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Preface

Nottingham Trent University offers a suite of successful
MSc courses in the Biosciences field that are delivered by
full-time, part-time and distance (e-learning) teaching.
The authors are members of the Pharmacology team
at Nottingham Trent University and teach extensively on
the MSc Pharmacology and Neuropharmacology courses.
The content of this book was inspired by these courses
as there is no comparable postgraduate textbook on
molecular pharmacology and it is a rapidly expanding
subject. The primary aim of this text was to provide a
platform to complement our courses and enhance the
student experience. Given the breadth and depth of this
volume it will be of use to students from other institutions
as a teaching aid as well as an invaluable source of
background information for post-graduate researchers.
The value of this book is enhanced by the research
portfolio of the Bioscience Department and individual
authors who have research careers spanning over 25 years.

This textbook illustrates how genes can influence our
physiology and hence our pharmacological response to
drugs used to treat pathological conditions. Tailoring of

therapeutic drugs is the future of drug design as it enables
physicians to prescribe personalised medical treatments
based on an individual’s genome. The book utilises a
drug target-based approach rather than the traditional
organ/system-based viewpoint and reflects the current
advances and research trends towards in silico drug design
based on gene and derived protein structure.

The authors would like to thank Prof Mark Darlison
(Napier University, Edinburgh, UK) for providing the
initial impetus, inspiration and belief that a book of
such magnitude was possible. We would also like to
acknowledge the unflagging encouragement and support
of the Wiley-Blackwell team (Nicky, Fiona and Clara)
during the preparation of this work. Finally thanks should
also be given to the helpful, constructive and positive
comments provided by the reviewers. We hope that you
enjoy this book as much as we enjoyed writing it.

John Dickenson, Fiona Freeman, Chris Lloyd Mills, Shiva
Sivasubramaniam and Christian Thode.
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Introduction to Drug Targets
and Molecular Pharmacology

1.1 Introduction to molecular pharmacology 1
1.2 Scope of this textbook 2
1.3 The nature of drug targets 3

1.1 Introduction to molecular
pharmacology

During the past 30 years there have been significant
advances and developments in the discipline of molecular
pharmacology —an area of pharmacology that is con-
cerned with the study of drugs and their targets at the
molecular or chemical level. Major landmarks during this
time include the cloning of the first G-protein coupled
receptor (GPCR) namely the B,-adrenergic receptor in
1986 (Dixon et al., 1986). This was quickly followed by the
cloning of additional adrenergic receptor family genes and
ultimately other GPCRs. The molecular biology explo-
sion during the 1980s also resulted in the cloning of genes
encoding ion channel subunits (e.g. the nicotinic acetyl-
choline receptor and voltage-gated Na* channel) and
nuclear receptors. The cloning of numerous drug targets
continued at a pace during the 1990s but it was not until
the completion of the human genome project in 2001 that
the numbers of genes for each major drug target family
could be determined and fully appreciated. As would be
expected, the cloning of the human genome also resulted
in the identification of many potentially new drug targets.
The completion of genome projects for widely used model

1.4 Future drug targets 7
1.5 Molecular pharmacology and drug discovery 11

References 12

organisms such as mouse (2002) and rat (2004) has also
been of great benefit to the drug discovery process.

The capacity to clone and express genes opened up
access to a wealth of information that was simply not avail-
able from traditional pharmacology-based approaches
using isolated animal tissue preparations. In the case
of GPCRs detailed expression pattern analysis could be
performed using a range of molecular biology tech-
niques such as in situ hybridisation, RT-PCR (reverse
transcriptase-polymerase chain reaction) and Northern
blotting. Furthermore having a cloned GPCR gene in a
simple DNA plasmid made it possible for the first time
to transfect and express GPCRs in cultured cell lines.
This permitted detailed pharmacological and functional
analysis (e.g. second messenger pathways) of specific
receptor subtypes in cells not expressing related sub-
types, which was often a problem when using tissue
preparations. Techniques such as site-directed muta-
genesis enable pharmacologists to investigate complex
structure-function relationships aimed at understanding,
for example, which amino acid residues are crucial for
ligand binding to the receptor. As cloning and expres-
sion techniques developed further it became possible
to manipulate gene expression in vivo. It is now com-
mon practice to explore the consequences of deleting a

Molecular Pharmacology: From DNA to Drug Discovery, First Edition. John Dickenson, Fiona Freeman, Chris Lloyd Mills,

Shiva Sivasubramaniam and Christian Thode.

© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.



2 Chapter 1

Animal-based studies
e Gene knockout
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e Disease models

Cell-based studies
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» Reporter gene assays

e Protein-protein interactions
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Drug Targets

Structure-function studies
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e RT-PCR

e Northern blotting

Figure 1.1 Molecular pharmacology-based methods used to interrogate drug targets.

specific gene either from an entire genome (knockout)
or from a specific tissue/organ (conditional knockout).
It is also possible to insert mutated forms of genes into
an organism’s genome using knockin technology. These
transgenic approaches allow molecular pharmacologists
to study developmental and physiological aspects of gene
function in vivo and in the case of gene knockin techniques
to develop disease models.

The molecular biology revolution also enabled the
development of novel approaches for studying the
complex signal transduction characteristics of pharma-
cologically important proteins such as receptors and
ion channels. These include reporter gene assays, green
fluorescent protein (GFP) based techniques for visual-
ising proteins in living cells and yeast two hybrid-based
assays for exploring protein-protein interactions. You
will find detailed explanations of these and other current
molecular-based techniques throughout this textbook.
Another major breakthrough in the 2000s was the
development of methods that allowed high resolution
structural images of membrane-associated proteins to be
obtained from X-ray crystallography. During this time
the first X-ray structures of GPCRs and ion channels
were reported enabling scientists to understand how
such proteins function at the molecular level. Indeed
crystallography is an important tool in the drug discovery
process since crystal structures can be used for in silico
drug design. More recently researchers have used NMR
spectroscopy to obtain a high-resolution structural
information of the B,-adrenergic receptor (Bokoch et
al., 2010). A distinct advantage of NMR-based structural

studies, which are already used for structural studies of
other drug targets such as kinases, would be the ability
to obtain GPCR dynamics and ligand activation data
which is not possible using X-ray based methods. Some
of the molecular pharmacology based approaches used
to interrogate drug targets are outlined in Figure 1.1.
Despite this increased knowledge of drug targets
obtained during the molecular biology revolution, there
has been a clear slowdown in the number of new drugs
reaching the market (Betz, 2005). However, since it takes
approximately 15 years to bring a new drug to market
it may be too early to assess the impact of the human
genome project on drug discovery. In 2009 the global
pharmaceutical market was worth an estimated $815
billion. However during the next few years a major
problem facing the pharmaceutical industry is the loss
of drug patents on key blockbusters. The hope for the
future is that the advances in molecular pharmacology
witnessed during the last decade or so will start to deliver
new blockbuster therapeutics for the twenty-first century.

1.2 Scope of this textbook

As briefly detailed above there have been numerous
exciting developments in the field of molecular phar-
macology. The scope of this textbook is to explore aspects
of molecular pharmacology in greater depth than cov-
ered in traditional pharmacology textbooks (summarised
in Figure 1.2). Recent advances and developments in
the four major human drug target families (GPCRs,
ion channels, nuclear receptors and transporters) are
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Figure 1.2 Drug targets within the central dogma of molecular biology. To date the majority of conventional therapeutics target a
relatively small group of protein families that include G-protein coupled receptors, ion channels, and transporters. Novel therapeutic
strategies include blocking translation of mRNA into protein using anti-sense oligonucleotide and/or RNA interference technology.
Gene transcription can also be targeted via the activation/inhibition of nuclear receptor function. The chapters covering these topics

are indicated.

covered in separate chapters (Chapters 3—5 and 8). The
molecular targets of anti-infective drugs (anti-bacterial
and anti-viral) whilst of great importance are not covered
in this book. Other chapters deal with the cloning of drug
targets (Chapter 2) and transgenic animal technology
(Chapter 10). The concept of gene therapy is explored
in a case study-based chapter which looks at current and
possible future treatment strategies for cystic fibrosis, the
commonest lethal genetic disease of Caucasians (Chapter
6). Another major development in molecular pharma-
cology has been the discipline of pharmacogenomics: the
study of how an individual’s genetic makeup influences
their response to therapeutic drugs (Chapter 7). These
naturally occurring variations in the human genome
are caused predominantly by single nucleotide polymor-
phisms (DNA variation involving a change in a single
nucleotide) and there is a major research consortium
aimed at documenting all the common variants of the
human genome (The International HapMap project).

The information from the project, which is freely avail-
able on the internet, will enable scientists to understand
how genetic variations contribute to risk of disease and
drug response. Finally, we take an in depth look at the
role of calcium in the cell, looking at techniques used to
measure this important second messenger (Chapter 9).

1.3 The nature of drug targets

How many potential drug targets are there in the human
genome? This is an important question often asked by
the pharmaceutical industry since they are faced with
the task of developing novel therapeutics for the future.
When the draft sequence of the human genome was com-
pleted in 2001 it was estimated to contain approximately
31,000 protein-coding genes. However since its comple-
tion the number of human protein-coding genes has
been continually revised with current estimates ranging
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Figure 1.3 The molecular targets of prescribed drugs. The data is expressed as a percentage of all FDA approved drugs as of
December 2005. Drugs that target ligand-gated ion channels and voltage-gated ion channels have been grouped together as ion
channels. Drug targets grouped together as others encompass 120 different specific targets many of which are enzymes. Data taken

from Overington et al. (2006).

between 20,000 and 25,000. Of these it is predicted that
about 3000 are feasible protein drug targets. In 2005 it
was calculated that about 100 drug targets account for
all prescription drugs. On this basis there is obviously
considerable scope for the development and discovery of
novel drug targets to treat disease. At present the classical
drug targets include GPCRs (Chapter 3), ion channels
(Chapter 4), nuclear receptors (Chapter 8), transporters
(Chapter 5) and enzymes. These important classical drug
targets, whilst briefly covered in this Introduction, are
extensively covered in later chapters. The distribution of
drug targets expressed as a percentage of total products
approved by the Food and Drug Administration (FDA;
agency in the USA responsible for approving drugs for
therapeutic use) is illustrated in Figure 1.3.

G-protein coupled receptors (GPCRs)

GPCRs represent the largest single family of pharmaceu-
tical drug target accounting for approximately 30% of the
current market. Their primary function is to detect extra-
cellular signals and through heterotrimeric G-protein
activation trigger intracellular signal transduction cas-
cades that promote cellular responses (Figure 1.4). Whilst
their share of the overall drug market is likely to fall in
the future they still represent ‘hot’ targets for drug dis-
covery programmes. GPCRs are conventionally targeted
using small molecules (typically less than 500 Da) that
are classified as agonists (receptor activating) or antag-
onists (inhibit receptor function by blocking the effect
of an agonist). Some key examples of drugs that target
GPCRs are listed in Table 1.1. Chapter 3 will explain in
detail many of the recent developments in GPCR struc-
ture, function, pharmacology and signal transduction

including GPCR dimerisation. Many of these exciting
advances have revealed new pharmaceutical approaches
for targeting GPCRs such as inverse agonists, allosteric
modulators, biased agonists and bivalent ligands that
target GPCR heterodimers. Since the completion of the
human genome project it has emerged that the total
number of human GPCRs may be as high as 865, which
would account for approximately 3.4% of total pre-
dicted protein-coding genes (assuming a total of 25,000).
For many cloned GPCRs the endogenous ligand(s) are
unknown (so called ‘orphan’ GPCRs) and the identi-
fication of these orphan receptor ligands is the focus
of drug discovery programmes within the pharmaceuti-
cal industry. The process of GPCR de-orphanisation is
addressed in Chapter 2. In Chapter 11 the concept that
GPCRs interact with a host of accessory proteins that
are important in modulating many aspects in the life
of a GPCR including the formation of signalling com-
plexes will be explored. Indeed, targeting such GPCR
signalling complexes with drugs that disrupt protein-
protein interactions is another exciting avenue for future
drug development not only in the field of GPCRs but also
in other areas of signal transduction.

lon channels

Ton channels represent important drug targets since they
are involved in regulating a wide range of fundamental
physiological processes. Indeed, at present they are the
second largest class of drug target after GPCRs. They
operate the rapid transport of ions across membranes
(down their electrochemical gradients) and in doing so
trigger plasma and organelle membrane hyperpolari-
sation or depolarisation. They are also potential drug
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Figure 1.4 G-protein coupled receptors as drug targets. (a) GPCRs can be targeted using selective synthetic agonists which trigger
receptor activation thus enabling G-protein coupling and subsequent cell signalling responses. (b) antagonists can be used to block
the binding of an endogenous agonist thus preventing receptor activation. (c¢) GPCRs can also trigger G-protein independent cell
signalling pathways which are dependent on arrestin binding to the activated receptor. Biased agonists are being developed that
specifically promote the activation of arrestin-dependent signalling pathways. (d) bivalent ligands targeting specific GPCR
heterodimers. (e) GPCRs can also be targeted using allosteric modulators which bind to sites on the receptor that are distinct from

the agonist (orthosteric) binding site.

Table 1.1 G-protein coupled receptors as drug targets.

GPCR Drug (brand name) Agonist/Antagonist  Condition/use
Histamine H, receptor ~ Famotidine (Pepcidine) Antagonist Stomach ulcers
a,-adrenergic receptor  Doxazosin (Cardura) Antagonist Hypertension
GnRH, receptor Leuprorelin (Lupron) Agonist Prostate cancer
5-HT,, receptor Sumatriptan (Imigran)  Agonist Migraine
-opioid receptor Fentanyl (Sublimaze) Agonist Analgesic

Abbreviations: GnRH, gonadotropin-releasing hormone.

targets for the treatment of rare monogenic hereditary
disorders caused by mutations in genes that encode
ion channel subunits. Such conditions termed ‘ion
channelopathies’ include mutations in sodium, chloride
and calcium channels that cause alterations in skeletal
muscle excitability. The understanding of ion channel
diversity and complexity increased significantly following
the completion of the human genome project which
identified over 400 genes encoding ion channel subunits.
Given this number of genes it has been suggested that ion

channels may rival GPCRs as drug targets in the future
(Jiang et al., 2008). Other major developments include
the first 3D resolution of ion channel structure by X-ray
crystallography, which was reported for the voltage-gated
potassium channel in 2003 (MacKinnon et al., 2003).
Despite these important advances in the understanding
of ion channel diversity and structure very few new ion
channel drugs have reached the market during the last
decade. Some key examples of ion channels as drug
targets are shown in Table 1.2.
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Table 1.2 Ion channels as drug targets.

Ton channel Drug (brand name) Condition/use

Voltage-gated Ca>*  Amlodipine Hypertension
channel (Norvasc) and angina
Voltage-gated Na*  Phenytoin Epilepsy
channel (Dilantin)
ATP-sensitive K" Glibenclamide Type II diabetes
channel (Glimepride)
GABA, receptor Benzodiazepines Anxiety
(Diazepam)
5-HT; receptor Ondansetron Nausea and
(Zofran) vomiting

Ion channels are broadly classified into two main
groups (Figure 1.5). Firstly there are ligand-gated ion
channels or ionotropic receptors which open when
activated by an agonist binding to a specific ion channel
subunit. Examples of this class include the nicotinic
acetylcholine receptor, GABA , receptor, glycine receptor,
5-HT; receptor, ionotropic glutamate receptors, and
ATP-gated channels. The second group which includes
voltage-gated or voltage-operated ion channels are
opened by other mechanisms including changes in plasma
membrane potential. Examples include voltage-gated
Ca%**, Na*, and K* channels. The molecular structure
and classification of ion channels together with their use
as drug targets will be explored in detail in Chapter 4.

Nuclear receptors

Nuclear receptors are a large family of transcription
factors that play a pivotal role in endocrine function.
In contrast to other families of transcription factor the
activity of nuclear receptors (as their name suggests)
is specifically regulated by the binding of ligands
(Figure 1.6). Such ligands, which are small and lipophilic,
include steroid hormones (glucocorticoids, mineralo-
corticoids, androgens, oestrogens and progestogens),
thyroid hormones (T; and T,), fat soluble vitamins D
and A (retinoic acid) and various fatty acid derivatives.
Since the completion of the human genome sequencing
project 48 members of the human nuclear receptor
family have been identified. However, for many nuclear
receptors the identity of the ligand is unknown. These
‘orphan’ nuclear receptors are of significant interest
to the pharmaceutical industry since they may lead to
the discovery of novel endocrine systems with potential
therapeutic use. Whilst the total number of nuclear

o ATP-gated

o 5-HT; receptor
channels (Py,)

e Nicotinic ACh receptor

K+ K*
Cr Na*/Ca?* Na*/Ca®*  Na*/Ca?
e Glycine receptor e lonotropic
o GABA, receptor Glutamate
receptors
(a)
K+

Ca?* channels Na* channels

|

K* channels

Ca?* Na*

(b)

Figure 1.5 Ion channel classification. (a) Ligand-gated ion
channels comprise a family of multi-subunit transmembrane
proteins that are activated by a diverse set of ligands (indicated
by the orange circle) that include amino acids (glycine,
glutamate and GABA), 5-hydroxytryptamine (5-HT),
acetylcholine (ACh), and ATP. (b) voltage-gated channel
channels, which are also multi-subunit proteins, open in
response to local changes in membrane potential.

receptors is small in comparison to GPCRs they are
the target of approximately 13% of all prescribed drugs.
For example, the chronic inflammation associated with
asthma can be suppressed by inhaled glucocorticoids and
oestrogen-sensitive breast cancer responds to treatment
with the oestrogen receptor antagonist tamoxifen. The
structure, classification, signal transduction mechanisms
and therapeutic uses of nuclear receptor targeting drugs
will be explored in detail in Chapter 8.

Neurotransmitter transporters

The concentration of some neurotransmitters within
the synaptic cleft is tightly regulated by specific
plasma membrane-bound transporter proteins. These
transporters, which belong to the solute carrier
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Figure 1.6 Type I nuclear receptor-mediated signal transduction. In the absence of hormone (e.g. glucocorticoid) the nuclear
receptor (NR) is located in the cytoplasm bound to a heat shock protein (HSP). Hormone binding triggers dissociation of the HSP
from the NR/HSP complex, dimerisation of the NR and translocation to the nucleus. Once in the nucleus the NR dimer binds to a
specific DNA sequence known as glucocorticoid response element (GRE) and modulates gene transcription.

(SLC) transporter family, facilitate the movement of
neurotransmitter either back into the pre-synaptic neu-
ron or in some cases into surrounding glial cells. There are
two major subclasses of plasma-membrane bound neuro-
transmitter transporter: the SLC1 family which transports
glutamate and the larger SLC6 family which transports
dopamine, 5-HT, noradrenaline, GABA and glycine
(Figure 1.7). Both SLC1 and SLC6 families facilitate neu-
rotransmitter movement across the plasma membrane
by secondary active transport using extracellular Na* ion
concentration as the driving force. As might be expected
drugs that target neurotransmitter transporters have a
wide range of therapeutic applications such as treatment
for depression, anxiety and epilepsy. Indeed, neuro-
transmitter transporters are the target for approximately
one-third of all psychoactive drugs (see Table 1.3). The
molecular structure and classification of neurotransmit-
ter transporters and their value as important current and
future drug targets will be discussed in detail in Chapter 5.

1.4 Future drug targets

At present more than 50% of drugs target only four
major gene families, namely GPCRs, nuclear receptors,

ligand-gated ion channels and voltage-gated ion channels
(Figure 1.3). It is likely that the market share of these
classical drug targets will shrink as new drug targets and
approaches are developed in the future.

Protein kinases

It is predicted that protein kinases (and lipid kinases),
one of the largest gene families in eukaryotes, will become
major drug targets of the twenty-first century. Protein
phosphorylation is reversible and is one of the most
common ways of post-translationally modifying protein
function. It regulates numerous cellular functions includ-
ing cell proliferation, cell death, cell survival, cell cycle
progression, and cell differentiation. The enzymes that
catalyse protein phosphorylation are known as protein
kinases, whereas the enzymes that carry out the reverse
dephosphorylation reaction are referred to as phos-
phatases (Figure 1.8a). The human genome encodes for
518 protein kinases and approximately 20 lipid kinases.
The predominant sites of protein phosphorylation are
the hydroxyl groups (—OH) in the side chains of the
amino acids serine, threonine and tyrosine (Figure 1.8b).
When a phosphate group is attached to a protein it intro-
duces a strong negative charge which can alter protein
conformation and thus function.
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Figure 1.7 Neurotransmitter transporter classification. (a) Glutamate released into the synaptic cleft activates both ion channels
(ionotropic glutamate receptors) and GPCRs (metabotropic glutamate receptors) located on the post-synaptic membrane. Released
glutamate is subsequently removed from the extracellular space by SLC1 transporters located on pre-synaptic membranes.

(b) Dopamine, 5-hydroxytryptamine (5-HT), y-aminobutyric acid (GABA), noradrenaline and glycine released into the synaptic
cleft activate specific ligand-gated ion channels and/or GPCRs located on the post-synaptic membrane. These released
neurotransmitters are subsequently transported back into the pre-synaptic nerve terminal via SLC6 transporters. For clarity specific
vesicular transporters responsible for transporting neurotransmitters from the cytoplasm into synaptic vesicles have been omitted.
Figure adapted from Gether et al. (2006). Trends in Pharmacological Sciences 27: 375-383.

Table 1.3 Transporters as drug targets.

Transporter Drug Condition/
(brand name) use
5-HT transporter (SERT) Sertraline Antidepressant
(Zoloft)

Dopamine transporter ~ Cocaine Drug of abuse
(DAT)

Noradrenaline Bupropion®  Antidepressant
transporter (NET) (Welbrutin)

GAT-1 (GABA) Tiagabine Epilepsy

2 Affinity for DAT as well

Enzymes
Enzymes are the drug target for approximately 50% of
all prescribed drugs. Some key examples are listed in
Table 1.4. However, because of their diverse nature they
will not be the focus of a specific chapter in this book.
It is also important to remember that many prescribed
drugs target bacterial and viral enzymes for the treatment
of infectious disease and HIV. Also many enzymes, whilst
not direct drug targets, play important roles in drug
metabolism for example cytochrome P450 enzymes.
Protein kinases are classified according to the amino
acid they phosphorylate and are grouped into two main
types: serine/threonine kinases and tyrosine kinases. In
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Figure 1.8 Reversible protein phosphorylation. (a) Protein kinases transfer a phosphate group (P) from ATP to the target protein
altering its biological activity. The removal of phosphate from a phosphorylated protein is catalysed by protein phosphatases.
(b) Phosphate groups are transferred to the amino acids serine, threonine and tyrosine.

both cases ATP supplies the phosphate group with the
third phosphoryl group (y; gamma phosphate) being
transferred to the hydroxyl group of the acceptor amino
acid. Examples of serine/threonine kinases include pro-
tein kinase A (PKA; activated by the second messenger
cyclic AMP) and protein kinase C (PKC; activated by the
second messenger diacylglycerol). Examples of tyrosine
kinases include tyrosine kinase linked receptors for insulin
and epidermal growth factor and non-receptor tyrosine
kinases such as Src and JAK (Janus-associated kinase).
Given the prominent role of protein phosphorylation in

regulating many aspects of cell physiology it is not sur-
prising that dysfunction in the control of protein kinase
signalling is associated with major diseases such as can-
cer, diabetes and rheumatoid arthritis. These alterations
in protein kinase and in some cases lipid kinase function
arise from over-activity either due to genetic mutations
or over-expression of the protein. It is estimated that
up to 30% of all protein targets currently under inves-
tigation by the pharmaceutical industry are protein or
lipid kinases. Indeed, there are approximately 150 protein
kinase inhibitors in various stages of clinical development,
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Table 1.4 Enzymes as drug targets.

Enzyme Drug Condition/use

(brand name)

HMG-CoA Statins Used to lower
reductase blood cholesterol
levels
Phosphodiesterase  Sildenafil Erectile dysfunction
type V (Viagra) and hypertension
Cyclo-oxygenease Aspirin Analgesic and anti-
inflammatory
Angiotensin- Captopril Hypertension
converting (Capoten)
enzyme
Dihydrofolate Methotrexate ~ Cancer
reductase

Table 1.5 Selected small-molecule protein kinase inhibitors
in clinical development.

Drug Protein kinase target Use
AZD 1152 Aurora B Kinase Various cancers
NP-12 Glycogen synthase kinase Alzheimer’s
3 (GSK3) disease
Bay 613606 Spleen tyrosine kinase Asthma
(Syk)
INCB-28050  Janus-associated kinase =~ Rheumatoid
1/2 (JAK1/2) arthritis
BMS-582949  p38 mitogen-activated Rheumatoid
protein kinase (p38 arthritis

MAPK)

some of which are highlighted in Table 1.5. Whilst protein
kinases are important new human drug targets they are
also present in bacteria and viruses and thus represent
potential targets for infectious disease treatment.

Since the launch of imatinib in 2001 several other
small-molecule protein kinase inhibitors have success-
fully made it to the market place as novel anti-cancer
treatments (Table 1.6). The majority of these drugs are
tyrosine kinase inhibitors and in some cases function as
multi-kinase inhibitors (e.g. sunitinib) targeting PDGFR
(proliferation) and VEGFR (angiogenesis) dependent sig-
nalling responses. Monoclonal antibodies are also used
to block the increased tyrosine kinase linked receptor
activity that is associated with many forms of cancer and
these will be discussed in Chapter 12.

Table 1.6 Small-molecule protein kinase inhibitors
approved for clinical use.

Drug (brand name) Targets Use

Imatinib (Gleevec®) c-Abl-kinase, Chronic myeloid

c-Kit leukaemia
Gefitinib (Iressa®) EGFR Various cancers
Sunitinib (Sutent®) PDGFR, Renal cell
VEGFR carcinoma
Dasatinib (Sprycel®) c-Abl-kinase, Various cancers
Src

Everolimus (Afinitor®) mTOR? Various cancers

2Serine/threonine kinase. Abbreviations: EGFR, epider-
mal growth factor receptor; mTOR, mammalian target of
rapamycin; PDGFR, platelet-derived growth factor receptor;
VEGER, vascular endothelial growth factor receptor.

A useful approach for assessing the therapeutic poten-
tial of novel drug targets is the number of approved
patents for each target (Zheng et al., 2006). The level
of patents gives an indication of the degree of interest
in that particular target and hence likelihood of success-
ful drugs being developed. Future targets with a high
number of US-based patents include matrix metallopro-
teinases (MMPs) as a target for cancer treatment. MMPs
are proteases which break down the extracellular matrix
thus facilitating cancer cell invasion and metastasis. Other
targets include phosphodiesterase 4 (PDE4), caspases and
integrin receptors. Only time will tell whether any of
these novel targets result in the development of effective
therapeutics. For further reading on the identification
and characteristics of future drug targets see the review
by Zheng et al. (2006).

Therapeutic oligonucleotides

In addition to the development of small-molecule-based
drugs there are several other approaches to treat human
disease including the exciting prospect of therapeutic
oligonucleotides (anti-sense and RNA interference based)
as tools for gene silencing and the continued quest for
gene therapy-based techniques. These molecular biology-
based strategies for combating human disease will be
addressed later in Chapter 8.

Another new class of drugs are short single-stranded
oligonucleotides (DNA or RNA based) that have been
selectively engineered to target specific intracellular pro-
teins (Dausse et al., 2009). These oligonucleotides which
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fold into defined three-dimensional structures are known
as aptamers or ‘chemical antibodies’. They are gener-
ated and repeatedly selected through a method known
as SELEX (Systematic Evolution of Ligands by Exponen-
tial Enrichment). Essentially the process begins with the
synthesis of a large oligonucleotide library, containing
randomly generated sequences of fixed length, which is
screened for binding to the target protein usually by
affinity chromatography. Those that bind are repeatedly
selected using stringent elution conditions that ulti-
mately result in the identification of the tightest binding
sequences. These high affinity sequences can be chemi-
cally modified to increase their affinity and effectiveness as
potential therapeutic oligonucleotides. The first aptamer-
based drug approved by the US Food and Drug Admin-
istration (FDA) targets the VEGFR and is used to treat
age-related macular degeneration. Several other aptamer
oligonucleotides are also undergoing clinical trials.

1.5 Molecular pharmacology and drug
discovery

The process of drug discovery is a long and costly process
with new drugs taking up to 12 years to reach the clinic.
Many novel molecular pharmacology-based techniques
play important roles in the process of drug discovery
and development. A problem faced by many pharma-
ceutical companies is the huge task of screening their
vast chemical libraries (in some cases this can exceed
one million compounds) against an increasing number
of possible drug targets. The development, in the early
1990s, of high-throughput screening (HTS) technology
using 96-well microtiter plates enabled the drug screening
process to be miniaturised and automated. Using such
methodology it became possible to screen up to 10,000
compounds per day. However during the last decade
384-well microtiter plates and more recently 1536-well
microtiter plate-based assays have been developed that
allow for screening of up to 200,000 compounds a day
(ultra-high-throughput screening). Since the screening
of large chemical libraries is expensive several alterna-
tive strategies to increase the chances of success have
been introduced in recent years. One such approach has
been the introduction of fragment-based screening (FBS)
or fragment-based lead discovery (FBLD). This involves
screening the biological target with small libraries of
chemical fragments (molecular weights around 200 Da)
with the aim of identifying scaffolds or ‘chemical back-
bones’ that can be developed into lead compounds. This

approach may also be combined with computer-based
‘virtual screening’ approaches. For example structure-
based virtual screening involves the use of 3D protein
structures, many of which are now widely available via
public databases, to assess whether a ligand can inter-
act or dock with the protein of interest. This can be
linked with ligand-based virtual screening which involves
in silico screening of chemical libraries for compounds
that display similar structural features associated with the
binding of the ligand to the target. As indicated above
structure-based virtual screenings rely on the availabil-
ity of accurate 3D structures of the drug target. The
discipline of structural biology uses a range of biophys-
ical techniques including X-ray crystallography, NMR
spectroscopy and electron cryo-microscopy to determine
protein structure. The latter is an emerging technique
that can be used to determine the 3D structure of macro-
molecular complexes that are too large to be studied using
X-ray crystallography and/or NMR spectroscopy. So far
in this section we have briefly covered some of the up-
and-coming techniques that can used to interrogate drug
target structure and screen drug targets for lead com-
pounds. There is also a drive towards the development
novel cell-based and animal-based models that are more
representative of human physiology and hence more
suitable for drug screening. For example, 3D ‘organ-
otypic’ cell microarrays are currently being developed
that will allow drug screening in a system that is close
to the in vivo environment of cells. In summary, we
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are witnessing exciting times in the process of drug dis-
covery with the continued development of in silico and
nanotechnology-based methods and the introduction of
novel cell-based screening models. Has there ever been a
better time to be a molecular pharmacologist? A schematic
representation of the drug discovery process is shown
in Figure 1.9.
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2.1 Introduction to molecular cloning -
from DNA to drug discovery

Over four decades ago, the discovery and characterisation
of molecular tools, in the form of DNA ligases (Zim-
merman et al., 1967), restriction endonucleases (Linn
and Arber, 1968; Smith and Wilcox, 1970; Danna and
Nathans, 1971) and reverse transcriptases (Baltimore,
1970; Temin and Mizutani, 1970) provided the platform
for the emerging recombinant DNA technology (Cohen
etal., 1972, 1973; Jackson et al., 1972), an array of applica-
tions used to cut, join, amplify, modify and express DNA
fragments. Molecular cloning, in this context, refers to
the process that introduces an isolated piece of DNA into
a vector (recombination) and generates multiple copies
(clones) of it. (It should not be confused with cloning of
animals or cells!)

