, 423 - 442.

F. Ni, Prog. Nucl. Magn. Reson. Spectrosc. 1994, 26, 517 — 606.

M. J.J. Blommers, W. Stark, C. E. Jones, D. Head, C. E. Owen, W. Jahnke, J.
Am. Chem. Soc. 1999, 121, 1949 -1953.

T. Carlomagno, I. C. Felli, M. Czech, R. Fischer, M. Sprinzl, C. Griesinger, J.
Am. Chem. Soc. 1999, 121, 1945 -1948.

B. Reif, M. Hennig, C. Griesinger, Science 1997, 276, 1230-1233.

H. Shimizu, A. Donohue-Rolfe, S. W. Homans, J. Am. Chem. Soc. 1999, 121,
5815-5816.

G. S. Thompson, H. Shimizu, S. W. Homans, A. Donohue-Rolfe, Biochem-
istry 2000, 39, 13153 -13156.

P.J. Bolon, H. M. al Hashimi, J. H. Prestegard, J. Mol. Biol. 1999, 293, 107 -
115.

J. A. Losonczi, M. Andrec, M. W. Fischer, J. H. Prestegard, J. Magn. Reson.
1999, 138, 334-342.

G. M. Clore, Proc. Natl. Acad. Sci. USA 2000, 97, 9021 -9025.

M. W. Fischer, J. A. Losonczi, J. L. Weaver, J. H. Prestegard, Biochemistry
1999, 38, 9013 -9022.

H. M. al Hashimi, P.J. Bolon, J. H. Prestegard, J. Magn. Reson. 2000, 142,
153-158.

B.W. Koenig, D.C. Mitchell, S. Kénig, S. Grzesiek, B.J. Litman, A. Bax, J.
Biomol. NMR 2000, 16, 121 -125.

B. W. Koenig, G. Kontaxis, D. C. Mitchell, J. M. Louis, B. J. Litman, A. Bax, J.
Mol. Biol. 2002, 322, 441 -461.

N. Tjandra, A. Bax, Science 1997, 278, 1111-1114.

D. L. Worcester, Proc. Natl. Acad. Sci. USA 1978, 75, 5475 -5477.

B. W. Koenig, J.-S. Hu, S. Bose, R.W. Hendler, A. Bax, J. Am. Chem. Soc.
1999, 721, 1385-1386.

J. Sass, F. Cordier, A. Hoffmann, M. Rogowski, A. Cousin, J. G. Omichinski,
H. Léwen, S. Grzesiek, J. Am. Chem. Soc. 1999, 121, 2047 — 2055.

C.R. Sanders, J. P. Schwonek, Biochemistry 1992, 31, 8898 — 8905.

J. Anglister, B. Zilber, Biochemistry 1990, 29, 921 -928.

P.J. Quinn, D. Chapman in Structural Biology (Ed.: E. E. Bitlar), JAI Press,
1991, pp. 1-75.

G. Lipari, A. Szabo, J. Am. Chem. Soc. 1982, 104, 4546 — 4559.

A. Bax, G. Kontaxis, N. Tjandra, Methods Enzymol. 2001, 339, 127 -
174.

J. C. Hus, D. Marion, M. Blackledge, J. Am. Chem. Soc. 2001, 123, 1541 -
1542.

S.R. Arepalli, C.P.J. Glaudemans, G.D. Daves, P. Kovac, A. Bax, J. Magn.
Reson. Ser. B 1995, 106, 195 -198.

F. Ni, Y. Zhu, J. Magn. Reson. Ser. B 1994, 103, 180-184.

N. Tjandra, J. G. Omichinski, A. M. Gronenborn, G. M. Clore, A. Bax, Nat.
Struct. Biol. 1997, 4, 732-738.

J.R. Tolman, J. M. Flanagan, M. A. Kennedy, J. H. Prestegard, Proc. Natl.
Acad. Sci. USA 1995, 92, 9279-9283.

C. A. Bewley, G. M. Clore, J. Am. Chem. Soc. 2000, 122, 6009 - 6016.

N. K. Goto, N. R. Skrynnikov, F. W. Dahlquist, L. E. Kay, J. Mol. Biol. 2001, 308,
745-764.

H. E. Hamm, J. Biol. Chem. 1998, 273, 669 -672.

H. E. Hamm, D. Deretic, A. Arendt, P. A. Hargrave, B. Koenig, K. P. Hofmann,
Science 1988, 241, 832 -835.

L. Aris, A. Gilchrist, S. Rens-Domiano, C. Meyer, P. J. Schatz, E. A. Dratz, H. E.
Hamm, J. Biol. Chem. 2000, 276, 2333 - 2339.

0.G. Kisselev, J. Kao, J. W. Ponder, Y.C. Fann, N. Gautam, G. R. Marshall,
Proc. Natl. Acad. Sci. USA 1998, 95, 4270 -4275.

E.A. Dratz, J.E. Furstenau, C.G. Lambert, D.L. Thireault, H. Rarick, T.
Schepers, S. Pakhlevaniants, H. E. Hamm, Nature 1993, 363, 276 - 281.

D. G. Lambright, J. Sondek, A. Bohm, N.P. Skiba, H. E. Hamm, P. B. Sigler,
Nature 1996, 379, 311 -319.

K. Palczewski, T. Kumasaka, T. Hori, C. A. Behnke, H. Motoshima, B. A. Fox,
T. Le, I.D.C. Teller, T. Okada, R.E. Stenkamp, M. Yamamoto, M. Miyano,
Science 2000, 289, 739 - 745.

979





BIO

[46] O.G. Kisselev, M.V. Ermolaeva, N. Gautam, J. Biol. Chem. 1994, 269,
21399-21402.

[47] B. Konig, A. Arendt, J.H. McDowell, M. Kahlert, P.A. Hargrave, K.P.
Hofmann, Proc. Natl. Acad. Sci. USA 1989, 86, 6878 —6882.

[48] R.R. Franke, B. Konig, T.P. Sakmar, H. G. Khorana, K. P. Hofmann, Science
1990, 250, 123 -125.

[49] J. Liu, B.R. Conklin, N. Blin, J. Yun, J. Wess, Proc. Natl. Acad. Sci. USA 1995,
92, 11642 -11646.

B. W. Koenig

[50] E. Kostenis, B. R. Conklin, J. Wess, Biochemistry 1997, 36, 1487 — 1495.

[51] K. Cai, Y. Itoh, H. G. Khorana, Proc. Natl. Acad. Sci. USA 2001, 98, 4877 -
4882.

[52] M. Goldman, J. Magn. Reson. 1984, 60, 437 - 452.

[53] R. Koradi, M. Billeter, K. Wathrich, J. Mol. Graphics 1996, 14, 51 —32.

Received: May 10, 2002 [M414]

9280

ChemBioChem 2002, 3, 975 - 980






Dynamics in Rhodopsin
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1. Introduction

Rhodopsin is the mammalian dim-light photoreceptor molecule
and the prototypic member of the G-protein-coupled receptor
(GPCR) family, the largest known family of cell surface recep-
tors."! GPCRs transduce signals from the exterior to the interior
of the cell in response to diverse stimuli such as hormones,
neurotransmitters, odorant molecules, light, among others.
GPCRs share a common structural motif, a bundle of seven
transmembrane (TM) helices, which divides the proteins into
cytoplasmic (CP), TM, and extracellular (EC) domains (shown for
rhodopsin in Figure 1). The first step in the signal transduction
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the CP domain that result in formation of the activated state. This
activated state is recognized by the G protein transducin. The
conserved seven-helical motif and related structural features led
to the hypothesis that similar helix movements occur in all
GPCRs in response to ligand-induced activation. Therefore, the
mechanism of GPCR activation is believed to be fundamentally
the same for all GPCRs. An understanding of the mechanism of
signal transduction by GPCRs is linked to the precise molecular
description of the conformational change that occurs in
rhodopsin upon light-induced activation and in GPCRs in general
upon ligand binding. As a result of the prototypical character of
rhodopsin, mechanistic studies have focused on, 1) the tertiary
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Figure 1. Secondary structure model of bovine rhodopsin showing intracellular (CP), TM, and EC (intradiscal in rhodopsin, extracellular in other GPCRs) domains. CP
loops are marked CL1—CL4. The TM helices are designated |- VII. The conserved disulfide bond in rhodopsin is between Cys110 and Cys187. Cysteine residues 322 and 323
are palmitoylated. Approximate CP and TM boundaries are shown by horizontal lines.

mechanism of a GPCR is the binding of ligands (agonists) specific
to each receptor. In the special case of rhodopsin, light induces
isomerization of a covalently attached chromophore ligand, 11-
cis-retinal (a vitamin A derivative), to all-trans-retinal. This
isomerization activates the receptor by causing movements of
the TM helices, which, in turn, induce conformational changes in
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structures of rhodopsin in the different 140
conformational states, and 2)the dynamic
properties of these conformational states.
The three-dimensional atomic model of dark-
state rhodopsin has been elucidated by X-ray
crystallography® and its relation to inferenc-
es about structure based on previous
biochemical and biophysical studies of
rhodopsin and of other GPCRs has been
discussed in recent reviews.*-*! Although the
crystal structure corresponds to the dark-
state rhodopsin, when this structure was
taken together with the conclusions from
other studies® '3 about the conformational
changes that accompany light-induced acti-
vation, a low-resolution picture of such activation emerged. The
perturbation of the seven-helical TM bundle by light-induced
retinal isomerization results in an opening of the helical bundle
towards the CP ends of the helices involving predominantly
helices Ill, VI, and VII. This is consistent with the experimentally
observed increases in the distances between the CP loops that
connect the helices upon light-induced activation, most notably
between CL1 and CL4,"* ™ and CL2 and CL3,®. The resulting
cleft in the center of the helical bundle is believed to provide
space for the interaction with transducin. Previous recent
reviews of the mechanism of rhodopsin activation have focused
on the structure of rhodopsin in the dark and the structural
changes that accompany light-induced activation.B-! The pres-
ent review aims to summarize current insight into the dynamic
properties of the dark-state structure of rhodopsin in solution
since these properties are important for understanding the
transition between the dark-state and light-activated conforma-
tions.

B factor ——»

2. Dynamic Properties of the Rhodopsin Dark-
State Crystals

The crystal structure of rhodopsin is a static “snapshot” of the
dark-adapted conformation of rhodopsin. However, crystals do
contain some dynamic information in the form of temperature or
B factors that report on temporal and spatial displacements in
the positions of the atoms. The B factors of
the atoms in the rhodopsin crystal dimer are

shown in Figure 2. There is large variation in CHiRlssac
B factors at the different positions along the

sequence, with greatly increased disorder in

loop regions. This effect is also observed for CcL1
other membrane proteins for which crystal K KL

structures have been determined, which — NG
include the other 7-helical TM proteins

bacteriorhodopsin!'® ' and sensory rhodop- I
sin.'"® However, the Bfactors along the
rhodopsin sequence are different from those
along the bacteriorhodopsin and sensory
rhodopsin sequences in that the disorder in
rhodopsin is disproportionately large for CP
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Figure 2. B factors along the rhodopsin sequences for both dimers reported in ref. [2]. The positions of the
TM helices (shading) and CP loops (see Figure 1) are indicated. < = crystal 1, @ = crystal 2.

extramembrane regions as compared to EC extramembrane
regions. Thus, the CP loops CL2, CL3, and CL4 (which includes
the C-terminal end), and to a lesser extent CL1, as well as the
adjacent CP ends of the helices, are very disordered as compared
to the rest of the molecule in the static crystal structure
(Figure 2). This observation suggests the presence of a gradient
in mobility along the TM domain from the EC ends of the helices
towards the CP ends, with maximum mobility in the CP loops
that connect the helices.

3. Qualitative Reporters of Side-Chain Mobility
and Structure of the Cytoplasmic Loop
Regions in Solution

The structure and dynamics of the CP loop regions and CP ends
of the helices of rhodopsin in solution have been investigated in
a large number of studies by using a combination of cysteine
mutagenesis followed by biochemical and biophysical studies of
the cysteine mutants. Figure 3 shows the residues on the CP side
of the molecule that were replaced, one at a time, by cysteine.
The unique chemistry of the cysteine sulfhydryl group allows
specific derivatization of reactive and accessible cysteine
residues with biophysical probes. Dark-state, wild-type rhodop-
sin contains two reactive cysteine residues, Cys140 and Cys316.
These cysteine residues were replaced by serine residues in the
cysteine mutants to avoid ambiguity. The other cysteine residues
in rhodopsin (palmitoylation sites, TM and EC cysteine residues;
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Figure 3. Secondary structure model of the CP ends of helices and the interconnecting sequences
CL1-CL4, as in Figure 1. The residues located in the membrane and in the EC domain that were not
studied by cysteine mutagenesis are omitted in this figure.
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see Figure 1) are not reactive in the dark, and were therefore not
replaced. Figure 4 lists some of the biophysical probes that have
been used in the study of structure and dynamics in rhodopsin.
Rhodopsin carrying a free sulfhydryl group reacts with 4,4-
dithiodipyridine to form the dipyridinyl derivative 1 shown in
Figure 4. The rate of this reaction is very sensitive to the
accessibility of the cysteine; cysteine residues buried in the
micelle or protein interior are entirely unreactive and cysteine
residues exposed in the fully accessible aqueous portion of the
CP domain react instantly. The positions of these exposed
cysteine residues correspond well with those identified by
collision of paramagnetic agents with spin-labeled derivative
3.20 The thiopyridinyl derivative of rhodopsin, 1, is reactive
towards free sulfhydryl reagents by way of disulfide exchange.
The rate of this exchange is an extremely sensitive probe for
tertiary structure and has been used to prove the presence of
light-induced conformational motions that result in distinct
tertiary structure changes,”” even where traditional methods
suggest the magnitude of conformational change to be small.?!
The disulfide exchange reaction of thiopyridinyl rhodopsin (1)
with sulfhydryl reagents has practical value in that the nature of
the sulfhydryl reagent can be chosen relatively freely and the
reaction thereby presents a general scheme for derivatization
with reporter probes of cysteine groups on proteins for which no
reactive derivatives exist. For example, it was possible to
derivatize rhodopsin with the trifluoroethylthiol group to give
molecular entity 2 (Figure 4), which enabled "F NMR spectros-
copy applications.?! The position and width of 'FNMR
spectroscopy signals are indicators of chemical environment
and mobility?? and are therefore sensitive to light-induced
conformational changes in rhodopsin.??"

The most direct indicators of the mobility of cysteine-
derivatized rhodopsin are provided by EPR spin labels, as in 3
and 4 (Figure 4). The EPR spectrum of cysteine derivative 3
represents a mixture of side-chain and backbone motion, while
that of 4 is dominated by motion of the side chain alone.”*
Figure 5 shows a summary of the results obtained from EPR
spectroscopy of rhodopsin derivative 3.1 7 2% 24 Residues at the
CP ends of helices are placed on helical wheels. As one can see in

Figure 5. Summary of the results of EPR spectroscopy studies on the mobility of
residues at the CP ends of the TM helices.> 7 2% 2l The figure is a modified version
of Figure 5 in ref. [20] but includes the results from all the single-cysteine EPR
studies with rhodopsin.[> 7 2 24 Residue positions in the helical segments are
mapped onto electron density contour sections taken at 13, 15, and 17 A from the
center of the membrane.”2 The map had an effective resolution of 7.5 A in the
membrane plane and 16.5 A normal to the plane. The circles mark the locations
of the a carbon atoms of the residues and are coded on a red to yellow scale
according to mobility and accessibility, with red the most immobilized and
inaccessible and yellow the most mobile.?%

Figure 5, there is a clear pattern in mobility at each helical wheel
of the seven TM helices in rhodopsin. Mobile residues are
arranged on one side of the wheel, while immobile residues are
arranged on the opposite
side.l 7 20. 24 Thijs pattern was
used to derive the orienta-

_aone
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. DUNC
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S—S \_/N Trifluoroethylthiol$ S—S*CH;CFS 2
1

tions of the helices based on
the hypothesis that immobile
residues would face the inside

SH (1-Oxy-2,2,5,5-tetramethylpyrrolin-3-methyl)-methanethiosulfonate

(1-Ox -2,
Y ,2,5,5,-tetramerhylpyrrol 3

Methyy),
i) methanethiosulfonate

Figure 4. Chemical structures of cysteine derivatives of rhodopsin. Reactions of rhodopsin with 4,4'-dithiodipyridine
are described in refs. [9, 40, 41]. The general strategy for disulfide exchange of thiopyridinyl cysteine derivatives of
rhodopsin such as 1 with sulfhydryl reagents is described in ref. [9]. The specific application of disulfide exchange with
trifluoroethyithiol to form "*F-labeled derivative 2 is shown in ref. [21]. Use of different thiosulfonate derivatives to form
paramagnetic rhodopsin derivatives is illustrated by structures 3 and 4. The difference between the two labels is described

in the text and in ref. [23]. Rho = rhodopsin.
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of the helical bundle, while
mobile residues face the out-
side of the helical bundle.?¥
This hypothesis has been veri-
fied through comparison of
these results with the crystal
structure.”? Changes in mobi-
lity upon light-induced activa-
tion have allowed the deriva-
tion of a model of rigid-body
motion of the helices in rho-
dopsin.’® 8
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4. Rates of Disulfide Bond Formation
Qualitatively Indicate Backbone Motion in
Dark-State Rhodopsin

Qualitative evidence for motion of dark-state rhodopsin in
solution was obtained by study of the rates of disulfide bond
formation between cysteine residues placed in the CP domain of
rhodopsin."> ™ Disulfide bond formation can be used to
establish proximity between amino acids in proteins, a method
developed by Falke and Koshland®! in studies of the aspartate
receptor.?® 271 The method is based on structural analysis of
disulfide groups in protein crystal structures that have shown
preferred conformations for their formation.”® The distance
between a carbon atoms across the disulfide bond ranges from
about 4 to 9A in crystal structures, with 95% of all refined
disulfide bridges in the range 44-6.8 A long. The average
distances across left-handed and right-handed disulfide bonds
are 5.884+049A and 5.07+0.73 A2 respectively. Thus, the
presence of a disulfide bond indicates that the a carbon atoms
of the participating cysteine residues are about 5-6 A apart.
However, the geometry derived from crystallography may not
hold in solution, especially for mobile regions at protein
surfaces.”’ The formation of a disulfide bond between two
cysteine residues does not imply a time-average proximity of the
two residues in the protein structure. Once the disulfide bond is
formed, the two cysteine residues are locked in a conformation
that may not necessarily be favored.

The rates of disulfide bond formation were determined for
sets of dicysteine mutants of rhodopsin in which the position of
a cysteine residue was kept constant at one site while that of a
second cysteine residue was varied within a proximal re-
gion.l"% " The rates of disulfide bond formation were measured
for different sets of dicysteine mutants (reviewed in ref.[30]).
These rates were compared to proximities between amino acids
deduced from the crystallographic model.! The reciprocal of the
distances obtained as a function of residue position and the
rates of disulfide bond formation are reproduced in Figure 6 for
disulfide bonds between Cys316 in helix VIl at CL4 and cysteine
residues at positions 55-75 in CL1.'% The comparison showed
excellent correlation between the rates of disulfide bond
formation and the interthiol distances derived from the cysteine
replacements in the crystal structure. The three positions that
most rapidly formed disulfide bonds with Cys316 (H65C, L68C,
and V61C) are 4-5 A distant from Cys316 and positioned facing
it. In order for a disulfide bond to form, however, 3-4-A
translational movements would be necessary. This requires that
there be sufficient flexibility of the amino acids in this region of
the rhodopsin CP face. The fact that only those cysteine residues
that faced Cys316 were able to bridge this small gap indicates
that there is no unfolding of the ends of the helices, but rather a
movement of intact helices to bring residues in CL1 close to
Cys316. These results presented the first direct evidence for
substantive backbone motion in the CP domain of rhodopsin in
solution. The conclusion is supported by the observation by EPR
spectroscopy of distributions of distances between spin labels in
rhodopsin derivatives.'* 31
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Figure 6. Comparison of rates of disulfide bond formation observed between
Cys316 and cysteine residues at positions 55-75 in CL1 (Figure 1) with S—S
distances in the rhodopsin crystal structure. (0) Plot of rates of disulfide bond
formation in double cysteine mutants Y60C-Y74C/Cys316. Disulfide bond
formation was measured at pH 7.7, 25°C. (e) Reciprocal of distances between Sy
atoms of the two cysteine residues. Distances between sulfur atoms were
determined as described in ref. [10].

5. Microsecond to Millisecond Timescale
Conformational Fluctuations in the Dark-
State Rhodopsin Backbone Revealed by NMR
Spectroscopy

Quantitative evidence for conformational fluctuations in rho-
dopsin came from a solution NMR spectroscopy study of
rhodopsin labeled with [a-"*N]lysine.? Despite the presence of
11 lysine residues in rhodopsin, a single sharp signal (signal 1,
Figure 7) was obtained in 'H,"”>N HSQC spectra of [a-">N]lysine
rhodopsin under a variety of conditions. Signal 1 was unequiv-
ocally assigned to Lys339 in the C-terminal rhodopsin sequence.
The signal showed an unusually sharp line-width and a 'H
chemical shift of approximately 8.5 ppm. This observation
demonstrated great mobility of the C-terminal peptide sequence

110.0

114.0

>
118.0
5N § / ppm —>

122.0

Signal 1

£
cr .-
126.0

8.8 8.4 8.0 7.6 7.2
'H &/ ppm —

Figure 7. Two-dimensional HSQC spectrum of [a-"*N]lysine rhodopsin.?? The
spectrum was recorded at 750 MHz at 37°C. Signal 1 (see text for comments) is
indicated by an arrow.
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of rhodopsin, a result in agreement with previous evidence; spin
labels attached to engineered cysteine residues in the C-terminal
sequence exhibit EPR spectra with mobility similar to that of free
spin labels in solution.?¥ Further, the amino acids in the
Cterminus of rhodopsin are hardly visible in the available
X-ray diffraction data and have very high B factors®? (Figure 2). In
addition to the predominant signal 1, a number of further
resonances were observed at temperatures above 20°C that
showed a marked variation in intensity (Figure 7) caused by
exchange broadening of signals. The heterogeneity in the signal
intensity of [a-'*N]lysine resonances is also observed for back-
bone [a-""N]tryptophan resonances, but not for side-chain
[a-*Nltryptophan resonances.? These results demonstrate the
presence of conformational fluctuations in the backbone of
rhodopsin on a microsecond to millisecond timescale while side-
chains, in contrast, appear to be more restricted in their
conformational dynamics.

6. A Model for the Role of Dark-State Motion in
Light-Induced Activation

The conformational fluctuations observed in dark-adapted
rhodopsin most likely have functional significance and probably
allow light-induced conformational changes that are part of the
signaling process to occur. Conformational exchange has also
been observed in NMR spectroscopy studies of bacteriorhodop-
sin, a 7-helical TM protein that undergoes similar light-induced
conformational changes to those that occur in rhodopsin.3* 3¢
These results suggest that this behavior may be common for TM
helical bundle proteins that undergo functional conformational
changes. Fewer fluctuations appear to occur in the side chains of
rhodopsin than in the backbone, which suggests that specific
side-chain contacts may restrict the rhodopsin dark-state con-
formation to a “locked” state, without fully restricting motional
fluctuations in the helical bundle itself. Thus, it would not be
necessary to break and form many specific contacts after retinal
isomerization. Rather, a few specific side-chain contacts that
restrict the dark state need to be disrupted, while the rest of the
backbone of the bundle would easily follow as a result of its high
flexibility. This model for a role of specific contacts fits well with
previous studies. For example, Trp265 forms a crosslink with
retinal in the dark, while no crosslinking occurs in the
light.'2 13 371 This observation suggests that there is a side-chain
contact between Trp265 and the ionone ring of the retinal. This
specific contact is disrupted as a result of light-induced
activation. The ionone ring appears to form a new specific
side-chain contact after light-induced activation, namely to
Ala169.1'% This conclusion was deduced from the observation
that the ionone ring of the retinal crosslinks to Ala169, a residue
located more than 10 A away from the ionone ring in the dark-
state crystal structure. Furthermore, Trp161, which is highly
conserved and located two helical turns below Ala169, also
appears to play a critical role in the light activation process.'> 38
The close proximity and similar spatial orientation of Ala169 and
Trp161 might indicate that the chromophore forms contacts in
order to force protein conformational changes that activate
transducin.

