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Preface

Why do we address G protein coupled receptors (GPCRs) as drug targets and empha-
size their constitutive activity in our series on „Methods and Principles in Medicinal
Chemistry“? Taking into account that a large variety of currently used drugs are either
agonists or antagonists at GPCRs, the broad interest of medicinal chemists in GPCRs
is obvious. But why do we highlight the constitutive activity of GPCRs? When this
phenomen was described first in the 1980’s it was regarded with high scepticism
and often attributed to experimental artefacts. Nevertheless, during the last two dec-
ades the phenomenon has gained more and more scientific attention and thus con-
stitutive GPCR activity has been included in the theoretical and molecular models of
GPCR activation. Consequently, GPCR ligands are today subgrouped into full ago-
nists, partial agonists, neutral antagonist and inverse agonists. Interestingly, many
of the clinically used „GPCR-blockers“ turned out to be not neutral antagonists but
inverse agonists at their respective receptors.
Therefore, the present book comprehensively discusses an important biological pro-

cess that has not yet been covered in such depth in any other existing books on GPCRs.
In the first part the international team of authors addresses in detail current models
and concepts to introduce medicinal chemists, physiologists, pharmacologists and
medical researchers into the advances in the understanding of GPCR activation
and constitutive activity. In addition, the book provides a chapter with an overview
on methods of investigating constitutive GPCR activity on a cellular and subcellular
level. In the second part of the book, the knowledge on constitutive activity of selected
important GPCR systems is described in more detail. This includes consequences of
constitutive activity for drug action and side effects. Most important, one chapter of the
book is attributed to the major unresolved issue of constitutive GPCR activity, i.e. its
physiological, pathophysiological and therapeutic relevance.
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The series editors believe that this book adds a fascinating facet to the series which is
unique in its topic and presentation. We are indebted to the international consortium
of highly distinguished authors for their contributions which reflect today’s situation
in biosciences, i.e., that scientists frommany disciplines have to work together closely
to advance our knowledge on such important but complex issues. We would like to
thank Roland Seifert and Thomas Wieland for their enthusiasm to organize this vo-
lume. We also want to express our gratitude to Frank Weinreich from Wiley-VCH for
his valuable contributions to this project.

May 2005 Raimund Mannhold, Düsseldorf
Hugo Kubinyi, Weisenheim am Sand
Gerd Folkers, Zürich

PrefaceXII



A Personal Foreword

When the first observations of constitutive (i.e., agonist-independent) activity of
G protein-coupled receptors (GPCRs) were made in the mid-to-late 1980s, probably
nobody expected that 15 years later this would be a central theme in the biomedical
sciences. Indeed, it is now clear that a large fraction of wild-type GPCRs exhibit dif-
ferent degrees of constitutive activity. In addition, most GPCR antagonists known so
far have actually turned out to be inverse agonists, and furthermore, mutations in
GPCRs can result in exaggerated constitutive activity and severe human diseases. Ana-
lysis of constitutive GPCR activity has also given rise to profound insights into the
molecular mechanisms of GPCR activation and is now even exploited for drug devel-
opment, including ligand identification for orphan GPCRs. During the past 15 years,
sophisticated models of constitutive GPCR activity have been developed, and are being
continuously refined. We now have in hand a broad spectrum of sensitive experimen-
tal methods to study constitutive activity, and many of them can be implemented in
most research laboratories. Despite all the progress in the field, a major unresolved
question remains. What is the (patho)physiological and therapeutic relevance of con-
stitutive GPCR activity?
Given the complexity of the field, it is not surprising that scientists from many

disciplines – classic and molecular pharmacologists, molecular biologists, theoretical
biochemists, physiologists, biophysicist, immunologists, neuroscientists, medicinal
chemists, and clinical scientists – have made important contributions to the field. Sev-
eral review articles on different aspects of constitutive GPCR activity are available, but
given the multitude of aspects of the field, it is impossible for an individual scientist to
write “the“ ultimate in-depth review on this topic.
Bearing those thoughts in mind and considering the broad relevance of constitutive

GPCR activity to many biomedical disciplines, we developed the idea of putting to-
gether a book that covers important aspects of the field. We are very happy that we
were successful in motivating many key investigators in the field to contribute to
this project. Intentionally, we do not seek to be comprehensive but rather to cover
seminal aspects of the field without duplicating existing reviews.
While, of course, each author has her or his own point of view and interpretation of

data, there is now general consensus in the scientific community that GPCRs exist in
at least one inactive (R) and one active (R*) state. Throughout the book we have tried
our best to ensure that consistent IUPHAR nomenclature of GPCRs, pharmacological

XIIIXIII



terms, and designation of amino acid mutations and the positions of amino acids in
transmembrane domains are used in order to avoid confusion, and have also inte-
grated cross-references between chapters to connect different aspects. You can start
reading the book wherever you want. Each chapter has its own introduction and stands
by itself as an entity. If you are interested in a particular GPCR, we refer you to Table 1.1
in Chapter 1, which will then guide you to the chapter(s) in which your GPCR of inter-
est is discussed.
We are grateful to the authors of this book for their dedication, time, and willingness

to consider our critique, suggestions, and formal requests. We are also thankful to
editors of the book series and Dr. Frank Weinreich fromWILEY-VCH for their advice
in the planning stage of the book and to Irene Rupprecht and the staff of WILEY-VCH
for bringing all the contributions into a suitable form. We hope that the book will be of
use for basic and clinical scientists, experts and non-experts, seasoned scientists, un-
dergraduate students, and graduate students and will serve as a starting point for sol-
ving the remaining problems in the field of constitutive GPCR activity.

Mannheim and Lawrence
May 2005 Roland Seifert and Thomas Wieland
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Abbreviations and Terminology

a-adrenoceptor aAR
a-adrenoceptor, subtype 1 a1AR, a1AAR, a1BAR,

a1DAR
a-adrenoceptor, subtype 2 a2AR, a2AAR, a2BAR,

a2DAR
(S)-(+)-a-fluoromethylhistidine a-FMH
b-adrenoceptor bAR
b-adrenoceptor, subtype 1 b1AR
wild-type b1AR b1ARwt

b-adrenoceptor, subtype 2 b2AR
constitutively active b2AR mutant b2ARCAM

wild-type b2AR b2ARwt

b3-adrenoceptor b3AR
jB cis-enhancer element jB
arachidonic acid AA
(4’-[3-((3R)-3-dimethylaminopyrrolidin-1-yl)

propoxy]biphenyl-4-carbonitrile A-331440
adenylyl cyclase AC
AC isoforms I to IX AC I to IX
adenosine deaminases ADAR1 and ADAR2
attention-deficit hyperactivity disorder ADHD
4-n-butyl-1-[4-(2-methylphenyl)-4-oxo-1-butyl]-

piperidine hydrogen chloride AC-42
agouti-related protein AgRP
(–)-alprenolol ALP
adapter protein AP
activator protein 1 AP1
activator protein 1/tetradecanoyl phorbol

acetate-response element AP-1/TRE
adrenoceptor AR
arginine Arg
aspartate Asp

Abbreviations and Terminology XIXXIX



angiotensin II type 1 receptor AT1R
angiotensin II subtype 1A receptor AT1AR
leukotriene B4-receptor BLTR

2-bromolysergic acid diethylamide BOL
bradykinin receptor BR
bradykinin B2-receptor B2R
bioluminescence resonance energy transfer BRET

complement C5a receptor C5aR
constitutively active mutant CAM
cyclic AMP cAMP
cAMP enzyme immunoassay cAMP-EIA
Ca2+/calmodulin-dependent protein kinases CaMKs
(Rp)-adenosine-3’:5’-cyclic monophosphothioate triethylamine (Rp)-cAMPS
capri pox virus CaPV
calcium-sensing receptor CaSR
calcium-permeable voltage-sensitive channel subunit 2.1 Cav2.1
cannabinoid receptor CBR
cholecystokinin receptor CCKR
cholecystokinin receptor subtype 2 CCK2R
[(�)-4-(3-tert-butylamino-2-hydroxypropoxy)

benzimidazol-2-one] CGP 12177A
(�)-2-hydroxy-5-[2-({2-hydroxy-3-[4-(1-methoxy-4-

trifluoromethyl-1H-imidazol-2-yl)phenoxy]propyl}amino)
ethoxy]-benzamide CGP 20712

(�)-2-hydroxy-5-[2-({2-hydroxy-3-[4-(1-methyl-4-
trifluoromethyl-1H-imidazol-2-yl)phenoxy]propyl}amino)
ethoxy]-benzamide monomethanesulfonate CGP 20712A

nicotinoyl-Tyr-Lys(Z-Arg)-His-Pro-Ile-OH CGP42112A
Chinese hamster ovary CHO
Chinese hamster fibroblast CHW
C terminus of the i3 loop Ci3
casein kinase 2 CK2
chemokine-binding protein CKBP
cytomegalovirus CMV
cyclic nucleotide-gated CNG
African green monkey kidney cells COS-7
counts per minute cpm
1-(3-chlorophenyl)piperazine m-CPP
cAMP response element CRE
cow pox virus CPV
cAMP-response element binding protein CREB
cAMP-response element binding protein/cAMP

response element CREB/CRE

Abbreviations and TerminologyXX



cyclosporin H CsH
carboxy-terminal C-t
cubic ternary complex model CTC model
cytotoxic T lymphocyte antigen 4 CTLA-4
chemokine receptors CXCR, CCR
cysteine Cys

DADLE ([D-Ala2,
D-Leu]enkephalin)

1,2-diacylglycerol DAG
4-diphenylacetoxy-N-methylperidine. 4-DAMP
dihydroalprenolol DHA
Dulbecco’s modified Eagle medium DMEM
4-iodo-2,5-dimethoxyphenylisopropylamine DOI
d-opioid receptor DOP(d)R
dopamine receptor DR
dopamine receptor, subtype 1 D1R, D1AR
dopamine receptor, subtypes 2 and 3 D2R, D3R
Asp-Arg-Tyr motif DRY

Epstein Barr virus EBV
effective concentration 50% EC50

extracellular domain ECD
extracellular loop ECL
extracellular loop 2 ECL2
enhanced green fluorescent protein and the

pleckstrin homology domain of the PLCd1 EGFP-PHPLCd

epidermal growth factor receptor EGFR
equine herpes virus type 2 EHV-2
nitric oxide synthase type 3 eNOS
prostaglandin E2 receptor EPR
electron paramagnetic resonance spectroscopy EPR
prostaglandin E2 receptor, subtype 3 EP3R or EP3cR
endoplasmic reticulum ER
extracellular signal-related kinase ERK
extracellular signal-regulated protein kinase 1/2 ERK1/2
Glu-Arg-Leu motif ERL motif
extended ternary complex model ETC model
enabled Vasp homology EVH
Ena/VASP homology 1/Wiskott–Aldrich syndrome

protein homology 1 EVH1/WH1

focal adhesion kinase FAK
Federal Drug Administration FDA
N-formyl-L-methionyl-L-leucyl-L-phenylalanine fMLP
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prostaglandin F2a receptor FPR
formyl peptide receptor FPR1
fluorescence resonance energy transfer FRET
follicle stimulating hormone receptor FSHR
Fourier transform infrared FTIR

c-aminobutyric acid GABA
c-aminobutyric acid receptor, subtype B GABABR: GABAB1R

(GBR1) and
GABAB2R (GBR2)

glycosaminoglycan GAG
guanosine 5’-diphosphate GDP
guanine nucleotide exchange factor GEF
green fluorescent protein GFP
G protein-coupled receptor interacting proteins

(or GPCR interacting proteins) GIPs
glutamate Glu
gonadotropin-releasing hormone receptor GnRHR
guinea pig gp
G protein-coupled receptor GPCR
guanosine 5’-[b,c-imido]diphosphate GppNHp
guanine nucleotide binding protein G protein
3-[3-(dimethylamino)propyl]-4-hydroxy-N-[4-

(4-pyridinyl)phenyl]benzamide dihydrochloride GR-55562
G protein-coupled receptor kinase GRK
glycogen synthase kinase 3b GSK3b
guanosine 5’-triphosphate GTP
guanosine 5’-[c-thio]triphosphate GTPcS

Hank’s buffered saline solution HBSS
human cytomegalovirus HCMV
heptahelical domain HD
histidine decarboxylase HDC
human embryonic kidney HEK
human herpes virus n HHVn
5-hydroxyindoleacetic acid 5-HIAA
hypoxia-inducible factor 1a HIF-1a
human immunodeficiency virus HIV
histamine receptor HR
histamine receptors, subtypes 1 to 4 H1R, H2R, H3R, H4R
5-hydroxytryptamine or serotonin 5-HT
5-hydroxytryptamine receptor 5-HTR
5-hydroxytryptamine receptor, subtype 1 5-HT1R, 5-HT1AR
5-hydroxytryptamine receptor, subtype 2 5-HT2R, 5-HT2CR
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5-hydroxytryptamine receptor, subtypes 3 to 7 5-HT3R, 5-HT4R,
5-HT5R, 5-HT6R,
5-HT7R

herpes virus saimiri HVS

intracellular loop 2 i2
intracellular loop 3 i3
N,N’-dimethyl-N-(iodoacetyl)-N’-(7-nitrobenz-2-

oxa-1,3-diazol-4-yl)-ethylenediamide IANBD
isobutylmethylxanthine IBMX
inhibitor concentration 50% IC50

peak L-type Ca2+ current ICa
intercellular adhesion molecule-1 I-CAM-1
((�)-1-[(7-methyl-2,3-dihydro-1H-inden-4-yl)oxy]-3-

[(1-methylethyl)amino]-2-butanol)
or erythro-DL-1-(7-methylindan-4-yloxy)-3-

isopropylaminobutan-2-ol ICI 118551
[N,N’-diallyl-Tyr1,Aib2,3]Leu5-enkephalin ICI 174864
immediate-early IE
hyperpolarization-activated current If
muscarinic acetylcholine receptor-gated atrial

potassium channel IKACh
“unedited“ (Ile156(3.54), Asn158(3.56), Ile160(3.58))

isoform of human brain 5-HT2CR INI
inositol phosphate IP
inositol bisphosphate IP2

inositol 1,4,5-trisphosphate IP3 or InsP3

(–)-isoproterenol ISO
inosine 5’-triphosphate ITP
International Union of Pharmacology IUPHAR

Janus kinase/signaling transducer and activator of
transcription Jak/STAT

1-[(5-chloro-1H-indol-2-yl)carbonyl]-4-methylpiperazine JNJ7777120
c-Jun amino-terminal kinase JNK

dissociation constant Kd

knock-out KO
Kaposi’s sarcoma KS
Kaposi’s sarcoma herpes (or “sarcoma-associated“) virus KSHV
KS-derived KSHV-negative endothelial cell line KSIMM
luteinizing hormone LH
luteinizing hormone receptor LHR
littermate LM
lysergic acid diethylamide LSD
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lumpin skin disease virus LSDV
leukotriene B4 LTB4

mitogen-activated protein MAP
mitogen-activated protein kinase MAPK
[INLKALAALAKALL-NH2] Mas-7

mouse cytomegalovirus MCMV
melanocortin receptor MCR
melanocortin receptor, subtypes 1, 3 and 4 MC1R, MC3R, MC4R
molluscum contagiosum virus MCV
molecular dynamics MD
1-[2-(4-fluorophenyl)ethyl]-4-piperidinemethanol MDL100907
Marek’s disease virus MDV
metabotropic glutamate receptor mGluR
metabotropic glutamate receptor subtype 1 mGlu1R
metabotropic glutamate receptor subtype 5 mGlu5R
major histocompatibility class MHC
murine c-herpes virus 68 MHV68
l-opioid receptor MOP(l)R
muscarinic acetylcholine receptor MR
muscarinic acetylcholine receptor, subtypes 1 to 5 M1R, M2R, M3R, M4R,

M5R
(–)-5,9a-diethyl-2-(3-furyl-methyl)-2’-hydroxy-6,7-

benzomorphan MR 2266
ethylammonium methanethiosulfonate MTSEA
myxoma virus MV

naloxone benzoylhydrazone NalBzOH
Na+/Ca2+-exchanger NCX
nuclear factor jB NF-jB
nuclear factor jB/NF-jB cis-enhancer element NF-jB/jB
nuclear factor of activated T cells NFAT
N terminus of the i3 loop Ni3
N-methyl scopolamine NMS
nitric oxide/cGMP-dependent protein kinase NO PKG
former acronym for nucleotide-binding protein

(= G protein) N protein
nucleoside 5’-triphosphate NTP

8-hydroxy-2-(di-n-propylamino)tetralin 8-OH-DPAT
opoid receptor OPR
“open reading frame“ ORF
((–)-2-cyano-1-methyl-3-[(2R,5R)-5-(1H-imidazol-4

(5)-yl)tetrahydrofuran-2-ylmethyl]guanidine OUP-16
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p38-mitogen activated kinase p38 MAPK
platelet-activating factor receptor PAFR
1-(1-phenylcyclohexyl)piperidine PCP
phosphodiesterase PDE
PSD95/DLG/ZO-1 PDZ
prostaglandin F2a PGF2a

pleckstrin homology domain of PLCd1 PHPLCd

post infection p.i.
phosphatidylinositol 3’-kinase PI3-Kinase, PI3K
phosphatidylinositol 4,5-bisphosphate PIP2

protein kinase A PKA
protein kinase B PKB
protein kinase C PKC
cGMP-dependent protein kinase PKG
phospholipase A2 PLA2

phospholipase C PLC
phospholipase C-b isozymes PLCbs
phospholipase D PLD
proline Pro
parathyroid hormone PTH
parathyroid hormone receptor subtype 1 PTH1R
pertussis toxin PTX
proline-rich kinase 2 Pyk2

quinuclidinyl benzilate QNB

inactive form of a GPCR R
active form of a GPCR R*
related adhesion focal tyrosine kinase RAFTK
ground state form of a GPCR Rg
regulator of G protein signaling RGS
rho guanine nucleotide exchange factor RhoGEF
(S)-2-(6-chloro-5-fluoroindol-1-yl)-1-methylethylamine

hydrochloride Ro 60-0175
receptor selection and amplification technology R-SAT
respiratory syncytial virus RSV
ryanodine receptors RyRs
(N-[1-(2,3-dihydro[1,4]dioxin-5-yl)piperidin-4-yl]

indan-2-ylamine) S18127
5-methyl-1-(3-pyridylcarbamoyl)-1,2,3,5-tetrahydropyrrolo

[2,3-f]indole hydrochloride SB-206553
1’-methyl-5-{[2’-methyl-4’-(5-methyl-1,2,4-oxadiazol-3-yl)

biphenyl-4-yl]carbonyl}-2,3,6,7-tetrahydrospiro[furo
[2,3-f]indole-3,4’-piperidine] oxalate SB-224289
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1’-ethyl-5-[2’-methyl-4’-(5-methyl-1,3,4-oxadiazol-2-yl)
biphenyl- 4-carbonyl]-2,3,6,7-tetrahydrospiro[furo
[2,3-f]indole-3,4’-piperidine] SB-224289

6-chloro-5-methyl-1-[6-(2-methylpyridin-3-yloxy)
pyridin-3-ylcarbamoyl]indoline SB-242084

5-methyl-1-{2-[(2-methyl-3-pyridyl)oxy]-5-pyridyl]carbamoyl}-
6-trifluoromethylindoline hydrochloride SB-243213

substituted cysteine accessibility method SCAM
sodium dodecylsulfate SDS
Spodoptera frugiperda Sf9
smooth muscle cell SMC
single nucleotide polymorphism SNP
surface plasmon resonance SPR
swine pox virus SPV
N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-

4-methyl-pyrazole-3-carboxamide SR 141716A
serum response element SRE
serum response factor SRF
somatostatin 2-receptor SRIF2R
simian virus 40 SV40

trichloroacetic acid TCA
T cell factor TCF
transmembrane (domain) TM
nth transmembrane domain TMn
receptor for thromboxane A2 TPR
thyroid stimulating hormone TSH
tetradecanoyl phorbol acetate-response element TRE
thyroid stimulating hormone receptor TSHR
thyrotropin-releasing hormone receptor TRHR
transient receptor channels 1 and 4 TRPC1, TRPC4

5-bromo-N-(4,5-dihydro-1H-imidazol-2-yl)-6-quinoxalinamine UK14304
vasopressin receptor VR
vasodilator-stimulated phosphoprotein VASP
viral Bcl-2 vBCL-2
vascular cell adhesion molecule-1 VCAM-1
vascular endothelial growth factor VEGF
“fully edited“ (Val156(3.54), Gly158(3.56), Val160(3.58)) 5-HT2CR

isoform identified in human brain. VGV
viral interferon factor 1 vIRF-1
1-[5-(imidazol-4-yl)pentyl)-3-(4-chlorophenylmethyl)thiourea VUF 4742
[5-(1H-imidazol-4-yl)-pentyl]-isopropyl-amine VUF 4904
4-[3-(1H-imidazol-4-yl)propyl]piperidine VUF 5681
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(5-chloro-1H-benzo[d]imidazol-2-yl)-(4-methylpiperazin-
1-yl)methanone VUF 6002

vaccinia virus VV

N-{2-[4-(2-methoxyphenyl)piperazin-1-yl]ethyl}-N-(2-pyridyl)-
cyclohexanecarboxamide WAY 100635

xanthosine 5’-triphosphate XTP

neuropeptide Y receptor YR
neuropeptide Y receptor, subtype 1, 2, and 4 Y1R, Y2R, Y4R
Yaba-like disease virus YLDV
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Historical Background and Introduction

Richard A. Bond and Robert J. Lefkowitz

Paul Ehrlich (1854–1915) and John Newport Langley (1854–1936) are generally cred-
ited with the introduction of the concept of receptors or receptive substances to de-
scribe the interaction of drugs with cells. A few years later, Alfred J. Clarke
(1885–1941) began the process of applying mathematical modeling to the ligand/re-
ceptor interaction, and could thus be said to be the father of modern receptor theory.
Receptor theory was then modified and expanded by others: Ariens’ concept of partial
agonists, Stephenson’s seminal paper on efficacy, and Furchgott’s modification of Ste-
phenson’s theory to produce the system-independent concept of intrinsic efficacy. (For
a detailed account of the evolution of receptor theory and references see Kenakin, 2004
[1].) These developments, along with other contributions such as the Schild regression
analysis, had receptor theory firmly established by the 1960s.
However, the theory was still very much based on the ‘black box’ concept; many

scientists were still highly dubious that receptors existed as distinct proteins or enti-
ties. By the 1980s, new discoveries had begun to change the ‘black box’ concept. One
was the cloning of receptors and another was the clear separation of ion channel re-
ceptors from receptors coupled to the newly discovered G proteins (initially also re-
ferred to as N-proteins, as an acronym for nucleotide-binding proteins). The discovery
of G proteins also produced a modification of receptor theory to include precoupled
receptors in what is now termed the ternary complex model. Thanks to technological
advantages, scientists working on ion channels were able to record the activity of a
single ion channel and realized it had a probability of being in the open state irrespec-
tive of the presence of ligand. Ligands simply altered the probability of it being in the
open state. Because of this, it was easier to comprehend that ‘baseline’ activity could be
accounted for by the probability of the channel being in the open state. Accordingly, it
appeared possible to find ligands for receptors modulating these channels not only to
increase their probability of being in the open state, but also to decrease this probabil-
ity. Indeed, it was in the context of the GABA–benzodiazepine–receptor complex
(GABA = c-aminobutyric acid) that the term “inverse agonist“ was first used to de-
scribe the allosteric modulation of the receptor complex by the benzodiazepines in
a manner opposite to the modulation produced by GABA.
For G protein-coupled receptors (GPCRs), the skepticism about their existence van-

ished with the cloning of the first members of the superfamily, such as the b2-adre-
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noceptor (b2AR) [2, 3], but as far as receptor theory for GPCRs was concerned, there
was no apparent need to postulate spontaneously active GPCRs. Receptor theory ap-
peared to work quite nicely with only two classes of ligands, agonists and antagonists,
and one quiescent state of the receptor.
However, evidence slowly began accumulating that, at least in reconstituted sys-

tems, empty or unliganded receptors could couple to G proteins [4]. This was followed
by several studies providing more functional evidence in cell lines and membranes for
direct activation or inhibition of second messenger assays by empty receptors and the
notion that certain antagonists could prevent this basal activation [5–10]. Though a lot
of the evidence came from studies using bARs, other GPCRs were shown to exhibit
constitutive activity as well. In 1989, for example, Costa and Herz described the con-
stitutive activity of d-opioid receptors (DOP(d)Rs) natively expressed in NG-108 neu-
roblastoma cells [5]. By substitution of potassium for sodium in the assay medium,
they were able to enhance ‘baseline’ (unstimulated) high-affinity GTP hydrolysis used
as an index of receptor–G protein coupling (see Chapter 8), thus demonstrating the
constitutive activity of DOP(d)Rs. This study also demonstrated that certain com-
pounds termed ‘negative antagonists’ could decrease this raised baseline. These ‘ne-
gative antagonists’ had previously been classified as DOP(d)R antagonists. However,
not all opioid receptor antagonists were able to produce the decrease in baseline; some
had little effect on baseline and were therefore called ‘neutral antagonists’. The term
‘negative antagonist’ has now been largely replaced with the term ‘inverse agonist’, in
part because of the IUPHAR Receptor Nomenclature Committee’s recommendation.
In 1993 and 1994, additional papers were published showing constitutive activity of
other GPCRs, and compounds that behaved as inverse agonists at the receptors, most
notably for 5-hydroxytryptamine receptors (5-HTRs) [11], bradykinin B2-receptors
(B2Rs) [12], and a2-adrenoceptors (a2Rs) [13].
At the same time, evidence started accumulating that GPCRs could also be mutated

(usually in the third intracellular loop) to reveal a more robust constitutive activity, and
that this spontaneous activity could again be modified by certain ligands. In fact, con-
stitutively active mutant GPCRs were discovered serendipitously. Susanna Cotecchia,
working in the Lefkowitz laboratory, had created a chimeric a1B-adrenoceptor (a1BAR),
in which a short homologous stretch of amino acid residues from the a1BAR was ex-
changed into the C-terminal portion of the third cytoplasmic loop of the b2AR [14]. It
was expected that this would decrease a1BAR coupling to its cognate G protein, Gq.
Instead, it unexpectedly led to agonist-independent – that is, constitutive – activity.
Subsequently, it was demonstrated that virtually any amino acid replacement at a spe-
cific site in this region (alanine 293) resulted in graded levels of constitutive activity
(see Chapter 11). This suggested that only the naturally occurring residue at this posi-
tion was compatible with a completely constrained or inactive conformation of the
receptor [15]. Subsequently, similar findings were published for the ß2AR [16] and
then the a2AR [13]. As discussed below, these findings necessitated a rethinking of
classical receptor theories, such as the ternary complex model. An extended ternary
complex model (ETC model), which explains these findings, adds an explicit isomer-
ization step regulating the formation of the so-called active or R* receptor from R, the
inactive form (see Chapters 2 and 3) [20]. In this model, the elevated constitutive ac-
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tivity of mutant receptors is due to an increase in the isomerization (i.e., mutant re-
ceptors are more prone to adopt the active or R* conformation spontaneously in the
absence of agonists). The model also predicts the experimentally verifiable findings
that both agonists and partial agonists have higher affinity for the constitutively active
mutant receptors in proportion to their efficacy [16].
One of the key questions that had to be addressed in these studies was whether it

truly was constitutive activity or simply contamination with endogenous hormone or
neurotransmitter that was producing the activated receptors. To address this issue, it
became necessary to block the effects of the inverse agonist by use of a ‘neutral’ an-
tagonist. Such experiments were performed in all of the studies above except the bra-
dykinin B2R study, which relied on showing the absence of bradykinin in the system.
The field had now generated enough interest and a review has been published [17].
However, as the title of that review – “Inverse agonism: Pharmacological curiosity or
potential therapeutic strategy?“ – suggested, there was still a great deal of skepticism as
to the physiological relevance of the constitutive activity and inverse agonism.
Much of the skepticism about the phenomena appeared to involve the lack of phy-

siological data in support of constitutive activity and inverse agonism. The data gen-
erated so far had all been obtained in cell lines and membranes often manipulated to
include substantial overexpression of the receptors or mutated receptors. One of the
first studies in a physiological system to imply constitutive activity and inverse agon-
ism was performed in isolated guinea pig and human cardiac myocytes (see
Chapter 10) [18]. In 1995, the first physiological report of the use of transgenic
mice cardiac-specifically overexpressing the b2AR was published [19]. This study
showed that whether one used membranes and measured cAMP formation, or
used the isolated atria and measured isometric tension, or measured an index of car-
diac contractility in vivo, it was possible to restore the elevated levels of all three indices
back to normal with the b2AR inverse agonist ICI 118 551 ((�)-1-[(7-methyl-2,3-dihy-
dro-1H-inden-4-yl)oxy]-3-[(1-methylethyl)amino]-2-butanol), but not with the neutral
antagonist alprenolol. Furthermore, alprenolol could be used to block the inverse ago-
nist effects of ICI 118 551.
With regard to receptor theory, the most obvious consequence of spontaneously ac-

tive receptors was the need for at least two states of the receptor, and the inclusion of
inverse agonists in addition to agonists and antagonists as a class of ligands. The mod-
eling began to change because of the necessity to extend the ternary complex model.
Several models were proposed, ranging in complexity from the two-state model to the
ternary cubic (and extended ternary cubic) model (see Chapters 2 and 3) [16, 20, 21].
While the two-state model remains very useful in its predictive ability for many con-
ditions, there is now considerable evidence for multiple receptor states and for the
ability of ligands to enrich different states preferentially (see Chapter 9) [22–24]. In-
deed, the existence of multiple receptor states produced a subtle but important shift in
the concept of ligand efficacy. The notion of efficacy as being the ligand’s ability to
induce a conformational change of the receptor, through which it now gained affinity
for the signaling component (usually the G protein), was replaced by the notion that
the ligand simply selected or stabilized an already existing conformational state and
thereby produced its enrichment [33].
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Thus, constitutively active GPCRs and inverse agonism have evolved along the same
path asmost discoveries: skepticism about isolated reports, criticisms about methodol-
ogies and systems, and the physiological relevance of the findings. Many of the authors
of the pioneering articles discussed so far are contributing authors to this volume. Now
the focus has turned to the question of whether there is any therapeutic relevance to
the difference between antagonists and inverse agonists (see Chapters 7, 12, 13, and
14). This issue is complicated by the fact that many of the drugs on the market labeled
as blockers or antagonists are in fact inverse agonists. A recent publication surveyed
the literature for the percentage of antagonists and inverse agonists, and out of several
hundred compounds tested, the overwhelming majority are actually inverse agonists
[1].
There is no doubt that, at least in theory, inverse agonists would have a distinct

advantage over antagonists in treating diseases produced by constitutively active mu-
tants (CAMs). For example, inverse agonists directed at constitutively active thyroid
stimulating hormone (TSH) receptors might be used to treat 90% or more of sporadic
hyperfunctioning thyroid nodules, which are due to activating mutations in the TSH
receptor. Diseases caused by constitutively activating mutations have also been re-
ported in the case of receptors for luteinizing hormone, parathyroid hormone, and
a growing list of other ligands [25]. In all of these cases, inverse agonists might the-
oretically be of therapeutic value.
Some data can be interpreted in support of therapeutic differences between antago-

nists (or very weak partial agonists) and true inverse agonists in non-CAM diseases.
Specifically, a study using cardiac myocytes from congestive heart failure patients re-
vealed that both carvedilol and metoprolol behaved as inverse agonists, while bucin-
dolol was an antagonist (on average) (see Chapter 7) [26]. This correlates with their
clinical efficacy in chronic heart failure: carvedilol and metoprolol are beneficial at
reducing mortality, while bucindolol is not [27–30]. However, the mechanism of
the beneficial effect can also be explained by ligand-directed trafficking of the receptor
[23–24]; the issue is also applicable to other disease states such as schizophrenia (see
Chapter 14) [32]. Similar data have been obtained in a murine model of asthma in
which chronic treatment with the inverse agonists carvedilol and nadolol produces
a reduction in peak airway resistance, while the weak partial agonist alprenolol
does not [31]. This study tested the hypothesis that the opposing effects of agonists
and inverse agonists may also extend to their effects over time: agonists acutely in-
crease signaling, but when given chronically may decrease signaling due to desensi-
tization mechanisms, while inverse agonists may cause the exact opposite [31].
Over the past dozen years or so, the intimately linked concepts of constitutive activity

of GPCRs and the existence of inverse agonists have been validated and have become
part of the mainstream of thinking in receptor biology. As this volume demonstrates,
these ideas have provided fruitful avenues for experimentation and theory in numer-
ous areas of GPCR receptor biology. It seems likely that in the years ahead this body of
experimentation and theory will ultimately give rise to novel therapeutics. All these
topics will be discussed in this volume. Table 1.1 provides an overview of the various
GPCRs discussed in the individual chapters so that the reader interested in a specific
GPCR can easily find the desired information.
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Table 1.1 Classification of the G protein coupled receptors discussed in this book.

Numbers in bold indicate chapters specifically dealing with these receptors.

GPCR IUPHAR nomenclature Appearance in Chapter

Class A Receptors

5-Hydroxytryptamine

(serotonin) receptors

5-HTR 14, 1, 4

Subtype 1 5-HT1R 14

5-HT1AR 14, 6, 7

5-HT1BR 14, 7

5-HT1DR 14, 7

Subtype 2 5-HT2R 14

5-HT2AR 14

5-HT2CR 14, 5, 7

Subtype 3 5-HT3R 14, 13

Subtype 4 5-HT4R 14, 4, 5

5-HT4AR 4

5-HT4BR 4

5-HT4E,FR 4

Subtype 6 5-HT6R 14

Subtype 7 5-HT7R 14, 4

5-HT7AR 14, 4

5-HT7BR 4

5-HT7DR 4

Adrenoceptors AR 11

a-Adrenoceptors aAR 12

Subtype1 a1AR 11, 7

a1AAR 11

a1BAR 11, 1, 2, 3, 9, 12, 13, 14

a1DAR 11

Subtype 2 a2AR 11, 1, 2, 7, 13

a2AAR 6

a2BAR 11

a2CAR 11

b-Adrenoceptors bAR 9, 10, 2, 3, 4, 11, 12, 13

Subtype 1 b1AR 9, 10, 6, 7,11

Subtype 2 b2AR 9, 10, 1, 2, 3, 4, 6, 7, 11, 13, 14, 15

Subtype 3 b3AR 9, 10, 11

Angiotensin II receptors AT1R 3

Bradykinin receptors BR 2

Subtype 2 B2R 1, 2

Cannabinoid receptors CBR

Subtype 1 CB1R 2, 9

Chemokine receptors CXCR1 15

CXCR2 15

CXCR4 15, 7

CCR1

CCR5

15

7
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Table 1.1 continued.

GPCR IUPHAR nomenclature Appearance in Chapter

Class A Receptors

CCR6 15

CX3CR1 15

XCR1 15

Cholecystokinin receptors CCKR 3

Subtype 2 CCK2R 5

Complement C5a receptor C5aR 8

Dopamine receptor DR

Subtype 1 D1R 7

Subtype 2 D2R 3, 7, 14

Subtype 3 D3R 7

Subtype 4 D4R 7

Subtype 5 D5R 5

Formyl peptide receptors

Subtype 1 FPR1 8, 5

Glycoprotein hormone receptors

Follicle-stimulating hormone receptors FSHR 5, 7

Lutenizing hormone receptors LHR 5, 7, 14

Thyroid-stimulating hormone receptors TSHR 1, 5, 7, 14

Gonadotrophin-releasing hormone

receptors

GnRHR 3

Histamine receptors HR

Subtype 1 H1R 13, 7

Subtype 2 H2R 13, 2, 3, 7, 9, 11, 15

Subtype 3 H3R 13, 7

Subtype 4 H4R 13

Leukotriene B4 receptors BLTR 8

M-cholinoceptors MR 12, 7, 13, 14

Subtype 1 M1R 12, 3, 11

Subtype 2 M2R 12

Subtype 3 M3R 12, 3

Subtype 4 M4R 12

Subtype 5 M5R 12

Melanocortin receptors MCR 7

Subtype 1 MC1R 5, 7

Subtype 3 MC3R 7

Subtype 4 MC4R 5, 7

Neuropeptide Y receptors YR

Subtype 1 Y1R 2

Subtype 2 Y2R 2

Subtype 4 Y4R 2

Opioid receptors OPR

d-Opioid receptors DOP(d)R 1, 2, 6, 7, 12, 13

l-Opioid receptors MOP(l)R 2, 7
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Table 1.1 continued.

GPCR IUPHAR nomenclature Appearance in Chapter

Class A Receptors

Platelet-activating factor receptor PAFR 8

Prostanoid receptors 4

Prostaglandin E2 subtype 3 receptors EP3R 4, 5

EP3aR 4

EP3bR 4

EP3cR 4, 5

Prostaglandin F2a receptors FPR 4

FPAR 4

FPBR 4

Thromboxan receptors TP R 4

TPaR 4

TPbR 4

Rhodopsin 3, 4, 5, 7, 11, 12, 14, 15

Somatostatin receptors SRIFR 2

Thyrotropin-releasing hormone

receptors

TRHR 4, 3

Vasopressin (oxytocin) receptors VR 11

Subtype 2 V2R

Class B receptors

PTH receptor family

PTH/PTH-related peptide receptors PTH1R 5, 7, 14

Class C receptors

c-Aminobutyric acid receptors GABAR

Subtype B1 GABAB1R 1, 3, 13

Subtype B2 GABAB2R 3, 13

Metabotrotropic glutamate receptors mGluR 3, 4, 11

Subtype 1 mGlu1R 4, 5

mGlu1AR 4

mGlu1BR 4

mGlu1CR 4

mGlu1DR 4

Subtype 5 mGlu5R 3, 4

mGlu5A R 4

mGlu5BR 4

Calcium sensor receptor CaSR 5, 7
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2

The Nature of Constitutive Activity and Inverse Agonism

Terry Kenakin

2.1

Historical Perspective

Receptor pharmacology is rooted in functional experimentation. Accordingly, mole-
cules that change functional assay systems are thought to possess the property of ef-
ficacy. This term, first coined by Stephenson [1], was defined as the property of a mo-
lecule that caused that molecule to exhibit a positive physiological effect. Within this
framework, molecules with efficacy are denoted as agonists. In functional studies with
isolated tissues, many cases of molecule-induced depression of basal function were
ascribed to toxic secondary effects (i.e., there was no systematic theoretical discussion
of active depressant effects on functional basal activity).
The first receptor-mediated description of reversal of elevated basal effects was re-

ported for benzodiazapine (c-aminobutyric acid, GABAA) receptors [2, 3]. For these
effects, the term “inverse agonist“ was first defined. For G protein-coupled receptors
(GPCRs), the first rigorous description of inverse agonism was made by Costa and
Herz [4] for the d-opioid receptor (DOP(d)R) antagonist [N,N’-diallyl-Tyr1, Aib2,3]
Leu5-enkephalin (ICI 174 864). In these experiments, it was observed that elevated
basal high-affinity GTP hydrolysis in NG108-15 cell membranes was reduced by
ICI 174 864 in a concentration-dependent manner and that this effect was competi-
tively blocked by the DOP(d)R antagonist (–)-5,9a-diethyl-2-(3-furyl-methyl)-2’-hydro-
xy-6,7-benzomorphan (MR 2266). The effect of ICI 174 864 was not due to residual
amounts of opioid agonist in the medium, since MR 2266 did not depress the elevated
basal response. However, MR 2266 did block the negative effects of ICI 174 864 with
a potency equal to that for blockade of the positive agonist effects of the DOP(d)R
agonist [D-Ala2, D-Leu]enkephalin (DADLE). Since a functional system with special
properties (i.e., constitutive activity) was required to observe this effect, not all
laboratories were able to demonstrate inverse agonism at that time and it has been
regarded with some skepticism. However, as the availability of constitutively active
receptor systems increased, so too did the observation of inverse agonism; a survey
of research papers clearly describing inverse agonism in constitutively active receptor
systems is shown in Figure 2.1. In general, the current evidence suggests that approxi-
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mately 85% of all competitive antagonists are inverse agonists in constitutively active
systems [5].
In general, ligands are labeled for their most prominent activity: agonists produce

positive physiological responses, competitive antagonists produce dextral parallel dis-
placement of agonist dose-response curves, etc. This can be a problem when that be-
havior changes with the set point of the assay system and is a well known phenomenon
for agonists in that many low-efficacy agonists can be full agonists in efficiently
G protein-coupled systems and partial agonists in less efficiently coupled systems.
This type of ambiguous labeling has especially been a problem for competitive antago-
nists and inverse agonists. Specifically, all inverse agonists produce simple competi-
tive antagonism of agonist response in systems that are not constitutively active. When
the assay system is constitutively active (i.e., there is an elevated basal response due to
the presence of a significant concentration of receptors spontaneously present in the
active state), then concentration-dependent reduction of the elevated basal response
will be produced by inverse agonists in addition to a dextral displacement of agonist
dose-response curves (vide infra). Thus, inverse agonism is a type of behavior observed
only under the appropriate conditions.

Fig. 2.1 A) Extended ternary complex (ETC)

model of G protein-coupled receptor function.

Receptors are assumed to exist in active R* and

inactive R conformations in equilibrium driven by

an allosteric constant L. The active state can

spontaneously activate the G protein G to produce

a constitutively active response-producing species

R*G. Ligands have an affinity association constant

Ka for R and aKa for R
*. G proteins have an affinity

association constant Kg for R
* and cKg for ligand-

bound species AR* (ARa) [7]. B) Cubic ternary

complex model. Similar to the ETC model, except

that the inactive receptor R is allowed to interact

with G protein to produce non-signaling complexes

RG and ARG. There is also a tertiary interaction

constant d, denoting the unique character of the

ligand-bound receptor/G protein complex. From

[8–10].
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2.2

Theoretical Basis of Inverse Agonism: Relevance of Receptor Type

A discussion of the molecular nature of constitutive activity and inverse agonism re-
quires description of the current models for GPCR function. With the discovery of
constitutive activity has come a modification of the original Ternary Complex Model
for GPCRs (presented by De Lean and colleagues [6]) to the Extended Ternary Complex
Model (ETC model) [7]. Experimental evidence indicated that receptors could sponta-
neously activate G proteins in the absence of agonist; this resulted in a modification of
the ternary complex model [6]. This model incorporates aspects of a two-state theory
allowing proteins to exist spontaneously in two conformations each possessing differ-
ent properties with respect to ligands and other proteins. Two receptor species are
described, denoted as [R*] (active state receptor capable of activating G proteins)
and [R] (inactive state receptors). These coexist according to an allosteric constant
L = [R*]/[R] (see Figure 2.1A).

The equilibrium equations for the various species are:

[AR] = [AR*G]/acL[G]Kg (1)

[AR*] = [AR*G]/c [G]Kg (2)

[R*] = [AR*G]/ac[G]Kg[A]Ka (3)

[R] = [AR*G]/acL[G]Kg[A]Ka (4)

[R*G] = [AR*G]/ac[A]Ka (5)

The conservation equation for receptor species is:

[Rtot] = [AR*G] + [R*G] + [AR*] + [AR] + [R*] + [R] (6)

Receptor species giving rise to G protein activation (and therefore physiological re-
sponse) are assumed to be complexes between the activated receptor ([R*]) and the
G protein, namely [AR*G] + [R*G]. The fraction of the response producing species
of the total receptor species (([AR*G] + [R*G])/Rtot) is denoted by q and is given by:

q ¼ L½G�=KGð1þ ac ½A�=KAÞ
½A�=KAð1þ aLð1þ c½G�=KGÞÞ þ Lð1þ ½G�=KGÞ þ 1

ð7Þ

Further modifications have led to a more thermodynamically complete but more com-
plex model in the Cubic Ternary Complex Model (CTC model [8–10]; see Figure 2.1B).
This model allows both the active and inactive receptor species to interact with
G proteins [8–10]. The species denoted [R*] (active state receptor capable of activating
G proteins) and [R] (inactive state receptor) can form [RG] and [R*G] spontaneously
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and [ARG] and [AR*G] in response to ligand binding. These species form a cube (see
Figure 2.1B).

The equilibrium equations for the various species are:

[AR] = [AR*G]/acdbL[G]Kg (8)

[AR*] = [AR*G]/cbd [G]Kg (9)

[R*] = [AR*G]/acdb[G]Kg[A]Ka (10)

[R] = [AR*G]/acdbL[G]Kg[A]Ka (11)

[R*G] = [AR*G]/acd[A]Ka (12)

[RG] = [AR*G]/acdbL[A]Ka (13)

[ARG] = [AR*G]/adbL (14)

The conservation equation for receptor species is:

[Rtot] = [AR*G] + [ARG] + [RG] + [R*G] + [AR*] + [AR] + [R*] + [R] (15)

Receptor species giving rise to G protein activation (and therefore physiological re-
sponse) are assumed to be complexes between the activated receptor ([R*]) and the
G protein, namely [AR*G] + [R*G]. The fraction of the response producing species
of the total receptor species (([AR*G] + [R*G])/Rtot) is denoted by q and is given by:

q ¼ bL½G�=KGð1þ acd½A�=KA

½A�=KAð1þ aLþ c½G�=KGð1þ acbd LÞÞ þ ½G�=KGð1þ bLÞ þ Lþ 1
ð16Þ

For description of constitutive activity and inverse agonism, the ETC model is more
illustrative; the CTC model offers subtle variations on the main ideas but is less ex-
perimentally verifiable.
The ETC model describes a receptor that can exist in an inactive form (denoted [R]

with respect to not being able to activate G proteins and elicit response); and an active
form (denoted [R*], a form that activates G proteins to produce physiological re-
sponse). The equilibrium between these two conformations is governed by the allos-
teric constant (denoted L and defined as [R*]/[R]). Therefore, the magnitude of L de-
fines the ease with which a particular receptor spontaneously forms the active state
(i.e., how constitutive it is). Theoretically, all receptors are potentially constitutively
active in the sense that there exists a non-zero value of L for every receptor. However,
if it is vanishingly small, then essentially very little active state may be formed spon-
taneously by the receptor system.

2 The Nature of Constitutive Activity and Inverse Agonism14



The production of signaling species ([R*G]) by spontaneous coupling of the active
state receptor species ([R*]) to G protein ([G]) is shown as:

(17)

A constraint of the ETC model is that only the activated receptor can interact with
G proteins. The equilibrium equations are:

L = [R*]/[R] (18)

KG = [R*G]/[R*] [G] (19)

The conservation equation for G protein is [Gtot] = [G] + [R*G]. Under these circum-
stances the amount of [R*G] formed (and hence the amount of constitutive activity
observed expressed as a fraction of total amount of G protein available for activation)
as a function of receptors is given as:

½R�G�
½Gtot�

¼ ½R�
½R� þ ðKGÞ=LÞ

ð20Þ ð29

where L is the allosteric constant and [R] is the amount of receptor in the inactive state

Constitutive activity ¼ ½R�G�
½Gtot�

¼ ½R�
½R� þ ðKG=LÞ

ð21Þ

where KG is the equilibrium dissociation constant of the receptor/G protein complex
and L is the allosteric constant. It can be seen from Equation 21 that as [R] ! 1 , the
ratio [R*G]/[Gtot] (and hence the level of constitutive activity) ! 1. In contrast, if the
receptor is allowed to interact with the inactive state of the receptor (as in the CTC
model) such that the resulting complex does not signal, the fractional level of consti-
tutive activity need not approach unity. In terms of the CTCmodel, a receptor can exist
in two states: active (producing G protein activation (denoted [R*]) and inactive ([R],
forming a complex that does not signal).

(22)

The equilibrium equations are:

[RG] = [R*G]/bL (23)
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[G] = [R*G]/bLKG [R] (24)

and the G protein conservation equation is:

[Gtotal] = [G] + [RG] + [R*G] (25)

If it is assumed that constitutive activity emanates from [R*G]:

Constitutive activity ¼ ½R�G�
½Gtotal�

¼ bL ½R�=KG

½R�=KGð1þ bLÞ þ 1
ð26Þ

The maximal constitutive activity is obtained as [R] ! 1:

Maximal C.A. = bL/(1+bL) (27)

where b refers to the differential multiple affinity of the active vs. inactive forms of the
receptor for G proteins. It can be seen that the maximally observed constitutive activity
for any expressed receptor need not be the maximal functional response of the system,
but rather can be below that level (i.e., as [R]!1, C.A. ! bL/(1 + bL)). In fact, if the
value of b is < 1, then no constitutive activity at all may be observed for a system with
over-expressed receptors. This effect would be receptor- and G protein-specific (rela-
tive magnitudes of L, KG, and b). Figure 2.2 shows the relationship between the ratio of
affinities of the active vs, inactive states of the receptor for G protein (magnitude of b)
and the allosteric constant L. It can be seen that low values of b and/or L can give rise to
systems of very little if any constitutive activity.
Theoretically, onemethod of determining whether an inactive spontaneous complex

of [RG] is produced is to monitor the level of constitutive activity as a function of re-
ceptor expression. Figure 2.3 shows the constitutive activity observed for five receptor
types in Xenopus laevismelanophores as a function of the cDNA used for expression. It
can be seen that the observed constitutive activity is submaximal (relative to the max-
imal agonist response), thereby ostensibly supporting the notion that not all of the

Fig. 2.2 Surface defining the constitutive activity

observed insystemsaccording to theCTCmodelwith

variation of b (the differential affinity of the active vs.

inactive state of the receptor) and of the allosteric

constant L. Higher values of b indicate that there is a
preferential affinity of the active (over inactive) re-

ceptorstate.HighervaluesofL indicateanaturallyhigh

propensity of the receptor to form the active state. It

can be seen that there are a number of combinations

ofb andL thatpredictnoobservedconstitutiveactivity
either through failure spontaneously to produce

significant levels of active state receptor or a se-

questration of theG protein by inactive state receptor

to produce non-signaling species.
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receptor forms activated complexes with the G protein (compare Equations 21 and 27).
In practical terms, the observation of submaximal constitutive activity in an efficiently
coupled system (i.e., a systemwith high receptor reserve for pharmacological function)
further argues for the production of low levels of [R*G] complex (i.e., if only 1% of the
receptor need be activated to achieve maximal functional response (99% receptor re-
serve), then failure to observe maximal response correspondingly suggests that < 1%
of the receptors form the constitutively active [R*G] complex). Figure 2.3 shows that
different receptors have different propensities to produce constitutive activity. For ex-
ample, neuropeptide Y type 2 receptor (Y2R) has ten times the ability of neuropeptide Y
type 1 receptor (Y1R) to produce constitutive activity; presumably the value of L for Y2R
is 10 times that for Y1R.
Failure to achieve constitutive activity equal to the maximal response of the system

theoretically could suggest that the CTC model is operative in the particular system
being observed (i.e., that the receptor spontaneously forms inactive G protein com-
plexes that limit the production of the [R*G] complex). However, another possibility
is that the failure to achievemaximal effect is not due to formation of [RG] but rather to
limiting values of L for the particular receptors chosen for experimentation. An experi-
mental approach that obviates this potential ambiguity is to attempt to quantify the
extent to which the inactive receptor forms an inactive complex with a G protein
to sequester it and prevent it from interacting with other receptors. For example,
in the yeast Saccharomyces cerevisiae system, expression of a number of transmembrane
segment IV mutants of pheromone receptors (Ste2p, Ste3p) produces constitutive ac-
tivity. Interestingly, this is eliminated by co-expression of the corresponding wild-type

Fig. 2.3 Functional data from Xenopus laevis melanophores. Con-

stitutive receptor activity (ordinates expressed as percentage of the

maximal response to a full agonist for each receptor) as a function of

magnitude of receptor expression (expressed as the amount of hu-

man cDNA used for transient transfection, logarithmic scale). Data

shown for human chemokine CCR5 receptors (circles), chemokine

CXCR4 receptors (triangles), Y2R (diamonds), Y2R (squares), and Y4R

(inverted triangles). Data recalculated and redrawn from [11].
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receptor. It has been proposed that sequestration of G protein by the wild-type receptor
causes this effect (see Figure 2.4, [12]). Similarly, expression of cannabinoid receptors
(CB1R) in superior cervical ganglion neurons abolishes the pertussis toxin-sensitive Gi/

Go-inhibited Ca2+ current responses to norepinephrine-activation of a2-adrenoceptors
(a2AR) and somatostatin receptors (SRIFR); this inhibition is reversed by expression of
GaoB, Gb1, and Gc3 [13]. These data show that a2AR or somatostatin receptors (subtype
not specified) are able to interact with the G protein normally utilized by CB1R to pro-
duce constitutive activity and to sequester this G protein as an inactive complex.

2.3

The Interaction of Systems with Ligands

The interaction of ligands with affinity for synoptic receptor systems (referring to a
general view of the complete system including G proteins) can produce perturbations
resulting in positive agonism or inverse agonism. The ability of a ligand to cause such
perturbations is dependent upon its efficacy, which, in terms of the ETC model, is

Fig. 2.4 Sequestration of G protein to a non-signaling species R2G by a

receptor R2 from a constitutively active system of another receptor R1.

A) With only R1 present, spontaneous formation of R*1 results in

spontaneous formation of the constitutively active signaling species

R*1G. In this case, R1 is a constitutively active mutant receptor. B) Co-

transfection of another receptor R2 (wild-type receptor) results in

formation of the non-signaling species R2G, thereby removing G protein

fromthereactionwiththemutant receptorRandresulting inadecrease in

or elimination of mutant receptor-mediated constitutive activity.

2 The Nature of Constitutive Activity and Inverse Agonism18



characterized by the terms a and c (Figure 2.1A). The factor a represents the differ-
ential affinity of the ligand for the active (vs. inactive) receptor conformation. For ex-
ample, a value of a = 10 indicates that the ligand has a ten times greater affinity for [R*]
than for [R]. Similarly, the factor c defines the effect of ligand binding on the receptor
and defines the subsequent affinity of the ligand-bound (vs. unbound) receptor for
G proteins (c = 10 indicates that the ligand-bound receptor has a ten times greater
affinity than the unbound receptor for G proteins. Inverse agonism involves these
factors, specifically favoring the inactive [R] state.
The molecular mechanism for the active alteration of receptor species with ligand

binding involves conformational selection. Specifically, if two receptor conformations
exist in equilibrium, then the relative amounts of the two species multiplied by the rate
constant for conversion to each species yields the relative degree to which the two
species exist. Any process that removes one of those species will leave a void of
that species in the system and drive the reaction toward production of that same spe-
cies. Therefore, if a ligand selectively binds to the inactive state of the receptor [R], then
a third (ligand-bound inactive state) species will be created in the system, leaving a void
of free [R]. This will drive the reaction toward the production of more [R] at the expense
of [R*]; the result will be a diminution of any spontaneously formed [R*] and subse-
quent reduction in the constitutive activity of the system. This will be observed as in-
verse agonism. Therefore, a values < 1 for a ligand (the affinity of the ligand for [R] is
greater than for [R*], so for any given concentration of ligand, the amount of ligand-
bound [R] will exceed ligand-bound [R*]) will confer the property of inverse agonism
upon that ligand, provided that the system is constitutively active.
The production of a bias in receptor conformation can be simulated with the ETC

model. Specifically, Equation 7 predicts that in the absence of ligand [A], the response-
producing species are given by:

q0 ¼
L½G�=KG

1þ Lð1þ ½G�=KGÞ
ð28Þ

In the presence of a saturating concentration of ligand the response-producing species
is given as:

q1 ¼ L½G�=KG ac

ð1þ aLð1þ c½G�=KGÞÞ
ð29Þ

Thus, the ratio of response-producing species in the presence and in the absence of
ligand is given by:

q1
q0

¼ acð1þ Lð1þ ½G�=KGÞÞ
ð1þ aLð1þ c½G�=KGÞÞ

ð30Þ

It can be seen from Equation 30 that if the ligand has no selective affinity for either
receptor species (i.e., a = c = 1), then the ratio q/q0 = 1 (i.e., the presence of the ligand
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will not alter the relative proportions of the species). Alternatively, if a<1 (for the mo-
ment c is immaterial and may remain unity), then the ratio q/q0 must be <1 (i.e., the
amount of response-producing species will be diminished by the presence of the li-
gand). Thus, the ligand necessarily will be an inverse agonist. In general, Equation 30
indicates a mechanism for efficacy, either positive or negative. Any ligand with a se-
lective affinity for a given receptor state will necessarily bias the total sum of confor-
mations toward that state. Figure 2.5 shows the effects of different values of a on the
concentration-response curve (shown as production of response-producing species
[R*G] and [AR*G]) to ligands in a system with constitutive activity (note elevated basal
response in the absence of ligand). It can be seen that positive agonism is produced
with values of a>1, no change for a = 1 (neutral antagonist), and inverse agonism for
a<1.
The ETC model indicates another way in which a compound can influence the mix-

ture of receptor conformations in a receptor system, namely through the value of c.
This value is the incremental change in affinity that the active state of the receptor
([R*]) has for G proteins when bound to the ligand. Thus, if the affinity of the active

Fig. 2.5 Ligand-induced changes in levels of re-

ceptor/G protein species according to the ETC

model. Ligands [A] of varying values for a are added
to a moderately constitutively active synoptic re-

ceptor system of L = 0.1, [G] = 5, c = 1. Very similar

effects are seen with a = 1 and variation of c.

Fig. 2.6 Effects of a protean ligand (a = 30, c =

0.3) on systems of varying constitutive activity

(varying values of L). In quiescent systems, the li-

gand produces increases in G protein activation

(positive agonism), whereas in systems with ele-

vated basal levels of response (constitutive activity),

inverse agonism is observed.
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state receptor for G proteins is given by Kg, then the affinity of this state when bound to
ligand ([AR*]) is cKg. As with a, if c< 1, then the affinity of the receptor for the
G protein, when ligand bound, is less than when it is not. The ligand thus reduces
the binding of G protein and reduces basal response (i.e., the ligand is an inverse
agonist). Changes in c produce effects on concentration-response curves nearly iden-
tical to those shown in Figure 2.5.
An interesting effect of protean agonism (positive agonism in quiescent non-

constitutively active systems and inverse agonism in constitutively active systems)
can be produced by ligands with a>1 and c<1. Specifically, protean ligands (named
after Proteus in Greek mythology, who could change his shape at will) produce
receptor active states that are of lower efficacy, with respect to efficiency of
G protein activation, than the naturally formed constitutively active receptor state. Un-
der these circumstances, when there is no basal level of [R*] formed (referred to as a
quiescent system), a protean ligand will produce positive agonism. Conversely, when
there is a basal level of constitutive activity present due to spontaneously formed [R*],
then protean ligands will produce inverse agonism by virtue of the fact that the more
efficacious receptor active state will be converted into a less efficacious ligand-bound
active state. Protean ligands have been predicted and defined theoretically [14–16]; this
phenotype has been observed experimentally for b-adrenoceptors (bARs) [17], the
a2AAR [18, 19], and bradykinin receptors (BRs) [20]. The effect of a protean ligand
on a series of receptor systems varying in levels of constitutive activity (varying L)
is shown in Figure 2.6.
If the inactive state ligand-bound and -unbound receptors are allowed to form a non-

signaling complex, a more complex synoptic system results. Thus, ligands, such as
inverse agonists, which stabilize the inactive state of the receptor, have the ability
to sequester G proteins and make them unavailable to other receptor systems (see
Figure 2.7). In transfected CHO cells, for example, the CB1R inverse agonist N-(piper-
idin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-pyrazole-3-carboxamide
(SR 141716A) reduces constitutive CB1R activity (as measured by activation of
mitogen-activated protein kinase (MAPK)). However, this ligand also blocks the per-
tussis toxin-sensitive activation of the same MAPK by insulin and insulin-like growth
factor 1 receptors [21]. CB1R-mediated inhibition was also seen when the mastaporan
analogueMas-7 (INLKALAALAKALL-NH2) was used to activate Gi proteins directly. In
contrast, pertussis-insensitive MAPK activation through fibroblast growth factor re-
ceptors was not affected [21]. These data suggest that Gi proteins are sequestered
by CB1R in an [ARG] complex. Similarly, the H2R inverse agonist tiotidine impedes
b2AR-mediated responses through sequestration of Gas protein in U-937 promono-
cytes [22]. It should be pointed out that formation of a non-signaling complex of
the receptor and G protein may not be the only possibility for cross-reactivity between
GPCR systems. Heterologous receptor dimers have been shown to have considerably
different properties from those of the reactants (see [23–25]), and it is entirely possible
that direct receptor interactions, and not G protein sharing, may account from some of
these phenomena.
Another provocative series of data shows that ligands that do not produce a physio-

logical response (i.e., antagonists) do promote GTP-sensitive binding in some systems;
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this is indicative of the formation of a complex between the receptor and G proteins
(see also Chapters 8 and 9). Specifically, if a receptor sequentially binds to a G protein
upon ligand-binding, then the observed affinity of the ligand for the complete system
will be an amalgam of the microaffinity constants of the ligand for the receptor and of
the ligand-bound receptor for the G protein [26]. This can be shown by considering the
following scheme. Receptor [R] binds to ligand [B] and goes on to form a ternary com-
plex with G protein [G]:

(31)

Fig. 2.7 Ligand-induced sequestration of G protein through receptor

R2 from a systemmediating responses through receptor R1. A) Agonists

produce response through receptor R1 through production of species

AR*1G. B) Addition of an inverse agonist [B] results in formation of the

non-signaling species BR2G, thereby depleting levels of G protein

needed for production of response through AR*1G.
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The equilibrium equations are:

Kb = [B][R]/[BR] (32)

Kg = [BR][G]/[BRG] (33)

The receptor conservation equation is:

[Rtot] = [R] + [BR] + [BRG] (34)

Through conversion of association into dissociation constants (i.e., 1/Kb = KB):

½BRG�
½Rtot�

¼ ð½B�=KAÞð½G�=KGÞ
½B�=KAð1þ ð½G�=KGÞ þ 1

ð35Þ ð35Þ

Thus, for a system in which a ligand [B] interacts with a receptor, equilibrium disso-
ciation constants of a ligand–receptor complex (KB), which then can go on to interact
with a G protein (of equilibrium dissociation constant of ligand-bound receptor/
G protein complex KG), the observed affinity of ligand [B] for the synoptic system
will be:

Kobs ¼
KB

1þ ð½G�=KGÞ
ð36Þ

It can be seen that for non-zero positive values of [G]/KG, the affinity of the ligand for
the system will be greater than for the uncomplexed receptor. Under these circum-
stances, an intervention that cancels the complexation of [BR] to [BRG] (such as
the addition of excess levels of GTP to the system) will produce a corresponding re-
duction in the observed affinity of the ligand for the system. This is a common finding
for agonists where it is known that G protein complexation occurs to yield a signaling
ternary complex. However, if such effects occur for antagonists, then the formation of
a non-signaling complex is implied. This has been observed in stably transfected CHO
cells for the MOP(l)R receptor inverse agonist naloxone benzoylhydrazone (NalB-
zOH). Interestingly, binding of [3H]-NalBzOH demonstrates biphasic kinetics indica-
tive of two affinity states; this biphasic profile is eliminated by the stable GTP analogue
guanosine 5’-[b,c]imidotriphosphate, which blocks the interaction of receptors with
Gi/Go proteins. This indicates complexation of the ligand–receptor species with a
G protein [27]. Similar effects are seen with pertussis toxin treatment. These data
are consistent with the production of a non-signaling ternary [ARG] complex for
this antagonist. Similarly, dual binding affinity states are observed for the inverse his-
tamine H2R inverse agonist tiotidine; the high-affinity state is eliminated by the stable
GTP analogue guanosine 5’-[c-thio]triphosphate, thereby implicating complexation
with G protein. However, no G protein signaling is observed with this inverse agonist,
suggesting the formation of an [ARG] complex [22].
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2.4

Inverse Agonism as a Phenotypic Behavior

While it is well known that an inverse agonist reverses constitutive activity in a con-
stitutively active receptor system, it should also be noted that an inverse agonist will
produce simple competitive antagonism in a non-constitutively active receptor system
(i.e., the system must possess constitutive activity to demonstrate the inverse agonist
properties of the inverse agonist). Therefore, absence of observation of inverse agon-
ism does not necessarily constitute evidence that a given antagonist is not an inverse
agonist; the systemmay simply be incapable of revealing that particular property of the
ligand. Unveilings of hitherto unknown inverse agonist properties can be dramatic, as
in the testing of 23 different a1BAR antagonists in a constitutively active receptor sys-
tem, indicating that all antagonists were actually inverse agonists [28].
Another important consideration in the detection and quantification of inverse

agonism is the sensitivity of the readout system. Specifically, the sensitivity of func-
tional receptor systems is greater for the production of constitutive activity and demon-
stration of inverse agonism.

From Equation 26, the observed midpoint of the receptor-based curve is:

Kobs = KG/(1 + bL) (37)

Let the observed constitutive response be a hyperbolic function of [R*G]/[Gtotal] with a
coupling constant of f:

Constitutive activity ¼ ½R�G�=½Gtotal�
ð½R�G�=½GtotalÞ þ u

ð38Þ

This results in the following equality:

Constitutive activity ¼ bL½R�=KG

bL½R�=KGð1þ uð1þ bLÞÞ þ u
ð39Þ

The midpoint for this function is:

Kobs ¼
uKG

1þ uð1þ bLÞ ð40Þ

The ratio of midpoints of the functional curve (K’obs) and the receptor-based curve
(Kobs) is given as :

K 0
obs

Kobs

¼ uð1þ bLÞ
1þ uð1þ bLÞ ð41Þ
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It can be seen from Equation 41 that for all non-zero positive values off (1 + bL), K’obs/
Kobs<1 (i.e., the functional curve will always lie to the left of the receptor-based curve
along the receptor axis). Therefore, a functional readout of constitutive activity will
always be a more sensitive indicator of constitutive activity than one utilizing receptor
species. This is intuitively obvious if it is considered that a functional system with a
receptor reserve for the constitutively active receptor species (e.g., 5% of the [R*G]
species is sufficient to produce maximal functional response) Under these circum-
stances, small changes in receptor species (i.e., a low level of [R*G] converted into
[AR]) could be undetectable in binding but would be relatively large in a system
with such a functional receptor reserve.

2.5

Conclusion

In general, the discovery of constitutively active GPCRs has had widespread impact on
receptor pharmacology and the definition of antagonism. It has also changed the re-
ceptor models used to describe receptor function. Furthermore, the therapeutic im-
plications of inverse agonism are as yet largely unknown, and will probably be eluci-
dated retrospectively as increasing clinical experience with inverse agonists is gained
in greater therapeutic populations.
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3

Molecular Mechanisms of GPCR Activation

Søren G. F. Rasmussen and Ulrik Gether

3.1

Introduction

G protein coupled receptors (GPCRs) are integral membrane proteins that enable cells
to respond to external stimuli [1–4]. They are activated upon binding of intercellular
signaling molecules such as hormones, neurotransmitters, and autacoids (mediators
of inflammation), or they are specialized in sensing stimuli such as light, odorants,
and taste substances [1–4]. This extreme functional diversity is equally matched by the
varied structures of the molecules binding to, and activating, GPCRs [1–4]. For several
years, a puzzling question has been the underlying molecular mechanisms of GPCR
activation. What structural changes are elicited by binding of the agonist to the recep-
tor, and which intramolecular interactions are controlling these changes? Another key
question is whether the mechanics of activation have been conserved throughout the
entire GPCR superfamily and how, for example, ligand-binding sites located in the N-
terminal domain of class C GPCRs compared to sites within the transmembrane do-
main of class A GPCRs convey the agonist binding event into G protein coupling?
Other questions that have intrigued scientists include the mechanisms underlying
partial agonism and, in recent years, the significance of GPCR oligomerization for
receptor activation and G protein coupling. Within the last decade several of these
fundamental questions have been addressed with some success by the application
of both biophysical and biochemical approaches (for reviews see [4–7]). A crucial as-
pect for most of these studies has been the ability to interpret experimental data in the
context of structural models. Firstly it became possible to generate these with the aid of
the low-resolution structures of rhodopsin resolved by Schertler and co-workers [8–10].
Later, Palczewski and co-workers succeeded in generating three-dimensional crystals
of rhodopsin and in solving the tertiary structure at atomic resolution (2.8 A) [11]. The
availability of this high-resolution structure allowed, for the first time, detailed insight
into the functions of individual side chains and pinpointed their specific role in re-
ceptor activation. In this chapter we review current knowledge regarding themolecular
mechanisms responsible for activation of GPCRs, including description of agonist-in-
duced conformational changes and the significance of receptor oligomerization.
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3.2

GPCR Structure and Ligand Recognition

The rhodopsin structure, the first and so far still the only GPCR structure solved at
atomic resolution [11], confirmed the counterclockwise seven transmembrane (TM)
helical arrangement (as viewed from the extracellular side) originally established from
the projection structure of two-dimensional crystals of rhodopsin [8–10, 12]. The high-
resolution structure revealed the 11-cis-retinal chromophore enclosed in a binding cre-
vice aligned by helices three through seven, in full agreement with predictions from
earlier mutagenesis studies [11, 13]. A general question is to what extent other GPCRs
structurally resemble rhodopsin. Importantly, a thorough comparison of the rhodop-
sin structure with data obtained from systematic application of the substituted cysteine
accessibility method (SCAM) to the dopamine D2 receptor (D2R) was carried out [14].
In these studies, performed by Javitch and co-workers, each residue in all seven TMs of
the D2R was substituted one by one by cysteine [15]. The comparison indicated a re-
markable structural similarity between the D2R and rhodopsin in the transmembrane
domains [14]. The amino acid residues, inferred from the SCAM analysis to form the
water-accessible binding crevice between the transmembrane helices, were almost
completely consistent with the predictions from the rhodopsin structure [14].
A remarkable finding in the rhodopsin crystal structure was the involvement of the

second extracellular loop 2 (ECL2) in forming the binding pocket of 11-cis-retinal by
folding into the binding crevice and lining the chromophore with one of its beta
strands. Whether this finding can be generalized to other GPCRs is still uncertain.
The ECL2 sequence is rather poorly conserved over the different receptors, although
it does contain one of the two highly conserved cysteines known to form a disulfide
bond between the top of TM3 and ECL2 [4]. It is interesting, however, that several
studies have suggested that the loop region may be functionally important. In the
a1B-adrenoceptor (a1BAR) it was found that residues in the loop are critical for the
pharmacological specificity of some adrenergic ligands, consistently with the notion
that small molecule ligands other than 11-cis-retinal might also form contacts with
residues in this loop [16]. Furthermore, previous studies of the b2-adrenoceptor
(b2AR) with use of a fluorescent ligand have demonstrated that the ligand-binding
site is completely inaccessible to aqueous quenchers [17], an observation consistent
with the presence of a ‘plug’ in the binding crevice. Finally, a role of the loop in ligand
binding to the D2R was strongly supported by scanning of ECL2 by application of
SCAM [18].
While the receptor structure traversing the bilayer membrane might be highly con-

served throughout evolution, it must be emphasized that an extensive amount of evi-
dence suggests that there is no common ‘lock’ for all agonist ‘keys’ [4, 19]. Conse-
quently, it is not required for receptor activation that all agonist molecules form a spe-
cific set of contact points in the receptor structure to promote receptor activation. Even
agonists for the same receptor may not necessarily have to share the same binding site,
and it does not seem to be a specific requirement for receptor activation that the ago-
nist ligand be docked in the transmembrane binding crevice (for reviews see [2, 4]). In
other words, the mode of interaction of a given agonist depends on its individual che-
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mical structure, and whether it is an agonist or antagonist is determined by the mode
of interaction and by whether this mode preferentially stabilizes an inactive (R) or an
active (R*) receptor state (see also Chapters 2 and 9) [2, 4]. Peptide hormones, for ex-
ample, have major points of interactions in the extracellular loops and in the amino
termini [2, 4], whereas small molecule ligands such as biogenic amines acting on
class A GPCRs bind deeply in-between the transmembrane helices. A special case
are the class C GPCRs, including the metabotropic glutamate receptors (mGluRs)
and c-aminobutyric acid receptors (GABABRs), which are characterized by containing
their ‘small molecule’ ligand-binding site in their large amino termini [2, 4].

3.3

Conformational Changes in the GPCR Activation Process

Despite the extreme diversity in GPCR ligands and that in the GPCRs themselves, it is
highly conceivable that the fundamental activation mechanism and associated confor-
mationals changes in the receptor structure have been conserved throughout evolu-
tion. This is at least indirectly supported by the simple fact that all GPCRs are capable
of activating the same intracellular signaling pathways through the same classes of
G proteins. To gain insight into the structural changes responsible for GPCR activa-
tion, one approach is obviously to achieve high-resolution crystal structures of both the
inactive and the ligand-activated receptor states. However, because of difficulties in
obtaining sufficient material for X-ray crystallography and the presumed more un-
stable nature of the activated receptor state [20–22], only one high-resolution structure,
that of the inactive dark state of rhodopsin, is currently available [11]. Accordingly, our
current insight into the receptor activation mechanism is based on the application of a
variety of biophysical and biochemical techniques, especially to class A rhodopsin-like
GPCRs [5, 6, 23, 24]. These approaches have offered the advantage of allowing insight
not only into the conformational changes but also into the dynamics of receptor acti-
vation. This is in contrast to X-ray crystallography, which can only provide single ‘fro-
zen’ pictures of particular receptor states.
The inherent stability of rhodopsin and abundant natural sources paved the way for

an array of biophysical studies, including Fourier transform infrared resonance spec-
troscopy (FTIR) [25, 26], surface plasmon resonance (SPR) spectroscopy [27], trypto-
phan UV-absorbance spectroscopy [28], and electron paramagnetic resonance spectro-
scopy (EPR) [29–32]. Interestingly, the first direct evidence for structural rearrange-
ments of TM3 and TM6 upon photoactivation was provided by Lin and Sakmar
through tryptophan UV-absorbance spectroscopy [28].
Further insight into the nature of the conformational changes involved in the photo-

activation of rhodopsin was provided by studies applying site-directed spin labeling
and EPR spectroscopy (reviewed in [6]). Thiol-reactive nitroxide spin-labels incorpo-
rated onto cysteines site-specifically introduced on the cytoplasmic sides of the trans-
membrane helices reported movements in this area and in particular of the cytoplas-
mic end of TM6 upon light-induced activation of rhodopsin [29–34]. Subsequently,
Hubbell, Khorana, and co-workers measured the distances between two cysteine-re-

3.3 Conformational Changes in the GPCR Activation Process 2929



active nitroxide spin labels incorporated into a series of rhodopsin mutants each con-
taining a cysteine in TM3 as a reference point and a cysteine at five different positions
in TM6 [33]. From the GPCR structure models available at that time [35], a clockwise
rotation (as seen from the intracellular side) and a large-scale outwardly directed rigid-
body movement of the cytoplasmic end of TM6 relative to TM3 (and the remaining
helical bundle) were inferred [33]. Moreover, these movements of TM6 in rhodopsin
upon photoactivation were later supported by site-directed fluorescence labeling of
single cysteines inserted at the cytoplasmic end of the helix [36].

Fig. 3.1 Two-dimensional serpentine of the b2-

adrenoceptor. The amino acids interacting with

catecholamines (black letters in enlarged gray cir-

cles) represented here by ISO have been identified

as Asp113(3.32) [95], the serine residues Ser203(5.42),

Ser204(5.43), and Ser207(5.46) [95, 96], Phe290(6.52) [95],

and Asn293(6.55) [97]. Cys125(3.44) and Cys(285)6.47 (black

letters in gray circles) were identified as major la-

beling sites for the environmentally sensitive cy-

steine-reactive fluorophore IANBD reporting ago-

nist-induced conformational changes [38].

His269(6.31), Lys270(6.32), Ala271(6.33), and Leu272(6.34)

(white letters in gray circles) were mutated one by

one to cysteines in a background mutant with a

reduced number of reactive cysteines (b2AR-Cys-

min) [39]. Subsequent fluorescent labeling of these

residues allowed identification of conformational

changes at the cytoplasmic side of TM6 [39].

Asp130(3.49), Arg131(3.50), and Glu268(6.30) (white letters

in black circles) are believed to form an ionic lock

that is disrupted during receptor activation [63]. The

positions of highlighted residues are indicated by

their generic number followed by their number

according to the Ballesteros–Weinstein nomencla-

ture [42]. In this scheme the most conserved re-

sidue in each helix is given the number 50, and each

residue is numbered according to its position re-

lative to this conserved residue. For example, 3.49

(in superscript and brackets) indicate a residue in

TM3, one residue amino terminal to Arg(3.50), the

most conserved residue in this helix.
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The first direct measurement of conformational changes in a GPCR activated by a
diffusible agonist was achieved in the b2AR by fluorescence spectroscopy [20, 37–40].
The initial probing for structural changes took advantage of the sensitivities of the
emissions of many fluorophores to the polarities of their molecular environments.
The sulfhydryl-reactive fluorescent probe N,N’-dimethyl-N-(iodoacetyl)-N’-(7-nitro-
benz-2-oxa-1,3-diazol-4-yl)-ethylenediamide (IANBD) was covalently incorporated
into the purified b2AR. Upon exposure to the agonist (–)-isoproterenol (ISO), the
IANBD-labeled receptor elicited a stereospecific, concentration-dependent, and rever-
sible decrease in emission, consistent with movements of the fluorophore to a more
hydrophilic environment [37]. Subsequent analysis of a series of mutant b2ARs with
one, two, or three of the endogenous cysteines available for fluorescent labeling
showed that binding of IANBD to Cys125(3.44) (residues are numbered according to
the Ballesteros–Weinstein nomenclature as explained in Figure 3.1) in TM3
(Figure 3.1) and to Cys285(6.47) in TM6 (Figure 3.1) was responsible for the observed
changes in fluorescence [38], suggesting that movements of TM3 and TM6 might oc-
cur during receptor activation.
Specific movements of helix 6 have been further analyzed through a series of new

mutations in which four residues at the cytoplasmic end of TM6 were substituted one
by one with cysteines in the background of a mutant receptor containing as few en-
dogenous cysteines as possible (b2AR-Cys-min) [39] (Figure 3.1 and 3.2). Fluorescence
spectroscopy analysis of the purified and site-selectively IANBD-labeled mutants at the
cytoplasmic end of TM6 suggested that the covalently attached fluorophore was ex-
posed to a less polar environment at all four positions upon agonist binding [39].
Whereas evidence for only minor changes in the molecular environment was obtained
for positions 269(6.31) and 270(6.32), the full agonist ISO caused clear, concentration-de-
pendent, and reversible increases in fluorescence emission at positions 271(6.33) and
272(6.34) (Figure 3.2A–D) [39]. Moreover, the magnitudes of the observed fluorescence
changes correlated with the intrinsic biological efficacy of the agonist used, suggesting
that the ligand-induced changes in fluorescence are relevant to the receptor activation
mechanism [39]. Unlike the IANBD-labeled Cys285(6.47), which is located in a highly
hydrophobic environment in the middle of the membrane, the fluorescent probes
inserted at the cytoplasmic side of TM6 reside in a very complex amphipathic
environment (Figures 3.1 and 3.2G). This was taken into account when the results
were interpreted by use of a new computational method that incorporated the
complexity of the mixed hydrophobic–hydrophilic region [41]. The outcome of simu-
lations in this biphasic lipid–water solvent continuummodel is illustrated by the most
favored conformations for each of the four IANBD-derivatized cysteine residues
shown in the framework of a molecular model in Figure 3.2F (viewed from the extra-
cellular side).
A relatively small counterclockwise rotation of TM6 (as viewed from the extracellular

side) was sufficient to explain the data based on IANBD-labeling of Cys(285)6.47 [38];
however, the observation that IANBD at all four inserted cysteines residues most prob-
ably moves into a more hydrophobic environment upon agonist binding implies that
the helical movement is more multifaceted and probably involves an orchestrated ro-
tation and rigid-body movement of the cytoplasmic part of TM6 away from TM3, si-
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milarly to what was found for rhodopsin [33]. The presence of a highly conserved
Pro288(6.50) residing one helical turn above Cys285(6.47) in TM6 is predicted to produce
a kinked a helix [42], as illustrated by the side view in Figure 3.2G. The high-resolution
structure of the crystallized inactive state of rhodopsin [11] indicates that the cytoplas-
mic part of TM6 below the Pro kink is almost perpendicular to the plane of the mem-
brane, whereas the part above the Pro kink is tilted by approximately 258 [10]. A rigid-
body movement of the cytoplasmic part of TM6 away from TM3, and thus the receptor
core, will result in large changes in the axial positioning of all four IANBD-modified
cysteines. In the inactive conformation the IANBD moieties would be predicted to
reside in the polar head group region (Figure 3.2G). However, if the cytoplasmic
part of TM6 is moved away from the receptor core, all four IANBD-labeled residues
are brought upwards and outwards, allowing them to penetrate further into the more
hydrophobic regions of the membrane/detergent micelles and away from the more

Fig. 3.2 Characterization of agonist-induced con-

formational changesat thecytoplasmicsideofTM6in

theb2-adrenoceptor.His269(6.31), Lys270(6.32), Ala271(6.33),

and Leu272(6.34) at the bottom of TM6 (Fig. 3.1) were

mutated one by one to Cys in a background mutant

with a reduced number of reactive cysteines (b2AR-

Cys-min) [39]. The mutants were expressed in Sf9

insect cells, purified and labeled with the environ-

mentally sensitive, sulfhydryl-reactive fluorophore

IANBD. Panels A, B, C, D and E show time course

experiments in which fluorescence intensity is

measured over time in response to 3 � 10–4 M ISO

followed by 10–4 MALP. Excitationwas at 481 nmand

emission wasmeasured at 530 nm. Fluorescence in

the individual traces was normalized to the fluor-

escence observed just before addition of ligand [39].