Recombinant DNA technology quickly transformed
the field of pharmacology, as it overcame several tech-
nical limitations faced with traditional pharmacology at

2.6 Comparing the pharmacologic profile of the

‘cloned’ and the ‘native’ drug target 23
2.7 Reverse pharmacology illustrated

on orphan GPCRs 24
2.8 Summary 27
References 27

that time: Supported by Sanger’s rapid DNA sequencing
method (Sanger et al., 1977), it offered a range of novel
approaches for pharmacological studies, sufficient biolog-
ical material — and data of previously unknown quantity
and quality. DNA as a starting material was the new focal
point that led to the molecular cloning of targets for
endogenous ligands as well as therapeutic drugs, and thus
facilitated drug discovery (see 2.3 below). The technical
possibilities seemed infinite.

Consequently, molecular cloning sparked a global race
amongst scientists for the identification of DNAs of major
drug targets, the molecular nature of which was often
unknown back then! This work revealed a surprising
diversity of drug targets and complexity of intracellular
signalling cascades. It was frequently accompanied by
the realisation that a single known’ drug target indeed
existed in a multitude of subtypes, which traditional
investigations failed to distinguish. And it highlighted the
necessity to develop subtype-specific drugs. However, the
initial DNA cloning process could now be complemented
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14 Chapter 2

by expression studies in host cells, where previously-
identified or potential novel drug targets could be func-
tionally and pharmacologically characterised in vitro. It
also marked the beginning of reverse pharmacology.

The chapter Molecular Cloning of Drug Targets starts
with a brief overview of traditional pharmacology,
followed by technical insights into the main methods,
which nowadays are used routinely in molecular
cloning. It concludes with a particular example, where
molecular cloning enabled the identification of a natural
endogenous ligand for a receptor. (The interested reader
is referred to Sambrook and Russel’s (2001) Molecular
Cloning: A Laboratory Manual, (3" ed) CSH Press, for
detailed protocols).

2.2 'Traditional’ pharmacology

‘Traditional’ pharmacology refers here to the character-
isation of ‘native’ drug targets, that is, proteins in their
natural molecular environment, such as in cells, tissues
and organs. Typically employed techniques include:

« electrophysiological recordings from cells; these permit

the study of ion fluxes across the plasma membrane (see

Chapter 4), for example in response to the exposure to

ligands.

radioligand binding to tissue extracts and isolated mem-

branes; a radiolabelled molecule, whether the natural

ligand or another compound, can be used to determine
the binding affinity of a drug for a particular target in
its native state.

« receptor autoradiography; the incubation of thin tissue

sections with a radiolabelled ligand is used to obtain sig-

nals (autoradiographs) on X-ray films; their pattern and
intensity reveals qualitative (location) and quantitative
information (amount) about a drug target in situ.

‘classical’ preparations; for example, isolated tissue

strips (such as muscle fibres) can be maintained in tis-

sue baths for the purpose of measuring a drug-induced
response (e.g. contraction).

« enzyme assays; the activity of a particular enzyme is
recorded in response to different drug concentrations.
Despite the negative connotation that the word ‘tra-

ditional’ may hold for some, this approach still offers

an important means of investigation, frequently supple-
menting the data from molecular cloning. However, prior
to the advent of molecular cloning studies, ‘traditional’
pharmacology on its own had several disadvantages. For
example, cells, tissues, and organs may contain more than
one target for any given compound that lacks selectivity.

Thus, an observed response could be due to the activation
of more than one protein, such as a receptor (a so-called
mixed response), and this might go undetected. It might
be possible to detect the presence of multiple targets if
the experimenter had access to one or more selective
antagonists. However, a given antagonist might inhibit
a response that was due to the activity of multiple pro-
teins, but blocking all of them. Famous examples, where
‘traditional’ pharmacology has erroneously postulated
the existence of too few subtypes exist among G-protein
coupled receptors (GPCRs; i.e. muscarinic acetylcholine
receptors and dopamine receptors) and ligand-gated ion
channels (LGICs; i.e. GABA, receptors; see section 2.5
for details). Conversely, a single GPCR could give rise to
different responses, depending on the cell type and the
intracellular signalling pathways that it coupled to via dif-
ferent guanine nucleotide binding proteins (G-proteins).

2.3 The relevance of recombinant DNA
technology to pharmacology/drug
discovery

The acquisition and successive use of sequence informa-
tion plays a central role in recombinant DNA technology.
Although the first — perhaps explorative — experiments
are often limited to the isolation, cloning and identi-
fication of a relatively short DNA fragment, they can set
the foundation for a number of more elaborate studies,
such as genetic engineering (see Chapter 10), with access
to physiological information of a different quality. The
initially-obtained cloned nucleotide sequence, though,
can already provide the deduced primary amino-acid
sequence of a drug target, a map of recognition sites
for restriction endonucleases, or some limited structural
information. For instance (see 2.5), many drug targets
(e.g. LGICs or GPCRs) are membrane-bound, and the
results of molecular cloning can reveal the number of their
membrane-spanning domains or indicate their topology
(i.e. whether the amino- and carboxy-termini are intra-
cellular or extracellular). This information is important
because we do not currently have the ability to purify
them in sufficient amounts for crystallographic studies.
By searching appropriate databases (e.g. http://blast
.ncbi.nlm.nih.gov/Blast.cgi, http://www.ebi.ac.uk/embl)
with a cloned sequence, it is also possible to find
homologous sequences, either in the same or a different
species. These sequence comparisons may indicate the
full length of the open-reading frame of a partially-cloned
fragment or even help to identify protein families.
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Indeed, the increasing availability of genomic data from
a range of diverse organisms has facilitated this process
considerably. In silico analysis —also known as ‘clone
by phone’ among senior scientists —can frequently
replace the necessity to carry out molecular cloning. In
combination with the polymerase chain reaction (PCR),
it has accelerated the discovery and subsequent cloning
of a large number of ‘orphan’ GPCRs (see 2.7). Such
receptors potentially represent novel drug targets, and
the challenge now is to identify their natural, endogenous
agonists and their in vivo physiological functions.

In addition, as a result of DNA cloning, specific probes
canbe developed, to determine the sites of gene expression
and the location of the encoded product, through North-
ern blotting and in situ hybridisation (i.e. detection of
mRNA), or Western blotting and immunocytochemistry
(protein detection), respectively.

However, perhaps the most significant advance over
‘traditional’ pharmacological approaches is the ability to
express the corresponding complementary DNA (cDNA)
of a ‘cloned’ drug target in vitro, such as in mammalian
cells. (NB: Proteins cannot be ‘cloned’, only the encod-
ing nucleic acids). The expression permits the detailed
functional and pharmacological characterisation of the
encoded protein ‘in isolation” — an advantage exploited by
the pharmaceutical industry in high-throughput screens
for new therapeutic compounds. It is not uncommon to
over-express a cloned cDNA, with the help of appropriate
promoters, because high levels of the protein of interest
are likely to produce strong signals in the functional tests.

Finally, the effect of mutation or single-nucleotide
polymorphisms (via the use of in vitro mutagenesis)
on function and pharmacology can be investigated (see
Chapter 7). This can give insights into binding sites for
natural ligands and drugs, or confirm a hypothesised link
between a disease and naturally-occurring gene mutation.

2.4 The ‘cloning’ of drug targets

Four main methods have been used to ‘clone’ drug targets.

These involve the use of:

 peptide sequences that derive from the target of inter-
est; this requires protein purification and sequencing,
oligonucleotide synthesis and a cDNA library.

« specific antibodies; this requires an expression library
(e.g. in the bacteriophage vector Agtll) in which the
different polypeptides that are encoded by the various
cDNAEs in the library, are produced as fusion proteins.

functional assays; this requires a ¢cDNA expression
library, an appropriate expression system (e.g. Xenopus
laevis oocytes or mammalian cells) and some activ-
ity that can be measured (e.g. ion flux or radioligand
binding).

« the polymerase chain reaction; this technique amplifies
a specific DNA fragment with the help of oligonu-
cleotide primers, a heat-resistant DNA polymerase and
repeated cycles of alternating temperature conditions.

Cloning using peptide sequence(s)

This method is carried out in several stages, in which the
initial aim is to obtain one or more peptide sequences,
from the target of interest, that allow conclusions about
the underlying DNA sequence to be drawn. Thus, the first
necessary step is to purify the drug target. This is often not
easy and usually laborious, since numerous drug targets
are membrane-bound and have to be solubilised from
the membrane prior to the purification. It also requires
some kind of assay to monitor the purification process,
such as a (radiolabelled) ligand that specifically binds to
the target to allow its enrichment in a protein fraction.
The nicotinic acetylcholine receptor, for instance, was
the first membrane-bound receptor to be isolated in this
way (Olsen et al., 1972) —and later the first one to be
cloned (Noda et al., 1982). The success was based on
the earlier discovery that certain snake o-neurotoxins
(e.g. a-bungarotoxin) bind with high affinity to this
pentameric complex in the electric organ of the electric eel
(Electrophorus electricus), which has a high density of
cholinergic synapses. However, assays to purify LGICs,
voltage-gated ion channels and transporters cannot
rely on activity, as this is lost, together with the native
conformation, when the proteins are stripped from
the membrane.

Design of oligonucleotide probes

Once the drug target has been purified (e.g. using affinity
chromatography), its amino-terminus can be sequenced
by Edman degradation, or the protein can be digested by
proteases and the resulting peptide fragments sequenced.
Oligonucleotides that are based on the deduced peptide
sequence(s) can then be designed using the genetic
code (Figure 2.1). In the method’s final stage, these
short and single-stranded DNA fragments act as probes,
which recognise the corresponding cDNA of the protein
of interest.

Depending on the peptide’s unveiled amino-acid
sequence, the oligonucleotide(s) that is/are designed
can be either a ‘best-guess’, with one defined DNA
sequence, or degenerate (Figure 2.2), that is, a mixture
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second base in codon

T c
TTT Phe TCT Ser
T TTC Phe TCC Ser
TTA Leu TCA Ser
TTG Leu TCG Ser
- CTT Leu CCT Pro
o c CTC Leu CCC Pro
K CTA Leu CCA Pro
et CTG Leu CCG Pro
[}]
@ ATT lle ACT Thr
= A ATC e ACC Thr
2 ATA lle ACA  Thr
= ATG Met ACG Thr
GTT Val GCT Al
g GTC Vval  GCC Al
GTA Val GCA Al
GTG Val = GCG Ala

A G
TAT  Tyr TGT Cys T
TAC  Tyr TGC Cys C
TAA Stop TGA Stop A
TAG Stop TGG Trp G
CAT His CGT Arg T =
CAC His CGC Arg c _g
CAA GiIn CGA Arg A S
CAG Gin CGG Arg G ¢
(]
AAT Asn  AGT Ser T @
AAC Asn  AGC Ser C 35
AAA Lys  AGA Arg A =
AAG Lys AGG Ag G =
GAT Asp GGT Gly T
GAC Asp GGC Gly C
GAA Glu GGA Gly A
GAG Glu GGG Gly G

Figure 2.1 The genetic code, showing the 64 possible triplets, the 20 encoded amino acids (three-letter code) and the stop codons,
respectively. Note that RNA contains uracil instead of thymine (DNA).

peptide
sequence NH,  Met  Pro
5 ATG CCT
possible cee
codons CCA
CcaG
no. of 1 4

different codons

GAT

GAC

Asp Glu Trp Gly Cys COOH
GAA TGG GGT TGT 3
GAG GGC TGC
GGA
GGG
2 2 1 4 2

Figure 2.2 This example demonstrates the design of a ‘degenerate’ oligonucleotide of 21 nucleotides in length (i.e. a 21 mer). Due to
the different triplet combinations, all of which can encode the peptide sequence shown above, the oligonucleotide yields a degeneracy
of: 1 x4 x2x2x1x4x2=128;it therefore is a mixture of 128 different 21 mers. (A similar approach may be chosen for the

design of the primers in certain PCR applications; see 2.7, below).

of different sequences that contain all of the possible
codons encoding the peptide. The latter approach takes
into account that the genetic code is degenerate, whereby
most amino acids are specified by more than one codon
(also called a triplet; see Figure 2.1). Thus, valine (Val)
is encoded by GTT, GTC, GTA and GTG, and leucine
(Leu) is encoded by TTA, TTG, CTT, CTC, CTA and
CTG. Only the amino acids methionine (Met; ATG) and
tryptophan (Trp; TGG) are encoded by single triplets.

‘Best guess’ oligonucleotides are designed based on
the fact that codon usage is not random. Interestingly,
although the majority of amino acids are specified by sev-
eral codons, they are not all used with equal frequency. For
example, as codon usage tables (e.g. http://www.kazusa.or
.jp/codon) illustrate, for the amino acid valine in rat, GTG
is the most commonly used codon, while GTA is used
the least; the other two triplets GTT and GTC are used at
intermediate frequencies.
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Following the design and synthesis, the oligonucleotide
is radiolabelled, using the enzyme T4 polynucleotide
kinase, which adds a (radioactive) phosphate group to
the 5’-end of the probe, and used to screen a cDNA
library. Two important examples from the early days of
molecular cloning of receptors, in which this approach
has been applied, include the human epidermal growth
factor receptor (Ullrich et al., 1984) and two subunits of
the GABA , receptor (Schofield et al., 1987).

Synthesis of cDNA and construction

of a cDNA library

A cDNA library is a collection of cloned cDNA fragments,
which can be synthesised enzymatically from mRNA in
two stages (see Figure 2.3). Firstly, total RNA is isolated
from the tissue known to contain the protein of interest.
The corresponding mRNA is subsequently purified from
this with the help of oligonucleotides, such as oligo(dT).

These comprise a string of thymine bases, enabling the
binding (hybridisation) to the poly(A) tail of mRNA.
First-strand cDNA is synthesised from mRNA using the
enzyme reverse transcriptase (Baltimore, 1970; Temin
and Mizutani, 1970).

To initiate synthesis, it requires a partially
double-stranded template, which is provided by the
oligo(dT)/poly(A) hybrid. The second strand of the
cDNA is then synthesised using DNA polymerase I.
Also this enzyme requires a partially double-stranded
DNA template, which can be generated in a number
of ways (for details, see Sambrook and Russel’s (2001)
Molecular Cloning: A Laboratory Manual, (3'¢ ed) CSH
Press); in Figure 2.3 it is achieved through random
hexamer primers. Finally, the mixed population of
double-stranded ¢cDNA molecules is joined (ligated)
to a linearised cloning vector (either a plasmid or
a bacteriophage), using the enzyme T4 DNA ligase.

5

5

AAAAAAAAAAA..A 3

oligo(dT) primer, dNTPs,
reverse transcriptase

AAAAAAAAAAA.A T

first-strand cDNA 3'

TTTTTTTTTTT..T &

NaOH treatment

TTTTTTTTTTT..T &

hexamer primers, dNTPs,

/— DNA polymerase

second-strand cDNA

AAAAAAAAAAA.A T

TTTTTTTTTTT..T &

N

clone cDNAs to create cDNA library,
screen with target-specific probe

PCR amplification with target-specific
primers, clone selected cDNA

Figure 2.3 Synthesis of double-stranded cDNA. In the first step, the polyadenylated mRNA (black) is transcribed into first-strand
cDNA (blue) and an mRNA/DNA hybrid is generated. Following the removal of the mRNA through alkali treatment, a partially
double-stranded template is provided for the DNA polymerase by the inclusion of a mixture of random 6 mers (hexamers), which
anneal to the first-strand cDNA. Apart from the preparation of a cDNA library, the cDNA may serve as substrate for PCR

amplifications of selected clones.
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These recombinant vectors, that is, the library of several
million independent ‘cDNA clones’, are then introduced
into suitable strains of bacteria (e.g. Escherichia coli) and
can be immediately screened for a clone of interest or
stored for several years.

Screening a cDNA library

To screen a cDNA library, the bacteria carrying it are
plated out, at high density, on Petri dishes and incu-
bated (Figure 2.4). This yields either colonies, if the
cDNA library is based on plasmid vectors, or plaques on
the bacterial layer in the case of bacteriophage vectors.
Circular nitrocellulose filters, having the same diam-
eter as the Petri dish, are then overlaid to produce
replica of the colonies/plaques, that is, traces of the
recombinant cDNAs are transferred and later immo-
bilised onto the filters. In the next step, the filters are
first treated with alkali to denature the cDNAs (i.e. to

cDNA library is
plated out on agar

nitrocellulose filter

growth results in
colonies or plagues

overlay produces replica
of colonies/pla ues

separate the DNA strands), neutralised and eventually
incubated, usually overnight, with the single-stranded and
radiolabelled oligonucleotide, which anneals (hybridises)
to a complementary DNA sequence. The excess, unbound
or loosely-bound probe is washed away the following day,
and the filters are exposed to X-ray film.
Colonies/plaques that give a signal on the X-ray film
can be identified by comparing the film with the original
Petri dish; these positive ‘individual’ colonies or plaques
are picked. However, they need to be re-plated at a lower
density, to avoid any overlap of adjacent cDNA clones, and
re-screened. Once again, the radiolabelled oligonucleotide
probe is utilised until a single, pure recombinant clone
is obtained. This is achieved when all colonies/plaques in
the Petri dish produce a positive signal on the X-ray film.
The cDNA insert of the selected clone is then subjected
to DNA sequencing to reveal its identity (see Figure 2.4).

radiolabelled
oligonucleotide probe

probe hybridises with
complementary DNA clones

pick positive cDNA
clones with pipette

1

re-plate and re-screen

exposure of filter to film
identifies positive clones

filter is washed under
E stringent conditions

X-ray film

Figure 2.4 The diagram illustrates the first round of screening a cDNA library. Pure recombinant cDNA clones are obtained through
several rounds of screening, whereby the isolated clones are re-plated at lower densities.
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Certainly, the success of this approach depends largely
on the quality —or specificity — of the oligonucleotide
used in the screening process. Another important factor
is the wash conditions, which remove the excess or
unspecifically-bound probe. Highly-stringent wash con-
ditions favour strong probe/cDNA hybrids and may
facilitate the isolation of the clone of interest. Lower strin-
gencies, on the other hand, may also save those hybrids,
which have formed with less sequence complementarity;
it is a possibility to detect homologous sequences.

Cloning using a specific antibody
This screening process identifies a cDNA clone, which
may encode the protein of interest, through immunologi-
cal detection rather than hybridisation with a DNA-based
probe. It requires a cDNA expression library and the
presence of a target-specific antibody, which has been gen-
erated previously against an isolated yet uncharacterised
protein antigen. Such alibraryallows the inducible expres-
sion of cDNA clones, to generate heterologous proteins
in the host cells, which can be screened with the antibody.
For this, the expression library is constructed in a vector
(e.g. bacteriophage \gtll) that fuses individual cDNAs
with a protein-encoding sequence (e.g. B-galactosidase;
see Figure 2.5), which can be expressed from the vector.
Screening of an expression library with an antibody
is very similar to screening a ¢cDNA library with an
oligonucleotide. The main difference is that, prior
to generating the replica, the nitrocellulose filter is
soaked in an inducer of the promoter that drives
the expression of the fusion protein, for example,
isopropyl p-D-thiogalactopyranoside (IPTG) in the case
of the well-characterised Jlac promoter (Figure 2.5).

The subsequent overlay of the impregnated filter onto
the Petri dish induces expression from the bacteriophage
vector, and binds the fusion proteins, with the replica
being a mirror image of the plaque pattern. The
controlled induction is a precautious step, which ensures
the synthesis of sufficient amounts of proteins, while the
viability of the host cells is maintained. An uncontrolled
rise of high levels of the heterologous proteins may
otherwise exert toxic effects on the bacteria.

The proteins on the filter can be detected by incubation
with the specific, primary antibody, followed by an
appropriate secondary antibody, which is conjugated
to an enzyme (e.g. horseradish peroxidase) or a
fluorochrome (e.g. fluorescein) to enable the localisation
of the antigen-antibody complex. Positive cDNA
clones are identified by comparing the signal(s) on the
nitrocellulose filter with the original culture in the Petri
dish. These are picked, re-plated at a lower density,
and re-screened until a single, pure recombinant is
obtained. An example of this approach is the discovery
of the synapse-associated protein SAP90 from rat brain
(Kistner et al., 1993). Here, the authors used a polyclonal
antiserum against purified synaptic proteins to screen an
expression library. The fusion protein from the isolated
clones later enabled the affinity purification of primary
antibodies, which were utilised in Western blots on brain
extracts and in immunostaining.

It should be noted that the cloning of DNA fragments
into vectors is an essentially random process. Only one in
six inserts will have the correct orientation and reading
frame (of which there are six; three on each strand of the
c¢DNA) to produce an in-frame fusion of the drug target
and p-galactosidase.

EcoRl
site

Agtid /
vector 74 *

lacZ )—/_

\/ cDNA insert

EcoRl
site

— i)

Figure 2.5 Cloning of cDNAs into the EcoRl restriction site of the bacteriophage vector Agtl11 to produce fusion proteins with

p-galactosidase, which is encoded by the lacZ gene.
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Cloning using a functional assay

Cloning using a functional assay requires either a cDNA
library in a vector, from which RNA can be synthesised
in vitro, or one that can be transfected into mammalian
cells. In the former case, pools of the cDNA library are
individually subjected to in vitro transcription, with an
appropriate RNA polymerase, and the produced RNA
molecules are microinjected into oocytes from the frog
Xenopus laevis, where the translation occurs. Besides their
large size, which facilitates the microinjection and the
successive assay, another advantage of this eukaryotic
expression system is its ability to post-translationally
modify and insert the protein into the membrane, if it is
membrane-bound.

The drug target can be detected 24 to 48 hours later
using an appropriate electrophysiological assay, such as
ion-channel activity from either an implanted LGIC or
voltage-gated ion channel, or the coupling of certain
implanted GPCRs to an endogenous oocyte channel. The
latter is thought to be mediated by the activation of
phospholipase C, which liberates inositol trisphosphate
causing the release of intracellular calcium and the con-
sequent activation of an endogenous calcium-activated
chloride current (see Chapter 3, for details). If a pool of
RNAs yields a positive signal, then it is subdivided into
smaller pools, which can be re-tested in exactly the same
way until a single clone is obtained.

Alternatively, expression cloning can be performed
by transfecting a ¢cDNA library into mammalian cells,
followed by testing membranes for binding activity using
asuitable radioligand. This process is known as ‘panning’.
Again, individual pools of the library are transfected into
mammalian cells, which are later tested. If a positive
pool is identified through binding, it is subdivided and
retested. This process is repeated until a single cDNA
is obtained that, when transfected, produces a protein
with the ability to bind the radiolabelled compound (for
examples, see Masu et al., 1987; Kieffer et al., 1992).

Cloning using Polymerase Chain

Reaction

The recently sequenced genomes of human and other
organisms have significantly facilitated and accelerated
the isolation of cDNA clones. The time-consuming isola-
tion and sequencing of protein fragments, as well as the
screening of libraries are no longer necessary to obtain
(partial) sequence information. Specific oligonucleotide
primers can be designed to recognise the flanking regions
of an mRNA that specifies a drug target, if the 5'- and 3'-
ends can be found in the nucleotide sequence database.

These primers can be used in the PCR (Mullis and
Faloona, 1987; Saiki et al., 1988), a process that ampli-
fies DNA molecules with the help of a heat-stable DNA
polymerase, commonly the Tag DNA polymerase from
the bacterium Thermus acquaticus. All that is required,
in addition, is single-stranded cDNA that has been syn-
thesised from RNA isolated from a source expressing the
drug target. An amplicon of the desired molecular size can
be identified after the PCR, through gel electrophoresis,
and cloned into a vector.

The only problem with this approach is that, unless the
entire coding sequence of the target is known, it is often
difficult to recognise the extreme 5'- and 3’-untranslated
sequences of the corresponding mRNA in databases.

2.5 What information can DNA cloning
provide?

The ultimate aim of studies involving molecular cloning
may be the functional and pharmacological characteri-
sation of a drug target. However, as mentioned earlier,
already the sequence of the isolated cDNA can reveal
interesting information or entirely unexpected findings.
This was particularly true for the discoveries in the early
years of molecular cloning.

Information on the secondary structure
The cloning of a cDNA provides the primary sequence of a
protein, which is obtained by simply translating the cDNA
sequence. Often, by analysing the primary sequence with
computer algorithms, it is possible to gain information on
the secondary structure, including hydrophobic regions,
which may represent membrane-spanning domains and
indicate the topology, as well as potential sites for glycosy-
lation, phosphorylation, and so on. For instance, the num-
ber and location of the membrane-spanning domains
within each GABA, receptor subunit were predicted
from the amino-acid sequence (Schofield et al., 1987).
Membrane-spanning domains are hydrophobic
regions that comprise 20 to 22 amino acids, for example
valine, leucine, isoleucine, methionine, phenylalanine,
tryptophan and tyrosine. These domains typically have an
a-helical conformation, and they can be predicted using
so-called hydropathy plots (Figure 2.6). The computer
programme that generates these plots attributes a score
to each amino acid according to its hydrophilic or
hydrophobic nature, and analyses the entire sequence
in a stepwise manner with a set window length (e.g. 17
amino acids, as shown below). The distance between
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Figure 2.6 Hydropathy plot for the 456 amino acids of the bovine GABA, receptor al-subunit showing the presence of four
membrane-spanning domains (M1 to M4) and a signal peptide (SP). The plot was generated using the parameters described by Kyte

and Doolittle (1982). See text for details.

the predicted membrane-spanning domains can also be
estimated from hydropathy plots.

In the case of the GABA, receptor, a multi-subunit
protein, it is evident that each subunit possesses four
membrane-spanning domains and a signal peptide. The
latter is a hydrophobic sequence of 20 to 30 amino acids
found at the extreme amino-termini of some proteins.
It ensures the correct insertion of the new protein into
the membrane, as it is synthesised on the rough endo-
plasmic reticulum. The signal peptide is cleaved off after
membrane insertion and is not part of the mature protein.

Furthermore, the orientation of the protein in the
membrane, that is, the topology, can often be deduced
from the hydropathy plot. For the bovine GABA , receptor
al subunit (Figure 2.7), with a length of 456 amino
acids, the presence of a signal peptide indicates that
the amino-terminus is located extracellularly and some
220 residues long. This is followed by three membrane-
spanning domains, a sequence of ~100 amino acids that
is intracellular and, finally, a fourth membrane-spanning
domain very close to the carboxy-terminus.

The hydropathy plot of a GPCR, for example
the 477 amino acids of the human B,-adrenergic
receptor; (Figure 2.8), shows the characteristics that are
typical for this group of receptors (Chapter 3): seven
membrane-spanning domains, with an extracellular

NH,

extracellular
membrane

intracellular

Figure 2.7 Proposed topology of a GABA, receptor subunit in
the membrane. Both, the amino (NH,) terminus and the
carboxy (COOH) terminus are located on the extracellular side.

amino-terminus, an intracellular carboxy-terminus and
a large intracellular loop between the fifth and sixth
transmembrane domains (Figure 2.9).

If the topology of the protein can be deduced, then
the amino-acid sequence can be scanned to predict
the location of glycosylation and phosphorylation sites.
Potential amino-linked glycosylation sites, which are
found extracellularly in all membrane proteins, have
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Figure 2.8 Hydropathy plot for the 477 amino acids of the human B, -adrenergic receptor, a GPCR, according to the method by
described by Kyte and Doolittle (1982). It shows the presence of seven membrane-spanning domains (M1-M7).
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Figure 2.9 Proposed topology of a GPCR in the membrane.

the following consensus sequence: Asn (asparagine)-Xaa
(any amino acid)-Ser/Thr (serine or threonine). In
contrast, phosphorylation sites, which are recognised
by a plethora of kinases (e.g. protein kinase A, protein
kinase C), are found intracellularly. The position of these
sites is of interest, since membrane proteins, such as the
voltage-dependent calcium channels at the presynaptic

terminals of neurons, are regulated by phosphorylation/
dephosphorylation.

However, cDNA cloning does not provide insight
into the tertiary (three dimensional) and quaternary
(the association of polypeptides in a multi-subunit pro-
tein) structures of a drug target. This information would
be invaluable to the pharmaceutical industry because a
tertiary structure permits the discovery of new drugs
by molecular modelling. Unfortunately, the majority of
drug targets are receptors and ion channels, which can
not easily be purified in large quantities, and so their crys-
tal structures are not always available. Currently, a large
effort is on-going to determine the three-dimensional
structures of proteins, such as GPCRs (Chapter 3).

Predicting the topology of a given drug target from
a hydropathy plot is not infallible. Therefore, the pro-
posed structure has to be established by experimentation.
One approach is to utilise antibodies against the pro-
tein of interest. They are generated in mice (monoclonal
antibodies) and/or rabbits (polyclonal), which have been
immunised with chemically-synthesised peptides corre-
sponding to different parts of the target protein. Such
peptide sequences can be chosen to correspond to extra-
cellular or intracellular regions.
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The specific antibodies are usually applied on trans-
fected mammalian cells, which express the cDNA encod-
ing the receptor. Antibodies that recognise extracellular
antigens bind to the receptor when it is expressed on the
mammalian cell surface, while those directed at intra-
cellular sites do not. Permeabilisation of the host cells
with detergent, however, allows antibodies that are raised
against intracellular domains to access and to bind the
respective sites on the cytoplasmic side.

Information on protein subtypes

and gene families

Molecular cloning also provides information on the exis-
tence of protein subtypes and gene families. Based on ‘tra-
ditional’ pharmacological techniques, using agonists and
antagonists, pharmacologists have been able to deduce (in
some cases) that more than one type of a given receptor,
so-called subtypes, exists. For example, it has long been
known that at least two pharmacologically-distinct types
of dopamine receptor and two types of muscarinic recep-
tor were present on cells. However, molecular cloning has
subsequently revealed that five subtypes of each receptor
are present within the human genome.

It is now evident that there are numerous subtypes of
receptors, ion channels, neurotransmitter transporters,
enzymes, and so on. The different subtypes may be cou-
pled to different cellular signalling pathways, may be
expressed at different developmental stages, or may be
found in different tissues or cell types. This is exemplified
by the four forms of the adenosine receptor (A;, A,,,
A,y and Aj), all of which are GPCRs. Here, the A,
and A,y receptor subtypes couple to G, proteins and
result in stimulation of adenylyl cyclase upon activation,
whereas the A; and A; receptors couple to G; proteins
and mediate inhibition of this enzyme. The five subtypes
of the somatostatin receptor (SST|_5), on the other hand,
all bind the same agonist and couple to G; proteins, but
they differ in their expression pattern and their rates
of internalisation.

Likewise, diversity is a characteristic of the multi-
gene family of GABA receptors. Early studies including
receptor autoradiography implied that, at most, two types
of this ionotropic receptor exist (Sieghart and Karobath,
1980). However, the receptors are heteropentamers and
can be assembled from 16 different subunits (a1-a6, B1-
B3, y1-y3, §, &,  and 6; see Chapter 4) in mammals!
Even given the restriction that the majority of receptors
comprise two o, two 3 and one y polypeptide, the various

subunits can associate to form over 100,000 receptor
subtypes. While this large number is not believed to exist
in vivo, it seems likely that at least 20 to 30 different
subtypes are present, and these bind different therapeutic
compounds with distinct affinities (Whiting, 2003).