ChemBioChem 2002, 3, 981 -986

The general hypothesis of a conservation of the functional
mechanism of signal transduction used by rhodopsin across the
entire family of GPCR predicts that any functional role of
conformational fluctuations in the resting state of the receptor
rhodopsin should be universal for this family of proteins. Indeed,
conformational heterogeneity has been observed by single-
molecule spectroscopy of the 3, adrenergic receptor.? At least
two distinct substates for the native adrenergic receptor were
found. The binding of ligands to the receptor changed the shape
of the entire distribution and the populations of the conforma-
tional substates. It is an important goal for future GPCR research
to quantify the molecular details of the dynamics in different
functional states of this class of receptors.
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G-Protein-Coupled Receptor Microarrays
Ye Fang, Anthony G. Frutos, and Joydeep Lahiri*

Membrane-bound proteins represent the single most important
class of drug targets. Arraying these proteins is difficult because
they typically need to be embedded in membranes to maintain
their correctly folded conformations. We describe here the
fabrication of microarrays consisting of G-protein-coupled recep-
tors (GPCRs)—the single largest family of membrane-bound

1. Introduction

Microarray technology enables probing of the genome or
proteome in a way that is naturally both systematic and
comprehensive. The power and versatility of DNA microarrays
is currently being realized;!" protein arrays'> 3 have, however,
lagged behind in development because of issues associated with
maintaining the correctly folded conformations of proteins on
solid substrates. The fabrication of arrays of membrane proteins
is particularly challenging because these proteins typically need
to be embedded in a membrane environment in order to
maintain their native conformations. Assays for screening of
ligands against G-protein-coupled receptors (GPCRs), the single
largest family of membrane proteins, can be classified into two
major categories—whole-cell assays and homogenous assays
with membrane preparations containing the receptors.” Neither
of these formats is well suited for simultaneously analyzing the
binding of compounds to multiple receptors. There are ~ 190
GPCRs with known natural ligands and several hundred other
GPCRs for which cognate ligands remain unidentified (“orphan
GPCRs").! Given the large number of GPCR drug targets, many
of which bind identical or analogous ligands and yet carry out
distinct tissue-specific functions, the implementation of micro-
array methods is particularly relevant for the development of
high-specificity ligands during the process of drug discovery.

2. Membrane Microarrays: General
Considerations

Membrane-protein microarrays are unique in that, unlike con-
ventional microarrays consisting of DNA or protein targets, they
require immobilization of both the targets of interest and the
associated lipid molecules. Confining membranes or membrane-
bound proteins to microspots may be achieved in two
fundamentally different ways (see Figure 1).®! The first method
involves incubating micropatterned substrates consisting of
membrane-binding and -nonbinding regions in solutions con-
taining membranes or membrane proteins. This approach,
pioneered by Groves and Boxer,” is not well suited for micro-
array applications that require the printing of different mem-

ChemBioChem 2002, 3, 987 - 991

proteins—by robotic pin-printing on slides, and demonstrate
assays for screening of ligands on these arrays.

KEYWORDS:

drug research - G-protein-coupled receptors -
put screening - membrane proteins « protein microarrays
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Figure 1. Schematic representation showing printing of membranes on:

A) patterned substrates containing lipid binding and nonbinding regions and
B) unpatterned substrates that are entirely lipid binding. Typical microarrays
consist of spots that are 50-250 um in diameter separated by 100-500 um. The
insets show the effects of a small mismatch in the registration (Ax ~ 250 um)
between the pin and the substrates. For patterned substrates, this small mismatch
can result in deposition of the membrane onto a nonbinding area resulting in
nonfabrication of the array. If the substrate is entirely membrane binding,
registration is not an issue but chemistries to confine the membrane to the
printed area are required.

brane compositions because it requires alignment between the
printer and the lipid-binding regions. The second method is
printing solutions of membranes or membrane proteins onto
unpatterned membrane-binding surfaces. This approach re-
quires that the printed lipid molecules and the embedded
proteins stay confined to the printed regions. This spatial
confinement may be achieved through two distinct approaches:
(1) covalent® or affinity-directed (for example, streptavidin-
biotin, Ni- histidine”) immobilization, and (2) noncovalent im-
mobilization. Since lateral diffusion of molecules within a cell
membrane is a fundamental property of real biological mem-
branes, covalent immobilization of the entire membrane is not

[a] Dr. J. Lahiri, Dr. Y. Fang, Dr. A. G. Frutos
Biochemical Technologies
Science and Technology Division
Corning Incorporated
Corning, NY 14831 (USA)
Fax: (+1)607-974-5957
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desirable for the fabrication of biomimetic supported mem-
branes. Fortuitously, strong intermolecular interactions between
lipid molecules lead to a self-limiting expansion and enable
confinement of the printed membrane to the printed area. Hovis
and Boxer have shown that microspots of egg phosphatidylcho-
line expand to only = 106 % of the original printed area on bare-
glass substrates.'” Although the desired lateral diffusion of lipid
molecules is enabled by using this approach, a disadvantage of
noncovalent immobilization (lateral spatial confinement is a
more appropriate descriptor) is the poor mechanical stability of
the membrane microspot. Lipids supported on solid substrates
are especially susceptible to desorption when withdrawn
through air - water interfaces. For example, lipids supported on
bare glass spontaneously desorb when withdrawn through air-
water interfaces."" Typically, assays using microarrays involve
incubations with different solutions and washes with different
buffers; these multiple steps lead to the multiple exposures of
the microarray to air. Therefore, it is important to choose surfaces
such that the printed lipid microspots are mechanically stable
and resist physical removal upon exposure to air.

3. Surfaces for Membrane Microarrays

The interaction of membranes with surfaces is poorly under-
stood and involves a combination of hydrophobic, electrostatic,
and surface hydration forces, the balance of which is dependent
on both the surface and the composition of the membrane.l'?
Conversely, the structure of the supported membrane is strongly
influenced by the nature of the surface. Surfaces that bind lipids
can be broadly classified into four categories:(1) highly hydro-
phobic surfaces (for example, self-assembled monolayers (SAMs)
of hexadecanethiolate on gold) that lead to the formation of a
single lipid monolayer, (2) hydrophilic surfaces (such as bare
glass) that support the adsorption of a single lipid bilayer,
(3) hybrid surfaces presenting amphiphilic anchor molecules!*!
that bind a lipid bilayer offset from the surface at a distance
determined by the length of the hydrophilic moiety (of the
anchor molecules), and (4) surfaces presenting “polymer cush-
ions” that create a supported lipid bilayer offset from the hard
substrate by a polymeric matrix. Idealized representations of
supported lipids on these types of surfaces are shown in
Figure 2. The primary practical consideration, beyond lateral
fluidity and mechanical stability, is the ability of the printed
membranes to incorporate integral membrane proteins in their
correctly folded conformations. Supported monolayers are of
limited utility because they cannot incorporate membrane-
spanning proteins. Membranes formed on hydrophilic surfaces
(for example, bare glass) can incorporate only those proteins
with extramembrane domains less thick than the layer of
adsorbed water (=10 A). Surfaces that are mobile and pene-
trable, that is, surfaces that can be deformed such as those
presenting flexible amphiphilic tethers or polymer cushions can
potentially be used for immobilization of a broad range of
membrane proteins.l'?

Our choice of surfaces for membrane-protein microarrays was
based on an initial investigation of properties of model
membranes on surfaces. We were interested in surfaces on
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Figure 2. Idealized representations of supported membranes on different types
of surfaces. The figures show: A) highly hydrophobic surfaces consisting of close-
packed hydrocarbon tails that result in lipid monolayers, B) hydrophilic surfaces,
such as bare glass, that result in lipid bilayers offset by ~10 A due to adsorbed
water, C) surfaces presenting amphiphilic tethers that result in lipid bilayers offset
by the hydrophilic moieties of the tether molecules, and D) surfaces presenting a
polymer cushion that result in a lipid bilayer adsorbed on a spongy matrix.

which the model membranes exhibited lateral fluidity and high
mechanical stability. Among those tested, surfaces modified with
y-aminopropylsilane (GAPS) provided the desired combination
of properties of the supported lipids.'"¥ Experiments based on
fluorescence recovery after photobleaching revealed significant
lateral fluidity (with a mobile fraction of ~50%), and experi-
ments in which the printed membrane arrays were withdrawn
multiple times through air— water interfaces without desorption
demonstrated high mechanical stability. Significantly, this high
stability was observed for both gel- and fluid-phase lipids. It
should be noted that the nature of the GAPS surface and
methods of derivatization are important in determining the
properties of the model membranes and the bioassays described
below. The methods we used for modifying surfaces with GAPS
are proprietary to Corning and cannot be currently disclosed.

4. GPCR Microarrays: Fabrication and Assays
4.1. Array fabrication

Due to their pharmacological relevance, diversity, and complex-
ity, the fabrication of GPCR microarrays represents a significant
feasibility test for membrane-protein microarrays. We obtained
GPCRs as membrane-associated suspensions in buffer from
commercial vendors (Biosignal Packard or Perkin Elmer Life
Sciences). The cell line used for overexpression of the receptor,
the concentration of the active receptor (B..,), and the total
concentration of the protein in the preparation were provided
by the vendor. Multiple arrays of GPCRs were printed on coated
slides by using a quill-pin printer. After printing, the arrays were
incubated in a humid chamber at room temperature for one
hour, and subsequently used for ligand-binding experiments.
Typically, each array was incubated for one hour with 10 pL of a
buffered solution containing fluorescently labeled ligands or
mixtures of fluorescently labeled ligands and unlabeled inhib-
itors for competitive binding assays. After incubation, the
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solutions were carefully removed with a pipette tip attached to a
vacuum pump. The slides were rinsed briefly with water, dried
under a stream of nitrogen, and imaged in a fluorescence
scanner.

4.2. Dose dependency and relative potency

Figure 3 shows data from the binding of bodipy tetramethyl-
rhodamine labeled neurotensin (BT-NT) to microarrays of the
human neurotensin receptor, subtype 1. The amount of binding
is dependent on the concentration of the ligand used. In order to
estimate the binding constant for BT-NT, we determined the
amount of specific binding by subtracting the fluorescence
signals from a second set of arrays incubated with BT-NT at the
same concentrations in the presence of excess unlabeled
neurotensin. From a Scatchard analysis of the subtracted data,
we estimate the dissociation constant K, to be ~ 1.3 nm, which is
a similar value to that obtained by using other techniques such
as fluorescence polarization.
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BT-NT e 9

BT-NT
+ 2 pm NT
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Figure 4 shows the inhibition of binding of BT-NT by neuro-
tensin and neuromedin N; from the data, we estimate that the
IC5, values are 2.5 nm and 25 nwm for neurotensin and neuro-
medin N, respectively, consistent with the literature.!'
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Figure 4. Graph showing the concentration-dependent inhibition of binding of
BT-NT by neurotensin and neuromedin N to microarrays of the neurotensin
receptor (NTR1). The relative differences in affinity are consistent with the known
relative potencies of these inhibitors.

The ability to obtain binding
constants consistent with previous
reports is significant for several
reasons. First, there are few reports
describing the use of microarrays
for obtaining binding constants for
any protein array; although the
universality of obtaining binding
constants for compounds by using
GPCR microarrays needs to be
determined, our data certainly
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demonstrate the feasibility of ob-
taining semiquantitative informa-
tion about ligand binding. Second,
the affinity of a ligand for a GPCR
depends on whether the receptor
is complexed to G proteins;* '
therefore, the agreement between
the binding constants obtained
with GPCR microarrays and homo-
geneous assays suggests that the
* fraction of free and complexed
GPCRs remain essentially un-
changed upon printing.
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RFU (specific) 4.3. Receptor selectivity
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Figure 3. Saturation profile for the binding of fluorescently labeled neurotensin (bodipy tetramethylrhodamine

neurotensin, BT-NT) to arrays of the neurotensin receptor (human subtype |, NTR1). A) Fluorescence images of 14 arrays
consisting of NTR1 microspots printed in triplicate on a single GAPS-coated slide after incubation with solutions
containing BT-NT at different concentrations in the absence (left panel) and presence (right panel) of unlabeled
neurotensin (2 um NT). B) Plot of the fluorescence intensity of NTR1 arrays as a function of the concentration of BT-NT in

Protein microarrays naturally offer
the simultaneous detection of
binding to multiple proteins and
are therefore well suited for deter-

the absence (equal to the total signal) and presence (representing the nonspecific signal) of excess unlabeled NT. C) Plot

of the fluorescence intensity of the NTR1 arrays due to the specific binding as a function of BT-NT. D) Scatchard plot for

estimation of the binding constant for BT-NT.
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Figure 5. Demonstration of the use of GPCR microarrays for determining the selectivity of compounds among the different subtypes of a receptor. Each microarray
consists of three columns; each column contains, from left to right, five replicate microspots of the 31, 2, and a2A adrenergic receptors, respectively. A) Fluorescence
false-color images (from left to right) of the array incubated with solutions containing BT-CGP (5 nm) and mixtures of BT-CGP (5nM) with CGP 12177 (50 nm), ICI 118551
(10 nm), and xamoterol (200 nw) to the array. B) Histogram analysis of the images in (A) showing the relative fluorescence intensities (RFU) of the arrays incubated with
BT-CGP or mixtures of BT-CGP and inhibitors. C) Table showing the amounts of inhibition and the K; values for the inhibitors used in the experiment.

types of a receptor family. Figure5 shows the binding of
different ligands to arrays of the adrenergic receptor—from left
to right within an array, each column of microspots corresponds
to the B1, B2, and a2A subtypes, respectively. When the array
was incubated with a solution of bodipy tetramethylrhodamine
labeled CGP 12177 (BT-CGP), a known f-selective antagonist,!'”
only spots corresponding to the [} subtypes exhibited fluores-
cence, as seen in Figure 5A (i). Figures 5 A (ii —iv) show images of
arrays treated with solutions containing BT-CGP (5 nm) and either
CGP 12177 (50 nm), 1C1118551 (10 nm), or xamoterol (200 nm),
respectively. The affinities of these compounds for the adrener-
gic receptor have been reported previously and are tabulated in
Figure 5C. Although a typical screening assay comparing differ-
ent compounds would be conducted at the same concentration,
we chose to work with concentrations of these compounds that
demonstrate their known differential selectivities for the differ-
ent receptors. Since CGP 12177 is a nonselective (-antagonist
(inhibition constant K; ~0.6 nm), we estimate that the amount of
inhibition at 50 nm CGP 12177 represents the fraction of “active”
receptors that are capable of ligand binding. The higher affinity
of IC1118551 for the 32 receptor (K, ~ 1.2 nm)!'® relative to the 31
receptor (K;~ 120 nm) is clearly demonstrated upon comparing
the inhibition data to that obtained for CGP 12177. The inhibition
of binding by xamoterol is also consistent with its affinities for
the 31 and 32 receptors. Taken together, these data demonstrate
the feasibility of using GPCR microarrays for determining the
specificities of compounds within the subtypes of a given
receptor.
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5. Conclusion

The greatly increased pace of target identification and the
demand for high-specificity drugs will necessitate the develop-
ment of upstream selectivity studies with protein arrays. For
GPCRs, the paradigm of “classical pharmacology” is relevant only
for already classified receptors; for orphan receptors, a strategy
based on “reverse pharmacology” may be more relevant or
powerful.®! GPCR microarray assays, which offer the possibility of
multiplexing of both receptors and compounds, may be used to
combine aspects of both strategies. The use of GPCR microarrays
containing orphan and already classified receptors against
multiple compounds may greatly streamline the process of
classifying both receptors and compounds. We have demon-
strated the use of GPCR microarrays for compound binding; a
current limitation of this technology is the inability to classify the
activities of compounds as agonists or antagonists. Nevertheless,
the inference that the printed GPCRs remain complexed with
their G proteins™ suggests an exciting possibility—the use of
GPCR microarrays for studying not just binding but also
biological function.
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Functional Immobilization of a Ligand-Activated
G-Protein-Coupled Receptor

Lars Neumann, @ Thorsten Wohland, ™ Rebecca J. Whelan,® Richard N. Zare,*®!

and Brian K. Kobilka*!

G-protein-coupled receptors (GPCRs) mediate the majority of
cellular responses to hormones and neurotransmitters. They are
the largest family of receptors in the human genome and constitute
the largest class of targets for drug discovery. To facilitate studies of
GPCR activation and interactions with other proteins, we devel-
oped a simple method to immobilize a functional, detergent-
solubilized GPCR on gold and glass surfaces. The [3, adrenergic
receptor (f3,AR), a prototypical GPCR, was purified and labeled with
a reporter fluorophore at a conformationally sensitive site. The
detergent-soluble fluorescent $,AR was immobilized through its

Introduction

There is growing interest in chip-based, high-throughput
screening strategies for characterization of the function and
interactions of proteins encoded by the human genome. Protein
immobilization in combination with sensitive optical detection
facilitates investigations of protein- protein interactions and
protein activation mechanisms.! These are powerful tools for
pharmaceutical sciences? and basic biological research,® which
includes studies at single-molecule resolution.*¢ However,
immobilized proteins may not retain their function because of
nonspecific interactions between the protein and the surface.
This is particularly true for integral membrane proteins such as
G-protein-coupled receptors (GPCRs). GPCRs are the largest
family of receptors in the human genome and constitute the
largest class of targets for drug discovery. Over 50 % of drugs on
the market or in development are targeted at GPCRs.”? There-
fore, there is considerable commercial interest in the develop-
ment of chip-based approaches for both basic biological
research and commercial high-throughput screening of GPCRs.

The B, adrenergic receptor (8,AR) is a prototypical ligand-
activated GPCR. This transmembrane protein mediates the
effects of catecholamines released by the sympathetic nervous
system and is one of the most extensively characterized
members of the GPCR family. It was recently shown that
agonist-induced conformational changes can be monitored
directly by using conventional fluorescence spectroscopy on
[,AR labeled with fluorescein at Cys265.% Cys265 is adjacent to a
critical G-protein-coupling site at the cytoplasmic end of trans-
membrane peptide 6. Fluorophores bound to Cys265 sense
agonist-induced conformational changes that lead to G protein
activation.” "% Here we report the use of this fluorescence-based

ChemBioChem 2002, 3, 993-998 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

amino-terminal FLAG epitope on a surface layered with biotiny-
lated bovine serum albumin, avidin, and biotinylated M1 antibody.
Agonist activation of the [5,AR was monitored in real time by
fluorescence microscopy. This approach will make it possible to
study conformational dynamics of single immobilized receptors
and to generate arrays of functional GPCRs for novel high-
throughput screening strategies.

KEYWORDS:

fluorescence spectroscopy - G-protein-coupled receptors -
immobilization - protein chip - receptors

detection approach to monitor agonist-induced conformational
changes in $,AR immobilized on a glass surface.

Results
Strategy for detection of ,AR activation

Agonist-induced conformational changes in [(,AR can be
monitored directly in purified, detergent-solubilized receptors
labeled at Cys265 with fluorescein-5-maleimide (FMf3,AR). In the
presence of the full agonist (—)-isoproterenol (ISO), the fluo-
rescence intensity of FMP,AR decreases by 15% and this
decrease can be reversed by displacment of ISO with the
antagonist alprenolol (ALP).®! These experiments were per-
formed in a standard fluorometer with relatively low light
intensities. Fluorescence-based detection of conformational
changes in surface-immobilized (3,AR requires a fluorescence
microscope and laser excitation of the sample. Therefore, we
screened for dyes that are more photostable than fluorescein yet
are able to detect agonist-induced conformational changes.
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amount of fluorescence change after EPI or SAL
exposure is consistent with their lower efficien-
T cies at triggering coupling between (3,AR and
: the G protein.® These agonist-induced increases
fizAR . .
in fluorescence are reversed by displacment of
ISO with the high-affinity antagonist ALP (Fig-
ure 2), and are significantly reduced when the
receptor is pre-incubated with ALP before the
addition of I1SO (Figure 2). The opposing fluo-
rescence response (fluorescence decrease/in-
crease) of FM-B,AR and TMR-5-f3,AR upon ISO
exposure can be explained by differences in the
photophysics of these dyes. This behavior does
not imply that the fluorescence change of TMR-
5-B,AR is based on a different mechanism from

o _ that of FM-B,AR. In fact, the comparable activa-
N .i...... : tion kinetics and the identical efficacies of
0 o, different agonists for
90000 0e NSl bY Q
265 () = FM-B,AR® and TMR-5-B,AR (Figure 2) argue that
: : ) TMR senses the same conformational transition
Intracellular o . as fluorescein
Coo0000000000c > :
()

378

Nele ol (G0 GG Sesesse co0000088088

406

Figure 1. Model of 3,AR. The receptor was equipped with an amino-terminal FLAG tag and a
carboxy-terminal His, tag (shown in boxes) to allow efficient purification. Cysteine residues at
positions 106, 184, 190, and 191 are involved in intramolecular disulfide bridges. During purification
Cys378 and Cys406 form an additional disulfide bridge. Cys341 is palmitylated. With the exception of
Cys265, all remaining natural cysteine residues are buried within the membrane or micelle. Thus, only

Immobilization of §,AR

The first step of the immobilization procedure is
the deposition of bovine serum albumin (BSA) -
biotin, which adsorbs spontaneously onto glass
and gold surfaces, blocks nonspecific binding,
and creates a layer of biotin residues. The
adsorbed BSA -biotin is resistant to both high
and low salt washes, and to washes with N-
dodecyl-5-p-maltoside (DDM), the detergent

Cys265 is labeled by hydrophilic flurophores. To introduce a specific extracellular labeling site, we

generated f3,AR(S8C), which has an additional extracellular cysteine residue at position 8 and lacks o5
the glycosylation consensus sequence NXS at positions 6, 7, and 8 (indicated by arrows).

Purified 3,AR was labeled at Cys265 (see Figure 1) with a variety
of cysteine-reactive fluorophores, which included versions of
BODIPY fluorophores, Alexa dyes, CyDyes, 1-(3-(succinimidyloxy-
carbonyl) benzyl)-4-(5-(4-methoxyphenyl) oxazol-2-yl)pyridinium
bromide (PyMPO), and tetramethylrhodamine-maleimide (TMR).
These labeled receptors were then tested for changes in
fluorescence after 1SO exposure (data not shown). Only (,AR
labeled with tetramethylrhodamine-5-maleimide (TMR-5-§,AR)
was found to combine sufficient photostability with a clearly
detectable and specific change of fluorescence intensity upon
agonist binding. As shown in Figure 2, the fluorescence of
solubilized and purified TMR-5-3,AR measured in a standard
fluorometer increases by 23% following the addition of a
saturating concentration of the full agonist ISO. Approximation
of fluorescence traces with an exponential fit yielded an t,,, of
164+ 13 s, which is in agreement with values found for FM-
B,AR.BI The mechanistic implications of the slow kinetics of the
agonist-induced conformational changes have been discussed
previously.® Additionally, the agonist epinephrine (EPI) and the
partial agonist salbutamol (SAL) cause the fluorescence to
increase by 19 and 8%, respectively (Figure 2). The smaller
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Figure 2. Activation of TMR-5-f3,AR (35 nm) monitored in a standard fluorometer.
1) Fluorescence emission was recorded over time after addition of ISO, EPI, or SAL
(100 um; time =0 sec). Typical fluorescence traces are shown after exposure with
ISO (1), EPI (2), and SAL (3). The fluorescence intensity increased by 23, 19, and 8 %,
with t,,, values of 177 £ 1, 167 + 1, and 144 + 2 s, respectively, for each particular
experiment. After equilibrium was reached, ALP (10 um) was added, which
induced the reversal of the fluorescence increase. 4) Pre-incubation of TMR-5-f3,AR
with ALP (10 um) significantly reduces the fluorescence increase induced by I1SO
(100 um). Excitation and emission wavelengths were 551 and 569 nm, respectively.
Data were acquired every 3 s with an integration time of 3 s (coloured lines).
Monoexponential functions (black lines) were fitted to the data.
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Figure 3. Immobilization of the 5,AR on gold or glass surfaces. The surfaces were coated
sequentially with BSA - biotin and avidin (or streptavidin). Two approaches were used to
immobilize the receptor on avidin. A) A biotinylated monoclonal antibody (M1) against the
amino-terminal FLAG tag was bound to the avidin layer. The solubilized TMR-5-3,AR was then
immobilized through its amino-terminal FLAG epitope. B) The TMR-5-[3,AR(S8C) mutant was
biotinylated at the cysteine residue at position 8 and then bound directly to the avidin layer.