In b2AR-Cys-min, ISO causes a decrease in fluor-

escence that canbe reversedbyALP. This decrease is

reported by IANBD bound to Cys125(3.44) and

Cys285(6.47) [38]. In IANBD-Cys271(6.33) and IANBD-

Cys272(6.34), ISO causes ALP-reversible increases in

fluorescence intensity consistent with movement of

thefluorophoretoamorehydrophobicenvironment.

In IANBD-Cys269(6.31) and IANBD-Cys270(6.32), ISO

causesnoapparent change in fluorescence intensity.

A likely interpretation is that ISO induces an increase

that counterbalances the decrease observed in the

control (b2AR-Cys-min). Panel F shows an extra-

cellular view of a receptor model with an illustrative

setof thepreferredconformationsof the IANBDside

chain covalently attached to the four substituted

cysteines (color-coded). Note that IANBD attached

to Cys271(6.33) (yellow) and Cys272(6.34) (purple) are

facing the interior of the TM helix bundle, while

IANBD attached to Cys269(6.31) (blue) and Cys270(6.32)

(red) are oriented towards the lipid membrane. The

preferredconformationsof IANBDweredetermined

from computational simulations as described [39].

Panel G shows the proposed conformations of the

inactive and active states of the b2AR. The inactive

conformation of the receptor (left panel) is char-

acterized by a highly kinked TM6 helix (blue) with

the cytoplasmic end in close proximity to TM3 and

the helix bundle. An illustrative set of the preferred

conformations of the IANBD moiety covalently

attached to the four substituted cysteines at the

cytoplasmic side of TM6 is shown. The hypothetical

active conformation (right panel) of the receptor, in

which the cytoplasmic side of TM6 is moved away

arbitrarily from the helix bundle and upwards to-

wards the hydrophobic region, is marked by straight

lines. This putative rearrangement of TM6 moves

all four IANBD-labeled residues upwards and out-

wards, allowing them to penetrate further into the

more hydrophobic region of the membrane/de-

tergent micelles and away from the more hydro-

philic polar headgroups, as well as from the pre-

dicted more hydrophilic interior of the receptor

protein. The movement can explain the observed

shift for all four IANBD-labeled cysteines towards a

less polar environment upon receptor activation

[39]. Note that the movement of the cytoplasmic

part of TM6 is shown to occur around the con-

served Pro kink but could also involve a rigid-body

movement of the entire helix. However, our pre-

vious simulation of the TM6 helix indicated the

possibility that the kink in the TM6 helix induced by

Pro287(6.50) could behave as a flexible hinge, capable

of modulating the movement of the cytoplasmic

side of the TM6 helix relative to the extracellular

region [38]. (Figure modified from Jensen et al., J.

Biol. Chem. 2001, 276, 9279-9290).
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hydrophilic polar head groups as well as from the predicted more hydrophilic interior
of the receptor protein (illustrated by the hypothetical active structure in Figure 3.2G,
right panel, where the cytoplasmic part of TM6 with the IANBD moieties attached is
tilted arbitrarily away from the receptor core).
The nature of the conformational changes of TM6 was found to be somewhat dif-

ferent in another fluorescence spectroscopy study on the b2AR in which an endogen-
ous Cys265(6.27) at the cytoplasmic extension of TM6 was site-specifically labeled with
fluorescein [40]. In addition to a rotation and/or tilting of TM6, it was suggested that
the agonist-induced conformational change moves the cytoplasmic ends of TM6 and
TM5 closer together, as the emission was decreased by moving into the vicinity of a
fluorescence-quenching molecule incorporated at the cytoplasmic end of TM5 [40].
This type of movement was not predicted by the simulation of the four IANBD probes
in the b2AR, although a movement of TM6 into the lipid/detergent bilayer slightly
towards TM5 could satisfy both predictions [39].
Besides the biophysical studies performed on rhodopsin and the b2AR, biochemical

evidence for the importance of movement of TM6 relative to TM3 was obtained in
rhodopsin by generation of bis-His metal ion-binding sites between the cytoplasmic
endsof theseTMdomains [43]. The sensitivity towardsZn2+ couldbe transferredboth to
theb2ARand to the classBparathyroidhormone (PTH) receptor by engineering bis-His
metal ion-binding sites in the analogous positions. This provides further support for an
evolutionarily conserved requirement for conformational changes in at least TM6 for
receptor activation [44]. The application of a disulfide cross-linking strategy to themus-
carinic acetylcholine subtype 3 receptor (M3R), another class A 6 PCR member, has
moreoversuggested that significantmovementsoccur in theGproteincouplingdomain
at the cytoplasmic side of TM6 (see alsoChapter 12) [45]. Additionally,major changes in
the secondary structure at the cytoplasmic end of TM6 and a movement towards the
cytoplasmic end of TM5 were proposed to occur in response to agonist binding [45].
Movements of domains other than TM6 might also be a critical part of the receptor

activation mechanism, as is clear from EPR spectroscopy studies in rhodopsin. It has
been suggested that movements of the cytoplasmic portion of TM7 relative to TM1 and
of TM2 relative to the so-called intracellular helix 8 (the horizontal extension of TM7)
also occur in response to photoactivation [46, 47]. The possible importance of TM7 in
receptor activation is indirectly supported by the finding that activating metal ion-bind-
ing sites can be generated between TM3 and 7 both in the b2AR and in the neurokinin-
1 receptor [48, 49]. Furthermore, in the angiotensin II type 1 receptor (AT1R), applica-
tion of SCAM in the wild-type and in a constitutively activated receptor revealed acti-
vation-dependent helical movements of TM2 [50] and TM7 [51].
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3.4

Conversion to the Active Receptor State Involves Release of Stabilizing
Intramolecular Interactions

It is now well established that intramolecular interactions constrain the unliganded
receptor preferentially in an inactive (R) state and that release of these intramolecular
constraints allows transition of the receptor from its inactive to its active (R*) state (see
also Chapter 2) [52, 53]. For this perception it was particularly important that many
GPCRs were found to possess a constitutive agonist-independent receptor activity even
in the absence of ligand [54–56] and that specificmutationswere capable of substantially
increasing this activity [55, 57–60]. Even in the initial studies it was proposed that the
constraining of intramolecular interactions had been conserved during evolution to
maintain the receptor preferentially in an inactive conformation in the absence of ago-
nist [55, 57–60].Conceivably, these inactivating constraints could be released as a part of
the receptor-activation mechanism, either following agonist binding or due to specific
mutations, causing key sequences to be exposed to G protein. Later studies provided
more direct structural evidence for this hypothesis. For example, it has been observed
that constitutively activated b2AR and histamine H2-receptor (H2R) mutants are char-
acterizedbymarked structural instability [20–22] aswell as by enhanced conformational
flexibility [20]. These data imply that the mutational changes have disrupted important
stabilizing intramolecular interactions in the tertiary structure, allowing the receptor to
undergo conversion more readily between its inactive and active state.
It has still not been fully clarified how release of intramolecular constraining inter-

actions is initiated after agonist binding to the receptor molecule (see also Section 3.5).
Not even the availability of a high-resolution structure has provided a final answer to
this question. Nonetheless, substantial evidence suggests that at least one of the key
events in the activation process in family A GPCRs involves protonation of the aspar-
tate or glutamate in the highly conserved Glu/AspArgTyr motif at the cytoplasmic side
of TM3 (Figure 3.1) (see also Chapter 11). In rhodopsin, the most direct evidence for
protonation of Glu/Asp(3.49) was obtained by flash photolysis, allowing simultaneous
measurement of photoproduct formation and rates of pH changes [61]. Lowering of
the pH has also been shown to facilitate transition of the receptor to the activated state
in the b2AR [62].
According to the rhodopsin structure, the ionic counterpart of Glu(3.49) in the inactive

state is the adjacent Arg(3.50). In addition to interaction with Glu(3.49), the rhodopsin
structure also suggested an interaction between Arg(3.50) and a conserved glutamate
in TM6: Glu(6.30) (Figure 3.3A). We consequently proposed that similar interactions
occurred in the b2AR [63], although this was in contrast to previous predictions for
the a1BAR suggesting that the Arg in the inactive state interacts with the conserved
Asp in TM2 (Asp(2.50); Asp79 in the b2AR) [60]. We moreover hypothesized that the
interactions formed between Asp(3.49), Arg(3.50), and Glu(6.30) constituted an ionic switch
that controlled transition of the receptor between its inactive and active state
(Figure 3.3A and 3B). Thus, we envisioned that agonist binding would result in pro-
tonation of Asp(3.49) and concomitant release of interaction between Asp(3.49), Arg(3.50),
and Glu(6.30) and thereby receptor activation. The hypothesis has been supported by
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several lines of evidence. Firstly, charge-neutralizing mutations mimicking the pro-
tonated state of the Glu/Asp(3.49) cause dramatic constitutive activation of the
a1BAR, the b2AR, and the H2R [21, 22, 60, 64]. Similarly, improved coupling has
been observed on mutation of the Asp(3.49) in the gonadotropin-releasing hormone
receptor (GnRHR) [41]. Mutation of the Asp(3.49) residue in the muscarinic acetylcho-
line subtype 1 receptor (M1R) resulted in phosphoinositide turnover responses of the
mutant that were quantitatively similar to the wild-type M1R despite markedly lowered
levels of expression [65]. In parallel, constitutive activation was observed in rhodopsin
after mutation of the Glu(3.49) found in the corresponding position in this receptor [66].
Furthermore, charge-neutralizing mutation of Glu(6.30) alone or in combination with
Asp(3.49) resulted in constitutive activation and a markedly increased efficacy for the
partial bAR agonist pindolol [63].
Finally, charge-neutralizing mutations of Asp130(3.49) and/or Glu268(6.30) in the b2AR

are linked to the overall conformation of the receptor [21, 63]; hence, mutation of
Asp130(3.49) and/or Glu268(6.30) not only activated the receptor but also caused a cysteine
in TM6 (Cys285(6.47)) – not accessible in the wild-type receptor – to become accessible to
methanethiosulfonate ethylammonium (MTSEA), a charged, sulfhydryl-reactive re-
agent [21, 63]. This is consistent with a counterclockwise rotation (as seen from
the extracellular side) and/or tilting of TM6 in the mutant receptor consistently
with the biophysical studies described above. Even more importantly, the MTSEA ex-

Fig. 3.3 Activation of the b2-adrenoceptor in-
volves disruption of an ionic lock between TM3 and

TM6. A) An extracellular view of the high-resolution

structure of rhodopsin showing the interaction

between residues at the cytoplasmic ends of TM3

and TM6 [11]. B) The Ca ribbons of TM3 and TM6 of

rhodopsin are shown in purple. The simulated

structures (light blue ribbons) are superimposed

from positions 1 to 17 onto the corresponding parts

of TM6 (6.30 to 6.46) [63]. The blue arrow indicates

the conformational space that a Pro-kink can as-

sume relative to TM3 (figure modified from Bal-

lesteros et al., J. Biol. Chem. 2001, 276, 29171-

29177).
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periments showed a tight correlation between the apparent conformational rearrange-
ment assessed by MTSEA accessibility to Cys285(6.47) and the extent of constitutive ac-
tivation [63].

3.5

Kinetics of Agonist Binding and Receptor Activation

Recent studies with the b2AR [67–69] have challenged the existence of a preformed
binding site for the agonist (i.e., the lock-and-key scheme where the agonist is simul-
taneously coordinated by the residues involved in binding the ligand). Instead, it has
been suggested that the binding of the agonist and subsequent receptor activation fol-
low a sequential process [4, 68–70]. The sequential binding model operates with sev-
eral intermediate conformational states between the inactive and the fully active re-
ceptor state [68, 70]. It has been suggested that these intermediate states constitute
progressively ‘locking parts of the key’, meaning that the chemical groups in the ago-
nist interact with their respective amino acid counterparts in a successive manner,
resulting in receptor states with increased agonist affinity [68, 70]. Through study
of a purified and fluorescently labeled b2AR, evidence for these intermediate states
was obtained in the form of the appearance of two kinetically distinguishable confor-
mational states after binding of catecholamine agonists [68]. Through the use of che-
mically related derivatives of catechol it was found that the catechol and amine group
were required for the rapid component (t1/2 � 2–5 sec) whereas the amine substituent
(e.g.,N-methyl) and the chiral b-hydroxy group were necessary for the slow component
(t1/2 � 2–3 min) [68] (see Figure 3.1). The chemical groups responsible for rapid con-
formational change were also shown to be sufficient for activation of the Gs protein,
whereas agonist-induced internalization was to a large extent dependent on the slow
conformational change [68].
In the earlier studies on the purified and fluorescently labeled b2AR, only the ago-

nist-induced slow conformational change of TM6 (t1/2� 2–3min) was evident [37–39].
Conceivably, the explanation for why the rapid conformational change escaped detec-
tion in these studies is most likely to be reflected by the choice of fluorescent probe and
the positions labeled in the receptor. Notably, the rapid conformational change was
detected from a position (Cys265(6.27)) in the b2AR that might detect conformational
changes both in the intracellular loop 3 and in TM6, in contrast with our previous
studies in which detection of conformational changes might be restricted to TM6
[37–39].
Increasing evidence also suggests a more complex mode of action for partial ago-

nists than predicted by the extended ternary complex model (for a review see [4]; see
also Chapters 2 and 9). Analysis of fusion proteins between wild-type b2AR and Gas

and a constitutively activated b2AR and Gas mutant, for example, have shown an inter-
esting discrepancy between the efficacy of ligands in stimulating GTPase activity and
in their ability to stabilize the ternary complex (i.e., high-affinity, GTP-sensitive agonist
binding) [71]. These data suggest that partial agonism is, at least in some cases, ex-
plained by the ability of ligands to stabilize the ternary complex strongly, resulting in a
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reduced rate of G protein turnover relative to the full agonist [71] (see also Chapter 8 for
illustration). Further support for a complex action of partial agonists has been obtained
in the b2AR, again by application of fluorescent techniques. These studies included the
application of both single-molecule fluorescence analysis and fluorescence lifetime
analysis to a purified preparation of the receptor covalently labeled with a fluorescence
reporter molecule [67, 72]. The data provided clear evidence for the existence of dif-
ferent conformational substates of the b2AR that are differentially modulated by dif-
ferent agonists, thus suggesting that different agonists stabilize distinct conforma-
tional states of the receptor molecule [67, 72] (see also Chapter 9).

3.6

GPCR Activation in an Oligomeric Context

Despite healthy initial skepticism, it is now widely accepted that many, if not all,
GPCRs can form homodimeric or even heterodimeric complexes (for reviews see
[7, 73]). The formation of homodimers between class A GPCRs in living cells has
in particular been supported by measurements of bioluminescence resonance energy
transfer (BRET) or fluorescence resonance energy transfer (FRET) through the use of
fusion constructs between a GPCR and luciferase and/or spectral variants of the green
fluorescent protein, respectively [7]. Recent studies have also offered information
about the putative dimeric interfaces. In the D2R the fourth transmembrane segment
was identified as the symmetrical dimer interface by cross-linking of an engineered
Cys at the extracellular end of TM4 [74]. The dimeric interface of rhodopsin in native
membranes was also suggested by atomic force microscopy to involve TM4 in addition
to TM5 [75]. In remarkable agreement, a model involving TM4 and 5 as an important
interface was suggested for the complement C5a receptor (C5aR) homodimer follow-
ing symmetrical cross-linking of the second intracellular loop [76]. In another study,
TM1 and TM2 were suggested to mediate oligomerization of a yeast GPCR [77].
In several cases it has been reported that agonists cause alterations in the degree of

dimerization as reflected in changes in BRET or FRET. However, while the agonist
induced increase in energy transfer in the b2AR and in the thyrotropin-releasing hor-
mone receptor (TRHR) [78, 79], a decrease was observed for the cholecystokinin re-
ceptor (CCKR) [80]. In contrast, other studies have found homodimerization or hetero-
dimerization to be constitutive processes not modulated by ligand binding [81–83].
Although these obvious discrepancies may actually reflect the real behavior of the dif-
ferent receptors studied, it cannot be ruled out that difficulties in interpretation of the
experimental data may have resulted in erroneous conclusions. The changes in FRET
or BRET upon binding of a ligand, for example, could in principle also be explained in
terms of changes in the relative orientation of the donor and acceptor molecules due to
conformational changes rather than being the result of dissociation or association of
the dimeric complex [73]. However, this does not exclude the possibility that oligomer-
ization might indeed be important for receptor activation if recent observation for
class C GPCRs can also be extended to class A GPCRs (see below).
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The strongest evidence for unequivocal roles of dimerization has been obtained for
the class C GPCRs. The crystal structure of the extracellular domain (ECD) of the
mGluR found not only that the receptor exists as a dimeric protein, but also that di-
merization of the receptor plays a key role in the receptor activation mechanism [84].
Moreover, studies of the metabotropic GABAB receptors (GABABRs), which also be-
long to class C, showed yet another function of dimerization. Thus, formation of a
heterodimeric complex between the GABABR1 (GBR1) and GABABR2 (GBR2) was
found to be required for surface expression of a functional receptor [85–90]. Specifi-
cally, GBR1 requires GBR2 for proper targeting to the surface, whereas GBR2 by itself
is surface expressed but does not bind GABA on its own [7]. Interestingly, this hetero-
dimerization may also be critical for receptor activation and G protein coupling: ex-
perimental support has been obtained for a remarkable model in which GABA binds
to the ECD of GBR1 but transmission of the signal to the G protein occurs solely via
GBR2 [91, 92]. Most significantly, mutations known to impair G protein coupling in
other class C GPCRs had no effect when introduced into GBR1, but prevented
G protein coupling when introduced into GBR2 [91]. Moreover, a systematic mutagen-
esis study ruled out the possibility that GBR agonists can bind to the ECD of GBR2 [93].
In the related metabotropic glutamate receptor subtype 5 (mGlu5R), it has similarly
been found that binding of a single agonist molecule to one ECD is sufficient to cause
receptor activation [94]; however, full activation was only obtained if a second agonist
molecule was bound to the associated subunit. Additionally, evidence was obtained
that G protein activation can occur through both receptor subunits [94]. Whether a
similar remarkable scenario is relevant for other GPCRs, including class A receptors,
still awaits clarification.

Acknowledgments

Dr. Jonathan Javitch and Lei Shi are thanked for providing themolecular model shown
in Figure 3.3. Dr. Juan Ballesteros is thanked for providing the models shown in
Figure 3.2.

References

1 C. D. Strader, T. M. Fong, M. R. Tota, D.
Underwood, R. A. F. Dixon, Annu. Rev. Bio-
chem. 1994, 63, 101–132.

2 T. H. Ji, M. Grossmann, I. Ji, J. Biol. Chem.
1998, 273, 17299–17302.

3 J. Bockaert, J. P. Pin, EMBO J. 1999, 18,
1723–1729.

4 U. Gether, Endocr. Rev. 2000, 21, 90–113.
5 B. K. Kobilka, J. Pept. Res. 2002, 60, 317–321.
6 W. L. Hubbell, C. Altenbach, C. M. Hubbell,
H. G. Khorana, Adv. Protein Chem. 2003, 63,
243–290.

7 M. Bouvier, Nat. Rev. Neurosci. 2001, 2,
274–286.

8 G. F. Schertler, C. Villa, R. Henderson, Nature
1993, 362, 770–772.

9 G. F. Schertler, P. A. Hargrave, Proc. Natl. Acad.
Sci. USA 1995, 92, 11578–11582.

10 V. M. Unger, P. A. Hargrave, J. M. Baldwin,
G. F. Schertler, Nature 1997, 389, 203–206.

11 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.

12 J. M. Baldwin, G. F. Schertler, V. M. Unger, J.
Mol. Biol. 1997, 272, 144–164.

3.6 GPCR Activation in an Oligomeric Context 3939



13 D. C. Teller, T. Okada, C. A. Behnke, K. Palc-
zewski, R. E. Stenkamp, Biochemistry 2001, 40,
7761–7772.

14 J. A. Ballesteros, L. Shi, J. A. Javitch, Mol.
Pharmacol. 2001, 60, 1–19.

15 J. A. Javitch, L. Shi, G. Liapakis, Methods En-
zymol. 2002, 343, 137–156.

16 M. M. Zhao, J. Hwa, D. M. Perez, Mol. Phar-
macol. 1996, 50, 1118–1126.

17 R. T. Tota, C. D. Strader, J. Biol. Chem. 1990,
265, 16891–16897.

18 L. Shi, J. A. Javitch, Proc. Natl. Acad. Sci. USA
2004, 101, 440–445.

19 T. W. Schwartz, M. M. Rosenkilde, Trends
Pharmacol. Sci. 1996, 17, 213–216.

20 U. Gether, J. A. Ballesteros, R. Seifert, E.
Sanders-Bush, H. Weinstein, B. K. Kobilka, J.
Biol. Chem. 1997, 272, 2587–2590.

21 S. G. Rasmussen, A. D. Jensen, G. Liapakis, P.
Ghanouni, J. A. Javitch, U. Gether, Mol.
Pharmacol. 1999, 56, 175–184.

22 A. E. Alewijnse, H. Timmerman, E. H. Jacobs,
M. J. Smit, E. Roovers, S. Cotecchia, R. Leurs,
Mol. Pharmacol. 2000, 57, 890–898.

23 T. Okada, O. P. Ernst, K. Palczewski, K. P.
Hofmann, Trends Biochem. Sci. 2001, 26,
318–324.

24 E. C. Meng, H. R. Bourne, Trends Pharmacol.
Sci. 2001, 22, 587–593.

25 K. J. Rothschild, W. A. Cantore, H. Marrero,
Science 1983, 219, 1333–1335.

26 D. Garcia-Quintana, A. Francesch, P. Garriga,
A. R. de Lera, E. Padros, J. Manyosa, Biophys. J.
1995, 69, 1077–1082.

27 Z. Salamon, Y. Wang, M. F. Brown, H. A.
Macleod, G. Tollin, Biochemistry. 1994, 33,
13706–13711.

28 S. W. Lin, T. P. Sakmar, Biochemistry. 1996, 35,
11149–11159.

29 Z. T. Farahbakhsh, K. D. Ridge, H. G. Khorana,
W. L. Hubbell, Biochemistry. 1995, 34,
8812–8819.

30 C. Altenbach, K. Yang, D. L. Farrens, Z. T.
Farahbakhsh, H. G. Khorana, W. L. Hubbell,
Biochemistry 1996, 35, 12470–12478.

31 C. Altenbach, J. Klein-Seetharaman, J. Hwa,
H. G. Khorana, W. L. Hubbell, Biochemistry
1999, 38, 7945–7949.

32 C. Altenbach, K. Cai, H. G. Khorana, W. L.
Hubbell, Biochemistry 1999, 38, 7931–7937.

33 D. L. Farrens, C. Altenbach, K. Yang, W. L.
Hubbell, H. G. Khorana, Science 1996, 274,
768–770.

34 R. Langen, K. Cai, C. Altenbach, H. G. Khorana,
W. L. Hubbell, Biochemistry 1999, 38,
7918–7924.

35 V. M. Unger, G. F. Schertler, Biophys. J. 1995,
68, 1776–1786.

36 T. D. Dunham, D. L. Farrens, J. Biol. Chem.
1999, 274, 1683–1690.

37 U. Gether, S. Lin, B. K. Kobilka, J. Biol. Chem.
1995, 270, 28268–28275.

38 U. Gether, S. Lin, P. Ghanouni, J. A. Balles-
teros, H. Weinstein, B. K. Kobilka, EMBO J.
1997, 16, 6737–6747.

39 A. D. Jensen, F. Guarnieri, S. G. Rasmussen, F.
Asmar, J. A. Ballesteros, U. Gether, J. Biol.
Chem. 2001, 276, 9279–9290.

40 P.Ghanouni, J. J. Steenhuis, D. L. Farrens, B. K.
Kobilka, Proc. Natl. Acad. Sci. USA 2001, 98,
5997–6002.

41 J. Ballesteros, S. Kitanovic, F. Guarnieri, P.
Davies, B. J. Fromme, K. Konvicka, L. Chi, R. P.
Millar, J. S. Davidson, H. Weinstein, S. C.
Sealfon, J. Biol. Chem. 1998, 273, 10445–10453.

42 J. A. Ballesteros, H. Weinstein, Meth. Neurosci.
1995, 25, 366–428.

43 S. P. Sheikh, T. A. Zvyaga, O. Lichtarge, T. P.
Sakmar, H. R. Bourne, Nature 1996, 383,
347–350.

44 S. P. Sheikh, J. P. Vilardarga, T. J. Baranski, O.
Lichtarge, T. Iiri, E. C. Meng, R. A. Nissenson,
H. R. Bourne, J. Biol. Chem. 1999, 274,
17033–17041.

45 S. D. Ward, F. F. Hamdan, L. M. Bloodworth,
J. Wess, J. Biol. Chem. 2002, 277, 2247–2257.

46 C. Altenbach, J. Klein-Seetharaman, K. Cai,
H. G. Khorana, W. L. Hubbell, Biochemistry
2001, 40, 15493–15500.

47 C. Altenbach, K. Cai, J. Klein-Seetharaman,
H. G. Khorana, W. L. Hubbell, Biochemistry
2001, 40, 15483–15492.

48 C. E. Elling, K. Thirstrup, B. Holst, T. W.
Schwartz, Proc. Natl. Acad. Sci. USA 1999, 96,
12322–12327.

49 B. Holst, C. E. Elling, T. W. Schwartz, Mol.
Pharmacol. 2000, 58, 263–270.

50 S. Miura, S. S. Karnik, J. Biol. Chem. 2002, 277,
24299–24305.

51 A. A. Boucard, M. Roy, M. E. Beaulieu, P. La-
vigne, E. Escher, G. Guillemette, R. Leduc, J.
Biol. Chem. 2003, 278, 36628–36636.

52 S. S. Karnik, C. Gogonea, S. Patil, Y. Saad, T.
Takezako, Trends Endocrinol. Metab. 2003, 14,
431–437.

53 P. L. Yeagle, A. D. Albert, Biochemistry. 2003,
42, 1365–1368.

54 T. Costa, A. Herz, Proc. Natl. Acad. Sci. USA
1989, 86, 7321–7325.

55 P. Samama, S. Cotecchia, T. Costa, R. J. Lef-
kowitz, J. Biol. Chem. 1993, 268, 4625–4636.

3 Molecular Mechanisms of GPCR Activation40



56 P. Chidiac, T. E. Hebert, M. Valiquette, M.
Dennis, M. Bouvier, Mol. Pharmacol. 1994, 45,
490–499.

57 L. F. Allen, R. J. Lefkowitz, M. G. Caron, S.
Cotecchia, Proc. Natl. Acad. Sci. USA 1991, 88,
11354–11358.

58 M. A. Kjelsberg, S. Cotecchia, J. Ostrowski,
M. G. Caron, R. J. Lefkowitz, J. Biol. Chem.
1992, 267, 1430–1433.

59 R. J. Lefkowitz, S. Cotecchia, P. Samama, T.
Costa, Trends Pharmacol. Sci. 1993, 14,
303–307.

60 A. Scheer, F. Fanelli, T. Costa, P. G.
De Benedetti, S. Cotecchia, EMBO J. 1996, 15,
3566–3578.

61 S. Arnis, K. Fahmy, K. P. Hofmann, T. P.
Sakmar, J. Biol. Chem. 1994, 269, 23879–23881.

62 P. Ghanouni, H. Schambye, R. Seifert, T. W.
Lee, S. G. Rasmussen, U. Gether, B. K. Kobilka,
J. Biol. Chem. 2000, 275, 3121–3127.

63 J. A. Ballesteros, A. D. Jensen, G. Liapakis, S. G.
Rasmussen, L. Shi, U. Gether, J. A. Javitch, J.
Biol. Chem. 2001, 276, 29171–29177.

64 A. Scheer, F. Fanelli, T. Costa, P. G.
De Benedetti, S. Cotecchia, Proc. Natl. Acad.
Sci. USA 1997, 94, 808–813.

65 Z. L. Lu, C. A. Curtis, P. G. Jones, J. Pavia, E. C.
Hulme, Mol. Pharmacol. 1997, 51, 234–241.

66 G. B. Cohen, T. Yang, P. R. Robinson, D. D.
Oprian, Biochemistry. 1993, 32, 6111–6115.

67 P. Ghanouni, Z. Gryczynski, J. J. Steenhuis,
T. W. Lee, D. L. Farrens, J. R. Lakowicz, B. K.
Kobilka, J. Biol. Chem. 2001, 276, 24433–24436.

68 G. Swaminath, Y. Xiang, T. W. Lee, J. Steen-
huis, C. Parnot, B. K. Kobilka, J. Biol. Chem.
2004, 279, 686–691.

69 G. Liapakis,W. C. Chan,M. Papadokostaki, J. A.
Javitch, Mol. Pharmacol. 2004, 65, 1181–1190.

70 B. Kobilka, Mol. Pharmacol. 2004, 65,
1060–1062.

71 R. Seifert, K. Wenzel-Seifert, U. Gether, B. K.
Kobilka, J. Pharmacol. Exp. Ther. 2001, 297,
1218–1226.

72 G. Peleg, P. Ghanouni, B. K. Kobilka, R. N.
Zare, Proc. Natl. Acad. Sci. USA 2001, 98,
8469–8474.

73 S. Terrillon, M. Bouvier, EMBO Rep. 2004, 5,
30–34.

74 W. Guo, L. Shi, J. A. Javitch, J. Biol. Chem. 2003,
278, 4385–4388.

75 Y. Liang, D. Fotiadis, S. Filipek, D. A. Saper-
stein, K. Palczewski, A. Engel, J. Biol. Chem.
2003, 278, 21655–21662.

76 J. M. Klco, T. B. Lassere, T. J. Baranski, J. Biol.
Chem. 2003, 278, 35345–35353.

77 M. C. Overton K. J. Blumer, J. Biol. Chem. 2002,
277, 41463–41472.

78 S. Angers, A. Salahpour, E. Joly, S. Hilairet, D.
Chelsky, M. Dennis, M. Bouvier, Proc. Natl.
Acad. Sci. USA 2000, 97, 3684–3689.

79 M. McVey, D. Ramsay, E. Kellett, S. Rees, S.
Wilson, A. J. Pope, G. Milligan, J. Biol. Chem.
2001, 276, 14092–14099.

80 Z. J. Cheng, L. J. Miller, J. Biol. Chem. 2001,
276, 48040–48047.

81 M. A. Ayoub, C. Couturier, E. Lucas-Meunier,
S. Angers, P. Fossier, M. Bouvier, R. Jockers, J.
Biol. Chem. 2002, 277, 21522–21528.

82 A. A. Jensen, J. L. Hansen, S. P. Sheikh, H.
Brauner-Osborne, Eur. J. Biochem. 2002, 269,
5076–5087.

83 M. Canals, D. Marcellino, F. Fanelli, F. Ciruela,
P. de Benedetti, S. R. Goldberg, K. Neve, K.
Fuxe, L. F. Agnati, A. S. Woods, S. Ferre, C.
Lluis, M. Bouvier, R. Franco, J. Biol. Chem.
2003, 278, 46741–46749.

84 N. Kunishima, Y. Shimada, Y. Tsuji, T. Sato, M.
Yamamoto, T. Kumasaka, S. Nakanishi, H.
Jingami, K. Morikawa, Nature 2000, 407,
971–977.

85 J. H.White, A. Wise, M. J. Main, A. Green, N. J.
Fraser, G. H. Disney, A. A. Barnes, P. Emson,
S. M. Foord, F. H. Marshall, Nature 1998, 396,
679–682.

86 K. A. Jones, B. Borowsky, J. A. Tamm, D. A.
Craig, M. M. Durkin, M. Dai, W. J. Yao, M.
Johnson, C. Gunwaldsen, L. Y. Huang, C. Tang,
Q. Shen, J. A. Salon, K. Morse, T. Laz, K. E.
Smith, D. Nagarathnam, S. A. Noble, T. A.
Branchek, C. Gerald, Nature 1998, 396,
674–679.

87 K. Kaupmann, B. Malitschek, V. Schuler, J.
Heid, W. Froestl, P. Beck, J. Mosbacher, S.
Bischoff, A. Kulik, R. Shigemoto, A. Karschin,
B. Bettler, Nature 1998, 396, 683–687.

88 G. Y. Ng, J. Clark, N. Coulombe, N. Ethier, T. E.
Hebert, R. Sullivan, S. Kargman, A. Chateau-
neuf, N. Tsukamoto, T. McDonald, P. Whiting,
E. Mezey, M. P. Johnson, Q. Liu, L. F.
Kolakowski, Jr., J. F. Evans, T. I. Bonner, G. P.
O’Neill, J. Biol. Chem. 1999, 274, 7607–7610.

89 R. Kuner, G. Kohr, S. Grunewald, G. Eisen-
hardt, A. Bach, H. C. Kornau, Science 1999, 283,
74–77.

90 A. Couve, A. K. Filippov, C. N. Connolly, B.
Bettler, D. A. Brown, S. J. Moss, J. Biol. Chem.
1998, 273, 26361–26367.

91 B. Duthey, S. Caudron, J. Perroy, B. Bettler, L.
Fagni, J. P. Pin, L. Prezeau, J. Biol. Chem. 2002,
277, 3236–3241.

3.6 GPCR Activation in an Oligomeric Context 4141



92 M. Margeta-Mitrovic, Y. N. Jan, L. Y. Jan, Proc.
Natl. Acad. Sci. USA 2001, 98, 14649–14654.

93 J. Kniazeff, T. Galvez, G. Labesse, J. P. Pin, J.
Neurosci. 2002, 22, 7352–7361.

94 J. Kniazeff, A. S. Bessis, D. Maurel, H. Ansa-
nay, L. Prezeau, J. P. Pin, Nat. Struct. Mol. Biol.
2004, 11, 706–713.

95 C. D. Strader, I. S. Sigal, R. A. Dixon, FASEB J.
1989, 3, 1825–1832.

96 G. Liapakis, J. A. Ballesteros, S. Papachristou,
W. C. Chan, X. Chen, J. A. Javitch, J. Biol. Chem.
2000, 275, 37779–37788.

97 K. Wieland, H. M. Zuurmond, C. Krasel, A. P.
Ijzerman, M. J. Lohse, Proc. Natl. Acad. Sci.
USA 1996, 93, 9276–9281.

3 Molecular Mechanisms of GPCR Activation42



4

Molecular and Cellular Determinants of GPCR Splice Variant

Constitutive Activity

Joël Bockaert, Sylvie Claeysen, Lara Joubert, Laurent Fagni, and Aline Dumuis

4.1

Introduction

Multicellular organisms are characterized by dense networks of cell–cell communica-
tion. Of all the proteins of the human genome, G protein-coupled receptors (GPCRs)
are the most versatile. As stated in previous reviews, GPCRs are the typical example of
how “molecular tinkering“ has occurred during evolution, creating diversity through
the copying of one ancestral gene and the production of more than one thousand re-
ceptors that can transduce signals triggered by light, smell, taste, nucleotides, lipids,
peptides, and proteins [1–3]. Although the first GPCR neurotransmitter cloned, the
b2-adrenoceptor (b2AR) [4], has no introns, it is clear that the existence of introns
in many GPCRs provides scope for an additional level of diversity by virtue of alter-
native splicing [5]. One of themost complex genes is certainly the 5-hydroxytryptamine
type 4 receptor (5-HT4R) gene, which contains 38 exons in 700 Kb and generates eight
carboxy-terminal (C-t) variants [6]. As in the case of 5-HT4R, many other GPCR variants
are generated by splicing of sites, resulting in sequence variations at their C-ts. What
could be the reasons for the creation of such diversity in this domain? It is now widely
accepted that the C-ts (the “magic tails“) of GPCRs regulate most GPCR functions, both
through their post-translational modifications (phosphorylation, palmitoylation) and
through their interactions with a large number (over 50) of associated proteins called
GPCR interacting proteins (GIPs) [7]. These functions include targeting, trafficking,
clustering, desensitization, endocytosis, recycling, and, importantly, fine-tuning of
GPCR signaling [7, 8]. Among these functions, this review concentrates on the mod-
ulation of GPCR constitutive activities (i.e., activity of the receptor in the absence of
ligand) by the C-ts of some GPCR splice variants. Two types of constitutive activities
are considered: the first is the spontaneous coupling of the receptor to G proteins,
resulting in constitutive production of second messengers, while the second is the
constitutive internalization of GPCRs that does not necessarily depend on G protein
activation. We analyze only the C-ts of GPCR splice variants in the control of such
constitutive activities, because there is no clear evidence that other structural domains
generate such activities. The GPCR splice variants for which the largest amounts of

4343



Fig. 4.1 Sequences of 5-HT4R, 5-HT7R, mGlu1R, and prostanoid

receptor (TPR, FPR, EP3R) C-t splice variants.
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data are available today are the 5-HT4R, the metabotropic glutamate 1 and 5 receptors
(mGlu1R, mGlu5R), the prostanoid receptors for thromboxane (TPRs), the prostaglan-
din F2a receptor (FPR), and the prostaglandin E2 receptor (EPR). This review focuses
on these receptors, a schematic representation of which is presented in Figure 4.1.

4.2

Constitutive Activation of Second Messenger Production by C-Terminal
Splice Variants of GPCRs

Over the past 15 years, our representation of how GPCRs are activated has been re-
assessed on the basis of the pioneering work of Costa and Hertz, as well as that of
Lefkowitz and co-workers [9, 10]. These workers demonstrated that a GPCR can iso-
merize from an inactive (R) to an active form (R*) in the absence of agonist, the R*
receptor being “constitutively active“. GPCRs are now regarded as allosteric molecules
that are stabilized in the R* form by agonists (higher affinity for R* than for R), in the R
form by inverse agonists (higher affinity for R than for R*), and in a constant R*/R
ratio by antagonists (similar affinity for R and R*). However, it is likely that several
other states also exist (multiple state model of receptor activation, see also Chapter 9).
For several years, a third fundamental but very silent state called the ground state (Rg)
has been proposed to exist in the case of the light receptor rhodopsin. This state can
“only“ be stabilized by the inverse agonist cis-retinal [11, 12]. The empty opsin (R) is
slightly active, and the fully active state (R*) is obtained when the cis-retinal isomerizes
to trans-retinal. The Rg state with bound cis-retinal has been crystallized [13]. Recently,
further experimental evidence has established the existence of Rg states for the 5-HT4R
[14] and mGluRs [15].
The role of the C-ts in the control of constitutive activity of GPCRs has long been

recognized; it has been proposed that the last twelve residues of bovine rhodopsin
operate as a negative regulator of GDP/GTP exchange [16–18] and the inhibitory ac-
tion of the C-t is abolished when the receptor is depalmitoylated [19]. Similarly, re-
moval of the extended C-t of the avian bAR increases its constitutive activity [20]. Trun-
cation of the last 59 residues of the thyrotropin-releasing hormone receptor (TRHR)
causes constitutive activity of the receptor [21]. Therefore, it is not surprising that
GPCR splice variants with different C-t sequences have been found to exhibit different
constitutive activities.

4.2.1

The Constitutive Activities of C-Terminal 5-HT4 Receptor Splice Variants:
the Shortest, the Strongest

Eight human (A,B,C,D,E,F,G,N), four mouse (A,B,E,F), and three rat 5-HT4R splice variants
differing in their C-t sequences have been cloned [22–30]. Whatever the species, align-
ment of the putative C-t amino acid sequences predicted from their respective cDNA
revealed that the divergence in their sequence starts after their last common amino
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Fig. 4.2 Influence of the C-t internal sequences on

the allosteric transition between different states,

based on studies with the light receptor rhodopsin:

the inactive state (R), the active state (R*), and a

particularly “silent“ one (Rg: ground state). R ex-

hibits a very low constitutive activity, the Rg is

stabilized by inverse agonists, and agonists stabi-

lize the R* state.

A) Several C-terminal sequences stabilize the R

form, including:

� the specific C-terminal sequences (following

Leu358) of 5-HT4A,BR [24],

� the Ser/Thr-rich sequence between residues

346 and 359 [24].

Palmitoylation of Cys328 and Cys329 is also important

to maintain the receptor in the R form [34]. Pal-

mitoylation of the Cys localized at the very end of 5-

HT4AR has the opposite role to palmitoylation of

Cys328 and Cys329 [34].

B) mGlu1AR, but not mGlu1B,C,DR, has a constitutive

activity. The heptahelical domain (HD) of mGlu1AR

(circled)deleted fromthebindingdomainandtheC-t

is also constitutively active [15]. The -ArgArgLysLys-

sequence within the C-t inhibits this constitutive

activity [36]. The C-t (after this -ArgArgLysLys- se-

quence) suppresses the effect of the ArgArgLysLys

sequence, thus reintroducing a constitutive activity.

However, this can also be suppressed by the binding

of coiled-coil Homer proteins capable of making a

connection between the ProProSerProArg sequence

of mGlu1AR and downstream proteins such as the

inositol trisphosphate (IP3) and the ryanodine re-

ceptors (RyRs) [41]. Production of Homer1a (an

immediateearlygene),followingneuronalactivation,

which is characterized by its absence of coiled-coil

domain, acts as a dominant negative protein.

Homer1a disconnects mGlu1AR from the down-

stream proteins and shifts the receptor to an active

state [41]. The mGlu1B,C,DRs, which have C-ts ending

aftertheArgArgLysLyssequence,havenoconstitutive

activity. Suppression of the ArgArgLysLys sequence

reintroduces a constitutive activity of the HD [36].
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acid at the position Leu358. Figure 4.1 illustrates the divergent sequences at this posi-
tion for the four mouse splice variants, which have been studied for their constitutive
activity in detail (coupling to Gs, activation of adenylyl cyclase; see also Chapter 8).
At low receptor density, comparable to that found in the brain (150–200 fmol mg–1),

we found that the long C-t form of 5-HT4AR generated twice as much cAMP as mock-
transfected cells; similar results were obtained in LLC-PK1 cells [24]. This indicated a
high capacity of 5-HT4R to isomerize from R to R* in the absence of agonist. In com-
parison, human b2AR did not modify cAMP production when expressed at low density
[24, 31]. In COS-7 cells, an increase in cAMP production by less than two-fold was
obtained when the b2ARs were expressed at a density of 2 pmol mg–1 [31]. The 5-
HT4R constitutive activity could be inhibited by inverse agonists, but not by neutral
antagonists [32]. 5-HT4AR and 5-HT4BR splice variants had similar constitutive activ-
ities four times higher than the mock activities at 800 fmol mg–1. The shortest splice
variants (5-HT4E,FR) (Figure 4.1) exhibited constitutive activities over twice as high as
those of the longest 5-HT4A,BR variants [24].
We then analyzed the roles of different sequences within the C-ts of 5-HT4Rs in

more detail in relation to the R to R* isomerization [24, 33]. The D359 truncated mu-
tant (Figure 4.2A) had a constitutive activity similar to those of the shortest splice var-
iants (5-HT4E,FR), indicating that the specific sequences of the shortest splice variants
were not responsible for receptor constitutive activity in relation to those of the longest
splice variants (5-HT4A,BR) which were neutral. In contrast, we can say that the specific
C-t sequences of 5-HT4AR and 5-HT4BR reduce the R to R* isomerization [24]
(Figure 4.2A). A sequence upstream of Leu358 between residues 359 and 346 is
very important in the reduction of constitutive activity (Figure 4.2A). The D346 trun-
cated mutant was highly active (ten times mock activity at 500 fmol mg–1). Interest-
ingly, this sequence (13 residues) contains six Ser and Thr residues that are potential
phosphorylation sites. Further truncation of the C-t (D327) did not result in further
constitutive activation.
However, we know that the two palmitoylated cysteines at the end of helix 8 (Cys328

and Cys329) are also important for the inhibition of isomerization, because their muta-
tion into Ser results in constitutive activation of the 5-HT4AR (Figure 4.2A) [34]. The
Cys located at the very end of the 5-HT4AR splice variant in the Post-synaptic density
Disc large Zonula occludens (PDZ) ligand type I sequence (-SerCysPhe ) is also a po-
tentially palmitoylated site. Mutation of this Cys into a Ser decreases constitutive ac-
tivity in the Cys328Ser/Cys329Ser 5-HT4AR mutants [34] (Figure 4.2A). Differences in
the level of constitutive activity between several human 5-HT4R splice variants with
different C-t sequences have also been observed in stably transfected cell lines [27–29].
To date, we know nothing about the mechanisms by which these different se-

quences – within the common part of the C-t up to Leu358 or within the specific se-
quences to each splice variant – modulate receptor constitutive activity. A structural
role is possible, as are roles of putative post-translational modifications of these se-
quences (phosphorylation but also palmitoylation/depalmitoylation) or interaction
with specific GIPs. Unfortunately, we have no proof that such regulations modulate
5-HT4R constitutive activity or if expression of constitutive 5-HT4R splice variants exist
in native tissues.
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4.2.2

The Constitutive Activities of mGlu1R and mGlu5R C-t Splice Variants:
a Case for which a Physiological Control does exist

A further level of complexity is reached when we consider the constitutive activities of
mGlu1R splice variants (Figure 4.2B). In this case, comparison between the results
obtained in heterologous expression systems and native cells (neurons) generates a
new concept which can be formulated as follows: “a GPCR can be activated indepen-
dently by extracellular ligands and GIPs“.

4.2.2.1 What has been Observed in Heterologous Expression Systems?

In both LLC-PK1 and HEK-293 cell lines, the long mGlu1AR C-t splice variant
(Figure 4.1), which contains more than 350 residues, exhibited constitutive activity,
as opposed to the shorter splice variants (mGlu1B,C,DR) [35]. In a further analysis of
the roles of the different domains of the long C-t, we observed that the absence of
constitutive activity of the shorter variants was in fact due to the presence of a polybasic
sequence (-ArgArgLysLys-) that inhibited receptor constitutive activity [36]. Mutation
of this -ArgArgLysLys- sequence, or its truncation upstream, revealed receptor consti-
tutive activity. In fact, Pin’s group recently demonstrated that the core domain of
mGlu5AR alone (without the C-t and with or without the N-terminal fly-trap binding
domain) was constitutively active [15]. Interestingly, positive allosteric agonists that
bound to the core domain became full agonists of the constitutively active truncated
mutant [15].
Therefore, these experiments suggest that the core domain is constitutively active,

and that the -ArgArgLysLys- sequence inhibits this constitutive activity (Figure 4.2B).
Why, then, is the long C-terminal splice variant, which also contains the -ArgArg-
LysLys- sequence, constitutively active? Probably because the distal C-t domain (a do-
main including the Homer ligand sequence -ProProSerProPheArg- but also many
other proline clusters located downstream of this sequence) neutralizes the inhibitory
effect of the -ArgArgLysLys- sequence (Figure 4.2B). The relationship between the pos-
sible role of the -ArgArgLysLys- sequence as an endoplasmic reticulum (ER) retention
sequence and its constitutive activity modulatory role is unknown. Note that the two
long C-t splice variants of mGlu5A,BR also exhibited constitutive activity when trans-
fected in cell lines [37].

4.2.2.2 What has been Observed in Neurons? Homer Proteins come into the Game

The first Homer cDNA (Homer1a) was isolated as an immediate early gene that is up-
regulated after electroconvulsive seizures and long-term potentiation (for a review on
Homer see [38]). It contains an Ena/VASP homology 1/Wiskott–Aldrich syndrome
protein homology 1 (EVH1/WH1) domain found in the Ena/vasodilator-stimulated
phosphoprotein (VASP) family. Other Homer genes (Homer1b, 1c,Homer2 and 3) en-
code proteins with a homologous EVH1 domain, and with a C-t coiled-coil domain that
confers the property of self- and hetero-multimerization to Homer. This coiled-coil
domain is not present in Homer1a. The EVH1 domain in a Homer protein binds
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to a specific polyproline sequence (-ProProXXPheArg-; Homer ligand) present in the
C-ts of the mGlu1AR splice variant and mGlu5R but absent in the C-ts of the shortest
mGlu1AR splice variants (Figures 4.1, 4.2B). By multimerization, the coiled-coil-con-
taining Homer proteins create physical links between several proteins containing the
consensus sequence -ProProXXPheArg-, therefore physically linking mGlu1AR and
mGlu5R, but not mGlu1B,C,DR, to Ca2+-permeable inositol trisphosphate (IP3) and rya-
nodine receptor channels, store-operated transient receptor channels 1 and 4 (TRPC1,
TRPC4), the Cav2.1 subunit of P/Q channels, Dynamin III, the post-synaptic scaffold-
ing SH3-ankyrin repeat (Shank) protein family, Shank proteins, and
phosphoinositide 3 kinase (PI3K) enhancer (Figure 4.2B) (for reviews see [39, 40]).
Homer1a binds to the same -ProProXXPheArg- sequence but does not possess the
coiled-coil sequence and therefore behaves as a dominant negative mutant
(Figure 4.2B).
In contrast to what was observed in HEK-293 cells, native mGlu1AR or recombinant

mGlu5A,BR display no constitutive activity in cerebellar granule cells. The mGlu1R-spe-
cific inverse agonist BAY36-7620 ((3aS,6aS)-6a-naphthalen-2-ylmethyl-5-methylidene-
hexahydro-cyclopenta[c]furan-1-on) has no effect on the activity of these receptors as
determined by their ability to activate a large conductance Ca2+-dependent K+ channel
(BKCa) through the release of intracellular Ca2+. However, the constitutive activity of
these receptors was revealed to be induced in these neurons when the link between the
mGlu1AR or mGlu5R and Homer3 is disrupted by induction of endogenous Homer1a,
by mutation of the mGlu5R C-t domain, or by knockdown of the endogenous coiled-
coil Homer3 by antisense transfection [41]. Interestingly, the physical disruption be-
tween the TRPC channel andHomers also resulted in the expression of a constitutively
active TRPC channel [42].
The most likely interpretation of these results is that the physical link between the

-ProProXXPheArg- sequence and the coiled-coil Homer provides inhibitory control
over the distal C-t domain of mGlu1AR (Figure 4.2B). Thus, the interplay of positive
and negative regulation of the constitutive activity by the different sequences of the C-t
of mGlu1AR and Homer is as follows (Figure 4.2B):

* The core domain is by itself constitutively active.
* The -ArgArgLysLys- sequence inhibits this constitutive activity, so the short

mGlu1B,C,DR splice variants, which contain only this sequence, are not constitutively
active.

* The distal C-t domain of mGluR1a inhibits the inhibitory effect of -ArgArgLysLys-,
so the mGlu1AR is constitutively active in recombinant cell lines.

* The association between the -ProProXXPheArg- ligand-binding sequence of the
mGlu1AR and coiled-coil Homer proteins inhibits the effect of the distal C-t domain
of the receptor by increasing physical constraints on the C-t of the receptor. The
mGlu1AR associated with coiled-coil Homer is no longer constitutively active. This
only occurs in neurons because of the presence of Homer proteins.

* In active neurons, Homer1a is induced and competes with coiled-coil Homer pro-
teins. This disrupts the link between mGlu1AR and the coiled-coil Homer complex,
thus rendering the mGlu1AR constitutively active.
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In conclusion, this series of experiments highlights the important roles of splice var-
iants with different C-t sequences. It also suggests a new concept, proposing that a
GPCR can be activated allosterically both by external ligands and by modulation of
their interactions with GIPs and associated networks. Future studies should tell us
whether other sequences of the mGlu1R known to control the constitutive activity
of the receptor (such as the -ArgArgLysLys- motif) are subject to regulation through
interaction with GIPs. Negative control of GIPs over GPCR constitutive activity may
explain why it is far easier to find constitutive activity in recombinant cells (in which
specific interacting GIPs are probably not expressed) than in native cells.

4.2.3

Other Examples of GPCR C-t Splice Variants with Different Constitutive Activities

Among the human 5-HT7R splice variants three (5-HT7AR, 5-HT7BR, and 5-HT7DR)
differ after their last common residue (Leu432) (Figure 4.1). The constitutive activity
of the 5-HT7BR coupled to Gs (stimulation of adenylyl cyclase) was significantly higher
than those of the 5-HT7AR and 5-HT7DR splice variants [43].
The EP3R C-t splice variants (EP3aR and EP3bR), which mediate the action of pros-

taglandin E2, differ after the last common residue (Glu335) [44] and in their ability to
activate GI proteins in an agonist-independent (constitutive) manner. The third splice
variant EP3cR is coupled both to Gs and Gi, but showed mostly full constitutive Gi

coupling and no constitutive Gs coupling [45]. This indicates that the R* state for
Gi and Gs coupling are certainly different. Multistate models of GPCR activation
are discussed in Chapters 2, 3, and 9. Finally, the two prostaglandin F2a receptor splice
variants FPAR and FPBR (Figure 4.1) displayed significant constitutive activity, while
the FPBR splice variant displayed twice the constitutive activity of the FPAR splice var-
iant when expressed in COS-7 cells [46].

4.3

Differential Constitutive Internalization of C-t GPCR Splice Variants

Agonist stimulation of GPCRs can result in their internalization into intracellular ve-
sicles followed by their recycling to the cell surface or further transport to lysosomes
for possible degradation [47, 48]. Receptor internalization pathways include clathrin-
coated vesicles, caveolae, and non-coated vesicles. Several non-GPCR receptors, such
as the transferrin receptor, constitutively recycle through clathrin-coated vesicles. Con-
stitutive internalization of prostanoid receptor subtypes has recently been described.
Interestingly, in both cases, this constitutive internalization is observed for only one
thromboxane A2 receptor splice variant (the TPbR) and one prostaglandin F2areceptor
splice variant (the FPBR) (Figures 4.1 and 4.3).
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4.3.1

The Thromboxane A2 Receptor TPbR, but not the TPaR Splice Variant, is Constitutively
Internalized by Clathrin-dependent, GRK- and Arrestin-independent Mechanisms

TPRs are expressed as two alternative splice variants: TPaR (343 residues) and TPbR
(407 residues), which differ after Arg328 in their C termini (Figure 4.1). TPaR, but not
TPbR, undergoes desensitization mediated by protein kinase A (PKA) (phosphoryla-
tion of Ser329) [49] and nitric oxide/ cGMP-dependent protein kinase (PKG) (phosphor-
ylation of Ser331) [50]. In contrast, TPbR, but not TPaR, undergoes agonist-induced
desensitization and internalization in HEK-293 cells. This process involves cla-
thrin-coated pits, GRKs, and arrestins [51]. This difference may just reflect a greater
sensitivity of TPaR to arrestin, since over-expression of arrestin-3 allowed recovery of
an agonist-dependent internalization for TPaR. In addition, TPbR, but not TPaR, un-

Fig. 4.3 Constitutive internalization of splice

variants of TP and FPR. A) The TPbR variant, but not

the TPaR, is internalized in the absence of agonists

(constitutive internalization). TPbR internalization

requires the presence of the -TyrSerGlyThrIle- se-

quence, which may link the receptor to clathrin-

adapter proteins (APs). B) The FPBR variant, but not

the FPAR, is constitutively internalized. FPBR

internalization is clathrin-independent, but is de-

pendent on its interaction with PI3 kinase. The

internalization also involves interactions with E-

cadherin and b-catenine (bCat). The increase in

cytoplasmic bCat produces a “priming“ affect on

TCF-mediated transcription (with synthesis of E-

cadherin). This “primed“ pathway is fully activated

by receptor activation.
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dergoes constitutive internalization. This constitutive internalization was dynamin-de-
pendent and involved clathrin-coated pits, but was independent of GRK (G Protein
Receptor Kinase) and arrestins [52]. In contrast, this process involved a specific se-
quence (-TyrSerGluThrIle-) present in TPbR but not TPaR receptor splice variants
(Figure 4.1) [52]. Clathrin and its adapter proteins (APs) are major structural proteins
in the endocytic machinery and play a central role in clathrin-coated pit assembly.
Several studies have demonstrated direct interaction between similar motifs and
the l chain of the clathrin adapter proteins AP1, AP2, and AP3 (see refs in [52]).
The -TyrXXThrmotif has been demonstrated to be present and in CImannose-6-phos-
phate receptor, the epidermal growth factor receptor (EGFR), and the cytotoxic
T lymphocyte antigen 4 (CTLA-4) receptors.

4.3.2

The Prostaglandin F2a Receptor FPBR, but not the FPAR C-Terminal Splice Variant, is
Constitutively Internalized by a Clathrin-independent, PI3 Kinase-dependent Mechanism

FPRs are expressed as two splice variants: FPAR and the FPBR. The FPBR isoform is
basically a truncated version of the FPAR isoform, lacking the last 46 carboxyl-terminal
residues (Figure 4.1).
It was first observed that stimulation of both isoforms with PGF2a resulted in cell

rounding through the activation of the Rho signaling pathway [53]. Once the agonist
was removed, reversal of cell rounding appeared in cells expressing FPAR, whereas in
FPBR-expressing cells the reversal of cell rounding did not occur [54]. The mechanism
of this differential reversal after the removal of PGF2a involved specific activation of the
TCF-b-catenin (TCF = T-cell factor) signaling pathway in FPBR-expressing cells; this
does not occur in FPAR-expressing cells [55, 56]. Another difference was found in the
signaling of these two splice variants. The FPBR variant, but not its FPAR counterpart,
displays a constitutively active internalization (Figure 4.3) [56]. Interestingly, this con-
stitutive internalization involves a new mechanism: the interaction with phosphatidy-
linositol 3’-kinase (PI3 kinase) associated with its activation [57]. E-Cadherin and b-
catenin are also internalized with the FPBR (Figure 4.3) [57]. This constitutive inter-
nalization is clathrin-independent and determines the TCF-b-catenin signaling in-
duced by the FPBR isoform but not by FPAR [57]. Upon PGF2a stimulation of cells
expressing FPBR, there is a large increase in b-catenin in the cytoplasm and a strong
activation of TCF signaling. This may result in cyclooxygenase 2 transcription and be
related to colon cancer, since it is known that inhibition of cyclooxygenase enzymes is
protective against this pathology.
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4.4

Conclusion

GPCRs possess “magic tails“ that are obviously very important for most of their func-
tions, including constitutive activation of G proteins, production of second messen-
gers, and constitutive internalization. Here we have reviewed examples in which dif-
ferent C terminus sequences generated differentially by alternative splicing from a
given GPCR gene can modulate these constitutive functions. Whether such sequences
indeed play important roles under physiological conditions remains to be established,
and this will certainly be one of the most difficult challenges over the next few years.
However, the modulation of the constitutive activity of the mGlu1AR variant by Homer
proteins should encourage work in this direction.
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5

Naturally Occurring Constitutively Active Receptors:

Physiological and Pharmacological Implications

Alan S. Kopin and Martin Beinborn

5.1

Introduction

G protein-coupled receptors (GPCRs) exist in equilibrium between inactive (R) and
active (R*) states. Active receptor conformations, whether ligand-induced or ligand-
independent, trigger second messenger signaling through heterotrimeric
G proteins. GPCRs that signal in the absence of ligand are, by definition, “constitu-
tively active“. Over the past 15 years it has become evident that wild-type, polymorphic,
and mutant receptors may demonstrate elevations in basal signaling [1, 2].
Constitutive activity can most readily be assessed by use of expression systems (e.g.,

COS-7, HEK-293, Xenopus melanophore, or insect Sf9 cells) that result in a high den-
sity of recombinant GPCRs. Under these experimental conditions (as well as with se-
lected receptors in native cells), signaling (e.g., cAMP or inositol phosphate produc-
tion, luciferase reporter gene activity, [35S]GTPcS binding) can be measured both in
the presence and in the absence of ligand (see also Chapter 8). It is estimated that as
many of 40% of wild-type GPCRs exhibit constitutive activity [1].

Table 5.1 Naturally occurring receptor variants that may be

constitutively active.

References

Wild-type GPCRs

Interspecies variants of the same receptor subtype 4–7

Related GPCR subtypes within a single species 1, 10–13

Alternatively spliced receptors 6, 15–18

Polymorphic receptors

Single nucleotide polymorphisms 21, 22, 28

RNA editing 23, 24

Disease-producing mutants 34–46
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Accumulating evidence suggests that constitutive activity of many naturally occur-
ring GPCR variants results in important physiologic consequences. Representative
examples are presented in this chapter as illustrations. We refer the reader to recent
reviews [1–3] and Table 1.1 (see Chapter 1) for a more comprehensive listing of con-
stitutively active receptor subtypes and variants. The examples that follow (as outlined
in Table 5.1) illustrate receptor variations that affect the basal level of signaling and
thereby have the potential to modulate physiologic function and/or drug response, as
well as to trigger disease.

5.2

Wild-type Interspecies Homologues

Differences in the basal levels of wild-type receptor signaling have been highlighted in
studies comparing species homologues of GPCR subtypes (e. g., selected melanocor-
tin, prostaglandin, and gastrin receptors). For certain receptors [e. g., melanocortin
receptor subtype 4 (MC4R)], the human homologue is constitutively active, whereas
the equivalent rodent subtype lacks ligand-independent signaling [4, 5]. Conversely,
an isoform of the mouse prostaglandin E2 receptor subtype 3 (EP3cR) is highly con-
stitutively active, whereas the corresponding human homologue shows no ligand-in-
dependent signaling [6]. In the case of the human andMastomys natalensis (an African
rodent) gastrin receptors, also referred to as the cholecystokinin receptor subtype 2
(CCK2R), it is the rodent homologue that shows significant basal signaling [7].
This constitutive activity may, in part, explain the predisposition of Mastomys to
the development of gastric endocrine tumors. Of note, in rats, chronic stimulation
with gastrin also results in the development of gastric tumors [8, 9]. In vitro struc-
ture/function analysis of the human vs. theMastomys recombinant receptors resulted
in the identification of three amino acid differences in homologous positions (human:
Val340 and Val349 in transmembrane domain 6 and Glu403 in the carboxy-terminal tail
vs. Mastomys: Leu344, Iso353, and Asp407, respectively) that underlie the variation in ba-
sal signaling. Substitution of the human amino acids with the Mastomys equivalents
confers constitutive receptor activity; the converse substitutions result in a decrease in
basal signaling by the Mastomys GPCR. From this study it is evident that even con-
servative amino acid substitutions (e.g. Val! Leu) are sufficient to alter the basal level
of receptor-mediated signaling. Furthermore, this example illustrates that multiple
residues may act in concert to define the basal level of GPCR activity. These observa-
tions and the principle they illustrate should inform the design of preclinical drug
trials. It is important to consider the possibility that interspecies differences may trans-
late into variations in the corresponding basal levels of signaling, which may in turn
alter drug-induced GPCR mediated physiologic effects.
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5.3

Wild-type Receptor Subtypes within a Given Species

A large number of receptor subtypes have also been demonstrated to show variations
in basal signaling. Examples of this include subtypes of the dopamine, thyrotropin
releasing hormone, and bradykinin receptors, as well as adrenoceptor subtypes [1,
10–13]. The molecular basis for these differences has in some instances been carefully
explored. In both human and rat, within the dopamine 1-like receptor family, the do-
pamine receptor subtype 5 (D5R) is constitutively active relative to the D1R subtype [10].
In structure/function studies, it was shown that exchange of a single homologous ami-
no acid (Phe264 vs. Ile288) between the recombinant human D1R and D5R was sufficient
to increase or decrease the basal level of signaling [14].

5.4

Wild-type Alternatively Spliced Receptors

GPCR splice variants are another natural source of homologous receptor variation in
basal signaling. There are at least six isoforms of the human prostaglandin E2 receptor,
subtype 3 (EP3R) that have been identified [6]. Each can be distinguished on the basis
of differences in the carboxy terminal domain, which ranges from six to 65 amino
acids. Among the splice variants examined, two are markedly constitutively active,
whereas other isoforms show little or no ligand-independent signaling. Other exam-
ples in the literature in which the magnitude of ligand-independent signaling is linked
to specific splice variants include isoforms of the serotonin receptor subtype 4 (5-
HT4R) [15–17] (see also Chapter 14) and the metabotropic glutamate receptor
subtype 1 (mGlulR) (see also Chapter 4) [18].

5.5

Polymorphisms in GPCRs

More subtle differences in receptor amino acid sequence can also result in varying
levels of ligand-independent signaling. With the completion of the human genome
project, efforts have shifted toward defining how inter-individual genetic differences
influence protein function. A large number of single nucleotide polymorphisms
(SNPs) have been identified, and work is in progress to define how the corresponding
alterations in GPCR amino acid sequences influence the pharmacology and physiol-
ogy linked to these proteins [3, 19, 20]. Precedents in the literature suggest that re-
ceptor variants with as few as one to three amino acid differences may have both mark-
edly altered basal and ligand-induced signaling. Human formyl peptide receptor iso-
forms FPR1-26 and -98 differ at two amino acid positions. Both the efficiency of FPR1-
26 in coupling to Gi and the corresponding basal level of receptor signaling markedly
exceed those of FPR1-98. It is postulated that functional differences in these FPR1
isoforms correlate with susceptibility to selected bacterial infections [21].
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Receptor SNPs that influence basal signaling also have the potential to alter physio-
logic function as well as the response to GPCR selective drugs. A polymorphism in the
human serotonin receptor (5-HT2CR) occurring with a frequency of 0.13% in the Cau-
casian population has been described (Cys23Ser). This single amino acid alteration
results in an elevation in 5-HT2CR basal signaling, which may in turn influence
mood, feeding behavior, and/or the response to antidepressant drugs [22]. Additional
variation in the 5HT2CR may occur through a process of RNA editing in which geno-
mically encoded adenosine residues are converted into inosine residues by adenosine
desaminase. These alterations may result in variation in the amino acid sequence of
the second intracellular loop of the 5HT2CR, resulting in a decrease in basal signaling
with a corresponding reduction in drug response [12, 23, 24] (see also Chapter 14). The
extent to which RNA editing is a source of heterogeneity for other GPCRs remains to
be determined.
Melanocortin receptors provide clear precedents for how GPCR polymorphisms

may give rise to variable phenotypes. The melanocortin 1 receptor subtype 1
(MC1R) is a well established regulator of melanogenesis [25–27]. Single amino acid
substitutions in the MC1R can alter basal and/or ligand-induced signaling that can
in turn result in variations in hair color. In mice, constitutively active MC1Rs confer
black coat color [28]. Although no activating mutations have been identified in hu-
mans, MC1R variants with reduced signalingmay result in red hair as well as increased
sun-sensitivity and susceptibility to skin cancers [25].
The MC4R provides an additional example of how polymorphisms/mutations can

influence the basal level of GPCR function [29, 30]. This receptor is of particular inter-
est due to the observation that the wild-type isoform is constitutively active [31]. Tar-
geted disruption of the mouse MC4R gene (–/–) results in an obese phenotype. Het-
erozygotes (+/–) show gene dosage effects with body weights that are intermediate
between those of wild-type (+/+) and knockout (–/–) animals [32]. The endogenous
peptides a-melanocyte-stimulating hormone and agouti-related protein are MC4R ago-
nist and inverse agonist, respectively. As such, these hormones increase or decrease,
respectively, the basal level of receptor signaling, thereby contributing to the regulation
of body weight. In humans, MC4R polymorphisms are the most frequent monogenic
cause of obesity [29, 33], accounting for approximately 2–6% of cases. Receptor var-
iants with a selective loss of constitutive activity but normal agonist-induced function
and expression levels have been shown to predispose to obesity [31]. Other polymorph-
isms/mutations give rise to impaired MC4R signaling due to a combination of defects
in ligand binding, signal transduction, and/or receptor trafficking [30]. Diminution in
basal and/or ligand-stimulated levels of MC4R cellular signaling results in increased
food intake and the development of obesity.
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5.6

GPCR Mutation-induced Disease

Another group of naturally occurring constitutively active receptors includes those in
which point mutations have been shown to enhance the basal level of signaling and
thereby cause human disease (see also Chapters 8 and 15). Well established examples
occur in class A [e.g., basal thyroid stimulating hormone receptor (TSHR) activity re-
sulting in hyperthyroidism or adenomas], class B [e.g., basal parathyroid hormone re-
ceptor subtype 1 (PTH1R) signaling resulting in chondrodysplasia], and class C recep-
tors [basal calcium-sensing receptor (CaSR) activity resulting in hypocalcemia]. These,
as well as other examples are summarized in Table 5.2.
As discussed above, a wide range of GPCR alterations are sufficient to shift basal

levels of receptor signaling. The spatial distributions of known activating mutations in
representative receptors (e.g., TSHR, LHR, and CaSR) suggest that single amino acid
substitutions in virtually any receptor domain (i.e., N terminus, extracellular loops,
transmembrane domains, intracellular loops and C terminus) can result in an altera-
tion in basal signaling [2, 47]. The consequences of this variability may include a
change in ligand-independent signaling, endogenous hormone activity, and/or the ef-
ficacy or potency of drugs. Alone or in combination, these pharmacologic changes
have the potential to enhance or diminish susceptibility to disease.

Table 5.2 Mutation-induced GPCR constitutive activity results in

disease/altered phenotype.

Receptor Disease Reference

TSHR thyroid adenoma 34–36

TSHR hyperthyroidism 35

LHR precocious puberty 37–39

PTH1R chondrodysplasia 40

CaSR hypocalcemia 41–44

Rhodopsin congenital night blindness 45

FSHR normal semen despite 46

undetectable serum FSH

Abbreviations: TSHR: thyroid stimulating hormone receptor. LHR:

luteinizing hormone receptor. PTH1R: parathyroid hormone receptor

subtype 1. CaSR: calcium-sensing receptor. FSHR: follicle stimulating
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5.7

Future Challenges

With the completion of the human genome project, it is evident that there are approxi-
mately 360 non-olfactory GPCRs [48, 49]. For many of these proteins, multiple poly-
morphic variants that alter the protein-coding region of the receptor have been, and
will continue to be, identified [19, 20]. Pharmacologic effects of these single amino acid
changes include alterations in receptor expression and basal signaling, as well as in the
affinities, efficacies and/or potencies of cognate ligands [3]. The extent to which variant
GPCRs have altered pharmacologic properties remains to be determined. One of the
challenges going forward is to characterize these receptors fully and to compare them
with corresponding wild-type isoforms. This will then set the stage to explore how
sequence/pharmacologic alterations can result in phenotypic attributes, disease,
and/or ligand/drug sensitivity. The identification and characterization of constitutively
active polymorphic GPCRs will be an important part of this ongoing initiative.
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6

The Impact of G Proteins on Constitutive GPCR Activity

Graeme Milligan

6.1

Introduction

Expression of the vast majority of G protein-coupled receptors (GPCRs) in heterolo-
gous cell lines results in an enhanced level of G protein-mediated signal transduction
being produced even in the absence of ligands that act as agonists at the receptor. Such
constitutive activity is generally observed to increase in a linear fashion with GPCR
expression levels. As this has been convincingly demonstrated in cell systems in which
expression of the GPCR is under the control of an inducible promoter it is clear that it
reflects an intrinsic ability of the GPCR to produce G protein activation. Such results
are explained both in the two-state and in more complex models of GPCR function
by an inherent capacity of the GPCR to flicker between active and inactive
conformations (see also Chapters 2 and 3). Agonists function by stabilization or en-
richment of the proportion of the GPCR in the active (R*) state. The identification of
compounds that reduce receptor constitutive activity provided a degree of symmetry
and resulted in the terminology of ‘inverse agonist’ for compounds that selectively
enrich or favor an inactive (R) state [1–3]. Many GPCRs display relatively low levels
of constitutive activity and thus require the presence of agonist to generate a substan-
tive signal. For many GPCRs the level of constitutive activity can be enhanced by ju-
dicious mutation. Although ‘hot spots’, such as the region close to the junction of the
third intracellular loop and transmembrane helix VI, have attracted significant atten-
tion, random mutagenesis studies [4–6] have demonstrated that the constitutive
activity of many GPCRs can be modified by alterations at wide ranging locations
in their sequence. This has resulted in the view that many GPCRs have evolved to
be constrained in largely inactive states and that these constraints are relaxed by ago-
nist binding. Many of these issues are addressed by other contributors to this volume
and so are not dealt with here.
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6.2

The Contribution of G proteins to Constitutive Activity

6.2.1

Basic Features

Heterotrimeric G proteins involved in signal transduction fromGPCR to effector func-
tion as molecular switches controlled by the nature of the guanine nucleotide bound to
the G protein a subunit. As with the GPCRs, G proteins must have an inherent ca-
pacity to adopt the active conformation, by binding GTP, and to return to the inactive
conformation of the a subunit after hydrolysis of the terminal phosphate of GTP by the
GTPase activity intrinsic to the G protein (see also Chapters 8 and 9). Different
G protein a subunits display markedly different capabilities to exchange GTP for
GDP and subsequently to hydrolyze the GTP. In general, at least when purified
and reconstituted, the pertussis toxin-sensitive members of the Gi subfamily display
markedly greater basal guanine nucleotide processing rates than the Gq/G11 and G12/
G13 G protein subfamilies. This may be to enhance sensitivity in their roles in regula-
tion of ion channel function. Even in the Gi subfamily, the rate of GTP hydrolysis by
purified protein is very low given expectations from the temporal aspects of signal
transduction. This, as with the monomeric, small molecular mass GTP binding pro-
teins, resulted in searches for, and identification of, GTPase-activating proteins. A fa-
mily of GTPase-activating proteins for the heterotrimeric G proteins is described gen-
erically as Regulators of G protein Signaling (RGS) proteins [7–9].
Because it is a bimolecular interaction, then, as with overexpression of GPCRs, en-

hanced expression of appropriate G proteins would be expected to enhance agonist-
independent signal transduction. This has indeed been observed [10–14] and shows
selectivity for the G proteins that are cognate targets for the GPCR [13–14]. Interest-
ingly, overexpression of some, but not all, G protein b and c subunit pairings has been
reported to increase GPCR-mediated constitutive activity [13–14]. Equally, increasing
of G protein levels by expression of Gas, b1, and c2 subunits in Sf9 insect cells resulted
in a decreased number of b2-adrenoceptor (b2AR) binding sites as monitored by use of
radiolabeled inverse agonist drugs without a decrease in amount of the receptor as
monitored in immunoblot studies [15]. Agonist ligands frequently detect less high-af-
finity binding sites when GPCR–G protein contacts are disrupted, so the loss of high-
affinity inverse agonist binding sites is consistent with the spontaneous formation of a
greater fraction of b2AR–G protein complexes with higher G protein expression levels
[15]. Furthermore, it has long been appreciated that it is common for pertussis toxin
treatment of cells to result in lower measured GTPase activity in membranes prepared
from the cells [16]. This is consistent with uncoupling of the constitutive activity of
GPCRs from activation of the Gi family G proteins that are the targets for the
ADP-ribosyltransferase activity of this toxin. It is stated routinely (but incorrectly)
that pertussis toxin-catalyzed ADP-ribosylation ‘inactivates’ Gi family G proteins.
In fact, the addition of ADP-ribose to a key GPCR contact domain of these
G proteins just prevents effective GPCR-mediated activation of the G protein.
Addition of the relatively large and negatively charged ADP-ribose moiety simply
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disallows productive GPCR–G protein interactions. Thus, loss of agonist-independent
activity after pertussis toxin treatment provides rather a good first indication of there
having previously been constitutive information transfer and signal transduction.
More subtle modifications than ADP-ribosylation to the extreme C termini of
G protein a subunits have been extremely useful in aiding understanding of some
aspects of the impact of G proteins on constitutive activity (see Section 6.3.2).

6.2.2

The Distribution of G Proteins in the Plasma Membrane

Measurements of the absolute levels of expression of GPCRs and G proteins invariably
conclude that the G proteins are in considerable molar excess with regard to any spe-
cific GPCR [17–18]. This poses certain problems in pharmacology, because models of
GPCR–G protein function that are both robust and predictive in nature derive from the
premise that [GPCR] � [G protein]. Furthermore, the distribution of GPCRs and
G proteins in the plasma membrane is non-random. Although the literature on
the distribution of GPCRs is both large and complex, the equivalent literature for
G proteins is relatively straightforward. Rather than being equally and randomly dis-
tributed, a substantial proportion of cellular G protein is targeted to, and located in,
lipid ‘rafts’. These are specialized structures enriched in cholesterol and sphingolipids
that are both relatively resistant to dissolution by treatment with detergents and have
low buoyant density [19]. This has allowed enrichment of such fractions on sucrose
and other density gradients as ‘detergent-insensitive’ or ‘detergent-resistant’ mem-
brane domains that contain only a small fraction of total membrane protein. They
tend to be heavily enriched in G proteins because anchorage of G protein
a subunits to the plasma membrane is, at least in part, determined by the covalent
attachment of a pair of fatty acids to sites near the G protein N terminus [20–21]
and such modified proteins partition selectively into such rafts.
A clear understanding of the plasma membrane distribution of GPCRs is therefore

required in order to appreciate effects of G proteins on GPCR constitutive activity,
because raft-associated GPCRs would be expected to be in a G protein-enriched en-
vironment in relation to a raft-excluded GPCR. There are limited direct data on this
issue. However, it is intriguing that the b2AR is generally accepted as displaying great-
er constitutive activity that the closely related b1AR (see Chapter 9 for further details).
In cardiomyocytes it has been reported that the b2AR is more obviously raft-delineated
than the b1AR [22–23]. Is the accompanying higher concentration of the stimulatory
G protein Gs, then, an explanation for this? One effort to address this issue was to build
GPCR–G protein fusion proteins between the long isoform of Gas and both the b1AR
and the b2AR. These constructs define a 1:1 GPCR to G protein stoichiometry, and
when these were expressed similar levels of constitutive activity were noted [24].
Although indirect, such studies are consistent with the idea that higher levels of con-
stitutive activity of the b2AR are indeed due to cellular compartmentation into rafts that
are heavily enriched with G proteins.
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6.3

GPCR–G Protein Fusion Proteins

6.3.1

Basic Features

Although artificial by design, constructs in which the N terminus of a G protein
a subunit is linked to the C-terminal tail of a GPCR to generate a fusion protein con-
taining the sequences and functionalities of both polypeptides have become widely
used tools in studies of interactions between these protein classes [25–27]. Key issues
analyzed through the use of such fusion products include the selectivity of interactions
of different G proteins with the same GPCR [28–29], the role of posttranslational acy-
lation in information transfer between GPCR and G protein [30–33], and the ability of
GPCRs to exist as both homo- and heterooligomers [34]. The 1:1 stoichiometry be-
tween GPCR and G protein defined by the fusion strategy has been of particular
use in analysis of the effects of point mutations either in GPCR or in G protein.
This reflects that, even if such alterations alter the absolute expression of the construct,
they do not alter the ratio of GPCR to G protein. Such fusion proteins have thus been
used to examine many aspects of GPCR constitutive activity [35–38] and have been
invaluable in studies on the impact of the G protein on constitutive activity.