Finally, comparative analysis of sequences from molec-
ular cloning has identified amino-acid regions or motifs,
which are remarkable conserved among various groups
of receptors. It led to the discovery of gene superfamilies,
such as the GPCR family and the LGIC family, followed
by the introduction of receptor classifications, which are
largely based on amino-acid similarity. All GPCRs share
common structural features, including seven membrane-
spanning domains, an extracellular amino-terminus of
variable length, and an intracellular carboxy-terminus.
The LGIC superfamily includes the nicotinic acetylcholine
receptors found in muscle and brain, and the serotonin/5-
hydroxytryptamine type 3 (5-HT}) receptor, which are all
cation selective, as well as the GABA, and glycine recep-
tors, which are selective for anions (mainly chloride).
Each of these channels has a pentameric structure with
a central ion channel, and each of the five receptor sub-
units is characterised by having four membrane-spanning
domains (the second of which forms the lining of ion-
selective pore), a long extracellular amino-terminus and
a short extracellular carboxy-terminus. It is now evident
that the GPCR and ligand-gated ion-channel families each
evolved by a process of gene duplication and subsequent
sequence divergence (e.g. Darlison et al., 2005).

The specific physiological roles of a subtype in vivo can
be investigated through genetic engineering, such as the
knockout of the respective gene in mice (see Chapter 10).
Alternatively, subtype-selective compounds can be used
to determine the in vivo functions of particular subtypes,
but the development of such agents is hampered by the
high degree of sequence similarity between them (typically
around 70% amino-acid identity).

2.6 Comparing the pharmacologic profile
of the ‘cloned’ and the 'native’
drug target

To pharmacologically characterise the ‘cloned’ drug tar-
get, the corresponding cDNA can be expressed in a
suitable cell system, which results in the production
of the protein of interest: Mammalian cells are used
for radioligand binding experiments to determine drug
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affinities, to investigate intracellular signalling, and for
other experiments such as the measurement of enzymatic
properties, while Xenopus oocytes are the preferred sys-
tem for electrophysiological studies. The pharmacologic
profile of the ‘cloned’ drug target can, thus, be compared
with that of the ‘native’ protein, which has been studied
in vivo with ‘traditional’ pharmacological methods. It is
vitally important to establish whether the physiological
properties — and hence pharmacological profiles — of the
‘cloned” and the ‘native’ drug targets are identical. If the
outcome is negative, it may be because not all of the com-
ponents of a given target have yet been cloned. In this case,
it would not be recommended to pursue with a screen for
novel therapeutic compounds using the ‘cloned’ target.

A good example that demonstrates the need to identify
all of the components of a given target is the GABA,
receptor, which is the major inhibitory neurotransmitter
receptor in brain. Upon exposure to the agonist GABA,
an integral ion channel in the receptor opens and chlo-
ride ions pass the membrane; the channel closes when
GABA is removed. The direction of flux is dependent
on the concentration gradient of chloride ions across the
cell membrane but, usually, the ions flow into neurons
and cause hyperpolarisation. This influx can be increased
through the therapeutically-important group of benzo-
diazepines (BZs), such as diazepam. This modulator of
GABA, receptors potentiates the response to GABA by
increasing the frequency of channel opening.

Initially, two GABA, receptor cDNAs were isolated
(Schofield et al., 1987), which encoded an o and a
B subunit. Neither of these cDNAs alone directed the
formation of GABA-activated ion channels, when their
in vitro-transcribed RNA was injected into Xenopus
oocytes. Channels were only formed when the o- and
B-subunit RNAs were co-injected. However, unexpect-
edly, diazepam had no effect on the expressed receptor.
This lead to a search for a ‘missing component’, a cDNA
for a third type of subunit (i.e. Y subunit), which was
isolated a few years later (Pritchett et al., 1989). Finally,
when RNAs for the o, § and y subunits were co-injected
into Xenopus oocytes, the resultant recombinant receptor
did respond to diazepam, and the expected increased cur-
rent through the channel was observed. This showed that
a 'y subunit is required for BZ modulation of the GABA
receptor. The reason for this was later recognised, through
mutagenesis on the cDNA clones, when the BZ binding
site was located at the interface between a and y subunits
(Wieland et al., 1992).

Another example is the GABAy receptor, a GPCR that
couples to G; and G, proteins. Its activation inhibits the
enzyme adenylyl cyclase leading to a reduction in intracel-
lular cyclic AMP (cAMP) levels, activates a particular class
of potassium channels (called inwardly-rectifying potas-
sium channels), and inhibits calcium channels (for details,
see Chapter 3). This receptor proved difficult to ‘clone’
as it could not be easily purified, and no anti-GABAg
receptor antibody existed. However, a cDNA was even-
tually isolated using the functional expression approach
known as ‘panning’ (Kaupmann et al., 1997). In fact,
the encoded receptor (GABALR1) was found to exist in
two forms (called GABAR1a and GABAR1D) that arise
from alterative splicing of the primary gene transcript.

Since, at that time, GPCRs were considered to be
single subunit receptors, it was believed that the GABAy
receptor had finally been ‘cloned’. However, whena cDNA
for either GABAgR1a or GABARR1b was transfected into
mammalian cells, agonists had a 100- to 150-fold lower
potency at the recombinant receptors than was observed
for the ‘native’ receptor. Furthermore, while activation
of the receptor led to the inhibition of adenylyl cyclase,
and the activation of calcium channels, neither GABA3R1
receptor coupled to potassium channels.

Eventually, as a result of searching nucleotide sequence
databases, a second cDNA was isolated that encoded a
protein with a similar sequence to GABAZR1 (Kaup-
mann et al,, 1998). When the cDNA of this GABAzR2
named receptor was expressed alone in mammalian cells,
the resultant receptor did not bind either agonists or
antagonists, and it did not couple to potassium channels.
Co-expression of the cDNAs for GABAZR2 and either
of the GABARRI splice variants, however, recreated the
properties of the ‘native’ receptor. In fact, GABAZR2
has also been shown to help translocate the GABAgR1
protein to the cell surface. These data indicated that the
GABAy receptor existed as a dimer — a discovery, which
hasled to arevolution in our thinking about GPCRs. Most
GPCRs are now thought to be present in vivo as dimers
(Chapter 3). This clearly has important implications for
drug development.

2.7 Reverse pharmacology illustrated
on orphan GPCRs

Historically, therapeutically-active drugs were identi-
fied through forward pharmacology, where the given
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compound was tested on animal models or isolated
tissues, with the attempt to positively modulate the phys-
iological phenotype. Frequently, with this approach, the
molecular target and the mode of action continued to
be obscure until the introduction of molecular biology
techniques.

A different challenge arose with the availability of huge
amounts of sequence data, from the human genome
project or, in earlier years, from expressed sequence tag
(EST) databases. ESTs are nucleotide sequences which
are obtained by randomly sequencing the 5'- and 3'-
ends of clones from ¢cDNA libraries. These data could
now be screened for ‘druggable’ gene products, that is,
proteins with structural motifs, which potentially could
be modulated by small molecules (Hopkins and Groom,
2002). However, a novel drug target qualifies as such
only if its role in (patho)physiological processes is of
significance. Indeed, the sequence explosion led to the
discovery of a number of possible drug targets with
yet unknown functions. For example, there are ‘orphan’
GPCRes, that is, receptors that have sequence similarity to
GPCRs but for which the endogenous ligand (agonist) is
unknown; similarly, there are ‘orphan’ transporters and
‘orphan’ transcription factors.

Alternatively, new gene products have been discovered
through PCR using degenerate oligonucleotide primers.
These primers have been designed on the basis of con-
served protein sequences found in known proteins. In
the case of receptors, the conserved protein sequences
that have typically been used are membrane-spanning
domains, which are usually highly conserved in sequence
between different members of a receptor family.

Among the ‘druggable’ targets, the ‘orphan’ GPCRs
provide a rich resource for the pharmaceutical indus-
try, because approximately 30% of all approved drugs
modulate GPCR function (see Chapter 1; Overington et
al., 2006). They will be looked at in more detail in the
next section.

'‘Deorphanisation’ through reverse
pharmacology

To be of use as a pharmaceutical target, any ‘orphan’
GPCR must be ‘deorphanised’, that is, its natural, endoge-
nous, activating ligand must be identified (Figure 2.10;
Wise et al., 2002). Then the physiological function(s) of
the novel receptor must be determined in order to identify
in which disease condition(s) it might be an appropriate
target. The methodology for doing this is referred to

identification of an “orphan” GPCR
sequence by bioinformatics or PCR

determine the tissue
expression pattern

| |

perform “family tree
analysis”

}

screen with cellular fractions
containing the agonist

— { develop suitable cell assay

identify the activating
agonist

‘

|

analyse cell and tissue
expression in detail

| |

determine the physiological
function(s) of the receptor

Figure 2.10 The steps involved in reverse pharmacology (see text for details).
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Table 2.1 A list of some of the first ‘orphan” GPCRs for which the activating agonist was identified, and
the research group or company that carried out the work.

Year  Receptor / agonist

Company or research group

1995 LC132/ORLI binds orphanin
FQ/nociceptin

1998  hGR3 binds prolactin-releasing peptide

1998 HFGAN72 and one other ‘orphan” GPCR
bind orexins (orexin-A and -B)

1999 SLC-1 binds melanin-concentrating
hormone

1999  GPR14 binds urotensin-II

Hoffman-La Roche (Reinscheid et al.) and the
group of Meunier et al.

Takeda Chemical Industries (Hinuma et al.)

Sakurai et al.

Bichner et al., Saito et al., AstraZeneca, SmithKline
Beecham and Takeda Chemical Industries

SmithKline Beecham (Ames et al.), Takeda
Chemical Industries (Mori et al.) and Merck
Research Laboratories (Liu et al.)

as ‘reverse pharmacology’, and a brief history of the
‘deorphanisation’ of ‘orphan’ GPCRs is presented in
Table 2.1. As can be seen, the first ‘orphan’ GPCR to
be characterised was known as LC132 or ORL1 (opioid
receptor like 1 receptor; Bunzow et al., 1994; Mollereau
et al., 1994), and the natural agonist has been called
orphanin FQ and nociceptin (Meunier et al., 1995;
Reinscheid et al., 1995).

After identifying the sequence of the ‘orphan’ GPCR,
it is usual to search for other closely related and well-
characterised GPCRs, for which the endogenous agonist
is known. This can be done by further database searching
and ‘family tree analysis’, and the outcome may already
indicate whether the agonist is an amine, a nucleotide, a
peptide, a fatty acid, a glycoprotein hormone, and so on.

Next, it is essential to know in which tissue or organ
the ‘orphan’ GPCR is found, because it is reasonable
to assume that the activating ligand is also present there.
When this has been achieved, for example through North-
ern blotting, a full-length receptor cDNA can be cloned
(if necessary), expressed in an appropriate cell system
and a suitable assay can be devised to detect the presence
of the endogenous agonist (for details, see Chapter 3).
The latter is often the most challenging aspect, since the
G-protein to which the ‘orphan’ GPCR couples is usually
unknown at that stage.

Once the endogenous agonist is identified, a detailed
analysis of the tissue- and cell-specific expression of the
receptor can be performed, using techniques such as i situ
hybridisation and immunocytochemistry. And, finally,
the physiological function(s) of the ‘orphan’ GPCR can
be studied using a variety of methods, including the dis-
ruption (‘knockout’) of the gene in mice (see Chapter 10).

Example: '‘deorphanisation’ of the opioid
receptor like 1 receptor

Prior to 1995, three opioid receptor cDNAs, that encoded
different subtypes of this receptor, called ., 8 and k, had
been cloned (Kieffer et al., 1992). The importance of these
GPCRs lies in their ability to bind morphine and synthetic
opioids, and to mediate analgesia; all three receptors
couple to G; proteins. In 1994, two groups cloned a
c¢DNA for an ‘orphan’ GPCR, named either LC132 or
ORLI1 (Bunzow et al., 1994; Mollereau et al., 1994). It
had strong sequence similarity to opioid receptors but
did not bind any of the available opioid peptides or
opioid receptor ligands. To ‘deorphanise’ this receptor,
two assumptions were made (Reinscheid et al., 1995):
firstly, that the natural agonist was a peptide (as is the
case for the -, 3- and k-opioid receptors) and, secondly,
that LC132/ORL1 coupled to the same type of G-protein
as the u-, 8- and k-opioid receptors, that is, a G; protein.

The activity of G;-coupled GPCRs can be monitored
in mammalian cells, after transfecting the appropriate
c¢DNA, by incubating with forskolin. This compound
can penetrate cells and increase the intracellular levels of
cAMP by stimulating adenylyl cyclase. The elevated cAMP
level, however, is reduced — and can be measured — when
an agonist activates the expressed G;-coupled receptor.
This screen was used to ‘deorphanise’ the LC132/ORL1
receptor, and the hypothalamus served as source of the
agonist, as the gene encoding the ‘orphan’ GPCR is highly
expressed here.

A peptide extract was obtained from the hypothalamus
and fractionated using cation-exchange high-
performance liquid chromatography (HPLC). Eighty
fractions were collected from the column, and these were
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Orphanin FQ FGGFTGARKSAREKLANDQOQ
Dynorphin A YGGFLRRIRPEKLEKWDNOQ
Alpha-endorphin YGGFMTSEKSQTPLVT
Dynorphin B YGGFLRRQFEKVVT
Leu-enkephalin YGGFL

Figure 2.11 Comparison of the amino-acid sequence of
orphanin FQ with those of some opioid peptides. Residues that
are found, in the same position, in orphanin FQ and the opioid
peptides are highlighted in red.

applied to Chinese Hamster Ovary cells expressing the
LC132/ORL1 receptor. Intracellular cAMP levels were
subsequently measured. The two fractions that gave
the largest decrease were pooled, further fractionated
using reversed-phase HPLC and finally tested in the cell
system. A final purification step yielded a homogenous
substance that was analysed by mass spectrometry and
sequenced by Edman degradation. The active peptide
was named orphanin FQ (Figure 2.11).

To confirm that the identified peptide was, indeed,
the natural agonist of the LC132/ORL1 receptor, it was
chemically synthesised and tested. It was found to inhibit
forskolin-stimulated cAMP accumulation with high
potency. Radioligand binding studies were also performed
on the expressed receptor using a Tyr!“-substituted
orphanin FQ analogue (i.e. the leucine at position 14
was replaced by a tyrosine residue) that was labelled with
['2°1]. This compound displayed saturable and displace-
able binding, to membranes from transfected cells.

These first series of experiments verified orphanin FQ
as the native, endogenous agonist of the LC132/ORL1
receptor. In addition, it confirmed that this GPCR cou-
pled to a G; protein, but with a pharmacologic profile
quite distinct from those of the three other opioid recep-
tors. LC132/ORL1 was, therefore, renamed orphanin FQ
receptor. However, its physiological function remained
to be elucidated. For this, the peptide was injected into
the brains of mice, followed by a variety of behavioural
tests. The peptide was found to decrease horizontal and
vertical locomotor activity in a dose-dependent manner.

Surprisingly, when the pain sensitivity of the mice was
assessed in the hot-plate test, orphanin FQ only showed
an effect at the highest concentration. However, in a
second assay, orphanin FQ decreased the time that the
mice took to respond to a heat source. These data strongly
suggested that rather than causing analgesia (as is the case
for activation of opioid receptors), stimulation of the
orphanin FQ receptor results in hyperalgesia (a greater
sensitivity to pain). The lack of effect of orphanin FQ

in the hot-plate test, except at the highest concentration,
is thought to have been due to the decreased locomotor
activity induced by this peptide.

In conclusion, although the orphanin FQ receptor is
similar in structure and sequence to opioid receptors,
and couples to the same type of G-protein (i.e. G;), it
has a unique agonist. Furthermore, its activation does
not induce the same physiological responses that are
characteristic for the stimulation of opioid receptors,
that is, analgesia, respiratory depression and euphoria.
Indeed, activation of the orphanin FQ receptor seems to
cause effects opposite to those induced by opioid peptides
(e.g. hyperalgesia).

2.8 Summary

The introduction of molecular cloning in the 1970s has
revolutionised the field of pharmacology. The new sci-
entific approaches, in particular the ability to express
cloned ¢cDNA fragments in cell systems and charac-
terise the encoded protein in vitro, have greatly enhanced
our knowledge of the number of drug targets and their
response to natural or synthetic ligands. However, it also
made us aware of the diversity of signalling molecules,
the complexities of signalling pathways — and the lack of
specific compounds. It enabled the establishment of high-
throughput screens and facilitated the discovery of novel
therapeutic compounds. However, molecular cloning has
also limitations in that it does not reveal the tertiary or
quaternary structure of a drug target.
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3.1 Introduction to G protein-coupled
receptors

G protein-coupled receptors (GPCRs) represent the
largest group of membrane-bound receptor proteins in
mammals, with the human genome containing ~800
genes for this family. They are so called due to their inter-
action with heterotrimeric G-proteins. The basic function
of GPCRs is to detect extracellular signals and through
G-protein activation trigger intracellular signal trans-
duction cascades that lead to cellular responses. As such
GPCRs regulate a wide variety of physiological processes.

Approximately 400 GPCRs are classified as olfactory
receptors since they are involved in the detection of smell
and taste, with the remainder defined as non-olfactory.
The potential number of receptor proteins is increased
further if you take into account post-transcriptional mod-
ifications such as alternative splicing of pre-mRNA (some
GPCR genes contain introns; covered later in this chapter)
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and RNA editing. It has been estimated that an individual
cell may express as many as 100 different GPCRs. In
this chapter we will cover GPCR structure and sig-
nal transduction pathways together with more recent
developments in the field of GPCR research includ-
ing GPCR dimerisation, splice variants and allosteric
modulators.

The physiological importance of GPCRs is underlined
by the fact that >30% of all small-molecule pharma-
ceutical drugs bind to GPCRs (Overington et al., 2006).
At present these are grouped into two broad categories:
agonists — drugs which bind to and promote receptor
activation leading to a pharmacological response, or
antagonists — drugs which block the effect of an ago-
nist by interacting with the same orthosteric binding site
of the receptor. The orthosteric binding site is the region
that selectively binds the endogenous ligand(s) for the
receptor. A third class of drug is allosteric modulators
which bind to GPCRs at sites that are distinct from the
orthosteric binding site (see section 3.8).
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Table 3.1 Examples of GPCRs as pharmaceutical drug targets.

Brand Generic Position in Therapeutic GPCR target
name name Top 200 application
pharmaceuticals®
Toprol Metoprolol 3 High blood pressure f,-AR antagonist
Proventil  Aibuterol 10 Asthma f,-AR agonist
Singulair ~ Montelukast 11 Asthma plus other CysLT, receptor
allergies antagonist
Zyrtec Cetirizine 15 Hayfever plus other H, R antagonist
allergies
Diovan Valsartan 31 High blood pressure, AT, receptor

heart failure antagonist

3Source: Pharmacy Times, Top 200 Prescription Drugs of 2006 (http://www.pharmacytimes.com).

At present only ~30 of known GPCRs are targeted
pharmaceutically and hence there is considerable poten-
tial for the future development of drugs that target other
members of this receptor super-family. A few well known
examples of GPCRs as therapeutic targets are given in
Table 3.1. It is noteworthy that GPCRs are also the targets
of many recreational drugs of abuse including heroin,
LSD (D-lysergic acid diethylamide) and cannabis.

GPCRs can be activated by photons (via rhodopsin,
the light-trapping receptor located in the retina), and
a diverse range of ligands including ions (Ca?"), cate-
cholamines (e.g. adrenaline, noradrenaline, dopamine),
biogenic amines (e.g. histamine, 5-hydroxytryptamine),
nucleotides (e.g. ATP, UTP), peptides (e.g. endothelin,
bradykinin, neuropeptide Y), glycoprotein hormones
(e.g. thyrotropin, luteinising hormone, follicle-
stimulating hormone) and lipids (e.g. prostaglandins,
leukotrienes, anandamide).

Many endogenous GPCR agonists activate multiple
subtypes within a given receptor family. For example, at
least nine different GPCRs are activated by adrenaline, five
by acetylcholine and at least 12 by 5-hydroxytryptamine
(5-HT). GPCR families well-known to pharmacologists
are listed in Table 3.2. For a comprehensive and up-dated
guide to the nomenclature of GPCRs see Alexander et al.
(2009) or visit the website of the International Union of
Pharmacology (IUPHAR) at www.iuphar.org.

For many so-called ‘orphan’ GPCRs (>100) the
endogenous ligand(s) are unknown. The identification
of orphan receptor ligands (termed de-orphanisation)
is an intense area of molecular pharmacology research,
which may lead to the identification of novel therapeutic

targets (see review by Chung et al. (2008) and Chapter 2
for more details).

Molecular structure of GPCRs

GPCRs are single polypeptide chains which vary con-
siderably in amino acid number, from 318 for the
human A; adenosine receptor up to 1,212 for the human
mGlu; receptor. The predominant structural character-
istic of GPCRs are the seven transmembrane (TM1-7)
hydrophobic a-helices, each containing 25-35 amino
acids. Due to the presence of these a-helices GPCRs are
also known as 7TM, serpentine or heptahelical recep-
tors. Three extracellular loops (designated el, €2 and e3)
and three intracellular loops (i1, i2 and i3) connect the
transmembrane «-helices, with the NH,-terminus being
extracellular and the COOH-terminus being intracellu-
lar. Recent X-ray crystallography studies have revealed the
presence of an additional o helix (helix 8; Huynh et al.,
2009) which is located at the start of the C-terminus and
appears to lie parallel with the cell membrane. For some
GPCRs, the helix 8 domain is attached to the cell mem-
brane through a lipid anchor (Figure 3.1). Most GPCRs
also contain at least one concensus N-glycosylation site
(an asparagine residue) located in N-terminus or extra-
cellular loop 2. Depending on the specific GPCR the
function(s) of this post-translational modification include
regulation of cell surface expression and protein fold-
ing, ligand recognition and receptor-G-protein coupling.
Another notable feature of GPCRs is the phosphoryla-
tion sites located predominantly in the third intracellular
loop and C-terminus. These are the targets for second
messenger-dependent protein kinase (PKA and PKC)
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Table 3.2 Well-known members of the GPCR family.

Receptor family Endogenous agonist(s)  Subtypes G-protein coupling
5-HT 5-hydroxytryptamine ~ 5-HT,,, 5-HT G,/G,
5-HT,;, 5-HT g G,/G,
5-HT,,, 5-HT,,, 5-HT,; G,
5-HT,, 5-HT,,5-HT, G,
Adenosine Adenosine A, Ay G;/G,
Ajn, Agp G,
Adrenoceptors Adrenaline A a> Oy O Gq
Noradrenaline Oy > Oopy Oy G,/ Gq
B> By By G,
Angiotensin Angiotensin 11 AT, Gh
AT, Unknown?
Cannabinoid Anandamide® CBY; CB’ Gy/G,
Dopamine Dopamine D1, D5 G,
D2, D3, D4 G,/G,
GABAy y-aminobutyric acid GABAy,, GABA, G,/G,
Glutamate L-glutamate mGlu,, mGlu, Gq
(metabotropic) L-aspartate mGlu,, mGluy, mGlu, G/G,
mGlug, mGlu,, mGlug G,/G,
Histamine Histamine H, Gq
HZ Gs
8L, 181, G,/G,
Muscarinic Acetylcholine ml, m3, m5 Gq
m2, m4 G,/G,
Opioid Enkephalins Delta (8; DOR)
B-endorphin Kappa (i; KOP) AllG/G,
Dynorphins Mu (p; MOR)
Somatostatin Somatostatin-14 ssty, sst,, sst;, AllG,/G,
Somatostatin-28 ssty, ssts

2 Activates several G-protein independent signalling pathways.
bSeveral other endogenous agonists have also been identified.

+— N-linked glycosylation

Phosphorylation sites

(@)

Figure 3.1 G protein-coupled receptor
structure. (a) Schematic model of a
typical GPCR showing the seven
transmembrane domains (1-7) and helix
8. Three extracellular loops (el, e2 and
e3) and three intracellular loops (il, i2
and i3) connect the transmembrane

a-helices. (b) The seven transmembrane
domains are arranged in a circular
fashion which for Class A GPCRs creates
aligand (L) binding pocket.
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and G protein-coupled receptor kinase (GRK) mediated
phosphorylation and are important in regulating receptor
desensitisation and in some cases G-protein coupling (see
section 3.6). For reviews on GPCR structure and signal
transduction see Marinissen and Gutkind (2001) and
Lefkowitz (2004).

Protein sequence alignment analysis has revealed two
important amino acid sequences which are highly con-
served amongst the Class A rhodopsin-like GPCR family
(the classification of GPCRs is discussed later in this
chapter). First is the sequence E/DRY (single letter amino
acid code) which is found at the cytoplasmic end of TM3
(Rovati et al., 2007). The second is NPxxY (where x is
any amino acid), which is located at the end of TM7.
Both these sequences are involved in the conformational
changes associated with receptor activation and G-protein
coupling. Mutation of the glutamic acid and/or aspartic
acid residue within the E/DRY motif results in consti-
tutively active receptors, a topic to be covered later in
this chapter.

For members of the Class A GPCR family the cir-
cular arrangement of the seven TM domains creates a
central core or ligand binding pocket (Figure 3.1). The
orientation of the a-helices domains was initially deter-
mined from low-resolution electron diffraction studies
using frog rhodopsin. These experiments revealed that
TM domains 4, 6 and 7 are probably perpendicular to
the plasma membrane, whereas TM domains 1, 2, 3, and
5 are tilted. In 2000 the high-resolution X-ray diffrac-
tion structure of bovine rhodopsin (resolution 2.8 A; 1 A
= 0.1 nm) was obtained revealing for the first time the
architecture of the seven TM domains (Palczewski et al.,
2000). To put some perspective on these measurements
bond lengths between two atoms in a molecule are usu-
ally in the order of 0.1-0.2 nm and a typical GPCR has
dimensions of 75 x 45 x 30 A.

GPCR structural studies: X-ray
crystallography and NMR spectroscopy
Modern drug discovery programmes require detailed
structural information of the intended drug target. For
many soluble proteins such as enzymes this is readily
achieved via the combined use of X-ray crystallography
and NMR spectroscopy. However, for large transmem-
brane proteins such as GPCRs X-ray analysis this has
proved extremely challenging since they are difficult
to grow as crystals due to their structural instabil-
ity. Despite these hurdles the last decade has seen the
reporting in the literature of seven different GPCR crys-
tal structures: bovine rhodopsin, avian f,-adrenergic

receptor, human f,-adrenergic receptor (Cherezov et al.,
2007; Rasmussen et al., 2007; Rosenbaum et al., 2007),
human A,, adenosine receptor (Jaakola et al., 2008),
human dopamine D3 receptor (Chien etal.,2010), human
CXCRA4 receptor (Wu et al., 2010), and human histamine
H, receptor (Shimamura et al., 2011). In order to over-
come the inherent instability problem associated with
GPCR structure researchers have adopted several different
approaches. These include replacing the third intracellu-
lar loop sequence with that of bacteriophage T4 lysozyme
or more recently the use of point mutations to increase
thermostability (Lebon et al., 2011). GPCR-T4 lysozyme
fusion proteins are more structurally stable since they lack
part of the receptor that is associated with G-protein cou-
pling. Furthermore, until very recently the vast majority
of GPCR crystal structures have been obtained with the
receptor bound either to an inverse agonist (Figure 3.2)
or antagonist in order to aid stabilisation during crys-
tal formation. However, in 2011 the crystal structure

— €2 (short o helix domain)

T™M6 ~_ —T™M1
T™2
T™4
T™3
™7
\ /

+ Helix 8 domain

TMS/

Figure 3.2 Crystal structure of the human 8,-adrenoceptor.
The image below reveals the crystal structure of the human
B,-adrenoceptor bound to partial inverse agonist carazolol
(green). The positions of the seven transmembrane domains
(TM1-7) and the helix 8 domain are indicated. The
extracellular loop 2 (e2) contains a short a-helix domain that is
stabilised by intra- and inter-loop disulphide bonds (yellow).
Ligand binding involves polar and hydrophobic interactions
with specific amino acids in TM domains 3, 5, 6 and 7. In order
to obtain crystals of the p, AR several modifications were made
including stabilisation of TM5/TM6 achieved by replacing the
third intracellular loop with bacteriophage T4 lysozyme,
truncating the flexible C-terminus, and removal of N-linked
glycosylation sites. Image kindly donated by Professor Brian K.
Kobilka, Stanford University, USA.
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of the agonist-bound human A,, adenosine receptor
was reported by two groups revealing for the first time
structural changes associated with active receptors (Xu
et al., 2011, Lebon et al., 2011). Another major break-
through in the field of GPCR structural biology has been
the crystallisation of the agonist-occupied B,-adrenergic
receptor in complex with the heterotrimeric G,-protein
(Rasmussen et al., 2011). This significant achievement,
from the research team lead by Professor Brian Kobilka,
will hopefully provide a greater understanding of how
GPCRs function at the molecular level thus aiding future
drug discovery programmes involving i silico screening.
In the future as methodology and techniques for purifying
and stabilising GPCR complexes continues to develop we
can expect further crystal structures of GPCRs bound to
the other members of the heterotrimeric G-protein family
(e.g. G; and G,) and ultimately other GPCR interacting
proteins. For more detailed information on the crystal
structures of GPCRs, see Kobilka and Schertler (2008),
Mustafi and Palczewski (2009), Rosenbaum et al. (2009)
and Katritch et al. (2012).

Whilst X-ray crystallography yields a wealth of struc-
tural information it only provides a static rather in-active
view of protein structure. Recently GPCR structure has
been analysed using NMR spectroscopy which enables
the dynamics of GPCR activation and ligand binding to
be studied. For example, Bokoch et al. (2010) used NMR
spectroscopy to explore the conformational changes that
occur around a salt bridge (a noncovalent interaction
between amino acids involving either electrostatic
interactions or hydrogen bonding) between extracellular
loops 2 and 3 of the p,-adrenergic receptor. This region
was chosen because it is extremely variable amongst
GPCRs and therefore may represent a suitable target
for developing novel receptor subtype-specific allosteric
modulators. These studies required the isotopic-labelling
of purified B,-adrenergic receptors on lysine®®, which
is located near the salt bridge, with a '*C-methyl group
in order to carry out NMR analysis. The results obtained
revealed conformational coupling between the extra-
cellular surface of the receptor and the transmembrane
domains associated with orthosteric ligand binding. In
the future drugs that target the extracellular surface(s)
of GPCRs may be able to act as allosteric modulators of
orthosteric ligand binding and therefore provide novel
therapeutic opportunities. Structural studies of GPCRs
using X-ray crystallography and NMR spectroscopy seem
certain to expand in the future and become routine tools
for studying the complex conformational changes that
occur following ligand binding.

Classification of GPCRs

Since the completion of the human genome project several
GPCR classification systems have been proposed and
one of the most frequently used is the A, B, C, D, E
and F grouping. This system covers both vertebrate and
invertebrate GPCRs and hence includes some families
that do not occur in humans (namely groups D and E).
The vast majority of mammalian GPCRs belong to Class A
and ligand binding occurs predominantly within the seven
TM domains. Class B receptors are a small family with
little sequence homology to Class A or Class C receptors.
Ligand binding to Class B receptors involves the long
extracellular N-terminus region. Class C is the smallest
family and contains metabotropic glutamate receptors
(mGlu), Ca?"-sensing receptors, GABA} receptors and
the sweet and umami taste receptors (T1R1-3). This
class is also characterised by a large N-terminus which
contains a Venus flytrap (VFT) module important in
ligand binding. Agonist binding causes the VFT domain
to close (hence its name), promoting receptor activation.
A notable feature of Class C receptors is that they exist
as constitutive dimers (this will be covered later in this
chapter). The structural differences between Class A, B
and C GPCRs are illustrated in Figure 3.3.

More recently an alternative classification system has
been proposed which is based on GPCRs in the human
genome. This divides GPCRs into five main families
named Glutamate (G), Rhodopsin (R), Adhesion (A),
Frizzled/Taste2 (F), and Secretin (S) and is known
as the GRAFS system (Table 3.3). For more detailed
information on GPCR classification see Lagerstrom and
Schiéth (2008).