GPCR Functional Immobilization on a Solid Surface

used to solubilize the 3,AR. We then added excess avidin (or
streptavidin) to build a layer of unsaturated avidin that can be
used for the immobilization of other biotinylated proteins. Two
different approaches were used to immobilize the TMR-f3,AR. In
Approach 1 (Figure 3A), the monoclonal antibody M1 against
the amino-terminal FLAG tag is biotinylated (M1 - biotin) and
bound to the avidin layer. The receptor is then immobilized
through its FLAG tag. In Approach 2 (Figure 3B), we use a
modified receptor, 3,AR(S8C), which can be directly biotinylated
and thereby allows immobilization without antibody. 3,AR(S8C)
has an additional cysteine residue on the extracellular side of the
,AR at position 8 (see Figure 1). Incubation of intact cells that
express $,AR(S8C) with biotin — maleimide allows specific label-
ing of the cysteine residue at position 8 without modification of
Cys265. After purification and fluorescence labeling of Cys265,
the TMR-5-3,AR(S8C) is directly bound to the avidin layer. As a
result of the S8C mutation the glycosylation consensus sequence
NXS at positions 6—8 was removed, which avoided potential
steric hindrance between sugar residues and avidin. Nonspecific
binding does not exceed 20 % for either approach. The order and
specificity of protein layer formation was confirmed by surface
plasmon resonance (SPR, Figure 4)

Detection of [3,AR activation by fluorescence microscopy

Fluorescence from TMR-5-3,AR or TMR-5-3,AR(S8C) immobilized
on a glass coverslip was recorded by using an intensified-charge-
coupled device (ICCD) camera. Homogenous parts of the surface
were chosen for evaluation of fluorescence intensities over time
(Figure 5). After the addition of a saturating concentration of the
agonist 1SO, the intensity of TMR-5-,AR immobilized using
Approach 1 (Figure 3A) increased by up to 30%, depending on
the quality of the receptor preparation (Figure 5B). The fluo-
rescence increase of immobilized receptor derived from one
individual protein preparation varies by £38% around the
average value. This agonist-induced increase in fluorescence
could be reversed by displacement of I1SO with the high-affinity
antagonist ALP (Figure 5C). To further evaluate the functionality
of the immobilized ,AR, we measured the kinetics of the
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Figure 4. SPR sensorgrams showing refractive index changes: A) Sequential
binding of BSA - biotin, avidin, and M1 - biotin. At time 0's, phosphate-buffered
saline (PBS) was injected onto an unmodified gold sensing surface. At (1), BSA-
biotin (0.25 mgmL~") in PBS was injected and allowed to adsorb onto the surface
until (2), when PBS was reintroduced to remove any nonadhering BSA - biotin. At
(3), avidin (0.3 mgmL~") in HS buffer (defined in the Experimental Section) was
added and biotin/avidin binding was allowed to occur until a stable refractive
index signal indicated equilibrium had been reached. At (4), HS buffer was added.
At (5), M1 -biotin (2.1 mgmL~') was added and biotin/avidin binding was
allowed to occur until the refractive index stabilized. Unbound M1 - biotin was
rinsed away by the injection of HS buffer at (6). The refractive index response has
been corrected for the changes caused by the introduction of protein-free buffer
solutions, and one washing step has been removed for clarity. B) Binding of the
BAR through a specific interaction of its FLAG tag with immobilized M1 antibody.
Sensorgram 1 shows the binding of B,AR to biotinylated M1 that has been
immobilized through avidin/biotin linkages as shown in (A). Sensorgram 2 shows
the same f3,AR introduced to a sensor that was treated with nonbiotinylated M1.
C) Binding of biotinylated f3,AR(S8C). Sensorgram 1 shows the binding of
biotinylated 3,AR(S8C) to an immobilized layer of avidin. Sensorgram 2 shows a
nonbiotinylated 3,AR(S8C) introduced to a sensor prepared with avidin.

agonist-induced change in fluorescence (Figure 6 A).
ISO induced an increase in fluorescence with a t,,, of
202 +66 s for receptor immobilized by Approach 1
(Figure 3A). This value is in good agreement with
the kinetics measured for nonimmobilized f3,AR in
detergent solution at room temperature (Figure 2).
The I1SO-induced fluorescence increase was blocked
when the receptor was pre-incubated with ALP. The
time-dependent decrease in fluorescence of recep-
tor pre-incubated with ALP alone is caused by
photobleaching (Figure 6A). We observed signifi-
cantly smaller ISO-induced increases in fluorescence
for receptor immobilized by using Approach 2
(10.6 +7.8% (maximum 13 %), t,,,= 141+ 1315). As
additional evidence of the functional activity of the
immobilized 3,AR, we demonstrated that the ago-
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Figure 5. False-color CCD images of immobilized TMR-5-f3,AR showing intensity
changes upon agonist (ISO) and subsequent antagonist (ALP) addition. A) Freshly
prepared surface of TMR-5-f3,AR; B) same surface location, picture taken

12 minutes after ISO addition; C) same surface location, picture taken 6 minutes
after ALP addition. The pictures clearly show the fluorescence intensity increase
upon agonist addition and the subsequent reversal of this fluorescence increase
when a high-affinity antagonist displaces the agonist.
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Figure 6. Fluorescence intensity measurements of immobilized TMR-5-f3,AR as a
function of time after addition of the agonist ISO. A) TMR-5-f3,AR immobilized by
Approach 1 (Figure 3A). The fluorescence intensity rose 30 % after the addition of
100 um ISO. Filled circles represent intensity data, the dotted line is an exponential
fit with an t,,, of 122+ 9s. Pre-incubation with the competitive antagonist ALP
(10 um; open circles) blocks the ISO-induced increase in fluorescence. B) Biotiny-
lated TMR-5-/3,AR(S8C) immobilized by Approach 2 (Figure 3 B). Fluorescence
intensity increased by 13 % after the addition of 100 um ISO. Filled circles represent
intensity data; the dotted line is an exponential fit with an t,,, of 248 + 57 s for the
particular experiment shown. Data are not corrected for photobleaching.

nists I1SO and EPI and the partial agonist SAL possess nearly
identical relative efficacies for activation of immobilized (Fig-
ure7) and solubilized TMR-5-3,AR (Figure2). As in solution
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Figure 7. Fluorescence response of immobilized TMR-5-5,AR measured after
exposure to saturating concentrations (100 um) of ISO, EPI, or SAL. As a control,
TMR-5-3,AR was pre-incubated with ALP (10 um) before treatment with ISO
(100 um).

experiments, the largest fluorescence increase of immobilized
TMR-5-B,AR was measured after I1SO exposure, whereas EPI
induces a less pronounced change in fluorescence. SAL exposure
results in the smallest fluorescence increase (Figure 7).

Discussion

Surface immobilization of proteins has a wide variety of
applications ranging from the study of protein structure and
function at the single molecule level, to chip-based high-
throughput screening strategies for characterization of the
function and interactions of a large series of proteins. However,
immobilization may lead to loss of function as a result of
nonspecific interactions (either polar or nonpolar) between the
protein and the surface. This is particularly true for polytopic
membrane proteins, which have both polar and nonpolar
surfaces. To minimize these nonspecific interactions, we sequen-
tially layered the glass surface with biotinylated BSA and avidin.
Attachment of the receptor to this two-layer protein buffer was
accomplished either directly by biotinylation of the amino
terminus of the TMR-5-3,AR(S8C) (Figure3B), or through
biotinylated M1 antibody (Figure 3A), which recognizes the
amino terminal FLAG epitope on the receptor. The functional
response of the immobilized receptor to the agonist ISO was
assayed by monitoring the intensity of the conformationally
sensitive fluorescent reporter in real time by fluorescence
microscopy.

We observed an agonist-induced increase in fluorescence in
TMR-5-B,AR(S8C) immobilized by direct biotinylation and in
TMR-5-B,AR immobilized through biotinylated M1 antibody.
Immobilization mediated by M1 antibody resulted in a func-
tional response (Figure 6 and 7) nearly identical to that observed
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with TMR-5-3,AR in solution (Figure 2). Moreover, the agonist-
induced signal is large enough to detect by visual inspection of
an ICCD camera image. Thus, this approach could be used for
drug screening of receptor arrays. Moreover, immobilization by
M1 antibody should be readily applicable to other GPCRs.

The B,AR could also be efficiently immobilized by direct
biotinylation of the modified protein TMR-5-B,AR(S8C) (Fig-
ure 3B, 4C). However, the agonist-induced response in TMR-5-
P,AR(S8C) was smaller and less consistent than for the receptor
immobilized through the antibody (Figure 6B). The smaller
response observed in directly immobilized TMR-5-3,AR(S8C) is
most likely caused by the quality of the protein. Expression of
TMR-5-B,AR(S8C) was about 50% of that of the wild-type [3,AR.
This lower expression may be caused by the S8C mutation, but
may also be a result of the fact that it was expressed under the
control of the basic protein promoter, while the wild type
receptor was expressed under the control of the polyhedrin
promoter. The basic protein promoter is less efficient than the
polyhedrin promoter, but when TMR-5-3,AR(S8C) was expressed
under the control of the polyhedrin promoter most of the
protein was retained in the endoplasmic reticulum/Golgi. When
TMR-5-B,AR(S8C) was expressed under the control of the basic
protein promoter most of the receptor was localized on the
plasma membrane. Since cell surface expression is essential for
selective biotinylation of the amino terminus of TMR-5-
B>AR(S8C), we had to use the less efficient promoter.

The approach described here for immobilization of TMR-5-
B-AR differs from the previously reported immobilization of
rhodopsin®™ and the CCR5 receptor in several ways. The
method reported here does not require the formation of a lipid
bilayer, which may limit access to one surface of the receptor.
Immobilization of receptors in detergent micelles facilitates
access to both cytoplasmic and extracellular surfaces of the
receptor. Thus, by using this approach it may be possible to
study agonist-dependent interactions between the immobilized
receptor and soluble proteins such as G proteins and arrestins.
This approach does not require the use of purified G proteins or
fluorescent ligands to detect receptor activation. Agonist-
induced conformational changes in TMR-5-3,AR can be detected
directly by fluorescence microscopy (Figure 5). However, the
applicability of this technique is dependent on the quality of the
immobilized protein and the presence of an environmentally
sensitive fluorophore in a critical region of the GPCR. Therefore,
this approach will be limited to those GPCRs that can be purified
and labeled in a functional state.

This work addresses the special challenges of generation of
arrays of integral membrane proteins by demonstration of a
simple method for the immobilization of a functional, detergent-
solubilized, ligand-activated GPCR on glass and gold surfaces.
These technical developments demonstrate the feasibility of
chip-based approaches for drug screening and the monitoring of
interactions between GPCRs and other signaling proteins. In
addition, it may be possible to use single molecule spectroscopy
to study conformational changes in single receptor molecules
over time, which will yield new insights into the mechanism of
agonist activation.
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Experimental Section

Materials: Strepatvidin, avidin, biotin—maleimide, benzamidine,
Igepal, (—)-isoproterenol, M1 FLAG antibody, and alprenolol were
purchased from Sigma; tetramethylrhodamine-5-maleimide, BODI-
PY 507/545 IA, Alexa 488 maleimide, and PyMPO maleimide from
Molecular Probes (Eugene, OR); Cy5 maleimide from Amersham
Biosciences (Piscataway, NJ); leupeptin from Boehringer (Mannheim,
Germany); nickel-chelating Sepharose from Pharmacia (Uppsala,
Sweden); BSA - biotin, EZ-Link N-hydroxysulfosuccinimidobiotin (sul-
fo-NHS-biotin) from Pierce (Rockford, Il); N-dodecyl-3-p-maltoside
(DDM) from Anatrace (Maumee, OH). The vectors pVL1392 and
pAcMP2 were ordered from Pharmigen (San Diego, CA).

Buffers: HS buffer: NaCl (0.5w), tris(hydroxymethyl)aminomethane
(20 mm), pH 7.4. HS/DDM buffer: HS buffer, DDM (0.1 %). HS/DDM/Ca
buffer: HS/DDM buffer, CaCl, (2 mw).

Expression, purification, and labeling of f,AR: Expression of
human (,AR in Sf-9 insect cells, membrane preparation, solubiliza-
tion, and purification were performed as described previously.® The
wild-type receptor was cloned into vector pVL1392 and the mutant
,AR(S8C) was cloned into vector pAcMP2. In order to biotinylate
B,AR(S8C), intact Sf-9 cells (5x 10% were resuspended in PBS
(100 mL) and stirred with biotin — maleimide (1 mm) for 1 hr at room
temperature. The addition of a ten-fold molar excess of cysteine
terminated the biotinylation reaction. For fluorescence labeling,
purified $,AR (1 um) was mixed with an equimolar concentration of
tetramethylrhodamine-5-maleimide in HS/DDM. After incubation for
2 hr at room temperature, the labeling reaction was terminated by
addition of a 100-fold excess of cysteine. ALP-affinity chromatog-
raphy was used to separate functional from nonfunctional $,AR as
previously described. The eluent from the ALP resin was purified
by Ni chromatography then dialyzed against HS/DDM buffer.
Fluorescence spectroscopy was performed on a SPEX Fluoromax
(Jobin Yvon Horiba, Edison, NY) in photon counting mode at room
temperature, as previously described.®

Biotinylation of M1 antibody: M1 antibody (50 um) was incubated
with a 12-fold molar excess of EZ-Link sulfo-NHS-biotin in NaCl
(100 mm), glycerol (10%), and 2-[4-(2-hydroxyethyl)-1-piperazinyl]-
ethanesulfonic acid (50 mm, pH 8.0) for 1 hr at room temperature.
Excess EZ-Link sulfo-NHS-biotin was removed by dialysis against HS
buffer.

Protein immobilization: Coverslips (24 x 50 mm, thickness 0.17 mm,
VWR Scientific, Media, PA) were cleaned by overnight incubation in
sulfuric acid (5m), and by subsequent ultrasonication in the
detergent Igepal (2%) and Milli-Q water (Millipore, Bedford, MA)
for 10 minutes each. Cover wells (Molecular Probes, Eugene, OR)
were mounted on the coverslips. Each well held up to 80 pL. The
wells were then incubated with BSA -biotin (1 mgmL-") in PBS
(40 pL) for 5 minutes. After extensive rinsing with HS buffer, the wells
were incubated with avidin or strepavidin (1 mgmL™") in HS buffer
(40 pL) for 5 minutes. The TMR-5-3,AR and TMR-5-3,AR(S8C) samples
were rinsed with HS buffer then immobilized as follows: Biotinylated
TMR-5-3,AR(S8C) (40 uL, 500-600 nvm) was added to the wells and
incubated for 5- 10 minutes. The slides were then rinsed and filled
with HS/DDM buffer (80 pL) before use. For immobilization of the
TMR-5-f3,AR, the wells were incubated with M1 - biotin (6 uv) in HS/
Ca buffer (40 uL) for 15 minutes. The wells were then rinsed with HS/
DDM/Ca buffer and were incubated with a solution of TMR-5-3,AR
(0.4-2.0 um) in HS/DDM/Ca buffer for 30 minutes. The wells were
finally rinsed and filled with HS/DDM/Ca buffer (80 pL) directly before
measurement.
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Surface plasmon resonance measurements: SPR measurements of
the immobilized proteins were conducted on a Spreeta miniaturized
SPR sensor (Texas Instruments, Dallas, TX). A flow cell with an
approximate volume of 15 uL was positioned above an unmodified
gold sensing surface and protein solutions were injected through the
flow cell with a 0.5-mL syringe. Enough protein solution (approx-
imately 25 plL) was injected to ensure that the entire sensing surface
was covered. Refractive index (RI) changes of the solution adjacent to
the surface were monitored over time. Protein solutions were
allowed to remain in contact with the surface until a stable Rl value
indicated that the binding had reached equilibrium. Protein-free
buffer solutions (0.25 mL) were then injected to rinse off nonspecifi-
cally bound proteins. Between experiments the sensing surface was
cleaned by washing with NaOH (100 mm) and Triton-X (1 %) in Milli-Q
water, followed by several washes with Milli-Q water. This cleaning
procedure effectively removed all the layers of deposited protein, as
indicated by a return of the measured Rl value to that of pure water
(1.333).

Fluorescence measurements of immobilized receptors: Fluores-
cence measurements of immobilized proteins were conducted on a
home-built microscope. Fluorescence excitation was achieved by use
of the 514 nm emission line of an argon-krypton laser (Melles Griot,
Irving, CA). The laser beam was focused into the back aperture of a
microscope objective (100 x, Fluar, oil immersion, numerical
aperture = 1.3, infinity corrected, Zeiss, Thornwood, NY) by use of a
dichroic mirror (565DRLPXR, Omega Optical, Brattleboro, VT). The
fluorescence emission of the immobilized proteins was collected by
the microscope objective, passed through the dichroic mirror,
filtered by a bandpass filter (580DF60, Omega Optical), and imaged
(Achromat, f=160 mm, Linos Photonics) onto an ICCD (I-PentaMAX,
Princeton Instruments, Trenton, NJ). The laser power was set to 70 -
150 uW, as measured in front of the microscope objective. The
intensifier of the ICCD and the length of the measurement (1-
2 seconds per frame) were adjusted according to the emitted
fluorescence intensity, but were kept constant during one measure-
ment series. Pictures were taken at intervals of 1 (ALP) or 2 (ISO)
minutes after addition of the ligand. A homogenous surface area
comprised of 400-900 pixels (1 pixel~ 150 nm) was chosen for

B. K. Kobilka, R. N. Zare et al.

evaluation of fluorescence intensities. The values of the pixels in a
chosen surface area varied typically by 5-10% (1 standard devia-
tion). This variation results in a standard error in the mean of the
average intensity of the surface area of usually less than 1%.
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Synthesis and Structure — Activity Relationship of
the Isoindolinyl Benzisoxazolpiperidines as
Potent, Selective, and Orally Active Human
Dopamine D, Receptor Antagonists
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A new class of potent dopamine D, antagonists was discovered
with selectivity over dopamine D, and the a-1 adrenoceptor. The
lead compound was discovered by screening our compound
collection. The structure—activity relationships of substituted
isoindoline rings and the chirality about the hydroxymethyl side
chain were explored. The isoindoline analogues showed modest
differences in potency and selectivity. The S enantiomer proved to
be the more potent enantiomer at the D, receptor. Several

Introduction

Schizophrenia is a debilitating and potentially deadly disease
that strikes approximately 1% of the world’s population. The
symptoms of schizophrenia are categorized into positive
symptoms (for example, hallucinations and delusions), negative
symptoms (for example, social withdrawal and inability to
experience pleasure), and cognitive symptoms (for example,
impaired attention and lack of recall memory).[" It has long been
held that hyperactivity of dopamine neurotransmission is a
major cause of schizophrenic symptoms. Five distinct subtypes
within two broad types, the D, type (D, and D; subtypes) and the
D, type (D,, D;, and D,), have been used to categorize dopamine
receptors.”? Traditional D, antagonists are effective in the
treatment of positive symptoms but give no relief from negative
or cognitive symptoms. In addition, many of these classical
neuroleptic treatments are associated with side effects such as
extrapyramidal syndrome (EPS) and tardive dyskinesia.l!

The development of atypical antipsycotics such as clozapine
(1) has resulted in therapies that can treat negative symptoms as
well as positive symptoms without significant EPS. The use of
clozapine is, however, limited by its potential to cause agranu-
larocytosis, a potentially fatal blood disorder that affects about
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analogues with greater than 100-fold selectivity for D, over D, and
the a-1 adrenoreceptor were discovered. Several selective ana-
logues were active in vivo upon oral or intraperitoneal admin-
istration. A chiral synthesis starting from either p- or L-O-
benzylserine is also described.
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1% of clozapine-treated patients.”! The dopamine D, receptor
was first cloned in 19915 and has been shown to be localized in
the limbic regions of the brain, areas associated with cognitive
and emotional behaviors." Clozapine has good affinity for the D,
receptor and has ten to fifteenfold greater affinity for D, than for
the D, receptor.” In contrast, typical antipsychotics such as
haloperidol (2) also have high affinity for D, but are not selective
for D, over D.. It has been proposed, therefore, that a compound
with high affinity and selectivity for the D, receptor may be an
effective antipsychotic without the neurological side effects
associated with classical D, antagonists.

Recent clinical trials have raised doubt about the D, hypo-
thesis. Three selective D, anatagonists, NGD-94-1 (3),® 1-745,870
(4),””) and sonepiprazole (5)'” were shown to be ineffective for
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the treatment of schizophrenia. Clinical results for an additional
D, antagonist, balaperidone (6),!""! have yet to be published. In
general, more clinical evidence that D, antagonism is useful for
the treatment of schizophrenia or any other disease is required
for the hypothesis to be proven.!'

Screening of our compound collection revealed a potent and
selective D, antagonist, compound 7 (see Table 1). The lead
compound (7) was racemic and therefore a chiral synthetic route

~

Table 1. Receptor binding of target isoindolines.?"
4 5

BWsL
F\Q\‘(Q

o

Binding K; [nm]

Compound X Chirality hD,, hDy ra-1®  D,/D, a-1/D,
7 H RS 1.0 49 43 522 45
8 H S 0.5 134 545 263 107
9 H R 354 777 225 22 6
10 5-F S 1.2 100 92,5 81 75
1 5-F R 359 250 NT 7
12 4-F S 0.5 559 232 116 483
13 5-Cl S 1.2 120 11.9 100 10
14 56-di-Cl S 23 302 NT 13
15 5-Me S 4.5 188 NT 42
16 4-Me S 3.7 185 124 50 34
17 5-CF, S 19.1 501 26 26 14
18 5-OMe S 06 392 20 688 35
19 5-OMe R 120 3527 NTC 29

20 4-OMe S 14 203 175 145 125

[a] [BH]Spiperone was used as the ligand for both the D,s and D,, binding
studies. K, =inhibition constant. [b] [*H]Prazosin was used as the ligand for
the rat a-1 cortex membrane binding studies. [c] NT=not tested.

was developed and this method proved amenable to the
synthesis of a variety of isoindoline analogues (for examples, see
Table 2. Our lead compound was also moderately potent with
respect to the a-1 adrenoreceptor. Potent antagonists of the a-1
receptor are known to cause orthostatic hypotension, which can
cause dizziness and fainting spells as a result of a drop in blood
pressure.'! We hoped to avoid this and other side effects by
finding a D, antagonist with at least 100-fold selectivity for D,
over both the D, and a-1 receptors.

Results and Discussion

To set the chiral center we elected to use p- or L-O-benzyl serine.
This approach proved advantageous since both stereoisomers
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are commercially available in high enantiomeric excess. Diazo-
tization of amino acid 27 (Scheme 1) followed by esterification
gave the desired alcohol ester 28 in good yield by the method of

OBn OBn
J: I i iii
0,
CO H O HO” > co,Me % Ti0” “co,Me
28 9
BnO—\—J
|V \
T83% —BE%
=
0
BnO N
\ o
N
F N
o

Scheme 1. Reagents and conditions: i) NaNO,, H,SO,, 0°C; ii) MeOH, HCI;

iii) triflic anhydride, 2,6-di-tert-butyl-4-methylpyridine, CH,Cl,, 0°C; iv) 29, CH,Cl,,
0°C; v) LiAlH,, Et,0, 0°C; vi) phthalimide, Ph;F, diethyl azodicarboxylate (DEAD),
CH,Cl,.

De Witt et al.'™ Conversion of hydroxyester 28 to triflate 29 was
achieved in moderate yield. The triflate 29 was coupled without
delay to piperidinyl benzisoxazole 30" to give the desired
product in good yield with stereochemical inversion by a well-
precedented S,2 reaction.'® This ester was then reduced with
lithium aluminium hydride (LAH), which yielded the desired
primary alcohol 31. This alcohol was subsequently subjected to
Mitsunobu reaction conditions with phthalic anhydride to give
desired phthalimide 32 in good yield as a key intermediate. The
synthesis of the S enantiomer is shown in Scheme 1.

The phthalimide 32 was then reduced to the isoindoline 33.
We found that this reduction could only be achieved with LAH in
the presence of aluminum chloride.'” The literature indicates
that isoindoline is unstable'® and we observed that our
isoindolines were prone to oxidation. In order to maximize our
yields we did not store the isoindoline intermediates but quickly
used them in subsequent steps. The benzyl group was removed
with boron tribromide and then the maleic acid salt 8 was
formed (Scheme 2). We observed that the solid salt 8 was far
more stable to oxidation than the corresponding free base and
could be stored for long periods of time without any observable
oxidative degradation. The chiral purity of the target was
assessed by using chiral HPLC methods. No racemization was
observed in the course of the synthesis. The high enantiomeric
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Scheme 2. Reagents and conditions: i) LiAIH,, AICI;; Et,0, 0°C; ii) BBr;, CH,Cl,;
iii) maleic acid, MeOH, Et,0.

excess of the product appeared to be dependent on the ee value
of the starting amino acid.

To gain access to substituted isoindolines, phthalimide 32 was
quantitatively converted into amine 34 by reaction with
hydrazine (Scheme 3). Amine 34 was then reacted with sub-
stituted phthalic anhydrides to yield the substituted phthali-
mides. The substituted phthalimides were reduced, deprotected,
and converted into a salt by using the method given above for
the synthesis of 8 (method A), to yield the desired substituted
isoindolines (10 - 17, Scheme 3).