6.3.2

Modulation of the GPCR–G Protein Interface Alters Constitutive Activity

Spiperone is a well characterized and studied inverse agonist at the serotonin 5-HT1AR.
Following expression of a human 5-HT1AR-Gai1 fusion protein in human embryonic
kidney (HEK) 293 cells, spiperone was able to reduce basal high-affinity GTPase ac-
tivity in membranes of these cells in a concentration-dependent manner [39–40]. Spi-
perone was essentially a full inverse agonist, because at maximally effective concen-
trations this ligand reduced the basal GTPase activity to almost the same level as seen
in prior pertussis toxin treatment of the cells, while after pertussis toxin treatment
spiperone was without effect. Thus, modification of the GPCR–G protein interface
by ADP-ribosylation of the receptor-attached Gai1 obliterated constitutive activity
[39]. Confirmation of these conclusions was provided by examination of a 5-
HT1AR-Gai1 fusion protein in which the pertussis toxin-sensitive Cys351 of the
G protein was converted into Ile to render the protein insensitive to ADP-ribosylation.
The basal GTPase activity of membranes expressing this construct was unaffected by
pertussis toxin treatment, but spiperone was an effective inverse agonist in mem-
branes from both untreated and pertussis toxin-treated cells [39]. These results con-
firmed that the effect of spiperone reflected reduction of constitutive information
transfer from the 5-HT1AR to the fused G protein rather than to endogenously ex-
pressed forms of Gi. Most interestingly, although a 5-HT1AR-Gai1 fusion protein in
which Cys351 of the G protein had been converted into Gly responded to agonist ligands
including 5-hydroxytryptamine (5-HT) and 8-hydroxy-2-(di-n-propylamino)tetralin (8-
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OH-DPAT), spiperone did not act as an inverse agonist in either pertussis toxin-treated
or untreated cells [39]. Thus, even when the ratio of GPCR to G protein and their proxi-
mity was defined, single amino acid alterations in the G protein altered measurable
constitutive activity of the receptor–G protein fusion. As the extreme C terminus of the
G protein a subunit is a key contact point for GPCRs, the molecular detail of the
G protein can define constitutive activity of the GPCR. An explanation of such results
can be provided from analysis of ligand-binding data and the ternary complexmodel of
agonist–GPCR–G protein interactions. For example, specific binding of the agonist
[3H]D-Ala2, D-Leu5 enkephalin ([3H]DADLE), but not of the antagonist [3H]naltrindole,
totheDOPopioidreceptor(DOP(d)R)isreducedbyadditionofincreasingconcentrations
ofGDP [41]. This is also observedwhenusing fusionproteins between theDOP(d)R and
various pertussis toxin-insensitive point mutants of Gai1 [41]. Indeed, there is a strong
correlation between the log of the effective concentration 50% (pEC50) of GDP to limit
[3H]DADLEbindingandthen-octanol/waterpartitioncoefficientoftheaminoacidsused
to replace the pertussis toxin-sensitive Cys [41]. Furthermore, in a comparison of the
binding characteristics of [3H]DADLE to DOP(d)R-Gai1 fusion proteins with Ile or Gly
replacing the pertussis toxin-sensitive Cys, the dissociation rate of the ligand was sub-
stantially greater for theGly-containing construct and this resulted in a five timeshigher
measured dissociation constant (Kd) for the agonist [41]. This implies a lower ability of
Gly351Gai1 to stabilize the agonist–GPCR–G protein ternary complex [41]. A less stable
GPCR–G protein interface can be expected to result in reduced levels of constitutive
activity. As well as lower constitutive activity, the capacity of DADLE to stimulate the
GTPase activity of DOP(d)R-Gly351Gai1 was only 50% of that for DOP(d)R-Ile351Gai1

when measured as GTP turnover number. Although not tested directly, it might be
expected that the constitutive activity ofDOP(d)R-Ile351Gai1wouldbe inhibitedbyclassic
inverse agonists of this receptor, such asN,N-diallyl-Tyr-Aib-Aib-Phe-Leu (ICI 174 864),
whereas this ligand would have little effect at the DOP(d)R-Gly351Gai1 fusion protein
simply because this construct would display lower or undetectable levels of constitutive
activity due to the poor GPCR–G protein interface.
Key characteristics often associated with GPCR mutants with enhanced levels of

constitutive activity include higher relative efficacy of partial agonist ligands and a shift
to the left inagonistpotencyandaffinity (seeChapter9). It is therefore interesting tonote
that such characteristics can be observed on mutation of the G protein within the C-
terminal region. In theuseof fusionproteinsbetween thea2A-adrenoceptor (a2AAR) and
formsofGai1withCys, Ile, orGly as residue

351, for example, the agonist 5-bromo-N-(4,5-
dihydro-1H-imidazol-2-yl)-6-quinoxalinamine (UK14304) increased in efficacy relative
to adrenaline with Ile> Cys>Gly [42]. Equally, the EC50 for UK14304 increased in the
same order [42]. This was not restricted to UK14304, but was also the case for a con-
siderablenumberof ligandsgenerallyviewedaspartialagonistsat thisreceptor[42].Such
analyseswereextendedfurtherbytheplacingofninedifferentaminoacidsatthisposition
andmeasurementof theefficacyofoxymetazoline relative to adrenaline.Oxymetazoline
is generally regarded as a selective, high-affinity, but weak partial agonist at the a2AAR.
However, onmoving from fusion proteins containing amino acids such asArg orGly at
residue351 of theGprotein to hydrophobic amino acids such as Ile or Leu at this position
this compound displayed between 1 and 45% of the efficacy of adrenaline [25].
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6.3.3

Use of G Protein Variation to Detect Ligand Efficacy

The results described above provide overwhelming evidence that alteration of aspects
of the G protein is able to regulate the capacity to detect constitutive activity of a
GPCR. However, as well as providing means to assess concepts in receptor and phar-
macological theory, they can also provide practical benefits in ligand screening and
characterization. For example, initial studies on the 5-HT1A receptor (5-HT1AR) selec-
tive ligand N-(2-4-(2-methoxyphenyl)-1-piperazinyl)ethyl)-N-(2-pyridyl)-cyclohexanecar-
boxamide (WAY 100635) indicated it to lack efficacy [43]. As noted earlier, constitutive
activity of the 5-HT1AR, monitored as elevated basal GTPase activity, is detected more
easily when using membranes expressing the same levels of a 5-HT1AR-Ile

351Gai1 fu-
sion protein than with a 5-HT1AR-Gly

351Gai1 fusion protein. This difference can be
enhanced by the addition of recombinant forms of certain RGS proteins [40, 44].
RGS proteins function to enhance deactivation of G protein a subunits by increasing
the rate of GTP hydrolysis [7–9]. Although it was originally believed that different RGS
proteins had similar catalytic effectiveness, this picture is currently more complex. It
appears that the identity of the GPCR that caused G protein activation also determines
the effectiveness of RGS proteins in acting as GTPase-activating proteins [45], probably
because of direct interactions between the GPCR and the RGS [46] (Figure 6.1). When
recombinant RGS1 is added to membranes expressing a 5-HT1AR-Ile

351Gai1 fusion
protein, the GTPase activity measured in the presence either of 5-HT or of 8-OH-
DPAT is greatly increased [40]. RGS16 also has this capacity, but equimolar levels
are less effective than RGS1. This also provides a strategy to enhance detection of
weak partial agonists. WAY 100635 is clearly a partial agonist in this context and
EC50 is easily measured [40]. In the absence of addition of RGS1, the signal produced
by WAY 100635 is small and could easily be overlooked in ligand screens. Clear con-
stitutive activity of the 5-HT1AR-Ile

351Gai1 fusion protein was uncovered by the addi-
tion of RGS1. Basal GTPase activity – that is, in the absence of receptor ligands – was
almost doubled [40]. Even more impressive, however, were equivalent experiments
performedwith a 5-HT1AR-Ile

351Gao1 fusion protein. Addition of RGS1 increased basal
membrane high-affinity GTPase activity almost fivefold [40]. If this was due to the
action of the RGS on the GTPase activity of the fusion protein it would be expected
that an inverse agonist would block this. Spiperone did so, in a concentration-depen-
dent fashion, and reduced GTPase activity down to the same level as it did in mem-
branes expressing the fusion construct but in the absence of RGS1. The RGS1-en-
hanced GTPase activity was therefore shown to be blocked by spiperone and thus
to reflect 5-HT1AR-mediated constitutive activation of Ile351Gao1. The very much great-
er activity window produced by addition of RGS1 greatly improved the precision of
inhibitor concentration 50% (IC50) estimates of a range of compounds displaying in-
verse agonism at this receptor. It might be argued that the constitutive activity of a
GPCR is automatically enhanced by the proximity of a G protein provided by the fusion
strategy. The ability to reduce or eliminate measured constitutive activity by single-
point mutations in the G protein that provide a less ideal GPCR–G protein interface
clearly argues against this. Furthermore, G protein activation is not observed by link-
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ing an inappropriate G protein to a GPCR. For example, a fusion protein in which the
IP prostanoid receptor was linked to a form of Gai was not activated by prostanoid
agonists, whereas a fusion between this GPCR and its cognate G protein Gas was [28].

6.4

Conclusions

A series of recent studies have provided clear evidence, although anticipated from
‘mass-action’ formalisms, for direct effects of G proteins on the ability to detect
and the extent of constitutive activity of GPCRs.
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7

(Patho)physiological and Therapeutic Relevance of Constitutive

Activity and Inverse Agonism at G Protein-Coupled Receptors

Lutz Hein

7.1

Introduction

Constitutive activity at G protein-coupled receptors (GPCRs) has been studied in re-
combinant systems with high levels of receptor expression [1–4]. However, constitu-
tive activity (i.e., receptor signaling in the absence of endogenous agonist) may also
occur in native tissues expressing physiological levels of GPCRs. According to the ex-
tended ternary complex model of receptor function (see Chapter 2) [1], GPCRs may
spontaneously switch between an inactive state (R) and an active state (R*), in which
they are able to interact with heterotrimeric G proteins. GPCR agonists preferentially
bind to receptors in the R* state, which can interact with G proteins. This model pre-
dicted that even in the absence of agonists, a small (but measurable) fraction of re-
ceptors may assume the active conformation. Constitutive receptor activity may be
physiologically relevant if basal receptor activation initiates intracellular signaling.
In this case the cellular signal depends on, and may be influenced by, the density
of receptor expression in a particular tissue. Constitutive activity may, in addition, ac-
quire pathophysiological relevance if novel, activating receptor mutations are causal in
inducing a disease state or may affect the progression of disease.
As a logical extension of the two-state concept, not only may ligands selectively bind

to the active, G protein-coupled state of a receptor, but ligands that preferably bind to
the inactive receptor state should also exist. Ligands that reduce constitutive GPCR
signaling, and thus stabilize an inactive receptor conformation, are termed
“inverse agonists“. Their function is “inverse“ relative to the signal elicited by classic
receptor agonists, and they are “agonists“ because the reduction of basal signaling
is an active event (see also Chapter 8). Thus, the terms “constitutive activity“ and
“inverse agonism“ are intrinsically linked with each other (see Chapter 2) and the phy-
siological and therapeutic relevance of the phenomena should be discussed together
(Figure 7.1). Fifteen years after the first description of an “inverse agonist“ in a cell line
[5], only a few examples of the physiological relevance of inverse agonists have been
reported.
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This chapter discusses:

* the physiological relevance of constitutive receptor activity,
* disease states influenced by constitutive receptor signaling,
* endogenous ligands that have been identified as inverse agonists, and
* the therapeutic relevance of inverse agonists to suppression of constitutive activity.

Many of the examples mentioned in this review are discussed in more detail in other
chapters in this book. Here, the physiological relevance and potential impact of con-
stitutive activity and inverse agonism for drug therapy are highlighted.

7.2

Physiological Relevance of Constitutive Activity of GPCRs

Constitutive activity of GPCRs was frequently observed in cell culture systems with
high levels of overexpression of recombinant receptors [6, 7]. In this case, the level
of constitutive activity detectable in the absence of an agonist was correlated with re-
ceptor density. By overexpression in cells, almost all GPCRs may be forced to elicit
some degree of constitutive activity [8]. Even with significant levels of overexpression,
however, most GPCRs show only modest constitutive activity. Constitutive activity
may differ between different families of GPCRs, but closely related receptor subtypes
sometimes also differ in their constitutive activities. When expressed at similar levels,

Fig. 7.1 Constitutive activity

and inverse agonism. Ligands

may have several effects on GPCR

signaling. Full agonists induce a

maximal intracellular effect,

whereas neutral antagonists

block the access of an agonist

without eliciting a signal. “Inverse

agonists“ reduce constitutive re-

ceptor activity and may thereby

completely switch off a GPCR.
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the b2-adrenoceptor (b2AR) displayed higher constitutive activity than the b1 subtype
(see also Chapters 9 and 10) [9]. Relatively high levels of constitutive activity have been
reported for melanocortin, sphingolipid, and cannabinoid receptors [3]. One of the
first examples of a high degree of constitutive activity in a native tissue was demon-
strated for the histamine H3 receptor (H3R) [10]. The H3R is a presynaptic autoreceptor
on histaminergic neurons in the brain and a presynaptic heteroreceptor in non-his-
taminergic neurons in both the central and the peripheral nervous systems. Consti-
tutive H3R activity suppresses release of neuronal histamine in the rodent brain in vivo,
while inverse H3R agonists suppressed basal receptor activity and thus enhanced the
release of histamine in vivo [10]. While this may represent the most impressive exam-
ple of in vivo constitutive activity of a GPCR, the biological relevance for the histamine
system is unknown. It may, however, be speculated that changes in the presynaptic
H3R levels affect the basal rate of histamine release from neurons. Further experimen-
tal evidence is required to test this hypothesis and to evaluate the effects of H3R inverse
agonists for therapy of human attention and aging disorders (see also Chapter 13) [10].
In principle, two concepts may explain the physiological significance of constitutive

receptor activity (Figure 7.1). Firstly, the presence of constitutive activity may increase
the physiological spectrum of receptor regulation. Agonists would further activate in-
tracellular signaling, and inverse agonists could reduce or even completely shut off
basal receptor signaling. However, as discussed below, only very limited data exist
for endogenous agonist/inverse agonist pairs (e.g., melanocortin/agouti). A second
concept for regulation of signal transduction by constitutive activity is related to
the control of receptor density. Similar to the situation in recombinant systems in vitro,
the expression level of a constitutively active receptor may control the level of basal
signaling. Along these lines, increased histamine H2R expression after treatment
of patients with the inverse agonists cimetidine or ranitidine has been associated
with drug tolerance and increased signaling after drug withdrawal [11].

7.3

Constitutive Activity of GPCRs and Pathophysiology of Disease

Constitutive activity of GPCRs may be of relevance for disease development and pro-
gression. Firstly, mutations in GPCR genes may cause disease by inducing constitu-
tive activity. Secondly, constitutive activity of GPCRs may be relevant for infectious
disease development, as several viruses contain constitutively active receptors in their
genomes (see Chapter 15) [12]. Below, a few examples should illustrate how GPCR
mutations and virally encodedGPCRsmay affect human pathophysiology (Figure 7.2).
During recent years, a large number of mutations and polymorphisms have been

identified in human genes encoding GPCRs. However, only some of these mutations
have been associated with increased basal receptor signaling [3]. The first report of a
constitutively active GPCR mutant was published for a thyrotropin receptor (TSH)
variant associated with hyperfunctioning thyroid adenoma [13]. In the meantime, sev-
eral dozens of activating mutations have been identified in TSH receptors, which sti-
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mulate thyroid hormone secretion and thus result in hyperfunctioning adenoma with
clinical symptoms of hyperthyroidism.
In the case of the luteinizing hormone (LH) receptor, activating mutations have

been associated with the development of male precocious puberty [14]. Interestingly,
a point mutation resulting in constitutive activity of the FSH receptor has been iden-
tified as maintaining male fertility after hypophysectomy [15]. In the visual signaling
cascade, several mutations have been linked with congenital eye disease. Most impor-
tantly, constitutive activity of the light sensor rhodopsin may cause retinitis pigmen-
tosa and night blindness [16].
The calcium-sensing receptor (CaSR) is a GPCR expressed in the PTH-producing

cells (PTH = parathyroid hormone) of the parathyroid gland and in the cells lining the
kidney tubule. By virtue of its ability to sense changes in circulating calcium concen-
tration and to couple this information to intracellular signaling pathways that modify
PTH secretion or renal cation handling, the CaSR plays a central role in the mainte-
nance of calcium homeostasis in the human body. Lienhardt et al. identified activating
CaSR mutations in eight (42%) out of 19 unrelated individuals with isolated hypopar-

Fig. 7.2 Constitutive activity of GPCRs and

pathophysiology of disease. Genetic mutations may

elicit constitutive receptor activity (left) and thereby

cause several diseases. Constitutive GPCR activity

may also be relevant for viral diseases (right). Virally

encoded GPCRs (e.g., the cytomegalovirus GPCR

US28) can act as co-receptors for virus entry into

host cells. The inverse agonist VUF2274 has been

shown to block cellular entry of HIV viruses (for

references, see text). Abbreviations: CaSR, calcium-

sensing receptor.
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athyroidism [17]. A constitutively active mutation in the PTH receptor was observed in
patients with Jansen’s chondrodysplasia [18]. A genetic mouse model with expression
of this human PTH receptor variant replicated the human disease phenotype and may
thus be an important model for the development and screening of inverse agonists for
the treatment of genetic chondrodysplasia.
In addition to these diseases, activating GPCR mutations may be relevant for the

development of certain forms of cancer. Xie and colleagues identified activating so-
matic missense mutations in the human “smoothened“ gene in sporadic basal cell
carcinomas from three patients [19]. “Smoothened“ is a GPCR that functionally inter-
acts with the “sonic hedgehog“ (ligand)–“patched“ (receptor) signaling pathway (see
references in [19]). In the future, gene therapymay not be the only option for treatment
of these diseases, but inverse agonists may be used to dampen constitutive activity of
the GPCR mutants.
Other examples of constitutively active receptors of potential relevance for disease

are virally encoded GPCRs. Such GPCRs have been described in the genomes of hu-
man cytomegalovirus (CMV) and in Kaposi sarcoma herpes virus (KSHV) [12]. Hu-
man CMV carries four GPCRs, termed US27, US28, UL33, and UL78 (see also
Chapter 15) [20]. Cytomegaloviruses are species-specific herpes viruses that may cause
acute, persistent, and latent infections in both humans and animals. The fact that life-
long latent infections may occur implies that CMV viruses are well adapted to the
physiologies of their hosts and have developed several sophisticated strategies to es-
cape from the hosts’ antiviral defense mechanisms. Some of these strategies of host
adaptation may involve viral GPCRs homologous to human CCR5 and CXCR4 che-
mokine receptors. Thus, viruses may engage chemokine signaling pathways to inter-
fere with the human immune system. However, only limited evidence exists about the
pathophysiological relevance of viral GPCRs. The KSHV-GPCR plays a crucial role in
the pathogenesis of Kaposi’s sarcoma [21].
So far, no natural ligands for these virally encoded GPCRs have been identified.

Experimental evidence suggests that the CMV receptors UL33 and US28 may signal
in a ligand-independent fashion [22]. The US28 and US33 GPCRs may be involved in
the infection of CD4-positive cell lines with HIV-1 and HIV-2 viruses. Most recently, a
non-peptide ligand acting as an inverse agonist at US28 receptors has been identified
[23]. Most importantly, this inverse agonist inhibited US28-mediated HIV entry into
cells [23].
Another virally encoded GPCR, ORF74 (ORF = “open reading frame“), currently

provides the best link between constitutive activity and viral pathogenesis. ORF74
is a GPCR encoded by a herpes simplex virus-8 associated with Kaposi’s sarcoma.
ORF74 is constitutively active in heterologous cells and acts as a viral oncogene
and angiogenesis activator [21]. Interferon-c-inducible protein 10 and stromal cell-de-
rived factor 1a act as inverse agonists at ORF74 [12]. Although the precisemechanisms
by which viruses benefit from expression of constitutively active GPCRs in their host
cells are still unknown, inverse agonists at these receptors may provide exciting new
targets for future antiviral therapy.
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7.4

Physiological Relevance of Inverse Agonists

Several examples of endogenously expressed inverse agonists have been reported. The
best characterized endogenous inverse agonist is retinal, which is bound to the light
sensor rhodopsin [24]. Rhodopsin has evolved a unique mechanism to minimize basal
receptor activity. The chromophore 11-cis-retinal, which acts as an inverse agonist in
rhodopsin, is covalently bound to the receptor to ensure extremely low receptor signal-
ing in the dark. Thus, 11-cis-retinal is responsible for the fact that the constitutive ac-
tivity of rhodopsin is virtually zero (Figure 7.3).
A second receptor system with an endogenous inverse agonist is the family of mel-

anocortin receptors (MCRs) [25]. To date, four MCR subtypes have been identified.
The melanocortin receptor system represents the only example for which both an en-
dogenous agonist (melanocortin, a-MSH) and an inverse agonist (agouti) have been
identified. Melanocortin stimulates melanin pigment synthesis in skin melanophores
through activation ofMC1 receptors (MC1Rs), resulting in a dark skin or hair color. The
agouti protein acts as a competitive antagonist to prevent a-MSH from binding to the
receptor and suppresses basal MCR activity, resulting in a yellow hair color. The re-
ceptor subtypes MC3R andMC4R, which are expressed in the brain, are involved in the
development of obesity and cachexia. Agouti and agouti-related protein (AgRP) act as
inverse agonists at these receptors [25]. AgRP and a-MSH are expressed by distinct
neurons of the arcuate nucleus of the hypothalamus. Both groups of neurons sense
obesity through leptin receptors [25, 26]. Increased plasma leptin concentrations acti-
vate pro-opiomelanocortin-containing neurons, which inhibit further food intake.
Conversely, low levels of circulating leptin result in increased AgRP secretion to sti-

Fig. 7.3 Endogenous inverse agonists and their receptors. Two pairs

of endogenous agonists/inverse agonists have been identified, mod-

ulating rhodopsin and melanocortin receptor signaling.

7 (Patho)physiological and Therapeutic Relevance of Constitutive Activity and Inverse Agonism76



mulate food intake. Mutations of the components of this receptor system have been
described in extremely obese patients [27]. Interestingly, genetic variants of the MC4R
lacking constitutive activity in heterologous expression systems have been identified in
some obese patients. This finding demonstrates that constitutive activity of the MC4R
is essential for maintenance of normal body weight [25].

7.5

Inverse Agonists as Drugs

Until recently, most antagonists at GPCRs were considered to be neutral antagonists.
However, further insight into the mechanisms of constitutive activity of GPCRs and
more sensitive assay systems have resulted in a reclassification of GPCR antagonists
[28]. A large number of drugs frequently used in human therapy have actually been
determined to act as inverse agonists [2]. As discussed by Kenakin and Onaran [29], the
thermodynamic receptor model predicts that affinity and efficacy of ligand receptor
interactions are directly related. Thus, most ligands that interact with a receptor should
somehow alter basal receptor signaling (i.e., possess negative or positive efficacy). In-
deed, in a comprehensive overview of commonly used receptor antagonists compiled
by Kenakin [30], the large majority of drugs were inverse rather than neutral antago-
nists. Out of a total of 380 antagonist–receptor pairs, 322 (85%) were inverse agonists
and only 58 ligands (15%) could be classified as neutral antagonists. Inverse agonists
were found to act at all different classes of GPCRs, and there was no association be-
tween inverse agonism and a particular G protein signaling pathway.
Inverse agonists elicit responses opposite to those of an agonist. However, for in-

verse agonism to become apparent, constitutive receptor activity is required. In the
absence of constitutive activity, the inverse agonistic response may not be detectable
and the drug will act as a neutral competitive antagonist. Inverse agonists may in prin-
ciple elicit two different effects (Figure 7.4). Upon acute exposure, inverse agonists
may decrease basal receptor activity and thus inhibit constitutive activity. One example
is the increase in neuronal histamine release that has been observed in vivo with in-
verse histamine H3R agonists [10]. Upon chronic exposure, inverse agonists may alter
receptor expression. Indeed, several studies have demonstrated that prolonged admin-
istration of inverse agonists may increase receptor density both in vitro and in vivo.
Chronic treatment with the inverse histamine H2R agonist cimetidine resulted in up-
regulation of H2R expression, associated with the development of tolerance and in-
creased receptor sensitivity following withdrawal of the inverse agonist [11]. It remains
a matter of debate whether upregulation of receptor density is due to prevention of
agonist activation of the receptor or whether intrinsic activity properties are required
[11]. However, evidence from cell culture and transgenic mouse studies indicates that
inverse agonists may increase receptor expression by stabilization of constitutively ac-
tive receptors [31–33].
One important question remaining to be addressed refers to the therapeutic rele-

vance of inverse agonism. Antipsychotics are used to treat symptoms of schizophrenia.
Frequently, antipsychotics are divided into two groups of drugs: typical and atypical
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Fig. 7.4 Drugs as inverse agonists. Most antagonists that block

GPCRs have been classified as “inverse agonists“. Inverse agonists may

induce acute effects (inhibition of constitutive activity) or may increase

receptor density by stabilization of constitutively active receptors. For

reference, see Kenakin [30]. Abbreviations: a1AR: a1-adrenoceptor.
a2AR: a2-adrenoceptor. b1AR: b1-adrenoceptor. b2AR: b2-adrenoceptor.
D1AR: dopamine D1A receptor. D2R: dopamine D2 receptor. D3R: do-

pamine D3 receptor. H1R: histamine H1 receptor. H2R: histamine H2

receptor. H3R: histamine H3 receptor. 5-HTR: 5-hydroxytryptamine

receptor. MR: muscarinic acetylcholine receptor. DOP(d)R, d-opioid
receptor. MOP(l)R, l-opioid receptor.
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antipsychotics. Whereas “typical“ antipsychotics may cause unwanted extrapyramidal
motor effects, “atypical“ neuroleptic drugs have a lower propensity to induce these
unwanted effects [34]. Although the precise mechanism of the antipsychotic action
of neuroleptics is still a matter of debate, antagonism at the dopamine receptor
(DR) subtypes D2, D3, and D4 has been linked with therapeutic effects [34]. Interest-
ingly, all of the antipsychotic compounds, including the atypical drugs clozapine, olan-
zapine, and risperidone, demonstrate inverse agonism at the D2R and/or D3R [35].
Thus, it may be tempting to speculate that the inverse agonism of neuroleptics is es-
sential for the therapeutic action of these drugs (see also Chapter 14). Indeed, limited
clinical data suggest that a neutral dopamine D3R antagonist does not exhibit any anti-
psychotic effects in schizophrenic patients [36]. In contrast, the antipsychotic drug
aripiprazole acts as a partial agonist at the D2R [37]. Thus, inverse agonism at DR sub-
types does not seem to be essential for the antipsychotic efficacy of neuroleptic drugs,
but may rather be linked with the side effects of these drugs.

7.6

Conclusions

Significant advances in the identification of constitutively active receptors and ligands
acting as inverse agonists at these receptors have recently been made. However, only
few examples of the physiological relevance of constitutive activity of GPCRs have been
published. Several genetic mutations giving rise to constitutive activity of GPCRs have
been identified. An important goal for future research will be to identify drugs that
may act as inverse agonists to inhibit the cause of disease. Similarly, constitutively
active receptors encoded by viruses represent promising targets for the treatment
of viral infections and virally induced tumors. The large number of constitutively active
receptors so far identified suggests that the human body may also use endogenously
expressed inverse agonists to modulate receptor signal transduction in many more
aspects than is currently appreciated. Future clinical trials will be essential to deter-
mine whether established drugs that act as inverse agonists confer therapeutic advan-
tages relative to neutral antagonists.
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8

Methodological Approaches

Thomas Wieland and Roland Seifert

8.1

Introduction

Numerous methods through which to assess constitutive GPCR activity are available
[1]. Each methodological approach has its specific applications, advantages, and dis-
advantages and provides distinct information. In general, a combination of several
methodological approaches should be used to obtain comprehensive information
on constitutive activity of a given GPCR. Some methods, such as the analysis of pur-
ified GPCRs by fluorescence spectroscopy [2–5] (see Chapter 3) and the analysis of
GPCRs in knock-out and transgenic animals [6–9], are limited to laboratories speci-
fically equipped for those studies. The purpose of this chapter is to discuss some com-
monly employed methods for assessment of constitutive GPCR activity that can be
implemented in most biochemical and pharmacological research laboratories without
heavy investment in specialized instrumentation.
Methods for the assessment of constitutive GPCR activity exploit various steps of the

G protein cycle. G proteins are heterotrimeric and consist of an a subunit (Ga) and a
bc complex (Gbc) [10–12]. In the basal or off-state, Ga is bound to GDP. GPCR in the
R* state, and this can be agonist-free or agonist-occupied GPCR, catalyzes GDP dis-
sociation from Ga (step 1), which, in general, is the rate-limiting step of the G protein
cycle. Subsequently, the agonist-bound receptor forms a ternary complex with the nu-
cleotide-free Gabc heterotrimer (step 2). The ternary complex is characterized by high
agonist affinity [13–15]. Both agonist-free and agonist-bound GPCR promote the bind-
ing of GTP to Ga (step 3). Ga bound to GTP is regarded as the active or on-state of the
G protein. GTP-binding to Ga induces a conformational change in this subunit, re-
sulting in dissociation of the heterotrimer into Ga-GTP and Gbc and in GPCR uncou-
pling from G protein. GPCR uncoupling from G protein results in a decrease in re-
ceptor agonist affinity [13–15]. Both Ga-GTP and Gbc increase or reduce the activity of
effector systems (step 4). The switch from the on- to the off-states of G proteins is
mediated by the GTPase of Ga, which cleaves GTP into GDP and Pi (step 5), followed
by the reassociation of Ga-GDP and the Gbc complex.
Pertussis toxin ADP-ribosylates a cysteine residue near the C terminus of a Gai, Gao,

or Gat subunit and thereby blocks the interaction of GPCRs with their cognate
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G proteins [10, 11]. Historically, pertussis toxin has played a crucial role in assigning
specific GPCRs to Gi/Go protein-mediated signaling pathways [10, 11, 16]. In studies
of GTPase activity or [35S]GTPcS binding in membranes from pertussis toxin-treated
cells, it was regularly observed that the basal signals in membranes from the toxin-
treated cells were considerably smaller than in control membranes [17–19]. Initially,
those data could not be easily interpreted. However, in the framework of the extended
ternary complex model (see also Chapter 2), the effect of pertussis toxin is now inter-
preted as ADP ribosylation of Gai/Gao, not only blocking coupling of agonist-occupied
GPCRs to Gi/Go proteins, but also coupling of agonist-free (i.e., constitutively active)
GPCRs to these G proteins [1, 20]. Thus, an inhibitory effect of pertussis toxin on basal
activities, mostly prominently observed at the membrane level, is an indication of the
presence of constitutively active GPCRs. However, since pertussis toxin lacks speci-
ficity between Gi/Go-coupled GPCRs, its value as a tool for the analysis of constitutive
GPCR activity is, unfortunately, limited. For Gs- and Gq-coupled GPCRs, no uncou-
pling toxins analogous to pertussis toxin are presently known. In this chapter we dis-
cuss methods that can be applied in broken-cell preparations (membranes) and in
intact cells. The two approaches complement each other.

8.2

Analysis of Constitutive GPCR Activity in Membranes and Intact Cells

Studies with membranes have the advantage of being able to eliminate contaminating
agonists that may cause an apparent constitutive GPCR activation through multiple
rounds ofmembrane centrifugation and resuspension (see alsoChapter 1). In addition,
studieswithmembranes allow for precise control of the concentrations ofGTPand ions
and also of pH, all of which have an effect on constitutive GPCR activity (see Chapter 9)
[21–25]. Because of the striking sensitivity of the apparent constitutive activity ofGPCRs
in membranes to experimental variables, one could argue that analysis of constitutive
GPCR activity inmembranes is artificial and that only studies with intact cells allow the
drawing of conclusions with respect to the physiological relevance of constitutive ac-
tivity. However, we have almost no knowledge about the precise chemical microenvir-
onments ofGPCRs andGproteins near the plasmamembrane. Thus, the physiological
relevance of data obtainedwithmembranes cannot be dismissed.Conversely, a concern
with intact cell studies is the fact that contamination with endogenous agonist, be it
from the cell culture medium or produced within the cultured cells, may bias data
analysis. While elimination of agonists from the cell culture medium is generally pos-
sible, it can be extremely difficult, if not impossible, to eliminate endogenously pro-
duced agonists stored within the cell, be they neurotransmitters or autacoids.
Studies with membranes are crucial for study of the impact of G proteins on ligand-

binding properties of GPCRs [15, 26]. Studies with permeabilized cells are a valid al-
ternative to studies with membranes [27], but permeabilized cells have not yet found
broad application for analysis of constitutive GPCR activity. Furthermore, experiments
with membranes allow analysis of constitutive GPCR activity directly at the G protein
level (i.e., GDP/GTP exchange and steady-state GTP hydrolysis) [21, 28–30]. Some
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G protein-regulated effector systems, most importantly adenylyl cyclase (AC), can also
be used as read-outs for constitutive GPCR activity withmembrane preparations [2, 31,
32]. With respect to membranes, in this chapter we mainly discuss data obtained with
GPCRs expressed in Spodoptera frugiperda (Sf9) insect cells, since this system has been
shown to be a highly sensitive model system for analysis of constitutive activity of
many GPCRs [21, 28, 31–34]. Themethods discussed here can also be applied tomem-
branes from typical mammalian expression systems such as Human Embryonic Kid-
ney (HEK) 293 cells and Chinese Hamster Ovary (CHO) cells and cultured mamma-
lian cells lines such as NG 108-15 neuroblastoma x glioma cells, endogenously expres-
sing the constitutively active d-opioid receptor (DOP(d)R), and HL-60 leukemia cells,
endogenously expressing various constitutively active chemoattractant receptors, spe-
cifically the formyl peptide receptor (FPR1), the complement C5a receptor (C5aR), the
platelet-activating factor receptor (PAFR), and the leukotriene B4-receptor (BLTR)
[35–38]. However, there can be substantial differences in the sensitivities of the var-
ious systems in detecting constitutive activity of a given GPCR [20, 21]. Additionally,
obtaining large amounts of membrane protein for extensive pharmacological studies
is much more difficult, expensive, and time-consuming with most mammalian sys-
tems than with insect cell expression systems.
While studies with membranes are certainly informative with respect to the direct

analysis of GPCR/G protein interaction and AC analysis (mostly Gs-mediated AC ac-
tivation), it must be clearly emphasized that for analysis of constitutive activity of
GPCRs coupled to Gq proteins and phospholipase C (PLC), comprising about one third
of all constitutively active GPCRs [1, 39], studies with intact cells are crucial because
guanine nucleotide exchange at Gq proteins is more difficult to assess than at Gi and
Gs proteins [40, 41] and because PLC studies with membranes are more difficult than
with intact cells [42–44].
With respect to the analysis of Gs-coupled GPCRs mediating AC activation and Gi-

coupled GPCRs mediating AC inhibition, AC assays with membranes rely on the use
of [a-32P]ATP as substrate [31, 32, 45]. While such studies ensure high sensitivity for
Gs-coupled GPCRs, disadvantages are the use of radioactive substrate and difficulties
in scaling up the AC assay to high-throughput screening settings. In addition, AC
assay with membranes may not be sufficiently sensitive to analyze constitutively active
Gi-coupled GPCRs in detail [46]. Unlike AC assays with membranes, cAMP accumu-
lation assays with intact cells do not necessarily rely on the use of radioactive reagents
and can bemore easily scaled up to high-throughput screening settings geared towards
the identification of inverse agonists (see Section 8.3.1.) [31, 47]. cAMP accumulation
assays using intact cells are also quite popular for the analysis of constitutively active
Gi-coupled GPCRs, measuring increases in forskolin-stimulated cAMP accumulation
by inverse agonists [1, 48, 49].
More recent developments in the analysis of constitutive GPCR activity in intact cells

are reporter gene assays applied to Gs-, Gi- and Gq-coupled GPCRs [50–52]. Such re-
porter gene assays are very sensitive and can be applied to high-throughput screening
settings in drug discovery. Melanin dispersion in Xenopus laevismelanophores is regu-
lated by Gi and Gs proteins in opposite ways, and can therefore be exploited to assess
constitutive GPCR activity photometrically [53]. However, it should be kept in mind
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that for the purpose of analysis of constitutive GPCR activity, gene reporter and mel-
anin dispersion assays monitor R to R* isomerization at a very distal point, raising the
possibility of multiple factors affecting the ultimate read-out. In fact, it has already
been documented that the apparent constitutive activity of a GPCR may depend on
which specific parameter is being analyzed. Specifically, even when determining para-
meters relatively proximal to the initial R to R* isomerization (i.e., GTP hydrolysis and
GTP-dependent AC activation mediated by Gs-coupled GPCRs), the efficacies of in-
verse agonists may be quite different, with AC probably being the rate-limiting factor
in the signaling process [22, 54].
It should be emphasized that the majority of studies on constitutive GPCR activity

have so far been conducted with recombinant mammalian or insect cell expression
systems, ensuring high GPCR expression levels and, accordingly, high sensitivity
for the analysis of constitutive activity [1, 55, 56]. Another advantage of the use of ex-
pression systems is the fact that commonly used cell lines (i.e., Sf9 cells, HEK293 cells,
and CHO cells) do not express significant levels of endogenous constitutively active
GPCRs that could generate undesired background noise. In contrast, the presence of
multiple endogenous constitutively active GPCRs in HL-60 leukemia cells constituted
a major obstacle in the analysis of individual receptors with use of the native cell line
[19, 20, 24, 57]. Thus, for mechanistic analyses, studies with recombinant cell lines
expressing a single defined GPCR at high levels are crucial, ensuring precise deter-
mination of the potencies and efficacies of inverse agonists, particularly of partial in-
verse agonists [22, 31]. However, with respect to physiological relevance, one should
also aim at conducting experiments with low (i.e., physiological) GPCR expression
levels whenever possible. Such studies have been successfully conducted for several
GPCRs [58–62], but it will be difficult to achieve this goal for all GPCRs, because many
available techniques are still not sensitive enough to detect constitutive GPCR activity
at low GPCR expression levels, particularly in the presence of multiple constitutively
active GPCRs.
Below we provide detailed experimental procedures for the analysis of constitutive

activity that work reliably for the systems available in our laboratories. While the prin-
ciples of the procedures can be translated to numerous systems, the procedures pro-
vided are actually only starting points for systems other than those discussed here. For
each system, all experimental variables have to be carefully varied and optimized to
obtain maximal sensitivity for the analysis of constitutive GPCR activity.

8.2.1

Procedure for Sf9 Cell Culture and Membrane Preparation

Sf9 cells are cultured in 125–500mL disposable Erlenmeyer flasks at 28 8C with rota-
tion at 150 rpm in SF 900 II medium (Invitrogen, Carlsbad, CA, USA) supplemented
with 5% (vol./vol.) fetal bovine serum (Bio Whittaker, Walkersville, MD, USA) and
0.1mgmL–1 gentamicin (Roche, Indianapolis, IN, USA). Although fetal bovine serum
is not absolutely necessary, Sf9 cells grow better and show higher GPCR expression
levels in the presence of serum. Cells are maintained at a density of 1.0–6.0 � 106
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cells mL–1 and are suspended in fresh medium at each passage (three times weekly)
and for each infection. Recombinant baculoviruses encoding FLAG epitope-tagged
GPCRs, G protein a and bc subunits, and GPCR-Ga fusion proteins are generated
in Sf9 cells by use of the BaculoGOLD transfection kit (Pharmingen, San Diego,
CA, USA) following the manufacturer’s instructions. Detailed polymerase chain re-
action and cloning procedures are described elsewhere [21, 63, 64]. We have also
used other methods, involving less cloning, to generate baculoviruses but have found
the BaculoGOLD system to yield the best GPCR and G protein expression levels. After
transfection of Sf9 cells with pVL-1392 plasmids encoding for the various signaling
proteins and culture for 7 days, virus work stocks are generated by two sequential am-
plifications. In the first amplification, cells are seeded at 2.0 � 106 cells mL–1 and in-
fected with a 1:100 dilution of the supernatant of the initial culture following transfec-
tion. Cells are cultured for 7 days, resulting in death of virtually the entire cell popula-
tion. The supernatant from this infection is harvested by a 10 min centrifugation at
3000 � g and stored under light protection at 4 8C. In a second amplification, cells are
seeded at 3.0� 106 cells mL–1 and infected with a 1:20 dilution of the supernatant from
the initial amplification. Cells are cultured for 48 h, and the supernatant is harvested.
After the 48 h culture, the majority of cells show signs of infection (e.g., altered mor-
phology and viral inclusion bodies), but most are still intact. The supernatant from the
second amplification constitutes the routine virus stock for infection of cells to prepare
membranes. For membrane preparation, cells are seeded at a density of 3.0 � 106

cell mL–1 in 50–125mL cultures and infected with 1:100 dilutions of the second am-
plification baculovirus stocks. Infected cells are cultured for 48 h before membrane
preparation. From a typical 100mL culture of baculovirus-infected Sf9 cells
�35–55mg of membrane protein are harvested. In order to obtain different expres-
sion levels of GPCRs and G proteins, virus dilutions and infection times can be varied,
but it is difficult to control protein expression levels precisely by changing those para-
meters [41, 65]. We found that suspending Sf9 cells in fresh medium at each passage
and infection is more important than the actual virus dilution or the age of virus stock
for efficient protein expression. In fact, we have used viruses stored at 4 8C with pro-
tection from light for up to 5 years without apparent loss in potency in inducing protein
expression.
All membrane preparation steps are performed at 4 8C. Sf9 cells are harvested,

checked for signs of infection (only a few cells are dead under the chosen conditions),
centrifuged for 10 min at 1000 � g, and washed once by a 10 min centrifugation at
1000 � g with 50mL of a buffer consisting of 137mM NaCl, 2.6mM KCl, 0.5mM

MgCl2, 0.9mM CaCl2, 1.5mM KH2PO4, and 0.8mM Na2HPO4, pH 7.4. Cells are lysed
in 15mL of a buffer containing 1mM EDTA, 0.2mM phenylmethylsulfonyl fluoride
(Sigma, St. Louis, MO, USA), 10 lg mL–1 benzamidine (Sigma), and 10 lg mL–1 leu-
peptin (Roche) in 10mM Tris/HCl, pH 7.4, with 25 strokes in a Dounce homogenizer.
Nuclei and unbroken cells are removed by centrifugation for 5 min at 500 � g. The
supernatant suspension is removed and centrifuged for 20 min at 40000 � g. The
resultant pellet is resuspended in 20mL of lysis buffer and re-centrifuged. Membranes
are suspended at 0.5–1.5mg of protein mL–1 in binding buffer (12.5mM MgCl2 and
1mM EDTA in 75mM Tris/HCl, pH 7.4). Protein concentration is determined by use
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of the Bio-Rad DC protein assay kit (Bio-Rad, Hercules, CA, USA) by following the
manufacturer’s instructions and with use of bovine serum albumin as standard pro-
tein. Sf9 membranes are stored in 1mL aliquots at concentrations of 0.9–1.6mg of
protein mL–1 at –80 8C until use. When stored under these conditions, GPCRs and
G proteins remain structurally and functionally intact for periods of up to 4 years (long-
er periods of time were not studied). Expression of FLAG epitope-tagged GPCRs and
G protein subunits is confirmed by SDS-polyacrylamide electrophoresis and immu-
noblotting with specific antibodies as described [21, 32].

8.2.2

GPCR Radioligand Binding Studies

Good starting points for analysis of constitutive GPCR activity by radioligand binding
studies are the availability of: i) an affordable and stable high-affinity tritiated radioli-
gand, and ii) various GPCR isoforms with different constitutive activities. The radi-
oligand should preferably be a neutral antagonist, since the binding of neutral antago-
nists per se is not changed by G proteins [23, 32], allowing for the analysis of the impact
of G proteins on the binding of both inverse agonists and agonists in an unbiased
manner (see Chapters 2 and 3).
[3H]Dihydroalprenolol ([3H]DHA) is available at a reasonable price and with good

specific activity (85–90 Ci mmol–1) from various sources and binds with high affinity
(Kd, 0.36 nM) to the b2-adrenoceptor (b2AR) and b2AR-Gas fusion protein expressed in
Sf9 cells [32]. Alprenolol is actually a weak partial agonist at the b2AR-Gas fusion pro-
tein as assessed in the GTPase and AC assay (efficacy 0.21–0.22 relative to the full
agonist isoproterenol), but the binding of [3H]DHA is not changed by guanine nucleo-
tides [22, 23, 32]. Thus, [3H]DHA can be used as a probe for study of G protein reg-
ulation of the binding of inverse agonists and of agonists more efficacious than the
radioligand itself. The wild-type b2AR (b2ARwt) possesses constitutive activity, but a
constitutively active b2AR mutant, also referred to as b2ARCAM, exhibits even higher
constitutive activity [15, 31, 32, 66, 67]. Thus, analysis of b2ARwt and b2ARCAM with
[3H]DHA is a prototypical model for studying the impact of constitutive GPCR activity
on ligand-binding properties. In order to enhance receptor/G protein interactions and
to ensure a defined stoichiometry of the coupling partners, [3H]DHA binding studies
are best performed with GPCR–Ga fusion proteins [32, 64] (see also Chapters 7 and 9).
Coexpression of GPCRs with specific Ga (and Gbc) subunits is an alternative to the
fusion protein approach, but the achievement of defined GPCR/G protein stoichio-
metries is problematic [24, 34, 65]. In addition, interactions between agonist-occupied
GPCRs and coexpressed Gas proteins are less efficient in terms of ternary complex
formation than in fusion proteins [32, 65].
Inverse agonists exhibit high affinity for the inactive (R) state of GPCRs, whereas

agonists exhibit high affinity for the active (R*) state of GPCRs (see also Chapters 2 and
3) [39, 68, 69]. In Sf9 membranes expressing b2ARwt fused to the long splice variant of
Gas (Gas-L), the inverse agonist erythro-DL-1-(7-methylindan-4-yloxy)-3-isopropylamino-
butan-2-ol (ICI 118551) inhibits [3H]DHA binding according to a monophasic com-
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petition isotherm (Ki, 1.7 nM) that is not changed by the stable GTP analogue and
G protein activator guanosine 5’-[c-thio]triphosphate (GTPcS) [10, 70] (Figure 8.1A).
In membranes expressing b2ARCAM-Gas-L, ICI 118551 inhibits [

3H]DHA binding with
a lower affinity (Ki, 3.4 nM), reflecting the lower abundance of R in b2ARCAM than in
b2ARwt. Nucleotide-free G proteins stabilize the R* state and increase the affinity of
agonists for GPCRs [13, 14, 68]. Conversely, disruption of GPCR/G protein interaction
by GTP analogues such as GTPcS should decrease the abundance of GPCRs in the R*
state, increase R abundance, and, thereby, increase the affinity of inverse agonists. In
fact, in Sf9 membranes expressing b2ARCAM-Gas-L, GTPcS increases the affinity of
ICI 118551 for b2ARCAM from 3.4 nM to 1.4 nM (i.e., a value comparable to that ob-
served for b2ARwt; Figure 8.1B). Similar effects of guanine nucleotides on inverse ago-
nist binding properties of GPCRs were observed for the 5-hydroxytryptamine 2C re-
ceptor (5-HT2CR) [26, 61] and the bradykinin subtype 2 receptor (B2R) [71].
The effect of increased constitutive activity of a GPCR on agonist-binding properties

can be illustrated by analysis of the partial b2AR agonist dichloroisoproterenol. Di-
chloroisoproterenol is a moderately strong partial agonist (efficacy 0.49 relative to iso-
proterenol) at b2ARwt-Gas-L as assessed in the steady-state GTPase assay [15]. However,
in the [3H]DHA competition binding assay, dichloroisoproterenol inhibits [3H]DHA
binding according to amonophasic competition isotherm that is only slightly shifted to
the right by GTPcS (Ki 96 nM versus 140 nM) (Figure 8.2A). In membranes expressing
b2ARCAM-Gas-L, the efficacy of dichloroisoproterenol in the GTPase assay is increased
from 0.49 to 0.58, and its potency in activating GTP hydrolysis increases from 29 nM to
17 nM [15]. These moderate changes in potency in the GTPase assay are accompanied

Fig. 8.1 Competition for [3H]DHA binding by ICI 118551 in Sf9

membranes expressing b2ARwt-Gas-L or b2ARCAM-Gas-L: effect of GTPcS.
[3H]DHA binding was performed as described in Section 8.2.2. Reac-

tion mixtures contained Sf9 membranes (15–40 lg of protein per tube)

expressing b2ARwt-Gas-L (3.3–7.5 pmol mg–1) (A) or b2ARCAM-Gas-L

(2.5–4.9 pmol mg–1) (B), 1 nM [3H]DHA, and ICI 118551 at the con-

centrations indicated on the abscissa. Reaction mixtures additionally

contained distilled water (control) or GTPcS (10 lM). Data shown are

the means � SDs of four independent experiments and were analyzed

by nonlinear regression.
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by profound alterations in the binding properties of dichloroisoproterenol at b2ARCAM-
Gas-L (Figure 8.2B). Specifically, in the absence of GTPcS, dichloroisoproterenol in-
hibits [3H]DHA binding according to a biphasic competition isotherm (high-affinity Ki

(Kih), 12 nM; low-affinity Ki (Kil), 240 nM), with 48.8% of the b2ARCAM molecules being
in the high agonist-affinity state. The high-affinity binding component of dichloroi-
soproterenol reflects the increased abundance of R* in b2ARCAM relative to b2ARwt,
increased affinity of b2ARCAM for dichloroisoproterenol, and ternary complex forma-
tion between dichloroisoproterenol, b2ARCAM, and nucleotide-free Gas-L. The high-af-
finity binding component of dichloroisoproterenol to b2ARCAM-Gas-L is completely in-
hibited by the addition of GTPcS. In the presence of GTPcS, the dichloroisoproterenol
competition isotherm is shifted to the right, monophasic and exhibits a Ki of 470 nM.
This binding isotherm reflects disruption of the ternary complex and the reduced af-
finity of dichloroisoproterenol to Gs protein-uncoupled b2ARCAM. Collectively, these
data show that b2ARCAM fused to Gas-L exhibits a higher affinity for dichloroisoproter-
enol than b2ARwt fused to Gas-L and that ternary complex formation is greatly facilitated
with the b2AR mutant because of the increased abundance of R* relative to b2ARwt.
The very large increase in ternary complex formation with dichloroisoproterenol at
b2ARCAM compared to b2ARwt in relation to the relatively small increases in potency
and efficacy in the GTPase assay are explained by the existence of non-signaling or
frozen ternary complexes (see also Chapters 2 and 9) [15].
A procedure for the [3H]DHA binding assay targeting the b2AR in Sf9membranes is

provided below. This procedure has been successfully adapted to agonist and antago-
nist radioligands for several other GPCRs expressed in Sf9 cells [21, 63–65].

Fig. 8.2 Competition for [3H]DHA binding by dichloroisoproterenol

in Sf9 membranes expressing b2ARwt-Gas-L or b2ARCAM-Gas-L: effect of

GTPcS. [3H]DHA binding was performed as described in Section 8.2.2.

Reaction mixtures contained Sf9 membranes (15–40 lg of protein per

tube) expressing b2ARwt-Gas-L (3.3–7.5 pmolmg–1) (A) or b2ARCAM-Gas-L

(2.5–4.9 pmol mg–1) (B), 1 nM [3H]DHA, and dichloroisoproterenol at

the concentrations indicated on the abscissa. Reaction mixtures ad-

ditionally contained distilled water (control) or GTPcS (10 lM). Data
shown are the means� SDs of five independent experiments and were

analyzed by non-linear regression.
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Before experiments, membranes are sedimented by a 15 min centrifugation at 4 8C
and 15000� g and resuspended in binding buffer (12.5mM MgCl2 and 1mM EDTA in
75mM Tris/HCl, pH 7.4). The washing procedure is crucial in order to remove, as far
as possible, endogenous guanine nucleotides, since any remaining guanine nucleotide
could interfere with the analysis of the effects of exogenous guanine nucleotide on
inverse agonist and agonist binding [15, 32]. Membranes are suspended at least 30
times with a tuberculin syringe. By this process, optimal membrane suspension
and data quality are ensured. Binding experiments are performed in 5mL round-bot-
tomed culture tubes (12� 75mm; VWR, West Chester, PA, USA). For determination
of Kd and Bmax values, Sf9 membranes (2.5–5 lg of protein per tube) are suspended in
500 ll of binding buffer supplemented with [3H]DHA (0.1–10 nM; 85–90 Ci mmol–1;
Amersham Pharmacia Biotech, Piscataway, NY or Perkin–Elmer, Boston, MA, USA)
and 0.2% (mass/vol.) bovine serum albumin. Bovine serum albumin is added to
[3H]DHA saturation binding experiments to prevent absorption of membranes to
tubes.We have stored [3H]DHA stock solutions formore than 2 years at –20 8Cwithout
loss of data quality. We recommend the use of low amounts of membrane protein in
[3H]DHA saturation binding studies to verify that no more than 10% of the total
amount of [3H]DHA added is bound to the filter even with the lowest radioligand con-
centration employed. Nonspecific binding is determined in the presence of [3H]DHA
(0.1–10 nM) plus 10 lM (�)-alprenolol (Sigma). Even with the highest [3H]DHA con-
centration, nonspecific binding is <20–30% of total binding.
To set up the saturation binding assay, we first add 50 ll of [3H]DHA to the tubes to

give the desired final concentration, followed by the addition of 100 ll of distilled water
or (�)-alprenolol. Thereafter, 300 ll of binding buffer is added, and reactions are in-
itiated by addition of 50 ll of a mixture consisting of suspended Sf9 membranes and
bovine serum albumin to tubes. Incubations are conducted for 60–90 min at 25 8C
with shaking at 200–250 rpm. Bound [3H]DHA is separated from free [3H]DHA by
filtration through GF/C filters (Schleicher and Schuell; Dassel, Germany), followed
by three washes with 2mL of binding buffer (4 8C). For processing of 	24 tubes, a
Millipore 12-well filtration manifold (Millipore, Bedford, MA, USA) is used. For pro-
cessing larger number of tubes, a 48-well Brandel MB-48R harvester (Brandel,
Gaithersburg, MD, USA) is used. Radioactivity is determined by liquid scintillation
counting with, for example, environmentally safe Cytoscint cocktail (ICN, Irvine,
CA, USA) (5mL of cocktail in a 6mL scintillation counting tube). Tubes are equili-
brated for 3–4 h at room temperature, after which samples are counted for 1 min.
Counting for longer times is only necessary if filter-bound radioactivity values are be-
low 100 counts per minute (cpm). For fitting to a binding hyperbola, data are analyzed
by non-linear regression by use of, for example, the Prism 4.0 program (Graph-Pad-
Prism, San Diego, CA).
Inverse agonist and agonist competition binding experiments are carried out with

1 nM [3H]DHA in the presence of unlabeled inverse agonist or agonist at various con-
centrations with 10 lMGTPcS (Roche) or water (control). Experiments are set up in 48-
tube panels. Three to four parallel racks with 48 tubes can be readily handled by a
trained person. Firstly, unlabeled ligands (50 ll) are added to tubes, followed by
the addition of 400 ll of binding buffer supplemented with GTPcS or water (control).
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Then, suspended membranes (25 ll per tube containing 15–40 lg of protein, depend-
ing on the expression level) are added. Reactions are initiated by the addition of
[3H]DHA (25 ll per tube). Tubes are mixed and incubated for 60–90 min at 25 8C
with shaking at 200–250 rpm. Stopping and counting of samples is performed as de-
scribed above.
We routinely perform saturation and competition binding experiments in triplicate.

Binding experiments should be set up in such a way as to fit the 48-well design of the
Brandel MB-48R harvester if such equipment is available. We have found that running
samples in triplicate and using competitor concentrations at a log scale gives more
reliable results than running samples in duplicate and incorporating more ligand con-
centrations (e.g., at half-log scale). The amount of membrane protein added to binding
tubes is adjusted in such a way that not more than 10% of the [3H]DHA added is filter-
bound. For generation of ligand competition curves, the [3H]DHA binding in the ab-
sence of added unlabeled competitor is set at 100%, the binding observed with 10 lM
(�)-alprenolol is set at 0%, and the other values are referred to these values. Data are
analyzed by non-linear regression by use of the Prism 4.0 program.
For generation of [3H]DHA saturation binding curves, absolute antagonist binding

(pmoles of [3H]DHA bound per mg of membrane protein) is calculated as follows:

pmol mg
1 ¼ ðcpm total 
 cpm nonspecificÞ � pmol ½3H�DHA

cpm added�mg protein

Explanations:
cpm total: Filter-bound radioactivity of [3H]DHA from binding tubes, except

from those tubes containing 10 lM (�)-alprenolol.
cpm nonspecific: Filter-bound radioactivity of [3H]DHA from binding tubes con-

taining 10 lM (�)-alprenolol.
pmol [3H]DHA: Absolute amount of [3H]DHA present in the binding tube, i.e.

with 10 nM [3H]DHA, 5 pmoles of [3H]DHA are present in a 500 ll
assay volume.

cpm total added: The radioactivity of [3H]DHA added to each tube (no filtering).
mg protein: Absolute amount of membrane protein added per tube. In sa-

turation binding studies, each tube contained 2.5–5.0 lg of pro-
tein. In competition binding assays, tubes contained 15–40 lg of
protein.

8.2.3

GTPase Assay

Some of the seminal pioneering experiments on constitutive GPCR activity were per-
formed by use of the steady-state GTPase assay [17, 35, 72–74], so this assay constitutes
a classic approach to study of constitutive GPCR activity. An advantage of the GTPase
assay for the assessment of constitutive GPCR activity is that the assay monitors the
outcome of R to R* isomerization at a proximal point of the signal transduction cas-
cade (i.e., at the G protein level) as compared to, for example, the gene expression level
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in reporter gene assays (see Section 8.3.3), thereby minimizing the number of factors
that may interfere with the magnitude of signals [22]. However, in some systems, con-
stitutive activity cannot be detected without such signal amplification. Another advan-
tage of the GTPase assay is that it constitutes a steady-state assay, with monitoring of
the outcome of multiple rounds of GDP/GTP exchange and GTP hydrolysis at a
G protein catalyzed by a GPCR, thereby minimizing the impact of the specific
time period for which the reaction is monitored [75]. In contrast, with the popular
[35S]GTPcS binding assay, one has to be quite careful about choosing the time point
at which the binding reaction is stopped (i.e., at short incubation times the constitutive
activity of GPCRs may appear to be smaller than at long incubation times; see also
Section 8.2.4.) [21, 40].
TheGTPaseassaycanbeapplied tovariousGi/Go-coupledconstitutivelyactiveGPCRs

expressed in native cell membranes, specifically the DOP(d)R expressed in NG 108–15
neuroblastoma x glioma cell membranes [35, 73] and chemoattractant receptors ex-
pressed in HL-60 leukemia cell membranes [17, 19, 36]. In addition, the GTPase assay
can be used in recombinant mammalian and insect cell systems expressing defined
GPCRs [21, 29, 76]. In the case of insect cells, coexpression of GPCRswithmammalian
Gi/Go proteins is crucial, since the insect cells do not express endogenousmammalian-
type Gi/Go proteins to which mammalian GPCRs couple efficiently [21, 24, 34, 77].
Constitutive activity of Gi/Go-coupled GPCRs can also be efficiently monitored in
the GTPase assay by use of GPCR-Gai/Gao fusion proteins [29, 78].
With respect to Gs-coupled GPCRs, reconstituted systems consisting of purified

GPCR and Gs are feasible for studying constitutive GPCR activity in the GTPase assay
[72]. However, for extensive pharmacological studies, this is not a practical approach.
Unfortunately, in mammalian cell lines, it is very difficult, if not impossible, to detect
reasonable GTPase regulation by Gs-coupled GPCRs [75]. Even when Gs-coupled
GPCRs and mammalian Gs proteins are coexpressed at very high levels in Sf9 insect
cells, detection of decent receptor-regulated GTPase activity is almost impossible [32,
65]. A practical approach to detection of excellent GTPase stimulation by Gs-coupled
GPCRs is to analyze GPCR-Gas fusion proteins [63, 79]. In those fusion proteins,
when expressed in Sf9 insect cells above a low background of endogenous GTPase
activity, substantial (i.e., up to three- to fourfold) stimulation of GTP hydrolysis by
agonists is detected (Figure 8.3A) [79]. The high sensitivity of this system also allows
for the detection of inhibitory effects of inverse agonists on GTP hydrolysis [63, 79].
The reason for the highly efficient GTPase activation in GPCR-Gas fusion proteins is
probably that the fusion prevents Gas from dissociating into the cytosol and ensures a
close proximity between the coupling partners [80]. As an alternative to the GPCR-Gas

fusion protein approach for monitoring GTPase activity, GPCRs can be coexpressed
with a tethered Gas (tet-Gas): a Gas permanently attached to the plasma membrane by
an anchor consisting of the first transmembrane domain of the b2AR [81]. This arti-
ficial anchor does not interfere with the overall function of Gas [81].
Another advantage of the use of the GTPase assay with fusion proteins as a read-out

for assessment of constitutive GPCR activity is the fact that various receptors can be
compared with each other independently of the expression level. This is important,
since some constitutively active GPCR mutants are also structurally unstable and
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are expressed at lower levels than their wild-type counterparts [15, 66, 82–84]. This
issue is illustrated in Figure 8.3 for the comparison of b2ARwt-Gas-L and b2ARCAM-
Gas-L. b2ARCAM, both in the fused and in the non-fused state, expresses at considerably
lower levels than b2ARwt [15, 66, 82]. For the data shown in Figure 8.3, b2ARwt-Gas-L

was expressed at 6.5 pmol mg–1 of membrane protein, while b2ARCAM-Gas-L was ex-
pressed at just 2.5 pmol mg–1. Accordingly, the absolute GTPase activities in Sf9 mem-
branes expressing b2ARCAM-Gas-L are considerably lower than in membranes expres-
sing b2ARwt-Gas-L. However, despite the differences in absolute GTPase activities, it is
nonetheless clear that the relative inhibitory effect of ICI 118551 on GTP hydrolysis in
membranes expressing b2ARCAM-Gas-L is considerably larger than in membranes ex-
pressing b2ARwt-Gas-L. Moreover, ICI 118551 is more potent at b2ARwt-Gas-L (IC50

2.8 nM) than at b2ARCAM-Gas-L (IC50 8.5 nM). These findings reflect the fact that R*
is more abundant in b2ARCAM than in b2ARwt and that ICI 118551 possesses a higher
affinity for the R state than for the R* state. Conversely, the agonist isoproterenol is
more potent at b2ARCAM-Gas-L (EC50 2.4 nM) than at b2ARwt-Gas-L (EC50 13 nM), reflect-
ing the greater abundance of the R* state in b2ARCAM than in b2ARwt and the higher
affinity of isoproterenol for the R* state than for the R state.
With the use of GPCR-Gas fusion proteins as system, the GTPase assay is highly

sensitive for precise determination of the potencies and efficacies of partial agonists
and inverse agonists and comparison of the constitutive activities of various related
systems. Those systems include b1-adrenoceptor (b1AR) isoforms, b2AR, and hista-
mine H2-receptor (H2R) coupled to Gas isoforms, species isoforms of the H2R coupled

Fig. 8.3 Effects of isoproterenol and ICI 118551

on GTPase activity in Sf9 membranes expressing

b2ARwt-Gas-L or b2ARCAM-Gas-L. GTPase activity was

determined as described in Section 8.2.3. The

expression level of b2ARwt-Gas-L (A) was

6.5 pmol mg–1, and the expression level of b2ARCAM-

Gas-L (B) was 2.5 pmol mg–1. Reaction mixtures

contained 10 lg of membrane protein and iso-

proterenol or ICI 118551 at the concentrations

indicated on the abscissa. In order to assess the

inhibitory effect of ICI 118551 on GTPase activity in

membranes expressing b2ARwt-Gas-L reliably, this
construct had to be expressed at higher levels than

b2ARCAM-Gas-L. Accordingly, the absolute GTPase

activities in (A) are considerably higher than in (B).

Data shown are the means � SDs of three inde-

pendent experiments and were analyzed by non-

linear regression.
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to the short splice variant of Gas (Gas-S), b2AR coupled to various classes of Ga pro-
teins, and the FPR1 coupled to various Gai isoforms [15, 40, 54, 63, 85–88].
Under basal conditions, guanine nucleotide exchange at Gq proteins is slow, and

detection of receptor-stimulated GTP hydrolysis by Gq proteins is accordingly very dif-
ficult [41, 75, 89]. However, Gq-catalyzed GTP hydrolysis is strongly enhanced by RGS
(regulator of G protein signaling ) proteins [90]. Taking advantage of this acceleration
of GTP hydrolysis by RGS proteins, the histamine H1-receptor (H1R) was coexpressed
with the RGS proteins RGS4 or GAIP in Sf9 cells. Under these conditions, the his-
tamine efficiently increases GTP hydrolysis (up to 175% stimulation) by the endogen-
ous Gq proteins of the insect cells [41, 64]. This system enabled us to examine the
constitutive activity of the H1R. In agreement with the groups of Leurs and Weiner
[50, 51, 91], we found the majority of H1R antagonists actually to be inverse agonists
[64]. However the GTPase assay is a less sensitive read-out for analysis of constitutive
activity of Gq-protein-coupled receptors [64] than PLC- and reporter gene expression
assays [50, 51, 91]. Differences in the apparent constitutive activity of a given GPCR by
measurement through various read-outs is not without precedence [22, 32]. Possibly,
in analogy with the b2AR/Gs/AC system [22, 32, 92], effector availability limits signal
transfer in the H1R/Gq/PLC system, thereby favoring detection of inverse agonists in
the PLC assay relative to the GTPase assay. Finally, coexpression of H1R with mam-
malian Gq proteins in Sf9 cells was inefficient at reconstituting receptor-regulated GTP
hydrolysis, despite very high Gaq expression levels [41]. Apparently, most of the ex-
pressed Gaq proteins are functionally inactive [41].
A procedure for the steady-state GTPase assay is given below. This procedure has

been successfully applied to various Gs-coupled GPCRs [32, 63], Gi-coupled GPCRs
[21, 24], and Gq-coupled GPCRs [41, 64] expressed in Sf9 cells.
Before the experiments, membranes are sedimented by a 15 min centrifugation at

4 8C and 15000� g and carefully resuspended in 10mM Tris/HCl, pH 7.4. This wash-
ing step ensures removal of all endogenous agonists and guanine nucleotides. Reac-
tions are conducted in 1.5mL reaction tubes. Tubes are kept at 4 8C before the addition
of [c-32P]GTP (6000 Cimmol–1; Perkin–Elmer, Boston, MA, USA). Firstly, inverse ago-
nists or agonists (10 ll per tube) are added to tubes. Then, 50 ll of a reaction mixture
containing (final) 0.1 lM unlabeled GTP (Roche), 1.0mMMgCl2, 0.1mM EDTA, 0.1mM

ATP (Roche), 1mM adenosine 5’-[b,c-imido]triphosphate (AppNHp), (Roche), 5mM

creatine phosphate (Sigma), 40 lg creatine kinase (Sigma) and 0.2% (mass/vol.) bo-
vine serum albumin in 50mM Tris/HCl, pH 7.4, are added. Suspended membranes
(10 lg of protein in 20 ll) are then pipetted into tubes. Assay tubes (containing 80 ll)
are placed in a heat block set at 25 8C and incubated for 3 min before the addition of
20 ll of [c-32P]GTP diluted in 20mM Tris/HCl, pH 7.4 (0.05–1.0 lCi per tube). We
recommend buffering the [c-32P]GTP work solution because [c-32P]GTP dissolved
in distilled water can become unstable. Depending on the experience of the researcher,
preincubation, starting, and stopping of reactions is performed at 10–20 s intervals. In
order to assess non-enzymatic degradation of [c-32P]GTP, a large excess of unlabeled
GTP (1mM) is added to some tubes. Usually, the amount of [32P]Pi released under
these conditions is <1% of the total amount of radioactivity added. In mammalian
cell lines, low-affinity GTPase activity (usually assessed with 50 lM GTP) [75, 93]
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should be determined. This is not necessary when studying Sf9 membranes, because
absolute GTPase activities in this system are much lower than in mammalian mem-
brane systems [32, 94, 95].
Reactions are conducted for 20 min at 25 8C and are terminated by the addition of

900 ll of slurry (4 8C) consisting of 5% (mass/vol.) activated charcoal (Sigma) and
50mM NaH2PO4, pH 2.0. The slurry does not have to be chilled during the stopping
process, but stirring is essential since the charcoal sediments rather quickly. In addi-
tion, the pipette tip used for addition of the charcoal slurry should be cut wider in order
to avoid clogging of the tip with charcoal particles. Charcoal-quenched reaction mix-
tures are centrifuged for 15 min at room temperature at 15000� g. Seven hundred ll
of the supernatant fluid of reaction mixtures are carefully removed, and [32P]Pi is de-
termined by liquid scintillation counting with environmentally safe Ecolume cocktail
(ICN, 5mL of cocktail in a 6mL scintillation counting tube). Alternatively, [32P]Pi can
be counted in water by Čerenkov radiation, but the counting efficiency is more than
50% lower. When the above assay design is used, generally less than 10% of the added
[c-32P]GTP is degraded. However, even with up to 20% of substrate consumption, we
found ligand potencies and efficacies to be unchanged.
Although the GTPase assay in Sf9 membranes in general works very reliably, occa-

sionally there are changes in the basalGTPase activitywithinone assay; this is due to non-
enzymatic [c-32P]GTP degradation during the assay. Since [c-32P]GTP is inherently un-
stable,itisimportanttodilutetheradiolabelednucleotidein20mMTris-HCl,pH7.4,andto
avoid frequent freeze/thaw cycles of [c-32P]GTP stock solutions. We prepare small ali-
quots (10–20 ll) of the original stock solution of [c-32P]GTP and keep them at –80 8C.
Under these conditions, in general, [c-32P]GTP can be used for up to 4 weeks. Storage at
–20 8C is not recommended because of accelerated degradation of [c-32P]GTP, resulting
in high blank values (>2%) that compromise data quality. In order to ensuremaximum
dataaccuracy,werecommendthatbasalGTPaseactivitiesareassessedatthebeginningof
each concentration-response curve for a given ligand. We routinely process 60 tubes in
one assay, since this is the number of tubes that fits into the commonly employed
laboratory incubators (three heat blocks with 20 wells each).
The precision and sensitivity of the GTPase assay is high enough to run samples in

duplicate.Thus,byuseofa60-well incubator,30differentsetsofexperimentalconditions
(including basal GTPase activities and the 1mMGTP value) can be incorporated in one
assay. Drugs are routinely studied at a log scale. In our experience, more detailed con-
centration response curves (e.g., at a half-log scale) do not significantly increase the
precision for assessment of ligand potencies and efficacies as assessed by nonlinear
regressionanalysis.Rather,weprefer to include asmany ligands aspossible inoneassay
toallowtheirdirect comparison.Sigmoidconcentration-responsecurves toagonists and
inverseagonistsareanalyzedbynonlinearregression,byuseofthebuilt-infunctioninthe
Prism 4.0 program. With this program, EC50 values for agonists and IC50 values for
inverse agonists can be conveniently calculated. Moreover, the program calculates the
bottom (baseline) and top (plateau) values for each concentration-response curve so that
the efficacies for different ligands can be precisely determined.
For generation of concentration-response curves to full agonists and strong partial

agonists on GTP hydrolysis in Sf9 membranes expressing b2ARwt-Gas-L, low amounts
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of [c-32P]GTP (0.05 lCi per tube) can be used since the background is low. However,
for determination of the potencies and efficacies of weak partial agonists and inverse
agonists, we recommend the use of larger amounts of [c-32P]GTP (up to 0.5 lCi per
tube) to increase the sensitivity of the assay.
AppNHp is routinely used as a nucleotidase inhibitor in GTPase assays with mem-

branes [93], but the nucleotide is quite expensive.We have examined the effect of omis-
sion of AppNHp from the reaction mixture in Sf9 membranes and have found the
nucleotide to be dispensable without compromising the sensitivity of the GTPase as-
say. However, in mammalian cell membranes, where nucleotidase activity is higher
[75, 95], omission of AppNHp can result in depletion of substrate for the high-affinity
GTPase and is therefore not recommended.
Another important factor that has to be considered in elaboration of the conditions

for the GTPase assay is the optimization of the MgCl2 concentration. In the absence of
added MgCl2 and in the presence of EDTA, there is no agonist-stimulation of GTPase
in Sf9 membranes expressing b2ARwt-Gas-L. With MgCl2 at 0.1mM a small stimulatory
effect of agonist on GTPase is evident, and MgCl2 at concentrations between 1–10mM

gives similarly high GTPase stimulations with b2ARGsa. We routinely use MgCl2 at a
concentration of 1mM. Finally, NaCl has an important impact on basal GTPase activity
and the effects of inverse agonists [17, 73]. This topic is discussed in detail in
Section 8.2.4, since NaCl addition exhibits similar effects in the GTPase- and
[35S]GTPcS-binding assays.
GTPase activity (pmoles of Pi released per mg of membrane protein per min) is

calculated as follows:

pmol mg
1 min
1 ¼ ðcpm total 
 cpm GTPÞ � pmol GTP unlabeled � 1:43

cpm added�min incubation�mg protein

Explanations:
cpm total: Radioactivity ([32P]Pi) counted in the 700 ll aliquot taken from all

tubes except those containing 1mM GTP.
cpm GTP: Radioactivity ([32P]Pi) counted in the 700 ll aliquot taken from

tubes containing 1mM GTP.
pmol GTP
unlabeled: Absolute amount of substrate present in the tube; i.e., with 100 nM

GTP, 10 pmoles of GTP are present in a 100 ll reaction volume.
Since the specific activity of [c-32P]GTP is very high
(6000 Ci mmol–1), the radiolabeled compound does not signifi-
cantly contribute to the total amount of substrate present.

1.43: Factor correcting for the fact that only 700 ll out of 1000 ll in the
tube are counted.

cpm total added: The radioactivity of [c-32P]GTP added to each tube
(no charcoal addition).

min incubation: Assays are routinely conducted for 20 min.
mg protein: Absolute amount of membrane protein added per tube. Each

tube routinely contains 10 lg of membrane protein.
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8.2.4

[35S]GTPcS Binding Assay

In general, GDP dissociation is considered to be the rate-limiting step in GPCR-
mediated G protein activation [10, 11]. Unfortunately, GPCR-catalyzed GDP dissociation
can only be directly examined in a few specialized systems [96, 97], precluding wide use
of this assay. The situation is further complicated by the fact that the GDP affinity of
G proteins is actually rather low [22, 54, 98]. Accordingly, basal GDP dissociation from
Ga subunits, specifically Gai and Gao subunits and Gas-L, can be quite substantial [37,
99, 100]. This, together with the GDP dissociation induced by constitutively active
GPCRs, reduces GDP-loading of Ga to such an extent that a sensitive and widely applic-
able assay to determine GPCR-mediated GDP dissociation cannot be implemented.
However, by loading G proteins with an excess of exogenous GDP (typically concentra-
tions of 0.1–10 lM are used) and by adding the high-affinity G protein ligand [35S]GTPcS
(typically used at 0.2–1.0 nM), GPCR-mediated guanine nucleotide exchange can be
monitored with high sensitivity in a convenient binding assay format since GPCRs
decrease GDP affinity and increase the [35S]GTPcS affinity [18, 32, 37, 99].
The [35S]GTPcS binding assay can be readily applied to the analysis of constitutively

active Gi/Go-coupled GPCRs in native and recombinant systems [21, 24, 101–104]. The
[35S]GTPcS binding assay works equally well in GPCR-Gai coexpression and fusion
protein systems [21, 29]. With respect to Gs-coupled GPCRs, the application of the
[35S]GTPcS binding assay is very similar to the use of the GTPase assay. Specifically,
in native and recombinant membrane systems expressing Gs-coupled GPCRs alone or
together with Gas, the assay does not yield good receptor signals; only with GPCR-Gas

fusion proteins or GPCRs coexpressed with tet-Gas is excellent receptor-stimulated
[35S]GTPcS binding detected [32, 40, 65, 81].
With regard to Gq proteins, in our hands it has been difficult to monitor [35S]GTPcS

binding in a conventional binding assay, studying mammalian and insect cell
Gaq proteins, coexpression, and fusion protein systems [40, 41]. The reasons for
this situation are the sluggish intrinsic guanine nucleotide exchange at Gq proteins
and the low affinity of these proteins for GTPcS, which results in significant
[35S]GTPcS dissociation, thereby substantially decreasing the sensitivity of the binding
assay [40, 105]. Squid retinal Gaq has been successfully used to reconstitute
[35S]GTPcS binding with the constitutively active 5-HT2CR expressed in Sf9 cell mem-
branes [33]. However, squid Gaq protein has not found general use for the analysis of
constitutively active GPCRs, probably because of difficulties in obtaining sufficiently
large amounts of the purified G protein. As an alternative to the conventional
[35S]GTPcS binding assay, a combination of [35S]GTPcS binding and subsequent im-
munoprecipitation of the [35S]GTPcS-bound Gaq proteins has been implemented [30,
106, 107]. This assay exhibits increased sensitivity in the detection of GPCR-stimulated
[35S]GTPcS binding relative to the conventional binding assay format. However, for
large scale studies, the combined [35S]GTPcS binding/immunoprecipitation assay is
less convenient and more expensive than a conventional binding assay. The combined
[35S]GTPcS binding/immunoprecipitation assay has also been applied to Gaz- and
Ga12/13-coupled GPCRs [106].
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During the past 15 years, the [35S]GTPcS binding assay has gained substantial po-
pularity for examination of GPCR/G protein coupling in general and constitutive
GPCR activity in particular, in relation to the GTPase assay [1]. The reasons for
this development are that, in the [35S]GTPcS binding assay, larger relative GPCR sig-
nals than in the GTPase assay can be obtained by loading G proteins with GDP, that
[35S]GTPcS has a t1/2 approximately five times longer than and is more stable than the
GTPase substrate [c-32P]GTP, and that the capacity of the binding assay is larger that

Fig. 8.4 Effects of NaCl on basal and agonist-

stimulated [35S]GTPcS binding in Sf9 membranes

expressing chemoattractant receptors plus

Gai2b1c2. [
35S]GTPcS binding in membranes ex-

pressing the FPR1 plus Gi (A and B) or the BLTR

plus Gi (C and D) was determined as described in

Section 8.2.4. The GPCR expression level was

~10 pmol mg–1 as assessed by immunoblotting

[24]. Reaction mixtures contained 15 lg of mem-

brane protein, 0.4 nM [35S]GTPcS, and 1 lM GDP, as

well as distilled water (basal), agonist, or inverse

agonist at a maximally effective concentration.