Activation of GPCRs
The predominant mechanism associated with GPCR
activation is agonist binding which induces a conforma-
tional change within the receptor that allows coupling to
heterotrimeric G-proteins. However there are two excep-
tions to this rule; the light sensing receptor rhodopsin
and proteinase-activated receptors (PARs). Rhodopsin is
activated when a photon of light causes the isomerisation
and hydrolysis of covalently bound 11-cis-retinal to
11-trans retinal. This results in the disruption of a
salt bridge (weak ionic bond) between TM3 (retinal
is bound to a lysine residue within this domain) and
TM7 resulting in a conformational change that enables
G-protein coupling.

Proteinase-activated receptors represent a novel class
of GPCRs which are activated by a distinct mechanism
that involves proteolytic cleavage of the N-terminal tail
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Figure 3.3 Structural differences between Class A, B and C GPCRs. For most class A receptors the endogenous orthosteric ligand
binding site resides within seven TM domains, whereas for class B and C receptors endogenous ligands bind to the large N-terminal
domains which are a characteristic feature of these receptors. Putative allosteric modulator binding sites are shown for each receptor

class.

by protease agonists. The coagulation protease thrombin
promotes platelet aggregation via the activation of PARs.
Agonist protease hydrolysis results in the unmasking of a
short N-terminal amino acid sequence which then func-
tions as a ‘tethered agonist’. The tethered agonist interacts
with the second extracellular loop promoting a confor-
mational change which leads to receptor activation. The
problem with this mode of activation is that the recep-
tor cannot be de-activated and stimulated again as is
the case with the majority of GPCRs. Following activa-
tion PARs are rapidly desensitised (covered later in this
chapter), removed from the cell surface via endocytosis
and replaced with newly synthesised receptors.

The binding or coupling of GPCRs to G-proteins
involves specific regions of the receptor, predominantly
the second and third intracellular loops together with the
C-terminal. It is interesting to note that interactions with
heterotrimeric G-proteins have not been experimentally
proven for the vast majority of receptors classified as
GPCRs! Indeed, there is evidence that certain GPCRs can
signal independently of G-proteins. Molecular pharma-
cologists are able to explore the conformational changes
involved in GPCR activation using a variety of biophysical

and biochemical techniques (Wess et al., 2008). Such
studies have revealed that conformational changes occur
within TM domains 3, 5, 6, 7 and helix 8, which subse-
quently alter the conformation of intracellular loops i2
and i3 and enable G-protein coupling (Unal and Karnik,
2012). Deletion or mutation of the i3 generates receptors
that can still bind ligands (agonists and antagonists) but
are not capable to producing cell signalling responses.

3.2 Heterotrimeric G-proteins

Heterotrimeric G-proteins (guanine nucleotide binding
proteins) can be considered as the middle management in
the organisation of GPCR-mediated cell signalling. They
link GPCR activation to the stimulation or inhibition
of enzymes and ion channels that are involved in the
regulation of intracellular levels of second messengers
(for example cyclic AMP and IP;) and ions (Ca®", Na*
and K*).

The G-protein superfamily includes monomeric
G-proteins, for example Ras, and heterotrimeric
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Table 3.3 GPCR classification: the GRAFS and A-F systems.

Glutamate Rhodopsin  Adhesion Frizzled/Taste2 Secretin
© A B? I8 B?
Number of full- 22 672" 33¢ 36 15
length proteins
Number of orphan 7 634 30 21¢ (Taste 2) 0
receptors
Examples of Glutamate Light TGase Wt Calcitonin
endogenous GABA Ca?*  Peptides GAGs Bitter tasting CRF
ligands Amines compounds Glucagon
Purines PTH, VIP
Lipids
Proteases
Extended Yes No Yes Yes No

N-terminus

2The GRAFS system split family B into the adhesion and secretin families.

bincludes an estimated 388 olfactory receptors.

“Only three Adhesion GPCRs have been de-orphanised.

4not including olfactory receptors.

“The human genome contains 25 taste 2 receptor (TR2) genes many of which are still orphan receptors.
They are involved in the detection of bitter compounds.

fwnt glycoproteins signal through a group of 10 frizzled receptors and are involved in the regulation of
developmental processes (see Wang et al., 2006 for more information about this class of GPCR). Abbre-
viations: CRF, Corticotropin-releasing factor; GABA, y-aminobutyric acid; GAGs, Glycosaminoglycans;
PTH, parathyroid hormone; TGase, Tissue transglutaminase; VIP, vasoactive intestinal peptide.

G-proteins, which are associated with GPCRs. As their
name suggests heterotrimeric G-proteins consist of three
different protein subunits, alpha (Ga), beta (GBf) and
gamma (Gy), with the guanine nucleotides (GTP or
GDP) binding to the a-subunit. The G-protein subunits
are anchored to the cell membrane via lipid side chains
(see below). Humans possess 21 Ga subunits (encoded by
16 genes), 6 GP (encoded by 5 genes) and 12 Gy subunits.

Lipid modifications of heterotrimeric
G-proteins
Many membrane associated proteins are post-
translationally modified through the covalent attachment
of lipid groups to specific amino acid residues. These
lipid modifications include 14-carbon (myristate) and
16-carbon (palmitate) saturated fatty acids or 15-carbon
(farnesyl) and 20-carbon (geranylgeranyl) isoprenoids.
Such modifications aid in membrane association, sub-
cellular trafficking and interactions with other proteins.
Heterotrimeric G-proteins exhibit three types of
lipid modification. All Ga subunits are modified either

by myristoylation (addition of myristate to a glycine
residue located at the N-terminus) or by palmitoylation
(addition of palmitate to a cysteine residue located
near the N-terminus), and in some cases both. In
contrast Gy subunits are modified by prenylation,
which involves the attachment of geranylgeranyl to a
cysteine residue located near the C-terminus. For more
detailed information on the role and function of lipid
modifications of heterotrimeric G-proteins, see Chen and
Manning (2001).

Activation of heterotrimeric G-proteins

Conformational changes within the agonist-occupied
GPCR promote heterotrimeric G-protein coupling. How-
ever, this paradigm may change since recent evidence
using fluorescence resonance energy transfer (FRET)
measurements has revealed that certain GPCRs may
already be pre-coupled to G-proteins prior to recep-
tor activation. In the resting or basal state the G-protein
has GDP bound to the Ga subunit. Following coupling to
the receptor the Ga subunit undergoes a conformational
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Figure 3.4 GPCR-mediated activation of heterotrimeric G-proteins. (a) As detailed in the text heterotrimeric G-proteins comprise
of three subunits (a,8,y) with GDP bound in the basal or inactive state. (b) The activated agonist-occupied receptor (R*) undergoes a
conformational change which enables G-protein coupling, promoting GDP bound to the a subunit to be replaced with GTP. (c) The
G-protein a-GTP and By subunits dissociate from each other and from the activated receptor. (d) The a-GTP and py subunits
interact with target effector proteins (E,, E,) such as phospholipase C, adenylyl cyclase or ion channels. (e) The intrinsic GTPase
activity of the a subunit increases when bound to effector molecules resulting in the hydrolysis of GTP to GDP with the release of
inorganic phosphate (Pi). This causes the a-GDP and By subunits to recombine and terminates the cycle.

change which results in the release of GDP and the binding
of GTP (Figure 3.4). The G-protein complex dissociates
releasing Ga-GTP and GPy subunits which then inde-
pendently activate and/or inhibit various enzymes and
ion channels; collectively known as effector proteins. The
active Ga-GTP is eventually inactivated by the hydrolysis
of GTP back to GDP via the intrinsic GTPase activity
of the Ga-subunit. The Go-GDP dissociates from the
target effector protein and recombines with the GBy sub-
unit. This completes the G-protein cycle (Figure 3.4).
For a comprehensive review on heterotrimeric G-protein
activation see Oldham and Hamm (2008).

The intrinsic GTPase activity of the Ga subunit can
be enhanced by GTPase activating proteins (GAPs). The
effectors phospholipase C-f and adenylyl cyclase V (both
covered later in this chapter) acts as GAPs for Gqa and
Gsa, respectively. More recently a family of proteins
named regulators of G-protein signalling (RGS) have

been discovered to act as GAPs for Gial, Gia2, Gia3,
Gial, Goa, and Gqa but not Gsa.. More than 20 different
RGS proteins have been identified and in addition to their
GAP role they also directly interact with GPCRs, adenylyl
cyclase, phospholipase C-B, Ca®" channels and G-protein
gated inwardly rectifying potassium channels (GIRKs).
Due to their wide roles in regulating GPCR signalling
they may represent an important future drug target (for
a review on RGS protein see Hurst and Hooks, 2009).

Heterotrimeric G-protein families
To date there are more than 20 known subtypes of Go sub-
unit, six of GB and 12 of Gy. Despite the large number of
Ga subunits they are grouped or classified into four main
families (G, G, G and Gy,/13), which show selectivity
for specific GPCR subtypes and effector proteins.

The G, family containing og is primarily associated
with the stimulation (G, for stimulatory) of the enzyme



G Protein-coupled Receptors 39

Table 3.4 G-protein families and their effector protein targets.

Family Subtypes Distribution Effectors

G, a Ubiquitous 1 Adenylyl cyclase
(eI Olfactory cells, brain 4 Adenylyl cyclase

Gy/o a; Widely expressed 1 Adenylyl cyclase
oy Ubiquitous J Adenylyl cyclase
QU3 Widely expressed J Adenylyl cyclase
oy, Neuronal 4 VGCC, 1 GIRK
‘o, Neuronal 1+ VGCC, 1 GIRK
a, Neuronal, platelets J Adenylyl cyclase
Olpuse Taste and brush cells Unknown (1 PDE?)
o, Retinal rods, taste cells 1 PDE type 5
o . Retinal cones 4 PDES5 type 5

8 Oy Ubiquitous 1 Phospholipase C-f
e Ubiquitous 4 Phospholipase C-f
Iy Kidney, lung, spleen 4 Phospholipase C-p

156 Haematopoietic cells 4 Phospholipase C-f

Cyiz Ay Ubiquitous 4 PDZ-RhoGEF

g3 Ubiquitous 1 PDZ-RhoGEF

4 p115-RhoGEF

*Splice variant of ot ;,

bMouse (a;5) and human (a,) orthologues

Abbreviations: VGCC, voltage-gated calcium channel; GIRK, G-protein regulated inward-
rectifier potassium channel; PDE, phosphodiesterase; PDZ-RhoGEF, PSD95-Disc-Large-
Z0-1; RhoGEF, Rho guanine nucleotide exchange factor. 1 = activates; |, = inhibits; ? =

possible effector.

adenylyl cyclase, whereas the G;,, family containing
several different o subunits (o, o, Q35 Q> Oy, and
a,) mediates the inhibition (G; for inhibitory) of adenylyl
cyclase. Some GPCRs couple to G, and activate adeny-
Iyl cyclase (G,-PCR) whereas others couple to G;,, and
inhibit adenylyl cyclase (G;-PCR).

The third main heterotrimeric G-protein family is G.
It contains several different o subunits (otg, 055 0y
®;5/6) all of which activate the enzyme phospholipase
C-B. The fourth family is G,, which contains the o}, and
5 subunits, and effector protein targets include guanine
nucleotide exchange factors (GEFs) for monomeric G-
proteins such as RhoA. Downstream targets of active
RhoA include Rho kinase which is involved in the
regulation of many cellular functions including muscle
contraction, cell migration, cell adhesion and angiogen-
esis. The main G-protein families and their associated
effectors are summarised in Table 3.4.

Until recently it was generally accepted that G-protein
signalling only involved the Go subunit and that the

GPy subunit was in effect an innocent bystander.
This initial view has now changed and Gy subunits,
especially those released from activated Gj,, proteins,
play a vital role in the regulation of effector proteins.
Effector proteins modulated by GBy include activation of
adenylyl cyclase isoform 1 (AC1), inhibition of adenylyl
cyclase isoforms 2 and 4 (AC2 and AC4), phospholipase
C-B, phospholipase A, and phosphoinositide 3-kinase-y
(PI-3K). In addition to modulating enzyme activity
GPCRs can also control ion channel function via Ga and
By subunits. For example voltage-gated Ca®" channels
and G-protein regulated inward-rectifier potassium
channels are regulated via GBy subunits.

Modification of heterotrimeric G-proteins
by bacterial toxins

Several bacterial toxins, including cholera toxin produced
by the bacterium Vibrio cholerae, are known to mod-
ify heterotrimeric G-protein signalling. Cholera toxin
catalyses the ADP-ribosylation of Gayg subunits which
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inhibits the intrinsic GTPase activity resulting in sus-
tained G,-protein activation and cyclic AMP production
independent of receptor activation. This causes excessive
fluid loss from cells lining the small intestine resulting in
life-threatening diarrhoea. Another bacterial toxin is per-
tussis toxin which is produced by the bacterium Bordetella
pertussis responsible for whooping cough. It specifically
catalyses the ADP-ribosylation of Gay;, subunits blocking
GPCR coupling to this class of G-proteins. Cholera toxin
and pertussis toxin are used experimentally to investigate

the roles of G, and G;,,-proteins, respectively.

3.3 Signal transduction pathways

As already detailed previously GPCRs modulate a wide
range of signal transduction pathways involving numer-
ous phospholipases, ion channels and protein kinases.
In this section we shall cover two prominent pathways
namely phospholipase C and adenylyl cyclase and learn
how to measure the second messengers produced by these
important effector proteins.

Phospholipase C

Phospholipase C (PLC) catalyses the hydrolysis of
the membrane-bound phospholipid, phosphatidyl-
inositol biphosphate (PIP,), generating the second
messengers’ 1,4,5-trisphosphate  (IP;) and
diacylglycerol (DAG). The water-soluble IP; triggers
the release of Ca®" from intracellular stores, whereas
DAG, which remains membrane bound, activates
protein kinase C (PKC) leading to changes in protein
phosphorylation (Figure 3.5).

There are 13 isoforms of PLC grouped into seven
distinct classes based on structure and activation mech-
anisms. These are PLCB1 to f4; PLCy1 and y2; PLC31,
33 and 34; PLCe, PLCg; PLCnland n2. Gy proteins
activate the PLC- isoforms.

The second messengers IP; and DAG are rapidly
deactivated and used to regenerate PIP, via the phos-
phoinositide cycle. IP; is sequentially dephosphorylated
to inositol by the activity of inositol phosphatases, whereas
DAG undergoes phosphorylation to produce phospha-
tidic acid (PA). PA and inositol recombine to produce
phosphatidylinositol, which is phosphorylated by lipid
kinases to regenerate PIP,. Lithium blocks this recycling
pathway by inhibiting inositol 1-phosphatase activity. The
effect of lithium on phosphoinositide synthesis is thought
to account for the therapeutic benefits of lithium when
used to control manic depression.

inositol

PIP, IP; + DAG — Protein Kinase C

\

[Ca®");

\

ATP  Cyclic AMP — Protein Kinase A
(b)

Figure 3.5 GPCR-mediated activation of phospholipase C and
adenylyl cyclase. (a) GPCRs coupled to G, proteins stimulate
phospholipase C (PLC-) activation via Go q-GTP. GBy
subunits released from G;, -PCRs can also stimulate PLC-B. For
details see text. (b) GPCRs coupled to G,-proteins stimulate
adenylyl cyclase (AC) via Ga,-GTP. By subunits can also
stimulate or inhibit certain isoforms of AC. GPCRs coupled
G,-proteins inhibit AC via Go;,,-GTP (not shown). For details
see text.

Measurement of phospholipase C activation

A range of experimental methods have been developed
to measure PLC activation. Indirect approaches include
monitoring IP;-induced increases in intracellular Ca**.
This is easily achieved using calcium-sensitive fluorescent
dyes such as fura-2. Alternatively the accumulation of
inositol phosphates in response to GPCR activation can
be measured using radiolabelled *H-myo-inositol.

The *H-myo-inositol is readily taken up by cells and
becomes incorporated into inositol-containing phospho-
lipids, namely phosphatidylinositol, phosphatidylinositol
4-phosphate and PIP,. Activation of PLC-B follow-
ing G4-PCR stimulation releases [*H]-inositol 1,4,5-
trisphosphate (3H-IP3) into the cytosol. [3H]-IP3 is
metabolised by various intracellular phosphatases to
produce a range of different [*H]-inositol phosphate
compounds. The addition of lithium inhibits a num-
ber of these steps, but most importantly, it can pre-
vent the conversion of *H-inositol monophosphates
to free *H-inositol. This produces an accumulation of
3H-inositol monophosphates which can be separated
from *H-inositol using anion-exchange chromatography.
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Figure 3.6 Experimental measurement of phospholipase C and adenylyl cyclase activity. Theoretical concentration response curves
for (a) histamine stimulated [*H]- inositol phosphate accumulation via the histamine H, receptor, (b) isoprenaline stimulated
[*H]-cyclic AMP accumulation via the B,-adrenoceptor and (c) CI-IB-MECA mediated inhibition of forskolin-stimulated [*H]-cyclic
AMP accumulation via the A, adenosine receptor. The hatched column in (c) is the accumulation of cyclic AMP induced by forskolin
alone (i.e. in the absence of CI-IB-MECA). The filled column in each panel represents the accumulation of inositol phosphates or
cyclic AMP measured in the absence of agonist or forskolin and represents the so-called basal value. (d) Effect of positive (red curve)
and negative (green curve) allosteric modulators on orthosteric agonist efficacy (black curve; in absence of allosteric modulator). The

maximal functional responses (E

The level of radioactivity in each sample can be deter-
mined using scintillation counting and is proportional to
the amount of *H-inositol phosphates (Figure 3.6).

A scintillation proximity assay for high throughput
measurement of inositol phosphates in cell extracts has
also been developed which eliminates the chromatogra-
phy step. This method uses positively charged yttrium
silicate microscopic beads that bind inositol phosphates.
The beads are coated with a scintillant that emits light
when stimulated with the B-particles released from the
radio-labelled material. The emitted light is then detected
using a conventional scintillation counter.

When measuring agonist-mediated GPCR responses
it is normal practice to produce log,, concentration-

) are altered without a significant change in agonist potency (ECs,). For more details see text.

response curves which are then plotted using computer
assisted curve fitting programmes (Figure 3.6). A widely
used software package is GraphPad Prism. When plotted
on a logarithmic scale this produces a sigmoidal curve
with the majority of the response occurring over two
orders of magnitude of concentration.

Adenylyl cyclase
G, and Gy,
stimulation and inhibition of adenylyl cyclase, respec-
tively. Adenylyl cyclase, of which there are nine isoforms
(AC1 to ACY), stimulates the synthesis of the second
messenger cyclic AMP from ATP. Increases in cyclic
AMP trigger the activation of protein kinase A (PKA),

-proteins are primarily associated with the
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which phosphorylates specific target proteins on serine
or threonine residues leading to a biological response
(Figure 3.5).

Cyclic AMP is rapidly broken down by a family
of enzymes called phosphodiesterases (PDEs), which
catalyse its hydrolysis into AMP. As such PDEs play a
major role in regulating the intracellular levels of cyclic
AMP and cyclic GMP. There are 11 PDE isoenzymes
(PDEI1-11) which exhibit differing substrate specificity
(some are cyclic AMP or cyclic GMP specific) and
tissue distribution. There is considerable interest in the
development PDE3 inhibitors for congestive heart failure
and PDE4 inhibitors for inflammatory airway disease.
PDES5 inhibitors (sildenafil or Viagra) have proved to
be effective in the treatment of erectile dysfunction.
For a comprehensive review on PDE inhibitors see
Boswell-Smith et al. (2006).

Measurement of adenylyl cyclase activation

and inhibition

Several methods for the detection of cyclic AMP in cells
and tissue samples are currently in use. One widely used
technique involves the use of *H-adenine to radiolabel
endogenous ATP. Water-soluble *H-cyclic AMP can
easily be isolated from cell and tissue samples using
anion-exchange chromatography and the amount of
radioactivity determined using scintillation counting.
Such experiments are usually carried out in the presence
of a PDE inhibitor, which increases the size of the
response by preventing the normal breakdown of
cyclic AMP to AMP. Figure 3.6b depicts *H-cyclic
AMP accumulation in response to the non-selective
B-adrenoreceptor agonist isoprenaline. Nonradioactive-
based approaches are becoming increasingly popular,
including an ELISA-based assay, which uses an antibody
against cyclic AMP, and several fluorescent, luminescent
and reporter gene-based assays.

How do we measure Gj,-protein coupled recep-
tor responses? To achieve this it is necessary to pre-
activate adenylyl cyclase and then determine whether an
appropriate G;,,-PCR agonist is able to inhibit such a
response. Activation of adenylyl cyclase can be achieved
either by stimulating with a G,-PCR agonist or more
usually with forskolin (a plant derived compound), which
is a direct activator of adenylyl cyclase and produces
increases in cyclic AMP independent of receptor activa-
tion. An illustration of G;,,-PCR induced inhibition of
forskolin-stimulated cyclic AMP accumulation is shown
in Figure 3.6c¢.

Novel GPCR screening assays

Historically GPCR drug screening programmes have
involved radioligand binding studies or second
messenger-based assays that measure changes in
intracellular cyclic AMP, inositol phosphate or Ca®"
levels (see above). However, the discovery of alternative
strategies to target GPCRs (allosteric modulators, biased
ligands, bivalent ligands to name but a few and covered
later in this chapter) will require the development of
novel assays to screen for these exciting new categories of
drug. Many existing GPCR assays are dependent upon
G-protein coupling and involve the measurement of
second messenger production using various indicators
and labels. In this section two novel approaches for
assaying GPCRs in living cells will be discussed; one
measures GPCR activation kinetics whilst the other
enables label-free detection of GPCR pharmacology.
Both have the potential to be extremely useful for
large-scale drug screening programmes in the future.

Measurement of GPCR activation kinetics using
fluorescence-based assays in living cells
Fluorescence-based techniques have recently been
developed that allow pharmacologists to measure
conformational changes in GPCRs in living cells.
These assays are based on the measurement of FRET
(see section 3.10) between protein donor (CFP; cyan
fluorescent protein) and protein acceptor (YFP; yellow
fluorescent protein) fluorophores that have been inserted
into the third intracellular loop and C-terminus of
the receptor under investigation (Figure 3.7). In the
absence of agonist binding to the receptor FRET will
occur between the two fluorophores located at these two
different positions. However, the binding of an agonist
to the receptor causes a conformational change which
increases the distance between the fluorescent donor
protein and fluorescent acceptor protein thus reducing
the FRET signal. Using this change in FRET response it is
possible to calculate the kinetics of receptor activation for
different agonists at the same receptor. This FRET-based
GPCR activation approach has been refined by replacing
the large fluorescent protein YFP (which may interfere
with G-protein coupling) with the six amino acid
sequence Cys-Cys-Pro-Gly-Cys-Cys which binds the
small fluorescent reagent FlaSH-EDT, (Figure 3.7). This
fluorescein-based reagent only becomes fluorescent when
it binds to recombinant proteins containing the six amino
acid tetracysteine motif. This approach was used to inves-
tigate a,,-adrenergic receptor and muscarinic receptor
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Figure 3.7 FRET-based approaches to measure GPCR
activation in living cells. (a) FRET signals between donor (CFP;
cyan fluorescent protein) and acceptor (YFP; yellow fluorescent
protein) fluorophores inserted into the third intracellular loop
and C-terminus of the receptor. Agonist-induced
conformational changes in the receptor increase the distance
between the fluorescent donor and acceptor causing a decrease
in FRET signal. (b) Similar measurements can be obtained if the
positions of the fluorophores are switched around. (c) FRET
measurements using FIAsH technology and CFP.

(M,, M; and M; subtypes) activation and revealed
marked kinetic differences between different agonists for
the same receptor (Ambrosio et al., 2011; Ziegler et al.,
2010). These observations support the idea that different
agonists induce varying states of GPCR activation which
may correspond to the stimulation of different signalling
pathways. In summary, these exciting cell-based assays
enable the measurement of ligand binding on receptor
conformation that is independent of downstream cou-
pling to G-proteins and signal transduction. Hopefully
this technology can be used during drug screening
programmes to identify novel ligands that induce
conformational changes distinct from known agonists.

Label-free detection of GPCR pharmacology

in living cells

At present the majority of cell-based GPCR assays involve
the use of a range of different reagents and detection sys-
tems to monitor predominantly ligand-induced changes
in signal transduction pathways. In marked contrast label-
free assay systems, as their name suggests, do not require
the addition of detection reagents but instead measure

ligand-induced changes in cell behaviour such as adhe-
sion and morphology. From a drug discovery perspective
label-free assays are extremely sensitive thus enabling
GPCR screenings to be carried out using cells isolated
from native tissue instead of traditional recombinant
cell-line models. Some label-free instruments developed
to date are more amenable to the study of GPCR phar-
macology since they are able to distinguish between
Gy, G; and Gg-protein mediated responses. What are
the principles behind label-free detection systems? At
present there are two main techniques for label-free detec-
tion of cell behaviour; impedance-based biosensors and
optical-based biosensors (Figure 3.8). Impedance-based
biosensors are designed to measure the impedance to cur-
rent flow between two electrodes located at the bottom of
a microtiter well plate containing a confluent cell mono-
layer. The flow of alternating current between the two
electrodes is dependent upon the level of cell adherence;
increased cell adherence impedes the flow of alternating
current and vice versa. An agonist-stimulated GPCR will
activate cell signalling pathways that will promote changes
in cell morphology, volume, adherence and cell-cell inter-
actions. These changes in cell behaviour influence the flow
of current through the cell and therefore produce mea-
sureable changes in impedance. In contrast, optical-based
biosensors are designed to measure the wavelength oflight
that is reflected by a grating surface that is located at the
bottom of a microtiter plate (Figure 3.8). The wavelength
of light reflected is extremely sensitive to changes in the
concentration and distribution of biomolecules within the
adjacent cell monolayer. The activation of GPCRs triggers
subtle changes in cell morphology, volume, adherence and
reorganisation of the cytoskeleton that result in the move-
ment and redistribution of biomolecules. However, the
biochemical and signal transduction pathways respon-
sible for these changes are not fully understood, but
evidence suggests that the modulation of actin cytoskele-
ton plays a key role both in impedance and optical-based
label-free readouts of GPCR activation. When compared
to traditional technologies label-free assays offer several
advantages for future high-throughput screening pro-
grammes. These include the ability to detect receptors
that activate G;, G; and G-protein signalling and per-
haps more importantly, due to their high sensitivity,
the ability to screen GPCR responses using nonrecom-
binant cell models such as primary cell lines or even
human cells acquired from patients. For a comprehensive
review on the potential use label-free assays see Scott and
Peters (2010).
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Figure 3.8 The principles of impedance and optical-based label-free assays. (a) Impedance-based assays measure the impedance to
current flow between two electrodes located at the bottom of a specialised microtiter well plate. (b) Optical-based biosensors measure
the wavelength of light reflected by a grating surface located at the bottom of a specialised microtiter well plate. (c) The cellular
changes detected by label-free assays. Reprinted from Drug Discovery Today (2010), Scott CW and Peters MF, Label-free whole cell
assays: expanding the scope of GPCR screening, 15: 704—716 with permission from Elsevier.

3.4 Desensitisation and down-regulation
of GPCR signalling

The ability to regulate and control signal transduction is
a key requirement for maintaining normal tissue and cell
physiology. GPCR-mediated cell signalling is ‘switched-
off at many different levels within the overall cascade.
Since GPCRs are important pharmaceutical targets there
is considerable interest in understanding the regula-
tory mechanisms that control GPCR responses. Indeed
chronic drug (agonist) treatment often leads to a greatly
reduced therapeutic response. For example prolonged
use of P,-adrenoceptor agonists significantly decreases
their effectiveness in the treatment of asthma. Similarly,
analgesic tolerance and dependence to morphine and
related opioids involves reduced responsiveness of the
L-opioid receptor.

Removal of agonist and second

messenger breakdown

The actions of some agonists are rapidly terminated
by enzymatic degradation. For example acetylcholine is

degraded by acetylcholinesterase into choline and acetate
and peptide agonists are hydrolysed by membrane-bound
peptidases. Many agonists, especially neurotransmitters
such as dopamine, noradrenaline, 5-HT and glutamate,
are transported back into the neuron from the synapse
via specific membrane bound transporters. These trans-
porters represent important therapeutic targets for the
treatment of several disorders including depression (see
Chapter 5). A second line of defence for ‘switching off’
GPCR signalling involves the rapid degradation of the
second messengers. Inositol phosphatases and phospho-
diesterases terminate the actions of IP; and cyclic AMP,
respectively. A third line of defence is the intrinsic GTPase
activity of the Ga protein subunit which hydrolyses GTP
and terminates heterotrimeric G-protein function.

Role of GPCR phosphorylation

in desensitisation

In addition to the above mechanisms the GPCR itself
is also the target for regulation. It is a well known
phenomenon that the continuous or repeated stimu-
lation of a GPCR reduces subsequent responsiveness
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Figure 3.9 PKA and GRK phosphorylation sites within the human p,-adrenoceptor. The schematic representation of the human
B,-adrenoceptor showing concensus phosphorylation sites for protein kinase A (PKA; blue) and G-protein coupled receptor kinase
(GRK; red) within the third intracellular loop and C-terminal. The numbers refer to the specific amino acid number within the
receptor protein. Complex site-directed mutagenesis experiments have identified the specific amino acid sites phosphorylated by

PKA and GRK.

to an agonist (termed desensitisation or tachyphylaxis).
Two types of GPCR desensitisation have been charac-
terised; agonist-specific (termed homologous desensiti-
sation) and agonist non-specific (heterologous desen-
sitisation). Both types of desensitisation involve GPCR
phosphorylation (see Figures 3.9 and 3.10). Homolo-
gous desensitisation is mediated by phosphorylation of
specific serine and threonine residues located primarily
within the carboxyl-terminal tail of the agonist-activated
receptor by G-protein coupled receptor kinases (GRKs).
In contrast, heterologous desensitisation mainly involves
phosphorylation of specific serine and threonine residues
within the third intracellular loop of the receptor by
second-messenger dependent kinases such as protein
kinase A (PKA) or protein kinase C (PKC). Given the
prominent role of GRKs in regulating GPCR signalling
there is growing interest in the therapeutic potential of
GRK inhibitors. For example, inhibition of GRK2 may
help restore B,-adrenoceptor signalling in patients with
chronic heart failure, who exhibit increased levels of
GRK?2 protein expression.

The next step in homologous desensitisation is the
binding of proteins called B-arrestins to the phosphory-
lated GPCR. Arrestins uncouple the receptor from the

G protein and initiate GPCR endocytosis via a clathrin-
coated pit-dependent pathway. This is also referred to
as internalisation or sequestration. B-arrestins facili-
tate internalisation by interacting with proteins associ-
ated with the endocytic pathway including clathrin and
clathrin adaptor protein (AP-2).

The fate of internalised GPCRs

Internalised GPCRs are de-phosphorylated
and returned to the plasma membrane (termed
re-sensitisation) or targeted for degradation leading to
the loss of receptor from the cell and down-regulation.
GPCR degradation can occur either by lysosomes or
via the 26S proteasome and in some cases involving
ubiquitination (Figure 3.11). For detailed
information on the regulatory mechanisms associated
with GPCR desensitisation and down-regulation, see the
following review articles Bohm et al., 1997; Ferguson,
2001 and Marchese et al., 2008.

either

more

3.5 Constitutive GPCR activity

Initial attempts to explain G-protein activation resulted
in the development of the two-state or ternary complex
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Figure 3.10 Heterologous GPCR desensitisation. (a)
G,-coupled and (b) G;-coupled GPCRs are rapidly desensitised
through GRK-mediated phosphorylation of the
agonist-occupied receptor (R, ). In certain cases PKC (for
Gq—linked) and PKA (for G-linked) also play a role in the
desensitisation of R, but in addition may also phosphorylate
agonist-unoccupied GPCR subtypes (R, ) resulting in the
phenomenon of heterologous desensitisation. PKC and PKA
phosphorylation is thought to sterically inhibit the receptor
coupling to G-protein rather than promote arrestin binding
and internalisation. P = phosphate group.

hypothesis. This simple model proposes that GPCRs exist
in equilibrium between two states; an active conformation
(denoted R") and an inactive conformation (R). The R
form does not couple to G-proteins, whereas R can
couple and activate G-proteins. Switching between R
and R’ states involves conformational changes within
TM domains 3,6,7 and helix 8. Agonists (A) bind pref-
erentially to R" and stabilise the active conformation.
The A/R" complex is now able to bind and activate
G-proteins (G) forming the ternary complex (A/R'/G).
This is summarised in Figure 3.12.