The route shown in Scheme 3 needed to be modified to
obtain the methoxy-substituted isoindolines. We were con-
cerned that the methoxy group would be unstable under the
BBr; reaction conditions used for the removal of the benzyl
protecting group. Therefore, the benzyl group was replaced by
an acid-labile silyl protecting group. The phthalimide alcohol
was converted into the methoxy-substituted phthalimides in
three steps. The alcohol was protected with a tert-butyldime-
thylsilyl (TBS) group then the phthalimide was converted into
the amine in high yield by addition of hydrazine. The amine was
then reacted with methoxy phthalic anhydrides to yield the
desired methoxy phthalimides. The methoxy phthalimides were
reduced and deprotected in a single step with LAH and AICl;.
The product was converted quickly into the more stable salt,
which yielded the desired methoxy isoindolines 18 - 20 (Scheme 4).

We also wanted to explore alternatives to isoindolines. We
synthesized the phthalimide analogue 21 (Scheme 4) by removal
of the benzyl protecting group immediately after the Mitsunobu
reaction. We also synthesized 4-trifluoromethylphthalimide (22)
in an analogous manner. The cis-hexahydrophthalimide ana-
logues 24 and 25 were synthesized from the alcohol intermedi-
ate 31 by a Mitsunobu reaction followed by benzyl deprotection
(Scheme 5).
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Scheme 3. Reagents and conditions: i) H,NNH,, MeOH, reflux; ii) toluene, reflux,

Dean - Stark trap; iii) LiAIH,, AICl;; Et,0, 0°C; iv) BBr;, CH,Cl,; v) maleic acid,

EtOH, Et,0.
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Scheme 4. Reagents and conditions: i) BBrs;, CH,Cl,; ii) TBS-Cl, Et;N, 4-dimethyl-
aminopyridine, THF; iii) H,NNH,, MeOH, reflux; iv) 3- or 4-methoxy phthalic
anhydride, toluene, reflux, Dean - Stark trap; v) LiAIH,, AlCl;; Et,0, 0°C; vi) maleic
acid, EtOH, Et,0.
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Scheme 5. Reagents and conditions: i) Ph;P, DEAD, CH,Cl,; ii) BBr;, CH,Cl,.

The synthesis of dihydroisoindolone 23 (Scheme 6) required a
mild, two-step reduction of phthalimide 32. The phthalimide
was first partially reduced with sodium borohydride to yield
37" This compound was further reduced under acidic con-
ditions by treatment with triethylsilane. The benzyl protecting
group was then removed to give the desired dihydroisoindolone
23 in good yield.

(0] HO
BnO N BnO N
TN RENIVAR Y
N i N
—_—
93%
\N 32 \N 37
F o F o
HO N o
ii, i, s
70% N
HBr
\N 23
F o

Scheme 6. Reagents and conditions: i) NaBH,, MeOH, CH,Cl,; ii) Et;SiH, tri-
fluoroacetic acid, CH,Cl,; iii) BBr;, CH,Cl,.

Early in the program, the racemic tetrahydroisoquinoline
derivative 26 was synthesized by using an alternate route
(Scheme 7). First, ethyl malonyl chloride (38) was brominated
with N-bromosuccinimide. The amide was then formed with the
addition of the tetrahydroisoquinoline to the acid chloride 39.
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Q 9 i 2 9 i, iii
— !
CIMOEt 93% CIMOEt 32%
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Scheme 7. Reagents and conditions: i) Br,, CCl,; ii) 1,2,3,4-tetrahydroisoquino-
line, Et;N, THF; iii) 30,/ Et;N, N-methylpyrrolidone (NMP), 50°C; iv) LiAIH,, AICl;,
THF; v) fumaric acid, EtOH, Et,0.

The bromide was displaced by benzisoxazole piperidine 30 to
form the desired amide ester 40. This amide ester was
subsequently reduced with LAH and AICl;, followed by the
formation of the fumarate salt 26.

Table 1 shows the binding data for the target isoindolines at
the dopamine D, and D, receptors

had K; values of approximately 20 nm. Four of the substituted
analogues (12, 13, 18, and 20) showed at least 100-fold selectivity
for D, over D,. Potency at the a-1 receptor was only disrupted by
fluoro substituents at the 3- or 4-position. The 4-fluoro derivative
12 had the weakest affinity at the a-1 receptor in this series, with a
K; value of 232 nm, while the 5-fluoro derivative 10 (K;=92.5 nm)
bound slightly better to the a-1 receptor than the unsubstituted
isoindoline 8. No other substituted isoindolines produced a-1
receptor K; values greater than 26 nm.

Table 2 shows a series of isoindoline analogues. The phthal-
imides 21 and 22 showed quite weak binding at D, (K=
> 500 nm). In contrast, the dihydroisoindolone 23 was quite a
potent antagonist at D, with a K; value of 5 nm. Unfortunately,
compound 23 was equipotent at the a-1 receptor. The S
enantiomer of the cis-hexahydrophthalimide 24 was also
relatively potent as compared to the phthalimides, with a D, K;
value of 24 nm. The R enantiomer 25 had a D, K; value greater
than 1 pm. It appears, therefore, that some unsaturation about
the phthalimide ring system enhances D, binding affinity. The
racemic tetrahydroisoquinoline derivative 26 had similar poten-
cy to the racemic isoindoline derivative 7 but was much less
selective and therefore the enantiomers were not separated or
synthesized.

Table 3 shows the in vivo activity of the isoindoline analogues
in two behavioral assays, the inhibition of apomorphine-induced

and the a-1 adrenoceptor. The bind-
ing of the racemic unsubstituted
isoindoline 7 was strong and very
selective for D, over D,. We hoped to
achieve even greater selectivity over
the a-1 receptor by obtaining the

Table 2. Receptor binding of target isoindoline analogues.

pure enantiomers of the isoindolines.

The enantiomers were screened and | compound

Binding K; [nm]™

Chirality ~ hD,, hD,s ra-1®  D/D,  o-1/D,

the data clearly shows that the S
enantiomer 8 is more potent at the
D, receptor than at either of the
other receptors. In addition, the S
enantiomer has good selectivity for
D, over D, and improved selectivity
over the a-1 receptor as compared
to both the R enantiomer 9 and the
racemate 7. In all cases where both R
and S enantiomers were screened,
the S enantiomers had greater po-
tency than the R enantiomers (8 -9,
10-11,18-19, 24-25). In fact, no R
enantiomer had a D, K; value more
potent than 35 nm.

The addition of substituents to the
isoindoline ring system produced no
significant changes in potency at D,.
All the S enantiomers were very
potent with K; values of less than
5 nm, with the exception of the 5,6-

21 [22]

220221

2302

24123

25123

26[24]

CF3

S 583 NT NTL

S 727 NT© NTL

S 53 341 4.1 64 0.77

S 24.3 6912 NT 284

R > 1000 > 1000 NTI

RS 3.6 120 19 33 53

dichloro derivative 14 and 5-trifluor-

[a] [*HISpiperone was used as the ligand for both the D,s and D,, binding studies. [b] [*H]Prazosin was used as
the ligand for the rat o-1 cortex membrane binding studies. [c] NT = not tested.

omethyl derivative 17, both of which
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Table 3. In vivo activity of target isoindoline analogues.

o-
MK-801 Locomotion EDs, [mgKg~'] CMA@20 mgKg™'
Compound R Chirality ip® pot® ip
7 NC@ RS 7.1 (3.94-12.72) 11.4 (6.45-20.20) 50%
8 NC@ S 4.4 (2.47-7.75) 5.6 (2.84-10.93) 83%
9 NC@ R 9.0 (5.24-15.33) NT® 29%
F
10 N<j©/ S 3.9 (2.37-6.46) 5.1 (2.71-9.64) EDs, =4.4 mgKg~' (1.8-10.96)
N -1
12 S 49 (2.89-8.26) NT EDsy=11.6 mgKg~' (5.10-26.13)
F
cl
13 N/;@/ s 42 (2.70-6.59) NTE EDsy— 15.4 mgKg~' (13.57 - 17.44)
N
16 <:© S 6.4 (3.79-10.70) NTH 37%
CH,
OCH,
18 .C©/ S 5.3 (2.84-9.86)" 43(1.82-9.22) NT®
N
20 (:Q S 5.5 (3.25-9.44)® NT NT
OCHs
Q
23 N\>\:© S 42 (2.54-6.85) NT EDso=12.5mgKg~"' (5.61-27.76)
26 @ RS 0.7 (0.27-1.85) NTW EDs,= 0.6 mgKg~' (0.42-0.78)

[a] ip = intraperitoneally administered, po = orally administered. [b] Subcutaneous administration. [c] NT = not tested.

climbing mouse assay (CMA) and inhibition of MK-801-induced
locomotion and falling (MK-801 locomotion). CMA is a traditional
in vivo measure of potential antipsychotic activity that tests the
ability of a compound to inhibit the effects induced by the
administration of a dopamine agonist. In contrast, the com-
pound MK-801 locomotion is an N-methyl-p-aspartate receptor
antagonist that induces stereotyped behavior. It has been shown
that behavior induced by MK-801 is inhibited by clozapine (1) at
a lower dose than that required to inhibit the apomorphine-
induced climbing of mice. It has, therefore, been proposed that
MK-801 locomotion is a model that can be used to identify
compounds with enhanced efficacy and an atypical profile.?” We
found that, in general, compounds with good selectivity for D,
over D, were also potent in MK-801 locomotion but weak in
CMA. The best example of this behavior is the highly selective
unsubstituted isoindoline 8. This compound was potent in MK-
801 locomotion but showed such low activity in CMA that a
dose-response curve for CMA could not be obtained in the range
of MK-801 locomotion potency. It also appears that CMA

1004

potency is dependent on D, potency and independent of D,
potency. The obvious exception is the tetrahydroisoquinoline 26,
which is very potent in both MK-801 locomotion and CMA but is
30-fold more potent at D, than at D,. It should also be noted that
all four of the compounds dosed orally in MK-801 locomotion
experiments showed good activity and were only slightly less
potent than when dosed intraperitoneally, which implies good
bioavailability in this species.

The isoindolinyl benzisoxazolpiperidines represent a new class
of potent and selective D, antagonists with oral activity. It
appears that the optimal structure for D, potency and selectivity
for D, versus D, and the o-1 adrenoreceptor amongst
compounds in this series is the S enantiomer at the
hydroxymethyl side chain with either an unsubstituted isoindo-
line (8) or a 3-fluoro-substituted isoindoline (12). Further
studies on the structure-activity relationship of this
series of D, antagonists will be reported in the future and will
include considertion of the role of the hydroxymethyl side
chain.
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Experimental Section

Chemistry: All phthalic anhydrides were purchased from Aldrich
except 4-fluorophthalic anhydride (Alfa-Aesar) and 4-methyl- and
4-trifluoromethylphthalic anhydride, which were prepared by liter-
ature methods. All reactions were monitored by TLC on Merck glass
plates precoated with silica gel (0.25 mm). Chromatographic purifi-
cation was done with Merck silica gel (230-400 mesh). Solvents are
reported as % v/v solutions. Melting points were recorded on a
Thomas - Hoover capillary melting point apparatus and are uncor-
rected. Mass spectra were recorded on a Finnegan 4500 spectrom-
eter equipped with an INCOS data system. Proton NMR spectra were
recorded on a Brucker 300 or Varian XL-200 spectrometer with
tetramethylsilane as an internal standard. Chiral HPLC analysis was
performed on a Perkin EImer 200 system with a 235C diode array
detector. Optical rotations were obtained on a Rudolph Research
Autopol Ill polarimeter at wavelength 589 nm (sodium D line) by
using a 1.0-decimeter cell with a total volume of 1 mL. Specific
rotations, [a]p, are reported in degrees per decimeter at the specific
temperature and concentration (c) given in grams per 100 mL of
solvent. Combustion analyses were performed by Midwest Microlab,
Indianapolis, IN, USA or Robertson Microlit Laboratories, Madison, NJ,
USA.

Methyl-3-benzyloxy-(2S)-hydroxypropanoate (28):'“ A solution of
sodium nitrate (27 g, 380 mmol) in water (350 mL) was added to a
0-°C solution of O-benzyl-L-serine (27; 50 g, 260 mmol) in H,SO, (2.5,
520 mL). The resulting mixture was stirred at 0°C for 2 h and then at
room temperature overnight. The mixture was extracted with EtOAc
(3 x400 mL). The combined extracts were washed with brine
(200 mL), dried (MgSO,), filtered, and concentrated in vacuo to give
an oil (34 g). The oil was dissolved in MeOH (430 mL) and treated
with a solution of 1~ HCl in Et,O (17 mL). The resulting solution was
stirred overnight then concentrated in vacuo to give an oil (33 g).
Purification of the residue by bulb-to-bulb distillation (124-134°C,
0.8 mm Hg) yielded the desired product (27 g, 50%) as a clear,
colorless oil: '"H NMR (CDCl,): 6 =3.08 (brs, 1H), 3.78 (m, 2H), 3.79 (s,
3H), 4.35 (m, 1H), 4.57 (ABq, J=12.0, 7.9 Hz, 2H), 729 (m, 5H) ppm;
CIMS: m/e: 211 [M*]; [a]®’>: found: +4.22 (c =9.16, CHCl,); literature:
+4.5 (c=8.34, CHCL,).

Methyl-3-benzyloxy-(2R)-hydroxypropanoate:'¥ Synthesized as
above from O-benzyl-p-serine (20 g, 100 mmol) to yield the desired
product (10 g, 46 %) as a clear, colorless oil: [a]3® = —4.60 (c=9.33,
CHCL).

3-(Benzyloxy)-(25)-{[ (trifluoromethyl)sulfonyl]oxy}-propanoic
acid methyl ester (29): A 0-°C solution of triflic anhydride (0.86 mL,
4.8 mmol) in anhydrous CH,Cl, (11 mL) was added dropwise to a 0-°C
solution of 28 (1.0g, 4.8 mmol) and 2,6-di-tert-butyl-4-methylpyr-
idine (990 mg, 4.8 mmol) in anhydrous CH,Cl, (7.3 mL). The resulting
mixture was stirred at 0°C for 1 h and at room temperature for 1 h.
The resulting precipitate was removed by filtration and washed with
pentane. The filtrate was concentrated in vacuo. The residue was
taken up in pentane again and the additional salt that precipitated
was removed by filtration. Concentration of the filtrate in vacuo gave
the product (1.1 g, 67 %) as a pale yellow oil. The product was not
stored but was quickly advanced to the next step. 'H NMR (CDCls):
0=3.81 (s, 3H), 3.90 (d, J=10.0 Hz, 2H), 4.59 (d, J=8.0 Hz, 2H), 5.30
(t, J=5.5Hz, TH), 7.29 (m, 5H) ppm.

Methyl 3-benzyloxy-2-(R)-[4-(6-fluorobenzo[d]isoxazol-3-yl)piper-
idin-1-yllpropionate:'® A solution of 29 (41.3g, 121 mmol) in
anhydrous CH,Cl, (150 mL) was added dropwise to a 0-°C solution of
6-fluoro-3-(4-piperidinyl)-1,2-benzisoxazole (30;!"% 53.1 g, 240 mmol)
in anhydrous CH,Cl, (360 mL). The resulting mixture was stirred at
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0°C for 1 h then poured directly onto a flash column and eluted with
3:1 heptane/EtOAc to afford a white solid (70 g). Recrystallization of
this product from heptane yielded the desired product (34.2 g, 69 %)
as colorless crystals: m.p.: 61-62°C; 'HNMR (CDCl;): 6 =2.05 (m,
4H),2.58 (m, 2H), 3.03 (m, 4H), 3.59 (m, 1H), 3.78 (s, 3H), 3.80 (m, 1 H),
4.59 (d, J=2.6 Hz, 2H), 7.03 (dt, J=13.1, 4.1 Hz, 1H), 7.22 (dd, J=11.1,
4.1 Hz, 1H), 731 (m, 5H), 7.66 (dd, J=13.1, 11.1 Hz, 1H) ppm; CIMS:
m/e: 413 [M*]; elemental analysis (C,3H,sFN,O,): C, H, N; [a]®® =
-+ 13.40 (c=1.00, CHCL,).

3-Benzyloxy-2-(S)-[4-(6-fluorobenzo[d]isoxazol-3-yl)piperidin-1-
yll-1-propanol (31): A solution of methyl 3-benzyloxy-2-(R)-[4-(6-
fluorobenzo[dlisoxazol-3-yl)piperidin-1-yllpropionate (339,
80 mmol) in diethyl ether (350 mL) was added to a 0-°C solution of
LAH (85 mL, 1.0m solution in Et,0, 85 mmol) in Et,O0 (115 mL). After
stirring at 0°C for 1h, the reaction mixture was sequentially
quenched with water (3.2mlL), NaOH (2n, 3.2mlL), and water
(9.7 mL). The resulting suspension was stirred for 30 min at room
temperature, then filtered through a pad of celite. The aluminum
salts were thoroughly washed with Et,0 and the filtrate was
concentrated in vacuo. Recrystallization of the residue from Et,O
yielded the desired product (27 g, 89%) as colorless crystals: m.p.:
66-70°C; 'HNMR (CDCl;): 6=2.08 (m, 5H), 2.45 (m, 1H), 3.00 (m,
4H), 3.42 (m, 2H), 3.63 (m, 2H), 4.52 (s, 2H), 7.06 (dt, J=17.8, 3.8 Hz,
1H), 7.24 (dd, J=13.7, 3.8 Hz, 1H), 735 (m, 5H), 766 (dd, J=178,
13.7Hz, 1H)ppm; CIMS: m/e: 385 [MT]; elemental analysis
(C,,H5sFNL05): €, H, N; [a]d =—15.20 (c=1.00, CHCl;); >98% ee,
as determined by chiral HPLC (12.42 min retention time, Chiralcel OJ,
0.7 mLmin~, 1:1 (0.5% Et,NH in EtOH)/heptane, 237 nm).

2-{3-Benzyloxy-2-(S)-[4-(6-fluorobenzo[d]isoxazol-3-yl)piperidin-
1-yllpropyl}-isoindole-1,3-dione  (32):  Phthalimide  (9.47 g,
64.4 mmol), triphenylphosphine (16.9 g, 64.4 mmol), and diethylazo-
dicarboxylate (10.1 mL, 64.4 mmol) were added to a room temper-
ature solution of 31 (23.6g, 61.3mmol) in anhydrous CH,Cl,
(350 mL). After stirring at room temperature for 1 h, the resulting
solution was partitioned between NaOH (1n, 135mL) and Et,0
(500 mL). The ether layer was separated and was washed with NaOH
(1N, 135 mL), water (135 mL), and brine (135 mL). The organic layer
was dried (MgSO,), filtered, and concentrated in vacuo. Purification
of the residue by flash chromatography (5% EtOAc/CH,Cl,) yielded
the desired product (27.7 g, 88%): 'H NMR (DMSO-d,): 6 =2.34 (m,
4H),3.58 (m, 3H), 3.83 (m, 4H), 4.04 (m, 1H), 4.19 (m, 2H), 4.59 (s, 2H),
735 (m, 6H), 772 (m, 1H), 791 (m, 1H), 8.21 (m, 1H) ppm; CIMS: m/e:
514 [M*]; [a]®> = — 11.10 (c = 1.00, MeOH); > 98 % ee, as determined
by chiral HPLC (22.91 min retention time, Chiralcel OJ, 0.7 mLmin~",
1:1 (0.5% Et,NH in EtOH)/heptane, 237 nm).

2-{3-Benzyloxy-2-(R)-[4-(6-fluorobenzo[dlisoxazol-3-yl)piperidin-
1-yllpropyl}-isoindole-1,3-dione: Synthesized by the same method
as used to make 32 (73 % yield). >98% ee, as determined by chiral
HPLC (28.29 min retention time, Chiralcel OJ, 0.7 mLmin~", 1:1 (0.5 %
Et,NH in EtOH)/heptane, 237 nm).

Method A:

2-{3-Benzyloxy-2-(S)-[4-(6-fluorobenzo[d]isoxazol-3-yl)piperidin-

1-yllpropyl}-isoindole (33):'” Aluminum chloride (4.6 g, 34.1 mmol)
was added to a 0-°C solution of LAH (98 mL, 1.0m solution in Et,0,
98 mmol) in anhydrous tetrahydrofuran (THF; 300 mL). The mixture
was stirred at 0°C for 15 min then treated dropwise with a solution of
32 (16 g, 31 mmol) in anhydrous THF (125 mL). After stirring at 0°C
for 2 h, the resulting mixture was sequentially quenched with water
(3.8 mL), NaOH (2n, 3.8 mL), and water (15.2mL). The resulting
suspension was filtered through a pad of celite and the aluminum
salts were thoroughly washed with EtOAc. The filtrate was dried
(MgS0,), filtered, and concentrated in vacuo. Purification of the
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residue by flash chromatography (gradient elution, 30-100%
EtOAc/heptane) yielded the product (11g, 75%) as a yellow oil:
"H NMR (DMSO-d,): 6 =2.32 (m, 2H), 3.60 (m, 9H), 4.18 (m, 3H), 4.67
(s, 4H), 4.98 (m, 2H), 742 (m, 10H), 7.77 (dd, J=12.3, 2.6 Hz, 1H), 8.20
(dd, J=14.2, 9.4 Hz, 1H) ppm; CIMS: m/e: 486 [M*]; [a]¥* = — 13.20
(c=0.515, MeOH).

3-(2,3-Dihydro-1H-isoindol-2-yl)-2-(S)-[4-(6-fluorobenzo[dlisoxa-
zol-3-yl)-piperidin-1-yllpropan-1-ol dimaleate (8): Boron tribro-
mide (76.0 mL, 1.0m solution in CH,Cl,, 76.0 mmol) was added to a
room temperature solution of 33 (12.1 g, 25.0 mmol) in anhydrous
CH.,Cl, (230 mL). After stirring at room temperature for 20 min, the
reaction was quenched with MeOH (110 mL) and the resulting
solution was concentrated in vacuo. The residue was redissolved in
MeOH (110 mL) and reconcentrated in vacuo. This residue was
redissolved in the minimum amount of MeOH and the HBr salt was
precipitated by the addition of Et,0. The suspension was filtered and
the solid product was thoroughly washed with diethyl ether. The
solid was partitioned between NaOH (1, 450 mL) and CH,Cl, (1.10 L)
and separated. The aqueous layer was extracted with CH,Cl, (3 x
1.10 L) and the combined organic layers were dried (MgSO,), filtered,
and concentrated in vacuo. Purification of the residue by flash
chromatography (5% MeOH/EtOAc) yielded the desired product
(7.8 g). The solid material was redissolved in a hot solution of MeOH
and maleic acid (2 equiv). The solution was allowed to cool to room
temperature and the dimaleate salt was triturated by the addition of
Et,0. The product was collected by filtration and dried to yield 8
(74 g, 47 %) as a gray solid: m.p.: 124-126°C; "H NMR (CDCly): 6 =
2.04 (m, 4H),2.90 (m, 1H), 3.24 (m, 7H), 3.75 (m, 2H), 4.41 (s, 4H), 6.12
(s, 4H), 735 (m, 5H), 771 (dd, J=10.8 Hz, 1H), 8.15 (dd, J=15.8 Hz,
1H) ppm; CIMS: m/e: 396 [M*]; elemental analysis (C,sH,6FN;O,-
2C,H,0,): C, H, N; [a]Z° =—31.04 (c=1.00, MeOH).

3-(2,3-Dihydro-1H-isoindol-2-yl)-2-(R)-[4-(6-fluorobenzo[d]isoxa-
zol-3-yl)-piperidin-1-yl]propan-1-ol dimaleate (9): Synthesized by
the method used to make 8 (55% yield): []2’° =+ 30.90 (c=1.00,
MeOH).

Method B:

3-Benzyloxy-2-(S)-[4-(6-fluorobenzo[dlisoxazol-3-yl)piperidin-1-
yll-1-propylamine (34): Hydrazine monohydrate (0.50 mL, 16 mmol)
was added to a solution of 32 (5.4 g, 10 mmol) in absolute MeOH
(30 mL). The resulting solution was heated at reflux for 2 h. Upon
cooling to room temperature, the solution was concentrated in
vacuo to give 4.0 g (100%) of the crude product as a yellow solid,
which was used in the next reaction without any purification.