Reaction mixtures additionally contained NaCl at

the concentrations indicated on the abscissa. The

dashed lines in (A) and (C) represent extrapolations

of basal [35S]GTPcS binding in the presence of

300mM NaCl. These values were used to define

[35S]GTPcS binding stimulated by agonist-free

chemoattractant receptors. Data shown are the

means� SDs of four independent experiments and

were analyzed by nonlinear regression. For the data

shown in (B) and (D), total chemoattractant-

regulated [35S]GTPcS binding was defined as the

difference between maximum agonist-stimulated

[35S]GTPcS binding at a given NaCl concentration

and the minimum [35S]GTPcS binding observed in

the presence of 300mM NaCl. For each NaCl

concentration, the total GPCR-regulated [35S]GTPcS
binding was defined as 100%, and the relative

contributions of agonist-dependent and agonist-

independent (constitutive) GPCR activity were

calculated.
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that of the GTPase assay [18, 37, 75, 108]. For various Gi- and Gs-coupled GPCR sys-
tems, however, the GTPase- and [35S]GTPcS-binding assays can essentially be used
interchangeably to assess the potencies and efficacies of agonists and inverse agonists
[21, 22, 29, 40, 54].
Although the principle of the [35S]GTPcS binding assay is straightforward, one has

to pay great attention to the specific experimental conditions when analyzing consti-
tutive GPCR activity. It has been known for almost 25 years that monovalent cations,
specifically Na+, reduce basal GTP hydrolysis and [35S]GTPcS binding in membrane
systems expressing Gi/Go-coupled GPCRs [17, 35, 73, 109]. In addition, in the pre-
sence of Na+, the inhibitory effects of inverse agonists on basal GTP hydrolysis
and [35S]GTPcS binding are reduced [21, 24, 73, 102, 110].
The effect ofNa+ on [35S]GTPcSbinding catalyzed by theFPR1andBLTRcoexpressed

withtheGproteinGai2b1c2 inSf9cells isshowninFigure8.4.TheFPR1isactivatedbythe
bacterial formyl peptideN-formyl-L-methionyl-L-leucyl-L-phenylalanine (fMLP), and the
BLTR is activated by leukotriene B4 (LTB4) [16, 111]. In Sf9 membranes expressing the
FPR1 and BLTR, Na+ reduces basal [35S]GTPcS binding more efficiently than agonist-
stimulated [35S]GTPcS binding (Figure 8.4A and 8.4C), thus enhancing relative agonist
effects (Figure 8.4B and 8.4D). With Na+ at 200–300mM, basal [35S]GTPcS binding
reaches a low plateau, but Na+ does not completely inhibit basal [35S]GTPcS binding.
In the absence of Na+, the inverse FPR1 agonist cyclosporin H (CsH) [21, 29] strongly
reduces basal [35S]GTPcS binding in membranes expressing the FPR1 and Gai2b1c2
(Figure 8.4A). However, with Na+ at increasing concentrations, the inhibitory effect of
CsH becomes smaller. At a Na+ concentration of 50mM, the Na+ and CsH inhibition
curves overlap (i.e., CsH does not exhibit an additional inhibitory effect on basal
[35S]GTPcSbinding in thepresenceofNa+). In otherwords,CsHandNa+ exhibit similar
maximum inhibitory effects on [35S]GTPcS binding. These results indicate that both
CsHandNa+stabilize theRstateof theFPR1andtherebyreducetheabilityof theagonist-
free FPR1 in promoting [35S]GTPcS binding toGi proteins. In contrast, the ability of the
agonist fMLP to stabilize the R* state of the FPR1 is largely preserved. The difference
between the maximum agonist-stimulated [35S]GTPcS binding for each Na+ concen-
tration and theminimum [35S]GTPcSbinding in the presence ofCsHorNa+ constitutes
the total FPR1-regulated [35S]GTPcS binding. In the absence of Na+, about 50% of the
FPR1-catalyzed [35S]GTPcS binding is mediated by the constitutively active (agonist-
free)FPR1(Figure8.4B).Thus, theFPR1exhibitsa ratherhighconstitutiveactivity.With
increasingNa+ concentrations, constitutive [35S]GTPcSbinding is reduced, andagonist-
stimulated [35S]GTPcS binding is increased.
An important aspect regarding the effect of Na+ on constitutive GPCR activity is that

Na+ regulation appears to encompass Gi/Go-coupled GPCRs in general. Specifically,
inhibitory effects of Na+ on basal G protein activation hve been observed for the BLTR
[24], C5aR [24], PAFR [24], DOP(d)R [73], l-opioid receptor (MOP(l)R) [110], a2D-adre-
noceptor (a2DAR) [102,112], muscarinic acetylcholine M2 receptor (M2R) [101, 113],
and somatostatin 2-receptor (SRIF2R) [114]. It is likely that interaction of Na+ with
Asp71 in the second transmembrane domain of the FPR1, which is highly conserved
in GPCRs, plays a crucial role in constraining the GPCR in the R state [115, 116]. Thus,
by the use of Na+ as a universal inverse agonist for Gi/Go-coupled GPCRs, one can
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assess the constitutive activity of a given GPCR without the necessity to be in posses-
sion of a true inverse agonist. If we now compare the Na+ sensitivity of [35S]GTPcS
binding catalyzed by the FPR1 and BLTR, it becomes evident that Na+ exhibits a much
smaller inhibitory effect on basal [35S]GTPcS binding in membranes expressing the
BLTR than in membranes expressing the FPR1 (Figures 8.4A and 8.4C). Specifically,
basal [35S]GTPcS binding in membranes expressing BLTR accounts for just 15–20%
of the total BLTR-catalyzed [35S]GTPcS binding (Figure 8.4D). These data show that the
BLTR is much less constitutively active than the FPR1.
With use of the b2ARwt-GasL fusion protein as model system, both agonist-stimu-

lated and inverse agonist-inhibited [35S]GTPcS binding is detected in the absence of
added GDP, indicating that a certain fraction of the Gas-L molecules is GDP-bound
even in washed membranes and that this endogenously bound GDP can be displaced
by [35S]GTPcS through GPCR catalysis [32]. However, because of significant GDP dis-
sociation from Gas-L even in the absence of agonist [23, 54], the addition of GDP en-
hances the relative stimulatory effects both of inverse agonist and of agonists on
[35S]GTPcS binding [32]. GDP reduces absolute basal [35S]GTPcS binding in a concen-
tration-dependent manner. In the presence of the agonist isoproterenol, the GDP in-
hibition curve is shifted to the right, reflecting the agonist-induced reduction of the
GDP affinity of Gas-L relative to the [35S]GTPcS affinity of the G protein. In the pre-
sence of 1 nM [35S]GTPcS, the addition of 1 lM and 10 lM GDP enhances the relative
stimulatory effect of isoproterenol on [35S]GTPcS binding from about 20% to 200%
and 500%, respectively. In contrast to the agonist, the inverse agonist ICI 118551
shifts the GDP inhibition curve of [35S]GTPcS binding to the left, indicative of an in-
crease in the GDP affinity of Gas-L when b2ARwt is stabilized in the R state and un-
coupled from the G protein. In the absence of GDP, ICI 118551 inhibits basal
[35S]GTPcS binding by 25%. In the presence of GDP at 1–10 lM, the inhibitory effect
of ICI 118551 increases to about 60%. Thus, in order to ensure a good signal to noise
ratio for agonist and inverse agonist signals while maintaining reasonable absolute
[35S]GTPcS binding values, GDP should be present at a concentration about a thou-
sand times higher than [35S]GTPcS. However, it should also be noted that GDP at
concentrations of 1–10 lM reduces the efficacy of partial agonist relative to full agonists
at various GPCRs [40, 117]. Thus, partial agonists are less efficient than agonists at
decreasing the GDP affinity of Ga.
Another important variable in designing [35S]GTPcS binding experiments is the

time point at which the binding reaction is stopped. In a study of b2ARwt-Gas-L and
the FPR1 coexpressed with, or fused to, Gai proteins, it emerged that inverse agonist
effects are smaller at early time points (5–30 min incubation) than at later time points
where the binding does not further increase (60–180 min incubation) [21, 29, 40].
These data reflect the ability of agonist-free GPCR to promote [35S]GTPcS binding
to a large fraction of the available G proteins provided that sufficient time is allowed
for GDP/[35S]GTPcS exchange to take place. In view of these kinetics, the assessment
of agonist and inverse agonist efficacies and potencies should be determined only at
equilibrium. From a practical perspective, incubation times of 60–90 min are a good
compromise between equilibrium conditions and stability of GPCRs and G proteins,
which may decrease during extended binding reactions (>120 min). The lack of im-
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pact of the incubation time on apparent inverse agonist efficacies is certainly an ad-
vantage of the steady-state GTPase assay (see Section 8.2.3.).
In studies with membranes, [35S]GTPcS is typically used at concentrations between

0.4–1.0 nM, and GDP is used at 1 lM [18, 21, 24, 32]. These are experimental conditions
that constitute a reasonable compromise between good signal to noise ratio for detec-
tion of agonist and inverse agonist effects, sufficiently high amounts of [35S]GTPcS
trapped on the filter, and economic use of the radioligand. However, it should be em-
phasized that agonists and inverse agonists may have opposite effects on the
[35S]GTPcS affinity of G proteins. Specifically, agonists increase the apparent
[35S]GTPcS affinity of G proteins, whereas inverse agonists reduce their apparent
[35S]GTPcS affinity [24, 40]. Thus, in order to obtain maximum inverse agonists,
[35S]GTPcS concentrations higher than those routinely used in [35S]GTPcS binding
assays (5–10 nM instead of 0.4–1 nM) have to be employed. While this is, of course,
technically possible, one has to take into consideration that considerably higher
amounts of [35S]GTPcS have to be used for such experiments. As an alternative,
[35S]GTPcS can be mixed with defined concentrations of unlabeled GTPcS to obtain
the desired final [35S]GTPcS/GTPcS concentration [21, 24, 40]. However, a drawback
of this approach is the isotopic dilution of the [35S]GTPcS. Thus, if one plans to con-
duct such isotope dilution studies, fresh [35S]GTPcS with the highest possible specific
activity should be used in order to ensure that sufficient amounts of [35S]GTPcS can be
trapped on the filter.
A [35S]GTPcS binding procedure is described below. This procedure has been suc-

cessfully applied to various Gs-coupled GPCRs [40, 63] and Gi-coupled GPCRs [21, 24],
and, less successfully, to various Gq-coupled GPCRs expressed in Sf9 cells [40, 41].
Before experiments, membranes are sedimented by a 15 min centrifugation at 4 8C

and 15000� g. Sf9 membranes (15–25 lg of protein per tube) are carefully suspended
in binding buffer (12.5mM MgCl2 and 1mM EDTA in 75mM Tris/HCl, pH 7.4) by use
of a tuberculin syringe. Binding experiments are performed in 5mL culture tubes.
Routinely, three to four parallel racks with 48 tubes each are processed. Firstly, water
or GDP (10 nM–10 lM final concentration, 50 ll) are added to the tubes, followed by the
addition of 50 ll of agonist or inverse agonist and 300 ll of binding buffer supple-
mented with (final) 0.05% (mass/vol.) bovine serum albumin. The suspended mem-
branes (15 lg of protein in 50 ll) are then added. Reactions are initiated by the addition
of 50 ll of [35S]GTPcS (1100–1500 Ci mmol–1, Perkin–Elmer, 0.1–0.25 lCi per tube,
0.4–1.0 nM final concentration) in distilled water. Tubes are mixed and incubated for
60–90 min at 25 8C with shaking at 200–250 rpm. Nonspecific binding is determined
in the presence of 10 lM GTPcS and is <0.2% of total binding, providing an excellent
background for GPCR analysis. Bound [35S]GTPcS is separated from free [35S]GTPcS
by filtration through GF/C filters, followed by three washes with 2mL of binding buf-
fer (4 8C) with a 48-well Brandel harvester. Radioactivity is determined by liquid scin-
tillation counting by use of a scintillation cocktail (e.g., Cytoscint, 5mL of cocktail in a
6mL scintillation counting tube). Tubes are equilibrated for 2–3 h, after which the
samples are counted for 1 min. With the above assay design, less than 10% of the
added [35S]GTPcS is filter-bound, even in the absence of added GDP. For more tech-
nical details regarding the binding assay, see Section 8.2.2.
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[35S]GTPcS is commercially available at high specific activity (1100–1500 Cimmol–1)
and reasonable price (e.g., from Perkin–Elmer, Boston, MA, USA). Chemically,
[35S]GTPcS is quite stable when stored at –80 8C, and the t1/2 of [35S] (90 days) is
much longer than that of [32P] (14 days). Thus, [35S]GTPcS can be used for a much
longer period of time than [c-32P]GTP. We prepare multiple small (10–50 ll) aliquots
of freshly delivered [35S]GTPcS and keep those aliquots (1 lM final [35S]GTPcS con-
centration in 20mMTris/HCl, pH 7.4, supplemented with 1mM dithiothreitol) as work
stock solutions at –80 8C for up to 5 months without loss of data quality in the binding
experiments.
[35S]GTPcS binding (pmoles of GTPcS bound per mg of membrane protein) is cal-

culated as follows:

pmol mg
1 ¼ ðcpm total 
 cpm nonspecificÞ � pmol ½35S�GTPcS
cpm added�mg protein

Explanations:
cpm total: Filter-bound radioactivity of [35S]GTPcS from binding tubes,

except from those tubes containing 10 lM GTPcS.
cpm nonspecific: Filter-bound radioactivity of [35S]GTPcS from binding tubes

containing 10 lM GTPcS.
pmol [35S]GTPcS: Absolute amount of [35S]GTPcS (including any unlabeled GTPcS

for isotope dilution experiments) present in the tube (i.e., with
1 nM [35S]GTPcS, 0.5 pmoles of [35S]GTPcS are present in a
500 ll assay volume).

cpm total added: The radioactivity of [35S]GTPcS added to each tube (no filtering).
mg protein: Absolute amount of membrane protein added per tube. Assay

tubes routinely contain 15 lg of protein each.

8.2.5

Adenylyl Cyclase Assay

The AC assay with membranes and [a-32P]ATP as substrate is a classic method to as-
sess constitutive activity of Gs-coupled GPCRs [31, 58, 66, 67, 118]. In fact, without the
AC assay it would have beenmuchmore difficult to establish constitutive activity of Gs-
coupled GPCRs, since the GTPase- and [35S]GTPcS-binding assays do not yield suffi-
ciently large agonist and inverse agonist signals for most membrane systems expres-
sing Gs-coupled receptors [32, 65]. Several one- and two-column ACmethods are avail-
able [45, 119–121]. In our experience, the method of Alvarez and Daniels [45] is the
best approach by which to generate large sets of high-quality data. The single-column
AC assaymethod of Alvarez and Daniels [45], using alumina columns for separation of
[32P]cAMP from [a-32P]ATP, is very robust, reliable, sensitive, and convenient to per-
form, and ensures extremely low blank values, which is of great importance for study
of the inhibitory effects of inverse agonists on basal AC activities. Equilibration of
columns before sample application is not required, and columns are disposed of after
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use, the amount of liquid [32P] waste and the possibility of contamination of both per-
sonnel and equipment thereby being reduced. Because of its simple design, the AC
assay can be readily used for extensive studies. We routinely process 60 tubes in one
AC assay.
Constitutive activity of Gs-coupled GPCRs in the AC assay can be assessed in three

different ways. Firstly, the stimulatory effect of GTP on basal AC activity in the pre-
sence of the constitutively active GPCR can be monitored (Figure 8.5A) [22, 23, 65]. In
the absence of a constitutively active GPCR, GTP, in contrast to its hydrolysis-resistant
analogues GTPcS or guanosine 5’-[b,c-imido]triphosphate (GppNHp) [70, 122, 123],

Fig. 8.5 Effects of isoproterenol and ICI 118551 on AC activity expres-

sing b2ARwt-Gas-L in the absence and in the presence of NaCl. AC activity

was determined as described in Section 8.2.5. Reaction mixtures con-

tained Sf9 membranes (20 lg of protein per tube) expressing b2ARwt-

Gas-L (2.3-2.6 pmol mg–1) and various additions. (A) and

(B) concentration/response curves for GTP in the presence of distilled

water (basal), isoproterenol (ISO) (10 lM), and ICI 118551 (ICI) (1 lM).
(C) and (D) concentration/response curves for ISO and ICI in the pre-

sence of GTP (1 lM). The experiments shown in (A) and (C) were con-

ducted in the absence of NaCl; the experiments shown in (B) and (D)

were conducted in the presence of NaCl (150mM). Data shown are the

means � SDs of three independent experiments and were analyzed by

non-linear regression.
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does not exhibit a stimulatory effect on AC activity [32, 65]. Secondly, the inhibitory
effects of inverse agonists on AC activity supported variously by GTP, GTPcS, or
GppNHp can be examined (Figures 8.5A and 5C) [31, 32, 54, 58, 67, 118]. It should
be noted that the relative inhibitory effects of ICI 118551 on basal AC activity in Sf9
membranes expressing b2ARwt-Gas-L are larger with submaximally stimulatory GTP
concentrations (100 nM–1 lM) than with maximally stimulatory GTP concentrations
(10–100 lM). Thus, for a detailed analysis of the effects of inverse agonists, GTP should
be used at a submaximally stimulatory concentration. Thirdly, AC activity in the pre-
sence of GTP can be assessed inmembranes expressing constitutively active GPCRs at
different levels. Such studies revealed a correlation between GPCR expression level
and GTP-dependent AC activity and that b2ARCAM exhibits higher constitutive activity
than b2ARwt [31, 66]. Because of intrinsic differences in the AC activities of various
membrane preparations, numerous membrane preparations have to be studied, so
this approach is quite labor-intensive.
As has been discussed in Sections 8.2.3. and 8.2.4., constitutive activity of the b2ARwt

can be assessed in the GTPase and [35S]GTPcS binding assay when b2ARwt-Gas-L fu-
sion proteins are examined [32, 54]. The b2ARwt-Gas-L fusion protein is also very effi-
cient at activating AC. Intriguingly, b2ARwt exhibits a considerably higher constitutive
activity in the AC assay than in the GTPase and [35S]GTPcS binding assay, as assessed
by the inhibitory effects of ICI 118551 [32]. This striking discrepancy is explained by a
model in which the available AC molecules in Sf9 membranes are rate-limiting for
signal transduction (i.e., most or even all available AC molecules in the membrane
interact with, and are efficiently activated by, b2ARwt-Gas-L molecules, whereas the ma-
jority of the expressed b2ARwt-Gas-L molecules have no AC partner to interact with)
[32]. Indeed, it is well established that the concentration of Gas molecules in cell mem-
branes is much higher than the concentration of ACmolecules [92, 124]. The problem
of AC availability can be partially overcome by avoiding AC studies with membranes
expressing b2ARwt-Gas-L at high levels (>5 pmol mg–1). Rather, membranes expressing
b2ARwt-Gas-L at low levels (2–3 pmol mg–1) should be used for AC studies [22, 23, 32].
Even when such low-expressingmembranes are used, the effects of inverse agonists in
the AC assay are still larger than in the GTPase- and [35S]GTPcS-binding assays [22, 23,
32, 40]. In contrast to Gs-coupled receptors, coupling of Gi-coupled receptors to AC
appears to be loose [125]. These findings highlight the importance of assessing con-
stitutive activity at multiple steps of the G protein cycle if at all possible. In addition,
these data illustrate that it cannot be taken for granted that signal transfer from the
G protein to the effector is linear. Rather, substantial bias may be introduced into data
analysis because of nonlinear signal transfer from one signaling protein to another.
Although this issue has been studied in at least some detail only for the AC-linked
GPCRs, it is likely that similar nonlinearities of signal transfer are also of relevance
for PLC-linked GPCRs. Thus, the assessment of different read-outs for one given
GPCRmay explain why inverse agonist efficacies are different among different studies
and research groups [1].
As has been discussed in Section 8.2.4., Na+ stabilizes the R state of Gi/Go-coupled

GPCRs, thereby reducing basal GTPase- and [35S]GTPcS-binding signals generated by
constitutively active GPCRs. Comparison of the effects of various salts on basal GTP
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hydrolysis and [35S]GTPcS binding in systems expressing Gi/Go-coupled receptors
clearly showed that it is the cation Na+, and not the anion Cl–, that accounts for
the inhibitory effects of NaCl [17, 21, 73]. NaCl also reduces basal, GTP-dependent
AC activity in Sf9 membranes expressing b2AR-Gas-L and thereby diminishes the in-
hibitory effects of the inverse agonist ICI 118551 (compare Figure 8.5A with 8.5B and
Figure 8.5C with 8.5D) [23]. At first glance, the effects of NaCl on constitutive activity
of Gi-coupled GPCRs and Gs-coupled GPCRs are similar (compare Figures 8.4 and
8.5). However, upon closer examination it turned out that in the case of the
b2ARwt, it is actually the Cl– anion, and not the Na+ cation, that accounts for the in-
hibitory effect of NaCl. The order of efficacy of anions in reducing the constitutive
activity of b2ARwt-Gas-L is I– > Br– > Cl– [23]. In contrast, the cations Li+, Na+, K+,
Rb+, and Cs+ exhibit similar effects on constitutive b2ARwt activity when added tomem-
branes as Cl– salts [23]. The inhibitory effects of monovalent anions on constitutive
b2ARwt activity are explained by a model in which Cl– increases the GDP-affinity of
Gas-L and consequently reduces the efficacy of the agonist-free b2ARwt at promoting
GDP/GTP exchange [23] (see also Chapter 9). From the experimental perspective for
the assessment of constitutive activity of Gs-coupled GPCRs, future studies will have to
control and define Cl– concentration precisely. In addition, previous literature data will
have to be reexamined for the extent to which the presence of Cl– had an impact on
constitutive GPCR activity [1]. At this time, it is unclear whether the impact of Cl– on
constitutive GPCR activity is only of technical importance for experiments with mem-
branes or whether changes in intracellular Cl– concentration could regulate constitu-
tive GPCR activity in vivo.
In principle, the AC assay can also be used to assess constitutive activity of Gi-

coupled GPCRs that mediate AC inhibition [10, 11]. Usually, the inhibitory effects
of Gi-coupled GPCRs on AC activity is assessed in the presence of the direct AC acti-
vator, forskolin, to provide a sufficiently large basal signal [126, 127]. However, in com-
parison to AC activation by Gs-coupled GPCRs, which can be severalfold [66, 128–130],
AC inhibition by Gi-coupled GPCRs is relatively small (at best 50%) [126, 127], provid-
ing only a small signal to noise ratio. This is probably the reason why constitutive
activity of Gi-coupled GPCRs has not been studied in detail by use of AC activity
in membranes as readout. In fact, much larger GPCR signals can be obtained by
use of the steady-state GTPase assay (see Section 8.2.3) and the [35S]GTPcS binding
assay (see Section 8.2.4). In any case, stabilization of an R state of a Gi-coupled GPCR
by an inverse agonist should result in an increase in forskolin-supported AC activity in
cell membranes. Such regulation has been demonstrated for the cannabinoid 1-recep-
tor (CB1R), but the increase in AC activity induced by CB1R inverse agonists is rather
small (15–20%) [46]. We failed to detect an increase in forskolin-supported AC activity
in Sf9 membranes expressing the constitutively active FPR1 and Gai2b1c2 with CsH as
inverse agonist (unpublished results), whereas inverse agonism of CsH in the GTPase
and [35S]GTPcS binding assays is profound [21, 29].
A procedure for the AC assay is described below; it has been successfully applied to

various Gs-coupled GPCRs coexpressed with, or fused to, mammalian Gas in Sf9 cells
[32, 41, 65, 87]. This AC procedure has also been adapted to Sf9 membranes expres-
sing GPCRs without mammalian Gas [2, 32, 41, 65]. In this case, GPCRs couple to the
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Gas-like G proteins of the insect cells, and the AC activities are considerably lower than
in the presence of mammalian Gas. However, thanks to the extremely low blank values
and high sensitivity of the method used, detection of low AC activities is not proble-
matic. We have also applied this procedure to AC activation in S49 wild-type lympho-
ma cell membranes [131] and to AC inhibition in Gas-deficient S49 cyc

- lymphoma cell
membranes [132].
Before experiments, membranes are sedimented by a 15 min centrifugation at 4 8C

and 15000 � g and carefully resuspended in assay buffer (12.5mM MgCl2 and 1mM

EDTA in 75mM Tris/HCl, pH 7.4). The washing procedure is important, to remove
any remaining endogenous GPCR agonists and traces of GTP that could induce an
increase in AC activity. Firstly, GTP or distilled water (5 ll each) is added to tubes,
followed by the addition of agonist or inverse agonist (5 ll). Then, 20 ll of Sf9 mem-
branes (15–20 lg of protein per tube) suspended in assay buffer are added. If AC ac-
tivities are very low, membrane protein can be increased up to 100–150 lg per tube
without adverse effects on blank values. Tubes are kept on ice until the preincubation
at 37 8C is initiated. The assay buffer added with the membranes supplies the required
divalent cations and buffer for the AC assay (final concentrations: 5mMMgCl2, 0.4mM

EDTA, and 30mM Tris/HCl, pH 7.4). Assay tubes (containing a volume of 30 ll) are
placed in a heat block set at 37 8C and preincubated for 3 min before the addition of
reaction mixture (20 ll) containing (final) 40 lM [a-32P]ATP (3000 Ci mmol–1; Perki-
n–Elmer; 1.0–2.0 lCi per tube), 0.1mM cAMP (Sigma) to prevent degradation of the
newly formed [32P]cAMP, and a NTP-regenerating system consisting of 2.7mMmono(-
cyclohexyl)ammonium phosphoenolpyruvate (Sigma), 0.125 IU of pyruvate kinase
(Sigma), and 1 IU of myokinase (Sigma) [133]. A mixture of mono(cyclohexyl)ammo-
nium phosphoenolpyruvate, pyruvate kinase, myokinase, and cAMP, pH 7.4, is kept as
a 3.3-fold concentrated stock solution in 375 ll aliquots at –80 8C. One aliquot of this
mixture provides the components for 20 assay tubes. Blank values are obtained by
processing tubes without membranes. Reactions are conducted for 20 min and are
terminated by addition of 20 ll of 2.2 N HCl. Denatured membrane protein is sedi-
mented by a 3 min centrifugation at room temperature and 15000 � g. Sixty-five ll of
the supernatant fluid are applied onto disposable chromatography columns (E & K
Scientific, Campbell, CA, USA) filled with 1.3 g of neutral alumina (super 1, type
WN-6, neutral; Sigma) each. cAMP is eluted into 20mL scintillation counting tubes
by addition of 4mL of 0.1 M ammonium acetate, pH 7.0, into the column reservoir.
Elution is completed within 20min. The 0.1 M ammonium acetate solution is prepared
from a 9 M stock solution and should be kept at 4 8C and protected from light because of
its sensitivity to contamination with fungus. In preliminary experiments, and in agree-
ment with Alvarez andDaniels [45], we found the recovery of [32P]cAMP as determined
by the elution efficincy of [3H]cAMP to be reproducibly �80%. We do not routinely
assess recovery of [32P]cAMP any longer. [32P]cAMP is determined by liquid scintilla-
tion counting after the addition of 15mL of Ecolume cocktail. Alternatively, samples
can be counted in water (Čerenkov radiation), but counting efficiency is >50% lower.
Ecolume counting is recommended when assessing low AC activities (e.g., with mem-
branes expressing GPCRs without mammalian Gas or with membranes expressing
GPCRs at low levels). Samples are carefully mixed and counted for 1min. Blank values
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are routinely <0.01% of total amount of [a-32P]ATP added, and generally less than
0.5–1.0% of the total amount of [a-32P]ATP are consumed. We keep the original
[a-32P]ATP stock in 20 ll aliquots at –20 8C. Under these conditions, [a-32P]ATP is
stable for 4 weeks (longer periods of storage time are not relevant because of the short
t1/2 of [

32P]) without increase in blank values.
AC activity (pmoles of cAMP formed per mg of membrane protein per min) is cal-

culated as follows:

pmol mg
1 min
1 ¼ ðcpm total 
 cpm blankÞ � pmol ATP unlabeled � 1:35

cpm added�min incubation�mg protein

Explanations:
cpm total: Radioactivity ([32P]cAMP) counted in the 65 ll aliquot analyzed by

column chromatography from all tubes except blank tubes.
cpm blank: Radioactivity ([32P]cAMP) counted in the 65 ll aliquot analyzed by

column chromatography from tubes containing no membranes.
pmol ATP
unlabeled: Absolute amount of substrate present in the tube (i.e., with 40 lM

ATP, 2.000 pmoles of ATP are present in a 50 ll reaction vo-
lume). Since the specific activity of [a-32P]ATP is very high
(3000 Ci mmol–1), the radiolabeled compound does not signi-
ficantly contribute to the total amount of substrate present.

1.35: Factor correcting for the fact that only 65 ll out of 70 ll in the tube
are counted and that [32P]cAMP recovery is 80%.

cpm total added: The radioactivity of the [a-32P]ATP added to each tube (no
processing through alumina column).

min incubation: Routinely, assays are conducted for 20 min.
mg protein: Absolute amount of membrane protein added per tube. Each

tube contains 15–20 lg of membrane protein, but the protein
amount can be easily increased to 100 lg per tube if higher
amounts of [32P]cAMP should be recovered and if sufficient
amounts of membrane protein are available.

8.3

Measurement of Constitutive Activity of GPCRs in Intact Cells

For a variety of GPCRs the measurement of second messengers, such as the increase
or decrease in the cyclic AMP (cAMP) level or the increase in inositol phosphate (IP)
formation in intact cells, is a widely usedmethod to investigate constitutive activity (for
a review see [1]) . Most of these studies were performed by expression of recombinant
receptors in host cells (e.g., HEK-293, COS-7, or CHO cells, see Chapters 9–15). A
major advantage of such experimental settings is based on the application of specific
inhibitors of second messenger degradation (e.g., phosphodiesterase inhibitors for
cAMP assays, LiCl for IP production). Therefore, the receptor-generated signal (R

8 Methodological Approaches106



to R* isomerization) can be greatly by amplified due to the continuous second mes-
senger accumulation. The activation of PLC can additionally be monitored by the sub-
sequent increase in intracellular Ca2+ concentration through interaction with fluores-
cent dyes or Ca2+ binding proteins [134] (see below).
Another approach now widely used to assess constitutive activity in living cells is the

use of reporter gene assays. These take advantage of the modulation of the activity of
transcription factors by many GPCR-induced signals. These factors bind directly or
indirectly to regulatory elements in the promoter regions of their target genes to en-
hance or repress transcription. Reporter gene assays for monitoring of the activation of
a variety of transcription factors and their binding to regulatory elements have been
developed [135]. This includes the cAMP-response element binding protein/cAMP
response element (CREB/CRE), activator protein 1/tetradecanoyl phorbol acetate-re-
sponse element (AP-1/TRE), serum response factor/serum response element (SRF/
SRE), or nuclear factor j B/(NF-jB)/ NF-jB cis-enhancer element (NF-jB/jB) (see
Figure 8.6). The influence of GPCR signaling on the regulation of transcription in
these systems is subsequently monitored by constructs carrying the regulatory ele-
ment in a given promoter, resulting in expression of, for instance, luciferase and
b-galactosidase, for which the enzyme activity can be assayed in cell lysate (see below).
A scheme showing the signaling pathways monitored by the respective reporter gene
assay is given in Figure 8.6. The principal advantage of these assays is their high sen-
sitivity, reliability, convenience, and adaptability to high-throughput measurements
[136, 137]. Reporter-gene assays have been used to assist the deorphanisation of var-
ious orphan GPCRs, such as the histamine H4-receptor (H4R) [52, 138]. They are also
helpful in characterization of virally pirated chemokine receptors, with so far unknown
ligands (see Chapter 15).
Nevertheless, experiments measuring constitutive activity in living cells should be

interpreted with caution for several reasons. Firstly, the presence of endogenous ago-
nists secreted by, or diffusing from, the cultured cells may cause an increase in “basal“
activity. To avoid contamination with endogenous ligands, several strategies can be
implemented. If possible, repeated washings of the cells with serum-free medium
or physiological buffer before the assay should be a standard procedure. If available,
ligand-degrading enzymes can also be added to the culture medium. Another strategy
is to exclude the presence of endogenous ligands in the medium by suitable analytical
methods, such as high pressure liquid chromatography. Secondly, receptor regulatory
events such as upregulation of expression or desensitization may contribute to or pre-
vent the detection of constitutive activity. Therefore, especially in whole cells, to claim a
constitutive activity of a given GPCR, researchers should show the three hallmarks of
constitutive activity: 1) increased “basal“ signaling, 2) inhibition of the basal activity by
an inverse agonist, and 3) sensitivity of this inhibitory effect to an excess of a neutral
antagonist (see Chapters 2–7). If these tools are not available for a given GPCR, the
construction of mutants without constitutive activity and the coexpression of
G proteins or allosteric inhibitors of GPCR signals, such as Regulator of G protein
Signaling (RGS) proteins [139, 140], may be helpful for further exploration of consti-
tutive activity. It has to be stressed, however, that the expression of the individual com-
ponents (e.g., similar expression levels of the wild-type receptors and of their consti-
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tutively active or inactive mutants) have to be well controlled in the use of such coex-
pression systems.
We provide comprehensive procedures to determine cAMP accumulation and IP

formation in living cells below. As an example for a reporter gene assay we describe
the use of SRE-controlled luciferase production as a sensitive read-out for the activa-
tion of a variety of GPCR-induced signaling pathways. Finally, the use of aequorin-
based assays to determine changes in intracellular Ca2+ concentrations is discussed.

Fig. 8.6 Reporter gene assay usable to determine

the activity of GPCRs. (A) Schematic view of a

CREB-based reporter gene assay to determine the

activity of either Gs- or Gi-coupled GPCRs. AC:

adenylyl cyclase. PKA: protein kinase A. CREB:

cAMP-response element binding protein. CRE:

cAMP response element. (B) Schematic view of a

SRE-based reporter gene assay to determine the

activity of either Gq/11- or G12/13-coupled GPCRs.

GEF: guanine nucleotide exchange factor. SRF:

serum response factor. SRE: serum response

element. (C) Schematic view of reporter gene as-

says to determine the activity of GPCRs activating

the PI3K-dependent signaling. PI3K: phosphoino-

sitide-3-kinase. NF-jB: nuclear factor jB. jB: NF-

jB cis-enhancer element. (D) Schematic view of

reporter gene assays to determine the activity of

GPCRs activating the PLC–PKC pathway. PLC:

phospholipase C. PKC: protein kinase C. AP1: ac-

tivator protein 1. TRE: tetradecanoyl phorbol acet-

ate-response element.
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8.3.1

Quantitative Determination of cAMP Concentrations in Cell Culture Lysates

cAMP is one of the most important second messengers, mediating a variety of phy-
siological responses. cAMP levels in cells are tightly regulated by two enzyme families:
the ACs and phosphodiesterases (PDEs) (for review see [141]). AC activity is regulated
by two distinct heterotrimeric G proteins, Gs and Gi, which stimulate and inhibit the
enzyme activity, respectively. Some GPCRs activating these G proteins possess con-
stitutive activity: the Gs-coupled bARs and H2R (see Figure 8.7A and Chapters 9, 10,
and 13), for example, possess constitutive activity. The determination of cAMP accu-
mulation in the presence of a PDE inhibitor has thus been used to characterize con-
stitutive activity [7, 84]. To unmask the constitutive activity of a Gi-coupled receptor,
such as the histamine H3-receptor (H3R; see Figure 8.6B) [49], however, the cellular
cAMP formation has to be increased. Most often, the diterpene forskolin, a direct sti-
mulator of AC, is used for this purpose at concentrations of 10–20 lM [142]. Consti-
tutive activity of a Gi-coupled GPCR reduces forskolin-supported cAMP accumulation,
whereas an inverse agonist actually increases depressed cAMP accumulation (see
Figure 8.7B).
Different methodological approaches to the determination of cAMP concentrations

in cells have been developed. Most of them are based on binding of cytosolic cAMP to a
specific antibody. Various detection systems for the cAMP–antibody complex are com-
mercially available, including systems based on radioactivity, luminescence, fluores-

Fig. 8.7 Constitutive activity of the

human H2 and H3 receptors determined by

cAMP production in living cells. (A) Basal

cAMP production was determined in CHO

cells that either do not (CHO) or do stably

express the human H2R (CHO-hH2R)

when exposed to increasing concentra-

tions of the inverse H2R agonist cimeti-

dine. Data are adapted from [84].

(B) Forskolin-induced (10 lM) cAMP pro-

duction was determined in SK-N-MC cells

that either do not (SK-N-MC) or do express

the human H3R (SK-N-MC-hH3R) when

exposed to increasing concentrations of

the H3R inverse agonists clobenpropit.

Data are adapted from [49]. Cells were

incubated for 10 min at 37 8C in the pre-

sence of 300 lM of the phosphodiesterase,

inhibitor isobutylmethylxanthine.
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cence, and colorimetry. Nearly all assay systems are competitive: cellularly formed
cAMP competes with [3H]cAMP and externally added cAMP for a limited amount
of antibody. The most recent systems use fluorescence energy resonance transfer
(FRET) technology (Bridge-it�, Mediomics, St. Louis, MO, U.S.A.) or proximity-depen-
dent chemical energy transfer technology (AlphaScreen�, Perkin–Elmer). These sys-
tems are highly sensitive (80 to 100 fmol cAMP per well) with a “few handling steps
procedure“ and therefore very useful for high-throughput screens in formats up to
384-well [143]. Nevertheless, these “easy to handle kits“ are rather expensive.
A simple and reliable method for determining cAMP concentrations in small scale

usage is the cAMP enzyme immunoassay (cAMP-EIA, R&D). This assay is based on
the competitive binding of cytosolic cAMP, extracted from cells with 0.1 M HCl, to a
specific rabbit polyclonal antibody in the presence of alkaline phosphatase-labeled
cAMP. The cAMP–antibody complex is captured by binding to a microplate coated
with a goat anti-rabbit antibody. The amount of bound cAMP is determined by addi-
tion of the colorless alkaline phosphate substrate p-nitrophenyl phosphate, which is
converted into p-nitrophenol and phosphate. The yellow p-nitrophenol is then detected
in a microplate spectrophotometer at 405 nm. To quantify the cAMP concentrations, a
standard curve is measured in parallel. Under standard conditions, a cAMP concen-
tration between 0.8 pM and 200 pM can be detected. If lower concentrations are ex-
pected, the samples and standards can be acetylated with acetic anhydride and triethy-
lamine, which increases the sensitivity of the assay tenfold [144].
We provide a short transfection and assay procedure for COS-7 cells below:
The day before transfection, COS-7 cells are seeded at a density of 0.2� 106 cells per

well in a 12-well plate. For transfection, 1 lg of receptor plasmid DNA plus 10 lL
Polyfect� (Qiagen) per well are used according to the manufacturer’s procedure.
Forty-eight hours after transfection, the medium is removed and the cells are incu-
bated in 400 lL of an assay buffer containing DMEM, 20mM HEPES/NaOH,
pH 7.4, and 100 lM of the PDE inhibitor isobutylmethylxanthine (IBMX) for
30 min at 37 8C. The incubation is stopped by removal of the assay buffer and the
immediate addition of 400 lL ice-cold 0.1 N HCl. The cells are scraped off and trans-
ferred into a 1.5mLmicrocentrifuge tube. After centrifugation at 20000� g for 15min
at 4 8C, 100 lL of the supernatant are used for the enzyme immunoassay, the man-
ufacture’s recommendations being strictly followed (cAMP-EIA, R&D).

8.3.2

Determination of Inositol Phosphate Formation in Living Cells

The most commonly used method to determine GPCR-induced phospholipase C
(PLC) activity in living cells is the labeling of the cellular phosphatidylinositol 4,5-bi-
sphosphate (PIP2) pool by incorporation ofmyo-[3H]inositol. Upon stimulation of PLC,
[3H]inositol-1,4,5-trisphosphate ([3H]IP3) is generated, and is subsequently degraded
to [3H]IP2 and [3H]IP. In the presence of 10mM Li+ (added as LiCl), however, the de-
gradation of [3H]IP to [3H]inositol is blocked [145] and so the accumulation of [3H]IPx

can be used to quantify PLC activity (see Figure 8.8).
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Fig. 8.8 Constitutive activity of the a1B adreno-

ceptor and its mutants determined in living cells

and membrane preparations. (A) Total inositol

phosphate (IP) production was measured in COS-7

cells expressing the wild-type a1BAR and its con-

stitutively active mutants Asp142Ala and Ala293Glu

either in the absence (Bas) or in the presence of

10–4 M epinephrine (Epi) as described in [178]. The

receptor densities measured in membrane pre-

parations were about 280, 110, and 210 fmol per

106 cells for the a1BAR, a1BAR Asp142Ala (D142A),

and a1BAR Ala293Glu (A293E), respectively. One

million cells yielded about 200–300 lg of protein.

(B) [35S]GTPcS binding was measured in mem-

branes from cells transfected with cDNAs encoding

the receptors alone or in combination with Gaq.
Membranes were incubated either in the absence

(Bas) or in the presence of 10–4 M epinephrine (Epi)

for 15 min and the radiolabeled Gaq was immu-

noprecipitated with antibodies specific for its C-tail

as described [30]. The data presented in this figure

were kindly provided by S. Cotecchia, Lausanne,

Switzerland.
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The IP formation assay can be adapted to numerous cultured cells, including pri-
mary cells of various origins. Nevertheless, with regard to constitutive activity, the as-
say is often used in systems in which the GPCR under investigation (see, for example,
Chapters 11 and 13) is stably or transiently expressed, in COS-7 cells, for example.
Note that the method used for transfection in transiently expressing systems can
be of considerable influence for the subsequent IP formation. For example, the
use of some transfection reagents such as FuGENE 6�, Lipofetamine Plus�, or Lipo-
fectamine 2000� can disturb the outcome of the IP formation assay, while others such
as Lipofectamine� or Polyfect� are tolerated [146]. The use of electroporation also
could not be recommended in this report, due to the appearance of an unacceptably
high background [146]. We provide a procedure for the IP formation assay evaluated
for COS-7 cells below:
Cells are cultured in 12-well plates in Dulbecco’s modified Eagle medium (DMEM)

containing 10% (vol/vol) fetal calf serum, 100 U mL–1 penicillin, and 100 lg mL–1

streptomycin. If the cells have to be transfected before the assay, they are allowed
to grow to a density of about 50–60% confluence (see above). For transfection, up
to 1 lg of receptor plasmid DNA and 10 lL Polyfect� (Quiagen) per well are used
according to the manufacturer’s recommendations 48 h prior to the assay. Sixteen
to twenty hours before the assay, the medium is replaced with inositol-free cell culture
medium containing 2 lCi mL–1 myo-[3H]inositol (Amersham Biosciences). Note that
regular cell culture medium contains considerable concentrations (40 lM) of myo-in-
ositol, which will result in poor labeling in many cell types due to isotope dilution. The
myo-[3H]inositol-containing medium is then replaced by 500 lL Hank’s buffered sal-
ine solution (HBSS) containing 10mM LiCl to block inositol phosphatase. Receptor
agonist, antagonist, or inverse agonist are also added at the desired concentration
at this step, and cells are incubated for 30 min. The medium is then replaced by
250 lL ice-cold methanol. Cells are scraped off and transferred to a 2mL microcen-
trifuge tube. The dish is washed with an additional 250 lL ice-cold methanol, which is
also transferred to the same microcentrifuge tube. Then, 500 lL of chloroform and
250 lL of distilled H2O are added, and the mixture is vigorously mixed. For phase
separation the tubes are centrifuged for 5 min at 2000 � g in a precooled centrifuge.
In the meantime, ion-exchange columns are prepared by loading each column with

2mL of a 1:1 (mass/mass) slurry of AG 1-X8 resin (mesh 200–400, BioRad) in H2O.
Columns are washed three times with 5mL of distilled H20 before use. From the aqu-
eous (upper) phase obtained by centrifugation, 600 lL are applied to each column,
which is subsequently washed with 6mL H20 and 5mL of 0.1 M formic acid,
50mM ammonium formate. Inositol phosphates are eluted with 3mL of 0.1 M formic
acid, 500mM ammonium formate. After addition of 10mL scintillation cocktail, such
as AquaSafe� (Zinser), the production of radioactive inositol phosphates is determined
by liquid scintillation counting. Normalization of the counted [3H]IP radioactivity
either to the protein content of the sample or to the total labeling (obtained by counting
a part – e.g., 1mL – of the wash fraction) to account for variability in cell number or
labeling efficiency is recommended.
Although not frequently used to detect constitutive activity of PLC-b-stimulating

GPCRs, two alternative assays to determine PLC activity should be mentioned. The
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first is the determination of IP3 production by amass assay [147]. The advantage of this
assay is that it monitors the production of IP3 directly and that the cells under inves-
tigation do not have to be labeled with myo-[3H]inositol. Since an excellent review and
procedure for this assay is available [148], we explain the principle of the assay only
briefly. Cells or tissues are denatured by treatment with trichloroacetic acid (TCA).
After extraction of TCA with H2O-saturated diethyl ether and neutralization of the
samples, the aqueous phase is used for a displacement assay in a crude membrane
preparation of bovine adrenal cortex. This membrane contains a sufficiently high con-
centration of the IP3 receptor protein, which exhibits an equilibrium dissociation con-
stant (Kd) of <5 nM for IP3 [148]. The binding of a trace amount of [3H]IP3 is used in a
displacement experiment with increasing concentrations of unlabeled IP3 to obtain a
standard curve. The IP3 content of the cell or tissue extract is then quantified by the
displacement of [3H]IP3 within the range of the standard curve.
The second assay can be used to follow GPCR-induced PLC-b activation by a fluor-

escence-based technique [149]. It uses a fusion protein consisting of enhanced green
fluorescent protein and the pleckstrin homology domain of the PLCd1 (EGFP-PHPLCd)
[150]. The pleckstrin homology domain of PLCd1 (PHPLCd) binds with high affinity and
selectivity to PIP2 [151]. Thus, recombinantly expressed EGFP-PHPLCd enriches over
the plasma membrane through this association. Nevertheless, PHPLCd was found to
exhibit an approximately 20 times greater affinity for the soluble IP3 than for the mem-
brane-bound PIP2 [152]. Therefore, upon stimulation of a GPCR inducing PLC-b ac-
tivation and thus IP3 production, EGFP-PHPLCd translocates from themembrane to the
cytosol. The translocation can be monitored by fluorescence microscopy and can thus
be used to follow GPCR-induced IP3 production in real time on the single-cell level
[149].

8.3.3

Determination of G Protein Activation by SRF-mediated Gene Transcription

Activation of G proteins of the Gq, G12, and Gi subfamilies induces the activation of
RhoGTPases such as RhoA, Rac1, and Cdc42 [153, 154]. Besides many other cellular
functions, the RhoGTPases stimulate SRF (serum response factor), which subse-
quently induces gene transcription through binding to c-fos SRE (see Figure 8.6)
[155, 156]. Therefore, a firefly luciferase expression vector (pSRE.L) controlled by
SRE.L, a derivative of the c-fos SRE that contains an intact high-affinity binding
site for SRF but cannot bind ternary complex factor, can be used to monitor the activity
of GPCRs and G proteins in transfected cells [157]. For example, GPCRs giving rise to
the stimulation of Gq and G12 subfamily members induce RhoA activation [157, 158],
whereas Gi/o proteins induce Rac1 [159–161] (see Figure 8.6) and possibly RhoA acti-
vation through free Gbc dimers [162]. To allow for the assay variability, a co-transfec-
tion of a second reporter gene, such as renilla luciferase, under control of a constitu-
tively active promoter, is often used for normalization [163, 164]. As an example, this
method has been used to characterize the constitutive activity of the virally pirated
chemokine receptor US28 (see Figure 8.9 and Chapter 15). Below we give a short pro-
cedure for a dual luciferase assay used in COS-7 cells cultured on 48-well plates:
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Cells are allowed to grow to a density of about 50–60% confluency. For transfection,
up to 250 ng of receptor plasmid DNA including 43 ng of pSRE.L plus 7 ng of the
renilla luciferase-expressing plasmid pRL-TK (Promega) and 1.5 lL Polyfect� (Quia-
gen) per well are used according to the manufacturer’s procedure. Forty-eight hours
after transfection, cells are lyzed by treatment with 50 lL Passive Lysis Buffer� (Pro-
mega). Twenty-five lL of the lysate are subjected to the dual luciferase assay with 50 lL
of Luciferase Assay Reagent II� and 50 lL of Stop and Glo Reagent� (Promega) for
detection of firefly luciferase and renilla luciferase activities, respectively, according to
themanufacturer’s procedure. The ratio of the activity of firefly luciferase to the activity
of the renilla luciferase in cells transfected only with pSRE.L and pRL-TK is set to 1.
Any condition resulting in the induction of the firefly luciferase will therefore be ex-
pressed as x times this ratio.
By use of other reporter gene constructs, such as pNFjB-TA-Luc�, pNFAT-Luc�,

pCRE-Luc�, or pAP1(PMA)-TA-Luc� (BD Biosciences), this assay can be adapted to
monitor the activation of various other transcription factors (see Figure 8.6) [165].

Fig. 8.9 Constitutive activity of the virally pirated chemokine receptor

US28 determined by serum response factor mediated gene tran-

scription. Luciferase production was measured in COS-7 cells trans-

fected with control vectors alone and with the vectors US28, Gaq, or

RGS2 and their indicated combinations. The firefly and renilla luci-

ferases encoding vectors, pSRE.L and pRL-TK, were present in each

transfection. The induction of the firefly expression (given as the ratio of

firefly:renilla luciferase activities (x-fold)) was determined 48 h after

transfection by use of the dual luciferase assay kit (Promega). The data

shown were kindly provided by B. Möpps, Ulm, Germany.
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8.3.4

Deorphanization and Constitutive Activity of GPCRs by Aequorin-based
Ca2+ Determinations

Ca2+ ions are implicated in the regulation of a great variety of intracellular processes.
For example, activation of GPCRs can induce rises in intracellular Ca2+ subsequent to
the activation of PLC-b through IP3 production [166]. Several techniques are com-
monly used for intracellular Ca2+ monitoring. On one hand, patch-clamp and Ca2+

selective microelectrodes give cumulative measurements of Ca2+ fluxes in a restricted
number of cells. On the other, intracellular Ca2+ concentration dynamics in large po-
pulations of cells can be visualized with fluorescent dyes such as fura-2, indo-1, and
fluo-3 [134]. This method is difficult to use for detection of constitutive GPCR activity,
however, possibly due to continuous loss of Ca2+ from internal reserves. However,
techniques to monitor rises in intracellular Ca2+ concentrations have recently been
advanced by the expression of recombinant Ca2+-sensitive molecular probes.
One category of assay uses the bioluminescent protein aequorin [167]. The active

protein is formed in the presence of molecular oxygen from apo-aequorin and its lu-
ciferin, coelenterazine [168]. The binding of Ca2+ to aequorin, which contains three so-
called “EF-hand structures“ characteristic of Ca2+ binding sites, induces a conforma-
tional change resulting in the oxidation of coelenterazine. The reaction product coe-
lenteramide is in an excited state, and blue light (kmax, 470 nm) is emitted when it
returns to its ground state [169]. Moreover, apo-aequorin can easily be targeted to spe-
cific subcellular compartments to enhance the efficiency [170]. As the release of Ca2+

from internal reserves is induced by the PLC reaction product IP3, the aequorin bio-
luminescence can be used to monitor the activity of GPCRs coupling to the Gq or
GI families of G proteins [170]. The system can, however, be made usable for other
GPCRs by coexpression of the promiscuous G protein a subunit Ga16, which activates
PLC in response to large variety of GPCRs [170, 171]. Recently, CHO cells stably ex-
pressing aequorin (CHO-aeq) have been used to screen for constitutive active mutants
(CAMs) of the angiotensin II subtype 1A receptor (AT1AR) [172]. The mutants have
been transiently expressed in the CHO-aeq cells, which were screened for activity of
the AT2R receptor agonist nicotinoyl-Tyr-Lys(Z-Arg)-His-Pro-Ile-OH (CGP42112A) to
induce Ca2+ release. As CGP42112A is very weak partial agonist at the wild-type AT1AR,
those mutants at which CGP42112A behaved as full agonist were defined as CAMs
and further characterized.
The sensitivity and reliability of the system has recently been enhanced by the con-

struction of a fusion protein of apo-aequorin with green fluorescent protein (GFP)
[173], combining the Ca2+ sensitivity and fluorescence properties of aequorin and
GFP, respectively. The new molecule exhibited an efficient intramolecular chemilu-
minescence resonance energy transfer, which resulted in a higher quantum yield of
aequorin. Therefore, the molecule offers the possibility that calcium activities can be
effectively monitored by classical epifluorescence. Both methods, co-transfection of
apo-aequorin with Ga16 or the GFP-apo-aequorin fusion protein, have been used to
monitor GPCR/agonist interaction, thereby allowing identification of ligands for or-
phan receptors [174–177]. The GFP-apo-aequorin fusion protein system can efficiently
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monitor changes in intracellular Ca2+ concentration in cells cultured on 96-well plates
[175] or most probably on even smaller plate formats, even at single-cell levels [173].
Thus, it can be envisioned that the system might be used to screen for constitutive
activity of, and inverse agonists for, GPCRs in amanner similar to that described above
for CHO-aeq cells [172]. We therefore give below a procedure that has been used to
study the S1P5 receptor expressed in CHO-G5A cells, which stably express the GFP-
apo-aequorin fusion protein [175]:
CHO-G5A cells are maintained in Ham’s F12 medium supplemented with 10%

(vol/vol) FCS, 100 U mL–1 penicillin, 100 lg mL–1 streptomycin, and 500 lg mL–1 ge-
neticin. For calcium measurements, cells are grown on clear-bottomed, 96-well plates
(Falcon) and transfected with 50 ng receptor cDNA per well by treatment with
FuGENE 6� (Roche) according to the supplier’s manual. Two days after transfection,
cells are loaded with 5 lM coelenterazine in calcium-free HBSS for 3 h at 37 8C. At least
45 min prior to the experiments, the solution is replaced by HBSS containing 1.8mM

CaCl2. Measurements are performed with a luminometer plate reader. Light genera-
tion by the calcium-sensitive probe is simultaneously recorded after ligand application
for 60 to 120 min.
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12 B. Nürnberg, W. Tögel, G. Krause, R. Storm,
E. Breitweg-Lehmann, W. Schunack, Eur. J.
Med. Chem. 1999, 34, 5–30.

13 R. S. Kent, A. De Lean, R. J. Lefkowitz, Mol.
Pharmacol. 1980, 17, 14–23.

14 A. De Lean, J. M. Stadel, R. J. Lefkowitz, J. Biol.
Chem. 1980, 255, 7108–7117.

15 R. Seifert, K. Wenzel-Seifert, U. Gether, B. K.
Kobilka, J. Pharmacol. Exp. Ther. 2001, 297,
1218–1226.

16 S. B. Dillon, M. W. Verghese, R. Snyderman,
Virchows Arch. B Cell. Pathol. Incl. Mol. Pathol.
1988, 55, 65–80.

17 P. Gierschik, D. Sidiropoulos, M. Steisslinger,
K. H. Jakobs, Eur. J. Pharmacol. 1989, 172,
481–492.

18 P. Gierschik, R. Moghtader, C. Straub, K.
Dieterich, K. H. Jakobs, Eur. J. Biochem. 1991,
197, 725–732.

19 J. F. Klinker, I. Schwaner, S. Offermanns, A.
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9

Constitutive Activity of b-Adrenoceptors:
Analysis in Membrane Systems

Roland Seifert

9.1

Introduction

b-Adrenoceptors (bARs) are divided into three subtypes: b1AR, b2AR, and b3AR [1–3].
bARs predominantly couple to the G protein Gs, which activates the effector adenylyl
cyclase (AC) [4, 5]. AC catalyzes the formation of the second messenger cAMP from
ATP [6], and cAMP then modulates cell functions through activation either of cAMP-
dependent protein kinase or of cyclic nucleotide-gated (CNG) cation channels [7]. The
b2AR can also couple to Gi proteins, which are involved in the regulation of several
pathways including AC inhibition, and to Gq proteins, which mediate activation of
phospholipase C-b isoenzymes [8–14].
Constitutive activity is the ability of a G protein-coupled receptor (GPCR) to undergo

spontaneous – that is, agonist-independent – isomerization from an inactive (R) state
to an active (R*) state [15–17]. In the R* state, GPCRs activate G proteins and induce
effector activation (or inhibition). Agonists stabilize the R* state and increase basal
G protein and effector activity, whereas inverse agonists stabilize the R state and de-
crease basal G protein activity (see Chapters 2 and 3). Thus, constitutive GPCR activity
can be detected through an increase in basal G protein and/or effector activity relative
to an appropriate control such as mock-transfected cells or through the ability of an
inverse agonist to reduce the elevated basal G protein and effector activity.
Among bARs, the best studied GPCR subtype in terms of constitutive activity is the

b2AR, followed by the b1AR [17]. Until now, only little attention has been paid to con-
stitutive activity of the b3AR [18, 19]. The focus on the b2AR is explained by the fact that
this GPCR has historically served as the model for GPCRs in general [1, 20]. However,
given the abundance of full agonists, partial agonists, and antagonists (which are po-
tential inverse agonists) for these GPCRs [2, 3, 19, 21], analysis of constitutive activity
of the b1AR and b3AR is technically just as feasible as that of the b2AR.
This chapter focuses on the analysis of constitutive activity of bARs in membrane

systems. Analysis of constitutive activity of bARs in membrane systems has been very
informative for analysis of models of GPCR activation and bAR coupling to various
G proteins because experimental conditions can be very precisely controlled andmulti-
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ple steps of the G protein cycle can be analyzed under comparable experimental con-
ditions. Most importantly, experiments with carefully washed membranes ensure the
absence of contaminating endogenous agonists that may mimic apparent constitutive
activity in intact cell studies (see Chapter 1) [22–24]. Specifically, an endogenous ago-
nist present in trace amountsmay induce amoderate extent of G protein activation that
is blocked by the addition of an antagonist, conferring apparent inverse agonist proper-
ties to the antagonist. The advantage of ensuring the absence of endogenous agonists
in experiments with membranes has been recognized for a long time [25, 26].
In addition, studies with membranes allow for control of GTP concentration, an

important variable in analysis of the constitutive activity of bARs [27–29]. The stimu-
latory effect of GTP on basal AC activity is an accurate measure of the constitutive
activity of a bAR, since it does not rely on the use of an inverse agonist [28, 30,
31]. When inverse bAR agonists are used in the AC assay, it should be kept in
mind that the apparent efficacy of inverse agonists depends on the GTP concentration
in the assay. Specifically, at submaximally stimulatory GTP concentrations
(100 nM–1 lM), inverse agonists are more efficacious than at maximally stimulatory
GTP concentrations (10 lM–1mM). In other words, at high GTP concentrations, in-
verse bAR agonists tend to act only as partial inverse agonists [28].

9.2

Analysis of bAR/Gs Protein Coupling in Membranes

Figure 9.1 illustrates coupling of bARs to the G protein Gs. Like all heterotrimeric
G proteins, Gs consists of an a subunit (Gas) and a Gbc complex [4, 5]. In the basal
state, Gas tightly binds GDP. A bAR in the R* state, be it an agonist-free or an agonist-
bound bAR, promotes the dissociation of GDP from Gas (step 1). It is generally as-
sumed that GDP dissociation from Ga constitutes the rate-limiting step of the
G protein cycle [4, 5]. However, at least in the case of the retinal G protein transducin,
the hydrolysis of GTP (step 5) can become the rate-limiting step of the G protein cycle
under certain conditions [32]. If the bAR in the R* state is agonist-bound, a ternary
complex consisting of agonist, bAR, and nucleotide-free heterotrimeric Gs forms
(step 2). This ternary complex is characterized by high agonist affinity [33–35].
Both the agonist-free and the agonist-bound bAR then promote the binding of
GTP to Gas (step 3). GPCRs in the R* state thus act as guanine nucleotide exchange
factors (GEFs) on G proteins. The binding of GTP to Gas induces a conformational
change in this subunit, resulting in dissociation of the heterotrimer into Gas-GTP and
the Gbc complex. Moreover, the bAR uncouples from Gs. In the case of an agonist-
occupied bAR, this results in a decrease in agonist affinity [33–35]. Gas-GTP then acti-
vates the effector AC (step 4). Termination of G protein activation is accomplished by
the GTPase activity of Gas (step 5). Finally, Gas-GDP and the Gbc complex reassociate.
Historically, analysis of bARs in membranes has largely relied on measurements of

AC activity (step 4) since cAMP formation can be monitored with high sensitivity by
use of [a-32P]ATP as substrate [1, 5, 6]. While agonist competition studies using radi-
olabeled antagonist ([3H]dihydroalprenolol or [125I]iodocyanopindolol) can be con-
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ducted in numerous systems expressing bARs in the fmol–subpicomol mg–1 mem-
brane protein range, the detection of ternary complex formation (see Chapter 2) re-
quires an excess of G protein relative to bAR and/or high expression levels of both
bAR andGs [31, 33, 34, 37, 38]. bAR-catalyzed GDP dissociation can be detected directly
only in avian erythrocyte membrane systems [25, 39]. Experimentally, bAR-catalyzed
GTP binding is difficult to monitor because the affinity of Gas for GTP (�100–200 nM

range) is not sufficiently high to be exploited in radioligand binding studies [28]. In
addition, GTP is subject to hydrolysis, and the affinity of GDP towards G proteins
is lower than the affinity of GTP [28]. In contrast, the hydrolysis-resistant GTP analogue
guanosine 5’-[c-thio]triphosphate (GTPcS) binds with very high affinity (1–5 nM range)
to Gas [14, 40]. Accordingly, radiolabeled GTPcS ([35S]GTPcS), which is commercially
available at sufficiently high specific activity (1,000–1,500 Ci mmol–1), can be used to
monitor bAR-catalyzed GDP/GTP exchange in binding studies [14, 40, 41]. In addition,
the bAR-promoted steady-state hydrolysis of [c-32P]GTP to GDP and [32P]Pi can bemon-
itored to assess bAR/Gs coupling directly at the G protein level [14, 40, 41].
It should be emphasized, however, that the GTPcS binding and steady-state GTPase

assays are applicable only to selected systems: namely turkey erythrocyte membranes
(GTPase) [42] and Spodoptera frugiperda (Sf9) insect cell membranes expressing bAR-
Gas fusion proteins (GTPase and GTPcS binding) [14, 40, 41]. In membranes expres-
sing b2AR-Gas fusion proteins, bAR-catalyzed GDP dissociation can also bemonitored
indirectly by studying inhibitory effects of agonist on AC activity in the absence of GTP,
reflecting formation of the GDP-free form of Gas [27, 40]. GDP-free Gas is less effi-

Fig. 9.1 bAR/Gs protein coupling: G protein

activation/deactivation cycle. A bAR in the R*

state promotes GDP dissociation form Gas,

which is the rate-limiting step of the G protein

cycle. The circled numbers indicate the methods

available for studying the G protein cycle. 1) GDP

dissociation assay. 2) High-affinity agonist-

binding assay (ternary complex formation).

3) GTPcS binding assay. 4) AC assay. 5) Steady-

state GTPase assay.
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cient than the GDP-bound Gas at activating AC. However, the signal-to-noise ratio of
this indirect GDP dissociation assay is too small to be exploited for extensive mechan-
istic studies.
In bAR-Gas fusion proteins, the bAR C terminus is tethered to the Gas N terminus

(Figure 9.2). As a result of the tether, there is a close proximity and a defined 1:1 stoi-
chiometry between the two coupling partners [43]. In addition, the tether prevents Gas

from dissociating into the cytosol [44], so bAR/Gs coupling is much more efficient in
fusion proteins than in conventional coexpression systems. In fact, bAR-stimulated
GTPcS binding and GTP hydrolysis are barely detectable in coexpression systems,
even if the signaling proteins are expressed at very high levels [31, 38]. These data
indicate that, in coexpression systems, only a small portion of the expressed Gas mo-
lecules actually participates in the coupling process. To this end, the fusion protein
technique has been applied to the b1AR [30, 45] and b2AR [38], but there is no reason
to assume that b3AR-Gas fusion proteins are not sensitive systems for the analysis of
constitutive activity. Although Gbc complexes are not required for fusion protein func-
tion [46], it is clear that fusion proteins can interact with Gbc complexes [38]. In fact,
the coexpression of b2AR-Gas fusion proteins with mammalian Gb1c2 complex in Sf9
insect cells enhances the apparent constitutive activity of the b2AR, indicative of im-
proved coupling of the agonist-free b2AR to Gas by Gbc complexes [38].
Undoubtedly, GPCR-Ga fusion proteins provide highly sensitive model systems

with which to detect ternary complex formation, GTPcS binding, effector activation,
and steady-state GTP hydrolysis, and they greatly facilitate analysis of the molecular
mechanisms of GPCR activation (see also Chapter 3) [35, 41, 47, 48]. However, one has
to be very careful in extrapolating experimental data obtained with such fusion pro-
teins to the in vivo situation. Specifically, the splice variants with b2AR coupled to Gas

behave differently in terms of constitutive activity when analyzed in a fusion protein

Fig. 9.2 Structure of bAR-Ga fusion

proteins. The bAR N terminus faces to-

wards the extracellular space, the bAR
C terminus towards the intracellular

space. The GPCR C terminus is linked to

the Ga N terminus. bARs are palmitoy-

lated at the C terminus, while Ga subunits

are myristoylated and/or palmitoylated at

the N terminus. Acylation is important for

membrane attachment of proteins. In

addition, the covalent link between GPCR

and Ga prevents dissociation of Ga into

the cytosol after Ga activation, which is

particularly relevant for Gas proteins [116,

117]. Several modifications that allow for

immunological detection have been in-

corporated into bAR-Ga fusion proteins,

specifically an N-terminal FLAG epitope

and a hexahistidine tag between bAR
C terminus and Ga N terminus.
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system than in a coexpression system [27, 31, 38]. Additionally, it is unclear why the
b1AR and b2AR on one hand and the structurally related histamine H2-receptor (H2R)
on the other exhibit different patterns of constitutive activity when fused to Gas splice
variants [27, 30, 45, 49]. Finally, it cannot be taken for granted that only intramolecular
coupling takes place in GPCR-Ga fusion proteins [14, 27]. Rather, cross-talk between
various GPCR-Ga fusion protein molecules occurs [50], which may complicate data
interpretation.

9.3

Development of the Concept that bARs Are Constitutively Active

The first evidence for constitutive activity of bARs was provided in a 1984 collaborative
paper by the Lefkowitz and Birnbaumer groups [51]. In phospholipid vesicles contain-
ing purified Gs (at that time still referred to as Ns, N being the acronym for nucleotide-
binding protein), addition of b2AR purified from guinea pig lung resulted in a sig-
nificant increase in basal steady-state GTPase activity. These data were correctly
interpreted as evidence for coupling of the agonist-free b2AR to Gs. Five years later,
Murray and Keenan [25] demonstrated that propranolol, a classic b-adrenoceptor
antagonist, reduced AC activity stimulated by the hydrolysis-resistant GTP analogue
guanosine 5’-[b,c-imido]diphosphate (GppNHp) in chicken erythrocyte membranes
expressing the avian bAR. The stereoselectivity of the effect of propranolol and the
lack of inhibitory effect of the membrane-stabilizing compound lidocaine on AC
activity indicated that the effect of propranolol was mediated through the agonist-
free bAR. Thus, in this pioneering study, propranolol, until then classified as a neutral
antagonist, actually exhibited inverse agonistic activity. This concept was corroborated
and extended by Jakobs’ group in an elegant study with turkey erythrocyte membranes
[26].
In 1993, Lefkowitz and co-workers generated a b2AR mutant in which four amino

acids in the third intracellular loop were replaced by the corresponding amino acids of
the a1B-adrenoceptor (a1BAR) [52]. The rationale for those mutations was that muta-
tions at homologous positions in the a1BAR sequence induced constitutive activity (see
Chapter 11) [53, 54]. When expressed in Chinese hamster ovary (CHO) cells, this b2AR
mutant caused a much higher basal (GTP-dependent) AC activity than the wild-type
b2AR (b2ARwt) expressed at comparable levels [52]. Accordingly, this b2AR mutant is
referred to as a constitutively active b2AR mutant (b2ARCAM) [35, 55, 56]. This term,
however, should not be interpreted in the sense that b2ARwt is not constitutively active;
b2ARCAM just possesses higher constitutive activity than b2ARwt [35, 52, 56]. In fact,
when expressed at very high levels ensuring high abundance of R*, the constitutive
activity of b2ARwt is massive (see Chapter 10) [57]. The bAR inverse agonists erythro-DL-
1-(7-methylindan-4-yloxy)-3-isopropylaminobutan-2-ol (ICI 118 551) and betaxolol
were found to reduce basal (GTP-dependent) AC activity in CHO cell membranes ex-
pressing b2ARCAM [52]. In addition, various other bAR inverse agonists including ti-
molol, labetalol, and pindolol were shown to reduce basal (GTP-dependent) AC activity
in Sf9 insect cell membranes and Chinese hamster fibroblast cell membranes expres-
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sing b2ARwt [58]. All these findings established the concept of constitutive activity of
b2ARwt and b2ARCAM.
Early electrophysiological studies with isolated human and guinea pig cardiomyo-

cytes and the bAR antagonists atenolol and propranolol suggested that the b1AR is
constitutively active as well (see Chapter 10) [22]. Subsequently, point mutations in
the third intracellular loop of the b1AR were shown to induce constitutive activity
in this GPCR [59]. More recently, the wild-type b1AR (b1ARwt) was found to be con-
stitutively active as assessed by stimulatory effects of increasing b1ARwt expression
levels in COS-7 cells on intracellular cAMP concentrations [24]. This concept was cor-
roborated by stimulatory effects of GTP on basal AC activity in Sf9 cell membranes
expressing b1AR-Gas fusion proteins [30] and inhibitory effects of various bAR inverse
agonists including alprenolol, pindolol, atenolol, carvedilol, and propranolol on basal
(GTP-dependent) AC activity in CHO cell membranes expressing non-fused b1AR
[19].
Very recently, ICI 118 551 and (�)-2-hydroxy-5-[2-({2-hydroxy-3-[4-(1-methoxy-4-tri-

fluoromethyl-1H-imidazol-2-yl)phenoxy]propyl}amino)ethoxy]-benzamide
(CGP 20712) were documented as inverse agonists at the b3AR as assessed by their
inhibitory effects on basal (GTP-dependent) AC activity in CHO cell membranes ex-
pressing the b3AR [19]. It is as yet unknown whether b3AR polymorphisms exhibit
different extents of constitutive activity (see Chapter 5) [60]. Collectively, these data
show that all wild-type bAR subtypes exhibit constitutive activity, that several antago-
nists at these GPCRs are actually inverse agonists, and that certain bAR mutants ex-
hibit increased constitutive activity relative to their wild-type counterparts. The relative
abundance of bAR inverse agonists among bAR antagonists is in accord with analo-
gous data for other GPCRs [17, 21].

9.4

Probing Models of GPCR Activation with b2ARwt and b2ARCAM with Inverse Agonists

As is discussed in Chapters 1 and 2, the precise molecular mechanisms of constitutive
activity and inverse agonist action are still unknown. This is at least in part due to the
unavailability of high-resolution crystal structures of GPCRs bound to agonists and
inverse agonists [61]. Studies with mammalian and insect cell membranes expressing
b2ARwt and b2ARCAM have substantially advanced our knowledge of themechanisms of
actions of both agonists and inverse agonists [52, 62–64], but an important technical
problem in those studies was the fact that b2ARCAM is structurally unstable and so
expresses only at lower levels than b2ARwt [52, 56]. This problem was partially over-
come by stabilizing b2ARCAM with a bAR ligand (agonist or inverse agonist) during the
expression period [56]. As an alternative approach, fusion proteins of b2ARwt and
b2ARCAM with Gas were generated [35]. These fusion proteins ensured defined 1:1
stoichiometries of the coupling partners. Through analysis of steady-state GTPase ac-
tivity and ternary complex formation, the properties of the two b2AR variants could be
analyzed in an expression level-independent manner. Thus, although the fusion pro-
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tein system is, undoubtedly, artificial, it allows for the comparison of two receptor
isoforms under clearly defined conditions.
In order to explain the phenomenon of constitutive activity, the classic ternary com-

plex model was elaborated into the extended ternary complex model (see also Chapters 2
and 3) [15, 52, 62]. The extended ternary complex model assumes that agonists stabilize
GPCRs in the R* state, whereas inverse agonists stabilize the R state. In GPCRCAM, the
basal equilibrium between R and R* is assumed to be shifted towards R* relative to
GPCRwt, with the R* states in both GPCRCAM and GPCRwt being essentially equivalent
[15]. Therefore, according to the extended ternary complex model, basal G protein and
effector activity should be higher with GPCRCAM than with GPCRwt. Additionally, in-
verse agonists should exhibit higher efficacy at GPCRCAM than at GPCRwt. Moreover,
while GTP and GTP analogues decrease agonist affinity through disruption of the tern-
ary complex and destabilization of R*, GTP andGTP analogues should increase inverse
agonist affinity by stabilizing the R state (see Chapters 2 and 13). These predictions
from the model have been confirmed experimentally. Firstly, mammalian and insect
cell membranes expressing b2ARCAM exhibit higher basal (GTP-dependent) AC activity
than membranes expressing b2ARwt at comparable levels [52, 56]. Secondly, the inverse
agonist ICI 118 551 exhibits relatively larger inhibitory effects on basal GTPase activity
in Sf9 membranes expressing b2ARCAM-Gas than in membranes expressing b2ARwt-
Gas [35]. Thirdly, GTPcS increases the affinity of ICI 118 551 at b2ARCAM-Gas [35]. Be-
cause of the lower constitutive activity of b2ARwt relative to b2ARCAM, GTPcS did not
increase the affinity of b2ARwt-Gas for ICI 118 551 [35].
However, the extended ternary complex model does not explain why timolol, pin-

dolol, labetalol, and dichloroisoproterenol acted as inverse agonists to inhibit basal
(GTP-dependent) AC activity in Sf9 membranes expressing b2ARwt, whereas all those
ligands were partial agonists in intact Sf9 cells expressing b2ARwt [58]. A follow-up
study revealed that dichloroisoproterenol actually acted stochastically as partial agonist
or inverse agonist in Sf9 cells [65]. This stochastic behavior of dichloroisoproterenol
was converted into inverse agonism after agonist treatment of Sf9 cells resulting in
desensitization [65]. Additionally, agonist treatment of Sf9 cells increased the inverse
agonistic efficacy of the weak inverse agonist labetalol but not the efficacy of the strong
inverse agonist timolol [65]. With respect to GTP-dependent AC activity in Sf9 mem-
branes expressing b2ARwt-Gas, dichloroisoproterenol and labetalol are partial agonists,
whereas timolol is a strong inverse agonist [28]. Unlike Bouvier’s group, who were
working with non-fused b2AR, we did not observe stochastic properties of dichloroi-
soproterenol when working with b2AR-Gas fusion proteins. In our hands, dichloroi-
soproterenol was always a partial agonist, never an inverse agonist [14, 27, 28, 35].
Kobilka’s group found dichloroisoproterenol to be a partial agonist with respect to
GTP-dependent AC activation in Sf9 membranes expressing b2ARwt, but with regard
to fluorescence changes in theN,N’-dimethyl-N-(iodoacetyl)-N’-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl)ethylenediamine-labeled purified b2ARwt, dichloroisoproterenol behaves
like the inverse agonist ICI 118 551 [64]. Finally, the full agonist isoproterenol in-
creases the apparent affinity of Gas for GTPcS, whereas ICI 118 551 decreases the
apparent affinity of Gas for GTPcS, indicative of an active inhibitory conformation of
the inverse agonist-bound b2ARwt with regard to the GTPcS affinity of Gas [14]. Evi-
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dence for an active inhibitory effect of inverse agonist-bound GPCR on G protein ac-
tivation was also observed for the cannabinoid subtype 1 receptor (CB1R) [66].
These complex effects of ligands at the b2AR, behaving as inverse agonist in one

setting and as a partial agonist in another setting, indicate that the extended ternary
complex model, assuming stabilization of a single R state by an inverse agonist, is a
simplification. Rather, those experimental findings are compatible with the existence
of multiple ligand-specific GPCR conformations. During the past decade, this model has
gained substantial support from numerous GPCRs from different GPCR families (see
Table 1.1 in Chapter 1) [67–71]. Some of the strongest support for the existence of
ligand-specific GPCR conformations comes from sophisticated fluorescence studies
with purified b2AR and with use of the antagonist alprenolol and the agonists isopro-
terenol, salbutamol, and dobutamine as probes [72]. These ligand-specific GPCR con-
formations apparently possess different capabilities with respect to G protein cou-
pling, depending on the specific experimental conditions chosen. The precise struc-
tural basis of ligand-specific GPCR conformations is still unknown. Themost rigorous
strategy to approach this problem is the crystallization of b2ARwt bound to different
ligands in complexation with Gas. Given that the crystal structures of the light receptor
rhodopsin [73] and of Gas [74] have already been resolved, the production of b2ARwt

crystals should ultimately become possible.

9.5

Probing Models of GPCR Activation with b2ARwt and b2ARCAM and
with Partial and Full Agonists

Both the ternary complex model and the extended ternary complex model predict a corre-
lation between the efficacy of agonists in stabilizing the ternary complex and their
efficacy in promoting multiple G protein activation/deactivation cycles as assessed
by AC activity or steady-state GTPase activity (see also Chapters 2 and 3) [15, 33].
In fact, such correlations have been observed for the avian bAR and the human
b2ARwt [34, 35]. The extended ternary complex model also predicts that the binding
affinities and potencies of full and partial agonists should be greater at GPCRCAM

than at GPCRwt. Again, the experimental data obtained for comparisons of b2ARwt

with b2ARCAM [52] and of b2ARwt-Gas with b2ARCAM-Gas [35] are in agreement
with the predictions of the extended ternary complex model [15].
However, in contrast with the data obtained for the avian bAR and the human

b2ARwt [34, 35], there is no correlation between the efficacy of partial agonists in sta-
bilizing the ternary complex and that in promoting multiple G protein activation/de-
activation cycles in Sf9 membranes expressing b2ARCAM-Gas as assessed by steady-
state GTPase activity [35]. Specifically, the partial agonists ephedrine, dichloroisopro-
terenol, and dobutamine are all more efficient than the full agonist (–)-isoproterenol
with respect to ternary complex stabilization, but with regard to activation of GTP hy-
drolysis the opposite is true [35]. Additionally, the (+) and (–) stereoisomers of isopro-
terenol differ substantially from each other in terms of ternary complex stabilization at
b2ARCAM-Gas, but in the steady-state GTPase assay the efficacies of the two agonists are
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actually similar [35]. Dissociations in the effects of agonists on ternary complex for-
mation relative to activation of multiple G protein activation/deactivation cycles are not
restricted to b2AR-Gas fusion proteins expressed in Sf9 insect cells. In particular, at the
b2ARwt and b2ARCAM expressed in CHO cells, dobutamine surpasses salbutamol in
terms of ternary complex formation but not in terms of AC activation [52]. These
data indicate that certain agonists stabilize non-signaling or frozen ternary complexes,
which are ternary complexes not participating in guanine nucleotide exchange. Non-
signaling ternary complexes are not accommodated by the extended ternary complex
model but are interpretable by the cubic ternary complex model and have been observed
for several GPCRs other than the b2AR (see Chapter 2) [21, 69, 70].
Another important prediction of the extended ternary complex is the assumption

that the R* states of GPCRwt and GPCRCAM are essentially identical [15]. Thus, one
would predict that, despite the differences in basal G protein and effector activity in-
duced by GPCRCAM and GPCRwt [52], the maximum agonist-stimulated G protein and
effector activities should be identical for GPCRCAM andGPCRwt [15]. However, in CHO
cell membranes expressing b2ARCAM, the maximum isoproterenol-stimulated AC ac-
tivities are, on average, higher than the corresponding isoproterenol-stimulated AC
activities observed with membranes expressing b2ARwt at comparable levels [52]. Si-
milar data have also been obtained for b2ARCAM and b2ARwt expressed in Sf9 mem-
branes [63]. These data suggest that agonist-bound b2ARCAM exhibits higher biological
activity than agonist-bound b2ARwt. In other words, agonist-bound b2ARCAM appears to
be superactive. This was corroborated in fluorescence studies with N,N’-dimethyl-N-
(iodoacetyl)-N’-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)ethylenediamine-labeled purified
b2ARCAM. In particular, isoproterenol induces larger decreases in fluorescence in
b2ARCAM than in b2ARwt [63]. The greater fluorescence changes in b2ARCAM relative
to b2ARwt presumably reflect the loss of conformational constraints in the mutant
GPCR, resulting not only in stronger biological activity (superactivity) but also in great-
er structural instability [63]. Together with the data obtained with b2ARwt-Gas and
b2ARCAM-Gas fusion proteins [35], these data indicate that the R* state stabilized
by a given agonist in b2ARCAM is qualitatively different from the corresponding R*
state stabilized in b2ARwt.