GPCRs can also switch between R and R" confor-
mations independent of agonist binding. This property is
known as constitutive activity and results in the activation
of G-protein signalling independent of receptor activation
(referred to as basal activity). The constitutive activity of a
particular GPCR can increase as a consequence of genetic
mutations, single nucleotide polymorphisms (SNPs) and

splice variants (for reviews see de Ligt et al., 2000; Bond
and Ijzerman, 2006).

Inverse agonists

Inverse agonists preferentially bind and stabilise the
inactive R conformation which results in a decrease in
constitutive activity. In contrast, the term neutral antag-
onist is now used to describe an antagonist which has
no inverse agonist activity and hence does not alter the
R/R" equilibrium. It is likely that the vast majority of
antagonists (85%) may actually be inverse agonists. Sev-
eral clinically used drugs have been demonstrated to be
inverse agonists (Table 3.5).

A number of human diseases/conditions are asso-
ciated with naturally occurring GPCR mutants which
display increased constitutive activity (Table 3.6). Inter-
estingly the genomes of several herpes-viruses including
the human cytomegalovirus (HCMV) encode constitu-
tively active GPCRs which appear crucial for infection
and may prove to be effective future therapeutic targets
(Vischer et al., 2006).

Clinical use of inverse agonists

Since the discovery of inverse agonism there has been
considerable interest in applying the concept to future
drug discovery and current therapeutic strategies. For
example pathological conditions that involve constitutive
active GPCR mutants (Table 3.6) would clearly benefit
from inverse agonists since neutral antagonists would
have no effect on the enhanced basal activity. Inverse
agonists may also prove useful for treatment of
autoimmune diseases that involve GPCR auto-antibodies
that behave as agonists. Agonist auto-antibodies against
the type 1 angiotensin receptor (AT,) are involved
in allograft rejection in renal transplantation patients.
Treatment with an AT, receptor inverse agonist such as
losartan may prove useful.

It is known that the prolonged treatment with an
inverse agonist leads to the increased expression (up-
regulation) of the GPCR involved, a characteristic not
observed with neutral antagonists. In certain situations
increased receptor expression could be problematic and
may be linked to drug tolerance. However, there are
examples where inverse agonist induced up-regulation of
GPCR expression appears to be clinically beneficial.

p,-adrenoceptor antagonists (‘B-blockers’) are used to
treat chronic heart failure. Their clinical success is thought
to be due in part to the re-sensitisation of the f, cardiac
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Figure 3.11 GPCR internalisation and down-regulation. Agonist-occupied GPCRs are rapidly phosphorylated (red circles) by GRKs
promoting arrestin binding and G-protein uncoupling. The desensitised receptor is subsequently internalised via clathrin-coated pit
mediated endocytosis. Internalised receptors are either de-phosphorylated and returned to the plasma membrane or targeted for

degradation by lysosomes or the 26S proteasome.

contractile system, which is compromised due to the
elevated levels of noradrenaline associated with chronic
heart failure. The high levels of noradrenaline would cause
a significant decrease in B, -adrenoceptor expression due
to receptor down-regulation. Clinical evidence suggests
that the B,-adrenoceptor inverse agonists, metoprolol
and carvedilol are more effective at reducing mortality
than the neutral antagonist bucindolol. This may be due
to increased levels of B, -adrenoceptor expression. When
screening for novel GPCR antagonists it may be important
to incorporate assays that can distinguish between inverse
agonists and neutral antagonists.

Endogenous inverse agonists

Melanocortin type 4 receptors (MC,), which are acti-
vated by the peptide hormone melanocyte-stimulating
hormone, play a major role in regulating body weight.
Interestingly, the MC, receptor displays constitutive
activity and mutations in the gene encoding this receptor
have recently been discovered that reduce constitutive
activity in obese patients. It is also notable that the con-
stitutive activity of the MC, receptor is regulated by an

endogenous inverse agonist called agouti-related peptide
(Adan, 2006). This suggests that regulation of MC, recep-
tor constitutive activity is essential for regulation of body
weight and hence of physiological relevance. The identifi-
cation of agouti-related peptide as an endogenous inverse
agonist raised the question; are other constitutively active
GPCRs regulated in a similar way? There is evidence that
constitutively active opioid receptors and mGlu, recep-
tors are regulated by calmodulin and homer 3 proteins,
respectively. Thus the regulation of constitutive receptor
activity by endogenous inverse agonists adds further fine
control and modulation of GPCR signalling.

3.6 Promiscuous G-protein coupling

It was traditionally assumed that GPCRs couple exclu-
sively to only one of the four main families of het-
erotrimeric G-proteins. However it is now apparent that
many GPCRs exhibit promiscuous coupling and acti-
vate more than one class of G-protein. For example, the
B, adrenoceptor, which is classically associated with G
coupling and mediates signalling via the PKA/cyclic AMP
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Figure 3.12 Constitutive GPCR activity and inverse agonism.
(a) The ternary complex model proposes that GPCRs exist in
equilibrium between two states; an inactive conformation (R)
and an active conformation (R"). Agonists preferentially bind
to R" and stabilise the active conformation, whereas inverse
agonists preferentially bind to R and stabilise the inactive
conformation. GPCRs can also switch between R and R
independent of agonist binding, a phenomenon known as
constitutive activity. Neutral antagonists bind but do not alter
the R/R" equilibrium. Partial agonists and partial inverse
agonists display lower efficacies and hence only partially
influence the position of the R/R* equilibrium. (b) Theoretical
concentration-response curves for drugs with different
efficacies in a receptor system displaying constitutive activity.
The constitutive activity of the receptor results in a high level of
basal effector activity due to R" coupling to heterotrimeric
G-proteins independent of agonist binding. Agonists promote
R" formation and hence G-protein coupling and effector
activation, whereas inverse agonists promote R formation and
reduce basal G-protein coupling and effector activation.
Neutral antagonists do not influence R/R" and therefore have
no effect on basal effector activity. Figure modified from Seifert
and Wenzel-Seifert (2002) Naunyn Schmiedebergs Arch
Pharmacol 366: 381-416.

pathway, can also couple to G; and G. Coupling to differ-
ent G-proteins increases the complexity of cell signalling
pathways modulated by individual GPCR family mem-
bers. In the case of the B, adrenoceptor, phosphorylation
of the receptor by PKA causes a switch from G, coupling
to G; coupling (Figure 3.13). For a review on G-protein
switching see Lefkowitz et al. (2002).

Table 3.5 Clinically used drugs proven to be inverse
agonists.

Brand Generic Therapeutic GPCR target
name name use

Toprol Metoprolol High blood p,-adrenoceptor
pressure
Pepcidine ~ Famotidine Peptic ulcers  Histamine H,
receptor
Cozaar Losartan ~ High blood Angiotensin AT,
pressure and  receptor
heart failure

Table 3.6 Constitutive active GPCRs associated with
human disease.

GPCR Medical G-protein  Effect of
condition constitutive

Rhodopsin  Congenital night G,  Enhanced PDE

blindness activity
LHR Male precocious- G,  Enhanced basal
puberty activity of AC
CaSR Autosomal G,  Enhanced basal
dominant activity of PLC

hypo-calcemia

Abbreviations: AC; adenylyl cyclase, CaSR; Calcium-sensing
receptor, LHR; luteinising hormone receptor, PDE; phos-
phodiesterase, PLC; phospholipase C.

3.7 Agonist-directed signalling

Whilst it is known that different agonists for a given
receptor can display marked differences in efficacy there
is growing evidence for the idea of agonist-directed sig-
nalling (also referred to as agonist-directed trafficking;
Perez and Karnik, 2005). Agonist efficacy refers to the
variation in the size of response produced by different
agonists even when occupying the same number of recep-
tors. For example high-efficacy agonists trigger maximal
responses whilst occupying a lower proportion of receptor
sites compared to low efficacy agonists which cannot elicit
the same maximal response even if occupying all available
receptor sites. Compounds displaying low efficacy are
referred to as partial agonists (Figure 3.12).
Agonist-directed signalling involves different agonists
for the same receptor stimulating diverse signalling
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Figure 3.13 Promiscuous G-protein coupling and
agonist-directed signalling. (a) The #,-adrenoceptor (B,AR) is
associated with G,-protein coupling and the subsequent
activation of protein kinase A (PKA) via adenylyl cyclase (AC)
mediated cyclic AMP production. When the receptor is
phosphorylated by PKA, G,-protein coupling is reduced,
whereas G;-protein coupling increases. This PKA-mediated
switching of G-protein coupling has also been reported for
other G-coupled receptors. (b) GPCRs may adopt different
active conformations (R', R, R™") each of which couples to a
different G-protein. Agonist-directed signalling involves
different agonists for the same receptor stimulating diverse
signalling pathways possibly via the activation of different
G-proteins. Coupling to different G-proteins may involve the
receptor adopting agonist-specific conformations.

pathways possibly via the activation of different
G-proteins  (Figure 3.13). Coupling to different
G-proteins may involve the receptor adopting agonist-
specific conformations. Specific examples of agonist-
directed signalling are illustrated in Table 3.7.
Agonist-directed signalling may also be a consequence of
‘arrestin-dependent signalling’ a topic that is covered in
Chapter 11 (section 11.5).

Agonist-directed signalling has many implications
for drug development and discovery. Firstly, it may
be possible to develop drugs that selectively activate
signalling pathways that produce the desired therapeutic
effect whilst preventing adverse side effects, which may
be through a different signalling pathway activated by
the same receptor. Secondly, high-throughput screening

Table 3.7 Agonist-directed signalling.

Receptor Agonist Signalling pathway
preferentially activated
5-HT, TFMPP Phospholipase C
LSD Phospholipase A,
D2 dopamine p-tyramine GTPyS binding to
G, -protein
Dopamine GTPyS binding to G;,
and G -protein
CB, receptor ~ CP-55940 G;-protein coupling
WIN-552-12-2  G; and G-protein

coupling

assays need to be carefully designed in order not to miss
any potentially novel drugs if screening is done using
a particular assay that is not relevant to the clinically
desired effect. Similarly, using the wrong assay may also
lead to false positives and therefore it may be useful
to screen each compound against a range of different
signalling pathways.

3.8 Allosteric modulators of GPCR
function

The majority of synthetic ligands that target GPCRs are
classified as agonists or antagonists which bind to the
orthosteric site on the receptor for endogenous ligands.
More recently there has been considerable interest in the
development and therapeutic use of allosteric modulators
which bind to GPCRs at sites that are topographically dis-
tinct from the orthosteric binding site (Conn et al., 2009;
Langmead and Christopoulos, 2006). This concept is illus-
trated in Figure 3.3. Examples of allosteric modulators for
all three major classes of GPCRs are shown in Table 3.8.
There are three categories of allosteric modulator:
1. Allosteric modulators that affect the binding affinity
of orthosteric ligands (both agonists and antagonists).
2. Allosteric ligands that modulate the efficacy of orthos-
teric agonists.
3. Allosteric ligands which are capable of modulating
GPCR activity independently of orthosteric ligand bind-
ing. Such compounds can be classed as allosteric agonists
and allosteric inverse agonists.

Allosteric modulators of GPCR function have
traditionally been explored using complex orthosteric-
radioligand binding assays. Such assays can detect
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Table 3.8 Allosteric modulators of class A, B and C GPCRs.

Receptor Allosteric Effect on receptor
modulator Pharmacology
Class A GPCRs
A, adenosine PD81723 Increased agonist
receptor binding affinity
CB, receptor Org27569 Reduced efficacy of
orthosteric agonist
WIN552122
m1 muscarinic AC42 Agonist activity
receptor independent of
orthosteric site
Class B GPCRs
CREF, receptor NB127914 Decreased peptide
agonist binding
(non-competitive
antagonist)
Class C GPCRs
mGlu, receptor CDPPB Increased agonist
potency and efficacy
Calcium-sensing ~ AMGO073 Increased Ca** binding
receptor (Cinacalcet)

allosteric compounds that either increase or decrease
the affinity of the orthosteric ligand but do not allow for
the identification of modulators that influence receptor
function independent of orthosteric ligand binding.
Functional assays that measure GPCR signal transduction
allow for the detection of allosteric modulation of orthos-
teric agonist efficacy. Some allosteric modulators behave
as negative regulators of orthosteric agonist efficacy,
whereas some enhance agonist efficacy and are classed
as positive regulators. Allosteric modulators that inhibit
orthosteric agonist binding, reduce agonist efficacy, or in
some cases both are also referred to as noncompetitive
antagonists. The overall effect of an allosteric modulator
will depend on whether the conformational changes
that occur within the receptor following allosteric
ligand binding influence the orthosteric binding site or
alter conformational changes associated with receptor
activation. Allosteric modulation of orthosteric agonist
efficacy is shown in Figure 6d.

Clinical use of allosteric modulators

At present two allosteric modulators are currently on the
market; cinacalcet and maraviroc. Cinacalcet is classed as
a positive allosteric modulator of Ca®" ion binding to the
calcium-sensing receptor (CaSR). It is used clinically to

treat hyperparathyroidism since activation of the CaSR
inhibits the release of parathyroid hormone and protects
against osteoporosis. Maraviroc is an allosteric inhibitor
of the chemokine receptor subtype CCR5 and is used to
treat HIV infections. The CCR5 receptor functions as a
co-receptor for the entry of HIV into cells and maraviroc
causes conformational changes in the CCR5 receptor
that block interaction with HIV. The use of allosteric
modulators to fine-tine GPCR function represents an
exciting avenue for future drug development with many
other allosteric modulators already in different phases of
clinical trial.

Allosteric modulation of GPCR interactions
with heterotrimeric G-proteins

Small molecule ligands that disrupt or allosterically
modulate protein-protein interactions involved in
Bcl-2 and p53 function are under clinical trial (see
Chapter 11). Attempts are also being made to develop
novel therapeutics that modulate protein-proteins
interactions associated with GPCR signalling. For
example a family of molecules known as pepducins
have been developed which target the interaction
between GPCR and heterotrimeric G-protein. Pepducins
are synthetic peptides based on the intracellular loop
sequences of GPCRs that are associated with G-protein
coupling. Depending on their structure they can possess
agonist or antagonist activity and to facilitate cell entry
and membrane attachment they are synthesised with
an N-terminal lipid tail. Such peptide-based drugs
have been developed to modulate members of the
proteinase-activated receptor (PAR) family including
PAR1 and PAR4. The PAR family, which are activated
by proteolytic cleavage and generation of a tethered
ligand, are involved in mediating the biological effects of
thrombin and represent important clinical targets. For
example, PAR1 pepducin antagonists have been shown
in preclinical trials to be effective in killing breast cancer
cells. Indeed, high PARI expression is a feature observed
in a number of cancers of epithelial cell origin such as
breast and lung cancer. The development of these novel
PAR ligands holds considerable promise since developing
small-molecule antagonists against these important
therapeutic targets has proven very difficult to date.

3.9 Pharmacological chaperones
for GPCRs

The endoplasmic reticulum (ER) is an intracellular
organelle involved in the synthesis and post-translational
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Table 3.9 GPCR mutations associated with congenital
disease.

GPCR Disease

Thyroid stimulating
hormone receptor
Luteinizing hormone
receptor
Adrenocorticotropic
hormone receptor
Calcium sensing receptor

Congenital hypothyroidism
Male pseudohermaphroditism
Familial adrenocorticotropic

hormone resistance
Familial hypocalciuric

hypercalcemia
Rhodopsin Retinitis pigmentosa
Gonadotropin-releasing Hypogonadotropic
hormone receptor hypogonadism

Endothelin B receptors Hirschsprung’s disease

(ETy)
Melanocortin 4 (MC,) Obesity
receptor
V, vasopressin receptor Nephrogenic diabetes
insipidus

modification of secretory and membrane proteins.
Following their synthesis in the ER correctly folded
membrane proteins are trafficked to the cell surface via
the Golgi. The ER also functions as a quality control
centre to ensure that incorrectly folded proteins are not
processed and trafficked but instead are targeted for
degradation. It is now recognised that naturally occurring
mutations in GPCRs that cause their misfolding and
retention in the ER are linked to several congenital
diseases (a disease that exists at birth). This is similar
to Class II mutations in the CFTR that result in ER
trafficking defects (see Chapter 6.3). Some key examples
of GPCR mutations and their associated disease states are
shown in Table 3.9. The retention of GPCRs in the ER
will not only result in loss of function due to a decrease
in cell surface expression but also ER stress due to the
accumulation of mutant proteins. Recent structural
studies suggest that the helix 8 domain located at the
start of the C-terminus together with several conserved
amino acids in TM2, TM6 and TM7 are critical for the
correct folding of many Class A (rhodopsin-like) GPCRs.
Experimental deletion of helix 8 or mutation of these
conserved amino acids results in the ER retention of
GPCRs (recently reviewed by Nakamura et al., 2010).
Within the last few years several small molecule orthos-
teric ligands have been discovered to possess the capacity

to rescue ER-trapped GPCRs allowing their trafficking
to the cell membrane. These so called ‘pharmacological
chaperones’ bind to the misfolded mutant protein pro-
moting their correct folding and subsequent transport out
of the ER (Figure 3.14). For example antagonists for the V,
vasopressin receptor, agonists and antagonists for the 8-
opioid receptor, agonists for rhodopsin and finally antag-
onists for the gonadotropin-releasing hormone recep-
tor are all able to rescue their respective ER-trapped
mutant receptors (see review by Bernier et al., 2004). The
development of such ligands may provide therapeutic
opportunities for the treatment of congenital conditions
such as retinitis pigmentosa and nephrogenic diabetes
insipidus. The use of small molecule orthosteric ligands
to rescue ER-trapped mutant misfolded GPCRs, whilst
of therapeutic potential, does have some drawbacks. For
example, the use of agonist-based chaperones may result
in the inappropriate activation of successfully trafficked
GPCRs, whilst antagonist-based chaperones may block
the activation of rescued receptors by endogenous ago-
nists. A promising development in this area has been
the report of a small-molecule allosteric agonist that pro-
motes the cell surface expression of misfolded ER-trapped
luteinising hormone (LH) receptors (Newton etal.,2011).
The successful use of an allosteric ligand to rescue mutant
misfolded LH receptors offers the prospect of developing
this approach for other ER-trapped GPCR mutants.

3.10 GPCR dimerisation

Many proteins involved signal transduction function as
dimers. Examples include tyrosine kinase receptors, such
as the epidermal growth factor (EGF) receptor, which
dimerise in response to ligand activation. Such recep-
tors are single transmembrane spanning proteins and
dimerisation is essential for activation of down-stream
cell signalling pathways.

It has also emerged that GPCRs exist as dimers
involving either the same receptor subtype (termed
homodimerisation) or different GPCR subtypes
(heterodimerisation). It is apparent that dimerisation
influences many aspects of GPCR life including pharma-
cology, cell signalling, desensitisation/down-regulation
and cell surface expression (trafficking of GPCRs from
the endoplasmic reticulum). Because of this dimerisation
is a ‘hot topic’ in the field of GPCR biology. There are
several excellent reviews on GPCR dimerisation (Devi,
2001; Milligan, 2004; Prinster et al., 2005; Pin et al., 2007;
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Figure 3.14 ER transport of mutant GPCRs by pharmacological chaperones. Following synthesis in the endoplasmic reticulum (ER)
GPCRs that are correctly folded (highlighted in green) move through the Golgi en-route to the plasma membrane. Misfolded mutant
GPCRs (highlighted red) are retained in the ER and targeted for proteasomal degradation. Pharmacological chaperones bind to
misfolded GPCRs promoting conformational changes that enable the receptor to escape from the ER and be transported to the

plasma membrane.

Dalrymple et al., 2008; Milligan, 2009; Visher et al., 2011;
Maurice et al., 2011).

Methods to study GPCR dimerisation

A variety of biochemical and biophysical methods are
used to study GPCR dimerisation (Table 3.10). How-
ever it is important to realise that the vast majority of the
research exploring GPCR dimerisation is performed using
heterologous expression systems involving cloned GPCRs
often tagged with immunological epitopes or fluorescent
proteins. However the use of transfected cell lines is prob-
lematic and raises many issues regarding the validity of
the results obtained. One concern is that the phenomenon
of GPCR dimerisation could simply be an artefact due
to the over-expression of receptor protein(s) when com-
pared to endogenous levels of GPCR expression. Evidence
for endogenous GPCR dimerisation comes from atomic-
force microscopy studies which have revealed orderly
rows of rhodopsin dimers arranged within retinal disc
membranes (Fotiadis et al., 2003). An important charac-
teristic of these membranes is that they exhibit extremely
high levels of rhodopsin protein expression.

Biochemical techniques
Differential epitope tagging
Immunoprecipitation of epitope-tagged receptors
has been extensively used to demonstrate GPCR
Immunoprecipitation
interaction between a protein and its specific antibody
and the separation of these immune complexes using
Protein A/G-sepharose beads. This technique is a rapid
and simple method to separate a specific protein or
protein complex from all the other proteins in a cell.
Immunoprecipitated proteins are then visualised using
SDS-PAGE followed by Western blotting.
Epitope-tagged constructs (or fusion proteins) for
the receptor of interest are generated using recombinant
DNA technology and transfected into an appropriate cell
line (Figure 3.15). The epitope is a short peptide sequence
of typically 6—12 amino acids that can easily be recognised
using a commercially available anti-epitope antibody.
Commonly used epitopes are listed in Table 3.11. Epitope
tags are usually located at the N-terminus of the GPCR.
Can you think of a reason why this might be important? It
is possible using recombinant DNA technology to locate

dimerisation. involves  the
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Table 3.10 Techniques used to study GPCR dimerisation.

Approach Example of GPCR dimerisation
Biochemical techniques
Differential epitope 3-opioid receptor/p-opioid
tagging receptor
B,-adrenoceptor/3-opioid
receptor
Biophysical techniques
BRET p,-adrenoceptor/8-opioid
receptor
FRET sst,/ssts
BiFC A, , adenosine receptor/
dopamine D2
BRET/FRET BiFC A, , adenosine receptor (trimer)
BiFC/BILC p,-adrenoceptor/dopamine D2

(tetramers)
Functional complementation
Chimeric mutants a,-adrenoceptor/muscarinic m3
Deletion mutants sst, -ssts and sst./dopamine D2

Abbreviations: BRET; bioluminescence resonance energy
transfer, FRET; fluorescence resonance energy transfer, BiFC;
bimolecular fluorescence complementation, BiLC; bimolec-
ular luminescence complementation, sst; somatostatin.

Table 3.11 Frequently used epitope tag sequences.

Name of epitope tag Amino-acid sequence of the epitope

c-myc Glu-Gln-Leu-Ile-Ser-Glu-Glu-
Asp-Leu

Heamagglutinin (HA)  Tyr-Pro-Tyr-Asp-Val-Pro-Asp-
Tyr-Ala

FLAG Asp-Tyr-Lys-Asp-Asp-Asp-Asp-
Lys

Hexahistidine His-His-His-His-His-His

Abbreviations: Asp; aspartic acid, Gln; glutamine, Glu; gluta-
mate; His ; histidine, Ile; isoleucine, Leu; leucine, Lys; lysine,
Pro; praline, Ser; serine, Tyr; tyrosine, Val; valine

the epitope tag at virtually any position within the GPCR
sequence. However, researchers generally locate the epi-
tope within the N-terminus of the receptor, since location
within the C-terminus may influence G-protein coupling.

If the GPCR under investigation forms homodimers
when expressed in a model cell line then the follow-
ing epitope-tagged combinations are theoretically pos-
sible: c-myc-GPCR/c-myc-GPCR, HA-GPCR/HA-GPCR

and c-myc-GPCR/HA-GPCR together with c-myc-GPCR
and HA-GPCR monomers (Figure 3.15). Differential epi-
tope tagging involves the isolation of protein complexes
using an antibody to one of the epitopes (viaimmunopre-
cipitation) and the subsequent visualisation of associating
tagged receptors using an antibody to the second epitope
(via SDS-PAGE/Western blotting). Using this approach
B,-adrenoceptor homodimers were detected which pro-
vided the first biochemical evidence that GPCRs can
exist as dimers. However, there are concerns that the
solubilisation of hydrophobic membrane proteins prior
to immunoprecipitation of receptor complexes causes
artificial aggregations.

Biophysical techniques

A number of biophysical techniques have been developed
that allow for the visualisation of protein-protein interac-
tions in living cells. These include fluorescence resonance
energy transfer (FRET) and bioluminescence resonance
energy transfer (BRET). Although these techniques avoid
some of the complications associated with biochemical
approaches they still require genetic manipulation and
heterologous expression systems. Both techniques involve
the transfer of energy from an acceptor to a donor. For
FRET and BRET to occur effectively the distance between
the donor and acceptor is typically 50 to 100 angstroms
(A;1A=0.1nm).

Bioluminescence resonance energy transfer

BRET is a naturally occurring phenomenon involving the
transfer of energy between a luminescent donor protein
and a fluorescent acceptor protein. The sea pansy Renilla
reniformis is a bioluminescent soft coral which displays
blue-green bioluminescence. This is achieved using the
enzyme luciferase (the luminescent donor; Rluc), which
in the presence of oxygen catalyses the degradation of the
substrate luciferin to produce blue light. The generated
blue light is then transferred to green fluorescent protein
(GFP; the fluorescent acceptor) which emits green light
giving the coral their blue-green appearance.

When using BRET to study GPCR dimerisation it is
again necessary to transfect appropriate cell lines with
cDNA plasmids that encode luciferase and fluorescent
protein fusion constructs. Changes in BRET signal can
be monitored in response to agonist stimulation using
a fluorescent plate reader (Figure 3.16). However, a
major concern when measuring BRET is how to dis-
tinguish between agonist-induced dimerisation of GPCR
monomers (discussed later) and agonist-induced changes
in receptor conformation of pre-existing dimers, which
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Figure 3.15 Visualisation of GPCR dimers using differential epitope tagging. (a) A suitable cell line is transfected with cDNA
constructs that encode for the epitope tagged receptors. These constructs could encode for the same receptor or different GPCR
subtypes to monitor homodimerisation or heterodimerisation, respectively. When expressed at the cell surface several combinations
of epitope-tagged receptor protein complexes are theoretically possible: c-1yc-GPCR/c-myc-GPCR, HA-GPCR/HA-GPCR and
c-myc-GPCR/HA-GPCR together with c-myc-GPCR and HA-GPCR monomers (orange oval; c-myc, yellow oval; HA). (b) Using a
cocktail of biochemical detergents hydrophobic membrane proteins are isolated and solubilised to produce a cell membrane
preparation. (c) Receptor protein complexes containing the HA-epitope are immunoprecipitated using a commercially available
anti-HA antibody. (d) Immunoprecipitated GPCR complexes consisting of monomers and dimers (HA/HA and HA/c-myc) are
separated using SDS-PAGE and (e) analysed by Western blotting using an anti-c-myc antibody. (f) Detection of immune complexes
using a secondary antibody coupled to horseradish peroxidase. Secondary antibody binding can be visualised using
chemiluminescent-based approaches which emit light that can then be detected using photographic film.

may be sufficient to promote a change in BRET signal.
Furthermore, the addition of extra protein sequence, (for
example Renilla luciferase and YFP are 314 and 238 amino
acids in length, respectively) to the C-terminus may influ-
ence G-protein coupling or receptor pharmacology. For
these reasons, it is essential to characterise the pharmaco-
logical and cell signalling properties of any GPCR fusion
protein generated.

Fluorescence resonance energy transfer
FRET involves a fluorophore in an excited state
(donor) transferring its excitation energy to an adjacent

fluorophore (acceptor) via a dipole-dipole interaction. It
is an essential requirement that the emission spectra of the
donor fluorophore and the excitation spectra of the accep-
tor overlap. Exploring GPCR dimerisation by means of
FRET can be achieved using several different experimen-
tal designs. One approach uses variants of GFP fused to
the GPCR(s) of interest. In recent years a number of GFP
variants have been generated, using site-directed muta-
genesis, which emit light at wavelengths distinct from the
native GFP. These variants include cyan (CFP) and yellow
(YFP) fluorescent proteins. The Nobel Prize in Chemistry
2008 was awarded to Dr Osamu Shimomura, Dr Martin
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Figure 3.16 Visualisation of GPCR dimers using BRET. (a) Bioluminescence resonance energy transfer (BRET) between a
luminescent donor protein (luciferase; Luc) and a fluorescent acceptor protein (green fluorescent protein; GFP). (b) BRET signals
from constitutive GPCR dimers or (¢) GPCR dimerisation following agonist stimulation. Both cases result in the donor and acceptor

proteins being in close enough proximity for BRET to occur.

Chalfie and Dr Roger Y. Tsien for their work relating to the
discovery and development of GFP as a tagging tool for
bioscience research. A popular combination when study-
ing GPCR dimerisation is YFP and CFP (Figure 3.17).
An alternative fluorescent-based approach, which does
not involve fusion proteins, is to use small molecule flu-
orophores conjugated to antibodies, typically fluorescein
(donor) and rhodamine (acceptor). For this antibodies
against epitope-tagged GPCRs (HA and c-Myc; see above)
are used, since receptor-specific antibodies often lack
specificity. Finally GPCR oligomerisation can be explored
using fluorescently labelled ligands. This approach has the
distinct advantage of allowing endogenous GPCR inter-
actions to be studied. For more detailed information on
the application of BRET and FRET-based techniques to
study GPCR dimerisation see Pfleger and Eidne (2005).

Fluorescent and bioluminescent protein-fragment
complementation

Conventional FRET and BRET analysis of protein-protein
interactions in living cells is restricted to the detection

of binary complexes. Emerging developments combine
BRET/FRET with protein-fragment complementation
assays, enabling the detection of ternary and quaternary
protein complexes. Protein-fragment complementation
assays involve fragments of fluorescent or luminescent
proteins, recombining to form a functional protein
when in close proximity. They are commonly known
as bimolecular fluorescence complementation (BiFC)
and bimolecular luminescence complementation (BiLC)
assays. GPCR dimerisation has been observed using fusion
proteins containing amino (N) and carboxyl (C) terminal
fragments of YFP attached to the carboxyl-terminus of
the GPCR (Figure 3.18 and Figure 3.19).

By combining BRET or FRET with BiFC it is possible
to detect and monitor in living cells GPCR complexes
containing more than two partners. For example,
BRET/FRET-BiFC approaches have both shown that
the A,, adenosine receptor exists as a homo-oligomer
containing at least three receptors (Figure 3.19b).
Extending this technique has enabled the detection of f,
adrenoceptor and dopamine D2 receptor homotetramers
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Figure 3.17 Visualisation of GPCR dimers using FRET. (a) Fluorescence resonance energy transfer (FRET) between a fluorescent
donor protein (in this case CFP) and a fluorescent acceptor protein (YFP). Transfer of fluorescence energy only occurs if the emission
spectrum of the donor and the excitation spectrum of the acceptor overlap and the distance between the two is < 100 A. (b) GPCR
dimerisation will result in the donor and acceptor proteins being in close enough proximity for FRET to occur.