2-{3-Benzyloxy-2-(S)-[4-(6-fluorobenzo[dlisoxazol-3-yl)piperidin-
1-yllpropyl}-5-fluoro-isoindole-1,3-dione: 4-Fluorophthalic anhy-
dride (1.20 g, 7.28 mmol) was added to a room-temperature solution
of 34 (2.73 g, 7.13 mmol) in anhydrous dimethylformamide (20 mL).
The solution was warmed to 80 °C and stirred for 3 h. Upon cooling
to room temperature, the mixture was partitioned between water
(20 mL) and EtOAc (50 mL). The organic layer was washed with water
(20mL) and brine (10mL), then dried (MgSO,), filtered, and
concentrated in vacuo. The residue was purified by flash chroma-
tography (25% EtOAc/heptane) to afford the desired product
(5.76 g). Recrystallization of the product from pentane yielded a
colorless solid (5.33 g, 75%): m.p.: 75-78°C; '"H NMR (DMSO-dy): 6 =
1.59 (m, 2H), 1.91 (m, 2H), 2.40 (m, 1H), 2.78 (m, 2H), 3.03-3.23 (m,
3H), 3.57-3.91 (m, 4H), 429 (s, 2H), 7.30 (m, 6H), 7.65 (m, 1H), 7.78
(m, 3H), 7.96 (m, 1H) ppm; CIMS: m/e: 532 [M*]; elemental analysis
(CaoHpsFN50,): C, H, N; [a]® = — 67.25 (c=0.51, MeOH).

3-(2,3-Dihydro-5-fluoro-1H-isoindol-2-yl)-2-(S)-[4-(6-fluorobenzo-
[dlisoxazol-3-yl)-piperidin-1-yl]propan-1-ol dimaleate (10): Reduc-
tion of the phthalimide, deprotection of the alcohol, and formation
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of the salt was carried out by method A. 37 % yield from 32, off-white
solid: m.p.: 121-123°C; '"HNMR (DMSO-dy): 6 =2.19 (m, 4H), 3.19
(m, 2H), 3.40 (m, 6H), 3.79 (m, 2H), 4.35 (m, 4H), 6.15 (s, 4H), 7.29 (m,
2H), 737 (m, 2H), 7.75 (dd, J=10.8, 2.5 Hz, 1H), 8.15 (dd, J/=15.8,
9.4 Hz, 1H)ppm; CIMS: m/e: 414 [M']; elemental analysis
(Cy3Hs5F,N50, - 2C,H,0,): C, H, N; [a]® = — 27.77 (c = 1.00, MeOH).

3-(2,3-Dihydro-5-fluoro-1H-isoindol-2-yl)-2-(R)-[4-(6-fluorobenzo-
[dlisoxazol-3-yl)-piperidin-1-yllpropan-1-ol dimaleate (11): Syn-
thesized by method B. 30 % yield from 32, off-white solid: m.p.: 118 -
120°C; elemental analysis (C,;H,sF;N;0,-2C,H,0,): C, H, N; [a]® =
+26.1 (c=1.00, MeOH).

3-(2,3-Dihydro-4-fluoro-1H-isoindol-2-yl)-2-(S)-[4-(6-fluorobenzo-
[d]lisoxazol-3-yl)-piperidin-1-yl]propan-1-ol dibromide (12): Syn-
thesized by method B. 29% yield from 32, off-white solid: m.p.: —
165°C dec; '"H NMR (DMSO-dg): 6 =2.38 (m, 4H), 3.60 (m, 6H), 4.02
(m, 4H), 4.80 (m, 4H), 738 (m, 4H), 7.75 (dd, J=10.8, 2.4 Hz, 1 H), 8.15
(dd, J=15.8, 9.4Hz, 1H)ppm; CIMS: m/e: 414 [M*]; elemental
analysis (C,3H,sF,N;0,- 2HB): C, H, N; [a] = — 7.81 (c=1.05, MeOH).

3-(2,3-Dihydro-5-chloro-1H-isoindol-2-yl)-2-(S)-[4-(6-fluorobenzo-
[dlisoxazol-3-yl)-piperidin-1-yl]propan-1-ol dimaleate (13): Syn-
thesized by method B. 26 % yield from 32, white solid: m.p.: 134-
137°C; '"HNMR (DMSO-dy): 0 =2.19 (m, 4H), 3.19 (m, 2H), 3.40 (m,
6H), 3.79 (m, 2H), 4.22 (s, 4H), 6.15 (s, 4H), 737 (m, 3H), 742 (s, TH),
775 (dd, J=10.8, 2.5Hz, 1H), 8.15 (dd, J=15.8, 9.4 Hz, 1H) ppm;
CIMS: m/e: 430 [M*]; elemental analysis (C,;H,sCIFN;0,-2C,H,0,): C,
H, N; [a]l3 = —28.1 (c=1.00, MeOH).

3-(5,6-Dichloro-2,3-dihydro-1H-isoindol-2-yl)-2-(S)-[4-(6-fluoro-

benzoldlisoxazol-3-yl)-piperidin-1-yllpropan-1-ol dimaleate (14):
Synthesized by method B. 36 % yield from 32, off-white solid: m.p.:
135-137°C; '"H NMR (DMSO-dg): 6 =2.20 (m, 4H), 3.10 (m, 2H), 3.42
(m, 6H), 3.80 (m, 2H), 4.15 (s, 4H); 6.15 (s, 4H), 7.38 (dt, J=16.2,
1.6 Hz, 1H), 762 (s, 2H), 7.75 (dd, J=10.8, 2.4 Hz, 1H), 8.15 (dd, J=
15.8, 9.4Hz, 1H)ppm; CIMS: m/e: 464 [M']; elemental analysis
(Cy5H4CLFNSO, - 2C,H,0,): C, H, N; [a]d = —26.97 (c=1.00, MeOH).

3-(2,3-Dihydro-5-methyl-1H-isoindol-2-yl)-2-(S)-[4-(6-fluorobenzo-
[dlisoxazol-3-yl)-piperidin-1-yl]propan-1-ol maleate (15): Synthe-
sized by method B. 15% yield from 32, off-white solid: m.p.: 169 -
170°C; 'H NMR (DMSO-dg): 6 =2.11 (m, 1H), 2.28 (m, 3H), 2.85 (m,
1H), 3.28 (m, 6 H), 3.50 (m, 1H), 3.74 (m, 2H), 4.40 (s, 4H), 6.15 (s, 2H),
7.20 (m, 4H), 770 (dd, J/=10.8, 2.1 Hz, 1H), 8.15 (dd, J=15.8, 9.5 Hz,
1H) ppm; CIMS: m/e: 410 [M']; elemental analysis (C,,H,sFN5O,-
C,H,0,): C, H, N; [a]d =—44.2 (c=1.00, MeOH).

3-(2,3-Dihydro-4-methyl-1H-isoindol-2-yl)-2-(S)-[4-(6-fluorobenzo-
[dlisoxazol-3-yl)-piperidin-1-yl]propan-1-ol dimaleate (16): Syn-
thesized by method B. 30% yield from 32, white solid: m.p.: 136 °C
dec; '"HNMR (DMSO-d): 6 =2.15 (m, 4H), 2.29 (s, 3H), 2.98 (m, 1H),
3.33(m, 7H), 3.78 (m, 2H), 4.40 (d, J=8.1 Hz, 4H), 6.15 (s, 4H), 7.20 (m,
4H), 770 (dd, J=10.8, 2.1 Hz, 1H), 8.15 (dd, J=15.8, 9.4 Hz, 1H) ppm;
CIMS: m/e: 410 [M*]; elemental analysis (C,4H,sFN;0,-2C,H,0,): C, H,
N; [a]3 = —27.8 (c=1.00, MeOH).
3-(2,3-Dihydro-5-trifluoromethyl-1H-isoindol-2-yl)-2-(S)-[4-(6-fluo-
robenzo[d]isoxazol-3-yl)-piperidin-1-yl]propan-1-ol dimaleate
(17): Synthesized by method B. 20% yield from 32, off-white solid:
m.p.: 134-136°C; 'H NMR (DMSO-d,): 6 = 2.21 (m, 4H), 3.45 (m, 8H),
4.28 (s, 4H), 6.15 (s, 4H), 7.38 (dt, J/=16.2, 5.4 Hz, 1H), 7.62 (m, 4H),
8.15 (dd, J/=15.8, 9.5 Hz, 1H) ppm; CIMS: m/e: 464 [M*]; elemental
analysis (C,,H,sF,N;0,:2C,H,0,): C, H, N; [a]3d =—21.9 (c=1.00,
MeOH).

Method C:

2-{2-(S)-[4-(6-Fluorobenzo[d]isoxazol-3-yl)-piperidin-1-yl]-3-hy-
droxypropyl}-isoindole-1,3-dione (21): Boron tribromide (6.30 mL,
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1.0m solution in CH,Cl,, 6.30 mmol) was added to a 0°C solution of
32 (650 mg, 1.27 mmol) in anhydrous CH,Cl, (8.0 mL). After stirring at
0°C for 1 hour, the reaction was quenched with MeOH (20 mL). The
mixture was partitioned between CH,Cl, (50 mL) and NaOH (5%,
20 mL) and the layers were separated. The organic layer was dried
(MgS0,), filtered, and concentrated in vacuo. Purification of the
residue by flash chromatography (50% EtOAc/CH,Cl,) yielded the
desired product (583 mg). Recrystallization of the product from
MeOH yielded colorless crystals (500 mg, 93%): m.p.: 178-180°C;
"H NMR (CDCl5): 6 =2.10 (m, 4H), 2.71 (m, 1H), 2.92 (m, 1H), 3.14 (m,
4H), 3.65 (m, 3H), 3.98 (dd, /=13.8, 6.0Hz, 1H), 703 (dt, J/=8.9,
2.0Hz, 1H), 721 (dd, J=8.5, 1.8 Hz, 1H), 763 (m, 1H), 7.75 (m, 2H),
784 (m, 2H)ppm; CIMS: m/e: 424 [M']; elemental analysis
(C23H22FN3O4): C H N; [a]|230 =—52.4 (c=1.06, CHC|3)

3-(2,3-Dihydro-5-methoxy-1H-isoindol-2-yl)-2-(S)-[4-(6-fluoroben-
zo[d]isoxazol-3-yl)-piperidin-1-yl]propan-1-ol dimaleate (18): tert-
Butyldimethylsilyl chloride (3.51 mL, 1.0m solution in THF,
3.51 mmol), triethylamine (5.00 mL, 35.9 mmol) and 4-dimethylami-
nopyridine (121 mg, 1.00 mmol) were added to a room-temperature
solution of 21 (1.35 g, 3.19 mmol) in anhydrous CH,Cl, (30 mL). After
stirring at room temperature for 4 hours, the reaction mixture was
partitioned between EtOAc (75 mL) and water (25 mL). The organic
layer was washed with brine (25 mL), dried (MgSO,), filtered, and
concentrated in vacuo. Purification of the residue by flash chroma-
tography (10% EtOAC/heptane) afforded 2-{(S)-3-(tert-butyl-dimeth-
yl-silanyloxy)-2-[4-(6-fluoro-benzo[dlisoxazol-3-yl)-piperidin-1-yl]-
propyl}-isoindole-1,3-dione (1.29 g, 75 %) as a yellow oil.

The phthalimide was then converted into (S)-3-(tert-butyl-dimethyl-
silanyloxy)-2-[4-(6-fluoro-benzo[d]isoxazol-3-yl)-piperidin-1-yl]-pro-
pylamine by using the same procedure as used in the preparation of
34, to give a quantitative yield of a viscous yellow oil.

The amine was reacted with methoxy phtalic anhydride by using the
same procedure used in the preparation of 2-{3-benzyloxy-2-(S)-[4-
(6-fluorobenzo[d]isoxazol-3-yl)piperidin-1-yllpropyl}-5-fluoro-isoin-
dole-1,3-dione to yield 79% 2-{(R)-3-(tert-butyl-dimethyl-silanyloxy)-
2-[4-(6-fluoro-benzo[dlisoxazol-3-yl)-piperidin-1-yll-propyl}-5-meth-
oxy-isoindole-1,3-dione as a yellow foam.

The methoxy phthalimide was reduced to the target 18 by the
procedure used in the preparation of 33 (method A) to give 34%
yield of a white solid from 32: m.p.: 135-137°C; 'H NMR (DMSO-d):
0=2.10 (m, 4H), 2.82 (m, 1H), 3.25 (m, 9H), 3.79 (m, 3H), 4.40 (d, J=
11.8 Hz, 4H), 6.15 (s, 4H), 6.90 (m, 1H), 6.99 (m, 1H), 730 (m, 2H), 7.75
(dd, J=14.0, 2.1 Hz, 1H), 8.15 (dd, J=15.8, 9.5 Hz, 1H) ppm; CIMS:
m/e: 426 [M*]; elemental analysis (C,,H,sFN;052-C,H,0,): C, H, N;
[a]3 = —35.88 (c=0.485, MeOH); >98% ee, as determined by chiral
HPLC (Chiralcel OJ, 0.7 mLmin~", 1:1 (0.5% Et,NH in EtOH)/heptane,
237 nm).

3-(2,3-Dihydro-5-methoxy-1H-isoindol-2-yl)-2-(R)-[4-(6-fluoroben-
zo[d]isoxazol-3-yl)-piperidin-1-yl]propan-1-ol dimaleate (19): Syn-
thesized by method C. 33% yield of a white solid from 32: m.p.:
135-138°C; CIMS: m/e: 426 [M*]; elemental analysis (C,,H,sFN;0;-
2C,H,0,): G, H, N; [a]d =+ 35.25 (c=0.505, MeOH).

3-(2,3-Dihydro-4-methoxy-1H-isoindol-2-yl)-2-(S)-[4-(6-fluoroben-
zo[d]isoxazol-3-yl)-piperidin-1-yl]propan-1-ol dimaleate (20): Syn-
thesized by method C. 32% yield of a white solid from 32: m.p.:
138°C dec; 'H NMR (DMSO-d,): 6 =2.19 (m, 4H), 3.38 (m, 8H), 3.76
(m, 2H), 3.81 (m, 2H), 4.36 (d, J=21.0 Hz, 4H), 6.15 (s, 4H), 6.96 (d, /=
17.5Hz, 2H), 7.35 (m, 2H), 7.70 (dd, J=15.0, 2.3 Hz, 1H), 8.15 (dd, J=
16.2, 9.2Hz, 1H)ppm; CIMS: m/e: 426 [M']; elemental analysis
(Co4H5sFN;05 - 2C,H,0,): C, H, N; [a]3 = — 28.90 (c = 1.00, MeOH).
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2-{2-(S)-[4-(6-fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl]-3-hy-
droxypropyl}-5-trifluoromethyl-isoindole-1,3-dione  hydrochlor-
ide hemihydrate (22): As described above for the preparation of
21, but the synthesis started from 2-{3-benzyloxy-2-(S)-[4-(6-fluoro-
benzol[d]isoxazol-3-yl)piperidin-1-yllpropyl}-5-trifluoromethyl-isoin-
dole-1,3-dione (83% yield). M.p.: 128-130°C; '"H NMR (DMSO-d):
0=2.27 (m, 4H), 4.05-3.70 (m, 8H), 419 (m, 1H), 5.61 (m, 1H), 730
(m, TH), 7.63 (m, 1H), 8.10 (m, 1H), 8.27 (m, 3 H), 10.55 (brs, 1H) ppm;
CIMS: m/e: 492 [M*]; elemental analysis (C,,H,,F4N;0,-HCI-0.5H,0):
C, H, N; [alg =—25.3 (c=1.00, MeOH); > 98% ee, as determined by
chiral HPLC (Chiralcel OJ, 0.7 mLmin~", 1:1 (0.5% Et,NH in EtOH)/
heptane, 237 nwm).

Method D:

2-{(5)-3-Benzyloxy-2-[4-(6-fluoro-benzo[dlisoxazol-3-yl)-piperi-
din-1-yl]-propyl}-cis-hexahydro-isoindole-1,3-dione (36): See prep-
aration of 32, but cis-hexahydroisoindole-1,3-dione was utilized in
place of phthalimide (57% yield). 'HNMR (DMSO-d;): 6 =1.38 (m,
4H), 1.60 (m, 2H), 1.75 (m, 2H), 2.30 (m, 3H), 2.51 (s, 4H), 2.97 (m, 2H),
4.48-4.85 (m, 7H), 4.58 (s, 2H), 738 (m, 6H), 775 (m, 1H), 8.10 (m,
1H) ppm; CIMS: m/e: 519 [M*]; elemental analysis (C5oH3,FN;O,- HBr-
1/2H,0): C, H, N; [a]d = — 6.4 (c=4.50, 1:4 MeOH/CHCl;).

2-{(5)-(-)-2-[4-(6-Fluorobenzo[dlisoxazol-3-yl)piperidin-1-yl]-3-hy-
droxy-propyl}-cis-hexahydro-isoindole-1,3-dione (24): See prepa-
ration of 21 (89% yield). '"H NMR (DMSO-dy): 6 = 1.43 (m, 4H), 1.78 -
2.13 (m, 8H), 2.59 (t, J=20.8 Hz, 1H), 2.87 (m, 3H), 3.04 (m, 4H), 3.50
(m, 3H), 3.79 (dd, J=24.8 Hz, 1H), 7.03 (dt, J=14.2 Hz, 1H), 7.20 (m,
1H), 7.63 (dd, J=16.7 Hz, 1H) ppm; CIMS: m/e: 430 [M*]; elemental
analysis (Cy3HsFN;O,): C, H, N; [a]% = — 24.4 (c=1.00, CHCl,).

2-{(R)-(-)-2-[4-(6-Fluorobenzol[d]isoxazol-3-yl)piperidin-1-yl]-3-hy-
droxy-propyl}-cis-hexahydro-isoindole-1,3-dione  hydrochloride
hydrate (25): See preparation of 24 (method D; 91 % yield). CIMS:
m/e: 429 [M*]; elemental analysis (C,3H,sFN;O,-HCI-H,0): C, H, N;
[a]® =+ 8.4 (c=0.50, MeOH).

Method E:

2-{3-Benzyloxy-2-(S)-[4-(6-fluorobenzo[d]isoxazole-3-yl)-piperi-
din-1-yl]-propyl}-3-hydroxy-dihydroisoindol-1-one (37):"¥ Sodium
borohydride (0.4 g, 10 mmol) was added to a room temperature
solution of 33 (2.0 g, 4.0 mmol) in 7:1 MeOH/CH,Cl, (40 mL). After
stirring at room temperature for 16 h, the reaction mixture was
quenched with water (~1mL), diluted with brine (250 mL), and
extracted with CH,Cl, (3 x 250 mL). The organic layers were dried
(Na,SO,), combined, and concentrated in vacuo to give 1.9 g (93 %)
of alcohol 37 as an approximately 2:1 mixture of diastereomers,
which were used in the next reaction without any purification.

2-{3-Hydroxy-2-(S)-[4-(6-fluorobenzold]isoxazol-3-yl)-piperidin-1-
yll-propyl}-2,3-dihydroisoindol-1-one  hydrobromide hemihy-
drate (23): Triethylsilane (0.45 mL, 2.8 mmol) was added to a room
temperature solution of 37 (0.91 g, 1.8 mmol) and trifluoroacetic acid
(3.4 mL, 44 mmol) in CH,Cl, (20 mL) and the resulting solution was
stirred at room temperature for 48 h. The mixture was poured into
water (200 mL), neutralized to pH7 -8 with NaHCO,, and extracted
with CH,Cl, (3 x 200 mL). The organic layers were dried (Na,SO,),
combined, and concentrated in vacuo to give an orange oil.
Purification of the residue by flash chromatography (10-50%
MeOH/EtOAc) afforded  2-{3-benzyloxy-2-(S)-[4-(6-fluorobenzo[d]
isoxazol-3-yl)-piperidin-1-yll-propyl}-dihydroisoindol-1-one  (0.85 g,
97 %) as a yellow oil. A 0.25-g aliquot of the product was dissolved
in EtOAc, cooled to 0°C, and acidified with 1.0n HCl in Et,0. After
dilution of the solution with Et,0O, the resulting precipitate was
filtered, washed with Et,0, and dried in vacuo. Recrystallization of the
product from MeOH/Et,0 gave the HCl salt/hemihydrate (0.20 g,
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72%) as a tan powder: m.p.: 180-184°C; IR (KBr) 3410 (brs), 2910
(w), 2360 (m), 1680 (vs), 1610 (s), 1455 (m), 1410 (m), 1110 (m) cm~";
'HNMR (DMSO-dg): 6 =2.22 (m, 2H), 2.60 (m, 2H), 3.50 (m, 3H),
3.72-4.15 (m, 7H), 4.59 (m, 4H), 7.26 - 7.47 (m, 6H), 7.52 (dd, /=76,
3.6 Hz, 1H), 763 (s, 2H), 773 (d, J/=76Hz, 2H), 831 (dd, J=84,
5.4Hz, 1H), 11.38 (brs, 1H); CIMS: m/e: 500 [M*]; [a]®’ = —23.54°
(c=0.50, MeOH); elemental analysis (C3,H3,CIFN;05- 1/2H,0): C, H, N.
Boron tribromide (5.0 mL, 1.0m solution in CH,Cl,, 5.0 mmol) was
added to a — 78-°C solution of 2-{3-benzyloxy-2-(5)-[4-(6-fluoroben-
zoldlisoxazol-3-yl)-piperidin-1-yl]-propyl}-dihydroisoindol-1-one
(0.55g, 1.0mmol) in CH,Cl, (12mL). The resulting solution was
allowed to warm to room temperature overnight. The reaction
mixture was recooled to —78°C, quenched with MeOH (~1 mL),
allowed to warm to room temperature, and concentrated in vacuo.
Repeated (3 x) dissolution of the residue with MeOH followed by
concentration in vacuo removed the volatile B(OCH,); byproduct.
The residue was redissolved in a minimum of MeOH, and the HBr salt
23 was precipitated by trituration with Et,0. The precipitate was
filtered, washed with Et,O, and dried in vacuo. Recrystallization of the
product from MeOH/Et,0 gave a tan powder (0.39g, 72%): m.p.:
258-260°C; IR (KBr) 3390 (s), 2945 (m), 2660 (m), 1660 (s), 1400 (s),
1290 (m) cm~"; "H NMR (DMSO-dg): 6 = 2.15-2.46 (m, 4H), 3.45 -3.68
(m, 3H), 3.69-4.05 (m, 6H), 4.17 (m, 1H), 4.63 (s, 2H), 5.60 (brs, 1H),
7.37 (td, J=9.5, 2.0 Hz, 1H), 7.52 (m, 1H), 7.66 (d, J/=3.8 Hz, 2H), 7.74
(d, /=73 Hz, 2H), 8.11 (dd, /=8.9, 5.4 Hz, 1H), 9.34 (brs, 1H) ppm;
CIMS m/e: 410 [M*]; [a]®d = —46.03° (c=1.00, MeOH); elemental
analysis (C,3H,sBrFN;O5-1/2H,0): C, H, N.

Method F:

2-Bromo-2-chlorocarbonyl-acetic acid ethyl ester (39): Bromine
(8.8 mL, 0.177 mmol) was added to a room temperature solution of
chlorocarbonyl acetic acid ethyl ester (38; 26 g, 170 mmol) in carbon
tetrachloride (25 mL). The resulting solution was stirred at room
temperature for 2 h. The solution was concentrated and purified by
bulb-to-bulb distillation (b.p.: 48-55°C) to yield 37 g (93 %) of the
desired bromide as a clear, colorless oil, which was quickly advanced
to the next step.

3-(3,4-Dihydro-1H-isoquinolin-2-yl)-2-[4-(6-fluorobenzo[d]isoxa-
zol-3-yl)-piperidin-1-yl]-3-oxo-propionic acid ethyl ester (40): A
solution of 39 (3.97 g, 17.3 mmol) in THF (10 mL) was added to a 0-°C
solution of 1,2,3,4-tetrahydroisoquinoline (2.31g, 17.3 mmol) and
triethylamine (2.65 mL, 19.0 mmol) in THF (50 mL). After stirring at
room temperature for 2 hours, the solution was poured into water
(20 mL) and extracted with EtOAc (3 x 40 mL). The combined organic
layers were washed with water (2 x 20 mL) and brine (20 mL), dried
(MgSO,), filtered, and concentrated in vacuo. Purification of the
residue by flash chromatography (20% EtOAc/heptane) yielded
2-bromo-3-(3,4-dihydro-1H-isoquinolin-2-yl)-3-oxo-propionic  acid
ethyl ester (3.38 g, 60%) as a yellow oil.