9.6

Probing Models of GPCR Activation with b2ARwt and Purine Nucleotides

G proteins are thus named because they bind GTP [4, 5, 75], but they also bind other
purine nucleotides. The order of affinity of purine nucleotides for G proteins is GTP>

ITP>XTP [28, 76–79]. The starting point for the use of GTP, ITP, and XTP as tools for
probing of mechanisms of GPCR activation lay in early data showing that various
GPCRs coupled to the same G protein exhibited different responses in the presence
of GTP, ITP, and XTP [76–78]. It should be emphasized that the intracellular concen-
trations of ITP and XTP under physiological conditions are probably too low to be of
relevance for G protein signaling [75, 80, 81], and that XTP and ITP are thus mainly
pharmacological tools to analyze G protein and receptor function.
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In frog and turkey erythrocyte membranes, there is a linear correlation between the
efficacies of bAR agonists in stimulating AC in the presence of GTP and steady-state
GTPase [42]. In agreement with those data, a linear correlation between the efficacies
of a series of partial and full agonists in stimulating AC activity in the presence of GTP
and GTPase exists for b2AR-Gas expressed in Sf9 membranes [28]. These data are
consistent with the generally accepted G protein cycle (Figure 9.1), indicating that
GTP hydrolysis is an obligatory event in G protein deactivation [4, 5]. Thus, similar
correlations were expected for AC activation in the presence of ITP and ITPase activity,
as well as for AC activation in the presence of XTP and XTPase. However, the correla-
tion of ligand efficacies for AC activation with ITP and ITPase activity was considerably
weaker (r2 = 0.644) than the corresponding correlation for AC activation with GTP and
GTPase (r2 = 0.990) [28]. In the presence of ITP, for example, (–)-isoproterenol activates
AC more efficiently than salbutamol, but the opposite is actually the case for ITP hy-
drolysis. In addition, Gs does not exhibit measurable XTPase activity although agonists
efficiently activate AC in the presence of XTP [28]. These findings suggest that in the
case of XTP, despite its being a non-physiological NTP, NTP dissociation rather than
NTP hydrolysis must be the predominant mechanism of G protein deactivation.
A prediction of the extended ternary complex model is that the efficacies of agonists

and inverse agonists in modulating Gs protein function should be independent of the
NTP present [15]. This is not true, however. Most notably, ICI 118 551 in the presence
of XTP acts as a weak partial agonist with respect to AC regulation in Sf9 membranes
expressing b2AR-Gas, whereas in the presence of GTP, ICI 118 551 exhibits the ex-
pected strong inverse agonistic activity [28]. With regard to agonists, dobutamine ex-
hibits the predicted strong partial agonism for AC activation in the presence of GTP
and ITP, whereas in the presence of XTP, dobutamine is, most unexpectedly, only a
weak partial agonist [28].
The discrepancies in the effects of agonists and inverse agonists on AC activity in the

presence of various NTPs and NTPase activity can be explained by assuming the ex-
istence of ligand-specific b2AR conformations [67–71]. According to this model, li-
gand-specific conformational changes are passed on to Gs, resulting in ligand-specific
nucleotide binding, hydrolysis, and dissociation. Obviously, this model implies that
the b2AR must be in some physical contact with the G protein during the entire
G protein cycle, because steps downstream from nucleotide binding to the
G protein could not otherwise be directly regulated by a GPCR. Additional evidence
for continuous contact between the b2AR and Gas throughout the G protein cycle was
provided by the finding that ternary complex formation is not necessarily abolished
even at saturating purine nucleotide concentrations [28]. It should be emphasized that
evidence for continuous physical interaction between GPCR and G protein is not re-
stricted to b2AR-Gas fusion proteins, but is also observed in several non-fused systems
[82]. Ultimately, ligand-specific b2AR activation results in ligand-specific AC activa-
tion. Thus, the b2AR conformation stabilized by ICI 118 551 is very efficient in pre-
venting GTP binding to Gas, and somewhat efficient in promoting XTP binding to
Gas. Additionally, the b2AR conformation stabilized by dobutamine may be more ef-
ficient in promoting the binding of GTP and ITP to Gas than the binding of XTP.
Furthermore, the b2AR bound to (–)-isoproterenol and salbutamol may be similarly
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efficient in stimulating ITP binding to Gas, but salbutamol-bound b2AR may be more
efficient than (–)-isoproterenol-bound b2AR in stimulating ITP hydrolysis, resulting in
a lower efficacy of salbutamol in activation of AC in the presence of ITP.

9.7

Constitutive Activity of the b2AR Coupled to Various Gas Proteins

The b2AR is a prototypical Gs-coupled receptor [1, 4, 5]. The G protein Gas exists in
three isoforms: the short- and long-splice variants of Gas – Gas-S and Gas-L,
respectively – and the olfactory G protein Gaolf [37, 83–86]. The b2AR can couple
to all three Gas proteins [37, 87]. In addition, insect cells express a Gas-like
G protein to which the b2AR can also couple [38, 58, 64]. All Gas isoforms activate
AC. Finally, an extra large Gas splice variant has been described; this protein activates
AC but does not couple to the b2AR [88].
The nucleotide-binding pocket of a Ga subunit is embedded in the cleft between the

ras-like domain and the a-helical domain [89]. The two domains are connected to one
another through a linker. Intriguingly, Gas-S possesses a shorter linker than Gas-L be-
tween the a-helical domain and the ras-like domain [27, 74]. Because of the lower mo-
bility of the domains and/or the size of the nucleotide-binding pocket, Gas-S exhibits a
higher GDP affinity than Gas-L [27, 84]. Gas-S also possesses a higher GDP affinity than
Gaolf [40]. Previous studies using coexpression systems and various Gas isoforms did
not find differences in the coupling of the b2AR to Gas isoforms [37, 87].
The discovery of the constitutive activity of the b2AR and the development of the

fusion protein technique in the early 1990s (see also Chapter 6) [52, 90] provided a
novel approach for searching for differences in the coupling of the b2AR to Gas iso-
forms. In fact, the b2AR fused to Gas-L exhibits a higher constitutive activity than the
b2AR fused to Gas-S as assessed by the efficacy of the inverse agonist ICI 118 551 in the
AC assay in the presence of GTP, the steady-state GTPase assay, and the GTPcS bind-
ing assay [14, 27, 29]. Moreover, GTP exhibits a much stronger stimulatory effect on
AC activity in membranes expressing b2AR-Gas-L than in membranes expressing
b2AR-Gas-S, reflecting the enhanced prevalence of R* in the former system, resulting
in increased GTP binding to Gas-L [27, 29]. Additionally, partial agonists exhibit stron-
ger potencies and efficacies in the AC, GTPase, and GTPcS binding assays in Sf9
membranes expressing b2AR-Gas-L than in membranes expressing b2AR-Gas-S [14,
27]. Differences in inverse agonist and partial agonist effects similar to those seen
between b2AR-Gas-S and b2AR-Gas-L have also been reported between b2AR-Gas-S

and b2AR-Gaolf [40]. These differences are explained in terms of a model in which
the agonist-free b2AR and b2AR bound to partial agonists are more efficient in pro-
moting GDP dissociation from the Gas proteins exhibiting lower GDP affinity (Gas-L

and Gaolf) than from the Gas protein exhibiting higher GDP affinity (Gas-S) [27, 40]. As
a result of these differences in GDP affinity, at any given time, a larger fraction of the
b2AR molecules fused to Gas-L or Gaolf is in the R* state, promoting Gs protein activa-
tion, than is the case for the b2ARmolecules fused to Gas-S. Thus, since Gas-L and Gaolf

confer the hallmarks of constitutive activity to the b2AR without a structural (muta-
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tional) change in the receptor itself, the b2AR fused to Gas-L or Gaolf possesses a higher
apparent constitutive activity than the b2AR fused to Gas-S. Other examples of the im-
pact of G proteins on constitutive GPCR activity are discussed in Chapter 6.
The hallmarks of high constitutive activity in b2AR-Gas-L in Sf9 membranes are ab-

rogated by monovalent anions in the order of efficiency I– > Br– > Cl– [29]. The effects
of anions were observed at concentrations between 50–150mM. While the effects of
Cl– on constitutive activity could be of physiological relevance, I– and Br– are certainly
only of significance as pharmacological tools. Presumably, monovalent anions in-
crease the GDP affinity of Gas-L more than the GDP affinity of Gas-S [29, 91] As a result
of the increase in the GDP affinity of Gas-L, the agonist-free b2AR is now less efficient
in promoting GDP/GTP exchange at Gas-L, while the efficiency of the agonist-bound
b2AR in promoting nucleotide exchange is increased. Regardless of the physiological
relevance of the effects of anions of b2AR-Gas-L, those studies indicate that detection of
constitutive activity of the b2AR in membrane systems is strongly dependent on the
ionic composition of the incubation medium. Finally, it must be emphasized that the
effects of monovalent anions on constitutive activity of the Gs-coupled b2AR are distinct
from the well established effects of monovalent cations on Gi/Go-coupled GPCRs (see
also Chapter 8) [17].
The apparent constitutive activity of b2AR-Gas-L is also sensitive to the pH value of

the incubation medium. When assessed in the GTPase assay, the inhibitory effects of
ICI 118 551 at pH 6.5 are much larger than at pH 8.0 [92]. Thus, R to R* isomerization
is facilitated by protonation. One of the target amino acids for protonation is Asp130,
which is homologous to Asp142 in the a1BAR. Protonation of Asp142 had previously
been linked to GPCR activation (see also Chapter 11) [93].
Thedifferences in apparent constitutive activity of theb2AR fused toGas isoforms [14,

27, 29, 40] initiated a follow-up study inwhich theb2ARwas co-expressedwithGas-S and
Gas-L in Sf9 cells [31]. Surprisingly, the GPCR exhibited high constitutive activity re-
gardless of theGas splice variantwithwhich theb2ARwas co-expressed. In otherwords,
theb2AR co-expressedwithGas-S orGas-L exhibited properties similar tob2AR-Gas-L [27,
31]. One explanation for this striking discrepancy between co-expression systems and
fusion protein systems could be that fusion constrains the flexibility of Gas-S to a greater
extent than that of Gas-L, so that small biochemical differences between the two Gas

isoformsobservedinthenon-fusedformbecomeexaggerateduponfusion[41,84].Thus,
the physiological relevance of the increased apparent constitutive activity of the b2AR
fused to Gaolf and Gas-L relative to the b2AR fused to Gas-S is elusive.
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9.8

Probing Models of GPCR Activation with b2AR Coupled to Various Classes of G proteins

The b2AR does not couple only to Gs proteins, but also to G proteins of the Gi and Gq

families [8–14]. These data prompted us to examine the constitutive activity of the
b2AR-Gai2, b2AR-Gai3, b2AR-Gaq, and b2AR-Ga16 fusion proteins expressed in Sf9
membranes with use of the GTPcS binding assay as read-out [14]. Overall, the inhi-
bitory effects of ICI 118 551 on GTPcS binding to these fusion proteins were much
smaller than for b2AR-Gas-L [14]. Additionally, the potencies and efficacies of the full
agonist isoproterenol and of the partial agonists salbutamol, dobutamine, ephedrine,
and dichloroisoproterenol at the b2AR-Gai2, b2AR-Gai3, b2AR-Gaq, and b2AR-Ga16 fu-
sion proteins were generally lower than at b2AR-Gas-L [14]. Thus, there is no evidence
for constitutive activity of the b2AR fused to Gai and Gaq proteins. In agreement with
the data on fusion proteins, there is no evidence for constitutive activity of the b2AR
coupled to Gi proteins in cardiac myocytes. This conclusion was reached by studying
the effect of pertussis toxin on basal signaling [94]. Pertussis toxin ADP-ribosylates
Gai proteins and thereby blocks the coupling of agonist-free GPCRs to Gi proteins,
resulting in a decrease in basal G protein activity [95].
While the analysis of partial agonists did not provide evidence for constitutive activity

of b2AR-Gai and b2AR-Gaq fusion proteins globally, a more detailed analysis of the
effects of partial agonists on b2AR-Gai and b2AR-Gaq fusion proteins provided valuable
insights into themechanisms of action of those ligands. The order of efficacy of ligands
in activating GTPcS binding to b2AR-Gai2 was isoproterenol >> salbutamol > dobu-
tamine > ephedrine � dichloroisoproterenol, while the rank order of efficacy at b2AR-
Gai3 was isoproterenol >> salbutamol � dobutamine> ephedrine > dichloroisopro-
terenol [14]. The corresponding order of efficacy at b2AR-Ga16 was isoproterenol >
salbutamol >> dobutamine � ephedrine >> dichloroisoproterenol, and at b2AR-
Gaq the order of efficacy was isoproterenol� salbutamol>> dobutamine� ephedrine
>> dichloroisoproterenol. There are also large differences in the orders of potency of
agonists at the various b2AR-Ga fusion proteins. These data are compatible with the
existence of ligand-specific receptor conformations. The various ligand-specific b2AR
conformations differ from each other in their ability to activate various G proteins, a
process known as agonist-induced stimulus trafficking [71]. During the past ten years,
ligand-specific activation of G proteins was also reported for various other receptors in
non-fused systems [71], indicating that the data obtained with the b2AR-Ga fusion pro-
teins are not an artifact of the fusion.

9.9

Comparison of the Constitutive Activities of the b1AR and the b2AR

There is longstanding interest in defining the functional similarities and differences
between the b1AR and the b2AR [96–103], an issue complicated by the fact that that the
b1AR exists in two polymorphisms that may differ from each other in their biological
activities. Specifically, the originally cloned Gly389-b1AR possesses an allele frequency of
�25%, whereas the Arg389-b1AR possesses an allele frequency of �75% [104, 105]. It
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has been suggested that Arg389-b1AR may be much more efficient than Gly389-b1AR in
stabilizing the ternary complex and activating AC [105]. Since Arg389-b1AR was identi-
fied more than a decade later than Gly389-b1AR, most studies have actually been per-
formed with Gly389-b1AR.
Studies with isolated human and guinea pig cardiomyocytes suggested that the

b1AR exhibits constitutive activity (see also Chapter 10) [22]. However, when expressed
in human embryonic kidney (HEK-293) cells, the human b1AR exhibited little if any
constitutive activity [59]. Upon separate expression in cardiomyocytes from b1/b2AR
double knock-out mice, the b2AR exhibits constitutive activity, but the b1AR does not
[102]. At comparable expression levels in COS-7 cells, the b2AR is more efficient than
the b1AR in inducing an increase in basal cAMP accumulation [24], indicating that the
b2AR has higher constitutive activity than the b1AR. Evidence for constitutive activity
of the b1AR was also obtained in cardiac tissue from mice overexpressing the b1AR,
but in comparison with cardiac tissue frommice overexpressing the b2AR, constitutive
activity of the b1AR appears to be small [24, 57]. Constitutive activity of the b1AR and
the b2AR was also assessed by comparing the effects of a series of bAR antagonists
(and, therefore, potential inverse agonists) on basal (GTP-dependent) AC activity in
CHO cells expressing the two GPCRs at comparable levels. The basal AC activities
were similar for the b1AR and the b2AR [19]. Additionally, atenolol, carvedilol, meto-
prolol, bisoprolol, propranolol, CGP-20712, and ICI 118 551 exhibited similar inverse
agonistic efficacy at both bARs [19], indicative of similar constitutive activity of the
b1AR and b2AR. When compared as fusion proteins with Gas-L, Gly

389-b1AR and
b2AR exhibit similar constitutive activity as assessed by the stimulatory effect of
GTP on basal AC activity [28, 30]. Moreover, there is no difference in constitutive ac-
tivity of Gly389-b1AR and Arg389-b1AR fused to Gas-L [30, 45].
Collectively, these data show substantial differences in the constitutive activity of the

b1AR in comparison to the constitutive activity of the b2AR in various experimental
settings. Overall, constitutive activity of the b1AR does not manifest itself as consis-
tently as constitutive activity of the b2AR. Future studies will have to determine which
factors account for the differences in constitutive activity of the two bAR subtypes
under various experimental conditions. Possible factors could be differential distribu-
tion of bAR subtypes and Gs proteins in membrane compartments and differential
interaction of bAR subtypes with G protein bc complexes [106–109].

9.10

Conclusions

Studies with membranes expressing b2ARwt and b2ARCAM have provided valuable in-
sights into the molecular basis of constitutive GPCR activity, the mechanism of action
of inverse agonists, and mechanisms of GPCR activation in general. Collectively, the
data discussed in this chapter suggest that a multi-state model of GPCR activation,
assuming ligand-specific GPCR conformations, is currently the most appropriate
model to conceptualize the mechanisms of GPCR activation [71]. In order to corro-
borate this model further, crystal structures of GPCRs bound to various ligands in
the complex with G proteins are urgently needed [61].
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It is well documented that the constitutive activity of GPCRs is altered by structural
changes in the receptor protein, such as those brought about by artificial and natural
mutations, receptor polymorphisms, receptor editing, and receptor splicing [17,
110–112]. Many of those structural changes are discussed in this book (see
Chapters 4, 5, 10–15). This chapter shows that, in addition to structural changes
in GPCRs, the type of G protein, the ionic composition, the pH, the type of purine
nucleotide, the concentration of purine nucleotide, and the fusion of a GPCR to Ga can
all have profound effects on the apparent constitutive activity of GPCRs. The data dis-
cussed here document that constitutive activity of GPCRs is not a static receptor prop-
erty but a process regulated by many exogenous factors. Future studies will have to
address the role of regulators of G protein signaling (RGS) proteins and effector sys-
tems such as AC and PLC on constitutive GPCR activity. Researchers should carefully
control the variables discussed in this chapter when designing experiments on con-
stitutive GPCR activity. Some of the variables discussed here may explain discrepan-
cies in the literature regarding the extent of constitutive activity of a given GPCR in
various studies and/or laboratories (for a review see [17]). Finally, it will be important to
examine whether any of the variables shown to regulate constitutive GPCR activity in
vitro are of physiological relevance (see Chapter 7).
The data discussed here may also have therapeutic implications. Numerous of the

inverse agonists for the b1AR and b2AR, including metoprolol, bisoprolol, carvedilol,
and atenolol, are clinically used for the treatment of cardiovascular disorders, includ-
ing chronic heart failure [113–115]. Evidence is beginning to accumulate that inverse
agonism at the b1AR is of clinical relevance for the treatment of chronic heart failure
(see also Chapter 7) [24, 115]. Future clinical studies will have to compare carefully the
effects of inverse agonists, neutral antagonists, and weak partial agonists at bARs in
cardiovascular disorders.
It is also clear that partial b2AR agonists activate various G proteins in a ligand-spe-

cific manner. The differences in G protein specificity of the partial agonists examined
so far are certainly too small to be exploited therapeutically. However, systematic drug
development programs, combining classic structure/activity assessments of com-
pounds, molecular modeling, and high-throughput screening encompassing known
and novel classes of compounds may ultimately yield (partial) GPCR agonists that se-
lectively activate a single G protein pathway.
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10

Constitutive Activity of b-Adrenoceptors:
Analysis by Physiological Methods

Ursula Ravens, Clive J. Lewis, and Sian E. Harding

10.1

Introduction

The bARs are transmembrane, G protein-coupled receptors: all three subtypes (b1AR,
b2AR, and b3AR) may exist in cardiomyocytes, although only the b1- and b2ARs couple
to adenylyl cyclase (AC) to increase contraction [1]. The b1AR is expressed at higher
levels than the b2AR, often more than fourfold, within the ventricular membrane [2].
Both bARs couple to Gs, but b2ARs can also couple to Gi in tissues including rat ven-
tricle [3]. The primary pathway mediating bAR-Gs effects is AC/cAMP, the final effect
of which is largely mediated by cAMP-dependent protein kinase A (PKA). PKA pro-
duces increases in contractile force and rate of contraction and relaxation of the heart
by phosphorylation of protein targets including phospholamban, troponin I, the L-type
Ca2+ channel, and the sarcoplasmatic reticulum Ca2+ release channel. However, it
should be remembered that non-cAMP-dependent effects of bAR stimulation have
been periodically reported [4–6]. The bARs and ACs co-localize inmicrodomains with-
in cells, such as caveolae or other lipid rafts. This form of compartmentation of the
components of the signal transduction pathway within the membrane increases the
efficiency of communication between different proteins [7, 8]. In resting cells, b1ARs
have been located both within caveolae [9] and in non-caveolar plasmalemmal mem-
branes and internal membranes, whereas b2ARs are confined to caveolae [10]. Once
occupied by agonists, b2ARs translocate out of caveolae into clathrin-coated pits for
internalization [10, 11]. Less efficient coupling of b2ARs than of b1ARs to AC in
rat neonatal cardiomyocytes is attributed to the sequestration of b2ARs from their ef-
fectors [12]. In addition to providing close assembly of the reaction partners to facilitate
coupling, caveolae also co-localize regulatorymolecules. In particular, caveolin appears
to exert negative regulation on cAMP formation, because disruption of caveolae for-
mation by removal of cholesterol from the membrane actually enhances agonist-sti-
mulated cAMP formation [10].
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10.2

Constitutive Activity and Inverse Agonism: Definition and Detection

Constitutive activity and inverse agonism are interrelated concepts, each of which is
needed to define the other. Both can be explained in terms of the extended ternary
complex model of ligand/receptor interaction (see Chapter 2), since this proposes
an equilibrium between an inactive conformation of the receptor (R) and an active
form (R*). Only the active form can couple to the appropriate G protein (R*G),
and thus transduce an effect. However, ligands can stabilize, and therefore effectively
increase, the concentrations of either R or R*. Conventional agonists stabilize R*, thus
increasing the concentration of the active form and activating (or, less frequently, in-
hibiting) downstream pathways. Constitutive activity arises when receptor number is
high relative to the sensitivity of the transduction system. Since R and R* are in equi-
librium, a large amount of total receptor will imply a large amount of R*, and this may
reach levels sufficient to produce a physiological effect even before the increase due to
agonist binding. Clearly, the crucial factors are the sensitivity of the transduction sys-
tem and how it is measured.
To take the b1AR in the cardiomyocyte as an example, detection of constitutive ac-

tivity through an increase in cAMP may or may not have a different threshold level
from measurement of contraction. In the ventricular cardiomyocyte the thresholds
differ, since basal contraction is not affected by cAMP antagonists [13, 14] and block-
ade of cAMP breakdown is required to raise levels sufficiently to stimulate contrac-
tility. Cardiomyocytes from the sino-atrial node, however, do show tonic support of
basal contraction by cAMP [15], so contraction would be at least as sensitive a readout
as cAMP accumulation. Contraction could even be more sensitive, since effects of
cAMP will be multiplied by a number of cascades to produce the final effect, but
this ultimately depends on the system of measurement. Gene transcription by the
cAMP response element (CRE) requires considerably lower (but more sustained)
cAMP turnover and could again be a more sensitive indicator of constitutive activity
than cAMP levels themselves (see also Chapter 8) [16]. Additionally, GPCRs can signal
by a number of pathways, each of which may have a different capacity to display the
effects of constitutive activity. Membrane-delimited pathways of ion channel activation
are observed with the bARs [17], and different susceptibilities to constitutive activation
may underlie the discrepancy between L-type Ca2+ channel activity and contraction
described below. Physiological consequences of constitutive activity of bARs are,
therefore, difficult to predict.
Inverse agonism occurs when ligands bind with higher affinity to the R state than to

the R* state and shift the equilibrium between R and R* towards the inactive form.
Therefore, in the presence of inverse agonists, constitutive activity of receptors is re-
duced and G protein activation decreased. The detection of inverse agonism depends
even more critically on the measurement conditions, since there must be sufficient
difference between the basal and constitutively active state to allow the detection of the
decrease by the inverse agonist. Additionally, not every inverse agonist will completely
abolish all constitutive activity; their “efficacy“ will depend on the relative affinity for R
and R*. An inverse agonist may be partial, with an efficacy between that of a full in-
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verse agonist and a neutral antagonist (which binds equally to R and R*). Absence of an
observable decrease in activity cannot be taken as evidence that a compound does not
possess inverse agonism [18]. This must be shown under conditions where a known
inverse agonist does have an effect. In turn, the action of the inverse agonist must be
blocked by a known neutral antagonist at the same receptor under the same condi-
tions, to exclude alternate effects (as are observed for the b2AR with some antagonists;
see below). Both thermodynamically and intuitively, it would be predicted that neutral
antagonists, in which binding to R and R* are equal, should be outnumbered by either
agonists or inverse agonists. In a survey of the literature, it was shown that 322 out of
380 antagonists (at 73 GPCRs) are actually inverse agonists and only 58 satisfied the
criteria for a neutral antagonist [18].
Having described the theoretical properties relating to constitutive activity and in-

verse agonism, we will now consider how this translates into the physiological effects
of b1- and b2ARs in the heart. For both b1- and b2ARs the situation is complicated by
the presence of agonist binding at a site separate from the principal catecholamine site
that may cause allosteric activation [19] and, in the case of the b2AR, by coupling
through two different G protein pathways. Finally, interactions between the b1-
and b2ARs themselves can produce new pharmacological profiles.

10.3

b1-Adrenoceptors

10.3.1

Constitutive Activity of Overexpressed b1ARs

The phenotypes of transgenic animals overexpressing the cardiac b1AR demonstrate
an early and severe cardiomyopathy [20]. In vivo effects can always be attributed to an
increased response to endogenous transmitters, rather than to constitutive activity of
the receptor itself. Constitutive activity of the b1AR was more convincingly demon-
strated by the increased basal rates of contraction of atria isolated from these animals,
retained even after in vivo treatment with reserpine to deplete catecholamines. Inverse
agonism and neutral antagonism was clearly demonstrated on the atrial strips
through the use of a range of bAR antagonists. However, expression of the b1AR
in COS-7 cells resulted in minimal increases in cAMP levels, and the reduction in
activity by the inverse agonist (�)-2-hydroxy-5-[2-({2-hydroxy-3-[4-(1-methyl-4-trifluoro-
methyl-1H-imidazol-2-yl)phenoxy]propyl}amino)ethoxy]benzamide monomethanesul-
fonate (CGP 20712A) was also minor [20]. Similarly, in vitro overexpression of the hu-
man b1AR in cardiomyocytes from transgenic mice lacking both b1- and b2ARs did not
produce any increases in basal contractility or cAMP levels, and CGP 20712A was with-
out effect on these parameters [21]. This may be a system-dependent effect, since we
have been able to observe clear constitutive activation of contraction after transfection
of adult rat ventricular cardiomyocytes with the same b1AR adenovirus [22]. The mag-
nitude of the increase in basal contraction was dependent both on the concentration of
virus used and on the time after exposure, and correlated well with the increase in
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b1AR expression level measured by radioligand binding (Figure 10.1). One complicat-
ing factor is the increase in cardiomyocyte death during culture after exposure to the
b1AR (but not control) adenovirus. The propensity of the b1AR to trigger apoptosis
(and necrosis) has been widely reported [6, 23], and probably underlies not only
the effects on isolated cardiomyocytes but also the cardiomyopathy in the transgenic
mouse. We suggest that this may explain the negative effects in the in vitro transfection
of the b1/b2AR double KO mouse, with the most strongly expressing cardiomyocytes
being selectively lost. Alternatively, the development of these mice without b1- and
b2ARs might have disrupted the development of the subcellular compartments in
which they would be expected to localize.

Fig. 10.1 Effects of adenoviral overexpression of

b1- and b2ARs in adult rat ventricular cardiomyo-

cytes. In each case, receptor number increases

linearly with time after adenoviral transfection

(abscissae). For b1ARs, there are times and/or

concentrations where receptor number is increased

but contraction is not affected. This is presumably

because cAMP (or L-type Ca2+ channel activation)

has not yet reached the threshold for stimulation of

contraction. For b2ARs, there is an initial increase in

contraction at 24 h, but by 48 h the basal amplitude

is below that of control cardiomyocytes (cultured

but untransfected, or transfected with control GFP

virus). Treatment of cardiomyocytes with pertussis

toxin (PTX), to prevent coupling of the b2AR to

Gi proteins, restores the constitutive activation of

contraction. This implies that the overexpressed

b2ARs are producing both constitutive activation of

contraction through Gs and constitutive depression

of contraction through Gi. Time-dependent effects

may indicate either differences in threshold for the

two effects or a cAMP-dependent switch of the

b2AR from Gs to Gi coupling.
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10.3.2

Is there any Evidence for a Physiological Effect of Constitutively Active Receptors in Normal
Cardiomyocytes?

In most mammalian species, b1AR stimulation increases activation of cardiac voltage-
dependent L-type Ca2+ channels through PKA-mediated phosphorylation [24–26].
Early work in isolated guinea pig and human cardiomyocytes [27] suggested that
the b1AR-selective antagonist atenolol does indeed behave as an inverse agonist by
several criteria (Figure 10.2): peak L-type Ca2+ current (ICa) was reversibly reduced
by atenolol and by the active stereoisomer (–)-propranolol, while (+)-propranolol
was ineffective. The effect of atenolol on ICa was concentration-dependent; the half-
maximum effect was in good agreement with the affinity of atenolol for bARs. How-
ever, it was not examined whether the action of atenolol on ICa was blocked by a neutral
antagonist, as would be required for the complete definition of an inverse agonist (see
above). Furthermore, constitutive activity of the “empty“ (agonist-free) receptors had to
be amplified by stimulation with the direct AC activator forskolin in order to give a
clearly detectable read-out. In the absence of forskolin, significant reduction of ICa re-
quiredmuch higher atenolol concentrations (10 lM), at which nonselective effects can-
not be excluded. Interestingly, in dog ventricular cardiomyocytes without prior ampli-
fication of signal transduction pathway, atenolol (1 lM) failed to reduce ICa whereas the
selective b1AR antagonist CGP 20712A significantly and reversibly reduced ICa by
about one third of control [28]. A small inverse agonist action with CGP 20712A
was also detected in rat ventricular cardiomyocytes [29].
Although constitute activity of cardiac b1ARs and inverse agonist action of several

b1AR-selective antagonists were readily detectable when L-type Ca2+ current was used
as a read-out of the signal transduction pathway, we failed to observe similar effects on
cell shortening of guinea pig ventricular cardiomyocytes stimulated with forskolin [30].
Five minutes of exposure to atenolol (10 lM) in forskolin-treated cardiomyocytes re-
duced electrical field stimulated cell shortening in some cells, but on average themean
reduction to 79.9� 3.8% (n = 4) of pre-drug control did not reach the level of statistical
significance when tested against run-down within the 5 min period in time-matched
controls exposed to forskolin only (89.9 � 4.1%, n = 9). In the absence of forskolin,
atenolol was ineffective (105.9 � 6.9% of control, n = 5). For comparison, the mus-
carinic acetylcholine receptor agonist carbachol (10 lM) completely reversed forskolin-
induced augmentation of contractility, in that it decreased cell shortening to
55.2 � 7.4% of control (n = 11) in the presence of forskolin, as compared to no effect
(104.8 � 4.2%, n = 11, P < 0.001) in its absence (unpublished results).
We also failed to detect inverse agonism of atenolol in forskolin-stimulated papillary

muscle or in left atria from reserpine-treated guinea pigs. In contrast, Böhm’s group
classified metoprolol, nebivolol, and bisoprolol as inverse agonists with force of con-
traction as read-out parameter in human atrial and ventricular trabeculae [31]. These
effects were detected both in the presence and in the absence of forskolin to facilitate
coupling of b1AR to AC and were reversed by bucindolol (a less effective inverse ago-
nist), to rule out involvement of endogenous catecholamines. In cardiac tissue from
reserpinized rats, almost all bAR antagonists tested (with the exception of pindolol)
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exhibited inverse agonism, which was most prominent in right atrial and virtually ab-
sent in left ventricular tissue [32]. Therefore, detection of inverse agonism clearly de-
pends not only on the drug involved but also on the conditions and the cardiac tissue
investigated.

Fig. 10.2 Evidence for inverse agonism of (�)-

atenolol and (–)-propranolol at b1ARs with sarco-

lemmal Ca2+ channels as effector system in guinea

pig and human cardiomyocytes. A) L-type Ca2+

current (ICa) traces in response to clamp steps from

–40mV holding potential to 0mV in the presence of

forskolin (0.5 lM) before (control) and after 5 min

exposure to the antagonists indicated. B) Time

course of peak ICa during repeated exposure and

wash out of (�)-atenolol (1 lM) in a forskolin-sti-

mulated human ventricular cardiomyocyte. The

dotted line is the extrapolated current “run-down“.

C) Concentration dependence of the inverse

agonism of atenolol on ICa in guinea pig ventricular

cardiomyocytes pretreated without (triangles) and

with (closed circles) forskolin. D, E) Time course of

the effects of (–)-propranolol and (+)-propranolol

(1 lM each) on forskolin-stimulated ICa in a guinea

pig ventricular cardiomyocyte. Data adapted from

Mewes et al., 1993 [13], with permission of the

publisher.
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10.3.3

Substates of the b1AR: the Putative b4AR

An atypical bAR effect was first observed with certain bAR ligands with partial agonist
activity (e.g., pindolol and CGP 12177A [(�)-4-(3-tert-butylamino-2-hydroxypropoxy)-
benzimidazol-2-one]), which block the effects of catecholamines in human heart tissue
with high affinity at b1- and b2ARs, but produce cardiostimulant effects (positive in-
otropy, lusitropy, and chronotropy) at concentrations �100 times higher [33, 34]. The
cardiostimulant effects of these “unconventional“ partial agonists are relatively resis-
tant to blockade by classical b1AR antagonists, including propranolol, but are blocked
with moderate affinity by bupranolol and carvedilol [33, 35, 36]. Initially, a pharma-
cologically distinct Gs-coupled receptor, the ‘putative’ b4AR, was proposed to mediate
these effects [37, 38]. In commonwith the activation of ‘classical’ b1ARs, b4AR agonists
produce positive inotropy, chronotropy, and lusitropy and effect signal transduction in
human and rat heart by a Gs/AC pathway increasing cAMP and activation of PKA [37,
39]. [3H]-CGP 12177A labels a site thought to mediate the cardiostimulant effects of
CGP 12177A in human [40] and rat [41, 42] atria and ventricles. Catecholamines com-
pete stereoselectively at the receptor in radioligand binding studies with low affinity
[41]. Agonist-specific differences in antagonist affinity showed two different affinity
states of the recombinant b1ARs in cell lines [43] and in ferret heart preparations [35].
Various lines of evidence have now shown that the b4AR is in fact an alternate state

or conformation of the b1AR, in addition to the ‘classical’ catecholamine activation site.
CGP 12177A stimulates AC in cell lines expressing recombinant rat and human b1ARs
[44–47], and its cardiostimulant effects show the characteristic resistance to bAR an-
tagonism of the b4AR [48]. In a more relevant primary cell line, the adult rat cardio-
myocyte, adenovirally overexpressed b1ARs demonstrated similar increases in the car-
diostimulant potencies of both isoproterenol and CGP 12177A [49]. An obligatory role
for b1ARs in the cardiostimulant effect of CGP 12177A was demonstrated in b1/b2AR
double KO mice [50]. CGP 12177A increased sinoatrial rate and left atrial contractile
force in hearts from wild-type and b2AR KO mice, but its effects were absent in b1/
b2AR double KO mouse heart. There was parallel desensitization and resensitization
of b1- and b4ARs in a rat model of heart failure [51]. A similar desensitization in car-
diostimulant responses (maximal effect and potency of CGP 12177A) through both
states of the b1AR was seen in the right atrium of failing human heart [40]. At the
same time, there was a decrease in both the high-affinity (catecholamine site) and
the low-affinity (b4AR site) [3H]-CGP 12177A binding sites in right atrium from failing
human myocardium, in relation to the non-failing tissue. The most compelling evi-
dence for two separate ligand binding sites on the b1AR comes from recent experi-
ments in which mutagenesis was able to disrupt the classic catecholamine responses
of the overexpressed b1AR selectively while retaining the CGP 12177A effects through
the propranolol-resistant low-affinity site [52].
Effects mediated through the low-affinity site of the b1AR may be of more than aca-

demic interest. Pindolol, in the presence of b1- and b2AR blockade by propranolol,
induces a significant 10% increase in heart rate in healthy volunteers [53], which
can be prevented by predosing with carvedilol [54]. In part, the continuing interest
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in the pharmacology of the b4AR is due to its potential involvement in arrhythmogen-
esis. CGP 12177A produces ventricular extrasystoles in whole ferret ventricle [55], ar-
rhythmic Ca2+ transients in atrial and ventricular rat cardiomyocytes [42], and arrhyth-
mic Ca2+ transients in mouse ventricular cardiomyocytes with a potency 40 times
greater than that of isoproterenol through the ‘classical’ b1AR [56]. The mechanism
for this effect is not fully elucidated. CGP 12177A is more potent than norepinephrine
in shortening the ventricular monophasic action potential but does not alter the re-
fractory period, suggesting differential coupling to individual ion channels [55].
CGP 12177A also increases both intracellular Ca2+ transient and current through
the L-type Ca2+ channel [56].

10.4

b2-Adrenoceptors

10.4.1

Constitutive Activity of Overexpressed b2ARs

There is little doubt that the b2AR has the capacity for constitutive activation of con-
traction. Expression of the b2AR in CHO cells produced a much greater increase in
cAMP concentration than observed with the b1AR at similar expression levels [20]. The
same is true for the heart: in vitro overexpression of human b2AR in cardiomyocytes
from transgenic mice lacking both b1- and b2ARs increased both basal contractility and
cyclic AMP levels [21]. In transgenic mice overexpressing the b2AR (TGb2), basal con-
tractility of isolated atria was shown to be near the maximum isoproterenol-stimulated
level in vivo in the first study [57]. However, different results were seen when other
groups came to study these animals. While the beating frequencies of isolated right
atria continued to be elevated in several studies [58, 59], which was linked to activation
of the hyperpolarization-activated current If [60], a loss of the constitutive activity of
contraction was observed. The basal force of contraction of left atria [61] or contraction
amplitudes of isolated left ventricular cardiomyocytes [58] fromTGb2mice were either
the same as littermates or even lower under some conditions. Other groups confirmed
increased basal contraction in cardiomyocytes [62] or isolated hearts [59], but at levels
well below that which would be expected after maximum isoproterenol stimulation.
This was not due to loss of the b2AR, which remained detectable by radioligand bind-
ing. Often, isoproterenol gave a biphasic effect in myocardium from these mice, with
an initial positive response (although lower than in littermates) and a second negatively
inotropic phase [61, 63]. Several groups were able to restore the original phenotype by
treatment of mice or cardiomyocytes with pertussis toxin [64, 65], which also abolished
the negative inotropic response to isoproterenol [63, 66]. Pertussis toxin ADP-ribosy-
lates Gi protein a subunits and thereby blocks coupling of Gi-linked GPCRs to their
cognate G protein [67].
It was therefore hypothesized that Gi-dependent coupling had been increased in

some substrains of these mice [68]. This could be due either to an increase in Gi ex-
pression (or a selection of animals with higher Gi expression) [65] or to an increased
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probability of the b2AR coupling with Gi. A switch of the b2AR from Gs- to Gi-coupled
pathways has been shown in HEK293 cells, brought about by phosphorylation of the
b2AR itself by PKA [69]. Mutation of consensus PKA sites yielded a b2AR that stimu-
lated cAMP accumulation through Gs but did not activate Gi-dependent pathways. Ma-
nipulation of conditions in a manner that would be expected to increase PKA activity
decreased the positive phase of the response to isoproterenol in atria from the later
TGb2 strains and increased the negative component [66]. This was interpreted tomean
that PKA-dependent phosphorylation of the overexpressed b2AR had decreased Gs

coupling and increased Gi coupling. Reduction of cAMP thorough Gi activation
can be by sequestration of Gas through release of Gbc subunits, or by a direct inhi-
bitory effect of Gai on ACV and ACVI isoforms [70]. Additionally, a number of path-
ways can be activated through either Gai or Gbc in the cardiac myocytes; these include
phosphatidylinositol-3-kinase (PI3 kinase)–Akt (also referred to as protein kinase B
(PKB)) [68], p38-mitogen activated kinase (p38 MAPK) [71], the Na+/Ca2+-exchanger
[72], the muscarinic acetylcholine receptor-gated atrial potassium channel (IKACh)
[73], and nitric oxide synthase type 3 (eNOS) [74]. Each of these pathways has the po-
tential to produce a negative inotropic effect, depending on their presence and activa-
tion state in the ventricular cardiomyocyte.
b2AR-dependent early activation of contraction, followed by later inhibition, has

been recapitulated by overexpression of the human b2AR in adult rat ventricular car-
diomyocytes by use of adenoviral transfection (S. E. Harding, unpublished results).
b2AR levels detected by radioligand binding rose with time after transfection, and
at 24 h an increase in basal contractility, indicative of constitutive activation, was
detected (Figure 10.1). After 48 h the receptor number continued to rise, but contrac-
tion amplitude was now lower than in control (untransfected or green fluorescent pro-
tein (GFP) transfected) cardiomyocytes. Pertussis toxin treatment increased contrac-
tion at 48 h to levels above those in control cells. We suggest that a switch fromGs to Gi

coupling occurred within the cardiomyocyte as the b2AR and cAMP levels rose and
that, by 48 h, Gi effects were not only sufficient to suppress Gs but also to have a con-
stitutive negative inotropic effect. Importantly, this was not due simply to a decrease in
cAMP levels, because basal contractility in the rat cardiomyocyte is not tonically sup-
ported by cAMP [14]. Na+/Ca2+-exchanger (NCX) activation may underlie the tonic ne-
gative inotropic effect. We have shown that overexpression of NCX decreases the con-
traction amplitudes of rat ventricular cardiomyocytes, but that overexpression at levels
insufficient to depress contraction allows b2AR-Gi activation to suppress both b2AR-Gs

and b1AR-Gs stimulation by isoproterenol [75]. This would imply that overexpression
of the b2AR in rat cardiomyocytes is having both constitutive positive inotropic effects
through Gs/AC and constitutive negative inotropic effects through Gi/NCX, with the
balance having shifted towards Gi after 48 h. Blocking with pertussis toxin does not
allow distinction between Gai- or Gbc-mediated effects.
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10.4.2

Inverse Agonism at the b2AR

Decreases in contraction were seen in the original, hypercontractile, TGb2 mice with
inverse agonists, in line with the hypothesis that binding to an inactive form of the
receptor (R) was reducing constitutive activity. Convincing blockade by a neutral an-
tagonist (alprenolol) of the effects of the inverse agonist ICI 118551 ((�)-1-[(7-methyl-
2,3-dihydro-1H-inden-4-yl)oxy]-3-[(1-methylethyl)amino]-2-butanol) was observed. In
fact, results obtained with this mouse were instrumental in the development of the-
ories of inverse agonism and constitutive activity for the b2AR (see also Chapters 1–3
and 9) [76, 77].
However, some of this apparent inverse agonismwas still observed in the substrains

in which basal contractility was no longer raised. Even more surprisingly, despite their
reduced bAR number, low cAMP levels, and depressed contractility [13], this effect
was observed in cardiomyocytes from the failing human heart. The EC50 value of
ICI 118551 for this effect was 13 nM for failing human heart and 100 nM for the
TGb2 mouse (Figure 10.3); these values are considerably higher than the KB for in-
hibition at b2AR-Gs, which has been reported as 0.5 nM [78]. The site of action was still
the b2AR, since blockade of b1ARs did not prevent the negative inotropic effect and
b3AR agonists did not mimic it [13]. Overexpression of the b2AR by use of adenoviral
vectors in rat or rabbit cardiomyocytes also enhanced the effect or induced it de novo
[13]. For this to be an inverse agonist effect at b2AR-Gs, it would require basal con-
traction to be dependent for support on cAMP, and for this support to be withdrawn
in the presence of ICI 118551. However, antagonism of cAMP with concentrations of
the PKA inhibitor (Rp)-adenosine-3’:5’-cyclic monophosphothioate triethylamine
((Rp)-cAMPS) sufficient to decrease the effects of isoproterenol substantially did
not decrease basal contraction in the cardiomyocytes either from the TGb2 animals
(Figure 10.4A) or from failing human heart [13]. It is therefore unlikely that cAMP is
constitutively supporting basal contraction, so the effects of inverse agonists cannot be
due to a decrease in the abundance of R*, the activated Gs-coupled form of the b2AR.

Fig. 10.3 Concentration-response

curve for ICI 118551 in TGb2 cardio-
myocytes (TG, open symbols, n = 6

myocytes/4 hearts) and a failing hu-

man ventricular cardiomyocyte ((FH,

closed symbols). Human myocytes

were studied in 8mM Ca2+ and mouse

in 4mM Ca2+. Reprinted from Gong

et al., 2002 [13], with permission.
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Fig. 10.4 Depression of contraction by ICI 118551

(1–3 lM) does not fulfil the criteria for inverse

agonism of b2AR-Gs coupling in ventricular cardi-

omyocytes from transgenic mouse overexpressing

the b2AR (TGb2) or failing human heart.

A) Basal contraction is not increased in TGb2 (TG)

cardiomyocytes relative to littermate (LM) controls,

nor depressed by a cAMP antagonist (Rp-cAMPS,

100 lM). ICI 118551 (1 lM) depresses contraction in
TG but not LMmyocytes. A similar pattern is seen in

failing human cardiomyocytes (Gong et. al., 2002

[13]). Therefore, b2AR-Gs (R*) is not constitutively

active to a sufficient extent to increase contraction.

B)Apartial agonist (pindolol) or aneutral antagonist

(alprenolol) would be predicted to block

the effects of an inverse agonist. However, both

have similar effects to ICI 118551 and the com-

bined effects of pindolol (10 lM) or alprenolol
(10 lM) are non-additive with those of ICI 118551

(1–3 lM), suggesting a common pathway.

C) An alternative scheme suggests dual coupling of

the b2AR to Gs or Gi. Theories of stimulus trafficking

predict that agonist/antagonist orders of potency

differ when a GPCR couples to different G proteins.

We suggest that ICI 118551 is an agonist at the

b2AR-Gi-coupled form, and is inducing a negative

inotropic effect through a pathway unrelated to

cAMP. Isoproterenol and epinephrine are agonists

at both b2AR-Gs and b2AR-Gi. See text for more

details.
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Further, neither a neutral antagonist (alprenolol) nor a partial b2AR-Gs agonist (pin-
dolol) was able to prevent the negative inotropic effect of ICI 118551; each of these in
fact had significant negative effects that were non-additive with ICI 118551 in failing
human /TGb2 cardiomyocytes (Figure 10.4B). Thus, the criteria for inverse agonism
are no longer fulfilled for ICI 118551 in these tissues (Figure 10.4).

10.4.3

bAR Antagonists: Inverse Agonists at b2AR-Gs or Full Agonists at b2AR-Gi?

The mechanism that we have proposed [13] to explain these anomalous effects of bAR
antagonists is that of stimulus trafficking [79]. b2ARs, like other GPCRs, have been
shown to possess a number of active states that differ when coupling to different
G proteins. By use of recombinant systems, for example, the b2AR was found to couple
to Gs, Gi, or Gq, as evidenced by ligand-regulated [35S]guanosine 5’-[c-thio]tripho-
sphate) binding to b2AR-G protein fusion proteins (see also Chapters 8 and 9) [80].
The order of potency of agonists and antagonists at these two states is not necessarily
the same: this is a hallmark of stimulus trafficking [79]. In the experiments with fusion
proteins, clear differences were observed for agonist efficacy between the Gs-, Gi-, or
Gq-coupled forms of the b2AR [80]. Gi-dependent coupling clearly has negative inotro-
pic potential in cardiac muscle, through the various mechanisms described in
Section 10.4.1. If the active states for Gs and Gi are R* and R#, respectively, then
we suggest that ICI 118551 and some other b2AR antagonists that are antagonists
at R*-Gs can also be agonists at R#-Gi (see Figure 10.4). Preferential binding to R#-
Gi could therefore have a direct negative inotropic effect. Activation of Gi-dependent
coupling by ICI 118551 is supported by the ability of pertussis toxin to inhibit the
negative inotropic effect of this compound in b2AR-overexpressing cardiomyocytes
from rabbit, rat, or mouse heart or from failing human ventricle, as well as by the
induction of a negative inotropic effect after Gi-overexpression in rat [13]. However,
other studies do not support this concept, with ICI 118551 being unable to regulate
GTPcS binding to the b2AR-Gai fusion protein [80].
Isoproterenol is a full agonist at R*-Gs, and there is also evidence for agonism both at

Gi- and at Gq-coupled forms of the b2AR [80]. This would account for the reported
ability of high concentrations of isoproterenol to activate b2AR/Gi-dependent pathways
in rat cardiomyocytes [81], and for the biphasic effect of isoproterenol in atria from
TGb2 mice [63, 66]. Epinephrine behaves in the same way as isoproterenol in TGb2
atria, but norepinephrine does not [82]. Data from the b2AR-Gai fusion protein experi-
ments suggest that epinephrine has a lower efficacy than isoproterenol in stimulation
of GTPcS binding [80].
The scheme in Figure 10.4 could account not only for the negative inotropic effect of

ICI 118551 in the absence of constitutive activation of b2AR-Gs, but also for the ability
of increased Gi to decrease responses through Gs. This has been observed in a number
of situations including adenoviral up-regulation of Gi in rat cardiomyocytes [83], trans-
genic mice overexpressing the b2AR [65, 64], and failing human heart [84, 85]. In each
case Gi expression was increased, bAR responses were decreased (interestingly, both
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through b1- and through b2AR), and these responses were restored by pertussis toxin.
The fact that prolonged stimulation by catecholamines through the R*-Gs pathway
produces desensitization of that pathway is well known, and loss of bARs certainly
contributes to the effect [86].

However, Gi levels are increased in rats exposed to isoproterenol [87], and bAR desen-
sitization is reversed by pertussis toxin in cardiomyocytes from norepinephrine-trea-
ted guinea pigs and failing human heart [85]. Up-regulation of Gi secondary to chronic
stimulation of R*-Gs therefore appears to contribute to catecholamine-induced desen-
sitization.
Themechanism of the reduction of Gs-mediated activation by Gi is not entirely clear.

If R*-Gs and R#-Gi are in equilibrium, then binding to R#-Gi could also reduce the
amount of R*-Gs: however, if R# represents a phosphorylated form of the b2AR
then equilibrium conditions might not be established between R* and R#. Activation
of a separate negative inotropic b2AR-Gi pathway could also explain the responses
seen, especially the ability of b2AR-Gi activation to suppress not only the b2AR-Gs-
but also the b1AR-Gs-dependent positive responses [65, 75].

10.4.4

Involvement of the b2AR in the “Putative b4AR“ Effect

Although there is strong evidence, detailed above, that the primary mediator of b4AR-
type effects is a low-affinity propranolol-resistant state of the b1AR, there are data that
also suggest a role of the b2AR. Overexpression of b2ARs in rat cardiomyocytes en-
hances the positive inotropic effect of CGP 12177A in a manner similar to that
seen after b1AR overexpression, although the magnitude of the effect was lower
[88]. Once again, antagonists at the high-affinity site did not prevent the effect.
CGP 12177A also has a weak cardiostimulant effect via b2ARs (efficacy only
10–20% of that at expressed b1ARs) on cAMP accumulation in cell lines overexpres-
sing recombinant b2ARs [44, 45]. CGP 12177A may be activating a novel low-affinity
site on the b2AR, similar to the novel state of the b1AR. The concept that the b2AR can
exist in more than one active conformation has been suggested previously (see also
Chapter 9) [89, 90]. The effects of CGP 12177A seen after b2AR expression exhibit
other characteristics of the b2AR, in that the effect is time-dependent, with an early
(24 h) enhancement of the positive effect lost by 48 h. The attenuation of the effect with
time can be restored by pretreatment with pertussis toxin, suggesting that the
CGP 12177A cardiostimulant site, like the b2AR, can couple through Gi as well as
Gs [13]. The possibility that the cardiostimulant effects of CGP 12177A are mediated
by an interaction with b1- and b2AR homo- or heterodimers has also been suggested
[48, 91].
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10.5

Homo- and Heterodimerization of b1- and b2ARs

Increasing numbers of GPCRs are now known to exist as dimeric or oligomeric com-
plexes, with receptor–receptor interaction producing subtle (or sometimes substantial)
alterations in signaling properties [92]. Both GPCR homodimers and heterodimers
between various GPCRs have been shown [92]. Homodimerization of both b1ARs
[93] and b2ARs [94, 95] has been observed in vitro and in vivo, and intermolecular inter-
actions between receptors may have both functional and structural implications for
G protein-mediated signaling. For example, the correct targeting of the b2AR to
the plasma membrane has been prevented by disruption of the sixth transmembrane
domain, which appears to be required for homodimerization [95]. A peptide derived
from this domain inhibits both dimerization and bAR Gs/AC coupling [94]. Agonist
stimulation was also found to stabilize the homodimer, whereas inverse agonists
bound with greater affinity to the monomeric state, providing further evidence that
conversion between monomer and dimer forms may play a physiological role [94].
b1- and b2ARs coexist within the same cardiomyocyte [96], giving the potential for

heterodimerization between these two receptors to modify both constitutive activity
and the response to inverse agonists. Heterodimerization of b1- and b2ARs has
been observed in cell lines [97] and in mouse cardiomyocytes [98] co-overexpressing
b1- and b2ARs. b1- and b2AR co-localization on the cell membrane produced novel
functional properties, with a leftward shift in the concentration-response curve to iso-
proterenol of cardiomyocyte contraction when b1- and b2ARs were co-expressed in
cardiomyocytes from double b1-/b2AR KO mice [98]. The Kd values for
CGP 20712A and ICI 118551 were also reduced. This suggests that b1- and b2ARs
can form high-affinity heterodimers with a novel binding site and altered ligand bind-
ing properties. In contrast, this same group (Lakatta and co-workers) demonstrated
similar efficacy and potency of isoproterenol-stimulated cAMP production when
b1- and b2ARs were expressed alone compared with co-expression, despite formation
of heterodimers [97]. However, a unique functional property of b1-/b2AR heterodimers
was observed, with complete loss of the isoproterenol stimulation of extracellular sig-
nal-related kinase (ERK)1/2 activation, which is usually seen when b2ARs (but not
b1ARs) are expressed alone. Homo- and heterodimerization of b1- and b2ARs therefore
have the potential to alter receptor trafficking, receptor/ligand interactions, and sub-
sequent signaling pathways significantly. The question remains as to which of these
are physiologically relevant effects, since there are as yet no reports of bAR dimeriza-
tion in the native heart.

10.6

Conclusions

The relation between constitutive activity and physiological effects shows an interest-
ing contrast between the b1- and b2ARs in the cardiomyocyte. b1ARs are able to show
constitutive activity in normal cardiomyocytes as well as when overexpressed, although
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this crucially depends on the parameter being studied. Constitutive activity of the
b1ARs controls not only contractility but also cell viability, and this is seen both in
vivo and in vitro. The b2AR can also produce constitutive activity, but the coupling
to (at least) two different G proteins (Gs and Gi) means that two separate pathways
are activated. Effects interpreted as inverse agonismmay result simply from activation
of the alternate pathway. The potential for heterodimer formation between the b1- and
b2ARs could produce new pharmacological traits, and it remains to be established
whether other manifestations of constitutive activity will result from this phenomen-
on. It is increasingly clear that the spatial relation between the b1- and b2ARs them-
selves, as well as with their various signal transduction factors, is an essential factor in
our understanding, and this should always be kept inmind when relating the effects of
overexpression to the physiology of the native system.
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Constitutive Activity at the a1-Adrenoceptors:

Past and Future Implications

Susanna Cotecchia, Francesca Fanelli, Alexander Scheer, and Tommaso Costa

11.1

Introduction

11.1.1

The a1-Adrenoceptors: Main Structure–Functional Features

The mammalian GPCRs can be divided into three main classes according to sequence
homology: class I or rhodopsin-like (the largest subfamily), class II or secretin-like, and
class III or glutamate-metabotropic-like [1]. In class I, the adrenoceptors (ARs) mediate
the functional effects of epinephrine and norepinephrine. The AR family includes
nine different gene products: three b (b1, b2, b3), three a2 (a2A, a2B, a2C), and three
a1 (a1A, a1B, a1D) receptor subtypes.
Within the subfamily of the a1AR subtypes [2], extensive mutational analysis per-

formed by various investigators has helped to identify the structural determinants in-
volved in each of the three main “classical“ functional properties of GPCRs: 1) ligand-
binding, 2) coupling to G protein-effector systems, and 3) desensitization.
The molecular interactions of the endogenous catecholamines – epinephrine and

norepinephrine – with different AR subtypes have been explored in different studies.
Epinephrine and norepinephrine each contain a protonated amino group separated
from the aromatic catechol ring by a b-hydroxyethyl chain. Mutagenesis studies of
the a1BAR [3, 4] suggested that the catecholamine amino group enters into an electro-
static interaction with the carboxylate side chain of an aspartate on helix 3, Asp125(3.32),
which is highly conserved in all GPCRs that bind biogenic amines (Figure 11.1) (the
amino acid numbering in parentheses, used only for the amino acids in the helical
bundle, is that proposed in [5]). Similar findings were obtained for mutation of the
homologous aspartate in the a1AAR subtype (S.C., unpublished results). For both
the a1AAR and a1BAR, the catechol meta- and para-hydroxy groups of epinephrine
and norepinephrine make weak hydrogen bonding interactions with serine residues
in helix 5, which are conserved in all catecholamine-bindingGPCRs (Figure 11.1) [3, 4].
The roles of a cluster of aromatic amino acids (PheF303(6.44), Phe310(6.51), and

PheF311(6.52) in helix 6 and Tyr348(7.53) in helix 7) in ligand binding of the a1BAR
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were also investigated [6]. The results indicated that, among these aromatic residues,
Phe310(6.51) is the only one involved in binding epinephrine, probably interacting with
the catechol ring of the ligand. In fact, the substituted cysteine accessibility method
revealed that the side chain of Phe310(6.51), but not that of Phe311(6.52), is both solvent-
accessible and directed towards the agonist-binding pocket.
In contrast, very little is known so far either about the amino acids of the a1BAR that

interact with different antagonists, or about the structural basis underlying receptor
selectivity for different ligands. Mutation of Asp125(3.32) (Figure 11.1) to alanine pro-
foundly impaired the ability of the hamster a1BAR to bind antagonists [3]. Experimen-
tal mutagenesis studies suggested that the conserved Tyr338(7.43) in the extracellular half
of helix 7 should interact with prazosin. Indeed, replacement of this tyrosine with ala-
nine induced a reduction of about 70-fold in the binding affinity of prazosin for the
hamster a1BAR [3].
In almost all tissues in which this effect has been examined, activation of the a1AR

subtypes causes polyphosphoinositide hydrolysis catalyzed by phospholipase C via per-
tussis toxin-insensitive G proteins of the Gq/11 family. Polyphosphoinositide hydrolysis
results in an increase in intracellular inositol phosphate production. Several lines of
evidence indicate that the main structural determinants involved in a1BAR coupling to
G proteins of the Gq/11 family are contained in the i3 loop. A detailed analysis of the

Fig. 11.1 Topographical model of the a1BAR. The

sequence of the hamster a1BAR is topographically

arranged according to its alignment with the crystal

structure of bovine rhodopsin. The four N-linked

glycosylation sites of the receptor are indicated with

crosses. The black circles indicate most of the

amino acids mentioned in the text, which can be

divided into three groups: i) in bold, main sites at

which constitutively activating mutations have been

described (Asp125(3.32), Cys128(3.35), Asp142(3.49),

Arg143(3.50), Ala204(5.39), Glu289(6.30), Ala293(6.34), and

Phe303(6.44)), ii) in italic, key amino acids playing a

role in catecholamine binding (Asp125(3.32),

Ser207(5.42)), coupling to Gq (Leu
151, Arg254, Lys258),

and phosphorylation (Ser394, Ser400, Ser404, Ser408

and Ser410), and iii) also in italic, highly conserved

polar residues within the helical bundle (Asn63(1.50),

Asp91(2.50), Asn340(7.45), Asn344(7.49), Tyr348(7.53)).
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molecular basis of the receptor–Gq coupling was carried out by combining computa-
tional modeling and experimental mutagenesis of a1BAR [7]. The functional analysis of
a large number of receptor mutants in conjunction with the predictions of molecular
modeling support the hypothesis that Arg254 and Lys258 in the i3 loop, as well as Leu151

in the i2 loop (Figure 11.1), are directly involved in receptor–G protein interaction and/
or receptor-mediated activation of the G protein [8]. It is important to highlight the fact
that mutations of the homologous leucine or hydrophobic residue in the i2 loop re-
sulted in receptor–G protein uncoupling for other GPCRs as well [1].
The a1BAR expressed in various cell types can undergo phosphorylation and desen-

sitization upon exposure to agonists and also to the protein kinase C (PKC) activator
phorbol-myristate-acetate [9, 10]. In particular, we demonstrated that a stretch of ser-
ines in the C terminus of the receptor represents the main phosphorylation sites
(Figure 11.1) [11]. Three of them (Ser404, Ser408, and Ser410) are involved in agonist-
induced phosphorylation, whereas two others (Ser394 and Ser400) represent the sites
for PKC-mediated phosphorylation of the a1BAR. Agonist-induced regulation of the
receptor seems to be mainly mediated by members of the G protein-coupled receptor
kinase (GRK) family. In fact, GRK2-mediated phosphorylation of Ser404, Ser408, and
Ser410 is crucially involved in the desensitization of the a1BAR.

11.1.2

The Discovery of Constitutively Activating Mutations and its Implications

The a1BAR was the first GPCR in which point mutations were shown to trigger re-
ceptor activation [12]. A conservative substitution (Ala293Leu) in the cytosolic extension
of helix 6 (Figure 11.1) of the a1BAR resulted in its constitutive (agonist-independent)
activity. In the absence of agonist, cells expressing the mutated receptor exhibited
higher basal levels of inositol phosphates than cells expressing the wild-type
a1BAR. To assess the role of this amino acid further, Ala293(6.34) was systematically mu-
tated by substitution of each of the other 19 natural amino acids [13]. Remarkably, all
possible amino acid substitutions of Ala293 in the a1BAR induced variable levels of
constitutive activity, highest for the Ala293Glu mutant.
To extend the generality of this finding within the AR family, similar mutations were

performed in the b2AR and a2AAR, which are coupled to Gs-mediated stimulation or
Gi-mediated inhibition of adenylyl cyclase, respectively [14, 15]. Both b2 and a2AAR
mutants exhibited increased constitutive activity, resulting in increased and decreased
agonist-independent adenylyl cyclase activity, respectively.
The discovery of the constitutively active mutants (CAMs) in the AR family sparked

the interest of a large number of groups towards the elucidation of twomain aspects of
GPCR function and drug action: a) the activation process of GPCRs, and b) constitutive
activity of wild-type GPCRs and the identification of ligands with negative efficacy (i.e.,
inverse agonists). The use of CAM GPCRs in drug discovery has also attracted great
interest and may result in interesting findings in the future [16]. In addition, the dis-
covery of the CAMGPCRs encouraged the search for spontaneously occurring activat-
ing mutations of different receptors responsible for a number of human diseases [17].
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In this article we review the main contribution provided by studies on constitutive
activity of the a1AR subtypes and highlight some of the questions on constitutive ac-
tivity remaining to be answered.

11.2

Theoretical and Experimental Approaches for Study of Constitutive GPCR Activity

11.2.1

Theoretical Analysis of CAM GPCR Pharmacology

The concept that the activation of a receptor by an agonist involves conformational
changes in the receptor molecule was originally developed in 1957 by del Castillo
and Katz, who proposed that binding of acetylcholine to nicotinic acetylcholine recep-
tor produces a conformational change resulting in channel opening [18]. This model
invokes the existence of two receptor states: a closed (resting) and an open (active) one,
the latter being stabilized by an agonist. However, the theoretical concept of how con-
formational changes in proteinsmay give rise to changes in functional properties, later
called allosterism, was first developed for hemoglobin byWyman in 1951 [19] (see also
Chapter 1).
For GPCRs, the allosteric transition between different “states“ of the receptor mo-

lecule had not been explicitly recognized by models describing receptor behavior. A
detailed analysis of the properties of a b2AR CAMwas instrumental for the proposal of
the allosteric or extended ternary complex model [15] (Figure 11.2; see also Chapter 9).
This extended version of the ternary complex model introduced an explicit isomeriza-
tion constant (J) regulating the equilibrium of GPCR between at least two intercon-
vertible allosteric states: R (inactive or ground state) and R* (active). It is assumed that
only R* can effectively interact with the G protein. In the absence of the agonist, R
predominates, whereas agonists shift the equilibrium toward R*, thus favoring its sta-
bilization. Constitutively activating mutations would also appear to increase the iso-
merization constant J. From this simple formulation, more elaborate and complex
models were also developed [20] (see also Chapters 2 and 3). This analysis gave
rise to the hypothesis that constitutively activating mutations mimic, at least to
some extent, the conformational change triggered by agonist binding to a wild-type
GPCR.
The allosteric ternary complex model could explain some important pharmacologi-

cal features of the b2AR CAM, in particular: a) the increased affinity of agonists and
partial agonists for the CAM in proportion to the ligand’s efficacy even in the absence
of G proteins, and b) the increased efficacy of partial agonists at the CAM.
The allosteric ternary complex model [15] has been widely cited for interpretation of

the behavior of several constitutively active GPCRmutants. However, it should be em-
phasized that the pharmacological features of the constitutively active AR mutants
mentioned above have not been systematically tested for other CAMs. At those GPCRs
for which a limited number of ligands is available, for example, correlation between
increased affinity of agonists and partial agonists in proportion to their efficacy cannot
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be rigorously tested. Extensive pharmacological characterization of receptormutants is
thus required to assess whether the allosteric ternary complex model can explain the
behavior of most CAMs.
An important prediction of the model is that, if a mutation changes the intrinsic

equilibrium between receptor conformations, there must be a linkage between the
enhancement of constitutive activity and the increase in agonist affinity. However,
when multiple activating mutations have been found at the same residue, correlation
between the increase in affinity of the agonist and the degree of constitutive activity of
the receptor mutants has been explored only in a few studies (see Chapter 9). There-
fore, the question of whether the concept of allosteric transition can be generally used
to interpret the behavior of CAM GPCRs remains open. This would also be important
for elucidation of another unanswered question: are CAMs truly representative of the
agonist-bound wild-type receptor?

11.2.2

Computational Modeling of the a1BAR

It was suggested that, in the absence of agonist, structural “constraints“ keep the wild-
type receptor in its inactive state (R), whereas activating mutations release such con-
straints, triggering the conversion of the receptor into its active state (R*), which cou-
ples to G proteins [15]. Once this hypothesis had been made, several studies addressed
the following questions: What is the nature of such “constraints“? Are they similar for
different GPCRs? How can mutations in apparently unrelated regions of a GPCR re-
lease these constraints?
To investigate the mechanisms of agonist-independent activation at a molecular le-

vel, we combined three-dimensional model building of the a1BAR structure with com-
putational simulation of receptor dynamics. The first a1BARmodel was constructed by
use of an iterative ab initio procedure intended to incorporate the rapidly increasing
amount of experimental data on rhodopsin and other homologous GPCRs [21]. The ab
initio model of the a1BARwas extremely useful for the development of a computational
approach aimed at inferring the structural features differentiating the inactive from
the active receptor states. Through comparison of the molecular dynamics (MD) tra-
jectories of the wild-type receptor with those of the inactive or active mutants, this
approach was successful in predicting the functionality of novel a1BAR mutants
[22, 23].

Fig. 11.2 The allosteric ternary complex model. The model is de-

scribed in Ref. 15. H = hormone or, more generally, receptor agonist,

R = receptor, G = G protein. R undergoes an allosteric transition with a

constant J, which leads to the formation of R*.
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The interpretative and predictive abilities of the computational approach improved
as soon as the first crystal structure of rhodopsin became available [24], allowing the
use of comparative modeling to derive the initial structure of the a1BAR (Figure 11.3).
Comparative MD simulations of a wide number of engineered mutants of the a1BAR
allowed us to gain insight into the structural hallmarks of the inactive and active states,
as well as to distinguish the amino acids and the receptor domains important formain-
taining the ground state or promoting the active states from those potentially involved
in G protein recognition [8, 25]. Despite the structural differences between the ab initio
and the comparativemodels, both suggested that the highly conserved Glu/AspArgTyr
motif at the cytosolic end of helix 3 in the a1BAR (Figures 11.1 and 11.3) is particularly
prone to undergo structural modification in response to activating mutations. Thus,
the data indicate that this region “holds the switches“ of receptor activation.

Fig. 11.3 Homology model of the wild-type

a1BAR. Comparative modeling and molecular dy-

namics simulations were performed as described in

Ref. 25. Left: cylinder representations of the whole

receptors are shown, viewed in a direction almost

parallel to the membrane surface with the extra-

cellular side on the bottom and the intracellular one

on the top; the numbers on the cylinders indicate

the numbers of the helices. Right: interactions in-

volving highly conserved polar amino acids (Asn1.50,

Asp2.50,Asn7.45,Asn7.49,Tyr7.53), theAsp3.49andArg3.50

of the Glu/AspArgTyrmotif, and Glu6.30 in helix 6 are

viewed in a direction almost perpendicular to the

membrane surface from the intracellular side. The

side chains of the amino acids are colored according

to the helices to which they belong.
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11.2.3

Measuring Constitutive Activity of the a1AR Subtypes

In the majority of studies, constitutive activity of the a1AR subtypes was assessed by
measurement of agonist-independent accumulation of inositol phosphates in intact
cells expressing the recombinant receptors (see also Chapter 8). Experiments measur-
ing constitutive activity in intact cells have the main advantage of amplifying the re-
ceptor output signal in experiments measuring the accumulation of second messen-
gers under conditions in which their degradation is inhibited by the inositol phospha-
tase inhibitor Li+. However, intact cell results should be interpreted with caution for
several reasons, including the presence of endogenous ligands activating the receptor
or receptor regulatory events (e.g., desensitization or upregulation). To overcome these
problems it may be advantageous to measure constitutive activity in membranes by
direct monitoring of receptor-mediated G protein activation (see Chapters 8 and 9).
For GPCRs coupled to Gi, receptor-mediated binding of [35S]GTPcS to Gai in mem-

brane preparations has been successfully used to measure constitutive activity. For
GPCRs linked to the Gs or Gq/11 signaling pathway, however, receptor-mediated bind-
ing of [35S]GTPcS gives smaller signals, probably because of the lower abundance of
the G proteins in the cells.
A membrane assay measuring receptor-mediated production of inositol phosphates

in vitro has previously been described [26]. The accumulation of inositol phosphates
measured in this membrane assay, however, is much smaller than that observed in
whole cells in which polyphosphoinositide turnover is preserved.
For the a1BAR mutants, the increased constitutive activity of the Ala293Glu, Asp142A-

la, and of a triple CAM has also been demonstrated in experiments measuring recep-
tor-mediated nucleotide exchange in cells expressing fusion proteins between the re-
ceptor and the Ga11 subunit [27] (see Chapters 6, 8, and 9). The agonist-independent
binding of [35S]GTPcS was substantially greater at fusion proteins expressing the
CAMs than at those incorporating the wild-type receptor. Similar results were obtained
in our laboratory in experiments measuring [35S]GTPcS binding in membranes de-
rived from cells co-expressing the wild-type a1BAR or its constitutively active mutants
with Ga (see Chapter 8). These results are among the few demonstrating constitutive
activity of Gq-coupled GPCRs at the level of receptor–G protein coupling in mem-
branes, thus overcoming potential problems, such as receptor regulatory events,
that occur in intact cells.
A crucial problem in experimentsmeasuring constitutive activity of GPCRs in whole

cells concerns the relationship between the receptor activity and the expression levels
of different receptors. As predicted by the “allosteric ternary complex model“, the con-
stitutive activity measured in cells depends on the number of expressed receptor mo-
lecules in the active form [15]. Therefore, to compare the constitutive activity of dif-
ferent receptors these should be expressed at the same level, which is often difficult to
achieve in transfected cells. Two main approaches have been used to overcome this
problem.
In most studies on CAMs of the a1BAR, different amounts of receptor DNA have

been transfected to obtain similar expression levels [13, 22, 25]. In these studies the
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constitutive activity of different CAMs could be directly compared between different
receptors in the same experiment. In other studies, the constitutive activity of different
receptors was normalized to their receptor number after assessment of the existence of
a linear relationship between constitutive activity and receptor number for each recep-
tor [28]. Both methods rely on the careful measurement of receptor expression. In the
vast majority of studies on CAMs, receptor expression has been measured through
ligand binding. In these cases, if the expression level of a receptor is underestimated,
its constitutive activity normalized to receptor binding might be overestimated. This
could happen for receptor mutants expressed at levels too low to obtain reliable bind-
ing data or displaying changes in the affinity for the ligand. Therefore, if highly specific
antibodies for the GPCR concerned are available, it might be useful to monitor the
expression of the protein by immunocytochemistry or Western blotting to confirm
the ligand binding data.
Problems linked to the ligand bindingmeasurement might, for example, explain the

discrepancy between the results reported by two different groups on the a1BAR mu-
tants carrying mutations of Asp125(3.32) (the putative counterion for the protonated
group of the ligands) on helix 3. Whereas Perez’s group reported that mutations of
Asp125(3.32) could increase the constitutive activity of the a1BAR [28], we were not able to
confirm these findings. In Perez’s group’s work, constitutive activity of the Asp125Ala
mutant was normalized to its expression measured by ligand binding, which was
much lower than that of the wild-type receptor. In contrast, we found that the Asp125A-
la mutant was highly expressed at the protein level despite the fact that only very little
binding could be measured ([3] and S.C., unpublished results). Therefore, the example
of the Asp125Ala mutant might represent a case in which it is problematic to normalize
the constitutive activity of a receptor mutant to its expressionmeasured by ligand bind-
ing.

11.3

Constitutively Activating Mutations of the a1AR Subtypes

11.3.1

Where the Mutations have been Found

Among the three a1AR subtypes, the largest number of activatingmutations have been
described in the a1BAR (Figure 11.1), a few in the a1AAR, and none in the a1DAR sub-
type. For all the CAMs their constitutive activity was mainly assessed by measurement
of inositol phosphate accumulation in whole cells, whereas for a few of them other
biochemical pathways such as phospholipase A2 or D have also been explored.
As mentioned above, all possible amino acid substitutions of Ala293(6.34) in the cyto-

solic extension of helix 6 in the a1BAR induced variable levels of constitutive activity
[13]. No quantitative relationship was found between the physicochemical properties
of the substituting amino acids and the levels of agonist-independent activity of the
CAMs. The greatest increase in constitutive activity was observed for the mutation of
Ala293(6.34) into glutamate (see Chapter 8). All CAMs displayed increased affinity for the
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full agonist epinephrine, which was correlated at least to some extent with their degree
of constitutive activity.
Studies from our laboratory combining site-directed mutagenesis of the a1BAR and

MD simulations on computational models of the receptor highlighted the potential
role played in receptor activation by the Glu/AspArgTyr motif at the cytosolic end
of helix 3 (Figure 11.1), which is highly conserved in GPCRs of the rhodopsin-like
class. Similarly to the case of Ala293(6.34) replacements, all the 19 possible natural amino
acid substitutions of the aspartate (Asp142(3.49)) of the Glu/AspArgTyr motif resulted in
variable levels of agonist-independent activity [22] (see Chapter 8). The greatest con-
stitutive activity was observed for the mutation of Asp142(3.49) into Thr. All CAMs carry-
ing mutations of Asp142(3.49) displayed increased affinity for the full agonist epinephr-
ine, which was correlated, at least to some extent, with their degree of constitutive
activity. Increased constitutive activity was also found after mutation of the acidic re-
sidue of the Glu/AspArgTyr motif in other receptors including rhodopsin [29], the
b2AR [30], the histamine H2 [31], the vasopressin V2 [32] and muscarinic M1 [33] re-
ceptors.
Unlike in the case of the mutants at Ala293(6.34), a linear relationship was found be-

tween the hydrophobic character of the amino acid replacing Asp142(3.49) and the con-
stitutive activity of the receptor mutants (i.e., the stronger the hydrophobic character of
the amino acid at position 142(3.49), the greater the extent of constitutive activity) [22].
According to the meaning of hydrophobicity as an empirical descriptor (obtained as
themean value of the free energy transfer from a polar to a nonpolar environment), the
results on mutations of Asp142(3.49) in the a1BAR generated the following hypothesis:
a) the hydrophobic/hydrophilic character of Asp142(3.49) is regulated by protonation/de-
protonation of this residue as demonstrated in rhodopsin for the homologous gluta-
mate [34], and b) the increased hydrophobicity of protonated Asp142(3.49) promotes the
translocation of its side chain towards a less polar environment, inducing changes in
the interaction pattern of Asp142(3.49) itself, and, consequently, helix motions [23].
An interesting pattern of functional responses was also obtained by mutation of the

arginine of the Glu/AspArgTyr sequence of the hamster a1BAR into Lys, His, Asp,
Glu, Ala, Iso, and Asn [35]. The charge-conserving mutation of Arg143(3.50) into lysine
and histidine conferred high and low degrees, respectively, of constitutive activity to
the receptor. Whereas the Arg143(3.50) mutant also showed a small but significant 40%
increase in basal IP accumulation, none of the other replacements of Arg143(3.50) was
constitutively active and all were dramatically impaired in their ability to mediate ago-
nist-induced inositol phosphate response.
Altogether, these findings on the Glu/AspArgTyr sequence engendered the hypoth-

esis that the aspartate might constitute a fundamental switch of the a1BAR activation
through the protonation/deprotonation of its side chain, whereas the main role of the
conserved arginine is to mediate receptor activation.
Activating mutations of the a1BAR were also found in the extracellular half of the

seven-helix bundle. In particular, mutation of Cys128(3.35) in helix 3 into Ala, Phe, Leu,
Met, Try, Ser, Tyr, and Thr gave constitutively active forms of the receptor, with large,
bulky, or hydrophobic residues inducing greater constitutive activity [36]. The increase
in constitutive activity correlated with increased affinity of the receptor mutants for
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epinephrine. Increased constitutive activity was interpreted as the result of enhanced
translational motion of helix 3 induced by the mutations.
It has been reported that constitutive activation of the a1BAR could result from mu-

tations of the Asp125(3.32) (i.e., the helix 3 aspartate of the putative ligand binding site)
into alanine or lysine and those of Lys331(7.36) in helix 7 into Ala, Glu, Asp, His, Gln,
Met, Leu, and Try [36]. The Asp125(3.32)Lys/Lys331(7.36)Asp switch mutant displayed basal
signaling activity similar to that of the wild-type receptor. These results, together with
those from pH-dependent binding studies, suggested a potential mechanism of a1BAR
activation. The hypothesis was that, when the a1BAR ligand binding pocket is empty, a
salt bridge between Lys331(7.36) (helix 7) and Asp125(3.32) (helix 3) constrains the receptor
in its ground state. Upon docking, the protonated amine of epinephrine competes with
the protonated amine of Lys331(7.36) for the Asp125(3.32) counterion’s negative charge.
Destruction of the Asp125(3.32)/Lys331(7.36) salt bridge might release a structural con-
straint, thus triggering the a1BAR activation [36]. However, our group was not able
to confirm that mutations of Asp125(3.32) increased the constitutive activity of the
a1BAR [3]. The reasons for this discrepancy, discussed above, should be further inves-
tigated. However, the rhodopsin-basedmodels of the a1BAR do not support the hypoth-
esis that a salt bridge between Asp(3.32) and Lys(7.36) would stabilize the inactive state of
the aARs [25].
Constitutive activation could also be induced by mutation of Ala204(5.39) into valine in

the hamster a1BAR and of Met292 into leucine in the rat a1AAR. It is interesting to note
that Ala204 and Met292 are residues involved in selectivity for agonists in the a1BAR and
the a1AAR, respectively [37].
Recently, constitutively activatingmutations of the a1BAR have been described at two

residues, Glu289(6.30) and Phe303(6.44), in the cytosolic half of helix 6 [25]. Mutations of
Glu289(6.30), at the cytosolic end of helix 6, into Ala, Asp, Phe, Lys, and Arg resulted in a
marked increase in the constitutive activity of the receptor as well as in its affinity for
epinephrine. It is worth noting that, in one of the three so far released crystal struc-
tures of dark rhodopsin, Glu289(6.30) is involved in a salt bridge with the arginine of the
Glu/AspArgTyr motif [24]. MD simulations on the a1BARmodels based upon the rho-
dopsin structure suggest that the salt bridge between positions 3.50 and 6.30 might be
a feature of the inactive state [25].
Replacement of the highly conserved Phe303(6.44) with leucine also resulted in in-

creased constitutive activity of the a1BAR [25]. In contrast, mutations of this residue
into Ala, Gly, Asn, and Tyr impaired the receptor-mediated inositol phosphate re-
sponse. It was suggested that the replacement of Phe303(6.44) with leucine perturbs
the helix 3–helix 6 packing interactions, thus resulting in constitutive activation of
the a1BAR.
Finally, it was recently also found for the human a1AAR that mutations of Asp123(3.49),

the aspartate of the Glu/AspArgTyr sequence, into isoleucine and of Ala271(6.34) into
glutamate or lysine increase the constitutive activity of the receptor, similarly to
the situation with the a1BAR [38].
Altogether these findings support the hypothesis that the process of agonist-inde-

pendent activation for both the a1A and a1BAR subtypes involves the breaking of inter-
helical interactions between the cytosolic halves of helices 3 and 6. Evidence for critical
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roles of transmembrane domains 3 and 6 in GPCR activation is also provided by fluor-
escence studies with the b2AR and is discussed in Chapter 3.
An interesting question concerns the functional relationship between activatingmu-

tations located in apparently distant regions of the receptors and whether they result in
similar conformational changes. One way to address this question is to combine dif-
ferent activating mutations, but very few studies of this type have been done on dif-
ferent GPCRs. Interestingly, in the a1BAR, the activating mutations Cys128(3.35) to Phe
and Ala293(6.34) to Glu were combined and their functional effects were found to be
synergistic, thus suggesting that each mutation acts independently and synergistically
on the mechanism of receptor activation [39].