N- C- N- C-
AQARYFP AZAR YFP AZAR YFP A2AR YFP/AZAR YFP

YFP N C C N

Figure 3.18 Visualisation of A,, adenosine receptor homodimers using the bimolecular fluorescence complementation (BiFC)
technique. Mammalian HEK293 cells were transfected with cDNA encoding the A,, adenosine receptor fused either to YFP
(AZARYFP), the amino (N) terminus of YFP (AZARN'YFP), the carboxyl (C) terminus of YFP (AZARC'YFP), or AZARN'YFP plus

A, REYTP These A, R fusion proteins are illustrated schematically in the upper panel. When the cells were visualised using confocal
microscopy green fluorescence was observed on the plasma membrane of cells expressing A,, R¥* and A,, RN"YF? plus A, R<-YFP,
These results show that A, , R homodimerisation enabled the YFP fragments to recombine and generate fluorescence. In contrast cells
transfected with the A,, R fused to the YFP fragments did not show any fluorescent signal. Scale bar: 10 um. Reprinted from FEBS
Letters 582: Gandia et al., Detection of higher-order G protein-coupled receptor oligomers by a combined BRET-BiFC technique,
2979-2984 (2008) with permission from Elsevier.
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Figure 3.19 Visualisation of GPCR oligomers using Fluorescent and Bioluminescent protein-fragment complementation. (a) GPCR
dimerisation can be visualised using protein-fragment complementation assays involving nonfunctional fragments of fluorescent
proteins (in this example the N-terminus and C-terminus of YFP) that recombine to form a functional protein when in close
proximity. Resonance energy transfer techniques can be combined with protein-fragment complementation to monitor trimeric
protein complexes using either (b) BRET/BiFC or (c) FRET/BIiFC. (d) GPCR tetramers can be observed using a BiIFC-BiLC approach.

This involves monitoring BRET between complemented luminescent (Rluc) and fluorescent proteins. See text for more detail.

using a combined BiFC-BiLC approach (Figure 3.19d).
For a detailed account on fluorescent and bioluminescent
protein-fragment complementation assays see Vidi and
Watts (2009).

Functional complementation techniques

Functional complementation techniques involve the het-
erologous expression of mutant nonactive GPCRs, gen-
erated by recombinant DNA technology, which combine
to form functional units.

Chimeric GPCR mutants

One of the first reports to indicate the possibility that
GPCRs exist as dimers involved the use of muscarinic
M; receptor and a,i-adrenoceptor chimeras; namely
. (TM1-5)/M;(TM6-7) and M, (TM1-5)/a,.(TM6-
V7). To create these mutants TM domains 6 and 7 from
the a,--AR were exchanged for domains 6 and 7 from
the M; receptor and vice versa (Figure 3.20). As would
be expected the chimeric receptors when individually
expressed in separate cell lines did not bind their selective

agonists or antagonists. However, co-expression of the
chimeric receptors restored ligand binding suggesting
that o, and M; muscarinic receptors physically interact
to form a functional heterodimer.

Deletion mutants

Deletion mutants can also be used as a tool for exploring
GPCR dimerisation. A C-terminal deletion mutant of the
somatostatin 5 receptor (sst;; A318) was used to iden-
tify heterodimerisation with the dopamine D2 receptor.
Somatostatin and dopamine are two important neuro-
transmitters whose receptors are often co-localised in
specific brain regions. The sst; mutant (A318; truncated
at amino acid 318) is missing the last 46 amino acids
from its C-terminal. When heterologously expressed the
sst; (A318) mutant does not couple to the inhibition
of adenylyl cyclase (this would be expected since the
C-terminal is important for G-protein coupling), but it
still displayed agonist binding. However, co-expression of
the ssty (A318) mutant with the dopamine D2 receptor,
restored the ability of somatostatin to inhibit adenylyl
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Muscarinic M3 receptor

opc-adrenoceptor Mjs/0oc chimera 02C/M3 chimera

(a)
FULL length sst; sst5 (A318) D2 receptor sst; (A318)
SST-14
SST-14 SST-14
G No inhibition of AC G
Full agonist binding
AC cAMP AC cAMP

(b)

Figure 3.20 Functional complementation techniques to study GPCR dimers. (a) Schematic representation of muscarinic M,
receptor and a,-adrenoceptor chimeric mutants; o,(TM1-5)/M;(TM6-7) and M;(TM1-5)/a,-(TM6-V7). (b) The use of deletion
mutants to study GPCR dimerisation. The SSTR5 receptor couples to G;-protein and when activated inhibits adenylyl cyclase (AC)
reducing intracellular cyclic AMP levels. The SSTR5 A318 mutant is missing the last 46 amino acids from its C-terminal and does not
couple to G;-protein but still retains agonist binding (SST-14). Co-expression of the dopamine D2 receptor restores the ability of

SST-14 to inhibit adenylyl cyclase.

cyclase (Figure 3.20). The pharmacological of the sst;-D2
heterodimer is discussed later in this chapter.

GPCR homodimerisation

Although there has been an explosion of research into
GPCR dimerisation in recent years, earlier studies
also provided indirect evidence that GPCRs may
exist as dimers or even oligomers. These observations
included data from ligand-binding studies and estimates
of receptor complexes obtained from gel filtration
chromatography.

Despite many Class A GPCRs reportedly forming
homodimers (see Table 3.12), very little is known about
the region(s) of the receptor involved in such interactions.
However, several different experimental approaches have
shown that the hydrophobic TM domains are involved in
Class A GPCR receptor homodimerisation.

GPCR dimers are classified as either: (a) contact dimers
involving interactions which maintain the ligand (L)
binding pocket or (b) domain swapped dimers in which
the two ligand binding pockets are formed by the exchange
of TM domains from each receptor (Figure 3.21). The

specific TM domains responsible vary according to which
GPCR is involved but studies have indicated roles for
TM4-5 (D2 receptor; contact dimers), TM5-6 (histamine
H, receptor; domain swapping dimers) and TM6 for the
p,-adrenoceptor. Complex BiFC studies have revealed
that the o, z-adrenoceptor exists as an oligomer involving
TM domains 1 and 4 (Figure 3.21¢). In some cases GPCRs
dimerise in the response to agonist stimulation, whilst
others exist as constitutive dimers. There are also reports
of agonist-induced monomerisation. Examples of GPCR
homodimers and the consequences of agonist activation
on the levels of homodimer are given in Table 3.12.
Despite the numerous reports that have described
homodimerisation of Class A GPCRs, their existence
and function is still an area of intense debate and con-
tention amongst researchers working in this field. Many
of the reported agonist-mediated changes (both increases
and decreases) in the levels of homodimers have been
observed using FRET or BRET based techniques. How-
ever, the results from these experiments should be treated
with caution since increases or decreases in energy trans-
fer may occur due to changes in receptor conformation
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Table 3.12 GPCR homodimerisation: consequences of
agonist activation.

GPCR Effect of agonist Functional
on the levels of ~ implications of
homodimerisation homodimerisation/

monomerisation
B,-adrenoreceptor Increase Required for G
coupling
Bradykinin B, Increase Not necessary for
cell signalling but
required for
internalisation
Ca**-sensing Increase Ca** activation and
receptor cell signalling
DOR Decrease Agonist-induced
monomerisation.
Needed for
internalisation.
NPY Y, receptor Decrease Activation and
down-regulation?
CCK, Decrease 2
KOR No effect

Muscarinic m3 No effect ?

Abbreviations: CCK; ; cholecystokinin type 1 receptor, DOR;
delta opioid receptor, KOR; kappa opioid receptor, NPY;
neuropeptide Y.

Figure 3.21 Models of Class A GPCR homodimer and
oligomer formation. (a) contact dimers; (b) domain-swapped
dimers; and (c) oligomer formation of the o, -adrenoceptor.

of existing dimers rather than actual changes in the levels
of dimer. For an excellent review discussing this area in
depth see Gurevich and Gurevich, 2008.

There is no doubt that Class C GPCRs exist as
constitutive homo- and heterodimers (discussed in the
next section). Class C GPCRs include metabotropic
glutamate receptors (mGlu, to mGlug), Ca?*-sensing
receptors (CaSR), GABAj receptors and the sweet and
umami taste receptors (T1R1-3). They are characterised
by a large N-terminus which contains a Venus flytrap
(VFT) module and in the case of mGlu and CaSR
receptors, a cysteine-rich domain (CRD) located between
the VFT and the seven TM domains. Class C receptors
form stable dimers via adjacent VFT/VFT interactions
and disulphide (S-S) bonds between cysteine residues
located in the CRD (Figure 3.22).

Members of Class B GPCRs including vasoactive
intestinal peptide receptors (VPAC,, VPAC,), and
CRF, receptor also form homodimers. In addition the
calcitonin and calcitonin receptor-like receptors dimerise
with receptor activity modifying proteins (RAMPs;
discussed in Chapter 11).

GPCR heterodimerisation

Although GPCR homodimerisation generated consid-
erable interest, it is the concept of heterodimerisation
that has captured the imagination of academics and
pharmaceutical companies. To date there are numerous
examples of heterodimers between GPCRs from the same
family, for example k- and 3-opioid receptor dimers.
There are also many reports of functional heterodimers
between GPCRs from different families, for example
both the k- and 3-opioid receptor dimerise with the B,-
adrenoreceptor. Since these heterodimers often exhibit
distinct pharmacological properties, there is substantial
clinical interest in GPCR heterodimerisation as an area
for the development of novel therapeutic drugs. Some key
examples of GPCR heterodimers are given in Table 3.13.
The vast majority of heterodimers have been detected
using co-immunoprecipitation, FRET and BRET based
techniques.

Functional consequences of GPCR
heterodimerisation

It is apparent that GPCR heterodimerisation influences
pharmacology, cell signalling, desensitisation/down-
regulation and cell surface expression (trafficking of
GPCRs from the endoplasmic reticulum). Specific
examples from each of these areas are discussed below.
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<~ VFT
«— CRD
Figure 3.22 Class C GPCR homo- and
heterodimers. (a) The GABAy, and GABA},
+<— CCD receptor heterodimer involves interactions between
adjacent Venus flytrap (VFT) domains located in
COOH COOH the N-terminus and coiled-coil domain (CCD) in
GABAg; GABAg, ) the C-terminus. (b) homodimers for mGlu
(a) Metabotropic mGlus and mGluy receptors  receptors and Ca$ receptors and heterodimers for

Calcium-sensing (CaS) receptors
T1R1, T1R2 and T1R3 (taste receptors)

(b)

Effect on GPCR cell surface expression

Many GPCRs do not reach the cell membrane follow-
ing heterologous expression in model cell lines. This is
illustrated by the G;;,-coupled GABAg receptor which is
a Class C GPCR and when stimulated inhibits adenylyl
cyclase and activates G-protein activated inward recti-
fying K* channels (GIRKs). The GABA receptor was
cloned in 1997 by Kaupmann et al. but when heterolo-
gously expressed it failed to signal properly due to low
levels of expression at the cell surface. The cloning of a
second GABA receptor (the GABAg,) was subsequently
reported, which must be co-expressed with the GABAg,
in order to help it reach the cell surface. This represented
the first example of a GPCR heterodimer. How does the
GABAp, aid GABAy, expression? The GABAy, receptor
contains an endoplasmic reticulum (ER) retention signal
within its C-terminus preventing cell surface expres-
sion. However, the coiled-coil domain of the GABAy,
‘masks’ the ER retention signal allowing the release of
the GABAg;,GABAy, heterodimer from the ER. The traf-
ficking of the GABAy;, GABAy, heterodimer to the cell
surface is summarised in Figure 3.23.

Agonist binding occurs at the GABAjy, receptor,
whereas G-protein coupling is through the GABAg,
receptor (Figure 3.23). These observations partly answer
two important questions about GPCR dimerisation;
i) is agonist binding to both receptor partners (protomer)
in the dimer required for G-protein activation? and
ii) once activated do both receptors in the dimer couple
to a G-protein?

taste receptors involve disulphide bonds between
adjacent cysteine rich domains (CRD) as wells as
VEFT interactions.

Many Class A receptors also fail to reach the cell surface
when expressed in model cell lines including the o, -
adrenoceptor, which requires heterodimerisation with
the o,g-adrenoceptor for transport to the cell surface.
The vast majority of olfactory receptors, which constitute
almost half of all GPCRs in the human genome, also
remain in the ER when heterologously expressed. This
has proved a major obstacle for the study of this large
group of Class A GPCRs.

Effect on GPCR pharmacology

The effect on receptor pharmacology represents one of the
most interesting consequences of GPCR heterodimeri-
sation. Changes in receptor pharmacology may result
from allosteric interactions between the receptor part-
ners. This is certainly the case with the GABAg,/GABA,
heterodimer in which the GABAy, subunit increases the
agonist affinity of the GABAy,. Alternatively, changes in
receptor pharmacology may be a consequence of TM
domain swapping between the monomers of the dimer to
create a novel binding site. Several prominent examples
from the current literature are discussed below.

There are three cloned opioid receptors, delta (3;
DOR), kappa (k; KOR) and mu (p; MOR). The opioid
receptor system modulates several important physiolog-
ical processes including analgesia and the MOR is the
main target for the analgesic effect of morphine. It is
noteworthy that there are more endogenous opioid recep-
tor peptides (for example B-endorphin, met-enkephalin,
Leu-enkephalin and dynorphin) than there are cloned
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Table 3.13 Some key examples of GPCR heterodimers.

Receptor Pair Effect of heterodimerisation

Class A GPCRs from the same family

DOR-KOR Pharmacology and cell
signalling

DOR-MOR Pharmacology and cell
signalling

B,-B, adrenoceptors Pharmacology, signalling,
internalisation

;-0 adrenoceptors Pharmacology, cell surface
expression

CCR2-CXCR4 or CCR5 Signalling, reduction in HIV
infection

Class A GPCRs from different families

sst;-dopamine D2 Pharmacology
3-opioid-f, adrenoceptor Internalisation
Adenosine A, , -dopamine D2 Signalling, internalisation

Angiotensin AT, -B, Signalling
adrenoceptor
Angiotensin AT, -Bradykinin Pharmacology,
B, internalisation
Class C GPCRs
GABA, /GABAg, Required for cell surface
expression
TI1R2-T1R3 Detection of sweet taste
compounds
T1R1-T1R3 Detection of umami taste
compounds
Class A and Class C GPCRs
Adenosine A, R-mglu, Cell signalling

Abbreviations: DOR; delta opioid receptor, KOR; kappa
opioid receptor, MOR, mu opioid receptor, CCR2/CXCR4/
CCRS5, chemokine receptors.

opioid receptor genes. However, pharmacological-based
evidence indicates that there are several subtypes for each
known receptor ([, [y, 8;5 85, Ky, Ky, and k).

The DOR-KOR heterodimer displays distinct pharma-
cological properties when compared to DOR and KOR
homodimers (Levac et al., 2002). Selective DOR and KOR
agonists and antagonists have reduced binding affinities,
whereas nonselective opioid receptor antagonists’ show
increased affinity. The pharmacology of the DOR-KOR
heterodimer is similar to the k, subtype. The DOR-
MOR heterodimer also creates a novel binding site with
reduced affinity for selective synthetic agonists (including
morphine), but increased affinity for endogenous opioid
peptides (endomorphin-1 and Leu-enkephalin).

(c)

Figure 3.23 GPCR heterodimerisation is required for cell
surface expression. (a) The GABAy, receptor is retained in the
endoplasmic reticulum (ER) due the presence of an ER
retention sequence within its C-terminus (red section). (b) The
coiled-coil domain of the GABA, ‘masks’ the ER retention
signal enabling the GABA, ,GABAg, heterodimer to be
released from the ER and expressed at the cell surface (c).

A major problem associated with morphine treatment
for pain relief is the development of opioid tolerance
following chronic use. A large body of evidence indi-
cates that the DOR is involved in the development of
morphine tolerance and that blocking the DOR enhances
MOR analgesia. Bivalent ligands that target the DOR-
MOR heterodimer have been developed and consist of
a MOR agonist linked by a chemical spacer to a DOR
antagonist (Daniels et al., 2005) Such bivalent ligands
may represent a novel strategy for future development of
analgesics without the common side-effects. It is interest-
ing to note that an endogenous bivalent agonist has been
reported, bovine adrenal medulla peptide 22 (BAM22),
which binds to DOR/sensory neuron-specific receptor-4
(SNSR4) heterodimers. Bivalent ligands are also of use
experimentally to confirm the existence of specific GPCR
heterodimers in native tissue.

The opioid receptor family has provided clear
evidence that GPCR heterodimerisation produces
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pharmacologically distinct binding sites. There are
many other examples of Class A GPCRs from the same
family forming heterodimers which have pharmacology
properties different from the individual monomers
(Table 3.13). Dimerisation has also been observed
between GPCRs that are activated by completely
different endogenous ligands, for example, sst;-D2
heterodimers. The binding affinity of the sst; receptor
agonist somatostatin-14 (SST-14) is enhanced by the
D2 receptor agonist quinpirole, but decreased in the
presence of the D2 receptor antagonist sulpiride. Overall,
these observations suggest that conformational changes
induced by dopamine D2 receptor ligands modulate
SST-14 binding.

Effect on GPCR signalling

GPCR heterodimerisation has also been shown to influ-
ence cell signalling pathways including alterations in
G-protein coupling. For example, the DOR-MOR het-
erodimer triggers pertussis toxin-insensitive inhibition
of adenylyl cyclase which suggests coupling to G, pro-
tein. When expressed alone both the MOR and DOR
mediate pertussis toxin-sensitive inhibition of adenylyl
cyclase. With the notable exception of G,-protein, per-

family members. The G,-protein coupled dopamine D1
receptor and the G;-protein coupled dopamine D2 recep-
tor form heterodimers which couple to G, -protein.

Effect on GPCR desensitisation
The majority of GPCRs undergo agonist-induced inter-
nalisation into the cell via endocytosis as part of the
process of desensitisation (see section 3.4). In the case of
GPCR homodimers it is not clear if agonist-occupancy
of both receptor partners is necessary for internalisa-
tion. With heterodimerisation there are many examples
of co-desensitisation which involve the internalisation
of both receptors in the dimer following stimulation
with one partner agonist. Stimulation of the DOR-,-
adrenoceptor heterodimer with the B, agonist isopre-
naline induces DOR internalisation. Similarly, the f,-
adrenoceptor undergoes internalisation when DOR-B,
dimers are stimulated with the opioid agonist etorphine.
This may represent a common mechanism for heterolo-
gous desensitisation of GPCR signalling independent of
receptor phosphorylation. In contrast, ,-adrenoceptors
do not internalise when associated with the KOR (see
Figure 3.24).

Although internalisation plays a major role in

tussis toxin catalyses the ADP-ribosylation of G;;, -protein switching off GPCR signalling it is also required in
(@) Opioid (b) () Opioid
agonists Bo-agonists B,-agonists agonists
|
YV YV
B-AR  DOR B-AR  DOR B-AR  KOR
lEndocytosis 1 Endocytosis
No endocytosis
B-AR  DOR P-AR  DOR
MAPK MAPK

Figure 3.24 GPCR heterodimers regulate receptor internalisation and cell signalling. (a) The B,-adrenoceptor undergoes
internalisation when DOR-B, dimers are stimulated with the opioid agonists. (b) The DOR internalises when DOR-f, dimers are
stimulated with §, agonists. In both cases B,-adrenoceptor internalisation is required for the activation of the mitogen-activated
protein kinase (MAPK) pathway by 8, agonists. (c) KOR-B, dimers do not internalise when challenged with f, or opioid agonists
and indeed KOR expression reduces f,-adrenoceptor stimulation of MAPK.
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certain cases for the activation of GPCR signalling. For
example B,-adrenoceptor internalisation is necessary for
the activation of the mitogen-activated protein kinase
(MAPK) pathway by B, agonists, which is reduced in cells
co-expressing the KOR. Hence GPCR heterodimerisation
represents a novel mechanism of regulating receptor
signalling.

The above examples clearly illustrate how GPCR het-
erodimerisation can influence GPCR pharmacology and
cell signalling. As such targeting GPCR heterodimers with
bivalent ligands represents an intriguing and exciting tar-
get for future drug design (Kent et al., 2007; Bergue-Bestel
et al., 2008).

Clinical and pathophysiological relevance
of GPCR heterodimerisation

Since GPCRs are the target of >30% of all pharmaceutical
drugsis there any evidence that GPCR heterodimerisation
has clinical significance? As already discussed targeting the
MOR-DOR heterodimer with bivalent ligands may prove
useful for the treatment of pain (Dietis et al., 2009).

The clinical relevance of GPCR heterodimerisation is
also illustrated by elegant studies on chemokine recep-
tors. Chemokines belong to the cytokine peptide family of
ligands and are involved in the recruitment and activation
of white blood cells including CD4" T-lymphocytes. Two
chemokine receptors, CXCR4 and CCRS5, function as
co-receptors for the entry of HIV into cells and both
form heterodimers with the CCR2 chemokine receptor.
Interestingly a single nucleotide polymorphism in CCR2,
which is linked with a decrease in AIDS progression,
increases CCR2/CCR5 and CCR2/CXCR4 heterodimeri-
sation. Hence the ability of CCR2 to form heterodimers
with CCR5 and/or CXCR4 appears to be of clinical sig-
nificance with regards to HIV infection. Promoting the
formation of such heterodimers by using chemokine
receptor agonists or antibodies may be of use in the
treatment of HIV infection.

The first report linking GPCR heterodimerisation with
the pathogenesis of a human disorder appeared in 2001.
It was noted that the levels of heterodimers between the
angiotensin AT, receptor and the bradykinin B, recep-
tor increased in pre-eclamptic pregnancies compared to
normotensive pregnancies. The increased levels of the
AT,-B, heterodimer resulted in an increased response
to the vasopressor angiotensin II causing an increase in
blood pressure and hence hypertension. These examples
highlight the importance of GPCR heterodimers in poten-
tially modulating disease progression and also as distinct
therapeutic targets.

3.11 GPCR splice variants

The protein coding regions of many eukaryotic genes
(generally referred to as exons) are often interrupted by
sequences of noncoding DNA called introns. Genomic
DNA is transcribed into precursor RNA (containing both
introns and exons) which then undergoes RNA splicing to
remove the introns. RNA splicing can also result in differ-
ent combinations of exons being spliced together through
a process known as alternative splicing. In some cases
RNA splicing results in specific introns being retained
in the mature mRNA (intron retention) and thus cod-
ing for additional protein sequence (Figure 3.25). These
post-transcriptional modifications involve a specialised
complex of proteins and RNA termed the spliceosome
which recognises specific sequences at the exon-intron
border. It is highly regulated process and is often cell
and/or tissue specific.

The occurrence of spice variants in GPCRs was first
reported for the dopamine D2 receptor in 1989. Excluding
olfactory receptors bioinformatic analysis of the human
genome has revealed that 52% of GPCRs contain at least
two exons in their open reading frame, indicative of an
intron and hence the possibility of splice variants. How-
ever, the presence of introns within a GPCR gene does
not always produce a splice variant(s). For reviews GPCR
splice variants see Kilpatrick et al. (1999), Minneman
(2001) and Markovic and Challiss (2009).

The majority of GPCR splice variants occur within
the C-terminal tail and third intracellular loops and
as such are likely to influence G-protein coupling and
downstream effector activation. Some splice variants are
species-specific which has important implications when
comparing pharmacological data across different species.
Furthermore, some GPCR splice variants are differentially
distributed which suggests distinct physiological roles for
certain isoforms.

Influence of splice variants on GPCR
function

It is apparent that GPCR splice variants influence
pharmacology, cell signalling, constitutive activity and
desensitisation/down-regulation. Specific examples from
each of these areas are discussed.

Effect on ligand binding

Ligand binding to the vast majority of Class A GPCRs
involves the seven TM spanning domains. At present
splice variants within the seven TM regions are unusual.
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Figure 3.25 Generation of splice variants from a hypothetical gene containing five exons

(el-e5) and four introns (i1-i4).

However, there are examples of N-terminus and
C-terminus GPCR splice variants that do exhibit
differences in agonist and antagonist binding.

Effect on cell signalling: activation of different
pathways

Splice variants can have dramatic effects on the cell sig-
nalling pathways activated by the receptor. One of the first
reports showing the influence of splice variants on GPCR-
mediated cell signalling involved the rat PAC, receptor,
which is stimulated by the neuropeptide pituitary adeny-
late cyclase-activating polypeptide (PACAP) and couples
toboth G, and G,-proteins. Spengler etal. (1993) reported
the existence of five splice variants within the third intra-
cellular loop of the rat PAC, receptor which regulate
adenylyl cyclase and phospholipase C differently. Four of
the splice variants activated both adenylyl cyclase (G,)
and phospholipase C (G, ), whereas one variant only acti-
vated adenylyl cyclase. An additional rat PAC, receptor
splice variant which differs from the wild-type receptor in
TM4 does not activate adenylyl cyclase or phospholipase
C. However it does stimulate increases in intracellular
[Ca"], by activating voltage-gated Ca®* channels.

Alternative splicing of the calcitonin receptor generates
a splice variant with a 14 amino acid deletion in TM7.
The shorter form of the receptor couples to cyclic AMP
production but not inositol phosphate accumulation. In
contrast the longer form of the receptor stimulates both
cyclic AMP production and inositol phosphate accumu-
lation. These intriguing examples suggest that alternative
splicing of GPCRs represents a mechanism for modulating
G-protein coupling.

Effect on G-protein coupling efficiency

Changes in GPCR coupling efficiency are usually asso-
ciated with variations in the intracellular domains of
GPCRs. The majority of reported cases involving changes
in coupling efficiency can be explained by changes in
the affinity of ligands for the receptor. However, there
are examples of splice variants which do not alter ago-
nist/antagonist binding but do influence the coupling
of receptors to G-proteins and hence effector proteins
(adenylyl cyclase, phospholipase C, ion channels etc.).
These can be classified into three groups.

Coupling to cell signalling pathways is abolished
There are some GPCR splice variants which no longer
couple to heterotrimeric G-proteins. A splice variant of
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Figure 3.26 GPCR splice variants influence G-protein coupling and constitutive activity. (a) A splice variant of the adenosine A,
receptor (Ay;) displays reduced ability to inhibition forskolin-stimulated cyclic AMP accumulation. See text for more detail. Data
adapted from Sajjadi FG et al. (1996) FEBS Letts 382: 125-129. (b) The mGluR,, receptor splice variant, which has a long C-terminus,
is constitutively active when compared to mGlu, . variants which have a short C-terminus. The constitutive activity of the mGIuR
is regulated by Homer 3 which promotes R" formation. The graph shows basal inositol phosphate accumulation in the absence
(basal) and presence of the agonist glutamate. Data adapted from Prézeau L et al. (1996) Molecular Pharmacology 49: 422-429.

the neuropeptide Y (NPY) Y, receptor (termed Y, -beta),
which lacks part of TM7 and has no C-terminal tail, does
not couple to any of the second messenger systems tested
(inhibition of adenylyl cyclase, release of intracellular
Ca®" release or stimulation of mitogen-activated protein
kinase) when compared to the NPY,-alpha form of the
receptor. The question then arises of what is the function
of the Y, -beta isoform which still binds NPY? It is possible
that the apparent inactive version of the NPY, receptor is
used to remove NPY from the extracellular environment
and in doing so modulate the levels of this important
neurotransmitter.

Coupling is maintained but efficiency

is reduced

There are examples of splice variants which modify the
efficiency of coupling to second messenger pathways. A
splice variant of the rat A; adenosine receptor (Aj;), which

has a 17 amino acid insertion in the second intracellular
loop, couples poorly to G, -proteins when compared to
the receptor without the insert (Figure 3.26a; highlighted
in red). As illustrated in Figure 3.26a, the selective A
adenosine receptor agonist I-ABA produced less inhi-
bition of forskolin-induced cyclic AMP accumulation
in cells expressing the A; splice variant indicating less
efficient coupling to G;;,-proteins.

Similarly, four splice variants of the human PAC,
receptor have been identified which differ in their maxi-
mal response for inositol phosphate accumulation. Thus
although the EC;, value for the agonist PACAP-38 is sim-
ilar for each variant the maximal response (efficacy) varies
significantly. The EC;,, represents the molar concentra-
tion of an agonist which produces 50% of the maximum
possible response for that agonist. These examples indi-
cate that splice variants of GPCRs represent a mechanism
for fine-tuning the level of GPCR coupling to G-proteins.
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Influence on GPCR constitutive activity

There are a number of reports describing differences in
constitutive activity arising from splice variants located
within the C-terminal. An alternatively spliced variant
of the mGluR, (termed mGluR,,), which has a long C-
terminus, displays higher levels of constitutive activity
compared to the short mGluR,; and mGluR,_ variants.
When heterologously expressed the mGIuR,, generates
a high basal level of inositol phosphate accumulation
which is independent of agonist binding (Figure 3.26b).
In contrast, expression of mGluR,, and mGluR,_ pro-
duces basal inositol phosphate levels that are similar to
untransfected (mock) cells. The constitutive activity of
the mGluR,, is regulated by Homer 3 (a GPCR inter-
acting protein; see later) which interacts with the homer
binding sequence found within long C-terminus and pro-
motes the active R” conformation independent of agonist
binding (Figure 3.26b).

Similar observations have been reported for splice vari-
ants of the G;,,-protein linked prostanoid EP; receptor.
The EP;, variant is constitutively active and shows high
levels of adenylyl cyclase inhibition in the absence of
agonist, whereas the EP;; isoform shows no agonist-
independent activity. Two splice variants of the 5-HT,
receptor, with short C-terminal sequences (5-HT,,) and
5-HT, ), display higher levels of constitutive activity
when compared to a variant with a long C-terminal (5-
HT,(,)). These examples illustrate that splice variants can
modify the constitutive activity of G- (mGluR, vari-
ants), G;- (EP; receptor variants) and G,-protein (5-HT,
receptor variants) coupled receptors.

Influence of splice variants on GPCR desensitisation
GPCRs interact with a host of other proteins called GPCR
interacting proteins (GIP). They are involved in the mod-
ulation of GPCR signalling, the targeting of GPCRs to the
correct subcellular compartment, the regulation of GPCR
trafficking to the plasma membrane, receptor desensitisa-
tion/resensitisation and the formation of GPCR signalling
complexes. The topic of GIPs will be expanded in Chapter
11. Some of these proteins are transmembrane proteins
and include other GPCRs (dimerisation), ion channels,
and single transmembrane proteins (e.g. RAMPs). How-
ever, the vast majority of GIPs are soluble cytoplasmic
proteins that predominantly interact with the C-terminal
tail. PDZ domain containing proteins are the most com-
mon GIP and they usually interact with the extreme end of
the C-terminus (typically the last 3—4 amino acids). PDZ
domains obtained their name from the repeat sequences

first identified in three separate proteins: Post synaptic
density (PSD) protein PSD-95, Discs large protein and
tight junction protein ZO-1. PDZ proteins are involved
in protein trafficking and scaffolding multi-protein com-
plexes. There are three classes of consensus PDZ binding
motifs; class I (S/TxQ; @ represents a hydrophobic amino
acid and x any amino acid), class II (@x@) and class
III (E/Dx@). For comprehensive reviews on GIPs see
Bockaert et al. (2004) and Bockaert (2010).

Some PDZ proteins modulate receptor endocytosis
(internalisation) whilst others influence recycling back
to the plasma membrane. Hence the kinetics of GPCR
desensitisation and re-sensitisation may be ‘fine-tuned’
depending on the type of PDZ protein interacting with
the C-terminal.