A solution of 30 (2.30g, 10.4 mmol), triethylamine (1.70 mL,
11.9 mmol), and 2-bromo-3-(3,4-dihydro-1H-isoquinolin-2-yl)-3-oxo-
propionic acid ethyl ester (3.38 g, 10.4 mmol) in NMP (30 mL) was
heated at 50 °C for 4 h. The resulting solution was poured into water
(50 mL) and extracted with EtOAc (3 x 30 mL). The combined organic
layers were washed with water (2 x 50 mL) and brine (50 mL), dried
(MgS0O,), filtered, and concentrated in vacuo. The residue was
purified by flash chromatography (30-40% EtOAc/heptane) to give
a white solid (2.95 g). Recrystallization of the solid from ag MeOH
yielded the desired product (2.61 g, 54%): m.p.: 138-142°C; '"H NMR
(CDCly): 6 =1.27 (m, 3H), 2.18 (m, 3H), 2.86-3.18 (m, 7H), 3.24 (m,
1H), 3.73 (m, 1H), 4.08 (m, 1H), 4.24 (m, 2H), 439 (s, 1H), 4.6 (dd, J=
27.7,15.0 Hz, 1 H), 5.00 (dd, /=30.8, 11.0 Hz, 1H), 7.02 (m, 1H), 7.15 (m,
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4H), 748 (m, 1H), 762 (m, 1H) ppm; CIMS: m/e: 465 [M*]; elemental
analysis (CyeH,sFN30,): C, H, N.

3-(3,4-Dihydro-1H-isoquinolin-2-yl)-2-[4-(6-fluorobenzo[d]isoxa-
zol-3-yl)-piperidin-1-yl]-propan-1-ol dimaleate (26): See the prep-
aration of 33. 51% yield of a white powder: m.p.: 133 -135°C dec;
'"H NMR (DMSO-dg): 0 =2.19 (m, 4H), 2.98 (m, 2H), 3.28 (m, 4H), 3.41
(m, 4H), 3.75 (m, 2H), 4.02 (s, 2H), 6.15 (s, 4H), 720 (m, 4H), 7.34 (m,
1H), 772 (dd, J=15.8, 2.2Hz, 1H), 8.05 (dd, J=16.0, 9.5Hz, 1H).
CIMS: m/e: 410 [M*]; elemental analysis (C,,H,sFN50,-2 C,H,0,): C, H,
N.

Pharmacology: All dopamine D,, and D,s receptor binding was
performed at NPS Allelix Corp by the methods previously descri-
bed.?! All rat -1 adrenoceptor binding was performed by Hugo M.
Vargas, Karen M. Brooks, and Lynn Laws-Ricker by the method
previously described.?® All K; values were determined from concen-
tration — displacement curves with triplicate determinations for each
concentration. The triplicate values generally had errors of less than
20 %.

In Vivo Pharmacology: All MK-801 locomotion and CMA studies
were performed by Thomas J. Corbett and Sharon Kafka according to
methods previously described.’?%

The authors would like to dedicate this paper to the memory of our
dear friend and colleague Thomas J. (Roy) Corbett.
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Correlated Mutation Analyses on Very Large

Sequence Families

L. Oliveira,® A. C. M. Paiva,® and G. Vriend*®

The ‘omics era’ (the era of genomics, proteomics, and so forth) is
marked by a flood of data that need to be interpreted to become
useful information. Thanks to genome sequencing projects, large
numbers of sequence families with more than a thousand members
each are now available. Novel analytical techniques are needed to
deal with this avalanche of sequence data. Sequence entropy is a
measure of the information present in an alignment, whereas
sequence variability represents the mutational flexibility at a
particular position. Entropy versus variability plots can reveal the
roles of groups of residues in the overall function of a protein. Such
roles can be as part of the main active site, part of a modulator
binding site, or transduction of a signal between those sites.
Residues that are involved in a common function tend to stay
conserved as a group, but when they mutate, they tend to mutate
together. Correlated mutation analysis can detect groups of residue
positions that show this behaviour. The combination of entropy,
variability and correlation is a powerful tool to convert sequence

Introduction

Genomic and proteomic projects are producing massive
amounts of data and it is likely that 'structomics’, that is,
structural studies, and metabolomic projects will also soon
contribute to the avalanche of data. All these data are shouting
for novel computational techniques of data handling, analysis,
mining and other steps to convert them into useful information
and to answer the questions that initiated the ‘'omics’ projects.
The rate of sequence output by genomic projects has grown to
about a gigabase per month™, The extraction of useful
information from the thousands and thousands of sequences
that become available every day is presently the largest data
analysis challenge of the bioinformatics community.

The rule that has guided most analyses of multiple sequences
is that “conserved residues are important”. The availability of
thousands of sequences for a rapidly increasing number of
sequence families has recently prompted us to add a second
rule, which states that “very conserved residues are very
important”.? Indeed, most of the literature on multiple se-
quence alignment analyses concentrates on sequence conser-
vation®7! rather than variability. These studies therefore con-
centrate mainly on the active site and on the distinction
between surface and core residues. Schneider and Sander®
analysed multiple sequence alignments and concluded that
high sequence conservation correlates mainly with a functional
role and much less with structural requirements. Wood and
Pearson® analysed 36 protein families for which structures were
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data into useful information. This analysis can, for example, detect
the key residues involved in cooperativity in globins, the switch
regions in ras-like proteins and the calcium binding and signalling
residues in serine proteases. We have extrapolated from these three
classes of structurally and functionally well-described proteins to
G-protein-coupled receptors (GPCRs). We can detect the residues in
the main functional site in GPCRs that are responsible for G-protein
coupling, the residues in the endogenous agonist binding site, and
the residues in between that transduce the signal to and fro
between these sites. The results are discussed in the light of a simple
two-step evolutionary model for the development of functional
proteins.

KEYWORDS:

molecular evolution -

G-protein-coupled receptors -
structures - sequence entropy - sequence variability

protein

available for diverse members. They concluded that differences
in mutation sensitivity might reflect differences in the nature and
extent of interactions between basic elements of secondary
structure. Friedberg and Margalit’ analysed residue conserva-
tion in structurally similar but sequence dissimilar proteins. They
detected residue positions that are, “mutually persistently
conserved (MPQ)", that is, they are conserved within families
but show differences between families. Mirny and Shakhnovich®
observed this same phenomenon and called it, “conservation of
conservation (CoC)". They conclude this pattern to be the result
of evolutionary pressure on protein folding. Evolutionary trace
(ET) methods” can extract functionally important residues by
using multiple sequence alignments and phylogenetic trees.
MPC, CoC and ET are special cases of correlated mutation
analyses (CMA).'Y CMA can be used to convert sequence
correlation patterns into three-dimensional structure informa-
tion,!™ or it can be used to determine functionally important
residues.l'® 1291 A series of early CMA studies has already
indicated that conservation of the location of functionally
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important residues is more important than conservation of the
residue types at those positions.'%' The use of the CMA
technique for the detection of functionally important residues is
based entirely on the rule that conserved residues are important
and the fact that the location of function is more conserved than
the residues performing that function. All these studies deal
mainly with sequence conservation. Sequence variability has
remained much less well studied.

Sequence Entropy and Variability

In two previous articles®® '® we introduced multiple sequence
alignment analysis methods that can be used when many
(hundreds or thousands) sufficiently variable sequences are
aligned. The sequence entropy (S,) at position p in a multiple
sequence alignment is defined by Equation (1), in which i loops
over the 20 amino acid types, and £, is the relative frequency of
residue type i at alignment position p. The sequence variability
(V,) at position p is defined as the number of different residue
types observed at position p in at least 0.5% of all sequences.
Loosely speaking, S, can be seen as a measure of information,
and V,, as a measure of the freedom or chaos at position p in a
multiple sequence alignment.

S, = —310f, xIn(f,) (1)

Alignment Quality Considerations

Two major problems are associated with the analysis of
variability patterns in multiple sequence alignments. First, the
alignments must be correct because wrong alignments clearly
give rise to wrong ideas about the variability. Second, it must be
clear whether lack of variability at certain alignment positions is a
genuine characteristic resulting from evolutionary pressure, or
the result of the use of too few or insufficiently divergent
sequences.

To tackle the first problem, we use an iterative, profile-based
alignment procedure that incorporates structure-superposition-
derived alignments whenever possible. This iterative approach
also helps to overcome the limitations of most publicly available
sequence alignment programs, which cannot align thousands of
sequences.

The second question is whether conservation is real or not.
This becomes less of a problem when many sequences can be
aligned. The conservation pattern of the MPC residue positions
that was detected by Friedberg and Margalit,’ for example,
suggests a functionally important role for these sites. These
residues are different between remote homologues (see ref. [17]
for a definition) therefore their functional role is not as part of
the main active site but is one that can or must be different
between remote homologues, such as modulator binding,
membrane insertion, multimerisation interface, and so on. This
functional importance is inferred from the fact that conservation
is observed at the same position in many or all homologous
families. Therefore, if the conservation is not observed at this
position in a series of families, a functional role cannot be

ChemBioChem 2002, 3, 1010-1017

inferred. If sequences are available for only a few families, this
kind of conservation can easily be observed by chance alone but
when many sequences from hundreds of families are aligned, a
lack of functional importance will invariably lead to the
observation of variability within at least some families. We
introduced the concept of H entropy in a previous article in
order to define this condition and we provided a semiquanti-
tative recipe for the automatic detection of such residue
positions. These positions were called recalcitrant because
analysis of an insufficiently large number of sequences will lead
to incorrect conclusions about the functional role of certain
residue positions. Recalcitrant residue positions are excluded
from all analyses described here.

Entropy versus Variability Plots

Entropy versus variability plots can be divided into five boxes of
residue positions that show a remarkable correlation between
the box number and the function of the residues. These boxes
are labelled 11, 12, 22, 23 and 33 in Figure 1. The following
conclusions were drawn about the residue positions in these five
boxes:

@ Box 11 contains residue positions with low entropy and low
variability that form the main functional site. These residue
positions are involved in catalysis or signalling mechanisms.
Some key conserved residues with a structural role (for
example, Cys—Cys bridges) are found in this box too.

@ Box 12 contains residues in the protein core. They are spatially
close to the residues in box 11. They form the first shell of
residues around the main functional site.

@ Box 22 contains mainly core residues. The residues in box 22
have a structural role but their location between the main
functional site and the modulator site(s) suggests that they
are also involved in communication between modulators and
the main functional site.

® Box 23 contains most residues involved in modulator or
effector interactions.

@ Box 33 contains residues that are mainly located at the surface
of the proteins. The box-33 positions that are involved in
modulator interaction are mainly found at the surface of the
protein in locations that suggest that they are not involved in
communication between the modulator and the main func-
tional site. For some positions in this box the alignment is
doubtful and most recalcitrant residue positions are observed
in this box.

The entropy - variability plots were analysed for four sequence
families: globins, ras-like proteins, serine proteases, and G-pro-
tein-coupled receptors (GPCRs). We observed that signals are
transduced from modulator sites to the main active site (or vice
versa) along the path, modulator =box 23 —box 22 —box 12 —
box 11 =main activity, in all four families.

Correlated Mutation Analyses

In this study we used CMA to refine the signalling path given
above. The simple two-step evolutionary process suggested for
the four aforementioned protein families is supported by this
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Figure 1. Correlated networks mapped on entropy - variability plots. A) Globins: green, network 1; pink, network 2; dark blue, network 3; red, network 4; yellow,
network 5; black, network 6; light blue, network 7. B) Ras-like proteins: green, network 1; pink, network 2; dark blue, network 3; red, network 4; light blue, network 5.
C) Serine proteases: green, network 1; pink, network 2; dark blue, network 3; light blue, network 4. D) GPCRs: green, network 1; pink, network 2; dark blue, network 3.

analysis. An explanation for the oft-observed conservation of the
location of function is proposed.

Results and Discussion

A comparison of thousands of protein structures!'®-?! leads one
to observe that the location of function is much more conserved
than the function itself.? * 9 It is beyond the scope of this article
to analyse this phenomenon exhaustively. However, a short
qualitative discussion of the entropy/variability/correlation

1012

analysis approach is given and a potential answer is proposed
for the question of why the location of function is so
conserved.

A two-step evolutionary model

We arrived at a two-step process for the evolution of functional
proteins by using Occam’s razor.? In the first step, the protein
acquires its main function, which initially is uncontrolled and
probably constitutive. Constitutive activity of any kind is unlikely
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to be advantageous so a regulatory mechanism must evolve
quickly. The protein acquires such a regulation mechanism,
which normally involves the binding of modulators, in the
second step. The requirement that this modulation evolve
quickly on an evolutionary time-scale makes the modulator site
appear at a location where mutations can take place that have
major consequences neither for the main function nor for the
structural integrity of the protein. The best location for a
modulator site is therefore at the surface of the protein. Clearly,
the modulator site must be some distance from the main active
site to avoid steric hindrance. This requirement is complicated by
the fact that communication must take place between the sites.
This signal transduction must proceed through the protein core
as a result of the physical separation of these sites. The two steps
of our simple evolutionary model are easy to imagine but we
have no idea how the core evolves into a signal funnel that can
transfer signals to and fro between a conserved main functional
site and a variable modulator site.

Conservation of the location of function

The entropy versus variability analyses illustrate that there are
layers of residue positions involved in a similar task. Box 11 in the
entropy - variability plot contains the fully conserved active-site
residue positions. Box 12 contains slightly less conserved residue
positions that form a layer around the active site. Box 22 contains
the intermediately conserved/variable core residue positions
located between the residues of box 12 and the modulator-site
residues of box 23. Box 23 contains the highly variable modu-
lator interaction positions. The existence of this information
funnel could explain why the location of function is much more
conserved than any detail of the function itself. The generic
functional protein possesses a main functional site and a
modulator site. Naturally, both sites can mutate during evolu-
tion, but the evolutionary pressure at the level of protein
function will make certain mutations more likely to survive than
others. In the unlikely event that the main functional site mutate
to acquire another function, the residues in boxes 11,12 and to a
lesser extent 22, would have to mutate too. This would make any
remaining sequence similarity undetectable and the newly
evolved protein would not be recognised as a member of the
sequence family from which it evolved. On the other hand,
mutations in the modulator site can lead to the acquisition of the
capability to bind another modulator. These mutations involve
residue positions in box23. In order to make this mutated
modulator site communicate with the main functional site, some
residue positions in box 22 will have to mutate to communicate
properly with the box-23 residue positions, and residues in
box 12 might occasionally need to mutate in order to transduce
signals to and fro between residue positions in boxes 11 and 22.
It seems simpler for an evolving functional protein to acquire
new modulator functionalities at an existing modulator site than
at a new site because the box-23 residues of an existing
modulator site are already correctly located for communication
with the box-22 residues. A new location for a novel modulator
would require an entirely new signalling path to evolve. This
reasoning combined with the simple two-step model for the
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evolution of functional proteins might explain why the location
of function is much more conserved than the function itself. This
theory almost certainly holds for the evolution of modulator
sites, but may also hold for the evolution of the main functional
site. Application of these arguments to the main functional site
might even provide and explanation for the fact that all active
sites in proteins with a similar fold are located at the same
location (for example, the active site of all TIM-barrel molecules is
located at the C-terminal side of the central barrel).

Even though our hypothesis only includes one generic
functional protein, it must be clear that the evolution of a
protein cannot be considered separately from the environment
that provides the pressure that makes one version of the protein
more likely to survive than another. This hypothesis is inde-
pendent of any discussion about convergent or divergent
evolution. We argue only in terms of the relation between
protein structure and characteristics of the variability patterns in
a multiple sequence alignment, and analyse this relation in terms
of the amount of evolutionary protein engineering that is
needed to achieve that relation. Time may tell if our hypothesis is
right or wrong; it remains a fact that the location of function is
highly conserved. Proteins with a similar structure tend to have
both their main active site and their modulator binding site(s) at
similar positions.

Correlation analysis

It can be seen from the example in the Methods Section that a

high correlation score between two residue positions can mean

one of three things:

e Category 1: both residue positions are entirely conserved

e Category 2: both residue positions are variable and have the
same variability and the same entropy

e Category 3: the mutational behaviour of both residue posi-
tions shows a perfect correlation, that is, the residues at both
positions stay conserved in tandem or mutate in tandem.

Category 1 is a special case of category 3 and when very large
numbers of sequences are aligned category 2 also becomes a
special case of category3. It can easily be proven that a
correlation score of 1.0 can only be observed between two
residue positions that have the same entropy and the same
variability. Correlated mutation analyses were carried out on the
same four classes of molecules as were used for variability/
entropy analyses in two previous studies:%'® globins, ras-like
molecules, serine proteases and GPCRs. Figure 1 shows the
entropy versus variability plots for these four sequence families.
Colours indicate groups of residue positions with a high
correlation score. A more detailed description of these networks
is presented in the websites of previous studies. ' Figure 2
shows the location of these residue positions in the three-
dimensional structures of the proteins. The networks are
indicated in the consensus sequences in Figure 3.

In globins we can observe seven networks with a correlation
score higher than 0.8. Ras-like proteins have five such networks,
serine proteases four and GPCRs three. These networks were
evaluated in the light of the three-dimensional protein structures
and the compiled knowledge about the functional role of
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Figure 2. Correlated networks mapped on C-a. traces. Network
colours are given in brackets. A) Globins: a-1, dark blue; -1 and
-2, light blue; the a-2 unit is left out for clarity; heme, pink; (A1:
1, red; 2, orange; 3, green; A2: 4, red; 5, orange; 6, yellow; 7,
green). B) Ras-like proteins: guanosine triphosphate (GTP) is
indicated in pink (B1: 1, red; 2, orange; 3, green; B2: 4, red; 5,
orange). C) Serine proteases: the catalytic triad is indicated in
green (from top to bottom: Asp, His, Ser); calcium is shown as a
green dot; (C1:1, red; 2, orange; C2: 3, red; 4, orange). D) GPCRs:
retinal as in bovine opsin is indicated in pink (1, red; 2, orange; 3,
green). The following PDB files were used:2-33 Globins: 2HHD;
ras-like proteins: 5P21; Serine proteases: 2PTC; GPCRs: 1F88.
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individual residues. The detailed
results are available from the
GPCR database?". Residues in
networks 1 and 2 in globins are
involved in haem binding. Resi-
dues in networks 3,4 and 5 are at
or near the a1-f2 interface and
many of them are known to play
a role in the cooperativity of
globins. The function of net-
work6 is unclear. Network 7
seems to be involved in a1-31
interactions but the relation be-
tween residue position and co-
operativity is less clear at the
al1-p1 interface than at the a1 -
B2 interface. In the ras-like pro-
teins network 1 is involved in
GTP binding. The other networks
play a role in the switch regions.
In serine proteases network 1
contains the active-site residues.
The function of network2 is
unclear, network3 forms the
calcium binding site and net-
work 4 contains residues in-
volved in calcium binding and
in communication between the
calcium site and the rest of the
molecule. In GPCRs, the first net-
work consists of the most con-
served residue positions in-
volved in G-protein coupling.
Network 2 is involved in ligand
binding and network 3 is formed
by residues that are involved in
G-protein coupling and activa-
tion. We do not find networks
that consist mainly of core resi-
dues. The networks are mapped
on the entropy versus variability
plots in Figure 1. These plots
illustrate even better than the
three-dimensional  coordinates
that two types of networks exist.
One type is related to the main
activity (box 11 and 12) and the
other type is related to modula-
tor interaction (box 23 and 33).
These two kinds of networks are
easy to understand. Networks
related to the main function give
a high correlation score because
they are highly conserved. The
networks related to the modu-
lator binding show a high corre-
lation score because all modula-
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A)
727 272 152475167 7 22 55 6137 1
AADKTNVKGIFAK HAEEYGAEALDRMFTTYPQTKTYFPH SAQIKGHGKKVAAALVEAANH TLSKLSDLHA

he A he B he C he E he F

7 34333733 3576 7 67 6 7 43 7 24
QKLRVDPVNFKLLGQCFLVV PEVHASLDKFLCAVGTVLTAKYR

he G he H

B)
42 1 11 5 55 5 555 5 3 5 555 4 4 3 1221 23 45 455 5
FKLVIVGDSGVGKSCLLIRFTDNEF VDEYVPTIGDDFRKQV IDGKTIKLQIWDTAGQERYRAIRPAYYRGAM

be 1 he 1 11 2 be 2 be 3 he?2

3 555 53 5 5 2 1 55 5 555
GFLLVYDITNEKSFENVKNW SDNVPIMLVGNKCDLRDRRVV YGIPFIETSAKTNQNVEEAFETLAREILKKMS

be 4 he 3 be 5 he G be 6 he 5

€)
2 42 44 22 4 121 4 24 33 4 3 4 4 4
IVGGYEAKPGSWPWQVSL SGRHFCGGSLINP QWVLTAAHCLGS GEHNLSVGEE VIDVSKIIPHPKYN SDT

bel be2 be3 be4d

4 1 4 4 4 4 4 4 4 222 4 4 11222 4
LDNDIALLKLSSPATLSDAVQPICLP PPPGTVCLVSGWGRTSSGG CKSA MLCAGY KDSCQGDSGGPLVCN

beb beé6 he h be 7 be 8

32 1 2 31
GVLQGIVSWGS GCAQP PGVYTRVSNYLDWIQSTI

be 9 be 10 he CT
D)
2 1 3 33 3 2 22 22 2
ELQVLLFVLYLLIFLVGLLGNLLVILVIL PMNFFLLNLAVADLLFSLTLPPKMLVNL
Helix I Helix II
2 22 22 222 33 33 313 33 33 3 2

GCKLQLFLFYLNGYASIFLLTAIAVDRYLAIC PRRAKLLIALIWVLSLLLS

Helix III Helix IV
22 222 2 3 33 33 33 2 2 2
AYVIVLFILGFLLPLLITLVSYG ERKAIKSLLGVVKAFSTCWLPYHVVLLF
Helix V Helix VI

2 22 22 2 3 1 13
SPDLAKLISLFLAYVNSCLNPII YA

Helix VII

Figure 3. Consensus sequences of the four structure classes. A) Globins. B) Ras-like proteins. C) Serine proteases. D) GPCRs. The secondary structure elements are
indicated according to the commonly used nomenclature for these four molecular classes. The numbers above the sequences indicate the network of correlated residue
positions to which the residue beneath belongs.
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tors bind to (a large subset of) the same group of residues. These
residues are conserved within families of proteins that bind the
same modulator but are different for families that bind different
modulators. There are no networks related to signal transduction
between the main function and the modulator binding sites.
This result means that either there is no stringent evolutionary
pressure on these core residues or the evolutionary pressure to
transduce a signal between two sites while at the same time
maintaining the structural integrity of the protein is too complex
to be detected by CMA.

Conclusions

Residue positions with low variability and low entropy (boxes 11
and 12) are involved in the main activity of the protein. Residue
positions with high entropy and medium variability (mainly
box 23, but also a bit of box 33) can be involved in modulator
binding. Both functionalities have multiple aspects. For example,
the modulator has to be bound and the signal must then be
generated and transduced. CMA can add detail to the entropy
versus variability plot by revealing which groups of residue
positions are involved in the same aspect of the main functional
site or the modulator site. CMA does not show the function of
certain residue positions, but it sorts residues into groups that
are under similar evolutionary pressures and thereby provides an
invaluable addition to entropy - variability analyses aimed at
elucidation of the role of each amino acid in a protein.

Methods

Sequences and alignment: Sequences were obtained from Gen-
Bank,?? TrEMBL,'? and the GPCRDB™'. Three-dimensional protein
coordinates were obtained from the PDB.?* Multiple sequence
alignments were performed by using the WHAT IF program,?® as
described before.2 1% |ee et al. recently reviewed multiple sequence
alignment programs that can align thousands of sequences.?® They
concluded that progressive multiple sequence alignment methods
are fast but at the price of a loss of accuracy and gap scoring
artefacts. Our alignment procedure is not meant to be automated
but relies on manual inspection of three-dimensional structures and
the incorporation of other forms of experimentally obtained
information. Additionally, we concentrate only on that part of the
fold shared by all proteins in the alignment and neglect areas where
insertions and deletions occur.