11.3.2

Constitutive Activation of Multiple Signaling Pathways

Despite the fact that the activation of the a1AR subtypes causes polyphosphoinositide
hydrolysis in almost all tissues in which this effect has been examined, these receptors
can also stimulate other signaling pathways including the activation of
phospholipases A2 [40] and D [41] as well as extracellular signal-regulated kinases
(ERKs) [42].
An intriguing question addressed by a few studies is whether GPCRs can adopt

multiple active states that can selectively activate different signaling pathways. These
active states could be induced either by activating mutations or by stimulation with
different agonists.
In one study it was reported that a CAM of the a1BAR (Ala293Glu) was, like the wild-

type receptor, able to activate both phospholipases C and D [41]. In another study, the
abilities of two CAMs of the a1BAR to activate multiple signaling pathways were com-
pared [40]. Whereas the Ala293Glu mutant could constitutively activate both
phospholipases C and A2, the Cys128Phe mutant was able to activate only
phospholipase C. These findings, together with those on some pharmacological dif-
ferences between the two CAMs, have been interpreted in support of the hypothesis
that themutations can inducemultiple states selective for different G proteins/effector
pathways (see also Chapter 9). However, the biochemical mechanisms underlying the
receptor-mediated activation of phospholipases C or A2 (e.g., which G protein subunit
is involved) have not been explored in detail in these studies and additional work
should be performed to support this hypothesis.

11.4

A Putative Model of Receptor Activation for the a1BAR

The results of computational and experimental mutagenesis of the a1BAR suggest an
important role of the conserved Glu/AspArgTyr motif in receptor activation. In par-
ticular, the results of molecular modeling emphasize that interactions between the
arginine of the Glu/AspArgTyr motif and some amino acids forming a highly con-
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served “polar pocket“ (Asn63(1.50), Asp91(2.50), Asn340(7.45), Asn344(7.49), Tyr348(7.53)) within
the helical bundle contribute to stabilization of the ground state of the a1BAR [21]
(Figures 11.1 and 11.3).
In the latest computational model of the a1BAR, shown in Figure 11.3 and based

upon the first crystal structure of rhodopsin [24], the double salt bridge between
the arginine of the Glu/AspArgTyr motif and both the adjacent aspartate and
Glu289(6.30), as inherited from the rhodopsin structure, constitutes a feature of the
ground state. At the experimental level, mutations of the Glu289(6.30) markedly in-
creased the constitutive activity of the a1BAR, similarly to the effect induced by muta-
tion of the aspartate of the Glu/AspArgTyr motif [25].
In contrast, the structures of the active mutants, despite the different locations of the

mutations, tend to share the release or weakening of one or both of the charge-rein-
forced H-bonding interactions involving Arg143(3.50) in the ground state. However, the
lower degree of conservation of the anionic amino acid at 6.30 in relation to that at 3.49
supports the hypothesis that the latter plays a more important role in stabilizing the
ground state of GPCRs. On similar lines, in the latest structures of rhodopsin Arg3.50

retains its interaction with the adjacent glutamate while losing the charge-reinforced
H-bond with Glu6.30 [43, 44].
Altogether, these findings for the a1BAR support the hypothesis that receptor activa-

tion involves the weakening or breaking of the interhelical interactions between the
cytosolic halves of helices 3 and 6. This putative model of receptor activation seems to
be shared by other GPCRs belonging to the rhodopsin-like class (reviewed in [45]).
However, other potentially constraining interactions in GPCRs, beyond those invol-
ving helices 3 and 6, have also been described [46].
Interestingly, it has been suggested that a cluster of aromatic amino acids in helix 6

participates in the information transfer from the extracellular to the intracellular do-
mains induced by structurally different agonists such as serotonin and the melanin
concentrating hormone in their cognate receptors [47, 48]. It is suggested that the
“most intracellular“ member of this cluster, Phe6.44 (Figure 11.1), may modulate
the helix 3/helix 6 packing, consistently with the experimental results on the
a1BAR [25]. Another perturbation in the cytosolic domains shared by the constitutively
active mutants and the agonist-bound forms is the breakage of the interaction found in
the ground state between Tyr7.53 of the AsnProXXTyr motif in helix 7 and a pheny-
lalanine in helix 8. These observations are consistent with recent results on rhodopsin
indicating that the AsnProXXTyr(X)5,6Phe and Glu/AspArgTyr motifs provide, in con-
cert, a dual control over the structural changes underlying activation in the photore-
ceptor [49].
In conclusion, the results of computational modeling suggest that the mutation- and

agonist-induced active states of different GPCRs of the rhodopsin-like class, although
different, share significant structural commonalties in the closeness of the Glu/As-
pArgTyr (helix 3) and AsnProXXTyr(X)5,6Phe (helix 7) motifs (Figure 11.3). The tran-
sition between the inactive and active states should be thought of as a complex me-
chanism resulting from the interplay between loss and gain of interactions, involving
highly conserved polar and aromatic amino acids.
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A particularly important challenge for the future will be to explain how agonists can
activate GPCRs, to what extent CAMs mimic the conformational changes induced by
the agonists, and whether a common mechanism of activation is shared by GPCRs of
different classes.

11.5

Constitutive Activity of Wild-type a1ARs and Inverse Agonism

11.5.1

Constitutive Activity of Wild-type a1AR Subtypes

The allosteric ternary complexmodel predicts that the constitutive activity measured in
cells depends on the number of expressed receptor molecules in the active state R*
(Figure 11.2). This prediction is clearly supported by findings demonstrating that in-
creasing receptor density results in the progressive elevation of basal (agonist-indepen-
dent) receptor-mediated production of second messengers [15].
Interestingly, the position of the equilibrium between R and R* (which depends on

the magnitude of the equilibrium constant J) may vary for individual receptors and be
responsible for the various level of constitutive activity of different wild-type GPCRs. It
can also be speculated that different GPCRs might differ in their degrees of consti-
tutive activity induced by activating mutations. This was clearly observed for the a1AR
subtypes, which differ both in the levels of constitutive activity displayed by the wild-
type receptors and in those induced by mutations of homologous residues [38].
In HEK cells expressing the a1A and a1BArs, as well as their respective CAMs carry-

ing mutations of Ala271 or Ala293, the following differences were observed: a) the ago-
nist-independent activities both of the wild-type a1BAR and of its CAMs were signifi-
cantly higher than those of the wild-type a1AAR or its CAMs, and b) both for the a1BAR
and for its CAMs, the epinephrine-induced inositol phosphate accumulations above
basal were significantly higher than those of the a1BAR or its CAMs expressed at com-
parable levels. This suggests that the agonist-occupied a1AAR has greater efficacy than
the a1BAR in activating phospholipase C, whereas its spontaneous or mutation-in-
duced isomerization towards the active states is lower [38]. These findings are in agree-
ment with those from a previous study [50] describing the coupling efficiencies of
different a1AR subtypes expressed in HEK 293 or SK-N-MC neuroblastoma cells.
In that study, the agonist-induced inositol phosphate response mediated by the
a1AAR was higher – whereas its agonist-independent activity was lower – than those
of the a1BAR expressed at similar level.
The properties of the a1DAR subtype have been investigated very little, since both its

expression and the agonist-induced inositol phosphate response mediated by this re-
ceptor have often been found to be much smaller than those of the other two subtypes
[50]. Interestingly, the a1DAR expressed in rat fibroblasts is constitutively active and
internalized [42]. In fact, the basal activity of the a1DAR was twice that of the a1BAR and
was increased after treatment with the inverse agonist prazosin, which caused its re-
distribution from the intracellular compartments to the plasma membrane. The con-
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stitutive activity of the a1DAR was also observed in physiological systems such as in
aorta and mesenteric arteries, where it could inhibited by inverse agonists [51]. The
constitutive activity of the a1AAR or a1BAR in physiological systems has not yet been
investigated.
Taken together, these findings indicate that there are important differences in the

constitutive activity of the a1AR subtypes, which could have consequences in their
signaling and regulatory properties in vivo. Such differences should be further ex-
plored and the elucidation of their physiological implications might represent an im-
portant area of investigation.

11.5.2

Inverse Agonism at the a1ARs

The availability both of CAMs and of cell systems overexpressing wild-type GPCRs
stimulated widespread interest in drugs with negative efficacy. Negative efficacy is
commonly measured as the ability of receptor ligands to inhibit the agonist-indepen-
dent activity of receptors. In most studies, ligands displaying negative efficacy have
been denoted by the terms inverse agonists or negative antagonists. The terms do
not make any specific reference to the mechanistic basis of their effect, which
may, however, be more complex than commonly thought (see Chapter 2). In this chap-
ter, receptor ligands displaying negative efficacy at the a1AR subtypes are denoted by
the term inverse agonists [52].
Both selective and nonselective antagonists for different AR subtypes are widely

used in a variety of pathological conditions including hypertension, heart failure,
and benign prostate hypertrophy as well as in mental diseases. Twenty-four aAR an-
tagonists differing in their chemical structures were examined for their effect on the
basal activity of both the wild-type a1AAR and a1BAR and on their CAMs [38]. Unex-
pectedly, the vast majority of aAR antagonists displayed inverse agonism. However,
the various aAR antagonists differed in their negative efficacy and some of these dif-
ferences depended on the a1AR subtype. Indeed, a large number of structurally dif-
ferent aAR-antagonists including all the tested quinazolines were inverse agonists at
both the a1AAR and a1BAR. In contrast, several N-arylpiperazines displayed different
properties at the two a1AR subtypes, being inverse agonists with profound negative
efficacy at the a1BAR, but not at the a1AAR.
In the context of the allosteric ternary complex model, inverse agonists are assumed

to have higher affinity for the inactive state R, decreasing the proportion ofR* and thus
resulting in the inhibition of receptor–G protein coupling [15]. However, the aAR in-
verse agonists did not display significantly different binding affinities for the consti-
tutively active forms of the a1A and a1BAR subtypes. Thus, it was speculated that the
mutation-induced increase in the isomerization constant J might not be sufficiently
large to decrease the measurable affinity of the CAMs for the inverse agonists [38].
As mentioned above, inverse agonism has also been observed at the recombinant

a1DAR subtype as well as on the receptor expressed in arteries [50].
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Several lines of evidence indicate that inverse agonists, beyond their ability to de-
crease constitutive activity, are also able to induce the “upregulation“ of several CAMs.
For the a1AR subtypes, it has been reported that a variety of inverse agonists increase
the receptor number measured by radioligand binding of a CAM, but not that of the
wild-type a1BAR [53]. The ability of inverse agonists to increase receptor number is
linked to the instability of several CAMs. For example, CAMs of the histamine H2

receptor (H2R) and of the a1BAR carrying mutations of the aspartate of the Glu/As-
pArgTyr motif displayed an increased instability compared to the wild-type receptors
as demonstrated by time-dependent loss of binding activity at 37 8C, which could be
prevented by incubation with inverse agonists [31]. Effects of inverse agonists on re-
ceptor “upregulation“ have been reported for different GPCRs and have a variety of
interpretations. It should be noted that, since the instability of CAMs is not accom-
panied by receptor degradation, the apparent “upregulation“ induced by inverse ago-
nists might not necessarily imply new receptor synthesis. In addition, as demonstrated
for the H2R, instability has been reported for both constitutively active and inactive
receptor mutants [31]. Finally, the stabilization of receptor function is not a unique
property of inverse agonists since it can be induced by various ligands acting as ago-
nists or antagonists depending on the receptor system [31].
Altogether, an important question still to be answered is whether there are thera-

peutic differences and benefits in the clinical use of drugs displaying negative efficacy
versus those that behave as neutral antagonists. In particular, inverse agonists with
different degrees of negative efficacy might differ in their ability to induce upregula-
tion of GPCRs upon chronic treatment. These problems remain an important chal-
lenge for future studies in the fields of both molecular and clinical pharmacology.

11.6

Receptor Regulation and Constitutive Activity of the a1ARs

Because CAMs are thought to mimic, at least in part, the agonist-occupied forms of
wild-type GPCRs it has been postulated that they should undergo constitutive phos-
phorylation and internalization. This hypothesis is supported by previous findings in-
dicating that constitutively active b2AR and a2AAR with mutations in the distal portion
of the i3 loop can be phosphorylated by G protein-coupled receptor kinases in the ab-
sence of the agonist [14, 54]. Thus, an interesting question, addressed by few studies, is
whether CAMs carrying mutations in different receptor domains share similar reg-
ulatory properties.
The phosphorylation and internalization properties of two CAMs of the a1BAR, the

Ala293Glu and Asp142Ala mutants, were compared in one study [55]. Whereas the
Ala293Glu mutant displayed significantly higher agonist-independent phosphorylation
than the wild-type a1BAR, the Asp142Ala mutant did not. In addition, whereas the
Ala293Glu mutant displayed increased constitutive internalization, the Asp142Ala mu-
tant was impaired in its ability to interact with b-arrestin and to undergo internaliza-
tion. These findings demonstrated that constitutively activating mutations might have
divergent effects on the regulatory properties of the receptor. Thus, the paradigm that
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they result in constitutive phosphorylation and/or internalization cannot be general-
ized.
In addition, these results highlight the fact that the effects of different mutations on

receptor regulation must be taken into account for interpretation of constitutive activ-
ity. For example, a mutation that decreases phosphorylation and/or internalization of a
receptor might apparently increase its constitutive activity. Vice versa, mutations that
increase its phosphorylation and/or internalization might be interpreted as inactivat-
ing the receptor.
The relationship between receptor phosphorylation and constitutive activity was

further investigated at the a1BAR [56]. To this end, the phosphorylation sites for
G protein-coupled receptor kinases (Ser404, Ser408, and Ser410) and protein kinase C
(Ser394 and Ser400) were mutated in the two CAMs Ala293Glu and Asp142Ala. Mutations
of the phosphorylation sites increased the constitutive activities of the Ala293Glu and
Asp142Ala mutants by about 40 and 200%, respectively.
Altogether, these findings provided evidence that receptor phosphorylation can in-

duce a tonic attenuation of both the constitutive and the agonist-dependent response of
the a1BAR, which can be relieved through mutations in the phosphorylation domain.
Therefore, mutations in domains involved in receptor regulation might also be a strat-
egy to increase the constitutive activity of GPCRs.

11.7

Conclusions

Studies of CAMs of the a1AR subtypes and of other GPCRs have had an important
impact on our understanding of several basic aspects of GPCR function and drug ac-
tion. Despite the large number of studies on CAMs, several important questions re-
main to be answered. Structural information at high resolution on GPCRs other than
rhodopsin will be needed to test the predictions of molecular modeling and to improve
our understanding of GPCR activation and drug action at a molecular level. Assess-
ment of the relevance of constitutive activity of GPCRs in vivo will be important for
understanding of the implications of drugs with negative efficacy, evaluation of their
benefits, and improvement of future therapeutic strategies.
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12

Constitutive Activity of Muscarinic Acetylcholine Receptors:

Implications for Receptor Activation and Physiological Relevance

Ethan S. Burstein and Tracy A. Spalding

12.1

Introduction

The G protein coupled receptors (GPCRs), with seven transmembrane domains, com-
prise the largest gene family in humans, with approximately 1000members. In 1989 it
was shown that the d opioid receptor (DOPR) exhibits agonist-independent activity, a
phenomenon termed “constitutive activity“ [1]. In 1993, the extended ternary complex
model, incorporating the ternary complexmodel [2] and theory on allosteric transitions
of enzymes [3], was proposed to account for agonist-independent activity of mutant a-
and b-adrenoceptors (see Chapters 9–11) [4]. In this model, receptors spontaneously
interconvert between inactive (R) and active (R*) conformations (see also Chapters 2
and 3). Agonists stabilize active receptor conformation, inverse agonists stabilize in-
active receptor conformation, and neutral antagonists leave the equilibrium un-
changed. The active receptor conformation binds G proteins with high affinity (re-
cently confirmed for agonist occupied receptors; see [5]) and catalyze G protein activa-
tion. The extended ternary complex model has been further developed into a cubic
model [6] and multiple active and inactive states are now believed to exist [7]; however,
the basic principles of the extended ternary complex model still remain valid.
It follows from the extended ternary complex model that all GPCRs possess some

degree of constitutive activity. In a practical sense, constitutive activity can be thought
of as ‘observable’ agonist-independent activity which is dependent upon the assay sys-
tem used (see also Chapter 8). The physiological and therapeutic implications of con-
stitutive activity are not yet fully understood, but several diseases including male pre-
cocious puberty [8], retinitis pigmentosa [9], and thyroid adenomas [10] are at least in
some cases caused by polymorphisms increasing the constitutive activation of GPCRs
(see also Chapter 7). Besides mutant receptors, many examples of constitutively active
wild-type GPCRs in native systems have been described.
The muscarinic receptor family is made up of five subtypes (M1R–M5R), of which

M1R, M3R, and M5R primarily couple to Gq to stimulate phospholipase C-catalyzed
phosphatidyl inositol hydrolysis, whereas M2R and M4R primarily couple to pertussis
toxin-sensitive Gi proteins to inhibit cAMP production [22, 23]. Here we review the
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literature describing constitutive activity of muscarinic acetylcholine receptors in na-
tive and recombinant systems, and discuss the effect of constitutive activity on mus-
carinic pharmacology. Finally, we summarize the structure–function data on consti-
tutive activity and the activation mechanism of muscarinic receptors obtained through
mutagenesis experiments.

12.2

Constitutive Activity – Native Systems

The physiological relevance of constitutive activity for muscarinic receptors was first
suggested by Hilf and Jakobs, who showed that atropine, a classic muscarinic receptor
antagonist, inhibits M2R-mediated activity in isolated heart tissue [11]. Specifically,
atropine and several other muscarinic receptor antagonists reduced the binding of
guanosine 5’-[c-thio]triphosphate (GTPcS) in porcine atrial membranes below basal
values by approximately 25%, both in the absence and in the presence of the agonist
carbachol, a stable analogue of the naturally occurring muscarinic agonist acetylcho-
line. This inhibitory action of atropine was not due to antagonism of endogenous acet-
ylcholine. Hilf and Jakobs proposed that unliganded muscarinic receptors interact
with, and activate, Gi proteins in native cardiac membranes and that antagonist bind-
ing induces a conformational change in the receptor, preventing either G protein ac-
tivation or turnover. Subsequently, atropine-sensitive constitutive activity was ob-
served in transfected CHO cells [12], and inverse agonist-mediated suppression of ba-
sal muscarinic receptor activity in cardiomyocytes was shown to be stereospecific, con-
firming that this was a receptor-mediated effect [13].
All examples of constitutive activity of muscarinic receptors in native systems have

used heart tissue. This may be because the measurement of constitutive activity is
greatly dependent on receptor expression levels [14, 15] (see also Chapter 8). Heart
tissue contains high levels of the M2R subtype, and it is easy to obtain large quantities
of material suitable for biochemical and pharmacological experiments.

12.3

Constitutive Activity – Recombinant Systems

Constitutive activity of all five muscarinic receptor subtypes has been observed with
use of recombinant systems, in which high expression levels are easily attainable. Ja-
kubik et al. demonstrated constitutive activity of muscarinic receptors in stably trans-
fected CHO cell lines expressing recombinantM1R,M2R,M3R, andM4R [12]. TheM2R
andM4R subtypes were found to exert a tonic, antagonist-sensitive inhibition of cAMP
production, while M1R and M3R mediated agonist-independent inositol phosphate
production that was also reduced by antagonists. Cell lines expressing higher and low-
er (41 fmol vs. 6.6 fmol per million cells) levels of M1R were tested to address whether
or not the observed constitutive signaling was physiologically relevant. Though the
magnitude of the effect was reduced, there was observable suppression of basal in-
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ositol phosphate production in the cells expressing lower levels ofM1R, suggesting that
constitutive activity may produce significant responses at physiologically relevant le-
vels of receptor expression. More recently, constitutive activity up to 66% of the max-
imal GTPcS binding by carbachol was attained by use of baculovirus-expressed M2R at
very high expression levels (>1 pmol mg–1) [16].
The M5R was shown to be constitutively active in an assay system that used cellular

proliferation as a measure of receptor activation [17–19]. The constitutive activity ob-
served in these studies was low but consistent and amounted to approximately 5% of
the maximum response to carbachol. The M1R, M2R, and M3R subtypes were subse-
quently shown to display low levels of constitutive activity in the same cellular prolif-
eration assay [15].

12.4

Constitutive Activation by G Proteins

The ternary complex model was originally proposed to explain the widely observed
phenomenon that inclusion of non-hydrolyzable GTP analogues in binding assays pro-
motes conversion of high-affinity agonist binding sites into a uniform population of
low-affinity agonist-binding sites [2] (see also Chapter 8), and was extended to explain
constitutive activity [4]. A feature of this model is that it predicts that the active (R*), but
not the inactive (R), conformation of the receptor binds G proteins with high affinity. A
further prediction of this model is that increasing the concentration of G protein
should stabilize the active receptor conformation and thus increase constitutive activ-
ity. To test this hypothesis, we examined constitutive coupling of muscarinic receptors
to different signaling pathways and the effects of varying the levels of transducing
G proteins. Overexpression of the a subunit of Gq markedly enhanced the level of
agonist-independent activity mediated by M1R, M3R, and M5R in a cellular prolifera-
tion assay [20, 21]. Overexpression of Gaq also potentiated the responses to full ago-
nists and increased the maximal responses to partial agonists, consistently with the
extended ternary complex model [21]. These studies also demonstrated that atropine,
pirenzepine, N-methyl scopolamine (NMS), quinuclidinyl benzilate (QNB), trihexy-
phenidyl, and 4-diphenylacetoxy-N-methylperidine (4-DAMP) are inverse agonists
at muscarinic receptors. However, in contrast to its potentiating effect on agonists,
overexpression of Gaq did not significantly affect the potency of inverse agonists in
relation to their abilities to inhibit carbachol-induced activity.
Promiscuous coupling of receptors to multiple signal transduction pathways is well

documented. Although M1R, M3R, and M5R primarily stimulate phosphatidyl inositol
hydrolysis and M2R and M4R primarily inhibit cAMP production [22, 23], all five sub-
types, with varying degrees of efficiency, activate other signal transduction pathways
including stimulation of cAMP production, stimulation of phosphatidyl inositol hy-
drolysis through pertussis toxin-sensitive G proteins, stimulation of arachidonic
acid release, and activation of ion channels [12, 24–30]. To date, constitutive coupling
of muscarinic receptors to less preferred pathways, whether naturally occurring or
artificially created, has not been reported. In contrast to its effects on M1R, M3R,
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and M5R, there was little effect of Gaq overexpression on constitutive activity of M2R,
though Gaq did enable agonist-mediated responses to M2R [31]. Over-expression of
Ga12, which is not known to couple muscarinic receptors endogenously, was only
able to mediate slight agonist-dependent responses toM2R, and did not affect the basal
activity of M2R or M5R [31]. Similarly, the chimeric G protein with the five C-terminal
amino acids of Gaq replaced by Gai2, which enables stimulation of phosphatidyl in-
ositol hydrolysis by Gi/Go-coupled receptors [32], could enable robust agonist-stimu-
lated responses to the M2R and M4R, but only very weak constitutive responses [15].
Thus, it appears that observable levels of constitutive activity in most assay systems can
be modulated by altering either receptor or G protein levels, although not enough to
produce significant constitutive responses through artificial or less preferred signal
transduction pathways.
Migeon and Nathanson used a cAMP-driven luciferase assay to show that both M1R

and M4R could inhibit cAMP-production in an agonist-dependent manner, but that
only M4R could constitutively suppress reporter activity [24]. These results indicate
that M4R constitutively activates pertussis toxin-sensitive G proteins to suppress re-
porter activity (i.e., M4R constitutively activates its preferred signaling pathway), while
M1R stimulation of reporter activity was not coupled efficiently enough to produce
agonist-independent activity.
To study the relationship between receptor–effector coupling and receptor density,

the effects of porcineM2R receptor expressed at varying densities on three signal trans-
duction outputs – inhibition of cAMP production, stimulation of cAMP production
and stimulation of phosphatidyl inositol hydrolysis – were examined [30]. Muscarinic
antagonists (QNB, NMS, hyoscyamine) increased agonist-independent production of
cAMP, presumably by inhibiting tonic suppression of cAMP production through per-
tussis toxin-sensitive G proteins. No effect of these inverse agonists was reported on
the other effector systems. Thus, it appears that constitutive activity was observable
only for the preferred coupling pathway. Similarly, antagonists reduced basal
cAMP inhibition by M2R and M4R and basal phosphotidyl inositol hydrolysis by
M1R and M3R subtypes, but not basal stimulation of cAMP production [12]. This
was true for both high and low levels of receptor expression.

12.5

Structure–Function Analysis of Receptor Activation

Structure–function analysis of muscarinic receptors has provided an understanding of
the ligand binding sites in the receptors, the G protein coupling domains, the activa-
tion mechanisms, and the overall topology of the receptors [22, 33–34]. These studies
have uncovered a wealth of ligand binding sites on the muscarinic receptors. Classic
antagonists such as NMS and classic agonists such as acetylcholine appear to bind
through an orthosteric binding sitemade up of resides located in the extracellular third
of transmembrane (TM) domains 3, 5, 6, and 7, with contributions to binding affinity
from TM4 (see [33, 34] for reviews). The binding sites overlap extensively around TM3,
but differ slightly in TM5 and 6 [33, 35]. In contrast, the agonist activity of the M1R-
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Table 12.1 Summary of constitutively activating

mutations in the muscarinic receptor family. This

table summarizes residues in which single-point

mutations caused an increase in constitutive activity

or a greater than threefold increase in the potency of

agonists. Agonist potencies measured in radioli-

gand binding assays, corrected to account for

radiolabel concentration by the method of Cheng

and Prusoff (see [95]), were used where available.

Other papers describe constitutively active recep-

tors containing more than one mutation [15, 17, 45,

96]. A mutant M1R with mutations at Ser388(6.58) and

Thr389(6.59) that shows a markedly increased affinity

for agonists has been described [54].

Residue To[a] BW#[b] Increase in

constitutive activity

Increase in

agonist potency

Reference

Yes/no Assay Fold

increase

Agonist Assay

M1R Asn43 Ala 1.50 10 ACh [3H]-NMS[c] 65

M1R Asn61 Ala 2.40 No PI[d] 7 ACh [3H]-NMS 65

M1R Leu64 Ala 2.43 No PI 5 ACh [3H]-NMS 65

M1R Asp71 Asn 2.50 5 CCh [3H]-QNB[c] 48

M1R Val113 Ala 3.40 Slight PI 10 ACh [3H]-NMS 49

M1R Leu116 Ala 3.43 Yes PI 38 ACh [3H]-NMS 49

M1R Ser120 Ala 3.47 Yes PI 4 ACh [3H]-NMS 49

M1R Asp122 Asn+[a] 3.49 No PI 7 ACh [3H]-NMS 79

M1R Tyr124 His 3.51 No PI 3 ACh [3H]-NMS 79

M5R Phe130 Gln+ 3.52 Yes R-SAT[e] 13 CCh [3H]-NMS 17

M5R Arg134 Glu+ 3.56 Yes R-SAT 3 CCh [3H]-NMS 17

M5R Thr137 Ile 3.59 Yes R-SAT 10[f] CCh R-SAT 17

M5R Tyr138 Thr+ 3.60 Yes R-SAT 6 CCh [3H]-NMS 17

M5R Arg142 His+ 3.64 Yes R-SAT 22 CCh [3H]-NMS 17

M1R Ala160 Gly 4.60 Yes PI 3 ACh [3H]-NMS 62

M1R Phe190 Cys 5.40 Yes PI 7 ACh [3H]-NMS 64

M5R Thr220 Val+ 5.65 Yes R-SAT 0.9 CCh [3H]-NMS 71

M1R Glu360 Ala 6.30 Yes PI 11[g] CCh [3H]-NMS 76

M3R Gln490 Leu 6.35 Yes PI 4 CCh [3H]-NMS 99

M2R Ile390/1 Insertion 6.38/6.39 Yes PI 0.7–1 ACh [3H]-NMS 77

M5R Ile447 Ser 6.40 Yes R-SAT 120 CCh [3H]-NMS 98

M5R Ala450 Val 6.43 Yes R-SAT 3[f] CCh R-SAT 98

M5R Phe451 Val+ 6.44 Yes R-SAT 9 CCh [3H]-NMS 98

M5R Asn459 His+ 6.52 Yes R-SAT 1 CCh [3H]-NMS 98

M3R Asn507 Ser 6.52 Yes PI 0.7 ACh [3H]-QNB 53

M5R Ser465 Phe+ 6.58 Yes R-SAT 50 CCh [3H]-NMS 97

M1R Trp405 Ala 7.40 Yes PI 2 ACh [3H]-NMS 62

M1R Asn410 Ala 7.45 No PI 4 ACh [3H]-NMS 62

M1R Asn414 Ala 7.49 No PI 17 ACh [3H]-NMS 62

M1R Pro415 Ala 7.50 No PI 21 ACh [3H]-NMS 62

M3R Pro540 Ala 7.50 7 ACh [3H]-NMS 51

M1R Tyr418 Ala 7.53 No PI 14 ACh [3H]-NMS 62

M1R Tyr418 His 7.53 15 ACh [3H]-NMS 63

[a] Where more than one constitutively activating

mutation was found at a single position in a

single paper, a well characterized example is

shown, plus the symbol “+“.

[b] BW# represents the residue number according

to the system of Ballesteros and Weinstein [37].

[c] [3H]-N-methylscopolamine and [3H]-quinuclidi-

nyl benzilate radioligand inhibition binding

assays.

[d] PI: Stimulation of phosphatidyl inositol degra-

dation.

[e] R-SAT: Receptor Selection and Amplification

Technology [97].

[f] Affinity shift represents change in EC50 for car-

bachol.

[g] Affinity shift represents change in IC50 for car-

bachol. Values cannot be corrected for radioli-

gand concentration, as the Kd of the radioligand

was not calculated. Carbachol showed 6.3-fold

higher potency on the Gln360(6.30) to Ala mutant

relative to wild type in phosphatidyl inositol

assays. Expression levels were similar.
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selective ligand AC-42 required the M1R sequence in the N terminus/TM1 and third
extracellular loop/TM7 of the receptor [36], although substitution of these regions with
the M5R sequence has no effect on the activity of carbachol, an acetylcholine analogue.
Additionally, mutation of Tyr381(6.51)* to alanine in TM6 of M1R abolished the stimu-
latory effects of both acetylcholine and carbachol, but had little effect on the agonist
activity of AC-42 (4-n-butyl-1-[4-(2-methylphenyl)-4-oxo-1-butyl]-piperidine hydrogen
chloride; see [36]) or N-desmethylclozapine, and massively potentiated the agonist ac-
tivity of clozapine [38], clearly demonstrating differences in the activation sites of these
ligands. Finally, allosteric modulators such as gallamine bind through residues located
in the third extracellular loops [39, 40], and competition experiments have revealed that
other modulators (analogues of WIN 62577) interact through a distinct and as yet un-
characterized site [41]. G protein coupling to the muscarinic receptors is mediated
through the internal loops [42, 43]. Mutagenesis studies have established the Arg
in the highly conserved Asp-Arg-Tyr region at the base of TM3 and the N and
C termini of intracellular loop 3 (Ni3 and Ci3) as crucial for mediating G protein ac-
tivation [42–44].
There are numerous mutagenesis studies showing constitutive activation of mus-

carinic receptors (see Table 12.1). Increases in constitutive activity could potentially
arise from mutations that alter the equilibrium between the inactive receptor confor-
mation with active conformations (either by destabilizing the inactive conformation or
by stabilizing an active conformation), increase G protein affinity, promote G protein
activation, or increase receptor expression.Manymutations that increase the affinity of
agonists such as acetylcholine have also been described (see Table 12.1). Changes in
agonist potency are a predicted consequence of changing the equilibrium between the
active and inactive receptor conformations [18, 45, 100], and so, although mutations
could directly affect the strength of interaction between the receptor and the agonist, in
most cases it is consideredmore likely that the observed increases are due to increased
constitutive activity.
Here we have organized the data for both types of mutation by receptor region, start-

ing with the extracellular and transmembrane domains, and followed by the cytoplas-
mic domains.

12.5.1

Transmembrane Domain 3

TM3 is a crucial region for agonist activation of muscarinic receptors. Acetylcholine
mustard, a reactive analogue of acetylcholine, covalently bound to Asp105(3.32) in TM3 of
the M1R [46] and mutations to Asp105(3.32) abolish agonist activation of the receptor [47,
48]. Given its pivotal role in agonist activation, it is therefore not surprising that many

* Superscripts in parentheses represent the resi-
due number according to the system of Balles-
teros and Weinstein [37]. The digit before the dot
represents the TM domain. The two digits after
the dot show the position of the residue relative

to the most conserved position in the helix, given
the number ’50’. For example, in M5R, Arg

128(3.50)

in the DRYmotif is the most conserved residue in
TM3. The adjacent Asp is numbered Asp127(3.49),
and the adjacent Tyr is Tyr129(3.51).
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constitutively activating mutations in TM3 have been described. A scanning mutagen-
esis study of amino acid residues 100–121 in the M1R, comprising much of TM3, was
performed and confirmed the crucial role of Asp105(3.32) in receptor activation by acet-
ylcholine and identified several other crucial residues [49]. Besides these loss of func-
tion mutants, three gain of function mutations were identified: Val113(3.40), Leu116(3.43),
and Ser120(3.47). These mutations were characterized by significant increases in acetyl-
choline affinity, and in two cases (Ser120(3.47) and Leu116(3.43)), agonist-independent ac-
tivity that was reversible by atropine was also observed. Substitutions at each of these
residues caused significant decreases in receptor expression, suggesting these mu-
tants were less stable than the wild-type receptor. In addition, numerous substitutions
in TM3 had little effect on ligand binding or signaling properties of M1R. When
mapped in a helical net representation, these residues formed one face of the TM3
helix, which probably faces the lipid bilayer. Residues important for receptor activation
formed another face, which the authors suggested forms intramolecular and intermo-
lecular (receptor–ligand or receptor–G protein) interactions [49]. The three residues
showing “gain of function“ mutations formed a small contiguous area believed to hold
the receptor in an inactive conformation. It was proposed that acetylcholine binding
strengthens the first set of intramolecular contacts while weakening the second, there-
by switching the receptor conformation to an active configuration.

12.5.2

Transmembrane Domain 6

TM6 is also known to be a contact site for both muscarinic agonists and antagonists
[35, 50–53]. To explore the functional role of this domain fully, we performed random
saturation mutagenesis, using a PCR-based strategy (see [101] for technical details; see
also [17, 19, 45, 69, 78]) on theM5R, and coupled this with a functional screen to search
for novel phenotypes [18, 19, 45]. Unlike in the scanning mutagenesis studies, all re-
sidues in the target region were randomly mutated to all amino acid substitutions, and
most of the resultant receptors hadmultiplemutations. Only functional receptors were
sequenced. We hypothesized that residues important for interactions with ligands or
the activation of mechanism of the receptor would be identified because they would
never be mutated in the functional receptors. Seven of these “functionally conserved“
residues were found in TM6: Thr454(6.47), Trp455(6.48), Pro457(6.50), Tyr458(6.51), Val462(6.55),
Leu463(6.56), and Val464(6.57). This was consistent with the results of Wess et al. [35,
50, 51] showing that mutation of Tyr506(6.51) in M3R to Phe severely inhibited carbachol
activity and binding, and that mutation of Pro505(6.50) to alanine strongly decreased re-
ceptor expression.
Numerous constitutively active receptors were seen in the random mutagenesis

study, and five residues where mutations could cause constitutive activity (“constitu-
tively activating residues“) were identified. One of the most activated receptors con-
tained two substitutions on the extracellular end of TM6, a region not conserved be-
tween the five muscarinic subtypes [45]. This receptor displayed strong, agonist-inde-
pendent activity and markedly increased affinity for agonists. Atropine and all other
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muscarinic antagonists tested displayed inverse agonism, reversing the agonist-inde-
pendent activity of this receptor. We inferred that mutation of Ser465(6.58) conferred the
constitutive activity relative to other mutant receptors. To confirm this, and to explore
the mechanistic reasons for the observed constitutive activity, point mutations repre-
senting all classes of amino acids were introduced at position 465 [18]. Replacement of
Ser465(6.58) with large (Phe and Val) or basic (Arg and Lys) residues increased the con-
stitutive activity of the receptor to the greatest extent (55 and 110% of the maximum
response of the wild-type receptor to the agonist carbachol). Other substitutions (e.g.,
Cys and Leu) increased the constitutive activity to an intermediate level (30%), while
small and acidic residues (Gly, Asp, and Glu) caused small or insignificant increases,
suggesting that steric effects at the top of the helix were causing the increased con-
stitutive activity. The increase in the constitutive activity of each mutant receptor cor-
related with an increase in the potency of carbachol in both binding and functional
assays, while the potency of the inverse agonist atropine did not change. A two-state
model of receptor function was fitted to the data, and the observed changes in carba-
chol potency could be explained almost entirely by a shift in the equilibrium between
the inactive receptor conformation and an active conformation bound by carbachol.
Since multiple substitutions caused constitutive activity, substitutions to Ser465(6.58)

probably destabilized the inactive conformation of the receptor, shifting the equili-
brium to favor the active conformation. Subsequent studies showed that analogous
mutations in the other muscarinic receptor subtypes had a similar effect [15, 54].
Four other residues in which point mutations caused constitutive activity were iden-

tified in TM6 [19]. Two of these, Phe451(6.44) and Asn459(6.52), were mutated to other re-
sidues. Most mutations to Phe451(6.44) increased constitutive activity, but in contrast to
mutations at Ser465(6.58), many also decreased the potency of carbachol and atropine,
suggesting that they also disrupted the orthosteric binding site.
An M3R in which the residue analogous to Asn459(6.52) – Asn507(6.52) – was mutated to

Ser was constitutively active and had dramatically lower affinity for antagonists, sug-
gesting this residue directly contacted atropine, locking the receptor in an inactive
conformation [53]. In M5R, only mutation of Asn459(6.52) to Ser or His constitutively
activated the receptor, and the mutations affected both atropine and carbachol potency
[19].
The importance of Tyr381(6.51), Asn382(6.52), and Leu386(6.56) in agonist binding was con-

firmed by alanine scanning between Tyr381(6.51) and Val387(6.57) in M1R [52]. No consti-
tutively active mutants were identified in this study, which concentrated on the ago-
nist-binding portion of TM6. When arranged on a helical net, the “constitutively acti-
vating“ and “functionally conserved“ residues identified in these studies lay on one
face of the TM6 helix, while residues that tolerated radical substitutions lay on the
other [19, 52]. The results suggested that the constitutively activating/functionally con-
served face of TM6 was involved in intermolecular and intramolecular interactions,
while the other face made nonspecific interactions with the membrane. Coupled
with structural data from rhodopsin [55] and experiments demonstrating direct phy-
sical movements of TM6 in other receptors [56–60], the dual observation that TM6 is
involved both in ligand binding and in stabilizing the inactive receptor confirmation
suggests that TM6 is a switch that defines the activation state of the receptor, and that
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ligand interactions with TM6 stabilize the receptor either in an active or in an inactive
conformation. Experiments identifying a ‘toggle switch’ within TM6, which governs
the transition back and forth between active and inactive conformations, also support
these assertions [61].

12.5.3

Transmembrane Domain 7

A thorough scanning mutagenesis study of TM7 in M1R identified one constitutively
activating mutation (Trp405(7.40) to Ala) that increased constitutive activity to a level
equivalent to 12–20% of the carbachol response of the wild-type receptor. Additionally,
four Ala mutations in the intracellular region of TM7 – Asn410(7.45), Asn414(7.49),
Pro415(7.50), and Tyr418(7.53) – increased the potency of acetylcholine over threefold in
binding assays [62]. Mutation of Asn414(7.49) to Ala abolished all signaling through phos-
phatidyl inositol hydrolysis even after atropine preincubation, which increased the ex-
pression of [3H]-NMS binding sites to 117% of the wild-type level. Similarly, His sub-
stitution of Asn414(7.49) and Tyr418(7.53) increased acetylcholine affinity but essentially
abolished Gq-mediated phosphoinositide signaling [63]. Finally, replacement of
Pro540(7.50) with Ala in the M3R caused a 7–19-fold increase in affinity for carbachol,
but severely impaired the receptor’s ability to stimulate carbachol-induced phospha-
tidyl inositol hydrolysis (its maximum response was approximately 25% of that of wild-
type M3R) and decreased expression [51].
Mutations in the extracellular part of the helix, including Ala substitutions of

Tyr404(7.39), Cys407(7.42), and Tyr408(7.43), have been shown to decrease acetylcholine po-
tency [35, 50, 62]. Again, these functionally conserved residues would align with
the activating residues in TM7 on one side of an a helix. In this case, the activating
residues are intracellular to the conserved residues.
Asn414(7.49), Pro415(7.50), and Tyr418(7.53) make up the Asp-Pro-x-x-Tyr motif conserved

in themonoamine receptors and rhodopsin. Theymark the intracellular end of TM7 at
its transition to a short linking sequence followed by helix 8 [55]. Lu andHulme created
a high-affinity Zn2+ binding site by mutating Leu116(3.43), Phe374(6.44), and Asn414(7.49) to
His [63]. This provided evidence that the residues lie in close proximity, at least in the
inactive receptor, and it is possible that direct van der Waals contacts exist between
their side chains. Asn414(7.49) and Tyr418(7.53) may resemble Leu116(3.43), Ser120(3.47), and
Phe374(6.44) in making intramolecular contacts that stabilize the inactive ground state
of the receptor. However, the loss of signal when they aremutated implies that they are
also important for the formation of the agonist–receptor–Gq protein signaling com-
plex. This is consistent with the high degree of conservation in this region. It has been
proposed that residues in TM3, TM6, and TM7 may form part of a network of con-
served intramolecular contacts that maintain the off state of the receptor [63].
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12.5.4

Other Transmembrane Domains and Extracellular Domains

Constitutively activating mutations are not common in TM5. In general, mutation of
residues in TM5 decreased acetylcholine affinity and potency, though the mutation
Phe190(5.40) to Cys in M1R displayed increased acetylcholine affinity and potency,
and increased basal activity [64]. Several potential contact points for acetylcholine
were identified, in agreement with previous studies identifying this domain as impor-
tant for ligand binding.
Scanning mutagenesis of TM4 identified one constitutively activating mutation:

Ala160(4.60) to Gly [62]. This receptor showed a slightly increased affinity for acetylcho-
line, but no other activating mutations were found in this domain. Surprisingly many
mutations in TM4 were found to decrease acetylcholine affinity and potency, suggest-
ing a greater role for TM4 in receptor activation than previously expected.
Scanning mutagenesis experiments in TM2 [65] showed that Ala substitution of

Asn61(2.40) and Leu64(2.43) in M1R caused increases in acetylcholine potency. Both resi-
dues have been proposed to fulfil a role in stabilizing the ground state of the M1R [33].
Substitution of the highly conserved residue Asp71(2.50) in M1R increased the affinity of
carbachol fivefold, though the receptor could not be further stimulated by carbachol
[48].
Mutation of Asn43(1.50) in TM1 of theM1R increases acetylcholine affinity tenfold, but

also causes a tenfold decrease in receptor expression and a tenfold decrease in signal-
ing efficacy [65].
The N terminus and extracellular loops of muscarinic receptors have not yielded

activating mutations, though constitutively activating mutations in these regions
have been described for other receptor families [9, 66–68]. This could reflect that
less testing of these regions has been performed, or that these regions do not play
as dynamic a role in the transition between active and inactive states of muscarinic
receptors. It was recently shown that the N terminus of the M1R might contribute
to an alternate activation domain for ‘ectopic’, or agonists allosterically acting outside
the acetylcholine binding pocket [36].

12.5.5

Cytoplasmic Domains

The primary sites of muscarinic receptor/G protein interactions are thought to be the
short cytoplasmic extensions of TM3, TM5, and TM6 [17, 42, 43, 69–72]. These ex-
tensions are referred to as the intracellular loop 2 (i2), the N terminus of the i3
loop (Ni3), and the C terminus of the i3 loop (Ci3) and they may form a-helical ex-
tensions of the corresponding TM domains above [17, 72]. Studies using chimeric
receptors have shown that the Ni3 domain is a primary determinant of G protein cou-
pling specificity, with the Ci3 domain also contributing [42, 43]. The i2 loop contains
the highly conserved Asp-Arg-Tyr motif. Mutagenesis has shown that the Arg residue
is absolutely essential for receptor signaling [44].
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12.5.6

i3 Loop

From the structure of rhodopsin, the cluster of basic and acidic residues in the C-term-
inal end of the i3 loop (Ci3) face the residues in the i2 loop at the base of TM3, where
they may form salt bridges with the residues in the highly conserved Asp-Arg-Tyr mo-
tif [55]. It has been postulated that these salt bridges may constitute one of the con-
straining interactions that stabilize the off state of the receptor, explaining why muta-
tions in this region often cause constitutive activity [73, 74]. Indeed, the first examples
of GPCRs constitutively activated by mutations were a-adrenoceptors mutated in this
region [75]. To some degree, similar results have been observed with muscarinic re-
ceptors. A constitutively activating mutation (Glu360(6.30) to Ala) was described for the
M1R, and could be acting by destabilizing the receptor in the manner described above
[76]. Insertion of one, two, three, or four additional Ala residues at the base of TM6
(i.e., above Ci3) at position 390(6.38) constitutively activates the M2R [77]. In contrast,
similar insertions at position 384(6.32) did not affect basal activity. Thus, it was con-
cluded that altering the positioning of the region between residues 384 and 390 was
sufficient to constitutively activate the M2R. In contrast, analogous experiments with
the M3R resulted in inactivation of the receptor. Since M2R and M3R prefer different
G proteins, one possible explanation is that the structures of M2R and M3R differ in
this region. Alternatively, G proteins in the Gq/11 and Gi/o classes may interact differ-
ently with the receptor. However, given that similar regions are constitutively activat-
ing in the Gq-coupled a1B-adrenoceptor [75], this cannot completely explain the discre-
pancy. In a randommutagenesis study on theM5R, over 300mutant receptors contain-
ing mutations within a 20-residue stretch of the Ci3 were screened [69]. Of the 36
functional receptors isolated, most were either functionally impaired or behaved si-
milarly to the wild-type receptor. The patterns of poorly and well tolerated mutations
suggested that Ci3 does indeed form an a-helical cytoplasmic extension of TM6,
although no activated receptors were isolated and only two of the receptors displayed
more potent responses to carbachol. Thus the Ci3 region, while an important hotspot
for constitutively activating mutations in many GPCRs, does not seem to be so for all
the muscarinic subtypes.
The N terminus of the i3 loop is an important determinant of G protein coupling

selectivity [42, 43, 70, 72], but few activating mutations have been identified in this
region. A random mutagenesis study showed that, like Ci3, Ni3 forms a cytoplasmic
a-helical extension of TM5 [78]. In a subsequent study, only two substitutions causing
constitutive activity in this region were identified (both at Thr220(5.65)), and the effects
observed were quite modest [71]. These results are not surprising given that few strong
constitutively active phenotypes had been seen in previous studies on TM5 (discussed
above). Thus, TM5 – and its cytoplasmic extension Ni3 – may not undergo large dy-
namic shifts in conformation upon receptor activation as postulated for TM3, TM6,
and TM7.
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12.5.7

i2 Loop

As discussed above, TM3 plays a pivotal role in receptor activation. Randommutagen-
esis of the i2 loop of the M5R provided evidence that the N-terminal half of the i2 loop
forms a cytoplasmic a-helical extension of TM3 [17]. In this study, numerous mutant
receptors displaying high constitutive activity were identified. Mutations to Phe130(3.52),
Arg134(3.56), Ile137(3.59), Tyr138(3.60), and Arg142(3.64) were shown to increase constitutive ac-
tivity substantially. Eight functionally conserved residues that resulted in functionally
impaired receptors when mutated were also identified. These included Asp127(3.49),
Arg128(3.50), Tyr129(3.51), Ile132(3.54), Pro135(3.57), Leu136(3.58), Arg139(3.61), and Thr143(3.65). It
was previously shown in M1R that mutations of Asp122(3.49) and Tyr124(3.51) decrease
receptor expression, but increase the affinity of acetylcholine [79], suggesting that mu-
tations at these positions might cause constitutive activity that was unmeasurable due
to low receptor expression. This would be consistent with results from other receptors
showing that mutations at the analogous Asp caused constitutive activity and a loss in
structural stability [80–82].
When arranged in a helical wheel, the constitutively activating residues and the func-

tionally conserved residues formed opposing faces. Point mutations in M5R at
Phe130(3.52), Arg134(3.56), Tyr138(3.60), and Arg142(3.64) showed that diverse substitutions
spanning the range of amino acid classes caused constitutive activity and potentiated
the actions of carbachol [17]. This suggested that the primary effect of mutating these
residues was disruption of specific amino acid interactions. It was proposed that the
functionally conserved residues might be involved in intra- or intermolecular interac-
tions important for receptor expression or signaling. A model was proposed in which
the face comprised of the constitutively activating residues forms interactions that con-
strain the receptor in the off state while the face comprised of the functionally con-
served residues couples G proteins in the on state. A similar model was subsequently
proposed for the function of TM3 [49].
Comparison of the data for i2 with the crystal structure of rhodopsin did not yield a

clear model. The i2 loop of rhodopsin is not an a-helix, and the constitutively activating
and functionally conserved residues from M5R do not segregate when mapped on the
rhodopsin structure [83]. It is possible that the structures of rhodopsin and the mus-
carinic receptors diverge in this area. For example, the TM3 helix may extend further,
and the cytoplasmic regions of TM4 (which are highly tolerant of mutation; see [62])
may be unwound. Alternatively, the structure of the i2 loop may be highly influenced
by the i3 loop (which is much longer in the muscarinic receptors than in rhodopsin) or
by interactions with G proteins. These questions are unlikely to be definitively an-
swered until the crystal structure of a muscarinic receptor is determined.
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12.6

Structure–Function Model For Activation

Muscarinic receptors exhibit varying degrees of constitutive activity, both in native and
recombinant systems. Structure–function analysis has yielded many examples of con-
stitutively activated receptors and, when interpreted in the context of current structural
models of GPCRs, provides insight into the activation mechanisms of muscarinic re-
ceptors. The extended ternary complex model predicts that constitutive activity can be
induced either by affecting the intrinsic equilibrium constant governing the transition
between active and inactive receptor conformations (denoted as J) or by improving
G protein coupling [4] (see also Chapter 6). Constitutively activating mutations could
affect the equilibrium between active and inactive receptor conformations either by
mimicking active conformations of the receptor or by disrupting key interactions
needed to stabilize the inactive conformation of the receptor. Given that overexpres-
sion of G proteins can also enhance constitutive activity of muscarinic receptors, mu-
tations that improve G protein coupling also have the potential to induce constitutive
activity. Mathematically, in the extended ternary complex model (see [4]), this would be
represented by an increase in the affinity constant M governing association of R* and
the G protein. Increases in M could account for the effects of constitutively activating
mutations found in the intracellular loops of muscarinic receptors. However no stu-
dies have yet demonstrated constitutive activity that arises primarily from an effect on
M. Recently, methods for direct determination of receptor/G protein affinity that
would allow this have been described [5].
We have summarized many mutations in muscarinic receptors that cause increased

constitutive activity (see Figure 12.1 and Table 12.1). From examination of the distri-
bution of constitutively activating mutations across the receptor it is immediately ap-
parent that the majority of mutations are clustered in TM3, the i2 loop, and TM6. The
prevalence of constitutively activating mutations in these regions suggests they have
the greatest involvement in the dynamic switching between inactive and active recep-
tor conformations. This assertion is supported by studies showing that restricting the
movement of these domains inhibits receptor activation in M1R and rhodopsin [63,
84]. Similarly, in adrenoceptors, receptor activation changes the environment around
TM6 [58] and access of polar ligands to TM6 [80], indicating dynamic conformational
changes occur in TM6. Furthermore, changes in the relative positions of TM3 and
TM6 have been directly shown in other receptor systems [56, 57, 59, 60].

12.7

Conclusions

The physiological importance of constitutive activity for muscarinic receptors is un-
clear at this time. Targeted deletion of each of the five muscarinic subtypes has yielded
insights into their probable physiological roles [85–87] and indicates that basal tone
may play a part in normal muscarinic physiology, though this has not been investi-
gated in detail. For example, M2R was shown to regulate heart rate and smooth muscle
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contraction in the trachea, ileum, and bladder [88, 89], though only agonist-mediated
activity was measured in these studies. However, the original observations by Hilf and
Jakobs showing atropine-sensitive GTPcS binding in cardiac membranes suggest that
basal activity of M2R probably contributes to the control of heart rate [11]. Knockout of
M4R enhances both basal and agonist-stimulated dopamine D1-receptor-mediated lo-
comotor stimulation, indicating that M4R exerts inhibitory control [90]. Given that ba-
sal locomotor activity was increased, and that muscarinic inverse agonists are used to
treat patients with Parkinson’s disease, it is possible that constitutive activity of M4R
plays a part in maintaining appropriate levels of motoric activity. Roles for M5R in
maintenance of cerebral vascular tone (see [91]), M1R in hippocampal neuronal activity
[92], and M3R in control of smooth muscle tone in bladder, lung, and stomach [93] and
in food intake [94] have been described. It would be of interest to determine the con-
tribution, if any, of constitutive activity to these functions. The use of available inverse
agonists with these muscarinic receptor knockout models should help clarify this

Fig. 12.1 Snake diagram showing the positions of

constitutively activating mutations in the muscari-

nic receptor family. Circles and squares represent

individual amino acids. Letters indicate amino

acids in the wild-type M5R by the single letter code.

Black fill indicates positions at which mutations

have increased constitutive activity. Gray fill indi-

cates positions at which mutations have increased

the affinity of agonists by over threefold. Squares

indicate highly conserved residues (M5R: Asn
48(1.50),

Asp76(2.50), Arg128(3.50), Trp155(4.50), Pro205(5.50),

Pro457(6.50), and Pro492(7.50)) used in the Ballesteros

and Weinstein numbering system [37]. Positions of

the helices are modeled after [55] with the align-

ment published previously [83], with the exception

of TM3, which is extended into the cytoplasm as

described [17]. Extension of this helix “uses up“

residues that form a loop between TM3 and TM4 in

rhodopsin. An analogous loop must exist in the

muscarinic receptors, so either or both of TM3 and

TM4 are shorter than is shown in this figure. Since

we are unsure of the receptor structure in this re-

gion, a solid line was drawn connecting TM3 to

TM4. Small white circles stand for approximately

100 residues in the i3 loop omitted for clarity; no

constitutively activating mutations have been

identified in this region. Dotted line represents a

disulfide bond linking Cys103(3.25) to Cys183(5.28) [22,

98].
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point. Ultimately, the development of subtype-selective inverse agonists and neutral
antagonists will be necessary for full understanding of how the constitutive activity of
muscarinic receptors regulates normal physiological functions in humans.
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13

Constitutively Active Histamine Receptors

Remko A. Bakker and Rob Leurs

13.1

Introduction

Much of the information cells receive is transduced by a membranous signaling sys-
tem that uses heterotrimeric guanine nucleotide binding proteins (G proteins) for
functional coupling of cell surface receptors (G protein coupled receptors, GPCRs)
to a variety of effectors. During recent years it has been shown that receptors,
G protein a, b, and c subunits, and effectors involved in this signaling system exhibit
a remarkable structural diversity and that the interactions of these components display
a bewildering complexity. Even though many questions remain to be answered, it is
becoming obvious that G proteins form the basis of a complex membranous signaling
network that allows the cell to coordinate and to process incoming signals already at
the level of the plasma membrane [1–7].
Whereas receptor studies were rather tedious in the early days, nowadays, by use of

various molecular biological techniques, we can induce the expression of our gene of
interest to a varying degree in more or less any kind of cellular system we would like. It
is therefore not surprising that information on receptors such as the GPCRs is rapidly
growing. Although Peters et al. had already investigated the mechanisms of enhanced
agonist-induced signaling through the b-adrenoceptor (bAR) after pretreatment of the
cells with bAR antagonists [8], a phenomenon now closely associated with constitutive
GPCR receptor activity [9–14], the first clear description of constitutive GPCR activity
was reported by Costa and Hertz in 1989 [15]. Through the use of GTPase assays (see
also Chapter 8), Costa and Hertz showed that the endogenously expressed d opioid
receptor (DOP(d)R) displayed a remarkable activity in the absence of any agonist.
Moreover, this basal activity could be inhibited by a variety of antagonists that hence-
forth were known as pure antagonists of the DOP(d)R. Such compounds have negative
efficacy and have been described either as negative antagonists or as inverse agonists.
The term was originally devised to describe the behavior of compounds acting at ben-
zodiazepine receptors that allosterically inhibited signaling at c-aminobutyric acid
(GABA) receptors [16]. Obviously, these antagonists were able to elicit a response op-
posite to the response induced by agonists and so they were referred to as inverse
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agonists. As these ligands are able to induce a response they also possess intrinsic
activity; their intrinsic activity ranges from –1 for full inverse agonists to 0, in analogy
to the agonists, for which the intrinsic activity ranges from 0 to +1 for a full agonist.
This observation has resulted in the reclassification of a large variety of ligands: many
antagonists were found to possess negative intrinsic activity, while only a small num-
ber of ligands failed to display any intrinsic activity. The latter set of ligands we now
refer to as neutral antagonists to distinguish them from the formerly known antago-
nists, although in principle the term antagonist would suffice.
Constitutive, basal, or spontaneous activity of the receptor, in the context of receptor

pharmacology, is signaling by the receptor in the absence of agonist. It is most com-
monly seen in systems with high levels of receptor expression. Initially, the finding of
constitutive activity of G protein-coupled receptors was met with skepticism, as the
prerequisite for such signaling is the absence of agonist. Ligand-independent receptor
activity is now seen not as a curious property that may only prevail in a rather limited
number of receptors but rather as a general phenomenon [17–22].
Several potentially nonbeneficial aspects of inverse agonists have been recognized,

among them receptor upregulation, which may render such compounds unfavorable
as therapeutics (see also Chapter 7) [12]. Although themechanistic details remain open
to debate, the existence of inverse agonists is now widely accepted and many existing
therapeutics have been reclassified as inverse agonists. There seem to be conditions
under which application with inverse agonists is more promising than treatment with
neutral antagonists: in the case of a highly constitutively active receptor, for instance.
Nowadays constitutive receptor signaling is generally studied in heterologous expres-
sion systems although, as evidence of constitutive receptor signaling in physiological
systems accumulates, its presence is now also recognized as a part of the possible
physiological roles of GPCRs [23] (see also Chapter 7).
Members of the family of histamine receptors have played an important role in the

recognition of the importance of constitutive GPCR signaling, including the potential
drawbacks of the use of inverse agonists as therapeutics [12] and the occurrence of
constitutive activity in vivo [23]. In this chapter we review the constitutive activity
of the family of histamine receptors and the specific ligands currently available to assay
the receptors, and also discuss convenient assay systems for study of the constitutive
activity of these receptors.

13.2

The Histamine Receptors

The monoamine 2-(1H-imidazol-4-yl)ethylamine was first synthesized and identified
as an endogenous biologically activemolecule about one century ago [24]. Histamine is
now recognized as a chemical messenger that regulates a wide variety of physiological
responses; it acts as a neurotransmitter in the central nervous system [25–27] and also
as a major inflammatory mediator released from mast cells after irritation or allergic
provocation [25, 28]. As such, histamine has been implicated in various (patho)phy-
siological conditions. Histamine exerts its effects by binding to histamine receptors,
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classified on the basis of pharmacological studies and gene cloning into four receptor
subtypes, all of which belong to the superfamily of G protein-coupled receptors [25,
29–34].
Initially, research in the histamine field focussed completely on this role of hista-

mine in allergic diseases and this intensive research resulted in the development of
several potent “antihistamines“, useful in inhibiting certain symptoms of allergic con-
ditions. H1R antagonists were thought to inhibit the action of histamine on the his-
tamine H1 receptor (H1R). The observation that these “antihistamines“ could not an-
tagonize all effects of histamine led Ash and Schild in 1966 to hypothesize the exis-
tence of at least two distinct receptor subtypes [35]. In 1972 this hypothesis became
generally accepted when Black and his co-workers succeeded in the synthesis of a ser-
ies of new compounds (e.g., burimamide: 1-[4-(1H-imidazol-4-yl)butyl]-3-
methylthiourea dihydrobromide) that selectively antagonized the effects of histamine
on the stomach and the heart [36]. These H2-receptor (H2R) antagonists proved to be
very useful in the therapy of gastric ulcers.
In various peripheral tissues histamine is stored in mast cells, basophils, entero-

chromaffin cells, and probably also in specific neurons. Histamine release after
mast cell degranulation results in various of the well known symptoms of allergic con-
ditions in skin and airway preparations, whereas histamine release from enterochro-
maffin cells in the gastric mucosa stimulates gastric acid secretion by parietal cells [25,
28].
In the CNS, histamine is synthesized in a restricted population of neurons located in

the tuberomammillary nucleus of the posterior hypothalamus. These neurons project
diffusely to most cerebral areas and have been implicated in various brain functions
(e.g., sleep/wakefulness, hormonal secretion, cardiovascular control) in mammalian
species [25–27]. The identification of the presynaptic H3 receptor (H3R) as a new re-
ceptor subtype in 1983 by Arrang and colleagues [37] gave rise to a new field of interest.
The cloning of theH3R gene in 1999 [29] confirmed the existence of this receptor at the
molecular level, and the H3R is now regarded as a general regulatory system in the
CNS and a potential target for new therapeutics [38].
The use of genomic databases has recently resulted in the identification of a new

histamine receptor: the histamine H4 receptor (H4R) [30–34]. In view of its expression
profile this receptor has been suggested as a new target in the regulation of immune
function.

13.2.1

The H1R

The H1R is involved in many of the symptoms of allergic reactions. Histamine H1R
antagonists are widely used to relieve these symptoms and have become one of the
safest and most prescribed drug families in western countries [39].
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13.2.1.1 H1R-mediated Signaling

Histamine-induced contractions in airway smooth muscle are mediated through the
Gq/11-coupled [40] histamine H1Rs, stimulation of which affects the inositol phospho-
lipid signaling systems, resulting in formation of inositol-1,4,5-triphosphate (IP3) and
1,2-diacylglycerol (DAG) from phosphatidylinositol-4,5-biphosphate hydrolysis (see
Figure 13.1). In addition, several other signaling pathways can be activated, including
the activation of protein kinase C (PKC) secondary to changes in intracellular concen-
trations of calcium and DAG [40], and also the stimulation of phospholipase D by
monomeric GTP-binding proteins [41] and of phospholipase A2 (PLA2) resulting in
arachidonic acid release [40]. Furthermore, the H1R was recently shown to promote
transcription of genes under the control of nuclear factor kappa B (NF-jB) [42–44], a
ubiquitous transcription factor involved in the regulation of a wide variety of genes

Fig. 13.1 Major signaling pathways of the H1R.

The H1R activates members of the family of Gq/11

proteins to modulate cellular signaling. Activated

Gq/11 proteins stimulate phospholipase C (PLC) to

induce the formation of 1,2-diacylglycerol (DAG)

and inositol-1,4,5-triphosphate (IP3) from phos-

phatidylinositol-4,5-biphosphate (PIP2). IP3 subse-

quently increases intracellular Ca2+ concentrations,

while DAG activates protein kinase C (PKC). In

addition, H1R activation also leads to the activation

of adenylyl cyclase (AC) and the formation of cyclic

AMP (cAMP), the activation of phospholipase A2

(PLA2), which releases arachidonic acid (AA), as

well as activation of the transcription factor nuclear

factor kappa B (NF-jB) by several mechanisms.

Inactive NF-jB, which is complexed together with

inhibitory kappa-B (I-jB) in the cytosol, is activated

by activated Gaq/11 proteins or released Gbc sub-

units, as well as through the monomeric GTP-

binding protein Rho, which may also activate

phospholipase D (PLD). Activated NF-jB subunits

dissociate from the complex and subsequently

modulate gene transcription in the nucleus.
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codingformolecules involvedintheimmunefunctionandinflammationresponses [45].
In addition, the H1Rmay modulate other signaling pathways, including the activation
ofmitogen-activated protein kinase (MAPK) [46, 47], protein kinase B (PKB, also known
as Akt) [48], tyrosine hydroxylase [49], and the canonical b-catenin pathway [50].

13.2.1.2 H1R Ligands

Although many pharmacological tools for the study of H1Rs are available, most effort
has been directed towards the development of H1R antagonists. For many years the
substituted 2-phenylhistamines (e.g., 2-(3-trifluoromethylphenyl)histamine; Figure
13.2) have been the best choice as H1R agonist. These agonists show relatively
high H1R affinity, but appear to possess only limited efficacy [51]. Recently, however,
the ‘histaprodifens’ have been introduced as a new class of highly potent H1R agonists
[52]. The histaprodifens interact with both agonist and antagonist binding sites of the
H1R [53], and are clearly more potent than histamine (Figure 13.2). Several histapro-
difens, however, have been shown to possess species selectivity towards the guinea pig
H1R relative to the human H1R [54]. Also, (8R)-lisuride has recently been identified as
a potent stereospecific H1R agonist [55]. (8R)-Lisuride (Figure 13.2) is the most potent
H1R agonist known to date, but as a partial agonist it may act as an antagonist in assay
systems with low H1R expression levels.
Many potent and selective receptor antagonists for the study of H1Rs are available

[56]. However, one should be aware of the possible antagonistic properties at muscari-
nic acetylcholine receptors and 5-HT receptors and of the local anesthetic properties of
several classical H1R antagonists at concentrations that are usually much higher than
those needed for blocking the H1Rs [57]. Currently, mepyramine (pyrilamine;
Figure 13.2), with a nanomolar H1R affinity, is the most commonly used H1R antago-
nist for pharmacological studies, while the D and L enantiomers of chlorpheniramine
are also very effective for receptor classification. These compounds easily penetrate the
brain and so can be used for in vivo CNS studies. Recently, many new H1R antagonists
that hardly pass the blood–brain barrier (e.g., cetirizine and loratadine; Figure 13.2)
have been developed, and are of therapeutic importance in allergic disorders [56]. The
classification of H1R antagonists has recently been altered. H1Rs exhibit considerable
constitutive activity, which can be inhibited by most H1R antagonists, thus acting as
inverse agonists [58].
Since all examined H1R antagonists, including various therapeutically used sub-

stances (Figure 13.2), turned out to exhibit negative intrinsic activity, we searched
for neutral antagonists for the human H1R [59]. Newly synthesized H1R ligands struc-
turally related to H1R agonists were screened for their affinity in radioligand displace-
ment studies, and their functional activities were assessed by a NF-jB-driven reporter
gene assay (see Chapter 8) that allows for the detection of both agonistic and inverse
agonistic responses [44]. By this approach [59] we ultimately identified two neutral
H1R antagonists: 2-[2-(4,4-diphenylbutyl)-1H-imidazol-4-yl]ethylamine (histabudifen;
Figure 13.2) (pKi = 5.8) and 2-[2-(5,5-diphenylpentyl)-1H-imidazol-4-yl]ethylamine
(histapendifen; Figure 13.2) (pKi = 5.9). In addition, we have recently identified
lysergol (pKi = 5.6), a ligand structurally related to lisuride, as a potential lead structure
for the synthesis of additional neutral H1R antagonists [55].
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Fig. 13.2 Structures of various H1R agonists (A), neutral H1R

antagonists (B), and inverse H1R agonists (C).
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13.2.2

The H2R

The H2R is known for its role in the regulation of gastric acid secretion and is a target
for H2R antagonists that prevent the production of gastric acid. These substances are
used to heal ulcers and to relieve the symptoms and pain associated with gastroeso-
phageal reflux disease [60].

13.2.2.1 H2R-mediated Signaling

The H2R is a prototypical GPCR coupled to the Gs family of G proteins. Activation of
the receptor therefore results in the activation of adenylyl cyclase (AC) and subsequent
formation of cyclic AMP (cAMP) in the cell (see Figure 13.3 and [61] for review). The
secondmessenger cAMP subsequently activates protein kinase A (PKA), which in turn
modulates the activity of a variety of signaling pathways, including the activation of
MAPK in the brain [62] as well as the activation of the transcription factor cAMP re-
sponsive element-binding (CREB) protein to modulate gene transcription (see
Chapter 8). In addition to the activation of AC, the H2R may also couple to PLC
and trigger intracellular Ca2+ signaling through the activation of Gaq proteins in cer-
tain cell systems [63–68].

13.2.2.2 H2R Ligands

Both agonists and antagonists for the histamine H2R are available for proper pharma-
cological characterization. Amthamine (2-amino-5-(2-aminoethyl)-4-methylthiazole;

Fig. 13.3 Major signaling pathways of the H2R.

The H2R activates members of the family of Gs

proteins to modulate cellular signaling. Activated

Gs proteins stimulate AC, the enzyme that produces

cAMP, which in turn results in the activation of

protein kinase A (PKA) and consequently cAMP-

responsive element binding protein (CREB) to

modulate gene transcription.
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Figure 13.4) is the best choice for a selective H2R agonist, as it combines a high H2R
selectivity with a slightly higher potency than histamine [69]. Many compounds with
potent H2R antagonistic properties have been described (see [70–72] for extensive re-
views). Nowadays compounds such as cimetidine, ranitidine, and tiotidine
(Figure 13.4) are usually applied as selective tools for functional H2R studies. As
in the case of the H1R antagonists, the recognition of constitutive H2R activity resulted
in the reclassification of cimetidine, ranitidine, and tiotidine as inverse agonists and of
burimamide as a neutral antagonist [12] or a weak partial agonist [73].

13.2.3

The H3R

While the H3R was identified pharmacologically in 1983, by Arrang et al., and found to
modulate histamine release in the brain [37], its gene coding was identified in 1999 by
Lovenberg et al. [29]. Cloning of the H3R gene subsequently resulted in the identifica-
tion of another gene coding for the histamine H4R (see Section 13.2.4). The identifica-

Fig. 13.4 Structures of various H2R agonists (A) and inverse H2R

agonists (B).
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tion of the H3R at the molecular level has greatly facilitated the study of the pharma-
cology of the receptor; however, it is now apparent that a large variety of H3R isoforms
with different pharmacological profiles may exist (see [74] for a review).
Currently, the H3R has attracted interest as a potential drug target for the treatment

of a variety of disorders/ailments, including diabetes and obesity [74–76], attention-
deficit hyperactivity disorder (ADHD) [77, 78], Alzheimer’s disease [79], epilepsy
[79–81], and schizophrenia [81, 82], as well as for treatment of myocardial ischemia
[83, 84] and inflammatory and gastric acid-related diseases [85–89]. Many interesting
activities in various preclinical models of important human diseases have been re-
ported both for H3R agonists and for H3R inverse agonists/antagonists (see [90]
for a review).

Fig. 13.5 Major signaling pathways of the H3R.

The H3R activates members of the family of Gi/o

proteins to modulate cellular signaling. Activated

Gi/o proteins inhibit AC, resulting in turn in reduced

levels of cAMP and a reduced activation of PKA and

CREB-mediated modulation of gene transcription.

In addition, other effector pathways, including the

activation of MAP and PI-3 kinases and the acti-

vation of PLA2 to induce the release of AA may be

activated, as well as the inhibition of the Na+/H+

exchanger and the lowering of intracellular Ca2+

levels. Subsequent activation of the MAPK and PI-

3K pathways results in the phosphorylation of ERKs

and protein kinase B (PKB, also known as Akt),

respectively. Activated PKB subsequently phos-

phorylates and thereby inhibits the action of gly-

cogen synthase kinase 3b (GSK3b), a major tau

kinase in the brain.
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13.2.3.1 H3R-mediated Signaling

The H3R couples to members of the Gi family of G proteins, such as Gai and Gao. As
such, the receptor is negatively coupled to adenylyl cyclase, and activation of the re-
ceptor results in the inhibition of cAMP formation (see Figure 13.5). In addition, a
variety of other effector pathways can be activated by the H3R, including the activation
of MAPK [62, 91] and PI-3 kinase (PI3K), the activation of PLA2, inhibition of the Na+/
H+ exchanger [86], and the lowering of intracellular Ca2+ levels by an unidentified me-
chanism [85].
The negative modulation of AC also results in the inhibition of downstream events

such as CREB-dependent gene transcription by lowering of cAMP levels. Activation of
the MAPK and PI3K pathways induces the phosphorylation of ERKs and PKB/Akt,
respectively [92]. PKB subsequently phosphorylates, and thus inhibit the action of,
glycogen synthase kinase 3b (GSK3b) [92], a major tau kinase in the brain [93].

13.2.3.2 H3R Ligands

Soon after the initial description of the H3R [37], Arrang et al. described highly potent
and selective H3R ligands [94]. The agonists (R)-a-methylhistamine, immepip (4-(1H-
imidazol-4-ylmethyl)piperidine), and imetit ((S)-[2-(1H-imidazol-4-yl)ethyl]isothiour-
ea), and the inverse agonist thioperamide (N-cyclohexyl-4-(1H-imidazol-4-yl)piperi-
dine-1-carbothioamide) have become valuable H3R ligands (Figure 13.6) [95–98].
Most H3R ligands, however, also interact with the H4R (see below) and are therefore
not selective. The use of (R)-a-methylhistamine in combination with its less potent
enantiomer (S)-a-methylhistamine is very effective for the characterization of H3R-
mediated effects, while the dimethylated histamine analogue (R)-a,b-dimethylhista-
mine has also been shown to be a potent H3R agonist [99]. In contrast to immepip,
(R)-a-methylhistamine shows some agonistic effects at a2-adrenoceptors and H1Rs,
whereas imetit shows reasonable agonistic activity at 5-HT3Rs [100, 101].
Recently, immethridine (4-(1H-imidazol-4(5)-ylmethyl)pyridine; Figure 13.6) has

been described as a potent H3R selective agonist, exhibiting a 300-fold selectivity re-
lative to the H4R [102], and appears to be a promising pharmacological tool for inves-
tigation of the H3R. Methimepip (4-((1H-imidazol-4-yl)methyl)-1-methylpiperidine), a
close analogue of immethridine (Figure 13.6), possesses an even greater H3R versus
H4R selectivity [103].
Only a few neutral H3R antagonists have thus far been described. VUF 4904 ([5-(1H-

imidazol-4-yl)pentyl]-isopropyl-amine, pKi = 7.9; Figure 13.6) [104] and VUF 5681 (4-
(3-(1H-imidazol-4-yl)propyl)piperidine, pKi = 8.4; Figure 13.6) [105] are two available
neutral H3R antagonists.
A wide variety of potent H3R antagonists have been described [106]. Thioperamide

(Figure 13.6, pA2 = 8.4) [94] and clobenpropit (2-[3-(1H-imidazol-4-yl)propyl]-1-(4-
chlorobenzyl)isothiourea; Figure 13.6, pA2 = 9.9), both of which are now classified
as inverse H3R agonists, were developed in the early years [96] and are often regarded
as the standard H3R antagonists despite their affinity for the H4R. Interestingly, the
inverse H3R agonist A-331440 (4’-[3-((3R)-3-dimethylaminopyrrolidin-1-yl)propoxy]bi-
phenyl-4-carbonitrile; Figure 13.6) appears to possess a much greater negative intrin-
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Fig. 13.6 Structures of various H3R agonists (A), neutral H3R an-

tagonists (B), inverse H3R agonists (C), and the protean H3R agonist

proxyfan (D).
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sic activity than other inverse H3R agonists as measured by [35S]guanosine 5’-[c-thio]-
triphosphate ([35S]GTPcS) binding assays (see Chapter 8) [75]. If it is proven that the
observed response of A-331440 is selectively due to its inhibition of constitutive H3R
activity, many of the heretofore identified inverse H3R agonists, including thiopera-
mide and clobenpropit, should be reclassified as partial inverse H3R agonists accord-
ingly.
Proxyfan (4-[3-(benzyloxy)propyl]-1H-imidazole; Figure 13.6) is a peculiar H3R li-

gand in that it exhibits H3R agonistic, neutral H3R antagonistic, and inverse H3R ago-
nistic properties, depending on the signaling assay used to assay H3R activity [107,
108]. As such, proxyfan is a protean agonist that exhibits H3R agonistic behavior
when assayed for inhibition of cAMP formation, MAPK activation, and in
[35S]GTPcS binding assays, while it displays inverse H3R agonistic behavior when as-
sayed in calcium ionophore-induced arachidonic acid release assays (see also
Chapter 8) [107]. The protean agonistic behavior of proxyfan should also be taken
into account when comparing H3Rs from different species; proxyfan acts, for instance,
as a neutral H3R antagonist on [35S]GTPcS binding in rat brain tissues [108], whereas it
acts as a partial H3R agonist on [35S]GTPcS binding on heterologously expressed hu-
man H3Rs [23].