Several C-terminal splice variants of GPCRs display
differences in desensitisation. For example C-terminal
spliced variants of the p-opioid receptor (MORI and
MORIB) and mGluR; (mGluR;, and mGIuR,;,) exhibit
different rates of internalisation. In both cases the shorter
receptor variants (MOR1B and mGluR, ) show a greater
loss from the cell surface following prolonged agonist
exposure. These differences may reflect the selective
binding of GIPs involved in receptor desensitisation/re-
sensitisation to specific splice variants.

Proteomic experiments using a combination of
peptide-affinity  chromatography,
electrophoresis and mass spectrometry identified 13
GIPS (predominantly PDZ proteins) that interact
with mouse 5-HT,,, and 5-HT,,, splice variants
(Figure 3.27). Ten of these proteins interact solely
with the 5-HT,, variant including sorting nexin
(SNX27) which is involved in escorting the 5-HTy,
to early endosomes for desensitisation. The 5-HT,,
receptor also interacts with NHERF (Na*/H* exchanger
regulator factor) and this is responsible for trafficking
the receptor to microvilli, which is consistent with its
role in cytoskeleton remodelling. The 5-HT,,, does not
contain a PDZ protein binding domain and is not located
at microvilli. These observations highlight how GPCR
splice variants regulate receptor subcellular localisation
and possibly rates of receptor desensitisation.

two-dimensional

Clinical and pathophysiological relevance
of GPCR splice variants

A number of reports link specific GPCR splice variants
with the development or progression of a pathophys-
iological condition. For example an alternative spliced
isoform of the CCKj, receptor has been implicated in the
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Figure 3.27 Proteins interacting with the C-terminus of 5-HT receptor splice variants. The schematic representation shows the
C-terminal amino acid sequences (single letter codes) for the mouse 5-HT,,), 5-HT ;) and 5-HT, . receptor splice variants. The
5-HT,,) and 5-HT,,, variants both contain a PDZ binding domain sequence (highlighted) in their C-terminus, whereas 5-HT,,
does not. Synthetic peptides based upon the C-terminal sequences were used as baits for peptide affinity chromatography isolation of
interacting proteins. Proteomic analysis has identified a number of PDZ proteins which differentially interact with these
PDZ-containing variants. This may provide a basis for splice variants of the same receptor exhibiting different rates of desensitisation,
cell signalling properties and sub-cellular location. iNOS; inducible nitric oxide synthetase. Figure adapted with permission from

Joubert L et al. (2004) Journal of Cell Science 117: 5367-5379.

development and progression of colon cancer. Certain
splice variants of the dopamine D3 receptor have been
linked to schizophrenia. In the future these differences
may be exploited pharmaceutically with the develop-
ment splice variant specific ligands especially for isoforms
which display distinct pharmacological properties and
differential tissue distribution.

3.12 Summary

Drugs that target GPCRs represent a significant propor-
tion of the current pharmaceutical market and generate
annual revenues estimated to be in excess of £25 bil-
lion. Although the human GPCR genome contains more
than 800 members only approximately 30 GPCRs are
currently exploited as drug targets. The challenge for
future drug development will be not only to exploit
newly discovered GPCR family members but also to
make use of the exciting developments and discoveries in

the field of GPCR biology that have been described in this
chapter.
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4.1 Introduction

Ion channels allow the passage of ions and other small
substances through membranes. Their opening and clos-
ing can be regulated by changes in the charge (voltage)
across the membrane or the binding of a ligand.

A comparison between the structure of the different
ion channel subunits has revealed a remarkably simi-
lar basic topology (see Figure 4.1). If we start with the
voltage-gated K* channel (K, ). It comprises of six trans-
membrane segments (TMS) of which two line the pore
(TMS;_¢) and one is a voltage sensor (TMS,). These six
TMS form a transmembrane domain (TMD). Variations
of this TMD are found in many other types of ion channel
receptors (e.g. BK,, SK¢,, HCN, CNG, TRP, catSper).
During evolution this TMD has undergone two dupli-
cation events. This first has given rise to the two pore
channels (TPC) and the second to voltage-gated Na* and
Ca*" channels (Na, and Ca,). Interestingly all of these
receptors function with a total of 24 TMS, that is those
with a single TMD form tetramers, those with two TMD
form dimers and those with four TMD are monomers.

Another duplication event also occurred in one of
these single TMD (six TMS) channels. Except this time
the terminal TMS; , were duplicated giving rise to the
outwardly rectifying K* ion channel subunits (e.g. YORK,
TOK1). Rather than requiring 24 TMS for activity these

4.4 Ligand-gated ion channels 109
4.5 Summary 125
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ion channels contain only 16 TMS. This is because like
the aforementioned voltage-gated ion channels, its pore
is composed of eight TMS and hence the subunits need
only to dimerise for functionality. There is some debate
in the literature as to whether TMS, of some members
of this family still has voltage sensitivity (Lesage et al.,
1996) raising the possibility that this function has been
lost during evolution.

The inwardly rectifying K* channels (K;,) subunits only
have two TMS that appear to be similar to TMS, ¢ of the
voltage-gated ion channels mentioned above. Whether
they evolved from each other is difficult to determine.
They are similar to the outwardly rectifying K* ion chan-
nel subunits in that eight TMS are required and hence a
tetrametric structure is needed for activity. Two-pore K*
channels (K,p) are closely related to K;, channels in that
they have their two TMS that appear to be duplicated to
give a subunit with four TMS. Two subunits combine to
yield a channel with eight TMS.

Subunits for the acid sensing ion channels (ASIC) and
endothelial Na* channel (ENaC) appear to be very similar
to the K, channels except the re-entrant loop between
each TMS has expanded into a large extracellular loop.
In addition, three subunits rather than four as in K;, are
required for functionality. This is also true for the ligand-
gated P2X family suggesting that it is closely related in
evolutionary terms to ASIC and ENaC.

Molecular Pharmacology: From DNA to Drug Discovery, First Edition. John Dickenson, Fiona Freeman, Chris Lloyd Mills,
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Figure 4.1 Topology of different members of the ion channel family. The ligand-gated ion channels (cys-loop, i glutamate and P2X)
consist of TMS that forms the pore (orange) and other TMS (green). The voltage gate ion channels are depicted with the TMS pore
forming domains (blue), voltage sensing TMS (red) and other TMS (turquoise). Full arrows indicate a possible evolution link
between different classes of ion channels whereas dashed arrows are suggestive of a more tenuous evolutionary link. BK,,
Ca?"-activated K* channels with big conductances; SKc,» Ca?*-activated K* channels with small conductances; HCN,
hyperpolarisation-activated cyclic nucleotide-gated channels; CNG, cyclic nucleotide-gated channel; CIC, chloride selective ion
channel; TRP, transient receptor potential channels; catSper, cation channels in sperm; TPC, two pore channels; Na,, voltage-gated
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All of the ligand-gate ion channels assemble as either
trimers (P2X), tetramers (i glutamate) or pentamers (cys-
loop) with TMS, forming the pore which is suggestive
of a common ancestor. However, TMS,’s structure in
members of the i glutamate family is a re-entrant loop
and similar to that found in IP; and RyR receptors as
well as K, channels, which implies that this ligand-gated
ion channel evolved from voltage gated ion channels.
Whether IP; and RyR receptors and i glutamate receptors
evolved independently is unclear.

The aquaporin subunit is interesting as it contains three
TMS (two of which are similar to the classic TMS pore
forming domain) that appears to have been duplicated
and inverted during evolution. Even though each subunit
contains four TMS that form their own water channel,
four subunits oligermerising are needed for function. This
four-pore structure may reflect the channel’s need for the
bulk movement of water. The connexins have also broken
away from ‘tradition’ because six subunits oligermise to
form a hemi-channel, which might serve to expand the
pore size for the relatively large cargo transported by gap
junctions. They also appear to have lost the classic TMS;_¢
pore lining domain. Since this domain has a re-entrant
loop between each TMS that confers ion selectivity upon
the channel its omission may reflect the large and diverse
cargo that passes through. There is an a-helix structure at
the subunits amino terminal that can serve as a gate and
in some isoforms has voltage sensitivity.

Like the aquaporins, chloride selective ion channels
(CICs) have an inverted repeat structural topology
(see Figure 4.23). Both types of ion channels require
more than one subunit for functionality with each
subunit forming its own pore. That is, aquaporins have
four separate ion channels and CICs have two. Like
all voltage-sensitive ion channels, CICs have a classic
re-entrant loop that helps form the pore and plays a role
in ion selectivity. The inverted repeat structural topology
of CICs is reminiscent of transporters (see Chapter 5).
Until recently all members of the CIC family were
considered to be classic ion channels, in that they permit
the flow of ions through a membrane spanning pore.
However, several members have now been shown to act
as H/Cl™ transporters. In fact, point mutation studies
have shown that the substrate biding pocket of some of
these H"/Cl™ transporters can essentially be converted
into a Cl selective ion channel that completely traverses
the membrane. This is indicative of an evolutionary link
between transporters and ion channels (Accardia and
Alessandra, 2010) and is perhaps unsurprising given that

they both serve to facilitate the movement of ions and
small molecules across biological membranes.

4.2 Voltage-gated ion channels

Ion channels are proteins that contain a pore for the
passage of ions across membranes. Opening and closing
of the pore, otherwise known as gating, can be controlled
by a number of different factors. This includes binding
of ligands such as neurotransmitters (ligand-gated ion
channels; LGIC) which are discussed later in this chapter.
Some ion channels can be ‘stretched’ open, a type of K*
ion channel in cochlear hair cells being an example of this.
These receptors detect changes in sound wave pressures
which results in their channel being physically ‘stretched’
open. The opening and closing of various ion channels
can be elicited by certain chemical modifications such as
phosphorylation whilst a number of ion channel types are
sensitive to changes in the membrane potential. In this
section we shall concentrate on these latter types of ion
channels which are also known as voltage-gated receptors;
basically they detect changes in the local electrochemical
gradient across membranes which is measured in volts
hence their name.

Generation of membrane potential
In Chapter 11 we will see how membranes can parti-
tion cellular compartments. Membranes in most living
cells are polarised, that is, they have an uneven distri-
bution of ions and hence charge across them. Normally
there is a higher concentration of Na*, Ca’* and CI°
ions outside and K* ions inside the cell because these
ions cannot usually diffuse freely across membranes. This
electrochemical concentration gradient develops because
a number of transporters (see Chapter 5) actually pump
these ions in or out of the cell against their concentra-
tion gradient. This distribution of charge is known as
the membrane potential (V) and its value can change
depending upon membrane permeability. Ion channels
embedded in the membrane can open, allowing these
ions to diffuse across the membrane, down their con-
centration gradient. However, ions have charge (valency)
which creates an electrostatic (electrogenic) pull or repul-
sion that can either facilitate or hinder diffusion. This
means that there will be no net movement of ions across
a membrane when the diffusion charge equals the elec-
trostatic pull. When this occurs the difference in charge
(potential difference) across the membrane is known as
the equilibrium potential (E) for that particular ion (E

ion’
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(a) 10 mM K* 0 mM K* (b)
(c) 10 mM K*CI- 0 mM K*CI- (d)
@ Kion

«Cl*ion 8 K*channel closed [ K*channel open —3= diffusion gradient

5 mM K* 5 mM K*

8 mM K*/10 mM CI~ 2mMK*

~— electrogenic pull

Figure 4.2 Diagram illustrating the effect of electrogenic pull on the diffusion gradient. (a) K* ions are unable to cross the membrane
because K" channels are closed. (b) Opening of K* channels allows K* ions to diffuse down their concentration gradient into the
other chamber until the concentration on both sides of the membrane are the same. (¢) When KCl is introduced into the first
chamber it dissociates into its components; K* and Cl ions. (d) K* channels open so K* ions diffuse into the other chamber.
However, Cl™ ions remain in the first chamber resulting in a higher concentration of negative charge. This charge attracts the positive
charge K* ions (electrogenic pull) preventing some K* ions diffusing down its gradient into the second chamber so that the
concentration of K* ions in each chamber will never be equal. The resultant difference in charge distribution across the membrane
gives rise to the equilibrium potential (e) for K* (E) which is measured in volts. In reality, biological membranes have a number of
different ions so the membrane potential (V) will depend upon the E,  of all the ion species present.

see Figure 4.2). The E, , for each ion species can be used
to calculate the V.

Ions, like all charged particles, create an electric
field. Since membranes are relatively thin (~100
A =0.1x10"%cm) the electric field due to 0.1V would
create an electric field of 1,000,000,000V cm™!. This
property is important in the activity of voltage-gated ion
channels where changes in the V, value are detected and
used to open or close the channels.

Structure of voltage-gated ion channels
Voltage-gated ion channels consist of four TMD, with
each subunit containing six trans-membrane segments

(TMS). As illustrated in Figure 4.3, the first four TMS are
thought to act as the voltage sensor and the last two form
the central ion pore. The loop between TMS; and TMS;
acts as a selectivity filter and determines which ion or ions
can enter the pore (e.g. Na*, K* or Ca*). TMS, has a
three amino acid residue motif that is repeated between
four and seven times. This motif contains a positively
charged amino acid (usually arginine) followed by two
hydrophobic amino acid residues. Mutagenesis studies
have identified that four of the arginine residues are
crucial for channel opening. Basically they interact with
negative charges on the other TMS. The application of a
strong electric field which is produced by the resting V
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Figure 4.3 Proposed mechanisms of voltage-gated ion channel opening and closing. In both models positive charged arginine
residues in TMS, interact with negative charges in TMS, and TMS;. The electric field affects this interaction. Low electric fields are
seen during membrane depolarisation and result in TMS, moving through the membrane so that it pulls on the pore forming
domains, TMS; 4, which move away from adjacent TMS; ; of the other subunits thereby facilitating pore opening. The loop between
TMS, and TMS; serves as a selectivity filter for determining which ions can enter and transverse the pore. At resting membrane
potentials, the electric field is higher and this causes TMS, to move downwards resulting in pore closure due to TMS; ¢ of each
subunit being closer and their carboxyl terminuses forming a gate. How TMS, moves in the membrane is under debate with two
mechanisms proposed. In the sliding helical model, TMS, rotates like a cork screw up and down in the plane of the membrane, but in
the paddle model TMS, moves adjacent to the plane of the membrane. Voltage-gated ion channels are composed of four TMD but

for clarity only two TMD are shown.

can enhance these interactions and prevent the pore from
opening. But during depolarisation, when the electric
field decreases, this electrostatic force is released allowing
the pore to open. There is considerable debate in the
literature as to how the TMS interact to form a functional
ion channel. These include: the ‘paddle model’ which has
the TMS, moving away from the pore subunits thereby
allowing the channels to open, or the ‘sliding helical
model’ where TMS, rotates according to the electric field
enabling the channels to open or close. (Catterall, 2010;
Francisco, 2005; Payandeh et al., 2011). Never the less,
mutations in the critical arginine residues in TMS, or the
negatively charged residues that they interact with can
have profound effects on receptor function.

Voltage-gated ion channels in health

and disease

The major types of voltage-gated ion channels can be
classified according to the ion(s) that they conduct
(Table 4.1). The voltage-gated Na®, K* and Ca’?" ion
channels are primarily regulated by membrane depo-
larisation. Some members of this family are included
due to the presence of the voltage-sensing TMS, ,. This
means that although their primary activator is ligand
binding, certain members have the potential to be mod-
ulated by changes in membrane potential. For example,
hyperpolarisation-activated cyclic nucleotide-gated chan-
nels (HCN) are sensitive to cyclic AMP or cyclic GMP
binding but can also open in response to hyperpolarising
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Table 4.1 Voltage-gated ion channel members.

Name Ton(s) Examples
voltage-gated calcium channels Ch Ca,l1.1- Ca 3.3
voltage-gated sodium channels Na* Na, 1.1 -Na,1.9
voltage-gated potassium channels K* K,1.1-K,12.3
calcium-activated potassium channels " Kg1.1- K¢, 5.1
catSper and two-pore channels Ch? CatSperl - CatSper4

TPC1 - TPC4
inwardly rectifying potassium channels K* K, 11-K, 7.1
two-pore potassium channels K* RS ISR RIS
cyclic nucleotide-regulated channels Ca**, Nat, K* CNGALI - CNGB3

HCNI - HCN4
transient receptor potential channels Ca%*, Nat, K* TRPA1

TRPCI1 - TRPC7
TRPM1 - TRPMS8
TRPMLI - TRPML3
TRPP1 - TRPP3
TRPV1 - TRPV6

Table 4.2 Families of conotoxins that target voltage-gated
ion channels.

voltage-gated ion channels. Conotoxins have the ability to
discriminate between closely related isoforms of receptors

and their activational states. This specificity means that
certain conotoxins have proved useful in the treatment of
conditions, such as chronic pain, with minimum nonspe-
cific effects. However, some conotoxins are too toxic for
use or they are rapidly inactivated by peptidases in vivo.
This has led to the development of conotoxin-derived
drugs that are less toxic and more stable (Raffa, 2010).

Superfamily ~ Family Channel modulation

A kA-Conotoxins  K* channel inhibitor

I L-Conotoxins Na* channel agonist
kI-Conotoxins K* channel inhibitor

] kJ-Conotoxins K* channel inhibitor

M -Conotoxins Na* channel inhibitor
kM-Conotoxins ~ K* channel inhibitor
pnO-Conotoxins  Na* channel inhibitor

O w-Conotoxins Ca’* channel inhibitor
k-Conotoxins K* channel inhibitor
3-Conotoxins Na' channel inactivation

inhibitor
T T1-Conotoxins  Na' channel inhibitor

membrane potentials. Many of these channels are asso-
ciated with human disease particularly neuronal and
muscular pathologies.

The venoms of cone sea snails, conotoxins, have proved
invaluable tools for dissecting the roles of various voltage-
gated ion channels in health and disease. Table 4.2 shows
the six super-families of conotoxins that specifically target

Voltage-gated ion channels and
neurotransmission

The three main ions transported by voltage-gated ion
channels are Na', K* and Ca®', and their role in
neurotransmission has been studied extensively. Voltage-
gated Na* (Na,) and K* (K,) channels playing impor-
tant roles in action potential propagation along the
axon/dendrite and pre-synaptically located voltage-gated
Ca?* channels (Ca,) can indirectly control neurotrans-
mitter release. Figure 4.5 illustrates how an action poten-
tial travels down the axon, activating Na, and K, channels
until it reaches the Ca, channels located in the presynap-
tic bouton. All three types of ion channels are activated
by membrane depolarisation around their locality; Na,
and K, channel opening cause membrane depolarisation
which activates Ca, channels. The influx of Ca?* jons into
the presynaptic neurone initiates a chain of events that
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leads to neurotransmitter release. The neurotransmitter
can then diffuse across the synaptic left and activate its
cognate receptor in the post-synaptic cell. If the receptor is
involved in excitatory neurotransmission it will cause the
post-synaptic membrane to depolarise which is detected
by Na, and K|, channels in the dendrite. The whole cycle
starts again with an action potential passing down the den-
drite to the axon and subsequent neurotransmitter release
at the next synapse. The resting V_ is restored by the
action of the Na*/K" (Figure 4.4) and Ca**/Na* pumps.
The opening, duration of opening and closing of voltage-
gated ion channels in neurones can be manipulated to a
degree. The best studied example is w-conotoxins which
inhibits N-type Ca** channels (Ca,2.2).

Voltage-gated ion channels

and muscle contraction

Striated muscle such as skeletal and cardiac contains
myofibrils that are enveloped by a plasma membrane
known as the sarcolemma. This plasma membrane invagi-
nates into the muscle via T-(transverse) tubules. Sand-
wiched between these T-tubules, in a triad arrangement,
is the sarcoplasmic reticulum (SR) where Ca’" ions are
stored. Usually skeletal muscle contraction is initiated
by stimulating a motor nerve that drives activity in the
muscle. An action potential is generated in the nerve and
neurotransmitter released as described in the previous
section (Figure 4.6). However, the interface between this
neurone and the skeletal muscle is called the neuromus-
cular junction rather than a synapse. Acetylcholine is
the major neurotransmitter involved in neuromuscular
transmission and activation of nicotinic receptors on the
plasma membrane results in Na* ion influx and K™ ion
efflux (see section 4.2) causing the plasma membrane to
depolarise. The ‘wave’ of depolarisation is propagated to
the T-tubules and is detected by voltage sensitive L-type
Ca*" channels (also known as voltage-operated calcium
channels; VOCC) within their membrane. These slow
opening L-type Ca>* channels are also called DHP chan-
nels due to their sensitivity to dihydropyridines such as
verapamil and nifedipine. They are arranged in groups of
four (tetrads) in the plasma membrane. Depolarisation
of the T-tubule membrane causes these channels to open
as well as enabling the tetrads to interact with, and acti-
vate, a Ca>* channel located on the SR membrane. These
Ca*" channels are also known as ryanodine receptors
(RyR) because of their sensitivity to the plant alkaloid,
ryanodine. Ca®" ions are rapidly released from the SR via
RyRs, and interact with the excitation-contraction cou-
pling machinery to illicit muscle contraction. The RyR can

also be activated by increases in the local concentration
of Ca?" ions due to the opening of the L-type Ca** chan-
nels; a mechanism known as Ca?*-induced Ca®* release
(CICR) (Snyders, 1999).

In skeletal muscle, CICR is not important for muscle
contraction. However, in cardiac muscle, CICR plays
an important role in controlling cardiac output. This
is because Ca’" ions entry from the lumen of the T-
tubules plays a role in activation of cardiac RyR through
CICR; whereas in skeletal muscle, depolarisation of the
T-luminal membrane alone is sufficient for activation
of the L-type channels and its interaction with, and
activation of, the RyR. Since RyRs stays open longer
than the L-type Ca** channels they are active for far
longer and hence can make more of a contribution
to the increase in intracellular Ca*" ions necessary for
excitation-contraction coupling.

Smooth muscle has caveoli rather than T-tubules (see
Figure 4.7). There is evidence suggesting that L-type
Ca*" channels located in the caveoli membrane can
either directly interact with RyRs on the SR to cause
release of Ca®" ions from the SR or mediate their activa-
tion by increasing the local intracellular Ca?" ion levels
and thereby facilitate CICR. However, the structure of
smooth muscle is not as regimented as striated muscle so
that L-type Ca?" channels and RyR interaction is greatly
reduced and likely only to play a minor role in excitation-
contraction coupling. The L-type Ca®* channels do not
have the ability to increase intracellular concentration
by themselves because the extracellular concentration of
Ca’* ions is insufficient. It appears that the IP; receptor
(which is another SR located Ca?" channel) plays a greater
role in smooth muscle contraction.

Voltage-gated Ca2* channels

Typical of voltage-gated ion channels, the voltage-gated
Ca®" channels (Ca,) are composed of four domains, each
of which contain a voltage sensor (TMS,_,) and pore
forming region (TMS; (). A glutamate motif (EEEE) in
the selectivity filter confers Ca®" ion selectivity upon
these channels. Ca, are composed of al, a2, B, 3, and
y subunits (see Figure 4.9). The a2, B, & and y sub-
units are accessory proteins that modulate activity of the
al subunit. The al subunit is responsible for channel
gating and many pharmacological properties of these
channels. These ion channels can be classified according
to their Ca*" ion conductance because pharmacologi-
cal and electrophysiological studies have identified six
different voltage-gate Ca®* currents: L (long-lasting), N
(neuronal), P (Purkinje), Q (granule cell), T (transient)
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Table 4.3 Physiology and pathologies associated with voltage-gated Ca*" ion channels.

Ca?* current al subunit Location

Function

Pathologies

I, Ca,l.1 Skeletal muscle EC-coupling Hypokalaemia associated
CREB activity muscle weakness
Ca,1.2 Cardiac and smooth muscle EC-coupling Hypotension
Neuronal soma and dendrites Endocrine secretion Cardiac arrhythmia
Activation of 2"¢ messenger Developmental abnormalities
pathways Autism
Regulation of enzyme activity
CREB activity
Ca,l1.3 Cardiac tissue (e.g. sino arterial ~ Regulate heart rate Cardiac arrhythmias
node) Endocrine secretion Parkinson’s disease
Neuronal soma and dendrites neurotransmission
Ca,l.4 Retina Visual transduction Night blindness
P/Q Ca 2.1 Presynaptic bouton Dendrites ~ Neurotransmitter release Migraine
Ataxia
Epilepsy
N Ca 2.2 Presynaptic bouton Neurotransmitter release Pain
Dendrites
R Ca 2.3 Presynaptic bouton Neurotransmitter release Pain
Dendrites Epilepsy
T Ca,3.1 Cardiac myocytes Pace-making and Epilepsy
Brain Repetitive firing Hypertension
Sleep disorder
Ca 3.2 Cardiac myocytes Pace-making Sleep disorder
Brain Repetitive firing Epilepsy
Pain
Ca,3.3 Brain Pace-making Sleep disorder
Peripheral nervous system Repetitive firing Epilepsy
Pain

EC = excitation-contraction.

and R (toxin-resistant). They can also be further classified
according to which a1 subunit is present. So far 10 genes
that encode the a1 subunits have been identified in mam-
mals (Ca,1-3), each with distinct physiological roles (see
Table 4.3). The Ca,1 subfamily is involved in initiating
muscle contraction, endocrine secretion, regulation of
gene expression and integration of synaptic inputs. Mem-
bers of the Ca,2 subfamily are responsible for initiation

of fast synaptic transmission. Finally, the Ca,3 family
plays an important role in the rhythmic firing of action
potentials in cardiac cells and thalamic neurones.

Five characteristic Ca?>" currents that are based on
their relative opening times are associated with these
channels, of which four can be studied in isolation due
to specific antagonists: dihydropyridines (DHP) such as
verapamil and nifedipine inhibit L-type; the conotoxin,

Figure 4.4 (Continued) The role of Na, and K| channels in action potential generation. (a) During resting, Na, channels are closed
and the membrane remains polarised. A small amount of current ‘leakage’ is due to the activity of K* channels. However, the Na*/K*
transporter maintains the membrane potential by exporting Na* ions and importing K* ions. During membrane depolarisation the
Na, channels rapidly open allowing the influx of Na* ions. The K, channels initially remain closed but slowly respond to the
membrane depolarisation by opening just as the Na, channels close. This enables the membrane to repolarise. The Na*/K*
transporter also helps to restore the membrane potential. Because the K channels are open for such a relatively long period of time
the membrane becomes hyperpolarised before returning to the resting potential. (b) Illustration of the ionic currents involved in the

generation of an action potential.
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direction of neurotransmission / action potential propagation

axon synapse dendrite

Na® channel  K*channel  Ca2* channel

cell body axon

synapse dendrite

receptor Na®ioninflux K*ion efflux Ca®*ion influx post-synatic cation influx

Figure 4.5 The role of voltage-gated Na*, K™ and Ca’* channels in action potential propagation and neurotransmission. (a) Na*
ions influx into the axon vial Na* channels, resulting in membrane depolarisation (reduced V ). The reduction in V_ is also
detected by K channels but their response is much slower and lasts longer compared to the Na, channels. This allows the membrane
to be repolarised ready for another action potential to arrive as well as enabling the wave of membrane depolarisation to travel down
the axon to the synapse. (b) Pre-synaptically located Ca, channels detect the reduction in V,, and open allowing Ca®* ion influx
which initiates the cascade of events involved in release of neurotransmitter into the synaptic cleft. The neurotransmitter can activate
its cognate receptor. If the receptor is involved in excitatory neurotransmission the post-synaptic membrane will depolarise.
Membrane depolarisation is detected by Na, and K|, channels in the dendrite (c) followed by the axon (d) of the post-synaptic cell.
When the signal reaches that neurones pre-synaptic compartment, Ca, channels are activated (e) as in (b) and the cycle of

neurotransmission and action potential propagation starts again.

w-CTx-GVIA, targets N-type; the funnel web spider
venom, w-Agatoxin IVA, blocks P/Q-type; and the
tarantula venom, SNX-482, acts at R-type channels.

The Ca,1 family play a significant role in excitation-
contraction coupling in muscle. Interestingly, although
both cardiac and skeletal muscle is striated, only

calcium-induced calcium release (CICR) plays a
significant role in cardiac tissue. The utilisation of
different ion channel subtypes (Ca,1.1 in skeletal and
Ca,1.2 in cardiac) is a significant contributing factor.
Another contributing factor is different members of

the ryanodine receptor (RyR) embedded in the SR
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Figure 4.6 Muscle contraction in striated muscle. (a) No activity at the neuromuscular junction results in low intracellular
concentrations of Ca** ions. The degree of cross over between thick and thin filament in the myofibril is low and the muscle is
relaxed. (b) Acetylcholine released from the motor neurone activates nicotinic acetylcholine receptors causing depolarisation of the
muscle plasma membrane which is propagated down the T-tubules. L-type Ca?* channels (VOCC) open allowing Ca?" ions to flow
into the cytoplasm. This increase in Ca®>* ion concentration can activate ryanodine receptors (RyR) on the SR (sarcoplasmic
reticulum) causing them to open and release more Ca?* ions into the cytosol; a mechanism known as Ca?*-induced Ca®" release
(CICR). This initiates a cascade of events where the thick and thin filament of the myofibril move over each other so that its length
decreases and hence the muscle contracts. Increased cytosolic Ca?" can occur due to two mechanisms (c) CICR and (d) physical
interaction of a tetramer of VOCC with each foot of a ryanodine receptor to stimulate Ca®" ion release from the SR.

membrane that interact with the Ca’' ion channel
tetramer (see Figure 4.6d); Ca,l.1 with RyRl and
Ca,1.2 with RyR2. Since smooth muscle has fewer
SR compared to cardiac tissue the role of Ca,1.2 here

may be to modulate secondary pathways involved in
IP; receptor activation (see Figure 4.7) and endocrine
secretions. Activation of these secondary pathways can
also initiate binding of transcription factors such as
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Figure 4.7 Smooth muscle contractions. The plasma membrane of smooth muscle has caveoli rather than T-tubules. In addition, the
contribution made by VOCC and ryanodine receptors to cytosolic Ca** ion levels is insignificant; the ligand gated IP, receptor is
mainly responsible for Ca* ion release from the SR. Although the tissue is not striated, which means the myofibril occur in many
different planes, it is the intracellular Ca>* ion concentration that controls myofibril length as in striated muscle.

CREB to their responsive elements (see section 8.3).
The dihydropyridine antagonist nifedipine, targets these
receptors and is used to treat hypertension. It works by
stabilising the inactivated state of the channel. Since the
duration of depolarisation is longer in arterial vascular
smooth muscle compared to cardiac muscle, nifedipine
has longer to interact with the inactive conformation
of the receptor. Hence nifedipine is more likely to
bind to the receptor located in the smooth muscle to
cause vasodilation. In addition the Ca,1.2 ion channel
is alternatively spliced and the variant expressed in
smooth muscle is more receptive to nifedipine block
than the cardiac located variant. This means that
at low concentrations nifedipine has a vasodilatory
effect whereas at higher concentrations it can cause
arrhythmias and depressed cardiac output. On the other
hand, phenylalkylamines, such as verapamil, interact
with the channel in its open conformation causing it
to enter the inactivated conformation. It also increases
the time for recovery for the inactive conformation
thereby increasing the receptor’s refractory time. So,
during increased stimulation frequencies, when the
depolarisation time is reduced, fewer Ca,1 channels are
open. Thus verapamil can be used to treat arrhythmias
associated with high heart rates, which is in addition to its
vasodilation and reduced cardiac output effect (Striessnig

et al., 1998). Rhythmic activity of neurones and some
non-neuronal tissue is an important factor with Ca,1.3
(and Ca,3 channels) capable of controlling heart rate by
modulating the rate of contraction via the various cardiac
pace-makers (e.g. sino arterial node, atrioventricular
node) or thalamic activity which can control motor
outputs such as the coordination of limbs during walking.