Correlated mutation analysis: Correlated mutation analyses have
been used to answer questions about the role of individual residues
in protein structure or protein function. The question asked strongly
influences how CMA should be used. Valine and isoleucine, serine
and threonine, and so on, are very similar pairs of residues for studies
of structural aspects. However, these residue pairs are very different
when functional aspects are considered. Consequently, all structure-
related CMA techniques use Dayhof-style residue similarity matri-
ces. When functional aspects of proteins are studied by CMA
techniques, the identity matrix is normally used. We wanted to
extract information about the functional role of residue positions
from multiple sequence alignments and thus used an identity matrix
for residue similarities; residues are either identical or they are
different, but there is nothing in between. The correlation score
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between residue positions i and j is calculated by using the
expression:

Cliy) = W(’JZ Z o orlgpig)

p=1g=p+1

in which n is the number of sequences. p and g run over all pairs of
positions in the sequences i and . iy, iy, j, and j, form the residue pairs
(p,q) in the sequences i and j, respectively. The delta function is 1
when i, =j, and i, =j, or when i, % i, and i, % j,. The delta function is 0
when i,=j, and i,=j, or when j,=+j, and i,=j,. The weight factor
W(i,j) for the sequence pair ij is given by:

W(ij) = WXW/ZZkaw,
=1 I=k+1

in which w; and w; are the sequence weight factors, as described
previously.” Table 1 shows an example of four sequences of seven

Table 1. Example to explain correlation scores./”

Sequence Residue position ij Clij) ij Cli)

1234567 1.2 0.84 1.7 1.00
1 ASPWLRL 1,3 0.33 34 1.00
2 ASPWIDL 14 0.33 5,6 1.00
3 TTPWVKG 1,5 0.67 6,7 0.67
4 TGPWMEG 1,6 0.67 23 0.16

[a] Four hypothetical sequences of seven residues each are shown with the
correlation scores C(ij) for 10 selected pairs of residue positions.

residues each that illustrates this scoring scheme. For simplicity, all
sequence weights are kept at 1.0 in this example. The correlation
score ((1,2) between residue positions1 and 2 in Table 1, for
example, is given by:

c1,2) = Z 3 00,1,2,2)
p=1q=p+1

1/6 x (O(ASAS) + O(ASTT) -+ O(ASTG) + O(ASTT)
+ O(ASTG) +O(TTTG)) =1/6 X (1+1+1+1+14+0)=

(n—1)

0.84

Similarly,

C(2,3) = 1/6 x (3(SPSP) + 6(SPTP) + 6(SPGP) + 8(SPTP)
+ O(SPGP) + O(TPGP)) = 1/6 x(1+0+0+0+0+0) = 0.16

A group of residue positions is called a network if all pairwise
correlation scores are above a certain cut-off value. Typical cut-off
values are in the range 0.7-0.9.

Recalcitrance: Residue positions that show limited variability within
a subset of the subfamilies represented in the multiple sequence
alignment are called recalcitrant. A precise definition of recalcitrance
is given elsewhere.” Recalcitrant residue positions were not used in
any of the analyses. These residues often show a high CMA score but
are nevertheless not functionally important because a subset of the
families shows some variability at that position, which indicates that
the conservation is not the result of evolutionary pressure to keep a
functional role.

Additional material: Much data too voluminous to put in print
(multiple sequence alignments, tabulated variability and entropy
values, the results of the CMA, file names, previous articles and articles
submitted only recently, etc.) are available from the GPCRDB!2".
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membrane proteins

Resonance assignment is an essential first step in all NMR
spectroscopy investigations, independent of whether structural
or dynamic information is extracted from the spectra. In proteins,
resonance assignment is performed by using the strategy of
sequence-specific assignment, whereby the neighborhood of
amino acid spin systems is established from the spectra. Pairs,
triplets or longer stretches of spin systems are subsequently
matched to the amino acid sequence and spin systems are thus
assigned to amino acids. Originally, the assignment was
accomplished by using homonuclear two-dimensional spectra
(NOESY, DQF-COSY, TOCSY) and the method was limited to small
proteins. Presently, a sequence-specific assignment based on
triple resonance techniques®? that require proteins uniformly
labeled with carbon-13 and nitrogen-158! is typically preferred.
The size of the proteins for which an assignment and a
subsequent extraction of structural information can be achieved
has thus been substantially increased. More recently, the size
limit for proteins that can be studied by using solution-state
NMR spectroscopy has been extended further by two novel
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developments, namely the deuteration of proteins™ to enhance
the relaxation properties of the carbon nuclei and the TROSY
technique® to enhance the relaxation properties of the amide
protons and nitrogen nuclei.

Membrane proteins may not be larger than proteins that have
already been analyzed in detail by solution-state NMR spectros-
copy but the need for suitable solubilization increases the
effective molecular weight substantially. Utilization of recently
developed techniques, however, makes investigation of mem-
brane proteins with solution-state NMR spectroscopy possible.!
A resonance assignment and the determination of two [3-barrel
membrane protein structures have been demonstrated.”!

Here we report the application of the new techniques to
bacteriorhodopsin (BR), an archaeal membrane protein with a
seven-transmembrane-helix (7TM) topology.®! BR shares its
topology with an important class of eukaryotic membrane
proteins, the G-protein-coupled receptors (GPCRs), and has long
been used as a model system for biophysical investigation of this
class of proteins,”” in particular since structural information on
GPCRs at atomic resolution has only recently become avail-
able." The structure and dynamics of the loop regions that
connect transmembrane helices are of importance for under-
standing GPCR function, since loop regions are responsible for
the interaction of the receptor with ligands or the G-protein.
Information about the loops is sometimes not available even in
high-resolution X-ray structures.'> ™ Solution state NMR spec-
troscopy might therefore help provide the missing information.
We report here a resonance assignment of the BR loop regions as
a first step in the determination of their three-dimensional
structure.

Bacteriorhodopsin was produced and solubilized in dodecyl-
maltoside (DM) detergent micelles as described previously. The
integrity of the samples was monitored by UV spectroscopy.l'? It
has been shown that bacteriorhodopsin solubilized in DM
micelles yields NMR spectroscopy samples that are stable over
extended periods of time, even when measured at elevated
temperatures.’® All measurements could therefore be per-
formed at 323 K, which significantly improved the linewidth of
the resonances compared to those observed at room temper-
ature. Two different labeling schemes were used: sample one
was 100% doubly labeled with deuterium and nitrogen-15 and
sample two was triply labeled with deuterium, carbon-13, and
nitrogen-15, all to 100 %. To minimize artifacts in the spectra, DM
with a deuterated aliphatic tail was used for solubilization.

A complete exchange of deuterium against protons was
unlikely since the samples were produced in D,0 and only
transferred into H,O for the solubilization in DM. It was expected
that mainly the loops and solvent accessible parts of the
transmembrane regions would be visible in the spectra, all of
which were recorded with pulse sequences that utilized
detection of the amide protons. Sample one was used to record
'H,"N correlations with high resolution, three-dimensional ">N-
edited NOESY spectra, and >N relaxation experiments, while
sample two was used to record three pairs of three-dimensional
TROSY-based triple resonance experiments, namely HNCA/
HN(CO)CA, HNCO/HN(CA)CO, and HNCACB/HN(CO)CACB (see
the Experimental Section).'* 1!

1439-4227/02/03/10 $ 20.00+.50/0 1019





BIO

A comparison between the N HSQC (re-
corded by using a WATERGATE sequence!'® and
no sensitivity enhancement”) and the N
TROSY experiments!'® performed on the sam-
ple of BR 100% labeled with ?H and ™N is
shown in Figure 1. While the intensity of most
lines in the spectra are comparable, the line-
width of both the proton and the ™N lines in
the TROSY spectrum are significantly smaller.
Note that measurements were conducted in
the dark. BR was therefore in the dark-adapted
state, which represents a mixture of two retinal
conformations, one with the retinal chromo-
phore in the all-trans, 15-anti configuration, the
other with the retinal chromophore in the 13-
cis, 15-syn configuration.'” As a consequence,

110

8 [°N]/ ppm

|

120

130

two sets of signals can be expected for residues 10 °

close to the chromophore, which further
increases the complexity of the spectra.

A comparison between the conventional and
TROSY-type triple resonance experiments
shows the clear advantage of the TROSY-based
sequences (Figure 2). In particular, resonances
in the more rigid parts of the molecules are absent in spectra
recorded by using conventional pulse sequences. Not all triple
resonance experiments that used the TROSY technique were of
the same sensitivity, however. As has been reported previously,
the high field used to optimize the TROSY effect causes problems
with enhanced relaxation of the carbonyl resonances as a result
of chemical shift anisotropy relaxation.?” Therefore, experiments
with the carbonyl nucleus as a relay nucleus turned out to be less
effective than those without a relay step, though not useless. The
same was true for experiments where the a carbon nucleus was
used as a relay nucleus, even though deuterium decoupling was
applied. The assignment was therefore accomplished by using
mainly the HNCA experiment, supported by the HN(CO)CA and

«— &['H]/ ppm

8 7 6 10 9 8 7 6
«— &[H]/ppm

Figure 1. Comparison between an N HSQC (a) and an "*N TROSY spectrum (b) of ?H/"*N-labeled BR.
Both spectra were acquired in 15 h by using 48 scans and were processed identically. Note that signals
from NH, or NH; moieties are missing in the spectrum recorded with the TROSY sequence.

the HNCO/HN(CA)CO pair when possible. In addition, the ™N-
edited NOESY spectra proved to be quite helpful. Chemical shifts
of the f carbon nuclei were obtained in several cases from
HNCACB experiments and chemical shifts of the carbonyl carbon
nuclei from HNCO experiments. The Ca and the available CS
shifts were used to predict the amino acid type with the program
type prob®?" and a sequence-specific assignment was per-
formed in the conventional manner?? supported by the
program seq_prob.?" An example of the assignment procedure
with strips from HNCA and HN(CO)CA is shown in Figure 3 and a
summary of all assignments that could be obtained is given in
Figure 4. A table of all chemical shifts recorded is available in the
Supporting Information (Table S1).

168
8[°C]/ ppm
F170 l
172
174
176

178

180

182

10 9 8 7
“= &['H]/ ppm

9 8 7
<= S8 ['H]/ppm

Figure 2. Comparison between the 'H,”*N projection of a conventional HNCO spectrum (a) and a TROSY HNCO spectrum (b) of 2H/"*C/"*N-labeled BR. The advantage of
the TROSY-based sequence is clearly visible. Many resonances of interest are not detected in the spectrum recorded with the conventional sequence.
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Figure 3. Strip plots of the HN(CO)CA (a) and HNCA (b) spectra of BR. The resonances of residues K30 - D36 in
the AB loop are shown. The signal-to-noise ratio for the peaks in the HN(CO)CA spectrum ranges from 5 to 10,
and in the HNCA spectrum from 10 to 90. Sequential connectivities are indicated by dashed lines. Since
HN(CO)CA is a less sensitive sequence than HNCA, the Ca. correlations are sometimes not visible in the
HN(CO)CA spectrum. In the HNCA spectrum, a distinction between inter- and intraresidue signals is often

possible based on intensity.

Two sets of signals are present for residues 154-159 in the
EF loop, which indicates an exchange process on a slow time
scale. This result is particularly interesting since this region is not
visible in the 1.55-A X-ray structure and exhibits high B factors in
other structures.!'" 23

The assignments were further used to obtain information on
the dynamics of BR and to extract information on the secondary

Out

D36 structure. Qualitative information about
a 1o 1% the mobility of parts of the molecule was
. obtained from N relaxation experiments,
45 which were recorded at 600 MHz by using
standard techniques.?” Information is

. 50 available for a limited number of residues
Ak ° 3LCI/PPM G ce relaxation times can only be retrieved

L |58 for signals that do not overlap in an "H,">N

""" @ correlation. A local correlation time can be
60 estimated from the ratio of 7, and T,
relaxation rates'® (see TableS2 in the

o 65 Supporting Information). The quality of

' the data, however, does not allow for a
T ° detailed quantitative analysis. Not unex-
126.1 pectedly, the C terminus shows the highest

degree of mobility. This mobility corre-
sponds to that of a small peptide, with an
estimated correlation time of less than 3 ns.
The highest T,/T, ratios were measured for
residues in the transmembrane helices.
They result in an estimated correlation
time of approximately 35 ns, which is in
excellent agreement with the data of Seigneuret et al., who
used viscosity measurements to obtain a correlation time of
33 ns for BR in DM micelles under comparable conditions. The
mobility of the loop regions is in the range between that of the
Cterminus and that of the rigid parts of the molecule, with
estimated correlation times between 10 and 30 ns. The EF loop
shows the same mobility as the other loops, despite the fact that

Figure 4. Schematic presentation of the unambiguously assigned residues. 33 % of the residues (81 out of 248) could be assigned, mostly in loop regions. Two sets of

signals are present for residues 154 —159.
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Figure 5. The secondary structure of BR obtained from secondary chemical shifts and NOEs. NOE signals are represented by lines whose thicknesses are related to the
signal intensity. Deviation from Co. random coil chemical shifts by more than 1.5 ppm and 2 ppm are indicated by a and aa, respectively. Positive deviations from Ca
random coil chemical shifts point to an a-helical structure. Residues 232 - 248 are not shown since no NOEs could be detected and only random coil carbon chemical
shifts were observed. Regions of secondary structure that can be clearly identified are indicated at the bottom. The ends of helices E and G as well as the beginning of
helix F can be reproduced. More importantly, a helical region (helix *) that is undefined in the high-resolution X-ray structure of BR is identified in the EF loop.

two sets of signals are observed. This is not surprising, however,
since measurement of T, and T, relaxation times is not a suitable
method to monitor slow exchange.

The secondary structure of a protein can be derived from
carbon chemical shifts?® and from characteristic sequential
NOEs." Information obtained for BR is depicted in Figure 5 for all
residues that could be assigned. Since few Cf shifts were
available, only the Ca shifts were used to obtain structural
information.?” The residues were classified according to their
secondary chemical shifts as residues of stronger or weaker a-
helical character and these results are given in Figure5. In a
highly deuterated protein, NOEs can only occur between amide
protons. Nevertheless these NOEs can be indicative of secondary
structure, in particular in helical regions of the molecule, as is
also shown in Figure 5. The secondary structure prediction based
on these data reproduces the helical parts of the transmembrane
regions quite well. The data predict a helical region (residues 157 —
162) separated from the E and F helices by turns. This region
corresponds to the EF loop not visible in the 1.55-A X-ray structure.

In conclusion, we have shown that, given a suitably con-
ditioned protein sample, high resolution NMR spectra can be
obtained for loop regions of 7TM membrane proteins, which are
of special importance for the understanding of membrane-
protein —ligand interactions. Resonance assignment and subse-
quent extraction of structural and dynamic information is
feasible. Quantification of the structural information extracted
from the spectra of BR has been performed and structure
calculations for the loops of BR based on those data are in
progress.

Experimental Section

All NMR spectra were recorded at 323.5 K on Bruker spectrometers in
standard configuration with an inverse triple resonance probe
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equipped with three-axis self-shielded gradient coils. The relaxation
experiments were recorded on a DRX600 spectrometer (600 MHz 'H
frequency) and all other experiments were recorded on a DMX750
spectrometer (750 MHz 'H frequency). The following parameters
were used for the individual experiments: 2D ["*N,"H] TROSY"® and
2D ['*N,'H] HSQC:""9! 48 scans, data size 256(t;) x 1024(t,) complex
points, tjmay (°N) =676 ms, tyn. ("H)=82ms; 3D ["°N,'H] TROSY-
HNCA " 24 scans, data size 50 (t;) x 62(t,) x 1024(t;) complex points,
timax (3C)=8ms, tona (°N)=16.4ms, ts., ((H)=82ms; 3D ["°N,'H]
TROSY-HN(CO)CA™: 24 scans, data size 50 (t;) x 62(t,) x 1024(t)
complex points, t;m. (PC)=8mSs, tynx (PN)=16.4ms, t;,,, (‘"H) =
82ms; 3D ["N,'H] TROSY-HNCO!: 16scans, data size 64 (t;) x
64(t,) x 1024(t;) complex points, t;n. (*C)=21.2ms, tyn. (°N)=
16.9ms, tsma ('"H)=82ms; 3D ["*N,'H] TROSY-HN(CA)CO!">: 24 scans,
data size 50(t;) x 60(t,) x 1024 (t;) complex points, t;n. (*C)=
16.6 Ms, tymay (°N)=15.8ms, t;,., ("H)=82ms; 3D ["*N,'H] TROSY-
HNCACB"™: 24 scans, data size 50(t;) x 60(t,) x 1024 (t;) complex
points, timx (*C)=4ms, t)n. (°N)=15.8ms, t3,.« ('H)=82ms; 3D
['>N,'H] TROSY-HN(CO)CACB"™ 24 scans, data size 56(t;) x 62(t,) x
1024(t;) complex points, tin., (*C)=4.5ms, tyn, (°N)=16.4ms,
tsmax ('H)=82ms; ['H,"H]-NOESY - ["°N, 'H]-TROSY®: 8 scans, data
size 128(t;) x 80(t,) x 1024(t;) complex points, t;.., ("H)=12.8 ms,
tmax (PN)=21.1ms, t3., ((H)=82ms, NOESY mixing time 80 ms;
['H,"HI-NOESY - [*N,'H]-HSQC?*): 8 scans, data size 80(t;) x 128(t,) x
1024(t;) complex points, t;m.. ("H) =8 ms, t,., (°N)=33.8ms, t3,.x
('"H)=82ms, NOESY mixing time 80 ms; ["°N,'H]-HMQC-NOESY -
['>N,"H]-HSQCB®%: 24 scans, data size 64(t;) x 64(t,) x 1024(t;) complex
points, t;n. (°N)=16.9ms, t)n.x (°N)=16.9ms, t;,., ('H) =82 ms,
NOESY mixing time 50 ms. Recycle delays of 2 s were used. Prior to
Fourier transformation, a Gaussian window was applied in the
acquistion dimension and a 90°-shifted squared sine bell window in
the indirect dimensions.

Parameters used in the T, and T, relaxation experiments?*! were: data
size 128(t;) x 1024(t,) complex points, tjn.x (°N)=21.2ms, 5.
('"H)=51.2 ms. The number of scans was 16 for the T, and 24 for
the T, measurements. 11 time points were acquired for each T,
decay: 5, 25, 50, 75, 100, 150, 200, 300, 400, 1000, 2500 ms. Likewise,
11 time points were acquired for each T, decay: 5, 10, 20, 30, 40, 50,
100, 150, 200, 250, 300 ms.

1439-4227/02/03/10 $ 20.00+.50/0 ChemBioChem 2002, No. 10





Support from the Forschungsinstitut fiir Molekulare Pharmakologie
is gratefully acknowledged. M.S. was supported by the DFG
Graduiertenkolleg GRK 80 “Modellstudien”. The authors thank
Wolfgang Bermel for helpful discussions regarding the setup of the
TROSY experiments, Hartmut Oschkinat for his continuous encour-
agement, and Karen Zierler for carefully reading the manuscript.

[1] K. Wiathrich, NMR of Proteins and Nucleic Acids, Wiley, New York, 1986.

[2] a) G.T. Montelione, G. Wagner, J. Magn. Reson. 1990, 87, 183 -188; b) L. E.
Kay, M. lkura, R. Tschudin, A. Bax, J. Magn. Reson. 1990, 89, 496-514;
¢) G. M. Clore, A. M. Gronenborn, Prog. Nucl. Magn. Reson. Spectrosc. 1991,
23, 43-92; d) M. Sattler, J. Schleucher, C. Griesinger, Prog. Nucl. Magn.
Reson. Spectrosc. 1999, 34, 93 -158.

[3] L.P. McIntosh, F. W. Dahlquist, Q. Rev. Biophys. 1990, 23, 1-38.

[4] a)K.H. Gardner, L.E. Kay, Biol. Magn. Reson. 1999, 16, 27-74; b)B.T.

Farmer I, R. A. Venters, Biol. Magn. Reson. 1999, 16, 75-120.

a) K. Pervushin, R. Riek, G. Wider, K. Withrich, Proc. Natl. Acad. Sci. USA 1997,

94, 12366 -12371; b) K. Pervushin, Q. Rev. Biophys. 2000, 33, 161-197.

[6] A. Arora, L. K. Tamm, Curr. Opin. Struct. Biol. 2001, 11, 540 - 547.

[7]1 a) A. Arora, F. Abildgaard, J. H. Bushweller, L. K. Tamm, Nat. Struct. Biol.

2001, 8, 334-338; b) C. Fernandez, K. Adeishvili, K. Withrich, Proc. Natl.

Acad. Sci. USA 2001, 98, 2358 -2363; c) C. Fernandez, C. Hilty, S. Bonjour,

K. Adeishvili, K. Pervushin, K. Withrich, FEBS Lett. 2001, 504, 173-178.

a) J. K. Lanyi, Biochim. Biophys. Acta. 2000, 1460, 1 -3 and references cited

therein; b) U. Haupts, J. Tittor, D. Oesterhelt, Annu. Rev. Biophys. Biomol.

Struct. 1999, 28, 367 —99; c) D. Oesterhelt, Curr. Opin. Struct. Biol. 1998, 8,

489-500; d) D. Oesterhelt, W. Stoeckenius, Nature (London), New Biol.

1971, 233, 149-152.

a) J. Wess, FASEB J. 1997, 11, 346 —354; b) H. G. Dohlman, J. Thorner, M. G.

Caron, R. J. Lefkowitz, Annu. Rev. Biochem. 1991, 60, 653 - 688.

[10] K.Palczewski, T. Kumasaka, T. Hori, C. A. Behnke, H. Motoshima, B. A. Fox, I.
Le Trong, D. C. Teller, T. Okada, R. E. Stenkamp, M. Yamamoto, M. Miyano,
Science 2000, 289, 739 - 745.

[11] H. Luecke, B. Schobert, H.-T. Richter, J.-P. Cartailler, J. K. Lanyi, J. Mol. Biol.
1999, 291, 899-911.

[12] a)H. Patzelt, A.S. Ulrich, H. Egbringhoff, P. Dux, J. Ashurst, B. Simon, H.
Oschkinat, D. Oesterhelt, J. Biomol. NMR 1997, 10, 95-106; b) M. Kolbe,
PhD thesis, Ludwig-Maximilians-University Munich, 2001.

[13] M. Seigneuret, J.M. Neumann, J.L. Rigaud, J. Biol. Chem. 1991, 266,
10066 - 10069.

[14] M. Salzmann, K. Pervushin, G. Wider, H. Senn, K. Wuthrich, Proc. Natl. Acad.
Sci. USA 1998, 95, 13585 -13590.

[15] M. Salzmann, G. Wider, K. Pervushin, H. Senn, K. Wuthrich, J. Am. Chem.
Soc. 1999, 121, 844 -848.

[16] V. Sklenar, M. Piotto, R. Leppik, V. Saudek, J. Magn. Reson. Ser. A 1993, 102,
241 -245.

[17] a) A.G. Palmer, J. Cavanagh, P. E. Wright, M. Rance, J. Magn. Reson. 1991,
93,151 -170; b) L. E. Kay, P. Keifer, T. Saarinen, J. Am. Chem. Soc. 1992, 114,
10663 - 10665.

[18] K.V.Pervushin, G. Wider, K. Withrich, J. Biomol. NMR 1998, 12, 345 —348.

[19] M.J. Pettei, A.P. Yudd, K. Nakanishi, R. Henselman, W. Stoeckenius,
Biochemistry 1977, 16, 1955-1959; b) G.S. Harbison, S.O. Smith, J. A.
Pardoen, C. Winkel, J. Lugtenburg, J. Herzfeld, R. Mathies, R.G. Griffin,
Proc. Natl. Acad. Sci. USA 1984, 81, 1706 - 1709; c) S. O. Smith, A. B. Myers,
J. A. Pardoen, C. Winkel, P.P.J. Mulder, J. Lugtenburg, R. Mathies, Proc.
Natl. Acad. Sci. USA 1984, 81, 2055 - 2059; d) P. Scherrer, M. K. Mathew, W.
Sperling, W. Stoeckenius, Biochemistry 1989, 28, 829 - 834.

[20] a) J. P. Loria, M. Rance, A. G. Palmer lll, J. Magn. Reson. 1999, 141, 180 - 184;
b) P. Permi, A. Annila, J. Biomol. NMR 2001, 20, 127 -133.

[21] S. Grzesiek, A. Bax, J. Biomol. NMR 1993, 3, 185-204.

[22] J. Cavanagh, W.J. Fairbrother, A. G. Palmerlll, N. J. Skelton, Protein NMR
Spectroscopy, Academic Press, San Diego 1996.

[23] a) H. Belrhali, P. Nollert, A. Royant, C. Menzel, J.P. Rosenbusch, E. M.
Landau, E. Pebay-Peyroula, Structure Fold. Des. 1999, 7,909-917; b) L. O.
Essen, R. Siegert, W. D. Lehmannn, D. Oesterhelt, Proc. Natl. Acad. Sci. USA
1998, 95, 11673 -11678.

[24] N.A. Farrow, R. Muhandiram, A.U. Singer, S. M. Pascal, C. M. Kay, G. Gish,
S.E. Shoelson, T. Pawson, J. D. Forman-Kay, L. E. Kay, Biochemistry 1994,
33, 5984 -6003.

[5

s

)

ChemBioChem 2002, No. 10 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[25] a) D. Fushman, R. Weisemann, H. Thiring, H. Ruterjans, J. Biomol. NMR
1994, 4, 61-78; b) M.R. Gryk, R. Abseher, B. Simon, M. Nilges, H.
Oschkinat, J. Mol. Biol. 1998, 280, 879 - 896.