13.2.4

The H4R

The completion of the human genome sequencing project has identified various genes
encoding proteins that belong to the GPCR superfamily [109, 110]. One of these genes
was identified simultaneously by several researchers as encoding a novel histamine
receptor, and was thus characterized as the fourth histamine receptor (H4R) on the
basis of the sequence homology of the orphan receptor with the H3R [30–34].
To elucidate the role of the H4R in vivo, the H4R was subsequently cloned from

various species, including mouse, rat, guinea pig [111], and pig [112]. The H4Rs share
65–72% sequence homology with the human H4R and exhibit substantial pharmaco-
logical species variation both for binding affinity and for signal transduction response
[111, 112], the human H4R having the highest affinity for histamine.
From the expression profile of the H4R, which is most abundant in leukocytes [30],

including eosinophils, dendritic cells, and tonsil B cells, as well as in bonemarrow and
spleen [33, 111], the receptor was suggested to be involved in immunological func-
tions. Such as role for the H4R has recently been confirmed by studies indicating cri-
tical roles of the receptor in leukotriene B4 production and neutrophil recruitment
[113, 114], chemotaxis and cytoskeletal changes of eosinophils [115–117] and mast
cells [118], and interleukin-16 release from human CD8+ T cells [119], as well as
from studies using selective H4R antagonists [117, 120, 121]. In addition to its expres-
sion in leukocytes, bonemarrow, and spleen, theH4R is also expressed in various parts
of the brain [32, 33, 122, 123] and lung [119, 122].
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13.2.4.1 H4R-mediated Signaling

Similarly to the H3R, the H4R couples to members of the Gi family of G proteins. H4R
activation thus gives rise to a decrease in the formation of cAMP and the inhibition of
downstream events such as CREB-dependent gene transcription (see Figure 13.7). In
addition, a variety of other effector pathways can be activated by the H4R, including the
activation of MAPKs [34] and increases in intracellular calcium from intracellular
stores upon receptor activation in, for instance, mast cells [118]. The H4R-mediated
calcium signaling is induced through a PTX-sensitive (PTX = pertussis toxin) activa-
tion of PLC, suggesting the involvement of Gbc subunits dissociated from Gai/o pro-
teins. Pathways downstream of H4R-mediated calcium mobilization, which may in-
clude PKC as well as pathways causing mast cell chemotaxis toward histamine, are
currently unknown.

13.2.4.2 H4R Ligands

Heterologous expression of the H4R in cells confers the ability to bind [3H]histamine
with high affinity (KD = 5 nM). Pharmacologically, the H4R resembles the H3R to some

Fig. 13.7 Major signaling pathways of the H4R.

The H4R activates members of the family of Gi/o

proteins to modulate cellular signaling. Activated

Gi/o proteins inhibit AC, resulting in turn in reduced

levels of cAMP and a reduced activation of PKA and

CREB-mediated modulation of gene transcription.

In addition, the H4R activates intracellular Ca2+

mobilization through the activation of PLC by Gbc
subunits released upon activation of Gi/o proteins.
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extent in that it binds many of the known H3R agonists and antagonists, albeit with
a different rank order of affinity and potency. Oda and colleagues have shown that
the histamine H4R can bind and be activated not only by histamine, but also by
H3R ligands such as (R)-(a)-methylhistamine, N-(a)-methylhistamine, clozapine (8-
chloro-11-(4-methyl-piperazin-1-yl)-5H-dibenzo[b,e][1,4]diazepine), imetit, immepip,
and – interestingly – also by the H2R antagonist burimamide and the H3R antagonist
clobenpropit [34]. Recently, we have described OUP-16 ((–)-2-cyano-1-methyl-3-
[(2R,5R)-5-(1H-imidazol-4(5)-yl)tetrahydrofuran-2-ylmethyl]guanidine; Figure 13.8)
as the first full H4R agonist exhibiting specificity for the H4R relative to the H3R
[124]. The H4R does not bind H1- and H2R antagonists such as diphenhydramine,
loratadine, ranitidine, and cimetidine, but has modest affinity for the H2R agonists
dimaprit [33] and impromidine [33, 34].

Fig. 13.8 Structures of various H4R agonists (A), neutral H4R

antagonists (B), and inverse H4R agonists (C).
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Interestingly, thioperamide acts not only as an inverse H3R agonist, but also as an
inverse H4R agonist [30, 33, 34]. Only one ligand other than thioperamide has so far
been reported to possess inverseH4R agonistic properties: VUF 4742 (1-[5-(imidazol-4-
yl)pentyl]-3-(4-chlorophenylmethyl)thiourea; Figure 13.8). VUF 4742 has a potency
and efficacy for the H4R very similar to that thioperamide [125].
In contrast to the rather limited number of inverse H4R agonists found so far, the

identification of neutral H4R antagonists appears to be relatively easy in comparison to
the identification of neutral H1R antagonists. The potent and selective H4R ligand
JNJ7777120 (1-[(5-chloro-1H-indol-2-yl)carbonyl]-4-methylpiperazine; Figure 13.8),
as well as its benzimidazole analogue (VUF 6002, (5-chloro-1H-benzo[d]imidazol-2-
yl)-(4-methylpiperazin-1-yl)methanone, see Figure 13.8) and the H3R inverse agonist
iodophenpropit (S-[3-(4(5)-imidazolyl)propyl]-N-[2-(4-iodophenyl)ethyl]isothiourea),
act as neutral H4R antagonists (unpublished results).

13.3

Assay Systems for Detection of Constitutive Activity of Histamine Receptors

Because of the diversity of the coupling capabilities of the four histamine receptors it is
no surprise that a wide variety of assay systems for assaying (constitutive) histamine
receptor activity are available. In this section we briefly discuss themajor assay systems
that have been used to assay histamine receptor activity and their suitability for mon-
itoring constitutive receptor activity. A more detailed discussion of methods available
for the assessment of constitutive GPCR activity is presented in Chapter 8.

13.3.1

Histamine Receptor Expression and the Detection of Constitutive Activity

GPCRs exhibit varying levels of constitutive activity [17]. Detection of (constitutive)
receptor activity is facilitated by overexpression of the receptor in heterologous expres-
sion systems. Histamine receptors have been successfully expressed in various het-
erologous expression systems, including mammalian cell lines such as HEK293,
CHO, and COS-7 cells. The receptor has also been overexpressed in insect cells
(Sf-9), but these cells may be less suited for functional studies due to low levels of
endogenous G proteins in them [126].
The heterologously expressed H2R exhibits considerable constitutive activity, result-

ing in elevated levels of cAMP [12, 127]. High levels of H2R expression, to facilitate the
detection of constitutive receptor activity, can be achieved by applying viral expression
systems such as the Semliki forest virus [127], which can be used to infect a large
variety of host cells [128, 129]. Moreover, the Semliki forest virus system has been
successfully used for the detection of constitutive activity of mutant H2R receptors
that can be expressed only at low levels by use of more conventional transfection meth-
ods [127].
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The H3R controls histaminergic neuron activity, and also exhibits high constitutive
activity. In fact, it is the only histamine receptor for which constitutive activity has been
demonstrated in vivo [23]. Various H3R isoforms differing in the lengths of their third
intracellular loops have been described. Investigations into the constitutive activity of
H3R isoforms have shown that the longer H3R isoform (H3L), consisting of 445 amino
acids, exhibits slightly more pronounced constitutive activity than the shorter H3R iso-
form, which consists of 413 amino acids due to a 32-amino acid deletion in its third
intracellular loop (H3S) [23]. Rat H3R isoforms also differ in the lengths of their third
intracellular loops, and these receptors also differ in their effectiveness in activating
signaling pathways, including CRE-dependent transcription andMAPK activation [91].
Constitutive H4R activity has been detected in several heterologous expression sys-

tems, including HEK 293 and SK-N-MC neuroblastoma cells [30, 33, 34].
Prolonged treatment of constitutively active receptors with inverse agonists is

thought to stabilize the receptor and will subsequently give rise to receptor upregula-
tion. For histamine receptors, these kinds of effects were first recognized for hetero-
logously expressed H2Rs upon treatment with cimetidine [12], and have been linked to
the occurrence of tolerance. Interestingly, one described allelic variant of the hista-
mine H2R exhibits low constitutive activity and is resistant to receptor upregulation
upon prolonged treatment with inverse H2R agonists [130]. The mutation, a replace-
ment of adenine 649 with guanine (A649G), results in a change of Asn217 to Asp in the
third intracellular loop of the receptor (H2R Asn217Asp). Interestingly, this allelic var-
iant has been reported to be more frequent in Caucasian schizophrenics [131, 132].
The humanH1R is endogenously expressed in some cell lines, such as HeLa cells, at

fairly low levels of expression [59]. Prolonged treatment of these cells with an inverse
H1R agonist results in H1R upregulation, which is also accompanied by increased re-
sponsiveness to histamine-induced H1R-mediated IP3 accumulation. Although these
data suggest the H1R is constitutively active in these cells, this constitutive H1R activity
is not detected directly by IP3 measurements.

13.3.2

Changes in Intracellular Ca2+

Measurements of changes in intracellular Ca2+ upon H1R activation have been rou-
tinely used to evaluate H1R activation [25] and are well suited to measure H1R desen-
sitization. The H2R, H3R, and H4R have also been shown to mediate agonist-induced
changes in intracellular Ca2+ [65, 68, 85, 118, 120]. However, the assay does not allow
the detection of constitutive H1R activity (see Chapter 8) and, moreover, the highly
potent partial H1R agonist (8R)-lisuride behaves as an antagonist in this assay, demon-
strating the limitations of intracellular calciummeasurements as a sensitive readout of
H1R activity [55].
Measurement of guinea pig (gp) ileum contractions has been the assay system of

choice for measuring H1R activity for many years. Although this assay is still regularly
used to obtain functional data for H1R ligands, it is also not suited for evaluation of the
potential negative intrinsic activity of ligands for the gpH1R.
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The carboxy terminus of the Ga protein is a key domain in the GPCR–G protein
interaction [133, 134]. Chimeric G proteins, in which the last few amino acids have
been replaced by corresponding amino acids present in other families of G proteins,
have been widely used in screening assays to facilitate functional coupling of receptors,
allowing functional screening for ligands modifying the receptor activity [135, 136].
These approaches have also been used for the H3R [75] and H4R [32, 34, 111, 137]
in calcium mobilization assays.

13.3.3

[35S]GTPcS Binding Assays (see also Chapter 8)

By substitution of [35S]GTPcS for GTP, Ga protein activation results in the incorpora-
tion of the nonhydrolyzable and radioactively labeled [35S]GTPcS, allowing the quan-
tification of activated Ga proteins. [35S]GTPcS binding assays thus monitor the activa-
tion of the receptor-associating G proteins and are particularly suitable for measure-
ment of the activation of Gi- and Go-coupled receptors, including the H3R [23, 138] and
H4R [34].
[35S]GTPcS binding assays have also been used to demonstrate constitutive H3R

activity in rat brain [108]. Constitutive [35S]GTPcS binding was inhibited by various
inverse H3R agonists, and this inhibition was blocked by proxyfan, which acts as a
neutral antagonist in this assay [108].
The pharmacological characterization of the human H4R by [35S]GTPcS binding

assays on stably transfected HEK293 cells indicated a high level of constitutive
H4R activity [34], and resulted in the identification of thioperamide as the first inverse
H4R agonist.
Although the [35S]GTPcS binding assay is particularly suitable for Gi- and Go-

coupled receptors, it was recently demonstrated that the assay is also applicable to
GPCRs coupling to the Gq family of G proteins, including the H1R [139] and H2R
[140], following an immunoprecipitation procedure [141]. Although this assay would
be suited to direct determination of the amount of G proteins constitutively activated
by the H1R, there are no currently available data on constitutive H1R activity as mea-
sured by [35S]GTPcS binding assays by such an approach. Measurement of [35S]GTPcS
binding to the H2R fused to either the long or the short splice variants of Gas, however,
indicated that both receptor-fusion proteins exhibit similar [140], but only moderate,
levels of constitutive activity .
In accordance with the reported moderate level of constitutive H1R activity in IP3

(see Section 13.3.4) [58, 143] and reporter-gene assays (see Section 13.3.7 and
Chapter 8) [44, 143], low levels of constitutive H1R activity and inverse agonistic activity
of first- and second-generation H1R antagonists were also detected by GTPase assays
(see Chapter 8) in insect Sf9 cells [54].
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13.3.4

IP3 Formation (see also Chapter 8)

The H1R couples to members of the Gq family of heterotrimeric G proteins to activate
PLC and subsequently to generate IP3. A significant increase in the basal level of
[3H]inositolphosphates production is observed upon overexpression of the wild-
type human H1R [58], indicating the H1R is constitutively active. All tested H1R an-
tagonists potently and selectively inhibited the observed constitutive H1R activity with
potencies that correlate well with their respective affinities, which resulted in the re-
classification of several H1R antagonists as inverse H1R agonists at the human H1R
[58]. Importantly, and in accordance with the known H1R stereospecificity [144], the
enantiomers of cetirizine display stereospecific inhibition of the constitutive hista-
mine H1R activity.
Although the measurement of IP3 provides a sensitive measurement of agonist-in-

duced H1R responses, the assay is not very sensitive for the detection of constitutive
H1R activity. The assay is therefore less well suited for the evaluation of constitutive
H1R activity, as more sensitive assay systems for the detection of this have been de-
scribed (see Section 13.3.7).
Although the coupling specificity of the H2R is more efficient for Gs than for

Gq proteins [145], activation of the H2R is also reported to induce the formation of
IP3 and changes in intracellular calcium [63–68]. In addition, activation of the H4R
is suggested to result in the activation of PLCb in mast cells [118]. As yet, however,
no evidence for constitutive H2R- or H4R-mediated formation of IP3 has been reported.

13.3.5

cAMP Assays (see also Chapter 8)

Because cAMP is one of the most important second messengers for control of various
metabolic pathways, a number of different assays to measure the formation of cAMP
from ATP by AC upon receptor stimulation have been developed over the years. The
AC effector enzyme is activated by Gs proteins and inhibited by Gi proteins, so these
assays can be used to monitor the activation of a wide variety of GPCRs, and have been
routinely used to assay H2R, H3R [29], and H4R activity [34].
The Gs-coupled H2R potently stimulates AC to induce formation of cAMP and is

suitable for the detection of constitutive H2R activity [12]. The detection of constitutive
H2R activity, and the inverse agonistic properties of H2R inverse agonists, however, are
more readily detected when the cells are stimulated with the diterpene forskolin [146].
Forskolin directly stimulates AC, allowing for enhanced sensitivity of the detection of
the inverse H2R agonist-induced inhibition of AC.
Detection of the modulation of AC activity by the Gi-coupled H3R and H4R also re-

quires the use of the AC stimulant forskolin [104]. Constitutive activity of H3Rs is
readily detected with this assay system [104, 147].

13 Constitutively Active Histamine Receptors212



13.3.6

Measurements of Arachidonic Acid (AA) Release

Activation of heterologously expressed H3Rs in cells that have been treated with the
calcium ionophore A23187 by various H3R agonists such as histamine and imetit has
been shown to result in a Gi/o-dependent release of AA [23]. Heterologous expression
of the H3R in CHO cells, for instance, also results in a pronounced constitutive H3R
modulation of A23187-induced AA release, which can be inhibited by inverse H3R
agonists such as ciproxifan and thioperamide [23]. Interestingly, proxyfan may act
as a partial agonist, a neutral antagonist, and a partial inverse agonist in this assay
system [107].

13.3.7

Reporter Gene Assays (see also Chapter 8)

Changes in the levels of intracellular second messengers may also result in alteration
in the expression of various genes due to modulation of the activity of transcription
factors. These transcription factors may bind to specific transcription factors present
in the promoter regions of genes to enhance or repress gene expression. Reporter gene
assays formonitoring the activation of various transcription factors include CRE, 12-O-
tetradecanoate-13-acetate response element (TRE), serum response element (SRE),
NF-jB, and activator protein-1 (AP-1), mediated transcription of, for instance, lucifer-
ase and b-galactosidase, for which the enzyme activity can be assayed in the cell lysate,
and green fluorescent protein. Reporter gene technology is now widely used to moni-
tor the cellular events associated with signal transduction and gene expression. The
principal advantage of these assays is their high sensitivity, reliability, convenience,
and adaptability to large-scale measurements [148, 149]. The disadvantages of the
use of reporter gene assays are the longer incubation times in the presence of ligands
and the distal read-out of the assay. Reporter gene assays have been used to assist the
deorphanization of various orphan GPCRs, including the H4R [32, 33].
NF-jB reporter gene assays can be used as a very sensitive and dynamic readout for

H1R activity, well suited for the detection of constitutive H1R activity [44]. This assay
has been used to show that the therapeutically used H1R antagonists all have inverse
agonistic H1R activity. Sensitivity can be enhanced in this assay by co-expression of
appropriate Ga and Gbc subunits (see also Section 13.3.9) [44].
cAMP-dependent reporter genes usually provide sensitive assays that have been suc-

cessfully applied to assay the activity of the various histamine receptors. The Gs-
coupled H2R stimulates the expression of reporter genes under the transcriptional
control of CREB [127], while the Gi-coupled H3 [29] and H4 receptors inhibit the ex-
pression of such reporter genes [32, 33]. As with direct cAMP assays (see
Section 13.3.5), the detection of constitutive H2R activity and inverse H2R agonism
can be enhanced by using forskolin, for instance, to stimulate AC directly; such direct
activation of AC is required for the detection of H3- and H4-receptor-induced modula-
tion of CREB-mediated gene transcription.
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In addition, reporter genes may be used as marker genes to quantify, for instance,
cell proliferate responses. In these cases the reporter gene is not under direct tran-
scriptional control as is the case for reporter gene assays [150]. A cell-based technology
platform for the functional evaluation of gene families that are potential drug targets,
including GPCRs, is called Receptor Selection and Amplification Technology (R-SAT)
and makes use of such a marker gene as a functional readout [151]. We used this assay
system successfully for the identification of the potent H1R agonist properties of li-
suride [55], as well as for the evaluation of the negative intrinsic activity of various
drugs for the H1R (Bakker et al., unpublished).

13.3.8

Activation of Kinases

All four histamine receptors have been shown to activate MAPK and related kinases
[34, 46–49, 91, 92, 107, 152]. The ability of the histamine receptors to activate these
pathways should be of importance in (patho)physiology. The activation of MAPK by
H2R and H3R agonists in the brain, for instance, enhances fear memory [62]. Inter-
estingly, different rat H3R isoforms have been shown to differ in their effectiveness in
activating MAPK pathways [91], suggesting potential differential roles for the H3R iso-
forms. Constitutive activation of these pathways, however, has not yet been described.

13.3.9

Effects of the Cellular Environment on Histamine Receptor Activity

Receptors are promiscuous in their coupling specificity towards their binding to and
activation of G proteins. As a result, a receptor may activate G proteins that belong to
various G protein families. Although some GPCRs couple to members from all fa-
milies of heterotrimeric G proteins [153], most GPCRs couple with some specificity
to various G proteins. Additionally, other expressed receptors may also influence his-
tamine receptor signaling. The cellular context is therefore critically important in de-
termining which G proteins are ultimately activated upon receptor activation.

13.3.9.1 Co-expression of G Proteins

Appropriate G proteins can be co-expressed to enhance the detection of constitutive
receptor activity [44, 154–156]. For the H1R, co-expression with members of the Gq

family of G proteins has been shown to facilitate detection of constitutive H1R activity
both in IP3 accumulation and in NF-jB reporter gene assays, as well as in the detection
of inverse agonism [44]. Specific combinations of Gb and Gc subunits (which dimer-
ize to form Gbc subunits) can also be co-expressed to enhance constitutive H1R-
mediated activation of NF-jB [44].
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13.3.9.2 Co-expression of GPCRs

The activity of the H1R may also be modulated by the co-expression of unrelated
GPCRs [143]. Co-expression of unrelated Gi/o-coupled receptors may enhance consti-
tutive H1R activity, while inverse H1R agonists may completely reduce the constitutive
activity observed under the co-expression conditions. Although preliminary experi-
ments suggest that the co-expression of such Gi/o-coupled receptors also affects the
potency of inverse H1R agonists, the stereospecific action of the enantiomers of cetir-
izine as inverseH1R agonists is retained under the co-expression conditions. There is a
prominent role for the constitutive H1R activity in allowing co-expressed receptors to
signal through H1R-activated pathways.
In addition to homodimerization of the H1R [157], it has recently also been shown

that the H1Rmay form a heterodimeric complexes together with the a1B-adrenoceptor,
and that these dimeric receptors function through >transactivation of associated
G proteins [139]. It is not yet known how the formation of dimeric receptor alters
the (constitutive) activity and signaling properties of the H1R.

13.3.10

Construction and Expression of Constitutively Active Mutant Receptors

Heterologous expression of GPCRs may result in relatively high expression levels and
often allows detection of agonist-independent or constitutive receptor activity. Alter-
natively, the receptors can be engineered such that constitutively active mutant (CAM)
receptors are generated by an alteration in receptor conformation induced by amino
acid substitution. The CAM receptors are usually generated on the basis of analogy
with the effects on receptor activity found upon mutation of specific residues in other
GPCRs. A sequence often considered when a CAM receptor is desired is the GPCR
signature triplet amino acid sequence Asp-Arg-Tyr (DRY) found downstream of the
third transmembrane domain (TM3) of most GPCRs and is involved in the interaction
of the receptor with G proteins. Another domain that can be considered to generate a
CAM is TM6 [158–161]. The relative orientation of TM3 and TM6 is thought to be
important for receptor activity; the change from an inactive to an active GPCR is
thought to be accompanied by a change in the relative orientation of these two TM
domains, with a concomitant rotation of TM6 [162].
Mutation of the aspartate in the DRY motif in the H2R (Asp115) has resulted in the

generation of two highly constitutively active mutant H2Rs (H2R Asp115Ala and H2R
Asp115Asn) that also possess an increased affinity for histamine [163]. Themutant H2R
Asp115Ala and H2R Asp115Asn receptors were found to be highly structurally unstable.
In addition, mutation of the arginine in the DRYmotif in the H2R (Arg116) has resulted
in the generation of two additional structurally unstable mutant H2Rs (H2R Arg116Ala
and H2R Arg116Asn [163]. Although the unstable mutant H2R Arg116Ala and H2R Ar-
g116Asn receptors could still couple functionally to Gs proteins upon histamine stimu-
lation, these effects were only observed with pretreatment of the cells with an inverse
H2R agonist. Both H2R agonists and inverse H2R agonists were found to stabilize the
unstable H2R mutant proteins [163].
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A highly constitutively active mutant mouse H3R has been generated by conversion
of Ala357 in the bottom of TM6 to a Lys (H3R Ala357Lys) [147]. Interestingly, the carboxy
terminus of the third intracellular loop of the H3R contains a stretch of eight amino
acids very similar to the corresponding sequence in a CAM b2R [164] and also critical
for constitutive activity in other GPCRs [158, 159, 165]. Residue 357 falls within this
stretch of eight amino acids. Surprisingly, however, mutation of Ala357Lys in the H3R
results in a H3R receptor mutant that has a Lys at a position that corresponds to a Lys
that is present in the wild-type b2AR, but which is mutated, along with other residues,
into an Ala in the CAM b2R [164]. The mutant H3R Ala357Lys receptor exhibits a dra-
matically enhanced cAMP accumulation response to the inverse H3R agonist thioper-
amide and has an increased affinity for the agonist imetit and the protean agonist prox-
yfan, together with decreased affinities for inverse agonists such as thioperamide [147].

13.3.11

Contamination with Endogenous Histamine

There has previously been some debate regarding potential contamination with ago-
nist as an explanation for constitutive GPCR signaling (see also Chapter 1) [166, 167].
As we were unable to identify a neutral H1R antagonist, we were concerned about
potential contamination with histamine. However, experiments with cells cultured
in histamine-free medium or tests in which treatment with (S)-(+)-a-fluoromethylhis-
tidine (a-FMH), a suicide inhibitor of histidine decarboxylase (HDC) [168] is applied
still reveal constitutive H1R activity and inverse agonism with H1R antagonists.
In addition, we have determined the levels of histamine in the cell culture medium,

but were unable to measure detectable levels of histamine (less then 1 nM) [12].

13.4

Conclusions

The four histamine receptors have quite different physiological roles and are linked to
diverse signaling pathways. All four histamine receptors have been shown to exhibit
constitutive activity by a variety of assay systems. Although difficult to assess, the levels
of constitutive activity are different for the four histamine receptors, the H2 and H3

receptor appearing to display high levels of constitutive activity, whereas levels of con-
stitutive activity for the H1 and H4 receptors are more moderate. Apparent levels of
constitutive receptor activity, however, may also depend on the assay system used. The
H2R fused to Gs, for instance, exhibits only moderate levels of constitutive activity in
Sf9 cell membranes when GTPase activity is assayed [17, 142]. As yet the H3R is the
only histamine receptor for which constitutive activity has been shown in vivo.
A large variety of ligands for the different histamine receptors, possessing various

degrees of receptor affinity and specificity, are becoming available. Surprisingly, the
therapeutically used H1R and H2R antagonists all possess negative intrinsic activity.
While potent neutral H1R and H2R antagonists are still lacking, it appears that potent
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neutral H3R and H4R antagonists can be more easily discovered. Such potent neutral
histamine receptor antagonists should be useful in evaluation of the importance of
constitutive activity in physiology. As yet the importance of the intrinsic activity of
histaminerigic ligands for their therapeutic application is not known. With the discov-
ery of proxyfan as a protean H3R agonist it is becoming evident that the next challenge
will be to obtain histamine receptor ligands with tailor-made properties in terms not
only of receptor affinity and specificity, but also of intrinsic receptor activity under
appropriate assay conditions.

References

1 H. R. Bourne, Curr. Opin. Cell. Biol. 1997, 9,
134–142.

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

3 S. Offermanns, Prog. Biophys. Mol. Biol. 2003,
83, 101–130.

4 S. Offermanns, I. Simon, Cancer Surv. 1996,
27, 177–198.

5 C. D. Strader, T. M. Fong, M. R. Tota, D.
Underwood, R. A. Dixon, Annu. Rev. Biochem.
1994, 63, 101–132.

6 M. J. Marinissen, J. S. Gutkind, Trends Phar-
macol. Sci. 2001, 22, 368–376.

7 R. J. Lefkowitz, Nat. Cell. Biol. 2000, 2,
E133–136.

8 J. R. Peters, P. Nambi, D. R. Sibley, R. J.
Lefkowitz, Eur. J. Pharmacol. 1984, 107,
43–52.

9 D. P. Behan, D. T. Chalmers, Curr. Opin. Drug
Discov. Devel. 2001, 4, 548–560.

10 D. J. MacEwan, G. Milligan, Mol. Pharmacol,
1996, 50, 1479–1486.

11 D. J. MacEwan, G. Milligan, FEBS Lett, 1996,
399, 108–112.

12 M. J. Smit, R. Leurs, A. E. Alewijnse, J. Blauw,
G. P. van Nieuw Amerongen, Y. van De Vrede,
E. Roovers, H. Timmerman, Proc. Natl. Acad.
Sci. USA 1996, 93, 6802–6807.

13 D. Ramsay, N. Bevan, S. Rees, G. Milligan, Br.
J. Pharmacol. 2001, 133, 315–323.

14 P. A. Stevens, N. Bevan, S. Rees, G. Milligan,
Mol. Pharmacol. 2000, 58, 438–448.

15 T. Costa, A. Herz, Proc. Natl. Acad. Sci. USA
1989, 86, 7321–7325.

16 C. Braestrup, M. Nielsen, T. Honore, Adv.
Biochem. Psychopharmacol. 1983, 37, 237–245.

17 R. Seifert, K. Wenzel-Seifert, Naunyn
Schmiedebergs Arch. Pharmacol. 2002, 366,
381–416.

18 R. A. de Ligt, A. P. Kourounakis, A. P. IJzer-
man, Br. J. Pharmacol. 2000, 130, 1–12.

19 G.Milligan, R. A. Bond, Trends Pharmacol. Sci.
1997, 18, 468–474.

20 G. Milligan, R. A. Bond, M. Lee, Trends
Pharmacol. Sci. 1995, 16, 10–13.

21 P. Leff, Trends Pharmacol. Sci. 1995, 16, 89–97.
22 R. Leurs, M. J. Smit, A. E. Alewijnse, H.

Timmerman, Trends Biochem. Sci. 1998, 23,
418–422.

23 S. Morisset, A. Rouleau, X. Ligneau, F. Gba-
hou, J. Tardivel-Lacombe, H. Stark, W.
Schunack, C. R. Ganellin, J. C. Schwartz, J. M.
Arrang, Nature 2000, 408, 860–864.

24 H. H. Dale, P. P. Laidlaw, J. Physiol. 1910, 41,
418–444.

25 S. J. Hill, C. R. Ganellin, H. Timmerman, J. C.
Schwartz, N. P. Shankley, J. M. Young, W.
Schunack, R. Levi, H. L. Haas, Pharmacol. Rev.
1997, 49, 253–278.

26 J. C. Schwartz, J. M. Arrang, M. Garbarg, H.
Pollard, M. Ruat, Physiol. Rev. 1991, 71, 1–51.

27 L. B. Hough, Prog. Neurobiol. 1988, 30,
469–505.

28 P. J. Barnes, Histamine receptors in the re-
spiratory tract, Wiley-Liss, New York, 1992,
pp. 253–270.

29 T. W. Lovenberg, B. L. Roland, S. J. Wilson, X.
Jiang, J. Pyati, A. Huvar, M. R. Jackson, M. G.
Erlander, Mol. Pharmacol. 1999, 55,
1101–1107.

30 T. Oda, N. Morikawa, Y. Saito, Y. Masuho, S.
Matsumoto, J. Biol. Chem. 2000, 275,
36781–36786.

31 T. Nguyen, D. A. Shapiro, S. R. George, V.
Setola, D. K. Lee, R. Cheng, L. Rauser, S. P.
Lee, K. R. Lynch, B. L. Roth, B. F. O’Dowd,
Mol. Pharmacol. 2001, 59, 427–433.

32 Y. Zhu, D. Michalovich, H. L. Wu, K. B. Tan,
G. M. Dytko, I. J. Mannan, R. Boyce, J. Alston,
L. A. Tierney, X. Li, N. C. Herrity, L. Vawter,
H.M. Sarau, R. S. Ames, C.M.Davenport, J. P.

13.4 Conclusions 217217



Hieble, S. Wilson, D. J. Bergsma, L. R. Fitz-
gerald, Mol. Pharmacol. 2001, 59, 434–441.

33 C. Liu, X. J. Ma, X. Jiang, S. J. Wilson, C. L.
Hofstra, J. Blevitt, J. Pyati, X. Li, W. Chai, N.
Carruthers, T. W. Lovenberg, Mol. Pharmacol.
2001, 59, 420–426.

34 K. L. Morse, J. Behan, T. M. Laz, R. E. West,
S. A. Greenfeder, J. C. Anthes, S. Umland, Y.
Wan, R. W. Hipkin, W. Gonsiorek, N. Shin,
E. L. Gustafson, X. Qiao, S. Wang, J. A. He-
drick, J. Greene, M. Bayne, F. J. Monsma, J.
Pharmacol. Exp. Ther. 2001, 296, 1058–1066.

35 A. S. Ash, H. O. Schild, Br. J. Pharmacol. 1966,
27, 427–439.

36 J. W. Black, W. A. Duncan, C. J. Durant, C. R.
Ganellin, E. M. Parsons, Nature 1972, 236,
385–390.

37 J. M. Arrang, M. Garbarg, J. C. Schwartz,
Nature 1983, 302, 832–837.

38 R. Leurs, P. Blandina, C. Tedford, H. Tim-
merman, Trends. Pharmacol. Sci. 1998, 19,
177–183.

39 R.L. Woosley, Annu. Rev. Pharmacol. Toxicol.
1996, 36, 233–252.

40 R. Leurs, E. Traiffort, J. M. Arrang, J. Tardivel-
Lacombe, M. Ruat, J. C. Schwartz, J. Neuro-
chem. 1994, 62, 519–527.

41 R. Mitchell, D. McCulloch, E. Lutz, M. John-
son, C. MacKenzie, M. Fennell, G. Fink, W.
Zhou, S. C. Sealfon, Nature 1998, 392,
411–414.

42 Y. Aoki, D. Qiu, G. H. Zhao, P. N. Kao, Am. J.
Physiol. 1998, 274, L1030–1039.

43 Q. Hu, S. Deshpande, K. Irani, R. C. Ziegel-
stein, J. Biol. Chem. 1999, 274, 33995–33998.

44 R. A. Bakker, S. Schoonus, M. J. Smit, H.
Timmerman, R. Leurs, Mol. Pharmacol. 2001,
60, 1133–1142.

45 M. Karin, Y. Ben-Neriah, Annu. Rev. Immunol.
2000, 18, 621–663.

46 A. Hernandez-Angeles, L. E. Soria-Jasso, A.
Ortega, J. A. Arias-Montano, J. Neurooncol.
2001, 55, 81–89.

47 A. J. Robinson, J. M. Dickenson, Br. J. Phar-
macol. 2001, 133, 1378–1386.

48 J. M. Dickenson, Br. J. Pharmacol. 2002, 135,
1967–1976.

49 M. Cammarota, L. R. Bevilaqua, J. A. Rostas,
P. R. Dunkley, J. Neurochem. 2003, 84,
453–458.

50 S. H. Diks, J. C. Hardwick, R. M. Diab, M. M.
van Santen, H. H. Versteeg, S. J. van Deventer,
D. J. Richel, M. P. Peppelenbosch, J. Biol.
Chem. 2003, 278, 52491–52496.

51 V. Zingel, C. Leschke, W. Schunack, Prog.
Drug Res. 1995, 44, 49–85.

52 S. Elz, K. Kramer, H.H. Pertz, H. Detert, A.M.
ter Laak, R. Kühne, W. Schunack, J. Med.
Chem. 2000, 43, 1071–1084.

53 M. Bruysters, H. H. Pertz, A. Teunissen, R. A.
Bakker, M. Gillard, P. Chatelain, W. Schu-
nack, H. Timmerman, R. Leurs, Eur. J.
Pharmacol. 2004, 487, 55–63.

54 R. Seifert, K. Wenzel-Seifert, T. Burckstum-
mer, H. H. Pertz, W. Schunack, S. Dove, A.
Buschauer, S. Elz, J. Pharmacol. Exp. Ther.
2003, 305, 1104–1115.

55 R. A. Bakker, D. M. Weiner, T. ter Laak, T.
Beuming, O. P. Zuiderveld, M. Edelbroek, U.
Hacksell, H. Timmerman, M. R. Brann, R.
Leurs, Mol. Pharmacol. 2004, 65, 538–549.

56 M.-Q. Zhang, R. Leurs, H. Timmerman,
Histamine H1-receptor antagonists, John Wiley
& Sons, Inc., 1997, pp. 495–559.

57 M. Rocha e Silva, A. Antonio, Pharmacological
actions of antihistamines. Section A. Bioassay of
antihistaminic action, Springer, Heidelberg,
1978, pp. 381–437.

58 R. A. Bakker, K. Wieland, H. Timmerman, R.
Leurs, Eur. J. Pharmacol. 2000, 387, R5–R7.

59 M. Govoni, R. A. Bakker, I. van de Wetering,
M. J. Smit, W. M. Menge, H. Timmerman, S.
Elz, W. Schunack, R. Leurs, J. Med. Chem.
2003, 46, 5812–5824.

60 R. J. Lipsy, B. Fennerty, T. C. Fagan, Arch.
Intern. Med. 1990, 150, 745–751.

61 R. A. Bakker, H. Timmerman, R. Leurs, Clin.
Allergy. Immunol. 2002, 17, 27–64.

62 M. G. Giovannini, M. Efoudebe, M. B. Pas-
sani, E. Baldi, C. Bucherelli, F. Giachi, R.
Corradetti, P. Blandina, J. Neurosci. 2003, 23,
9016–9023.

63 M. Mitsuhashi, T. Mitsuhashi, D. G. Payan, J.
Biol. Chem. 1989, 264, 18356–18362.

64 L. Wang, I. Gantz, J. Del Valle, Am. J. Physiol.
1996, 271, G613–620.

65 J. Delvalle, L. Wang, I. Gantz, T. Yamada, Am.
J. Physiol. 1992, 263, G967–972.

66 M.-C. Wellner-Kienitz, K. Bender, T. Meyer, L.
Pott, Biochimica et Biophysica Acta (BBA) -
Molecular Cell Research 2003, 1642, 67–77.

67 B. Kuhn, A. Schmid, C. Harteneck, T. Gu-
dermann, G. Schultz, Mol. Endocrinol. 1996,
10, 1697–1707.

68 R. Seifert, A. Höer, I. Schwaner, A.
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Seifert, S. Dove, A. Buschauer, R. Seifert,Mol.
Pharmacol. 2001, 60, 1210–1225.

143 R. A. Bakker, P. Casarosa, H. Timmerman,
M. J. Smit, R. Leurs, J. Biol. Chem. 2004, 279,
5152–5161.

144 N.Moguilevsky, F. Varsalona, J. P. Guillaume,
M. Noyer, M. Gillard, J. Daliers, J. P. Héni-
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14

Constitutively Active Serotonin Receptors

Katharine Herrick-Davis

14.1

Introduction

Serotonin (5-HT) produces its physiological actions by interacting with a highly diver-
sified family of plasma membrane receptors widely distributed throughout the brain
and peripheral tissues. To date, 14 different 5-HT receptors (5-HTRs) have been iden-
tified. They have been classified into separate families, designated 5-HT1R through 5-
HT7R, on the bases of radioligand binding, second messenger activation, and amino
acid sequence homology. In addition, there are multiple splice variants and isoforms
that further enhance the molecular diversity of 5-HTR subtypes. Thirteen of the 5-
HTRs are G protein-coupled receptors (GPCRs) and one, the 5-HT3R, is a ligand-gated
ion channel. 5-HTRs couple to four different families of G proteins: Gs, Gi/o, Gq/11, and
G12/13. Within a given 5-HT receptor family the overall amino acid sequence homology
ranges from 40–63%, while the sequence homology between different families of 5-
HTRs is lower and ranges from 25–39% [1]. 5-HTRs are targets for many different
classes of drugs currently prescribed for treating anxiety, depression, schizophrenia,
migraine, eating disorders, emesis, and irritable bowel syndrome [1], so it is of great
importance to understand the molecular mechanisms involved in 5-HTR activation.
5-HTR mutagenesis studies are beginning to elucidate receptor regions involved in

5-HT binding as well as receptor activation of G proteins. Studies with both native and
mutant 5-HTRs have demonstrated that 5-HTRs can exist in a conformation that mi-
mics the agonist-bound or active state of the receptor in the absence of 5-HT, indicat-
ing that 5-HTRs display constitutive activity. Recent studies have shown that genetic
mutations producing constitutively active thyroid-stimulating hormone receptors
(TSHRs ), luteinizing hormone receptors (LHRs), parathyroid hormone–parathyroid
hormone-related peptide receptors (PTH1Rs), and rhodopsin receptors are associated
with diseases in humans (reviewed in section 1.7). Therefore, drugs that reverse or
turn off receptor constitutive activity (i. e., inverse agonists) represent an important
class of therapeutic agents.
Native and mutant forms of 5-HT1Rs, 5-HT2Rs, 5-HT4Rs, 5-HT6Rs, and 5-HT7Rs

display constitutive activity. RNA splicing produces multiple splice variants of 5-
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HT4Rs and 5-HT7Rs that differ in the lengths of their C-terminal tails and their degrees
of constitutive activity (reviewed in Chapter 4 on GPCR splice variants and constitutive
activity). There have been two reports suggesting that 5-HT6Rs display constitutive
activity: mouse 5-HT6Rs displayed constitutive activity when examined by a cAMP-
based reporter gene assay (see Chapter 8) [2], andmutagenesis of the third intracellular
loop (i3) of the human 5-HT6R has been reported to enhance constitutive activity [3].
This chapter therefore focuses on 5-HT1R and 5-HT2R subtypes that display consti-
tutive activity (1A, 1B, 1D, 2A, 2C) and the available literature on native and mutant
receptors and inverse agonists is reviewed. To allow a general comparison of amino
acids between different GPCRs, the Ballesteros and Weinstein numbering scheme [4]
is provided as a superscript in parenthesis following the amino acid number given for
an individual receptor. Results of mutagenesis studies are described in view of current
molecular models of receptor/G protein activation (see Chapters 2, 3, and 9) and po-
tential physiological roles for constitutively active 5-HTRs are discussed (see also
Chapter 8).

14.2

5-HT1A Receptor (5-HT1AR)

5-HT1ARs are expressed in many brain regions including the raphe, hippocampus,
amygdala, and cortex. In the raphe they function as somatodendritic autoreceptors
producing hyperpolarization and inhibition of 5-HT neuronal firing [1]. In other brain
regions they have a postsynaptic localization where they stimulate K+ channels, inhibit
or stimulate adenylyl cyclase (AC), and inhibit Ca2+ channels [1]. These effects are
mediated through interaction with the Gi family of G proteins. 5-HT1ARs are potential
targets for drugs used to treat anxiety, depression, and schizophrenia.
Native human 5-HT1ARs have been demonstrated to exhibit constitutive activation of

[35S]guanosine-5’-[c-thio]triphosphate ([35S]GTPcS) binding to Gi proteins when ex-
pressed in recombinant cell systems [5–11]. [35S]GTPcS binding is a common assay
used to monitor constitutive activity of receptors that couple to Gi (see Chapter 8).
[35S]GTPcS binds to G proteins after activation of the G protein by a receptor. A com-
parison of basal [35S]GTPcS binding in untransfected and GPCR transfected cells fol-
lowed by inhibition of [35S]GTPcS binding by inverse agonist is used to measure re-
ceptor constitutive activity. Moderate to high levels of constitutive activity have been
reported for 5-HT1ARs expressed from 0.18 to 10 pmol mg–1 in HEK293, COS-7, CHO,
Hela, and Sf9 insect cells [5–11]. The degree of constitutive activation of [35S]GTPcS
binding and the ability to measure inverse agonist activity are regulated by NaCl con-
centration: decreasing the NaCl concentration and ionic strength of the assay medium
increases basal [35S]GTPcS binding and inverse agonist efficacy [8, 9]. Methiothepin,
spiperone, and butaclamol consistently displayed inverse agonist activity in these sys-
tems, while N-{2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl}-N-2-pyridinyl-cyclohexa-
necarboxamide (WAY-100635) displayed weak or no inverse agonism [5–11]. Studies
evaluating antipsychotic drugs for activity in [35S]GTPcS binding assays in cells trans-
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fected with 5-HT1ARs have identified clozapine, ziprasidone, quetiapine, and tiospir-
one as partial agonists [8, 9]. Risperidone, sertindole, haloperidol, pimozide, raclo-
pride, and chlorpromazine were neutral antagonists in [35S]GTPcS binding assays
at 5-HT1ARs expressed in CHO cells [8], but were inverse agonists when the
[35S]GTPcS binding assays were performed in the presence of 100mM NaCl [9]. While
studies have suggested a role for 5-HT1ARs in the pathology of schizophrenia, it re-
mains to be determined whether partial agonism and/or inverse agonism at 5-HT1ARs
contributes to the clinical efficacy of antipsychotic drugs (see also Chapter 7).
Co-expression of Gi proteins with 5-HT1ARs, individually or as fusion proteins, pro-

duces constitutive activation of [35S]GTPcS binding and high-affinity GTP hydrolysis
[10, 11]. Interestingly, a single amino acid mutation in the Gi protein can alter the level
of constitutive activity of the 5-HT1AR [10, 11]. These studies suggest that mutations in
G proteins may regulate GPCR constitutive activity and, if found in the human po-
pulation, may play a role in human diseases. For a more detailed discussion of the
impact of G proteins on receptor constitutive activity, see Chapter 6.
Radioligand binding studies using [3H]WAY-100635 to label 5-HT1ARs expressed in

CHO cells were performed in the absence and in the presence of GTPcS to determine
the affinity of agonists and inverse agonists for G protein-coupled and -uncoupled
forms of the receptor. Agonist competition curves were shifted to the right and inverse
agonist curves to the left in the presence of GTPcS (see also Chapters 8 and 9) [12]. The
changes in agonist and inverse agonist binding affinities in the presence of GTPcS
correlated closely with their efficacies as determined in [35S]GTPcS binding assays [12].
These results indicate that 5-HT1AR agonists exhibit higher affinity for the G protein-
coupled form of the receptor, while inverse agonists have higher affinity for the
G protein-uncoupled form of the receptor (see also Chapter 2).
In addition to mediating inhibition of AC, the 5-HT1AR can stimulate AC in brain

regions that express AC isoform II. In HEK293 cells, 5-HT1AR stimulation of ACII is
mediated by Gbc subunits associated with Gi2 [13]. This effect usually requires co-sti-
mulation of ACII with Gas. Co-expression of ACII with the 5-HT1AR and Gi2 in
HEK293 cells revealed a 5-HT1AR-mediated constitutive activation of cAMP produc-
tion that was 40–50% inhibited by the anxiolytic drugs buspirone and flesinoxan.
From these results it was suggested that anxiolytic activity may involve inhibition
of the constitutive activity of the 5-HT1AR [13].
Previous mutagenesis studies have identified highly conserved domains in the i2

loop that regulate G protein coupling and receptor constitutive activity [14]. The C-
terminal region of i2 of the 5-HT1AR contains a Thr residue, Thr149(4.38), that is highly
conserved among GPCRs that couple to Gi proteins. Mutation of Thr149(4.38) to Ala in
the 5-HT1AR completely abolished constitutive activity [13], highlighting the impor-
tance of i2 in coupling the 5-HT1AR to Gi.
Mutations in the BBXXB(6.31-6.35) motif (B = basic amino acid; X= any amino acid) in

the C-terminal region of i3 enhance the constitutive activity of many, but not all,
GPCRs (reviewed in [15]). Mutations within this region of the 5-HT1AR, Val

344(6.34)Glu
or Thr343(6.33)Ala and Val344(6.34)Glu, did not give rise to enhanced constitutive activity.
Instead, these mutations switched the agonist-dependent coupling of the receptor
from Gi to Gs [16]. Additional studies are required to determine if other mutations
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of Val344(6.34) or of other residues within this region enhance 5-HT1AR constitutive ac-
tivity. Mutation of Ala293(6.34) of the a1B-adrenoceptor (a1BAR) to any other amino acid
enhanced constitutive activity [17, 18]. The differences in results obtained with the 5-
HT1AR and a1BARmay reflect structural differences related to G protein preference (Gi

and Gq, respectively) or constitutive activity of the native receptors. Native 5-HT1ARs
have significant constitutive activity, while native a1BARs have little or no constitutive
activity [17, 18]. While these studies highlight the importance of i3 in G protein activa-
tion for both 5-HT1ARs a1BARs, they also demonstrate that the exact mechanism and
amino acids involved in receptor activation may differ among members of class A
GPCRs.
Naturally occurring polymorphisms located in regions of a GPCR critical for

G protein activation may alter receptor constitutive activity, thereby producing hypo-
functioning or hyperfunctioning receptors in vivo. To date, seven different polymorph-
isms producing amino acid substitutions in the 5-HT1AR have been identified in the
human population (reviewed in [19, 20]). Three of the polymorphisms (Pro18Leu, Gly22-

Ser, Ile28Val) are located in the N terminus of the 5-HT1AR, a region of the receptor not
implicated in 5-HT binding or receptor activation [20]. However, the Arg219Leu, Val267-

Met, and Gly273Asp polymorphisms are located in the N and C termini of i3, regions of
the receptor known to be important for G protein activation. It remains to be deter-
mined if these mutations alter the G protein coupling and constitutive activity of the 5-
HT1AR. The Asn

418Lys polymorphism is located in the C-terminal end of the receptor.
While the C-terminal tail regulates the constitutive activity of 5-HT4Rs and 5-HT7Rs
[21, 22], it remains to be clarified whether the Asn418Lys polymorphism alters the con-
stitutive activity of 5-HT1ARs in vivo.
Many studies have reported that native 5-HT1ARs display constitutive activity in re-

combinant cell systems, but there have been no reports of 5-HT1AR constitutive activity
in intact tissues or in vivo. [35S]GTPcS binding studies can be performed in brain slices
[23], so it may be possible to test the hypothesis that 5-HT1ARs present in brain tissue
are constitutively active. 5-HT1AR constitutive activity, if present in the dorsal raphe,
may play an important role in regulating the tonic/basal firing rate of 5-HT neurons
and 5-HT release.

14.3

5-HT1B and 5-HT1D Receptors (5-HT1BR and 5-HT1DR)

Human 5-HT1BRs (formerly 5-HT1Db) and 5-HT1DRs (formerly 5-HT1Da) have high
structural homology and similar distribution in the CNS. They are located in basal
ganglia, striatum, raphe, hippocampus, nucleus accumbens, and cortex [1]. In these
regions, 5-HT1BRs and 5-HT1DRs function as terminal autoreceptors on 5-HT neurons
to control 5-HT release and as terminal heteroreceptors on non-5-HT neurons to con-
trol the release of norepinephrine, acetylcholine, and c-aminobutyric acid (GABA) [1].
Both receptors have been identified in the cerebral vasculature and in the trigeminal
ganglia, where they are likely targets for anti-migraine drugs (e. g., sumatriptan, a 5-
HT1DR agonist).
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Like 5-HT1ARs, 5-HT1BRs and 5-HT1DRs couple to the Gi family of G proteins to
mediate inhibition of AC. Human 5-HT1BRs and 5-HT1DRs display constitutive activity
when expressed in recombinant cell systems. [35S]GTPcS binding assays in mem-
branes prepared from transfected CHO cells reveal moderate to high levels of 5-
HT1BR and 5-HT1DR constitutive activity [24–33]. Methiothepin, 1’-methyl-5-{[2’-
methyl-4’-(5-methyl-1,2,4-oxadiazol-3-yl)biphenyl-4-yl]carbonyl}-2,3,6,7-tetrahydros-
piro[furo[2,3-f]indole-3,4’-piperidine] oxalate, and 1’-ethyl-5-[2’-methyl-4’-(5-methyl-
1,3,4-oxadiazol-2-yl)biphenyl-4-carbonyl]-2,3,6,7-tetrahydrospiro[furo[2,3-f]indole-3,4’-
piperidine] (SB-224289) decrease basal [35S]GTPcS binding, indicating that they are
inverse agonists, while N-[1-(2,3-dihydro[1,4]dioxin-5-yl)piperid-4-yl]indan-2-ylamine
(S18127) is a neutral antagonist [24–32]. Typical antipsychotics (i.e., haloperidol
and chlorpromazine) and atypical antipsychotics (i.e., clozapine, olanzapine, risperi-
done, and ziprasidone) have been tested for inverse agonist activity at cloned human 5-
HT1BRs and 5-HT1DRs [33]. All of these drugs are inverse agonists at 5-HT1BRs and 5-
HT1DRs, except for ziprasidone, which was a partial agonist at 5-HT1BRs. Inverse ago-
nist potencies for these drugs are in the micromolar range, except for risperidone and
ziprasidone, which are potent inverse agonists at 5-HT1DRs. From these results, it was
concluded that inverse agonist activity at 5-HT1B/1DRs is unlikely to be a common prop-
erty of antipsychotic drugs in vivo [33].
Mutations within the BBXXB(6.31-6.35) motif in the C-terminal region of i3 of the 5-

HT1BR have been reported to increase the constitutive activity of native 5-HT1BRs. Mu-
tagenesis of Thr313(6.34) to Lys, Arg, or Glu in i3 of the 5-HT1BR increases basal
[35S]GTPcS binding in transfected CHO cells [34]. The basal activity of the mutant
receptors represents 30% of the maximal stimulation produced by 5-HT and is re-
versed by the inverse agonists methiothepin and 3-[3-(dimethylamino)propyl]-4-hydro-
xy-N-[4-(4-pyridinyl)phenyl]benzamide dihydrochloride (GR-55562) [34]. In the same
study, mutation of Thr313(6.34) to His eliminated 5-HT1BR constitutive activity. These
results demonstrate the importance of i3 in regulating 5-HT1BR constitutive activity.
While i3 may physically associate with the G protein to regulate G protein activation,
conformational changes in transmembrane domain (TM) V and VI, which are linked
together by i3, may influence the ability of i3 to regulate G protein activation. In sup-
port of this hypothesis, mutation of a highly conserved Ser in TM V (Ser212(5.42)) or a
highly conserved Phe in TM VI (Phe331(6.52)) to Ala significantly decreased 5-HT1BR
constitutive activity [35]. Similarly, mutations in TM IV may alter the ability of i2
to interact with G proteins. Mutation of Phe185(4.61) to Ala or Met in TM IV of the
5-HT1BR decreases the number of receptors in the G protein-coupled conformation
and decreases the binding affinity of 5-HT for the uncoupled conformation [36]. These
results indicate that 5-HT1BR constitutive activity can be altered by mutations in re-
gions that are directly involved in G protein coupling (such as i3) or indirectly by muta-
tions in TM regions that influence the ability of intracellular regions to interact with
G proteins.
A naturally occurring polymorphism that results in an amino acid substitution of

Phe124(3.27) for Cys has been identified in the 5-HT1BR with a prevalence of 2% in the
Caucasian population [37, 38]. Phe124(3.27)Cys is located near the extracellular end of
TM III. While 5-HT1B agonists display higher affinity for the Cys

124(3.27) variant, basal
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levels of [35S]GTPcS binding are the same for Phe124(3.27) and Cys124(3.27) expressed in rat
C6 glioma cells, suggesting that the polymorphism does not alter 5-HT1BR constitutive
activity [38].
Studies using SB-224289 and S18127 were performed to determine whether 5-

HT1BRs display constitutive activity in vivo [30]. Three different assays were used to
address this issue: 1) [35S]GTPcS binding in substantia nigra and caudate, 2) micro-
dialysis measurements of extracellular 5-HT levels in the frontal cortex, and 3) changes
in core body temperature. While SB-224289 and S18127 blocked the actions of ago-
nists in all three assays, neither drug given alone had any effect on basal levels in these
assays. Therefore, these studies failed to detect 5-HT1BR constitutive activity in vivo.
However, two other studies reported that SB-224289 and SB-236057 increased extra-
cellular 5-HT levels in the dentate gyrus of the freely moving guinea pig [39, 40], con-
sistent with the hypothesis that 5-HT1BRs may be constitutively active in vivo. Unfor-
tunately, no experiments with neutral antagonists (to determine if the observed effect
of the inverse agonist could be blocked) were performed, so it is not possible to de-
termine if endogenous 5-HT influenced the results of these experiments. When re-
serpine was used to deplete endogenous 5-HT in guinea pigs, SB-224289 had no effect
on 5-HT synthesis or 5-HIAA (5-hydroxyindoleacetic acid) production, indicating that
no constitutive activity of 5-HT1BRs was detectable in vivo under these experimental
conditions [41]. Clearly, additional studies to determine whether 5-HT1BRs display
constitutive activity in vivo are required.

14.4

5-HT2A Receptor (5-HT2AR)

5-HT2ARs are widely distributed throughout the human body. In peripheral tissues, 5-
HT2ARs are found in the gastrointestinal tract, uterus, vasculature, and platelets, where
they mediate physiological responses such as muscle contraction, vasoconstriction,
and platelet aggregation [1]. In the brain, 5-HT2ARs are found in the cortex, basal gang-
lia, hippocampus, and hypothalamus, where they are located postsynaptically to 5-HT
neurons and regulate dopamine, adrenaline, GABA, and glutamate neurotransmis-
sion [1]. 5-HT2ARs are believed to play important roles in cognition, mood, hallucina-
tions, and neuroendocrine regulation, and are targets for drugs used to treat depres-
sion and schizophrenia.
Mutagenesis andmolecular modeling studies have been performed in order to iden-

tify key amino acid residues involved in agonist binding and agonist-mediated 5-
HT2AR activation. Highly conserved Asp residues in TMs II and III, Ser in TMs III
and V, and Phe and Try residues in TMs VI and VII have been identified as important
for agonist binding and receptor activation [42–46]. In addition, i3 has been identified
as an important region for 5-HT2AR/Gq protein coupling [47]. Inositol phosphate (IP)
production is an assay commonly used to measure constitutive activity of receptors
coupled to Gq (see Chapter 8). Native 5-HT2ARs display little or no constitutive activity
in IP production when expressed in recombinant systems [48, 49].
The first evidence for 5-HT2AR constitutive activity was reported followingmutagen-

esis of Cys322(6.34) in the C-terminal BBXXB(6.31-6.35) region of i3 [48]. This study was
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designed on the basis of results obtained with a1BARs demonstrating that the C-term-
inal region of i3 is a critical determinant of Gq activation and receptor constitutive
activity [17, 18]. When expressed in COS-7 cells at 0.2 to 0.3 pmol mg–1 protein, mutant
5-HT2ARs (Cys

322(6.34)Arg, Cys322(6.34)Lys, Cys322(6.34)Glu) displayed the hallmark charac-
teristics of constitutively active receptors: increased agonist binding affinity, agonist
potency, and basal IP production [48]. In this system, spiperone and ketanserin were
potent inverse agonists and decreased receptor constitutive activity by 60–80%. These
results confirm that the C-terminal region of i3 plays a critical role in maintaining the
5-HT2AR in an inactive conformation.
The binding affinities of a several competitive 5-HT2AR antagonists at native and

Cys322(6.34)Lys 5-HT2ARs were compared [48]. Methysergide, clozapine, mianserin,
and haloperidol had significantly lower affinity for 3H-ketanserin-labeled Cys322(6.34)Lys
5-HT2ARs than for native 5-HT2ARs, consistently with the hypothesis that inverse ago-
nists have lower affinity for the active state of the receptor [50, 51]. However, in the
same study, ketanserin, spiperone, chlorpromazine, and risperidone were found to
have similar affinities for the native and mutant 5-HT2ARs. These results, which
are not unique to the 5-HT2AR, indicate that drugs from different chemical classes
interact with different amino acids within the binding pocket to stabilize different con-
formations of the receptor (see also 2.1).
From the crystal structure of bovine rhodopsin, a strong ionic interaction between

the highly conserved Arg(3.50) in the Glu/Asp, Arg, Tyr motif of the TM III/i2 junction
and Glu(6.30) in the C-terminal region of i3 is predicted to play an important role in
maintaining the receptor in an inactive state [52]. This hypothesis was recently tested
at the 5-HT2AR following mutagenesis of Arg173(3.50) to Glu and Glu318(6.30) to Arg [53].
In this study, native and mutant 5-HT2ARs were expressed in HEK293 cells and mon-
itored for changes in 5-HT affinity, potency, and constitutive activity. The
Glu318(6.30)Arg mutation resulted in a significant increase in 5-HT affinity, 5-HT po-
tency, and constitutive activity. On the other hand, 5-HT potency and constitutive ac-
tivity were significantly reduced in the Arg173(3.50)Glu mutant, and the double reverting
mutant (Arg173(3.50)Glu/Glu318(6.30)Arg) displayed an intermediate phenotype. While the
results with the Arg173(3.50)Glu mutant may seem inconsistent with the proposed hy-
pothesis it should be noted that previous studies have demonstrated the critical role of
Arg(3.50) in receptor activation. Additionally, mutation of this amino acid results in di-
minished receptor expression [54] and decreases the ability of the receptor to couple to
G proteins [55, 56]. The results observed with Glu318(6.30)Arg mutant 5-HT2ARs are con-
sistent with those observed with adrenoceptors demonstrating significant increases in
constitutive activity following mutation of Glu298(6.30) in a1BARs (see Chapter 11) [57,
58] and Glu268(6.30) in b2ARs [59]. These results are consistent with the hypothesis that
the ionic interaction between Arg(3.50) and Glu(6.30) helps to stabilize the receptor in an
inactive conformation and that disruption of this interaction may play an important
role in receptor activation [52, 53, 57–59].While the hypothesis predicts that the double
revertant mutant Arg173(3.50)Glu/Glu318(6.30)Arg should reverse the constitutive activity
of the Glu318(6.30)Arg mutant back to wild-type levels (through hydrogen bond forma-
tion between Glu(3.50) and Arg(6.30)), computer modeling studies of the a1BAR have
shown that the hydrogen bond predicted to exist between Arg(3.50) and Glu(6.30) in
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the wild-type receptor cannot be reestablished in the Arg(3.50)Glu/Glu(6.30)Arg mutant
receptor, due to changes in the spatial orientation of Glu(3.50) and Arg(6.30) in the double
mutant receptor [58].
If, as proposed, an ionic interaction between Arg(3.50) and Glu(6.30) is a critical deter-

minant for constraining the receptor in an inactive conformation, it may seem odd at
first glance that the first mutations reported to produce constitutive activity were lo-
cated several amino acids distally to Glu(6.30). While substitution of any amino acid for
Ala293(6.34) increased the constitutive activity of the a1BAR, it is noteworthy that amino
acids with long, charged side chains (such as Lys, Arg, Glu) produced greater consti-
tutive activity than the smaller, neutral amino acids [17]. In molecular modeling stu-
dies of the a1BAR, mutation of Ala293(6.34) to Glu is predicted to disrupt the hydrogen
bond between Arg(3.50) and Glu(6.30). It is possible that substitutions at Ala293(6.34) that
produce the greatest regional alteration in structure will be more capable of disrupting
the ionic interaction between Arg(3.50) and Glu(6.30), thereby producing the greatest de-
gree of constitutive activity.
In addition to providing the first evidence that 5-HT2ARs can be mutated to a con-

stitutively active state, studies with the Cys322(6.34)Lys 5-HT2AR were the first to reveal a
novel property of antipsychotic drugs. While antipsychotic drugs are known to exhibit
high affinity for 5-HT2ARs [61], studies with the constitutively active Cys322(6.34)Lys 5-
HT2AR identified antipsychotic drugs as 5-HT2AR inverse agonists [48]. In COS-7 cells
transfected with the Cys322(6.34)Lys 5-HT2AR, clozapine, risperidone, chlorpromazine,
and loxapine were potent inverse agonists, capable of reversing 70–80% of the 5-
HT2AR-mediated constitutive activation of IP production [48]. These results were con-
firmed and significantly extended in NIH3T3 cells by use of amodified b-galactosidase
assay (receptor selection and amplification orR-SAT) (see Chapter 8) in which native 5-
HT2ARs have low but measurable levels of constitutive activity [62]. In this system,
atypical and typical antipsychotic drugs were identified as 5-HT2AR inverse agonists.
Twenty-six of these drugs were potent inverse agonists, with EC50 values of 100 nM or
less. The results of both of these studies demonstrate that atypical and typical antipsy-
chotic drugs are potent 5-HT2AR inverse agonists and suggest a potential role for in-
creased serotoninergic tone in the pathophysiology of schizophrenia [48, 62]. A trans-
genic mouse expressing the constitutively active Cys322(6.34)Lys 5-HT2AR would provide
an interesting tool with which to study the neurochemical and behavioral conse-
quences of increased serotoninergic tone and may provide a novel animal model
of schizophrenia.
While it has been suggested that increased serotoninergic tone and or constitutive

activity of 5-HT2ARs may play a role in psychiatric diseases, 5-HT2AR mutations that
alter receptor constitutive activity have not been reported in patients with mental
illness. Five different polymorphisms resulting in amino acid substitutions
in the 5-HT2AR have been identified in the human population: Thr25Asn, Ile197Val,
Ser412Phe, Ala447Val, and His452Tyr (reviewed in [63]). While the Ile197Val, Ala447Val,
and His452Tyr polymorphisms are reported to decrease maximal IP response to 5-HT,
the effect of these polymorphisms on 5-HT2AR constitutive activity remains to be de-
termined [63].

14 Constitutively Active Serotonin Receptors230



14.5

5-HT2C Receptor (5-HT2CR)

5-HT2CRs are present only in the CNS. Since 5-HT2CRs were first identified in high
density in the choroid plexus and were suggested to play a role in cerebral spinal fluid
regulation, less attention has been paid to investigating potential roles for 5-HT2CRs in
the regulation of cognition, mood, and mental illness. However, we now know that 5-
HT2CRs are widely distributed throughout the brain and are found in many regions
where 5-HT2ARs are located. 5-HT2CR mRNA is present in the choroid plexus, cortex,
basal ganglia, hypothalamus, and hippocampus, as well as in other brain regions [1]. 5-
HT2CRs are located postsynaptic to serotoninergic neurons and have an inhibitory in-
fluence on dopaminergic and adrenergic neurotransmission [1]. Biochemical and be-
havioral studies have provided evidence for 5-HT2CR regulation of cognition, mood,
appetite, neuroendocrine function, and locomotor activity. In addition, certain antipsy-
chotics, antidepressants, and anxiolytic drugs bind with high affinity to 5-HT2CRs, sug-
gesting a role for 5-HT2CRs in the pathophysiology of mental illnesses.
The 5-HT2CR couples to the G proteins Gq and G13, and stimulates phospholipases

C, A2, and D [64–66]. 5-HT2CRs display significant constitutive activation of Gq when
expressed in mammalian cells. The first studies were performed in transfected
NIH3T3 cells and reported moderate levels of 5-HT2CR constitutive activity in IP pro-
duction [51, 67]. In this system, mianserin, mesulergine, clozapine, ketanserin, and
spiperone displayed inverse agonist activity by reversing 5-HT2CR constitutive activity.
Methysergide and 2-bromolysergic acid diethylamide (BOL) were classified as neutral
antagonists because they did not alter basal levels of IP production but were capable of
blocking inverse agonist activity [67]. Radioligand binding studies performed in the
presence of guanine nucleotides (to uncouple constitutively active 5-HT2CR from
G proteins) demonstrated that inverse agonists display higher affinity for the un-
coupled form of the receptor, agonists have higher affinity for the coupled form,
and neutral antagonists have equal affinity for both forms of the receptor [51].
Mutagenesis studies have been performed to identify regions of the 5-HT2CR in-

volved in constitutive activation of G proteins. The C-terminal region of i3 in the
5-HT2C receptor contains the highly conserved BBXXB6.31-6.35 motif. In the a1BAR,
Ala293(6.34) was identified as a critical amino acid required for maintaining the receptor
in an inactive conformation [17]. Mutation of the analogous amino acid in i3 of the 5-
HT2CR, Ser

312(6.34) to Phe or Lys, enhanced 5-HT2CR constitutive activity [60, 68]. The
mutant receptors displayed the hallmark characteristics of constitutively active mutant
receptors with an increase in 5-HT affinity and potency, increased basal IP production
and reversal of constitutive activity with the inverse agonists mianserin and mesuler-
gine [60, 68]. Saturation experiments demonstrated a decrease in mesulergine binding
affinity, and guanine nucleotides had no effect on 5-HT binding affinity at the
Ser312(6.34)Lys 5-HT2CR [60]. These results indicate that the mutant receptor is in an
agonist high-affinity conformation even in the absence of G protein coupling. These
results are similar to those observed with constitutively active mutant adrenoceptors
that display an increase in agonist binding affinity in the absence of receptor G protein
coupling [50, 69]. On the basis of the studies with mutant adrenoceptors, the ternary
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complex model was revised to the extended ternary complex model to include a spon-
taneous isomerization step from the inactive (R) to the active (R*) state that can occur
in the absence of agonist and promotes spontaneous coupling of receptor with the
G protein (see Chapters 2 and 3) [50]. While it is likely that there are multiple agonist
high-affinity conformations, or R* states (see Chapter 9), studies with the Ser312(6.34)Lys
5-HT2CR indicate that a revised ternary complex model of receptor activation is applic-
able to 5-HT2CRs.
5-HT2CR constitutive activity is modified not only by mutations in i3, but also by

mutations in the highly conserved Asn/Pro/X/X/Try(7.49-7.53) region in TM VII. Muta-
tion of Tyr(7.53) to Ala or Cys increased 5-HT2CR constitutive activity in IP production in
COS-1 cells, while mutation to Phe eliminated constitutive and agonist-stimulated IP
production [70]. Interestingly, all three mutant receptors displayed increased affinity
for 5-HT, suggesting that the Phe mutant was in a high-affinity state for agonists even
though it was not able to couple to G proteins and stimulate IP production. Mutation of
Tyr(7.53) to Asn resulted in high constitutive activity in IP production that was not in-
creased by agonist or blocked by inverse agonist, but behaved as a receptor that was
“locked-on“ [71]. Computational modeling of the light receptor rhodopsin suggested
that Tyr(7.53) may interact with Tyr(7.60) in the recently proposed TMVIII [52]. Consistent
with this hypothesis, a double reverting mutation of Tyr(7.60) in the inactive Tyr(7.53)Phe
5-HT2CR restored the wild-type phenotype of the inactive receptor [71]. Based on these
results it was suggested that Tyr(7.53) and Tyr(7.60) participate in a functional microdo-
main, connecting TMs VII and VIII, that may play a role in regulating the conversion
between active and inactive receptor conformations [71].
Naturally occurring amino acid substitutions within i2 of the 5-HT2CR are produced

as a result of RNA editing [72] and regulate the degree of receptor constitutive activity
[73,74]. Complimentary base pairings between nucleotides in the exon containing i2
and the downstream intron result in the formation of double-stranded RNA [72]. Ade-
nosine deaminases (ADAR1 and ADAR2) convert adenosine into inosine at five dif-
ferent editing sites (designated A–E) in the double-stranded RNA, changing the coding
potential of amino acids 156, 158, and 160 in i2 of the 5-HT2CR [72, 74]. Fourteen
different isoforms of the 5-HT2CR have been identified in human brain [74–76], ran-
ging from unedited (Ile156(3.54), Asn158(3.56), Ile160(3.58); INI) to fully edited (Val156(3.54),
Gly158(3.56), Val160(3.58); VGV). RNA editing from INI to VGV decreases agonist binding
affinity and potency at rat and human 5-HT2CR [72–76].
The RNA editing site is located within the highly conserved Asp/Arg(3.50)/Try/X/X/

(Val/Ile)/X/X/X/L sequence at the junction of TM III and i2. Amino acid substitutions
in this region have been shown to produce both inactive and constitutively active M-
cholinoceptors (see Chapter 12) and adrenoceptors (see Chapter 11) [13, 57, 59, 77–79].
Computational modeling studies of the a1BAR have suggested that the position of
Arg(3.50) relative to Asp(2.50) in TM II [79] and Glu(6.30) in i3 [57] is important in main-
taining the receptor in an inactive conformation. Therefore, it seemed possible that
RNA editingmay alter the constitutive activity of the 5-HT2CR. The first study designed
to test this hypothesis was performed in COS-7 cells transfected with seven different
isoforms of the 5-HT2CR [73]. When expressed at physiologically relevant receptor ex-
pression levels (2.6–3.4 pmol mg–1 protein), the unedited INI isoform displayed the
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highest level of constitutive activity in IP production, the fully edited VGV isoform
displayed little or no constitutive activity, and the partially edited isoforms (ISV,
VSI, INV, VNV, and VSV) displayed intermediate levels of constitutive activity [73].
When receptor expression levels were decreased by approximately 50%, the 5-
HT2CR constitutive activity was decreased by a similar magnitude, indicating that con-
stitutive activity is related to receptor expression level. In these studies, 5-HT had high-
er affinity and greater potency at the unedited isoform, which displayed the highest
basal activity, than at the fully edited receptor with no constitutive activity [73, 74].
These results are consistent with previous studies demonstrating that mutations in
i3 increase 5-HT2CR constitutive activity and increase 5-HT affinity and potency [60].
It is particularly interesting to note that the 5-HT2AR, which does not undergo RNA

editing, has the same Ile(3.54), Asn(3.56), Ile(3.58) amino acid sequence in i2 as the une-
dited isoform of the 5-HT2CR. This is intriguing because the 5-HT2AR has low levels of
constitutive activity relative to the INI isoform of the 5-HT2CR [49]. In fact, the amino
acid sequence of i2 in the 5-HT2AR is the same as the 5-HT2CR, with the exception of
two amino acids located within the RNA editing site: Gln(3.55) and His(3.59). It would be
informative to determine if mutation of Gln(3.55) and His(3.59) to the corresponding ami-
no acids in the 5-HT2CR (Arg(3.55) and Glu(3.59)) would increase 5-HT2AR constitutive
activity. Mutagenesis studies involving amino acids at positions 3.55 and 3.59 may
provide useful information regarding the molecular determinants of 5-HT2A/2CR acti-
vation.
While RNA editing alters 5-HT2CR constitutive activity, it does not alter the maximal

levels of IP produced in response to 5-HT stimulation. The same maximal level of
agonist-stimulated IP production is observed for all 5-HT2CR isoforms [73, 74]. 5-
HT produced a twofold increase in IP production over basal levels for INI and an eight-
fold increase in IP production over basal levels for VGV, but themaximal level of 5-HT-
stimulated IP production was the same for both isoforms. These results indicate that
while RNA editing alters agonist-independent receptor/Gq protein coupling, it does
not alter the ability of 5-HT to promote receptor coupling to Gq proteins. From these
results it was concluded that the unedited isoform has a greater ability to adopt an
active conformation spontaneously (transition from R!R*) than the fully edited re-
ceptor [73, 74]. Therefore, an important consequence of RNA editing is to silence re-
ceptor constitutive activity by producing isoforms that are constrained in the inactive
conformation and are less likely to adopt an active conformation spontaneously in the
absence of 5-HT.
As stated previously, 5-HT has lower affinity and potency for the fully edited VGV

isoform than the unedited INI isoform [72–76]. Similar results were observed with 1-
(3-chlorophenyl)piperazine (m-CPP), 4-iodo-2,5-dimethoxyphenylisopropylamine
(DOI), a-methyl 5-HT, and oxymetazoline [74, 75]. Surprisingly, lysergic acid diethy-
lamide (LSD) and lisuride have high affinity for both INI and VGV isoforms [75, 80].
While LSD is a full agonist at the INI isoform, it is totally devoid of agonist activity at
the VGV isoform [75, 80]. These results indicate that brain regions containing the
unedited or partially edited isoforms would be more sensitive to 5-HT released
from presynaptic nerve terminals, but the magnitude of the response elicited by 5-
HT would be significantly less due to high basal constitutive activity. Since some drugs
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have different efficacies for different isoforms of the 5-HT2CR, RNA editing may alter
the response to drug therapy (see also Chapter 7).
Another important consequence of RNA editing involves the preferential coupling

of different 5-HT2CR isoforms to different G proteins. Since RNA editing occurs in a
region of the receptor critical for G protein coupling, studies were performed to de-
termine if RNA editing alters the ability of the 5-HT2CR to interact with different types
of G proteins. Agonists have been shown to promote coupling of the unedited INI
isoform to both IP production and arachadonic acid (AA) release with equal efficacies
[81]. However, agonist efficacies were reversed for IP production and AA release at the
fully edited VGV isoform, demonstrating that agonist trafficking of receptor stimulus
is altered by RNA editing [81]. Studies using a b-galactosidase reporter gene assay (R-
SAT) (see Chapter 8) demonstrated that both fully edited and unedited isoforms inter-
act with Gq proteins [82]. However, the edited and unedited isoforms differed in their
ability to activate G13. The unedited isoform stimulated a G13-mediated rearrangement
of the actin cytoskeleton in CHO cells that was not detected in cells expressing the fully
edited isoform [82]. In a subsequent study, it was shown that the 5-HT2CR activates
RhoA by a G13- and PLD-dependent pathway [83]. This pathway is activated by the
unedited isoform and not by the fully edited isoform [83]. These studies demonstrate
that RNA editing regulates 5-HT2CR-mediated coupling to different G proteins and
activation of specific effector pathways in mammalian cells.
RNA editing of the 5-HT2CR to produce multiple isoforms with varying degrees of

constitutive activity and decreased agonist affinity and potency has important implica-
tions for serotoninergic signal transduction in vivo. Different 5-HT2CR isoforms have
different regional distributions in the brain [74–76]. For example, VSV is the most
prominent isoform in human brain, accounting for almost 40% of the total population
of 5-HT2CRs, while the unedited isoform represents 10% and the fully edited isoform
represents 5% of all 5-HT2CR isoforms [74]. In the human hypothalamus, VNV [75]
and VSV [76] are the most prominent isoforms. In the rat choroid plexus, the INI and
INV (isoforms with the greatest constitutive activity) are the most prominent isoforms
[74, 76]. These results imply that individual brain regions may express different 5-
HT2CR isoforms with different levels of constitutive activity and differential sensitivity
to 5-HT. Therefore, it is possible that altered patterns of RNA editing and 5-HT2CR
isoform expression in the brain may play a role in the pathophysiology of mental ill-
ness.
Several studies have looked for changes in RNA editing patterns in post mortem

brain samples from patients with schizophrenia, major depression, and/or suicide.
Four studies have examined RNA editing patterns in the prefrontal cortex of patients
with schizophrenia. Three of these studies, each involving 15 control and 15 schizo-
phrenic samples, reported no differences between the two groups in RNA editing pat-
terns [84–86]. The fourth study, which reported an increase in INI and decease in VSV
and VNV isoforms in the schizophrenic samples, included five subjects in each group
[87]. In two studies, no differences in prefrontal cortical RNA editing patterns were
observed in controls versus patients with major depression [84, 86]. However, three
studies have reported increases in RNA editing in the prefrontal cortexes of patients
with major depression who committed suicide: two of these studies reported an in-
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crease in the VNI isoform [84, 86] and the other reported an increase in the VGI iso-
form [88]. Chronic treatment of mice with fluoxetine resulted in a small increase in the
percentage of the ISV isoform [88]. Interestingly, 5-HT depletion following 1-(1-phe-
nylcyclohexyl)piperidine (PCP) injections in the neocortexes of mice resulted in a de-
crease in RNA editing and subsequent increase in the expression of isoforms with
higher sensitivity to 5-HT [89]. In the same study, four-day treatment with DOI (a
5-HT2A/2CR agonist) increased RNA editing, resulting in the expression of isoforms
with lower sensitivity to 5-HT [89]. While studies of this nature are difficult to perform,
due to the large number of subjects required and the large number of clones that must
be sequenced to provide an accurate representation of all isoforms, they suggest that
RNA editing may play a role in major depression with suicide, and that brain 5-HT
levels and drug therapy may alter patterns of RNA editing in the brain.
Expression of constitutively active 5-HT2CRs in mammalian cell lines provides a

model system for identifying inverse agonists. Several commonly prescribed antipsy-
chotic drugs exhibit high-affinity binding to dopamine D2 receptors (D2Rs), 5-HT2ARs,
and 5-HT2CRs [90]. A current hypothesis on the mode of action of atypical antipsycho-
tic drugs is that their unique ability to ameliorate the negative symptoms of schizo-
phrenia while producing minimal extrapyramidal symptoms depends on their inter-
action with 5-HT2A/2CRs, while also occupying brain D2Rs [91]. Previous studies have
demonstrated that both typical and atypical antipsychotic drugs are potent inverse ago-
nists at 5-HT2ARs [48, 62]. Additional studies were performed to determine whether
there is a relationship between the classification of an antipsychotic drug as typical or
atypical and inverse agonist activity at 5-HT2CRs [92]. In COS-7 cells expressing the
unedited isoform of the human 5-HT2CR, atypical antipsychotic drugs with high affi-
nity (1–10 nM: clozapine, olanzapine, ziprasidone, sertindole, zotepine) or with mod-
erate affinity (25–50 nM: risperidone, fluperlapine) for 5-HT2CRs, and thus likely to
occupy brain 5-HT2CRs at clinically relevant concentrations, displayed inverse agonist
activity and decreased basal IP production by 60–70% [92]. In the same study, of the 13
typical antipsychotic drugs examined, only one exhibited high affinity (1–10 nM: chlor-
promazine) and two had moderate affinity (15–50 nM: loxapine, thioridazine) for hu-
man 5-HT2CRs. All 13 of the typical antipsychotic drugs studied were devoid of inverse
agonist activity, with the exception of loxapine. Chlorpromazine and thioridazine
blocked both 5-HT-stimulated and inverse agonist activity. Similar results were ob-
tained with a constitutively active mutant form of the rat 5-HT2CR stably expressed
in NIH3T3 cells [92]. These results suggest that the ability of atypical antipsychotics
to improve cognitive function and negative symptoms in patients with schizophrenia
may be related to 5-HT2CR antagonism/inverse agonism in vivo [92].
Two subsequent studies reported no association between atypical antipsychotics and

5-HT2CR inverse agonism [62, 93]. However, these studies examined many drugs that
1) have not been approved by the Federal Drug Administration (FDA) of the United
States of America for treating schizophrenia, 2) do not have high affinity for 5-HT2CRs,
and 3) have insufficient clinical trial data to be adequately classed as atypical or typical.
Studies designed in this fashion could easily obscure important results obtained for
drugs that have high affinity for 5-HT2CRs and would occupy brain 5-HT2CRs at clini-
cally relevant concentrations. In fact, upon close inspection of the data presented in the
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two subsequent studies, one finds the exact same trend as reported in the original
study [92]. In the second study, all of the tested atypical antipsychotic drugs that display
high affinity for 5-HT2CRs (i.e., clozapine, olanzapine, ziprasidone, sertindole, zote-
pine, and risperidone) were more potent inverse agonists than the 11 typical antipsy-
chotic drugs studied (with the exception of loxapine) at 5-HT2CRs expressed in
HEK293 cells [93]. The third study included 40 drugs (many of which do not have
clinically proven antipsychotic activity), and only six of the drugs tested have high af-
finity (1–10 nM) for 5-HT2CR [62]. In this study, atypical antipsychotics with high affi-
nity for 5-HT2CRs were identified as inverse agonists (with the exception of risperi-
done), while typical antipsychotics displayed weak or no inverse agonist activity (except
for loxapine and amoxapine) at 5-HT2CRs expressed in NIH3T3 cells [62]. The results
of all three studies support the hypothesis that atypical antipsychotic drugs that bind
with high affinity to 5-HT2CRs are inverse agonists and that typical antipsychotic drugs
have less potent or no inverse agonist activity. Presently, five atypical antipsychotic
drugs are FDA-approved: clozapine, ziprasidone, olanzapine, risperidone, and quetia-
pine. Large-scale clinical trials have provided evidence that sertindole, zotepine, and
fluperlapine may be effective atypical antipsychotics [94–96]. With the exception of
quetiapine (which has low affinity for 5-HT2ARs and 5-HT2CRs), all of these atypical
antipsychotic drugs bind with moderate to high affinity at 5-HT2CRs and are inverse
agonists at this receptor [92]. These results clearly indicate that 5-HT2CR inverse agon-
ism should be investigated as a possible mechanism of action for atypical antipsychotic
drugs.
Consistently with the hypothesis that 5-HT2CR inverse agonism may play a role in

the clinical efficacy of atypical antipsychotics [92], several studies have reported that 5-
HT2CR inverse agonists increase prefrontal cortical dopamine release (a commonly
used measure of atypical antipsychotic activity [97–99]). In these studies, systemic ad-
ministration of the selective 5-HT2CR inverse agonist 6-chloro-5-methyl-1-[6-(2-methyl-
pyridin-3-yloxy)pyridin-3-ylcarbamoyl]indoline (SB-242084), increased dopamine re-
lease in the prefrontal cortexes of freely moving rats, while selective 5-HT2CR agonists
decreased dopamine levels in the prefrontal cortex [100, 101]. Similar results were
obtained with nonselective 5-HT2B/2CR and 5-HT2A/2CR antagonists [91, 101, 102].
In addition, systemic administration of the selective 5-HT2AR antagonist 1-[2-(4-fluor-
ophenyl)ethyl]-4-piperidinemethanol) (MDL100907) had no effect on prefrontal corti-
cal dopamine levels [91, 101]. Chronic, systemic administration of the selective 5-
HT2CR inverse agonist 5-methyl-1-{2-[(2-methyl-3-pyridyl)oxy]-5-pyridyl]carbamoyl}-
6-trifluoromethylindoline hydrochloride (SB-243213) (10mg kg–1) produced the
same changes in dopamine neuronal firing rate in the vental tegmental area as chronic
treatment with 20mg kg–1 clozapine [103]. Clozapine and risperidone, but not halo-
peridol, block the inhibitory effect of the selective 5-HT2CR agonist (S)-2-(6-chloro-5-
fluoroindol-1-yl)-1-methylethylamine hydrochloride (Ro 60-0175) on dopamine re-
lease, indicating that clozapine and risperidone occupy brain 5-HT2CRs following sys-
temic administration [104]. All of these studies concluded that blockade of 5-HT2CRs
may play an important role in atypical antipsychotic efficacy.
There are several lines of evidence suggesting that 5-HT2CR constitutive activity may

have biological significance:
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1) In transfected NIH3T3 cells, 5-HT2CRs are mitogenic and promote oncogenic
transformation [105]. In a cell-based functional assay using NIH3T3 cells, 5-
HT2CRs demonstrated constitutive activation of [3H]thymidine incorporation (in-
creased cell division) that was blocked by inverse agonists, while neutral antagonists
had no effect on their own but blocked the effect of inverse agonists [106].