[26] S. Spera, A. Bax, J. Am. Chem. Soc. 1991, 113, 5490 - 5492.

[27] P. Luginbihl, T. Szyperski, K. Wathrich, J. Magn. Reson. Ser. B 1995, 109,
229-233.

[28] G. Zhu, Y. Xia, K. H. Sze, X. Yan, J. Biomol. NMR 1999, 14, 377 -381.

[29] A.Bax, S. Grzesiek in NMR of Proteins (Eds.: G. M. Clore, A. M. Gronenborn),
CRC Press, Boca Raton, FL, 1993, pp. 36.

[30] a) M. lkura, A. Bax, G. M. Clore, A. M. Gronenborn, J. Am. Chem. Soc. 1990,
112,9020-9022; b) T. Frankiel, C. Bauer, M. D. Carr, B. Birdsall, J. Feeney, J.
Magn. Reson. 1990, 90, 229.

Received: March 15, 2002 [Z380]

The First Orally Active Low Molecular
Weight Agonists for the LH Receptor:
Thienopyr(im)idines with
Therapeutic Potential for Ovulation
Induction

N. C.R. van Straten,* G. G. Schoonus-Gerritsma,
R. G. van Someren,? J. Draaijer,® A. E. P. Adang,®
C. M. Timmers,® R. G. J. M. Hanssen,!<! and

C. A. A. van Boeckel™

KEYWORDS:

G-protein-coupled receptors -
heterocycles - receptors

medicinal chemistry - nitrogen
- structure —activity relationships

The gonadotropins, a class of glycoproteins with an average
molecular weight of 30kD, play a pivotal role in human
reproduction. Follicle stimulating hormone (FSH), for example,
causes ovarian follicle maturation in women and is involved in
spermatogenesis in men. Luteinizing hormone (LH) is respon-
sible for ovulation induction in women and controls testoster-
one production in men. Finally, human choriogonadotropin
(hCG) maintains the early stages of a pregnancy.™ All gonado-
tropins consist of a common a subunit and a hormone-specific

[a] Dr. N.C.R. van Straten, G. G. Schoonus-Gerritsma, R. G. van Someren,
J. Draaijer, Dr. A. E. P. Adang, Prof. Dr. C. A. A. van Boeckel
Lead Discovery Unit
N.V. Organon
PO Box 20
5340 BH Oss (The Netherlands)

Fax: (+31)4126-63508
E-mail: nicole.vanstraten@organon.com

[b] Dr. C. M. Timmers

Dept. of Medicinal Chemistry

N.V. Organon (The Netherlands)

Dr. R. G. J. M. Hanssen

Dept. of Pharmacology

Research and Development

N.V. Organon (The Netherlands)

[c

1439-4227/02/03/10 $ 20.00+.50/0 1023






Support from the Forschungsinstitut fiir Molekulare Pharmakologie
is gratefully acknowledged. M.S. was supported by the DFG
Graduiertenkolleg GRK 80 “Modellstudien”. The authors thank
Wolfgang Bermel for helpful discussions regarding the setup of the
TROSY experiments, Hartmut Oschkinat for his continuous encour-
agement, and Karen Zierler for carefully reading the manuscript.

[1] K. Wiathrich, NMR of Proteins and Nucleic Acids, Wiley, New York, 1986.

[2] a) G.T. Montelione, G. Wagner, J. Magn. Reson. 1990, 87, 183 -188; b) L. E.
Kay, M. lkura, R. Tschudin, A. Bax, J. Magn. Reson. 1990, 89, 496-514;
¢) G. M. Clore, A. M. Gronenborn, Prog. Nucl. Magn. Reson. Spectrosc. 1991,
23, 43-92; d) M. Sattler, J. Schleucher, C. Griesinger, Prog. Nucl. Magn.
Reson. Spectrosc. 1999, 34, 93 -158.

[3] L.P. McIntosh, F. W. Dahlquist, Q. Rev. Biophys. 1990, 23, 1-38.

[4] a)K.H. Gardner, L.E. Kay, Biol. Magn. Reson. 1999, 16, 27-74; b)B.T.

Farmer I, R. A. Venters, Biol. Magn. Reson. 1999, 16, 75-120.

a) K. Pervushin, R. Riek, G. Wider, K. Withrich, Proc. Natl. Acad. Sci. USA 1997,

94, 12366 -12371; b) K. Pervushin, Q. Rev. Biophys. 2000, 33, 161-197.

[6] A. Arora, L. K. Tamm, Curr. Opin. Struct. Biol. 2001, 11, 540 - 547.

[7]1 a) A. Arora, F. Abildgaard, J. H. Bushweller, L. K. Tamm, Nat. Struct. Biol.

2001, 8, 334-338; b) C. Fernandez, K. Adeishvili, K. Withrich, Proc. Natl.

Acad. Sci. USA 2001, 98, 2358 -2363; c) C. Fernandez, C. Hilty, S. Bonjour,

K. Adeishvili, K. Pervushin, K. Withrich, FEBS Lett. 2001, 504, 173-178.

a) J. K. Lanyi, Biochim. Biophys. Acta. 2000, 1460, 1 -3 and references cited

therein; b) U. Haupts, J. Tittor, D. Oesterhelt, Annu. Rev. Biophys. Biomol.

Struct. 1999, 28, 367 —99; c) D. Oesterhelt, Curr. Opin. Struct. Biol. 1998, 8,

489-500; d) D. Oesterhelt, W. Stoeckenius, Nature (London), New Biol.

1971, 233, 149-152.

a) J. Wess, FASEB J. 1997, 11, 346 —354; b) H. G. Dohlman, J. Thorner, M. G.

Caron, R. J. Lefkowitz, Annu. Rev. Biochem. 1991, 60, 653 - 688.

[10] K.Palczewski, T. Kumasaka, T. Hori, C. A. Behnke, H. Motoshima, B. A. Fox, I.
Le Trong, D. C. Teller, T. Okada, R. E. Stenkamp, M. Yamamoto, M. Miyano,
Science 2000, 289, 739 - 745.

[11] H. Luecke, B. Schobert, H.-T. Richter, J.-P. Cartailler, J. K. Lanyi, J. Mol. Biol.
1999, 291, 899-911.

[12] a)H. Patzelt, A.S. Ulrich, H. Egbringhoff, P. Dux, J. Ashurst, B. Simon, H.
Oschkinat, D. Oesterhelt, J. Biomol. NMR 1997, 10, 95-106; b) M. Kolbe,
PhD thesis, Ludwig-Maximilians-University Munich, 2001.

[13] M. Seigneuret, J.M. Neumann, J.L. Rigaud, J. Biol. Chem. 1991, 266,
10066 - 10069.

[14] M. Salzmann, K. Pervushin, G. Wider, H. Senn, K. Wuthrich, Proc. Natl. Acad.
Sci. USA 1998, 95, 13585 -13590.

[15] M. Salzmann, G. Wider, K. Pervushin, H. Senn, K. Wuthrich, J. Am. Chem.
Soc. 1999, 121, 844 -848.

[16] V. Sklenar, M. Piotto, R. Leppik, V. Saudek, J. Magn. Reson. Ser. A 1993, 102,
241 -245.

[17] a) A.G. Palmer, J. Cavanagh, P. E. Wright, M. Rance, J. Magn. Reson. 1991,
93,151 -170; b) L. E. Kay, P. Keifer, T. Saarinen, J. Am. Chem. Soc. 1992, 114,
10663 - 10665.

[18] K.V.Pervushin, G. Wider, K. Withrich, J. Biomol. NMR 1998, 12, 345 —348.

[19] M.J. Pettei, A.P. Yudd, K. Nakanishi, R. Henselman, W. Stoeckenius,
Biochemistry 1977, 16, 1955-1959; b) G.S. Harbison, S.O. Smith, J. A.
Pardoen, C. Winkel, J. Lugtenburg, J. Herzfeld, R. Mathies, R.G. Griffin,
Proc. Natl. Acad. Sci. USA 1984, 81, 1706 - 1709; c) S. O. Smith, A. B. Myers,
J. A. Pardoen, C. Winkel, P.P.J. Mulder, J. Lugtenburg, R. Mathies, Proc.
Natl. Acad. Sci. USA 1984, 81, 2055 - 2059; d) P. Scherrer, M. K. Mathew, W.
Sperling, W. Stoeckenius, Biochemistry 1989, 28, 829 - 834.

[20] a) J. P. Loria, M. Rance, A. G. Palmer lll, J. Magn. Reson. 1999, 141, 180 - 184;
b) P. Permi, A. Annila, J. Biomol. NMR 2001, 20, 127 -133.

[21] S. Grzesiek, A. Bax, J. Biomol. NMR 1993, 3, 185-204.

[22] J. Cavanagh, W.J. Fairbrother, A. G. Palmerlll, N. J. Skelton, Protein NMR
Spectroscopy, Academic Press, San Diego 1996.

[23] a) H. Belrhali, P. Nollert, A. Royant, C. Menzel, J.P. Rosenbusch, E. M.
Landau, E. Pebay-Peyroula, Structure Fold. Des. 1999, 7,909-917; b) L. O.
Essen, R. Siegert, W. D. Lehmannn, D. Oesterhelt, Proc. Natl. Acad. Sci. USA
1998, 95, 11673 -11678.

[24] N.A. Farrow, R. Muhandiram, A.U. Singer, S. M. Pascal, C. M. Kay, G. Gish,
S.E. Shoelson, T. Pawson, J. D. Forman-Kay, L. E. Kay, Biochemistry 1994,
33, 5984 -6003.

[5

s

)

ChemBioChem 2002, No. 10 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[25] a) D. Fushman, R. Weisemann, H. Thiring, H. Ruterjans, J. Biomol. NMR
1994, 4, 61-78; b) M.R. Gryk, R. Abseher, B. Simon, M. Nilges, H.
Oschkinat, J. Mol. Biol. 1998, 280, 879 - 896.

[26] S. Spera, A. Bax, J. Am. Chem. Soc. 1991, 113, 5490 - 5492.

[27] P. Luginbihl, T. Szyperski, K. Wathrich, J. Magn. Reson. Ser. B 1995, 109,
229-233.

[28] G. Zhu, Y. Xia, K. H. Sze, X. Yan, J. Biomol. NMR 1999, 14, 377 -381.

[29] A.Bax, S. Grzesiek in NMR of Proteins (Eds.: G. M. Clore, A. M. Gronenborn),
CRC Press, Boca Raton, FL, 1993, pp. 36.

[30] a) M. lkura, A. Bax, G. M. Clore, A. M. Gronenborn, J. Am. Chem. Soc. 1990,
112,9020-9022; b) T. Frankiel, C. Bauer, M. D. Carr, B. Birdsall, J. Feeney, J.
Magn. Reson. 1990, 90, 229.

Received: March 15, 2002 [Z380]

The First Orally Active Low Molecular
Weight Agonists for the LH Receptor:
Thienopyr(im)idines with
Therapeutic Potential for Ovulation
Induction

N. C.R. van Straten,* G. G. Schoonus-Gerritsma,
R. G. van Someren,? J. Draaijer,® A. E. P. Adang,®
C. M. Timmers,® R. G. J. M. Hanssen,!<! and

C. A. A. van Boeckel™

KEYWORDS:

G-protein-coupled receptors -
heterocycles - receptors

medicinal chemistry - nitrogen
- structure —activity relationships

The gonadotropins, a class of glycoproteins with an average
molecular weight of 30kD, play a pivotal role in human
reproduction. Follicle stimulating hormone (FSH), for example,
causes ovarian follicle maturation in women and is involved in
spermatogenesis in men. Luteinizing hormone (LH) is respon-
sible for ovulation induction in women and controls testoster-
one production in men. Finally, human choriogonadotropin
(hCG) maintains the early stages of a pregnancy.™ All gonado-
tropins consist of a common a subunit and a hormone-specific
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[ subunit that are noncovalently linked. Both FSH and LH are
produced in the pituitary and act on particular G-protein-
coupled receptors (GPCRs) expressed in the gonads. FSH
receptors (FSHR) are found on granulosa cells (Q) and Sertoli
cells ("), whereas LH receptors (LHR) are present on Theca
cells (@) and Leydig cells ().

Binding of LH to the LHR stimulates the Theca and Leydig cells
to produce testosterone (Figure 1). Subsequently, testosterone is
converted into estradiol in the female granulosa cell by the
cytochrome P450 enzyme aromatase, which is generated after
activation of the FSHR by FSH.? Gonadotropins are used
clinically in infertility treatment in assisted reproductive therapy
for oocyte maturation and ovulation induction. Current methods
such as in vitro fertilization use either urinary or recombinant
gonadotropins.®! A major drawback in the clinical application of
these hormones is the required parenteral (intramuscular or
subcutaneous) administration by injection. Low molecular
weight (LMW) agonists on the other hand have the potential
to become orally active drugs, which display enhanced patient
convenience and compliance. During the past decade, the
discovery of LMW modulators for receptors that are normally
triggered by high molecular weight (HMW) endogenous ligands
(for example, peptides and proteins) has been a great challenge
for medicinal chemists. The identification of LMW agonists has
met with limited success. Recently, Merck scientists reported the
first orally active LMW agonist for the human insulin receptor
tyrosine kinase,” a molecule that mimics the mode of action of
the 51 amino acid containing peptide insulin. Up to now, no

orally active LMW agonists for either of the gonadotropin
receptors have been described.” 9

We here disclose the first class of orally active low molecular
weight agonists (structures 1 and 2, Scheme 1) for the luteinizing
hormone receptor, with Org41841 (1v) the most potent.
Compound 1v showed an ECg, value (the effective concentra-
tion that causes 50% of the maximum response) of 20 nm on a
cell line that expressed the human luteinizing hormone receptor
(hLHR), and in vivo efficacy in mice after oral administration."”!

2
R NH,

DR

Rl/I\N/ s R

1:X=N

la: X =N, Rl = SMe, RZ = Ph, R® = OFt

1v : X = N, Rl = SMe, R? = 3-OMe-Ph, R® = NHtBu (Org 41841)
2:X=CH

Scheme 1. General structures of LH receptor agonistic thienopyri(mi)dines 1
and 2.

The high-throughput screening program run by Organon on
the hLHR employs a Chinese hamster ovary (CHO) cell line that
stably expresses the hLHR and the cyclic-cAMP-response-element
(CRE) - luciferase-reporter construct and has revealed thieno[2,3-
dlpyrimidine 1a (ECs;,=1.4 uwv) as a
selective hLHR agonist with no

Leydig cell
Theca cell

Aromatase

S ———

activity on hFSHR, human cortico-
tropin-releasing factor| receptor,
and human thyroid stimulating
hormone receptor. Synthesis of
the hit compound 1a was accom-
plished with a literature procedure
by using a slight modification in
reaction conditions to improve
yield and ease of purification. Thus,
Biginelli-type condensation of S-
methylisothiourea (3a, R'=SMe)
with benzaldehyde (4a, R?>=Ph)
and ethyl cyanoacetate (5) in the
presence of K,CO; gave pyrimidone
6a.”! Subsequent treatment of 6a
with POCl; (—7a), base-mediated
nucleophilic substitution, and con-
comitant cyclization® furnished hit
compound 1a (R'=SMe, R?=Ph,
R®=OEt) in an overall yield of 49 %.
This synthetic sequence, outlined
in Scheme 2, includes ester hydrol-
ysis and subsequent amide or ester
formation (steps d and e, respec-
tively) and was also applied for the

Granulosa cell

Figure 1. Production of testosterone and estradiol by activation of the LH receptor and FSH receptor, respectively.
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preparation of analogues 1b-v
(Table 1).
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R? Table 1. EC;, values for analogues 1a-v and 2a-g on CHO-hLHR(luc) assay.”!
+ + —_—
R SNH So T oo Rl)I\N o Q N2
H XI N\
3 4 5 6 Rl)\N/ s R®
b Analogue X R R? R? ECsp [pm]
1a N SMe Ph OEt 1.4 4+ nd®
1b N SMe 3-Br-Ph OEt 1.5+0.2
R2 NH R2 1c N SMe 4-Br-Ph OEt >10
2 o c,de CN 1d N S-n-pentyl 3-Br-Ph  OEt >10
N)T\g_( -~ N7 le N SEt Ph Ot 19434
Rl)l\N/ IS R3 Rl)I\N/ al 1f N  SCH,Ph Ph OEt 3.6+nd
19 N SMe 4-pyridyl  OEt 2.7+0.1
1 7 1h N SMe 3-furoyl  OEt 1.0+03
1i N SMe 3-thienyl OEt 0.46 +£0.1
Scheme 2. Synthesis of thieno[2,3-d]pyrimidines with the general structure 1. 1j N SMe 3—0Me—Ph OEt 0.12+0.01
a) 3:4:5= 1:4:2, K,CO, (1.1 equiv), EtOH, 60°C, 5 h; b) POCl,/dioxane (3:4 (v/v)), | ¥ N Me 3-thienyl  OFt >10
80°C, 3 h; ¢) ethyl 2-mercaptoacetate (1.1 equiv), NaOEt (1.6 equiv), EtOH, 50°C, | 1! N 4-pyridyl ~ 3-furoyl  OFEt 1.6+0.08
3 h, 5-50% over three steps. For R*<+ OEt: d) LiOH (20 equiv), dioxane/water (9:1 Tm N 2-thienyl  3-thienyl OFEt 0.15+0.01
(v/v)), RT, 16 h, quant; e) amine or alcohol (1.2 equiv), N,N-diisopropylethylamine Tn N Ph Ph OEt 0.16£0.04
(5 equiv), bromotripyrrolidinophosphoniumhexafluorophosphate (1.5 equiv), To N SMe Ph OH 69+17
CH,Cl,, RT, 16, 14-90%. 1p N SMe Ph OCH,adamant-1-yl 3.7+09
1q N SMe Ph 0O-(3-OMePh) 1.2+0.03
1r N SMe Ph O-cyclohexyl 0.15+0.01
A series of thieno[2,3-b]pyridines with general structure 2 was :: E :m: E: ECHHT;’?S::—Z—yI (3):?;;)302
synthesized by the method depicted in Scheme 3. Thus, a,8- | 1u N 2-thienyl  3-thienyl NHiPr 0.07 £0.01
unsaturated ketones of general structure 9, obtained by aldol | 1v(Org41841) N SMe 3-OMe-Ph NHtBu 0.0240.005
condensation of ketones 8 with aldehydes 4, were condensed 2a CH Ph Ph OFt 0.98+0.16
. . . . . . 2b CH 2-naphthyl Ph OEt >10
with 2-cyanothioacetamide to give thiopyridones 10. Nucleo- |, CH 2furoyl  Ph OFt 27402
philic substitution followed by cyclization, saponification, and | 2d CH Ph 3-OMe-Ph OFEt 0.53+0.03
amide formation provided thieno[2,3-blpyridines 2a-g in | 2e CH 2-thienyl ~ 2-thienyl ~OEt 0.58+£0.03
Satisfactory overall yields.“ol 2f CH 2-thienyl Ph NHl:Pr 0.18 £0.01
. L . . 2g CH Ph 3-OMe-Ph NHiPr 0.16 +-0.02
All thienopyrimidines 1b-v and thienopyridines 2a-g were
tested in the CHO - hLHR assay by using luciferase as a functional [a] CHO-K1 cells that stably express the hLHR and the CRE-luciferase reporter
. . . construct were suspended in 96-well plates and stimulated at 37 °C with the LH
read out."™ The resulting EC, values are delineated in Table 1. As - . . -
agonistic compound. After 4 h, Luclite was added and luciferase activity was
shown for the thienopyrimidine series, introduction of a meta | measured on a Topcount (Packard) apparatus.™ [b] nd = not determined.

substituent on the phenyl ring in the R? group is tolerated,
whereas para substitution gives rise to loss of activity (see
analogues 1b and 1 c). Replacement of the phenyl ring in R? with
a heteroaromatic group yields compounds with ECs, values in

the low micromolar range (analogues 1g-i). Furthermore, R2 a /RZ
enlargement of the S-Me group to an S-pentyl group had a Rl/ko + ko —_— /C

detrimental effect on potency (analogue 1d). Use of amidines R0
instead of isothiourea (R' =alkyl, aryl) in the preparation of the 8 4 9

thienopyrimidine series provided inactive compounds in the
case of R =alkyl (for example, analogue 1k), whereas potencies
in the submicromolar range were observed for derivatives with
R' = (hetero)aryl (analogues 11-n). Finally, it was established
that hydrolysis of the ethyl ester leads to deterioration of activity
(analogue 10), whereas replacement of the ester moiety with an
amide group turned out to be crucial to obtain potencies in the
10-100-nanomolar range, with analogue 1v the most potent
LHR agonist.

It is of interest to note that the thienopyridine series 2 follows
the same structure—activity relationships (SAR) seen in the
thienopyrimidine series. For example, heteroaromatic groups
can be introduced with retention of activity (analogues 2¢, e, f)
and amides (analogues 2 f, g) prove to be more potent than the
corresponding esters. However, overall activities in the thieno-

ChemBioChem 2002, No. 10 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2 2
R NH, R N
m_(o C‘dye /fi
-
RIVONZ S HN—< R ONTs
H
2

10

Scheme 3. Synthesis of thieno[2,3-b]pyridines of general structure 2. a) 8:4 =
1:1.1, NaOH (1.2 equiv), MeOH, RT, 2 h, 91-100%; b) 2-cyanothioacetamide

(1.1 equiv), NaOMe (0.3 equiv), MeOH, reflux, 16 h, 11-39%; c) ethyl chloroace-
tate (1.2 equiv), NaOEt (1.6 equiv), EtOH, RT, 3 h, 41-99 %. For R*+ OFEt: d) LiOH
(20 equiv), dioxane/water (9:1 (v/v)), RT, 16 h, quant; e) amine (1.5 equiv), N,N-
diisopropylethylamine (5 equiv), O-(benzotriazol-1-yl)-N,N,N’,N'-tetramethyluro-
nium tetrafluoroborate (1.1 equiv), CH,Cl,, RT, 16 h, 13-62%.
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pyridine series are lower than in the corresponding thienopyr-
imidine series, which indicates the importance of the nitrogen
atom at position 3 of the scaffold (analogue 1n versus 2a).

LHR agonist 1v (Org41841),'Z with the potency-enhancing
3-OMe-Ph and NHtBu groups at positions4 and 6 of the
thienopyrimidine scaffold, respectively, was chosen for further
pharmacological profiling, the results of which are depicted in
Table 2. Thus, Org41841 was tested in vitro on mouse Leydig
cells with testosterone as the functional read out and revealed
an ECs, value of 0.43 pm.” ¥ In vivo efficacy was measured in an
ovulation induction model by using urinary FSH-primed imma-
ture mice (50 mgkg~', p.o.), which resulted in an average of 40%
ovulating animals.”?

Table 2. Pharmacological profiling of LHR agonist Org41841 (analogue 1v).

Assay (read out) Result
mouse Leydig cells (testosterone)® ECso: 0.43 pm
in vivo ovulation induction in mice 40 % ovulating animals

(% ovulating animals)®

[a] Leydig cells were isolated from male mice. Testosterone production was
measured after stimulation of the LHR with an LHR agonistic com-
pound.” 3! [b] Immature female mice were primed with urinary FSH, treated
with Org 41841 (50 mg kg~', orally) and approximately 48 h later treated
with an LHR agonistic compound. The animals were killed after LHR agonist
treatment and the number of ova in the oviduct was microscopically
assessed.”

In conclusion, we have demonstrated that heterocycles of the
general structures 1 and 2 are low molecular weight agonists for
the luteinizing hormone receptor and mimic the mode of action
of the high molecular weight endogenous ligand LH. Initial SAR
for this class of compounds could be deduced and more than 50-
fold improvement in potency was achieved through substitu-
tions. Moreover, Org41841 is the first example known to date of
a LMW agonist for a gonadotropin receptor that shows in vivo
efficacy after oral administration. Since our compounds are not
able to displace '®I-labeled LH, we assume that the binding
position is located in the evolutionarily conserved monoamine-
related binding pocket of the seven-helical transmembrane
domain™ rather than in the large extracellular domain where
the native HMW ligand LH interacts with the receptor. Alter-
native transmembrane binding sites for synthetic GPCR antag-
onists (so-called ‘insurmountable’ antagonists) are reported
frequently in the literature, for example, in the case of
angiotensin receptor antagonists.!'!

Org41841 can be used as a starting point for further
optimization, which could eventually lead to a selective, orally
active drug for ovulation induction in assisted reproductive
therapy. Further progress in this area will be reported in due
course.
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