2) Studies performed in primary choroid plexus epithelial cells endogenously expres-
sing 5-HT2CRs demonstrated that chronic treatment with a 5-HT2CR inverse agonist
promotes 5-HT2CR down-regulation, while treatment with a neutral antagonist had
no effect [67]. In separate studies, 5-HT2CR inverse agonists decreased basal IP pro-
duction in choroid plexus epithelial cells [107, 108].

3) Two studies reported that selective 5-HT2CR inverse agonists increased prefrontal
cortical dopamine release in vivo in microdialysis studies [100, 101]. It would be
interesting to determine if similar results were obtained in 5-HT-depleted rats
or if the inverse agonist effect was blocked by pretreatment with neutral antago-
nists.

4) In an in vivo assay involving the motor performance of a cranial nerve reflex (the
nictitating membrane reflex of the rabbit) mianserin, but not ketanserin, decreased
the magnitude of the reflex, while BOL had no effect alone but reversed the effect of
mianserin [109].

5) RNA editing, which occurs in the human brain, alters the constitutive activity of 5-
HT2CRs expressed in recombinant cell systems at physiological receptor expression
levels [73, 74].

6) In a recent study, systemic administration of the 5-HT2CR inverse agonist 5-methyl-
1-(3-pyridylcarbamoyl)-1,2,3,5-tetrahydropyrrolo[2,3-f]indole hydrochloride (SB-
206553) in rats elicited a dose-dependent increase in dopamine release in the stria-
tum and nucleus accumbens that was insensitive to reduction of 5-HT neuronal
function induced by the 5-HT1AR agonist 8-hydroxy-2-dipropylaminotetralin (8-
OH-DPAT) or intra-raphe injections of 5,7-dihydroxytryptamine neurotoxin
[110]. These results suggest that 5-HT2CR constitutive activity may inhibit the tonic
activity of mesencephalic dopaminergic neurons in vivo.

The studies described above suggest that 5-HT2CR constitutive activity may have phy-
siological significance in vivo, and that 5-HT2CR inverse agonists may represent an
important class of therapeutic agents.

14.6

Conclusion

Native and mutant forms of 5-HT1ARs, 5-HT1BRs, 5-HT1DRs, 5-HT2ARs, and 5-HT2CRs
display constitutive activity when expressed in recombinant cell systems. Drugs used
to treat anxiety, depression, and schizophrenia display inverse agonist activity at 5-
HT1Rs and/or 5-HT2Rs expressed in vitro. Mutagenesis studies producing inactive
and constitutively active 5-HT1Rs and 5-HT2Rs have identified the i2 and i3 loops
as critical regions involved in receptor/G protein coupling. While 5-HT1R and 5-
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HT2R polymorphisms have been identified in the human population, and some of
these polymorphisms alter 5-HT affinity or potency, there is little evidence to suggest
that these polymorphisms alter 5-HTR constitutive activity. Two questions still re-
main: are 5-HTRs constitutively active in vivo, and do inverse agonists possess greater
therapeutic efficacy than neutral antagonists?
A common criticism of receptor constitutive activity studies is that many studies,

particularly those performed in Sf9 insect cells, use very high and possibly nonphy-
siological receptor expression levels to measure constitutive activity. However, native
5-HT1ARs display constitutive activity when expressed at levels as low as 0.18 pmolmg–1

in HEK293 cells [13] or 0.5 pmol mg–1 protein in HeLa cells [9]. In addition, 5-HT2CRs
display constitutive activity in NIH3T3 and COS-7 cells at receptor densities similar to
those of endogenous 5-HT2CRs in rat choroid plexus tissue [67, 73]. These results in-
dicate that 5-HTRs are constitutively active in recombinant cell systems when ex-
pressed at physiological levels.
Additional studies performed with primary neuronal cultures and in vivo techni-

ques, such as microdialysis and electrophysiology, are needed to test the hypothesis
that 5-HTRs are constitutively active in vivo. These types of studies are difficult to per-
form and the presence of endogenous 5-HTmakes it difficult to interpret the results of
inverse agonist studies in vivo. Studies using neutral antagonists are required to de-
monstrate that the observed effects of inverse agonists are not due to blockade of en-
dogenous 5-HT, but actually reflect inhibition of receptor constitutive activity (see also
Chapter 1). Neutral antagonists have been identified for the 5-HT1Rs and 5-HT2Rs
discussed in this chapter. These drugs should provide essential tools for investigation
of the role of constitutively active 5-HTRs in future studies.
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Virally Encoded Constitutively Active Chemokine Receptors

Barbara Moepps and Peter Gierschik

15.1

Introduction

15.1.1

Viral Strategies to Evade the Host Immune System

In the last few years, it has become evident that viruses capable of infecting mamma-
lian cells have evolved multiple strategies to evade the surveillance of the host immune
system [1, 2]. These strategies include changes in the expression of specific cellular and
viral genes, the latter genes comprising homologues of cellular genes presumably ac-
quired by gene transfer from the host [2, 3]. Cellular genes affected by viral infection
include genes involved in regulation of cell cycle, apoptosis, and immune functions
[4–6]. The viral genes induced upon infection encode molecules i) mimicking proteins
that play important roles in the control of the immune system, or ii) interfering with
the functions of these proteins (e.g., major histocompatibility class (MHC) molecules,
cytokines, chemokines, and their receptors) [2, 3, 6]. Interestingly, the genes adopted
from the host have been modified by the viruses in order to optimize the encoded
proteins to serve their own purposes, such as prevention of detection of infected cells
by the host immune system or for support of the propagation and dissemination of the
virus in the host [2, 3]. One important viral strategy to manipulate the host immune
system is to induce changes in the expression of cellular and/or viral genes encoding
chemokines and chemokine receptors or homologues of these proteins, respectively
[3, 7–11]. A summary of viral proteins currently known to exploit the chemokine sys-
tem is presented in Table 15.1.

15.1.2

Chemokines and Chemokine Receptors

Chemokines belong to a growing family of structurally related, low molecular mass
(8–11 kDa) cytokines with chemotactic activities. Chemokines regulate hematopoiesis
and orchestrate leukocyte trafficking by controlling chemotaxis, adhesion, and trans-
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Table 15.1 Viral chemokines, chemokine receptors, and chemokine

binding proteins.

Virus family Gene/protein Virus Known or proposed function Ref.

Viral chemokines

a-herpes virus MDV003/vIL-8 MDV CXC chemokine, virulence factor,

dissemination

138

b-herpes virus UL146/vCXC1 HCMV/HHV5 CXC chemokine, CXCR2 agonist,

neutrophil chemoattractant

139

UL147/vCXC2 HCMV/HHV5 Putative CXC chemokine 139

U83/vCCL4 HHV6 CC chemokine,

monocyte chemoattractant

140, 141

MCK1/2 MCMV CC-, CXCR antagonist,

TH2 chemoattractant,

angiogenic activity

142, 143

c-herpes virus K6/vMIP1 KSHV/HHV8 CC chemokine, CCR8 agonist,

TH2 chemoattractant,

angiogenic activity

144, 145

K4/vMIP2 KSHV/HHV8 CC-, CXC-,CX3C, C-antagonist,

TH2 chemoattractant,

angiogenic activity

144, 146

K4.1/vMIP3 KSHV/HHV8 CC chemokine, CCR4 agonist

TH2 chemoattractant,

angiogenic activity

146, 147

pox virus MC148/vMCC1 MCV CC chemokine, CCR8 antagonist 148, 149

lentivirus Tat HIV Similarity with chemokines,

monocyte attractant

150

paramyxovirus Glycoprotein-G RSV Similarity with chemokines,

CX3CL1-like activity

61

Viral chemokine receptors

b-herpes virus US27 HCMV/HHV5 Putative CCR receptor,

located on viral envelope

9, 62

US28 HCMV/HHV5 Binding of CCL1, CCL5, CX3CL1

and vMIP2, stimulation of cell

migration, constitutive activity

52, 63,

64, 85

UL33 HCMV/HHV5 Constitutive activity 151, 152

U12 HHV6,

HHV7

Binding of CCL2, CCL3,

CCL4, CCL5, CCL19

153

U51 HHV6, HHV7 Binding of CCL2, CCL3,

CCL4, CCL5, CCL11, vMIP2

38

c-herpes virus ORF74/

KSHV-GPCR

KSHV/HHV8 Binding of CXCL1, CXCL4, CXCL7,

CXCL8, CCL1, CCL2, CCL4, CCL5

96, 110

E1 EHV2 Binding of CCL11, stimulation of

chemotaxis

154

pox virus SPV146/K2R SPV CXCR1 homologue 155

145R YLDV CCR8 homologue 156, 157

Q2/3L CaPV CC chemokine receptor homologue 158

LSD011 LSDV CC chemokine receptor homologue 159
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endothelial migration [12, 13]. More recently it has become evident that chemokines
function as regulators not only of hematopoietic cells, but also of many other cell types,
including cells of the central nervous system as well as endothelial and epithelial cells.
By controlling various functions of these cells, chemokines play fundamental roles as
regulators of embryogenesis, neurogenesis, and angiogenesis, and also as mediators
of tumor cell invasion and metastasis [14–18]. In addition, chemokines block the entry
of human immunodeficiency viruses (HIV) into their target cells [7, 19, 20].
Chemokines are defined by conserved cysteines and can be subdivided into four

families – CC, CXC, CX3C, and C – by the relative positions of these cysteines,
some of which form intramolecular disulfide bonds [19, 21]. According to their
role as regulators of immune cell functions, chemokines have been divided into
i) homeostatic chemokines, which are constitutively expressed in lymphoid cells
and tissues and are involved in regulating lymphocyte homing, and
ii) inflammatory chemokines, which are produced by many different cells and tissues
after challenge with bacterial toxins and proinflammatory cytokines [19]. CXC chemo-
kines involved in modulation of angiogenesis have been grouped into angiogenic che-
mokines (bearing a Glu-Arg-Leu (ERL) motif preceding the first cysteine, as in CXCL2
and CXCL8) and angiostatic chemokines without this motif (such as CXCL9 and
CXCL10) [19, 21].
Transmembrane signaling of chemokines is mediated by chemokine receptors,

members of the superfamily of heterotrimeric G protein-coupled receptors (GPCRs)
classified according to their interactions with chemokine ligands [22, 23]. Various leu-
kocytes, including T cells and B cells, neutrophils, monocytes, andmast cells, as well as
platelets, endothelial and epithelial cells, smooth muscle cells, and several cell types of
the brain and the liver, express chemokine receptors [22, 23]. To date, 18 genes en-
coding chemokine receptors have been identified in humans [23, 24]. In general, cel-
lular CXC and CC chemokine receptors specifically interact with CXC and with CC

Table 15.1 continued.

Virus family Gene/protein Virus Known or proposed function Ref.

Viral chemokine binding proteins

pox virus vCKBP1 MV Binding of CC, CXC, C chemokines,

modulation of leukocyte migration

160

vCKBP2 VV, CPV, MV Binding of CC chemokines,

anti-inflammatory effects

161, 162

A41L VV vCKBP2 homologue,

anti-inflammatory effects

163

c-herpes virus vCKBP3 MHV68 Binding of CC, CXC, C, CX3C

chemokines

164, 165

MDV, Marek’s disease virus; HCMV, human cy-

tomegalovirus; MCMV, mouse cytomegalovirus;

KSHV, Kaposi’s sarcoma virus; MCV, molluscum

contagiosum virus; HHV5, human herpes virus 5;

HHV6, human herpes virus 6; HHV7, human

herpes virus 7; HHV8, human herpes virus 8;

EHV2, equine herpes virus 2; SPV, swine pox

virus, YLDV, Yaba-like disease virus; CaPV, capri

pox virus; LSDV, lumpin skin disease virus; MV,

myxoma virus; VV, vaccinia virus; CPV, cow pox

virus; MHV68, mouse herpes virus 68.
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chemokines, respectively [23, 24]. The receptors XCR1 and CX3CR1 are specifically
activated by the C chemokine XCL1 and the CX3C chemokine CX3CL1, respectively
[24]. Only a few CC and CXC chemokine receptors interact with only a single chemo-
kine agonist. Examples are the receptors CCR6 and CXCR4, with their ligands CCL20
and CXCL12, respectively [24]. The majority of CC and CXC chemokine receptors in-
teract with several chemokines, and many chemokines interact with several chemo-
kine receptors. This promiscuity increases not only the diversity, but also the complex-
ity of the chemokine–chemokine receptor network [19, 24]. Most leukocytes express
only a subset of the chemokine receptors and thus respond to only a subset of che-
mokine ligands depending on their state of differentiation and activation [22, 25]. Che-
mokine receptors interact either with soluble chemokines or with chemokines bound
to macromolecules, such as glycosaminoglycans (GAGs). Binding of chemokines to
GAGs, such as on the surface of endothelial cells, i) facilitates the generation of che-
mokine gradients that direct leukocyte migration, and ii) allows the specific seques-
tration of chemokines at sites of inflammation [19, 26]. The CX3C chemokine CX3CL1
is a cell surface-bound molecule, from which a soluble chemokine fragment can be
released [19].
In most cells, chemokine receptors are coupled to PTX-sensitive (PTX = pertussis

toxin) G proteins, which regulate the activity of a number of intracellular effectors,
including phospholipase C-b isozymes (PLCbs), inositol phospholipid 3-kinases
(PI3-Ks) [27], and mitogen-activated protein (MAP) kinases [27, 28]. These functions
are known to be mediated either by the activated Ga and/or by free Gbc subunits.
Furthermore, chemokine receptors have been reported to regulate the functions of
integrins [29], Janus kinase/signaling transducer and activator of transcription
(Jak/STAT) [30, 31], and signaling components involved in mediating apoptosis
[32]. Moreover, coupling of chemokine receptors to the PTX-insensitive Gaq family
members Ga14 and Ga16 resulting in PLCb activation has been described [33, 34].
A summary of signaling pathways regulated by chemokine receptors is given in
Figure 15.1.

15.1.3

Viral Homologues of Chemokines and Chemokine Receptors and Viral
Chemokine-binding Proteins

Genes encoding viral homologues of chemokines and chemokine receptors mimick-
ing the functions of their mammalian counterparts have mainly been found in the
genomes of three virus families: herpes viruses, pox viruses, and lentiviruses (cf.
Table 15.1) [3, 8, 11]. At least 11 genes encoding homologues of chemokines and
11 genes encoding chemokine receptors have been identified in the genomes of theses
viruses (cf. Table 15.1) [3, 11]. In addition, viruses have also evolved chemokine-bind-
ing proteins with no homology to known mammalian proteins [35]. These viral pro-
teins specifically interact with chemokines to interfere with their binding to receptors,
to glycosaminoglycans, or to both [3, 35]. As one example, the chemokine-binding pro-
tein (CKBP) vCKBP1 of myxoma virus specifically interacts with the GAG-binding
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domain of the CXC chemokine CXCL8. The CKBPs vCKBP2 and vCKBP3 – of pox and
herpes viruses, respectively – interact with many chemokines to block their interac-
tions with chemokine receptors and/or GAGs [3].
The viral chemokine homologues are broad-spectrum chemokines that bind to sev-

eral cellular chemokine receptors and viral chemokine receptor homologues and may
act as agonists, inverse agonists, or antagonists [3, 8]. Some of the viral chemokine
receptor homologues in turn display nonselective binding of cellular CC, CXC,
and CX3C chemokines as well as viral chemokines. The majority of the viral chemo-
kine receptor homologues, however, are made up of orphan receptors for which no
ligands have yet been identified. Interestingly, some viral chemokine receptor homo-
logues show intrinsic activity independent of ligand binding, which is referred to as
constitutive activity [36].
Since chemokines and chemokine receptors are key regulators of innate and ac-

quired immune functions and play important roles in the control of invading micro-
organisms, including viruses [7, 20], interfering with chemokine and/or chemokine
receptor functions may help the virus to evade and/or to exploit the host immune

Fig. 15.1 Model of signaling pathways activated by

chemokine receptors. Signal transduction byCCand

CXC chemokine receptors is mediated by various

intracellular effector proteins, including PLCb iso-

forms, adenylyl cyclases, and Rho GTPases, as well

as by lipid and protein kinases such as PI3-K, p38,

ERK, and JNK. Receptor activation ismediated byGi,

Gq, and G12/13 proteins. Receptor dimerization may

result in activation of the JAK/STAT

pathway. Receptor responsiveness is regulated

through phosphorylation by members of the GRK

and/or the PKC families. Chemokine receptor-de-

pendent regulatory inputs into downstream signal

transduction components with unknown signaling

intermediates or unclear relationship to other

pathways are marked in Figures 15.1 to 15.3 with

question marks.

15.1 Introduction 247247



system [9]. Viral chemokines interfere with the functions of cellular chemokines by,
for example, acting as antagonists at cellular chemokine receptors, and it has been
suggested that internalization of viral chemokine receptor homologues together
with their bound ligands results in a depletion of chemokine in the environments
of infected cells [36, 37]. Both mechanisms may prevent detection of infected cells
by the host immune system and may allow the virus to persist in the host. Expression
of viral chemokine receptor homologues may also facilitate the dissemination of the
virus in the host by, for example, directing infected cells to specific organs [36].
Several viral chemokine receptor homologues have been identified in the genomes

of b- and c-herpes viruses, including those of human cytomegalovirus (HCMV/
HHV5), human herpes virus 6 (HHV6), human herpes virus 7 (HHV7), and Kaposi’s
sarcoma-associated virus (KSHV/HHV8) (cf. Table 15.1) [36, 38, 39]. This review fo-
cuses on the signaling properties of two of these viral chemokine receptor homolo-
gues, pUS28 and KSHV-GPCR, which are encoded by the open reading frames
(ORFs) US28 of HCMV and ORF74 of KSHV, respectively [9, 36], and summarizes
the current knowledge about their functions and potential regulatory roles in infected
cells. Both proteins are constitutively active and may alter the activity of host cell sig-
naling pathways in a ligand-independent manner [36].

15.2

The Human Cytomegalovirus-encoded Chemokine Receptor Homologue pUS28

15.2.1

Characteristics of Human Cytomegalovirus Infection

Human cytomegalovirus (HCMV) is a member of the b-herpes virus family and is one
of several related species-specific viruses that cause similar diseases in various animals
[40]. HCMV is a slowly growing virus and HCMV infection rarely causes symptomatic
disease in immunocompetent individuals. HCMV has evolved several mechanisms to
evade detection by the host immune system and can establish lifelong latency after
primary infection. HCMV infection or HCMV reactivation in immunocompromised
patients can result in disseminated disease characterized by fever and leukopenia, he-
patitis, pneumonia, esophagitis, gastritis, colitis, and retinitis [40]. HCMV infection
has been recognized as an independent risk factor for vascular diseases such as ather-
osclerosis and arterial restenosis [41].
In vivo, HCMV appears to replicate in a variety of cell types, including fibroblasts,

epithelial cells, endothelial cells, and smooth muscle cells [42]. HCMV infection has
long been known to be associated with changes in the activity of many cellular signal-
ing pathways [43, 44]. The cellular responses triggered by HCMV infection include
increased hydrolysis of phosphatidylinositol 4,5-bisphosphate by PLCb within min-
utes after exposure of cells to HCMV [45]. Other alterations observed upon HCMV
infection include sustained activation of MAP kinases [46, 47], changes in the host
cell cycle [44, 48], modulation of interferon signaling [44], and the initiation of cellular
and/or viral gene expression through the activation of host transcription factors, in-
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cluding nuclear factor kappa B (NF-jB), cAMP response element-binding protein
(CREB), and serum response factor (SRF) [46, 49, 50].

15.2.2

Functional Characteristics of pUS28

Four ORFs with homology to the genes of mammalian chemokine receptors have been
identified in the HCMV genome: US27, US28, UL33, and UL78 [36]. No viral or cel-
lular ligands for the proteins encoded by US27, UL33, and UL78 have yet been de-
scribed. In contrast, the protein (p) encoded by US28 (pUS28) binds a number of hu-
man CC chemokines, including CCL2, CCL3, CCL5, and the CX3C chemokine
CX3CL1 with high affinity [51–55]. CX3CL1 is structurally peculiar in that its chemo-
kine domain is located on top of a mucin-like stalk that is connected to a transmem-
brane domain [19]. In contrast to other chemokines, CX3CL1 functions not only as
potent chemotactic cytokine, but also as an adhesion molecule. To fulfil these func-
tions, CX3CL1 is either cleaved between the chemokine portion and the membrane
anchor, to release the former as a soluble protein, or remains cell surface-bound to
serve as an adhesion molecule for cells expressing chemokine receptors [56]. The ob-
servation that the soluble chemokine portion of CX3CL1 binds to pUS28 with subna-
nomolar affinity and shows a significantly slower off-rate from this receptor than CCL5
[55, 57] has prompted the suggestion that binding of pUS28 to membrane-associated
CX3CL1 might play a role in increasing the affinity and/or duration of the contact
between HCMV-infected, pUS28-expressing cells and cells displaying CX3CL1 on
their surfaces, which might in turn increase the efficiency of cell-to-cell transfer of
HCMV in vivo. Recently, Haskell et al. have shown that such amechanism is operative,
at least in transfected cells, even under shear flow conditions [57]. However, whether
or not the cell-to-cell interaction mediated by pUS28 and CX3CL1 contributes to the
entry of HCMV into CX3CL1-expressing cells remains to be determined. pUS28 also
acts as a cofactor for the entry of several types of human immunodeficiency viruses
and causes cell-to-cell-fusion by interacting with several types of viral envelope pro-
teins, including HIV viral envelope proteins and a glycoprotein from vesicular stoma-
titis virus, VSV-G [58–60]. Interestingly, the G glycoprotein of respiratory syncytial
virus (RSV) (cf. Table 15.1) is structurally similar to CX3CL1 and specifically binds
to CX3CR1 [61]. These observations suggest that pUS28 may function to support
HCMV dissemination by mediating cell-to-cell-transfer of the virus as well as facilitat-
ing secondary infection of HCMV-infected cells by other viruses in vivo.

15.2.3

Signaling Pathways Regulated by pUS28

Binding of CC chemokines such as CCL5 to cells expressing pUS28 was shown to
cause increases in the concentration of cytosolic free Ca2+ [52, 62] and in the activity
of extracellular signal-regulated protein kinase 1/2 (ERK1/2) by stimulation either of
endogenous PTX-sensitive Gi proteins or of exogenous PTX-insensitive G16 [53]. How-
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ever, we and others recently found that pUS28 is also capable of mediating a consti-
tutive, chemokine-independent activation of PLCb, apparently mediated by PTX-in-
sensitive members of the Gq family. This effect was shown for transiently transfected
COS-7 cells [63] as well as for HCMV-infected human fibroblasts [64]. Interestingly,
addition of CX3CL1 caused a reduction in constitutive inositol phosphate formation,
while addition of CCL5 and CCL2 had no effect [63, 64]. Since infection of fibroblasts
with HCMV caused increases in the extracellular concentrations of certain chemo-
kines, including CCL5 and CCL2 [54], an autocrine loop made up of the secreted
pUS28 ligands CCL5 and/or CCL2 and of the surface-exposed pUS28 had to be con-
sidered as the cause of the observed constitutive inositol phosphate formation. How-
ever, readdition of conditioned medium of pUS28-expressing HCMV-infected cells to
thoroughly washed cells, or addition of CCL5- or CCL2-neutralizing antibodies to the
extracellular medium of HCMV-infected fibroblasts did not affect inositol phosphate
formation [64]. Furthermore, a mutant of pUS28 lacking the 21 amino terminal re-
sidues failed to bind [125I]-CCL5 in transiently transfected COS-7 cells, but still con-
stitutively stimulated inositol phosphate formation [64]. Taken together, these obser-
vations exclude the possibility that binding of CC chemokines is involved in consti-
tutive activation of PLCb. The results also suggest that CX3CL1, unlike CCL5 and
CCL2, acts as an inverse agonist at pUS28 [63, 64]. The physiological relevance of
the latter activity of CX3CL1 at pUS28 remains to be determined.

15.2.4

Regulation of Transcriptional Activity by pUS28

The activity of several cellular transcription factors, including NF-jB, CREB, and SRF,
has been reported to be modified upon HCMV infection [46, 49, 50]. Activation of
these transcription factors is required for the expression of viral immediate-early
(IE) genes, and consensus sites for the binding of NF-jB, CREB, and SRF have
been identified in the major immediate-early promoter [65]. Induction of HCMV IE
genes is crucial for productive infection as well as for reactivation of the virus from
latency [65]. Interestingly, transient expression of pUS28 activates these three tran-
scription factors in a constitutive manner [63, 66, Moepps et al., unpublished; see
Chapter 8].
NF-jB is a ubiquitously expressed transcription factor that plays an important role in

inflammation by inducing several proinflammatory genes, including those of chemo-
kines [67]. The constitutive activity of NF-jB induced by transient expression of pUS28
in COS-7 cells was not altered by CC chemokines, while it was partially inhibited by
CX3CL1 [63]. Activation of NF-jB by pUS28 was not sensitive to treatment of cells with
PTX. Coexpression of Gaq and Ga11 together with pUS28 caused a further increase in
NF-jB activity [63]. Thus, members of the Gaq family are involved in mediating this
effect of pUS28. In addition, G protein bc dimers also appear to play a stimulatory role
[63]. Interestingly, the constitutive NF-jB activation induced by pUS28 was not sen-
sitive to inhibitors of p38 or ERK1/2 MAP kinases [66].
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CREB activates the transcription of its target genes in response to a diverse array of
stimuli, including peptide hormones and growth factors [68]. Activation of CREB is
mediated by a variety of protein kinases, including cAMP-dependent protein kinase
(PKA), MAP kinases, and Ca2+/calmodulin-dependent protein kinases (CaMKs) [69].
Sustained activation of MAP kinases has been observed during early HCMV infection,
resulting in CREB-mediated induction of IE genes [46, 70]. Transient expression of
pUS28 in COS-7 cells caused constitutive activation of CREB. Again, the constitutive
activity of CREB induced by pUS28 in COS-7 cells was not altered by CC chemokines,
while being partially inhibited by CX3CL1 [66]. Unlike the induction of NF-jB activity
by pUS28 mentioned above, the activation of CREB by pUS28 was blocked by specific
p38MAP kinase inhibitors, suggesting that the p38MAP kinase pathway is involved in
mediating the effect of pUS28 on the activity of CREB [66].
SRF activates the transcription of a variety of genes, including genes expressed in

brain and muscle cells, as well as IE genes of HCMV [46, 71], by interacting with a
specific recognition site referred to as the serum response element (SRE). The activity
of SRF is regulated by extracellular mediators such as those present in serum (e.g.,
growth factors), and by phorbol esters [71]. Activation of SRF is mediated by Rho fa-
mily GTPases and changes in actin polymerization. Thus, SRF links cytoskeletal re-
organization to induction of gene transcription [72, 73]. Transient expression of pUS28
in COS-7 cells caused constitutive induction of SRF-mediated gene transcription. This
effect is apparently mediated by Gaq, as it was largely enhanced by coexpression of Gaq

but is inhibited by the Gaq-GTPase-activating protein RGS2 (Moepps et al., unpub-
lished; see Chapter 8). Rho family GTPases were involved in this effect, since coex-
pression of RhoA and pUS28 produced synergistic stimulatory effects on SRF-
mediated transcriptional activity. Furthermore, coexpression of pUS28 together
with Clostridium botulinum C3 ADP-ribosyltransferase, which specifically ADP-ribo-
sylates RhoA, -B, and -C and thereby interferes with RhoGEF-mediated (RhoGEF =
Rho guanine nucleotide exchange factor) activation of these GTPases [74], abolished
the stimulatory effect of pUS28 on SRF-mediated transcriptional activity (Moepps et al.,
unpublished).
Although it seems clear that expression of pUS28 causes constitutive activation of

NF-jB, CREB, and SRF in pUS28-cDNA-transfected cells, the occurrence of these ef-
fects in HCMV-infected cells and the functional relevance of these changes to the
course of HCMV infection and latency is poorly understood. Thus, expression of
mRNA encoding pUS28 was detected at early times [i.e., 8–24 h post infection
(p.i.)] and was maximal in the early-late phase of infection (e.g., at 48 h p.i.), making
it unlikely that expression of pUS28 contributes to enhanced expression of viral im-
mediate early genes at “immediate early“ time points (i.e., 1–4 h p.i.) [54, 64]. However,
pUS28 has also been postulated to be part of the viral envelope and to be incorporated
into the host cell membrane even without transcription of the viral genome [75]. Thus,
pUS28 may already be present in the host cell membrane during the course of viral
entry and during “immediate early“ times p.i. to activate the cellular transcription fac-
tors NF-jB, CREB, and SRF. It also seems likely that pUS28 affects the activity of
cellular transcription factors during early and/or late times p.i. The activity of NF-
jB observed during these phases might explain the modulation of the expression
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of genes encoding cellular chemokines (e.g., CXCL8) [76, 77]. Enhanced activity of
CREB has been described in early and/or late phases of HCMV infection [78]. Whether
these changes are induced by pUS28 remains an intriguing question to be clarified by
future experimentation. A summary of signaling pathways regulated by pUS28 is gi-
ven in Figure 15.2.

15.2.5

Regulation of Constitutively Active pUS28

Phosphorylation by members of a family of serine-threonine protein kinases termed
G protein-coupled receptor kinases (GRKs) together with the recruitment of arrestins
are crucial steps in agonist-induced desensitization and internalization of G protein-
coupled receptors [79–81]. Desensitization is characterized by phosphorylation of ser-
ine-threonine residues present in the carboxyl-terminal portions of the receptors by
GRKs, followed by recruitment and binding of arrestins to these portions. Binding
of arrestins to the receptors prevents their interaction with G proteins and initiates

Fig. 15.2 Model of signaling pathways activated

by HCMV-encoded pUS28. pUS28 constitutively

activates PLCb through Gaq and/or Ga11. ERK1/2

and p38 may be activated by Gbc. The activity of

pUS28 is regulated through phosphorylation by

members of the GRK, PKC, and/or CK2 families. In

addition, pUS28 constitutively activates the tran-

scription factors NF-jB, CREB, and SRF. SRF-sti-

mulated gene transcription by pUS28 is mediated

by RhoA-family members. pUS28 may also couple

to Gi proteins in a ligand-dependent manner, which

may in turn result in activation of FAK through Src.
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receptor internalization. In pUS28-cDNA-transfected cells, pUS28 was phosphory-
lated and internalized by the cellular endocytic pathway [82–85]. However, unlike
its cellular chemokine receptor counterparts, pUS28 was constitutively phosphory-
lated and internalized in a ligand-independent manner, and neither of these functions
was further enhanced upon addition of CCL5 and CCL3 [82]. Thus, upon expression of
an epitope-tagged pUS28 in HEK293A cells, only a small fraction was present on the
cell surface, while themajority of the protein was located in the perinuclear endosomes
[83]. Coexpression of GRK2, GRK5, or GRK6 together with pUS28 increased pUS28
phosphorylation and reduced constitutive signaling of pUS28 to downstream effectors
such as PLCb and SRF in COS-7 cells [82, 84, Moepps et al., unpublished]. In accor-
dance with these findings, cells transfected with carboxyl-terminal deletion mutants of
pUS28 showed further increases in constitutively enhanced inositol phosphate forma-
tion and NF-jB and CREB activity, which is probably due to the fact that these mutants
are not phosphorylated by GRKs and are not internalized [84, 85]. Interestingly, a car-
boxyl-terminal deletion mutant of pUS28 was impaired in its ability to constitutively
activate the p38MAP kinase pathway, implying that some of the intracellular signaling
mechanisms of pUS28 are positively influenced by GRKs and/or arrestins [84]. Re-
cently, the involvement of arrestins in pUS28 internalization has been questioned.
Thus, expression of pUS28 in arrestin-deficient cells resulted in pUS28 internalization
with a rate similar to that reported for arrestin-expressing cells [86]. Internalization of
pUS28 in these cells was blocked by inhibition of clathrin-mediated endocytosis, in-
dicating that pUS28 is internalized in a clathrin-dependent but arrestin-independent
manner [86]. In addition to GRKs, other serine/threonine protein kinases, such as
PKC and casein kinase 2 (CK2) might also regulate pUS28 through phosphorylation
[82].
The fact that CCL2 and CCL5 are depleted from the environments of HCMV-in-

fected cells and that pUS28 is rapidly internalized and recycled to the cell surface sug-
gests that pUS28 acts as a cellularly expressed chemokine scavenger [37, 54]. Thus,
internalization of chemokines may be another strategy of the virus to prevent recruit-
ment of host immune cells and thus to manipulate the host immune system.

15.2.6

Cellular Functions of pUS28

The finding that pUS28 constitutively regulates several intracellular signaling path-
ways by activating members of the Gaq family in a ligand-independent fashion is
not easily consistent with earlier findings showing: i) that CC chemokines, including
CCL2 and CCL5, increase the concentration of cytosolic free Ca2+ both in pUS28
cDNA-transfected and in HCMV-infected cells [53, 62], and ii) that this effect was
blocked by PTX in HCMV-infected cells [53]. The finding is also not in accord
with the previous observation that migration of HCMV-infected smooth muscle cells
(SMCs) was critically dependent on the presence of the chemokines CCL2 and CCL5 in
the extracellular medium [87]. SMC migration may be mediated by the interaction of
CCL5-activated pUS28 with Src, followed by activation of focal adhesion kinase (FAK)
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and reorganization of the actin cytoskeleton [88]. Several possible explanations to ex-
plain these discrepancies have been put forward. One is that different cell types have
been used to study the cellular functions of pUS28, and these cells could differ in their
relative abundances of pUS28 and intracellular signal transduction components [63,
87, 89]. For example, the transient expression of pUS28 in HEK-293 cells, but not in
COS-7 cells, activated MAP kinase [53, 89]. Cell type specificity has also been observed
for pUS28-stimulated migration of HCMV-infected SMCs from different types of
blood vessels. Specifically, this migratory response was observed for SMCs of coronary
and pulmonary arteries and the aorta, but not for SMCs of saphenous veins or for
human dermal fibroblasts and human umbilical vein endothelial cells (HUVECs) [87].
Transient expression of pUS28 in COS-7 cells together with the CC chemokine re-

ceptor CCR1 resulted in an enhanced cellular response to stimulation of CCR1 by its
ligand CCL5 [90]. Importantly, this response was blocked by pretreatment of the cells
with PTX. These results suggest that constitutively active pUS28may facilitate agonist-
induced signaling of cellular Gi-coupled chemokine receptors [90]. Whether the de-
pendence of cellular functions of HCMV-infected cells on chemokines observed in
some cells [53, 88] is based on such a mechanism needs further analysis.
While much has been learned about the functions of pUS28 in transfected cells, one

needs to be cognizant of the fact that the genome of HCMV encodes more than 200
unique proteins, many of which are of unknown function [91]. Furthermore, HCMV
infection of human cells results in altered expression of more than 1400 cellular
mRNAs [92]. Both coexpression of virally encoded proteins and altered expression
of cellular proteins could conceivably influence the function of pUS28 during natural
infection, so it is of great interest to determine the transmembrane signaling functions
of pUS28 in HCMV-infected rather than transfected cells [64]. To study the specific
functional role of pUS28 in infected cells, recombinant viruses with deleted ORF28
genes have been generated [54, 62, 64, 87]. Infection of human fibroblasts with these
deletion mutants revealed that pUS28 apparently plays no major role as a regulator of
viral replication, at least in cultured fibroblasts. However, the observation that CC-che-
mokine-stimulated migration of certain HCMV-infected SMCs is critically dependent
on pUS28 [87] indicates that pUS28 might be involved in regulating viral dissemina-
tion. This notion is supported by the finding that the gene encoding pM33, which may
be the functional equivalent of pUS28 in cells infected by murine CMV, is essential for
the targeting of murine CMV to the salivary glands and for the replication of the virus
in this organ in vivo [93, 94]. Like pUS28, mouse pM33 constitutively activates PLCb,
CREB, and NF-jB [66]. Whether pUS28 fulfils a similar function in targeting human
HCMV to specific host tissues and in regulating replication in these tissues is un-
known.
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15.3

The Human Kaposi’s Sarcoma Virus-encoded Chemokine Receptor KSHV-GPCR

15.3.1

Characteristics of Human Kaposi’s Sarcoma Virus Infection

Human herpes virus 8 (HHV8), also referred to as Kaposi’s sarcoma herpes virus
(KSHV) is likely to be involved in the pathogenesis of: i) all forms of Kaposi’s sarcoma
(classic, iatrogenic, and epidemic), ii) primary effusion lymphomas (a subset of ma-
lignant lymphomas), and iii) multicentric Castleman’s disease (an angiolymphopro-
liferative disorder) [95–97]. KSHV belongs to the mammalian c-herpes virus family
that also includes human Epstein Barr virus (EBV), nonhuman herpes virus saimiri
(HVS), equine herpes virus type 2 (EHV-2), and murine c-herpes virus 68 (MHV68)
[95]. These viruses are characterized by their narrow host ranges and, except for EBV,
by the presence of genes encoding viral chemokines and chemokine receptors in their
genomes [3]. For example, the viral chemokine receptor KSHV-GPCR is encoded by
ORF74, which has been identified in all c-herpes virus genomes [98–101]. Kaposi’s
sarcoma (KS) is a multifocal neovascular tumor, characterized by proliferating spin-
dle-shaped tumor cells thought to be of endothelial origin, angiogenesis, edema, and a
variable inflammatory cell infiltrate [95–97]. In cell culture, exposure of endothelial
cells to KSHV caused cell transformation [102]. Although only a subset of the exposed
cells was infected by KSHV (1–6%), all cells survived upon long-term cultivation. The
survival of uninfected cells may be due to the paracrine induction of vascular endothe-
lial growth factor (VEGF) receptor 2 expression. This receptor is thought to play an
important role as a regulator of endothelial cell survival [102, 103]. Interestingly,
only a small percentage of the microvascular endothelial cells and the spindle-shaped
cells (< 10%) were infected by KSHV in early KS lesions [104]. Thus, KS tumorigen-
esis may also rely on paracrine effects [95, 97].
Sequencing of the KSHV genome has identified several genes with potential trans-

forming or angiogenic properties, including ORF74 [104]. Importantly, transcripts of
ORF74 were found in KS lesions [98, 104]. Furthermore, transient expression of
KSHV-GPCR in NIH/3T3 fibroblasts and endothelial cells resulted in cellular trans-
formation and acquisition of spindle cell morphology, respectively [98, 105–107].
Furthermore, multifocal KS-like lesions were observed in KSHV-GPCR transgenic
mice. These findings provide strong support for the notion that KSHV-GPCR expres-
sion contributes to the pathogenesis of KS [108]. Interestingly, NIH/3T3 cells stably
expressing KSHV-GPCR, as well as tumors arising from these cells when injected into
nude mice, secrete high levels of VEGF [109].

15.3.2

Functional Characteristics of KSHV-GPCR

KSHV-GPCR displays homology to the human CXC chemokine receptors CXCR1 and
CXCR2 [98, 110]. Unlike these receptors, KSHV-GPCR is promiscuous in its interac-
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tion with chemokines, displaying unselective binding of the CC chemokines CCL1,
CCL2, CCL4, and CCL5, as well as of the CXC chemokines CXCL1, CXCL4,
CXCL7, and CXCL8 [98, 111]. KSHV-GPCR expression, similarly to that of pUS28,
mediates constitutive activation of PLCb and several transcription factors, such as
NF-jB and CREB [98, 112–115]. Constitutive activation of the PLCb pathway by
KSHV-GPCR is likely to be mediated by PTX-insensitive Gq proteins [98, 116].
Like pUS28, KSHV-GPCR is constitutively phosphorylated and internalized in a li-
gand-independent manner [117]. Constitutive KSHV-GPCR activity was reduced by
coexpression of GRK4, GRK5, or GRK6, or by stimulation of PKC [117]. Moreover,
KSHV-GPCR-stimulated proliferation of mouse NIH/3T3 cells was inhibited by co-
expression of GRK5 [117].

15.3.3

Signaling Pathways Regulated by KSHV-GPCR

Expression of KSHV-GPCR causes constitutive activation of several signal transduc-
tion pathways involving MAP kinases, including ERK1/2, p38, and c-Jun amino-term-
inal kinase (JNK), as well as PI3-K and the protein kinase Akt, also referred to as pro-
tein kinase B [89, 107, 113, 115, 118]. Activation of Akt by KSHV-GPCR is probably
caused by the release of Gbc subunits from activated PTX-sensitive Gi proteins, and is
likely to require the activation of PI3-K [89, 113]. Inhibition of PI3-K and Akt in KSHV-
GPCR-expressing cells resulted in an increase in apoptotic cells, suggesting that acti-
vation of this pathway plays a key role in promoting cell survival in infected cells [113].
Activation of ERK1/2 by KSHV-GPCR involves both PTX-sensitive and PTX-insensi-
tive G proteins [89]. Release of Gbc from the former promotes activation of PI3-K,
which is coupled to stimulation of the Ras-Raf-MEK-ERK1/2 pathway [89]. Interaction
of KSHV-GPCR with PTX-insensitive Gq proteins may activate PKC through PLCb,
which has been suggested to cause activation of the same pathway by phosphorylation
of Raf [89]. Activation of the JNK kinases by KSHV-GPCR appears to be mediated by
related adhesion focal tyrosine kinase (RAFTK), also referred to as proline-rich kinase 2
(Pyk2), which in turn enhances the activity of the Src family member Lyn [119]. The
nature of the G proteins mediating activation of RAFTK is currently unknown. Simi-
larly, little is known about the pathways leading to activation of p38 by KSHV-GPCR.

15.3.4

Regulation of Transcriptional Activity by KHSV-GPCR

The activity of several cellular transcription factors, including NF-jB, hypoxia-induci-
ble factor 1a (HIF-1a), CREB, activator protein-1 (AP-1), and nuclear factor of activated
T cells (NFAT) is modified upon KSHV-GPCR expression [113, 114, 118, 120]. Spe-
cifically, an increase in NF-jB and/or AP-1 activity was observed in COS-7, HEK293,
THP-1, and Jurkat T cells, as well as in KS-derived KSHV-negative endothelial cell line
(KSIMM) [121] and primary human endothelial cells. In the latter cells, the increase in
NF-jB activity was linked to an enhanced secretion of several proinflammatory cyto-
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kines and chemokines, such as IL-6, CXCL8, and CCL5, and to increased expression of
several adhesion molecules, including vascular cell adhesion molecule-1 (VCAM-1),
intercellular adhesion molecule-1 (I-CAM-1), and E-selectin [107, 120]. In COS-7 cells,
induction of NF-jB activity by KSHV-GPCR is mediated by Akt [113]. Induction of NF-
jBmay also involve activation of RhoA by Ga13 and a Rho-GEF (e.g., p115RhoGEF), as
described for HeLa cells [122]. Activation of ERK1/2 and p38 by KSHV-GPCR caused
an increase in HIF-1a activity, which may in turn result in enhanced secretion of the
angioproliferative and antiapoptotic mediator VEGF [118]. Thus, inhibitors of signal-
ing pathways involving ERK1/2 and p38 reduced the secretion of VEGF by NIH/3T3
cells stably expressing KSHV-GPCR [118]. A summary of signaling pathways activated
by KSHV-GPCR is given in Figure 15.3.
Very recently, activation of the transcription factors NF-jB, AP-1, CREB, and NFAT

by KSHV-GPCR has been reported in primary effusion lymphoma cells [114, 123].
Interestingly, unlike in COS-7 cells, PI3-K/Akt does not mediate NF-jB activity in
these cells, indicating that KSHV-GPCR might activate transcription factors in a

Fig. 15.3 Model of signaling pathways activated

by KSHV-encoded KSHV-GPCR. KSHV-GPCR con-

stitutively activates PLCb through Gaq and Ga11.

Activation of Akt is likely to be caused by the release

of Gbc subunits from Gi proteins and to require

activation of PI3-K. Activation of ERK1/2 probably

involves both Gi/o and Gq/11 proteins and activation

of the Ras-Raf-MEK-ERK1/2 cascade. Activation of

JNK/SAPK by KSHV-GPCR is mediated by Lyn ac-

tivation through RAFTK/Pyk2. Activity of KSHV-

GPCR is regulated through phosphorylation by

members of the GRK and/or PKC families. KSHV-

GPCR also couples to G12/13 proteins to stimulate

RhoA through activation of a RhoGEF.
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cell type-specific manner [123]. This cell type-specific regulation may explain the dif-
ferences observed in the patterns of the factors secreted by KSHV-GPCR-expressing
cells. Thus, Jurkat T cells specifically secrete the cytokines IL-2 and IL-4, while the B cell
line BJAB predominantly release the CC chemokine MIP-1a into the medium [120,
124]. Secretion of proinflammatory cytokines and chemokines, as well as angiogenic
growth factors such as VEGF, by KSHV-GPCR-infected cells may contribute signifi-
cantly to the development of KS lesions by both paracrine and autocrine mechanisms
and may be involved in cellular transformation and tumor vascularization [109, 125].

15.3.5

Regulation of KSHV Activity by Chemokines

In marked contrast to the activity of pUS28, that of KSHV-GPCR is modulated by
chemokines, which act at KSHV-GPCR as agonists, inverse agonists, or antagonists
[89, 111, 119, 126–128]. For example, binding of CXCL1 to KSHV-GPCR further sti-
mulates PLCb, while binding of CXCL10 has the opposite effect [112]. Activation of
ERK1/2 and Akt is also significantly reduced by CXCL10 [89, 113]. The activities of the
transcription factors NF-jB, AP-1, and CREB are also subject to regulation by chemo-
kines [114, 120]. Interestingly, the chemokines modulating KSHV-GPCR signaling
belong to the subfamily of CXC chemokines known to regulate angiogenesis [16,
19, 22]. Thus, CXCL1 has angiogenic and CXCL10 angiostatic properties [16, 19,
22]. Surprisingly, the activation of PLCb by KSHV-GPCR was stringently dependent
on the presence of KSHV-GPCR ligands in endothelial cells with stable expression of
KSHV-GPCR [125]. This finding shows that the constitutive activity of KSHV-GPCR is
observed in some but not all cell types. The molecular basis for the cell type specificity
of the constitutive activity of KSHV-GPCR is unknown.

15.3.6

Structure–Function Relationships of KHSV-GPCR

The identification of the structural elements that determine constitutive activity of
KSHV-GPCRmay allow the development of strategies through which to interfere spe-
cifically with the functions of KSHV-GPCR in herpes virus-infected cells (with its
transforming activity and its stimulatory effect on secretion of VEGF, for example).
Deletion of the amino-terminal portion of KSHV-GPCR caused a loss of chemokine
binding without influencing the constitutive activity of the receptor [129, 130]. In
marked contrast, deletion of the five C-terminal amino acids strongly reduced the
transforming and NF-jB-inducing activities without affecting ligand binding [120].
Interestingly, the latter truncation only marginally affected the stimulation of chemo-
kine and VEGF production by KSHV-GPCR [120]. This could be interpreted as evi-
dence for multiple GPCR conformations that differentially regulate various down-
stream effector pathways (see also Chapter 9). Other determinants of constitutive sig-
naling of KSHV-GPCR were identified in the second transmembrane domain (TM II)
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and at the boundaries between TM II and TM III and the corresponding intracellular
segments [130, 131]. Thus, the substitutions Lys91Asp and Lys94Asp significantly low-
ered basal activity while preserving chemokine responsiveness [130]. The substitutions
Asp83Ala and Val142Asp increased basal KSHV-GPCR activity [131]. Other residues
involved in mediating the stimulatory effects of chemokine agonists on KSHV-
GPCR activity were identified at the extracellular transmembrane helix boundaries
of TM V and TM VI. As an example, the substitutions Arg208His and Arg212His abol-
ished the response to CXCL1, while binding of the chemokine and basal constitutive
activity were preserved [130].

15.3.7

Cellular Functions of KHSV-GPCR in vivo

Similarly to pUS28, KSHV-GPCRmay not only regulate specific intracellular signaling
pathways on its own, but may also modulate the function of cellular GPCRs. On one
hand, increased expression of CXCL8 in herpes virus-infected cells may result in ac-
tivation of CXCR1 and/or CXCR2, which are expressed in KS lesions [132, 133]. On the
other hand, induction of heterologous desensitization of other GPCRs and depletion
of InsP3-releasable (InsP3 = inositol 1,4,5-triphosphate) Ca2+ stores has been reported
for cells expressing KSHV-GPCR [134]. Thus, coexpression of KSHV-GPCR resulted
in a marked inhibition of the agonist response of the thyrotropin-releasing hormone
receptor (THR-R) in Xenopus oocytes [134]. This effect was partially reversed by
CXCL10 [134], a chemokine that acts as an inverse agonist on KSHV-GPCR.
An intriguing question currently being addressed in several laboratories relates to

which of the signaling functions of KSHV-GPCR observed in transfected cells are of
biological importance in vivo (for the course of the herpes virus infection, for example,
or the development of KS). To analyze the in vivo functions of KSHV-GPCR system-
atically and to determine its impact on KS formation, several transgenic mousemodels
have been developed and analyzed [108, 109, 135–137]. Transgenic mice expressing
the KSHV-GPCR under the control of the CD2 promoter that specifically targets the
expression of the viral protein to certain hematopoietic cells (e.g., T cells), or under the
control of the simian virus 40 (SV40) early promoter-enhancer developed highly vas-
cularized KS-like tumors [108, 135]. These findings provide strong evidence that
KSHV-GPCR expression is causally linked to formation of KS [108, 109, 135]. Further-
more, expression of KSHV-GPCRmutants deficient either in constitutive activity or in
chemokine binding in transgenic mice did not result in the development of KS-like
tumors, demonstrating that both constitutive activity and modulation of signaling by
chemokines are required for KSHV-GPCR to stimulate tumorigenesis [136]. Recently,
cell-specific expression of several candidate KSHV oncogenes, including ORF74,
ORF K9, encoding viral interferon factor 1 (vIRF-1), and ORF 16, encoding viral
Bcl-2 (vBCL-2) in endothelial cells of transgenic mice, revealed that only expression
of ORF74 induced angioproliferative tumors that resembled KS, while the expression
of other two candidate viral genes did not [137]. The products of these genes are sus-
pected to play important roles in spindle cell formation [137]. Similarly to KS, the an-
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gioproliferative tumors induced by KSHV-GPCR expression in endothelial cells con-
tained only a small number of cells expressing KSHV-GPCR, which is in agreement
with the paracrine mechanism of KS tumor formation mentioned above [136]. From
their results, the authors hypothesized that the KSHV-GPCR encoded by ORF74 not
only initiates, but also promotes in vivo KS tumor development, and suggested that
KHSV-GPCR is an attractive candidate for the development of pathogenesis-based
therapies of this disease [137].

15.4

Conclusions

Viral strategies to evade the host immune system include the expression of viral pro-
teins that either mimic or interfere with functions of host proteins playing important
roles in the control of the host immune system. In host cells, chemokine receptors
regulate the activity of a variety of intracellular effectors which control for example,
chemotaxis, adhesion, and apoptosis of leukocytes. Viruses interfere with these func-
tions by causing expression of virally encoded chemokine receptor homologues, with
either ligand-dependent or ligand-independent constitutive activity. Heterologous ex-
pression of these receptor homologues may allow the virus to remain undetected by
the host’s immune system and to propagate and disseminate in the host. Interestingly,
the functional properties of the receptor homologues have been adapted by viruses to
fulfil various specific functions in infected cells, ranging from removal of chemokines
from the extracellular environment to induction of a specific response to chemokines
present in this environment or initiation of chemokine-independent changes in host
cell signaling. Thus, analysis of signaling properties of viral chemokine receptor
homologues and relating of these to functional changes of specific host cells should
not only improve our understanding of viral immunopathogenesis, but might also
help in the development of new therapeutic strategies to treat virally transmitted hu-
man diseases.

References

1 H. L. Ploegh, Science 1998, 280, 248–253.
2 D. Tortorella, B. E. Gewurz, M. H. Furman,

D. J. Schust, H. L. Ploegh. Annu. Rev. Im-
munol. 2000, 18, 861–926.

3 A. Alcami, Nat. Rev. Immunol. 2003, 3, 36–50.
4 J. P. Castillo, T. F. Kowalik, Gene 2002, 290,

19–34.
5 J. M. Hardwick, Semin. Cell Dev. Biol. 1998, 9,

339–349.
6 E. S. Mokarski, Trends Microbiol. 2002, 10,

332–339.
7 P. Lusso, Virology, 2000, 273, 228–240.

8 C. Vink, M. J. Smit, R. Leurs, C. A. Brugge-
man, J. Clin. Virol. 2001, 23, 43–55.

9 P. M. Murphy, Nature Immunol. 2001, 2,
116–122.

10 P. S. Beisser, C.-S. Goh, F. E. Cohen, S. Mi-
chelson, Curr. Top. Microbiol. Immunol. 2002,
269, 203–234.

11 P. J. Holst, M. M. Rosenkilde, Microbes Infect.
2003, 5, 179–187.

12 A. Manzo, R. Caporali, C Montecucco, C.
Pitzalis, Clin. Exp. Rheumatol. 2003, 21,
501–508.

15 Virally Encoded Constitutively Active Chemokine Receptors260



13 B. Moser, M. Wolf, A. Walz, P. Loetscher,
Trends Immunol. 2004, 25, 75–84.

14 E. Raz, Nat. Rev. Genet. 2003, 4, 690–700.
15 F. Lazarini, T. N. Tham, P. Casanova, F.

Arenzana-Seisdedos, M. Dubois-Dalcq, Glia
2003, 42, 139–148.

16 G. Bernardini, D. Ribatti, G. Spinetti, L.
Morbidelli, M. Ziche, A. Santoni, M. C. Ca-
pogrossi, M. Napoletano, J. Immunol. Methods
2003, 273, 83–101.

17 G. Muller, U. E. Hopken, M. Lipp, Immunol.
Rev. 2003, 195, 117–135.

18 L. M. Coussens, Z. Werb, Nature 2002, 420,
860–867.

19 M. Baggiolini, J. Intern. Med. 2001, 250,
91–104.

20 P. Lusso, Vaccine 2002, 20, 1964–1967.
21 C. R. Mackay, Nature Immunol. 2001, 2,

95–101.
22 D. D’Ambrosio, P. Panina-Bordignon, F. Si-

nigaglia, J. Immunol. Meth. 2003, 273, 3–13
23 Z. Gao, W. A. Metz, Chem. Rev. 2003, 103,

3733–3752.
24 P.M.Murphy, M. Baggiolini, I. F. Charo, C. A.

Herbert, R. Horuk, K. Matsushima, L. H.
Miller, J. J. Oppenheim, C. A. Power, Phar-
macol. Rev. 2000, 52, 145–176.

25 T. S. Olson, K. Ley,Am. J. Physiol. Regul. Integr.
Comp. Physiol. 2002, 283, R7–28.

26 J. Middleton, A. M. Patterson, L. Gardner, C.
Schmutz, B. A. Ashton. Blood 2002, 100,
3853–3860.

27 M. Thelen, Nat. Immunol. 2001, 2, 129–134.
28 A. Bajetto, S. Barbero, R. Bonavia, P. Piccioli,

P. Pirani, T. Florio, G. Schettini, J. Neurochem.
2001, 77, 1226–1236.

29 C. Laudanna, J. Y. Kim, G. Constantin, E.
Butcher, Immunol. Rev. 2002, 186, 37–46.

30 M. Mellado, J. M. Rodriguez-Frade, A. J. Vila-
Coro, S. Fernandez, A. Martin de Ana, D. R.
Jones, J. L. Toran, C. Martinez-A, EMBO J.
2001, 20, 2497–2507.

31 J. V. Stein, S. F. Soriano, C. M’rini, C. Nom-
bela-Arrieta, G. G. de Buitrago, J. M. Rodri-
guez-Frade, M. Mellado, J. P. Girard, C.
Martinez-A, Blood 2003, 101, 38–44.

32 S. R. Vlahakis, A. Villasis-Keever, T. Gomez,
M. Vanegas, N. Vlahakis, C. V. Paya, J. Im-
munol. 2002, 169, 5546–5554.

33 D. Wu, G. J. LaRosa, M. I. Simon, Science
1993, 261, 101–103.

34 Y. Tian, D. C. New, L. Y. Yung, R. A. Allen,
P. M. Slocombe, B. M. Twomey, M. M. Lee,
Y. H. Wong, Eur. J. Immunol. 2004, 34,
785–795.

35 B.T. Seet, G. McFadden, J. Leukoc. Biol. 2002,
72, 24–34.

36 M. M. Rosenkilde, M. Waldhoer, H. R. Lüt-
tichau, T. W. Schwartz, Oncogene 2001, 20,
1582–1593.

37 M. A. Billstrom, L. A. Lehman, G. S. Worthen,
Am. J. Respir. Cell Mol. Biol. 1999, 21, 163–167.

38 R. S. B. Milne, C. Mattick, L. Nicholson, P.
Devaraj, A. Alcami, U. A. Gompels, J. Im-
munol. 2000, 164, 2396–2404.

39 K. Nakano, K. Tadagaki, Y. Isegawa, M. M.
Aye, P. Zou, K. Yamanishi, J. Virol. 2003, 77,
8108–8115.

40 R. F. Pass, Fields Virology, Lippincott Williams
& Wilkins, Philadelphia, Pa, 2001.

41 D. N. Streblow, S. L. Orloff, J. A. Nelson, J.
Nutr. 2001, 2798S–2804S.

42 C. Sinzger, A. Grefte, B. Plachter, A. S. H.
Gouw, T. H. The, G. Jahn, J. Gen. Virol. 1995,
76, 741–750.

43 T. Albrecht, M. Boldogh, I. Fons, S. AbuBakar,
C. Z. Deng, Intervirol. 1990, 31, 68–75.

44 E. A. Fortunato, A. K. McElroy, V. Sanchez,
D. H. Spector, Trends in Microbiol. 2000, 8,
111–119.

45 T. Valyi-Nagy, Z. Bandi, I. Boldogh, T. Al-
brecht, Arch. Virol. 1988, 101, 199–207.

46 S. M. Rodems, D. H. Spector, J. Virol. 1998,
72, 9173–9180.

47 R. A. Johnson, S.-M. Huong, E.-S. Huang, J.
Virol. 2000, 74, 1158–1167.

48 R. F. Kalejta, T. Shenk, Front. Biosci. 2002, 7,
d295–306.

49 Y.-J. Chan, C.-J. Chiou, Q. Huang, G. S.
Hayward, J. Virol. 1996, 70, 8590–8605.

50 I. B. DeMeritt, L. E. Milford, A. D. Yurochko, J.
Virol. 2004, 78, 4498–4507.

51 K. Neote, D. DiGregorio, J. Y. Mak, R. Horuk
T. J. Schall, Cell 1993, 72, 415–425.

52 J.-L. Gao, P. M. Murphy, J. Biol. Chem. 1994,
269, 28539–28542.

53 M.A. Billstrom, G. L. Johnson, N. J. Avdi, G. S.
Worthen, J. Virol. 1998, 72, 5535–5544.

54 B. Bodaghi, T. R. Jones, D. Zipeto, C. Vita, L.
Sun, L. Laurent, F. Arenzana-Seisdedos, S.
Michelson, J.-L. Virelizier, J. Exp. Med. 1998,
188, 855–866.

55 T. N. Kledal, M. M. Rosenkilde, T. W.
Schwartz, FEBS Lett. 1998, 441, 209–214.

56 T. Imaizumi, H. Yoshida, K. Satoh, J. Ather-
oscler. Thromb. 2004, 11, 15–21.

57 C. A. Haskell, M. D. Cleary, I. F. Charo, J. Biol.
Chem. 2000, 275, 34183–34189.

58 O. Pleskoff, C. Treboute, A. Brelot, N. Heve-
ker, M. Seman, M. Alizon, Science 1997, 276,
1874–1878.

15.4 Conclusions 261261



59 O. Pleskoff, C. Treboute, A. Alizon, J. Virol.
1998, 72, 6389–6397.

60 A. Ohagen, L. Li, A. Rosenzweig, D. Gabuzda.
AIDS Res. Hum. Retroviruses 2000, 16, 27–35.

61 R. A. Tripp, L. P. Jones, L. M. Haynes, H.
Zheng, P. M. Murphy, L. J. Anderson. Nat.
Immunol. 2001, 2, 732–738.

62 J. Vieira, T. J. Schall, L. Corey, A. P. Geballe, J.
Virol. 1998, 72, 8158–8165.

63 P. Casarosa, R. A. Bakker, D. Verzijl, M. Navis,
H. Timmerman, R. Leurs, M. J. Smit, J. Biol.
Chem. 2001, 276, 1133–1137.

64 R.Minisini, C. Tulone, A. Luske, D. Michel, T.
Mertens, P. Gierschik, B. Moepps, J. Virol.
2003, 77, 4489–4501.

65 J. L. Meier, M. F. Stinski, Intervirology, 1996,
39, 331–342.

66 M. Waldhoer, T. N. Kledal, H. Farrell, T. W.
Schwartz, J. Virol. 2002, 76, 8161–8168.

67 A. Richmond, Nat. Rev. Immunol. 2002, 2,
664–674.

68 B. Mayr, M. Montminy, Nat. Rev. Mol. Cell
Biol. 2001, 2, 599–609.

69 A. J. Shaywitz, M. E. Greenberg, Annu. Rev.
Biochem. 1999, 68, 821–861.

70 S. M. Rodems, C. L. Clark, D. H. Spector, J.
Virol. 1998, 72, 2697–2707.

71 J. Chai, A. S. Tarnawski, J. Physiol. Pharmacol.
2002, 53, 147–157.

72 A. Sotiropoulos, D. Gineitis, J. Copeland, R.
Treisman. Cell 1999, 98, 159–169.

73 F. Miralles, G. Posern, A. I. Zaromytidou, R.
Treisman. Cell 2003, 113, 329–342.

74 J. T. Barbieri, J. R. Riese, K. Aktories, Annu.
Rev. Cell Dev. Biol. 2002, 18, 315–344.

75 A. Fraile-Ramos, A. Pelchen-Matthews, T. N.
Kledal, H. Browne, T. W. Schwartz, M. Marsh,
Traffic 2002, 3, 218–232.

76 Y. Momma, C. N. Nagineni, M. S. Chin, K.
Srinivasan, B. Detrick, J. J. Hooks, Invest.
Ophthalmol. Vis. Sci. 2003, 44, 2026–2033.

77 J. R. Randolph-Habecker, B. Rahill, B. Torok-
Storb, J. Vieira, P. E. Kolattukudy, B. H. Rovin,
D. D. Sedmak, Cytokine 2002, 19, 37–46.

78 J. A. Kerry, M. A. Priddy, T. L. Staley, T. R.
Jones, R. M. Stenberg, J. Virol. 1997, 71,
2120–2126.

79 J. A. Pitcher, N. J. Freedman, R. J. Lefkowitz,
Annu. Rev. Biochem. 1998, 67, 653–692.

80 J. G. Krupnick, J. L. Benovic, Annu. Rev.
Pharmacol. Toxicol. 1998, 38, 289–319.

81 M. Bünemann, M. M. Hosey, J. Physiol. 1999,
517 (Pt. 1), 5–23.

82 T. Mokros, A. Rehm, J. Droese, M. Opper-
mann, M. Lipp, U. E. Hopken, J. Biol. Chem.
2002, 277, 45122–45128.

83 A. Fraile-Ramos, T. N. Kledal, A. Pelchen-
Matthews, K. Bowers, T. W. Schwartz, M.
Marsh, Mol. Biol. Cell 2001, 12, 1737–1749.

84 W. E. Miller, D. A. Houtz, C. D. Nelson, P. E.
Kolattukudy, R. J. Lefkowitz, J. Biol. Chem.
2003, 278, 21663–21671.

85 M. Waldhoer, P. Casarosa, M. M. Rosenkilde,
M. J. Smit, R. Leurs, J. L. Whistler, T. W.
Schwartz, J. Biol. Chem. 2003, 278,
19473–19482.

86 A. Fraile-Ramos, T. A. Kohout, M. Waldhoer,
M. Marsh, Traffic, 2003, 4, 243–253.

87 D. N. Streblow, C. Soderberg-Naucler, J.
Vieira, P. Smith, E. Wakabayashi, F. Ruchti, K.
Mattison, Y. Altschuler, J. A. Nelson, Cell
1999, 99, 511–520.

88 D. N. Streblow, J. Vomaske, P. Smith, R.
Melnychuk, L. Hall, D. Pancheva, M. Smit, P.
Casarosa, D. D. Schlaepfer, J. A. Nelson, J.
Biol. Chem. 2003, 278, 50456–50465.

89 M. J. Smit, D. Verzijl, P. Casarosa, M. Navis,
H. Timmerman, R. Leurs, J. Virol. 2002, 76,
1744–1752.

90 R. A. Bakker, P. Casarosa, H. Timmerman,
M. J. Smit, R. Leurs, J. Biol. Chem. 2004, 279,
5152–5161.

91 J. Novotny, I. Rigoutsos, D. Coleman, T.
Shenk, J. Mol. Biol. 2001, 310, 1151–1166.

92 E. P. Browne, B. Wing, D. Coleman, T. Shenk,
J. Virol. 2001, 75, 12319–12330.

93 P. S. Beisser, C. Vink, J. G. Van Dam, G.
Grauls, S. J. V. Vanherle, C. A. Bruggeman, J.
Virol. 1998, 72, 2352–2363.

94 N. J. Davis-Poynter, D. M. Lynch, H. Vally,
G. R. Shellam, W. D. Rawlinson, B. G. Barrell,
H. E. Farrell, J. Virol. 1997, 71, 1521–1529.

95 K. Antman, Y. Chang, N. Engl. J. Med. 2000,
342, 1027–1038.

96 C. Boshoff, Y. Chang, Annu. Rev. Med. 2001,
52, 453–470.

97 K. E. Foreman, Expert Rev. Mol. Med. 2001,
1–17.

98 L. Arvanitakis, E. Geras-Raaka, A. Varma,
M. C. Gershengorn, E. Cesarman, Nature
1997, 385, 347–350.

99 S. K. Ahuja, P. M.Murphy, J. Biol. Chem. 1993,
268, 20691–20694.

100 E. A. Telford, M. S. Watson, H. C. Aird, J.
Perry, A. J. Davison, J. Mol. Biol. 1995, 249,
520–528.

101 M. N. Wakeling, D. J. Roy, A. A. Nash, J. P.
Stewart, J. Gen. Virol. 2001, 82, 1187–1197.

102 O. Flore, S. Rafii, S. Ely, J. J. O’Leary, E. M.
Hyjek, E. Cesarman, Nature 1998, 394,
588–592.

15 Virally Encoded Constitutively Active Chemokine Receptors262



103 C. Bais, A. Van Geelen, P. Eroles, A. Mutlu, C.
Chiozzini, S. Dias, R. L. Silverstein, S. Rafii,
E. A. Mesri, Cancer Cell 2003, 3, 131–143.

104 C. Boshoff, T. F. Schulz, M. M. Kennedy, A. K.
Graham, C. Fisher, A. Thomas, J. O. McGee,
R. A. Weiss, J. J. O’Leary, Nat. Med. 1995, 1,
1274–1278.

105 E. Cesarman, E. A. Mesri, M. C. Gershengorn,
J. Exp. Med. 2000, 191, 417–421.

106 J. R. Kirshner, K. Staskus, A. Haase, M. La-
gunoff, D. Ganem, J. Virol. 1999, 73,
6006–6014.

107 S. Pati, M. Cavrois, H. -G. Guo, J. S. Foulke, J.
Kim, R. A. Feldman, M. Reitz, J. Virol. 2001,
75, 8660–8673.

108 T. -Y. Yang, S. -C. Chen, M. W. Leach, D.
Manfra, B. Homey, M.Wiekowski, L. Sullivan,
C. H. Jenh, S. K. Narula, S. W. Chensue, S. A.
Lira, J. Exp. Med. 2000, 191, 445–453.

109 C. Bais, B. Santomasso, O. Coso, L. Arvani-
takis, E. G. Raaka, J. S. Gutkind, A. S. Asch, E.
Cesarman, M. C. Gershengorn, E. A. Mesri,
Nature 1998, 391, 86–89.

110 H. G. Guo, P. Browning, J. Nicholas, G. S.
Hayward, E. Tschachler, Y. W. Jiang, M. Sa-
dowska, M. Raffeld, S. Colombini, R. C. Gallo,
M. S. Reitz, Virology 1997, 228, 371–378.

111 O. M. Howard, W. L. Farrar, J. Clin. Invest.
1998, 102, 1467–1468.

112 M. M. Rosenkilde, T. N. Kledal, H. Brauner-
Osborne, T. W. Schwartz, J. Biol. Chem. 1999,
274, 956–961.

113 S. Montaner, A. Sodhi, S. Pece, E. A. Mesri,
J. S. Gutkind, Cancer Res. 2001, 61,
2641–2648.

114 M. Cannon, N. J. Philpott, E. Cesarman, J.
Virol. 2003, 77, 57–67.

115 J. -P. Couty, M. C. Gershengorn, Biol. Cell
2004, 96, 349–354.

116 M. Burger, J. A. Burger, R. C. Hoch, Z. Oades,
H. Takamori, I. U. Schraufstatter, J. Immunol
1999, 163, 2017–2022.

117 E. Geras-Raaka, A. L. Arvanitakis, C. Bais, E.
Cesarman, E. A. Mesri, M. C. Gershengorn, J.
Exp. Med. 1998, 187, 801–806.

118 A. Sodhi, S. Montaner, V. Patel, M. Zohar, C.
Bais, E. A. Mesri, J. S. Gutkind, Cancer Res.
2000, 60, 4873–4880.

119 N. Munshi, R. K. Ganju, S. Avraham, E. A.
Mesri, J. E. Groopman, J. Biol. Chem. 1999,
274, 31863–31867.

120 M. Schwarz, P. M. Murphy, J. Immunol. 2001,
167, 505–513.

121 R. Benelli, L. Repetto, S. Carlone, C. Parravi-
cini, A. Albini, Res. Virol. 1994, 145, 251–259.

122 L. W. Shepard, M. Yang, P. Xie, D. D.
Browning, T. Voyno-Yasenetskaya, T. Kozasa,
R. D. Ye, J. Biol. Chem. 2001, 276,
45979–45987.

123 M. L. Cannon, E. Cesarman, Oncogene 2004,
23, 514–523.

124 A. G. Polson, D. Wang, J. DeRisi, D. Ganem,
Cancer Res. 2002, 62, 4525–4530.

125 A. Sodhi, S. Montaner, J. S. Gutkind, FASEB J.
2004, 18, 422–427.

126 J. -P. Couty, E. Geras-Raaka, B. B. Weksler,
M. C. Gershengorn, J. Biol. Chem. 2001, 276,
33805–33811.

127 E. Geras-Raaka, A. Varma, H. Ho, I. Clark-
Lewis, M. C. Gershengorn, J. Exp. Med. 1998,
188, 405–408.

128 M. C. Gershengorn, E. Geras-Raaka, A. Var-
ma, I. Clark-Lewis, J. Clin. Invest. 1998, 102,
1469–1472.

129 H. H. Ho, D. Du, M. C. Gershengorn, J. Biol.
Chem. 1999, 274, 31327–31332.

130 M. M. Rosenkilde, T. N. Kledal, P. J. Holst,
T. W. Schwartz, J. Biol. Chem. 2000, 275,
26309–26315.

131 H.H. Ho, N. Ganeshalingam, A. Rosenhouse-
Dantsker, R. Osman, M. C. Gershengorn, J.
Biol. Chem. 2001, 276, 1376–1382.

132 J. F. Wang, Z. Y. Liu, A. R. Anand, X. Zhang,
L. F. Brown, B. J. Dezube, P. Gill, R. K. Ganju,
Biochim. Biophys. Acta 2004, 1691, 129–139

133 S. Uccini, S. Scarpino, F. Ballarini, A. Soriani,
M. Chilosi, M. A. Montesu, M. V. Masala, F.
Cottoni, L. Ruco, Am. J. Dermatopathol. 2003,
25, 377–383

134 M. Lupu-Meiri, R. B. Silver, A. H. Simons,
M. C. Gershengorn, Y. Oron, J. Biol. Chem.
2001, 276, 7122–7128.

135 H. -G. Guo, M. Sadowska, W. Reid, E.
Tschachler, G. Hayward, M. Reitz, J. Virol.
2003, 77, 2631–2639.

136 P. J. Holst, M. M. Rosenkilde, D. Manfra, S. -
C. Chen, M. T. Wiekowski, B. Holst, F. Cifire,
M. Lipp, T. W. Schwartz, S. A. Lira, J. Clin.
Invest. 2001, 108, 1789–1796.

137 S. Montaner, A. Sodhi, A. Molinolo, T. H.
Bugge, E. T. Sawai, Y. He, Y. Li, P. E. Ray, J. S.
Gutkind, Cancer Cell. 2003, 3, 23–36.

138 M. S. Parcells, S. F. Lin, R. L. Dienglewicz, V.
Majerciak, D. R. Robinson, H. C. Chen, Z.
Wu, G. R. Dubyak, P. Brunovskis, H. D. Hunt,
L. F. Lee, H. J. Kung, J. Virol. 2001, 75,
5159–5173.

139 M. E. Penfold, D. J. Dairaghi, G. M. Duke, N.
Saederup, E. S. Mocarski, G. W. Kemble, T. J.
Schall, Proc. Natl. Acad. Sci. USA 1999, 17,
9839–9844.

15.4 Conclusions 263263



140 P. Zou, Y. Isegawa, K. Nakano, M. Haque, Y.
Horiguchi, K. Yamanishi, J. Virol. 1999, 73,
5926–5933.
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