The Ca,2 channels are the most extensively char-
acterised because of their ability to modulate neuro-
transmitter release. Mutations in the gene for Ca,2.1
have been associated with migraines where this channel
is considered to cause increased neocortical excitability
and abnormal cerebral blood flow. Zolmitriptan, a P/Q-
type channel inhibitor, has proved to be effective in the
treatment of migraines. Ca,2.2 channels are involved in
neurotransmitter release. They have been associated with
pain because of their abundance in the dorsal horn of
the spinal cord where they regulate the release of glu-
tamate and substance P, both of which are involved in
processing of nociceptive stimuli. A synthetic version of
the w-conotoxin MVIIA, ziconotide, targets the Ca,2.2
channel and is an effective treatment for chronic pain.
However, due to its ability to target Ca,2.2. channels
in other parts of the nervous system, it has severe side-
effects and for this reason it can only be administered
directly into the spine using a micro-infusion pump. A
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splice variant of the Ca,2.2 channel which has an exon
inserted in the cytosolic loop between domains II and
III shows some brain region specific locations. Whether
this variant has a specific role within these locations
remains to be determined. However, it does indicate a
further level of receptor specificity that could be exploited
to treat particular diseases as well as reduce drug side-
effects. Targets of Ca,2.3 channels are being developed
as anti-convulsives. The tarantula venom, SNX-482, acts
at these receptors but the peptide lacks sufficient stability
to be considered as a serious therapy. Currently synthetic
derivatives are being developed to address this problem
(Catterall, 2011; Gao, 2010). Several splice variants of
Ca,2 are expressed. Interestingly Ca, 2.2 transcripts with
exon deletions in the loop between domains II and III
have been identified which appear to have a role in
determining intracellular targeting/trafficking and hence
cellular function.

The Ca,3 channels have been associated with epilepsy.
These channels have a lower membrane potential thresh-
old for opening, are rapidly inactivated and take longer

Depolarisation

voltage across membrane

time

Resting

net current Nat current

to deactivate. This means that there is an overlap in the
formation of the activated and inactive receptor states
so that at any given time a small fraction of Ca,3
channels are open and do not inactivate at the resting
membrane potential. This property enables cells to main-
tain a sustained increase in cytosolic Ca*" ion levels in
excitable tissues like muscle and neurones. Anti-epileptics
such as valproic acid and ethosuximide are thought to tar-
get thalamic-cortical Ca,3 channels to reduce the impact
of this low but sustained Ca®" current (T-type) that is
characteristic of absent epilepsies.

Voltage-gated Na* channels

Voltage-gated Na* channels (Na,) are required for gen-
eration of action potentials in nerves which leads to
the release of neurotransmitters at the synapse and
neuromuscular junction (see Figures 4.5-4.7) leading
to neuronal pathway activation and muscle contraction
respectively. They also initiate contraction of cardiac
tissue (see Figure 4.8). Therefore their role in pain
perception, neuronal pathway activity and cardiac output

Plateau

repolarisation

Ca?* current K* current

Figure 4.8 Currents involved in the cardiac action potential (ventricles). During the resting membrane potential the heart is in
diastole (ventricular relaxation). Rapid depolarisation is due to Na* and Ca** channels opening. This is followed by a transient
period of rapid repolarisation as both the Na™ and Ca** channels close as well as the transient Kt channels opening. The membrane
voltage then plateaus for a short period of time because some Ca* channels remain open. Repolarisation occurs mainly due to
activation of slow voltage-gated K* channels as well as ligand-gated K" channels (e.g. inwardly rectify K™ channels (GIRK), ATP

(K, rp) and transient K* channels). The characteristic action potential for the ventricles is shown but other heart regions utilise these

currents with different V / time characteristics.
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Figure 4.9 Structure of voltage-gated Ca* channels. The ol
subunit is responsible for opening and closure of the channel. It
has four domains (I-TV) where Ca?" channel modulating drugs
bind and hence dictate their pharmacological properties. The
a2, B, 8 and y subunits are accessory proteins that modulate
activity of the a1 subunit.
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Figure 4.10 Voltage-gated Na* channel structure. The channel
has the characteristic four transmembrane domains (I-IV) each
consisting of six transmembrane segments (TMS); the first four
TMS are the voltage sensors and the last two TMS form the
pore. The accessory protein, §, functions to modify the channel
activity. CNS located channels have two B-subunits whereas
skeletal muscle has only one B-subunit.

makes them important targets for local anaesthetics, anti-
convulsants and antiarrhythmics.

Like all voltage-gated ion channels, these channels
are composed of four domains, each of which contain
a voltage sensor (TMS,,) and pore forming region
(TMS; 4). These are called the Na,al subunits. An
aspartate/glutamate/lysine/alanine (DEKA) motif in the
selectivity filter confers Na* ion selectivity upon these
channels (see Figure 4.10). To date nine members of this
family (Na,1.1-1.9) have been identified in humans (see
Table 4.4). In most family members the voltage-sensing
TMS, , in domains I-III play an important role in pore
opening whereas the one in domain IV is involved in inac-
tivating the channel milliseconds after its activation. Na,
channels also have a single p-subunit in skeletal muscle
and two B-subunits in the CNS. There are four p-subunit
isoforms and their function is to modify the kinetics and
voltage dependence of the channel. In fact mutations in
B1 have been associated with epilepsy.

Unlike other voltage-gated ion channel families, the
Na, a-subunits share over 50% identity making their

pharmacology very similar. So diseases/conditions asso-
ciated abnormalities in Na, activity are primarily related
to their expression profile rather than differences in their
pharmacology. Since they all contribute to action poten-
tial initiation, drugs that act at Na, channels can affect
other physiological systems that are not the primary target
with severe consequences. In an attempt to identify target
specific drugs, venoms have been used extensively to
study these channels. It has been shown that a significant
number of these toxins that act at Na, channels appear
to interfere with the movement of TMS, through the
membrane in response to different membrane potentials.
Consequently these TMS, targeting toxins can also influ-
ence the transmembrane movement of TMS, in other
types of voltage-gated ion channels and hence their ion
conductance (see Figure 4.3). Hence drugs that do not
target the TMS, of Na, channels would be desirable.

Puffer fish are considered a delicacy in Japan but
unfortunately, if not prepared correctly, they can be lethal.
This is due to bacteria in the liver and ovaries of this fish
(and other marine species) that produce a potent toxin;
tetrodotoxin (TTX), which targets Na, channels. No other
voltage-gated ion channel is affected by TTX because it
binds to the selectivity filter rather than the voltage sensor.
Also, apart from inhibiting Na* ion movement, it does
not alter the channels conductance characteristic because
it does not bind to the pore domains. In addition, since
TTX has a high affinity for fast inactivation Na, channels
compared to slow inactivation ones (e.g. Na, 1.5, Na, 1.8,
Na, 1.9) this is a potential avenue for the development of
drugs with greater specificity.

Na, 1.5 is the major Na, found in the heart and it is asso-
ciated with the depolarisation characteristic of the cardiac
action potential (Figure 4.8). It is expressed abundantly in
portions of the conducting apparatus of the heart such as
the bundle of His, its branches and the Purkinje fibres, and
not in the sinoartrial and atrioventricular nodes which
are associated with cardiac pacing. Thus dysfunction of
Na, 1.5 is a cause of ventricular arrhythmias. Patients with
mutations in the gene for Na, 1.5 have been associated
with a condition called long QT syndrome. Basically the
time for ventricle depolarisation and its subsequent repo-
larisation is elongated. This leads to reduced heart rates
(bradycardia) and hence cardiac output which can cause
palpitations, fainting and sudden death. Most mutations
ofNa, 1.5 disrupt the channel’s fast inactivation so that the
channel re-opens resulting in a persistent inward current
during the plateau phase of the cardiac action potential
which delays the repolarisation phase (see Figure 4.8).
The Na, blocker, mexiletine, has been used to treat long
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QT syndrome but there is evidence that the drug only
targets the mutated form of Na,1.5. Hence it is ineffective
in patients whose symptoms are not due to an alteration
in this gene (Remme and Bezzina, 2010).

Lidocaine, which blocks Na, channels, is commonly
used as an effective local anaesthetic. However, it cannot
be used as a general anaesthetic due to inhibition of
cardiac Na, channels. So a number of strategies have been
developed to increase target specificity. For example,
the design of drugs that cannot cross the blood brain
barrier and hence target only peripheral Na, channels.
An alternative approach is to use another receptor, like
TRPV1 (see section 4.3), for drug access so that a drug
which only targets intracellular Na, domains can gain
entry into the neurone. In this example capsaicin can
be used to open the receptor’s channel thereby allowing
a lidocaine derivative (e.g. QX-314) to enter and only
inactivate neuronal Na, channels thus preventing cardio-
related side-effects.

Because of their role in neurotransmission, Na, chan-
nels are targets for pain management. Pain can be

Table 4.4 Na, channels and their related pathologies.

perceived due to noxious, thermal and mechanical or
chemical stimuli. These stimuli are conveyed to the dorsal
root ganglia within the spinal cord by four major types of
neurons: Aa, AR A8 and C (Figure 4.11). There are two
distinct phases involved in pain perception. The first is an
initial sharp sensation which involves the fast conducting
fibres responsible for mechano-reception: A and AS.
This is followed by a more prolonged dull ache due to
activation of the slow conduction, nociceptive, C-fibres.
Each type of fibre has slightly different characteristic Na*
ion currents which are thought to be due to the expression
of different Na, channel members. The Na* ion currents
of C fibres typically have a slightly longer-lasting action
potential that has an inflection during the falling phase.
There is a preponderance of Na, 1.8 and Na, 1.9 subtypes
in C fibres and this is thought to contribute to this dis-
tinctive action potential ‘shape’. Evidence suggests that in
chronic pain there is an up-regulation of these channels
within the dorsal root ganglion. In addition, mediators of
inflammation such as prostaglandin E, (PGE, ) have been
shown to increase the activity of Na, 1.9 channels (Rush,

al-subunit Location Function Pathologies
Na, 1.1 CNS Initiate AP Epilepsy
Heart Repetitive firing
EC coupling in cardiac
tissue
Na, 1.2 CNS Initiate and conductance Epilepsy
of AP
Repetitive firing
Na 1.3 Embryonic nervous Initiate and conductance Epilepsy
system of AP
CNS Repetitive firing
Heart
Na, 1.4 Skeletal muscle Initiate and conductance Periodic paralysismyotonias
of AP in skeletal muscle
Na, 1.5* Heart Initiate and conductance Long QT syndrome
of AP Arrhythmias
Na, 1.6 Spinal cord Initiate and conductance Neurological dysfunction
Brain of AP Neuromuscular dysfunction
Na 1.7 Spinal cord Initiate and conductance Abnormal pain perception
of AP
Na,1.8* Spinal cord Generation of action Hypoalgesia
potential Sensory hypersensitivity
Na, 1.9* Spinal cord Sensory perception Pain

“slow inactivation rates and relatively insensitive to tetratoxin. AP = action potential; EC = Excitation-contraction.
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non-myelinated inter-neuron

C fibre myelinated
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projection
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Figure 4.11 Pain perception and the role of different neurones
in the spinal cord (dorsal root ganglion). Normally, nociceptive
C fibres are activated first. It synapses onto the projection
neurone which sends an impulse to the pain perception areas in
the brain and we perceive pain. The C-fibre also sends out a
branch to an inhibitory interneuron. This synapse is inhibitory
(as indicated by red) so that the inhibitory interneuron is not
activated. When the mechano-receptive AP fibres are activated
they too stimulate the projection fibre. However, the output of
the projection neuron is reduced because a branch of the A
fibre also activates the inhibitory interneuron which reduces the
projection neuron’s activity. So the amount of pain perceived is
a balance between C fibre and Ap activity.

Cummins and Waxman, 2007; Theile and Cummins,
2011). As Figure 4.11 shows, an increase in the activity
of the C fibres results in greater pain perception because
of its ability to increase the projection neurone output
by preventing inhibitory neurons from damping down
projection neurone activity. This increased signal results
in greater pain perception by enhancing activity in areas
of the brain responsible for processing this type of signal.

The wO-conotoxin, MrVIB, has been shown to have
very high selectivity for Na, 1.8 channels. Derivatives of
this venom are currently being developed for treatment
of neuropathic pain. No specific toxins that target Na, 1.9
have been identified. However, whilst there is a high
degree of identity between Na, members, Na, 1.9 shows
the least similarity and is thus an exciting avenue for
development of drugs involved in pain management
(Theile and Cummins, 2011).

Voltage-Gated K* channels

The fruit fly, drosophila melanogaster, has provided
an invaluable insight into the function of many genes.
Mutated genotypes have produced some interesting phe-
notypes which have immortalised these genes with names

a1 subunit

Figure 4.12 Structure of voltage-gated K* channels. K
channels are tetramers with the characteristic voltage sensor
(TMS, _,) and pore forming (TMS, ) domains. Other proteins
can alter their activity such as K* channel interacting proteins
(KChIPs) and dipeptidyl aminopeptidase protein (DPP).

such as dishevelled and sexy. One gene that produced flies
with an abnormal response to anaesthetics, whereby their
legs shook, was called ‘shaker’. This gene turned out tobe a
voltage-gated K* channel (K|) and was the first K, channel
to be cloned. Since then 40 K, genes have been identi-
fied and grouped into 12 classes: K,1-K 12 (Table 4.5).
Like all voltage-gated ion channels, K’s are composed
of four subunit domains (I-IV; al subunit) with each
domain consisting of voltage-sensing TMS, , and TMS; ¢
pore forming regions (see Figure 4.12). As with other K*
channels, K|, channels have a tripeptide sequence motif,
glycine(tyrosine/phenylalanine)glycine (GY/FG) in the
selectivity filter loop between TMS, . that confers K*
ion selectivity. There is considerable functional diversity
between members of the K1, K,7 and K10 families
because not only can they form homotetramers, but they
can also form heterotetramers between different subunits
within the same family. Furthermore, members of K 4,
K,5,K,8and K9 can form heterotetramers with members
of the K2 family to modify their activity. In addition, the
al-subunit (K,) can interact with a number of accessory
proteins which can alter the channel’s activity. Another
source of K, diversity is due to some genes having the
potential to produce alternative splice variants (e.g. K3,
K,4,K.6,K,7,K 9, K, 10 and K, 11).

Channels, like many membrane proteins, have a num-
ber of conformational states. The three basic states
include: activated, non-activated and inactivated. This
is important because some drugs will only bind to a
particular conformation. For example, K* ion channels
inactivate after their initial activation which means that
depolarisation is maintained but no ions are conducted
through the pore. At least two distinct inactivation states
have been identified for K, channels. The first is where
the N-terminus of the protein subunits quickly interacts
with the cytosolic side of the pore in a ‘ball and chain’
fashion (C-type). The second type involves a slow but
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Table 4.5 K, channels function and related pathologies.

al-subunit Location Function Pathologies
K,1(8)* CNS, Node of Ranvier, Neurotransmission Seizures/epilepsy
lymphocytes (K 1.3), cardiac, Ca** signalling in Pain
skeletal and smooth muscle lymphocytes Diabetes
Cardiac and vascular activity Arrhythmias
movement
K2 (2)* CNS, pancreas, cardiac, skeletal Neurotransmission Diabetes
and smooth muscle Metabolism Hypertension
K 3 (4)* CNS, pancreas, skeletal muscle Neurotransmission Ataxia
Metabolism Epilepsy
K4 (3)* Heart, CNS, smooth muscle Neurotransmission Inflammatory pain
Cardiac and vascular activity Arrhythmias
Epilepsy
K,5 (1)* Interact with K| 2 subunits to modify or silencers their activity.
K,6 (4)* Interact with K2 subunits to modify or silencers their activity.
K,7 (5)* Heart, ear, skeletal muscle, CNS, Ventricular contraction Diabetes
auditory hair cells neurotransmission Deafness
Pain
Arrhythmias
K,8 (2)* Interact with K2 subunits to modify or silencers their activity.
K,9 (3)* Interact with K2 subunits to modify or silencers their activity.
K,10 (2)* CNS, muscle, heart Neurotransmission Cancers
Seizures
K, 11 (3)* Heart, endocrine Neurotransmission Arrhythmias
Heart rate Cancer
K,12 (3)* CNS Neurotransmission Epilepsy

“indicates the number of family members.

incomplete constriction of the pore (N-type) (Snyders,
1999). Drugs that act at the N-type inactivated channel
will allow a slow K* ion current leak whereas those that
target C-type inactivation will stop any current. Both
types of inactivation are of physiological relevance. That
is, if you need to maintain a membrane potential with-
out depolarisation, the partial activation of a few K* ion
channels is necessary; whereas, on the other hand, if you
want fast recovery from inactivation in neurones that
have high firing rates this C type inactivation would be
inappropriate. In the cardiac action potential both types
of inactivation play a critical role in the plateau and repo-
larisation phases, while slow inactivation receptors are
involved in endocrine secretions.

K,1 channels play vital roles in neurotransmission
by maintaining the membrane potential. They also
help to control neuronal excitability by affecting the

duration, intensity and frequency of action potentials.
Indirectly they can influence neurotransmitter release by
hyperpolarising the membrane and thus preventing Ca,,
channels from opening. Since members of this family
tend to form heterotetramers rather than homotetramers
there is a huge range of functional K1 channels each
with slightly different kinetics. In neurons, K,1.2 type
channels are the most abundantly expressed type
followed by K, 1.1. Both of these subtypes are axonally
located, low-voltage activated channels that function to
increase the threshold for depolarisation.

RNA editing plays a role in K, 1.1 function. In mam-
mals, a highly conserved isoleucine within the pore of
the channel can be changed to a valine. This substi-
tution results in a channel with a recovery time from
inactivation approximately 20 times faster and hence
an ability to sustain much higher firing rates. In fact,
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K, 1.1 channels containing this valine are found in brain
regions with extremely fast firing rates like the medulla,
thalamus and spinal cord (Gonzalez et al., 2011). Other
congenital mutations in K 1.1 result in problems with
coordination, balance and speech which are probably
related to a decrease in the ability of certain neurones to
fire sufficiently fast.

The K, 1.3 channel has been implicated in the regula-
tion of a host of physiological functions, such as neuronal
excitability, neurotransmitter release, regulation of cell
volume, cell proliferation and apoptosis. K,1.3 chan-
nels also play a role in T-lymphocyte cell activation and
hence immune surveillance. Basically a rise in intracel-
lular Ca®" ions is essential for activation of the T-cell.
This increase in Ca>" ions is due to release from internal
stores as well as an influx through Ca?* channels. The
K, 1.3 channels can open because they have a sigmoidal
voltage dependence response, allowing K* ions to efflux
whilst maintaining the membrane potential. In other
words, K, 1.3 channels function to sustain a Ca®" ions
influx without depolarising the membrane. This makes
the K, 1.3 channel an attractive target for development
of therapies for chronic inflammation and autoimmune
disorders (Cahalan and Chandy, 2009). Some venoms
from scorpions and sea anemone target the K,1.3 chan-
nel. However, these peptides appear to behave slightly
differently in rodents compared to humans and may par-
tially explain why they lack specificity or potency to be
effective immunosuppressive treatments.

The K, 1.3, K,1.4, K,1.6, K,2.1, and K 3.2 subunits
are expressed in pancreatic B-cells. These K, channels
function to counter the depolarising action of increased
intracellular Ca?" ion levels whilst maintaining the mem-
brane potential. They therefore play a role in controlling
the secretion of insulin. K1.3 is of particular interest
as a novel target for boosting insulin production in the
treatment of type 2 diabetes. Since mutations in the
gene for K, 1.3 also decrease body weight in normal and
obese animal models, this gene is considered a target for
anti-obesity drugs (Choi and Hahn, 2010).

Atrial fibrillation can cause cardiac arrhythmias that
if untreated can increase the risk of stroke as well as
congestive heart failure. However, ventricular fibrillation
is far more prevalent and can lead to sudden death.
K,4 activity results in a transient outward current and
is involved in the early phase of repolarisation whereas
strong inwardly rectifying currents are responsible for
the latter phase of cardiac repolarisation. Manipulation
of the ultra-rapidly activating K 1.5 channel, which is
an inwardly rectifying current, can alter the duration of
repolarisation. Therefore it is a possible candidate for the

treatment of atrial fibrillation. And since it is expressed
in atria and not the ventricles it will have no effect on
ventricular output (Islam, 2010).

A number of congenital diseases are associated with the
K, 7 family. These channels have a reduced threshold, are
slowly activating and deactivating, and do not inactivate.
Therefore they limit the amount of repetitive firing in neu-
rones. A reduction in firing rates explains their contribu-
tion to epilepsy (K,7.2), deafness (K,7.3) and age-related
hearing loss (K, 7.4). Linopiridine and its derivatives have
K, 7 selectivity and have been shown to improve cogni-
tion in rodents. However the nonspecific characteristics
of this blocker are an impetus for development of drugs
that target specific K, 7 members. (Miceli et al., 2008).

The channel K,10.1 (and K,1.3) is involved in cell
proliferation. Normally it is expressed exclusively in neu-
ronal tissue but it is present in over 70% of all tumours,
including ones of non-neuronal origin, suggesting a role
in tumour progression. K10 inhibitors have also been
shown to reduce tumour progression. Whether it helps
in maintaining depolarisation of the cell membrane dur-
ing the G1 phase of the cell cycle and somehow ‘helps’
uncontrolled cell growth remains to be determined. Nev-
ertheless, it may prove useful as a potential biomarker for
cancerous tissue (Stiithmer and Walter, 2006).

K,11.1 plays a similar role to K1.5 in atrial repo-
larisation and has been implicated in long and short
QT syndrome. It has also been shown to be involved
in endocrine secretions, cell proliferation, neuronal out-
growth and cardiac function.

An array of accessory proteins that can modulate K,
activity have been identified and have been shown to
play just as an important role in K, activity as the al
(K, ) subunit. For example K p family members cause the
rapid inactivation of some K, channels that are usually
resistant to inactivation as well as conferring pathological
phenotypes (e.g. in combination with shaker; K,1.1). In
mammals, three genes encode for the K, p family (B1-
B3) to produce a number of splice variants that can
interact with members of the K1 and K2 families. In
general the K f subunits not only influence activation and
inactivation times, they can also facilitate K a trafficking
and responses to drugs.

K* channel interacting proteins (KChIPs) and dipep-
tidyl aminopeptidase protein (DPP) are other accessory
proteins that can alter the activity of K4 channels. Whilst
all members of the KChIPs family (1-4) and DDP (6
and 10) can inactivate the K, channel, subtle changes
in duration of channel opening, rates of activation and
inactivation can give rise to a multitude of K 4 channels
with slightly different gating properties. Interestingly,
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since K 4 plays a major role in both the timing and
frequency of neuronal excitability as well as the car-
diac action potential, alteration in their activity could
reduce the threshold potential for opening and hence
action potential firing. Other accessory proteins include
calmodulin and mink which can modulate the activity of
the K, 10 and K, 11 families respectively.

4.3 Other types of voltage-gated ion
channels

Determining the crystalline structure of membrane
embedded proteins is difficult because the conditions for
crystallisation either favour the hydrophilic or hydropho-
bic moieties. Since bacterial homologues usually have
a simpler structure, with fewer post-translational mod-
ifications they are easier to crystallise. The bacterial K*
channel, KcsA, has provided invaluable insight into how
the pore of this channel functions. Like the K channels,
KcsA channels are tetramers. Basically the pore region of
a KcsA subunit consists of two TMS with an re-entrant
loop (P-loop) that helps form the channel between both
TMS. There are up to five K* ion binding sites within the
pore/selectivity filter that facilitate K™ ions conductance.

Subsequent studies have shown that this pore structure
is common to all K™ channels as well as being similar
for Na* and Ca?" channels. Interestingly many of these
other ion channels are not voltage dependent but require
the binding of a ligand/modulator for activation. It
appears that these channels have evolved from a common
ancestor which has the pore domain consisting of 2 TMS
and a P-loop and that sequences have been added to
confer different mechanisms of activation: for example,
a voltage sensor (TMS, ), a Ca** ion binding domain or
a ligand binding domain. Alterations in the ion-specific
sequence motif in the selectivity filter of these channels
can all determine which ions are conducted through the
channel. These other types of K™ channels are discussed
in the next sections.

Ca?*-activated K* channels

Ca®"-activated K* (Kc,) channels contain the voltage sen-
sitive TMS, , regions but most family members are not
activated by changes in the membrane voltage. Instead
they respond to changes in the intracellular Ca** ion
concentration. When activated they allow K* ions to
efflux to either repolarise or hyperpolarise the cell mem-
brane. This causes Ca, channels to become deactivated
(and stimulates the Na*/Ca?" exchanger to pump Ca**
ions out of the cytosol) thereby limiting the intracellular

concentration of Ca®* ions. Therefore K, channels play
arole in determining the amplitude and duration of Ca®"
transients and the downstream signalling pathways that
perturbations in Ca?* ion concentration influence.

Eight members of the K, family have been identified,
but three of them (K 4.1, K,4.2 and K,5.1) are not
regulated by Ca?* ions and are only included by virtue of
the fact they share considerable structural homology with
the other K, channel. Despite this, K, channels can
be grouped into two classes based on their conductance
and voltage sensitivity. Members of the BK,, family, like
K, 1.1, have big K* ion conductance which is membrane
potential dependent. Whereas SK, members, such as
Kc,2 and K, 3, are regulated by changes in Ca’* ion
concentration, have small K* ion conductance and their
activation/inactivation is voltage-independent.

Scorpion toxins, charybdotoxin and iberiotoxin, block
BK(, channels and have proved useful in determining
their properties. In smooth muscle, BK-, channels
operate to reduce the activity of Ca,1 channels and
hence promote muscle relaxation. BK., channels also
contain a f accessory subunit of which there are four
types (BKB1-4) that serve to modulate channel activity
as well as trafficking. BK, channels in many tissues
such as the brain or adrenal glands are either associated
with or without a BKB subunit. Cells containing BK,/
BKp channels are involved in repetitive or tonic firing
patterns because their activity produces a pronounced
after-hyperpolarisation which causes Na, channels to
exit their inactive state and depolarise the membrane.
In contrast, other cells with BK, channels that possess
no BKP accessory subunit are rapidly inactivated and
therefore create only a small after-hyperpolarisation
and hence a more phasic pattern of firing. Evidence is
emerging where the BK, channels actually participate
in a complex with the Ca, channels at presynaptic
membranes to enhance signal transduction between each
receptor type (Berkefeld, Fakler and Schulte, 2010).

Whilst BK, channels have a Ca** ion sensing/binding
domain in the cytosolic loop after TMS,, SK, chan-
nels utilise the Ca** dependent protein, calmodulin, as
its Ca®* sensor at this site (see Figure 4.13). Since there
are a number of intermediate steps leading to channel
activation and the fact that calmodulin is not rapidly
inactivated once Ca®" ions dissociate, the SK¢, channel
opens more slowly, and for longer. So physiologically, the
SK, channel can function as a pacemaker to reduce firing
rates in central neurons. Since it can also respond to low
rises in Ca®" ion concentration it can limit Ca?" ion post-
synaptic influx to fine tune the excitatory post-synaptic
potential. This is seen in neurones undergoing NMDA
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= Ca?* sensing motif

‘& calmodulin binding domain

Figure 4.13 Structure of Ca**-activated K* channels. BK -, have a Ca** ion sensor whereas SK, respond to the Ca** dependent

protein, calmodulin.

receptor-mediated synaptic plasticity (see section 4.4).
Here membrane depolarisation removes a Mg?" ion
block for the NMDA receptor allowing Ca*' ions to
influx through the receptor’s channel. But the hyper-
polarising effect of SK, channel activity can stop this
Ca*' current because the Mg?" ion can interact with the
NMDA receptor again to block the NMDA receptors’
Ca’* channel. SK, channels can also interact with acces-
sory proteins that can alter the channel’s activity. Like its
activator, calmodulin, many of these accessory proteins
are also targets of kinases. This can explain why activation
of GPCRs like B-adrenergic receptors can reduce SK,
channel activity; the G-protein interacts with an acces-
sory protein which in turn reduces calmodulin’s affinity
for Ca®* ions. The ability of other receptor types to alter
SK, activity is an exciting avenue for drug development
(Berkefeld, Fakler and Schulte, 2010).

CatSper channels

CatSper receptors derived their name from the fact
that they were first isolated as putative cation chan-
nels in sperm. Four members have so far been identi-
fied: catSper1-4. Each subunit has the classical six TMS
which comprises of voltage sensitive and channel-forming
domains. The voltage sensor appears to be functional as
it has a charged residue every third position in TMS,. In
addition, the amino end of TMS, in catSperl contains a
histidine rich region that can act as an indicator of pH.
The pore-forming TMS;_, domain has a selectivity filter
that is classic for Ca** ion permeability. CatSper channel
subunits are expressed as monomers (Ren and Dejian,
2010) and like all other voltage sensitive channels form a
tetrameric subunit structure (see Figure 4.14). A number
of accessory proteins have been associated with catSper
channels including catSperf, catSperd and catSpery. In
addition, catSper channels have been shown to cluster
around other types of receptors: for example GCPR and
CNG (cyclic nucleotide-gated ion channels) (Brenker,

CatSper tetramers
CatSperf3

déd

CatSpery

Figure 4.14 Structure of a catSper channel (catSperl) with
accessory proteins catSperf and catSpery. Four subunits are
required for functionality.

2012). This may allow activation of secondary messenger
Ca’" ion signalling pathways that are independent of
receptor ligand binding.

CatSperl and 2 are found in the tail of sperm cells and
there is growing evidence that they play a vital role in
male fertility. For reproduction to be successful sperm
must swim to, and fertilise, the ovum. The tail region
of sperm contains Ca?"-dependent motor proteins that
facilitate this process. In many cells the endoplasmic
reticulum functions as a Ca®" ion store so that there is
a readily available source of Ca*" ions. However, sperm
do not possess an endoplasmic reticulum and instead the
mitochondria can act as a small intracellular Ca*" ion
store. Since ‘swimming’ requires a significant amount of
energy the mitochondria’s primary function is to produce
ATP rather than as a Ca?" ion store; high mitochondrial
Ca** ion concentrations destabilise the electron transport
chain and hence interfere with oxidative phosphorylation.
Therefore an external source of Ca®" ions is required and
this is where catSper channels come into play. Their
channel’s voltage sensor detects a change in membrane
potential due to the slightly alkaline environment within
the Fallopian tubes, causing them to open, and thus
allowing for Ca?* ion influx. In man, polymorphisms in
catSper channels have been linked with male infertility.
Therefore an understanding of catSper channels pharma-
cology could lead to treatments for male infertility.
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TPC dimers

PPPPTTT

Figure 4.15 Structure of TPC. Two subunits need to dimerise
for functionality.

Two-pore channels

Since K, catSper and transient receptor (TRP) channels
have one TMD whereas Na, and Ca, channels have
four TMD it is believed that Na /Ca, channels evolved
from K, catSper, TRP or a similar ancestral gene (see
Figure 4.1). For this to have occurred, two duplication
events must have occurred. The two pore calcium
channels (TPC) have two TMD and are thought to have
arisen due to the first duplication event. TPCs, like the
aforementioned channels consist of four TMD, each of
which is composed of six TMS. That is, functional TPC
assemble as dimers (see Figure 4.15).

Three TPC channels (TPC1-3) have been cloned so far.
However, TPC3 is not expressed in man or other primates.
They have a similar structure to catSper channels but
they are expressed in high levels in kidney, liver and
lung tissue. Emerging evidence suggests that they play
a role in Ca?" ion release from acidic organelles such
as endosomes, lysomes and secretory vesicles. They are
thought to mediate Ca?* ion release in a similar manner
to the IP; receptor in that they increase cytosolic Ca?*
ion concentrates by enabling release from internal stores
in response to the metabolic demands of the cell. TPC1
(and TPC3) are primarily associated with endosomal
release whereas TPC2 controls Ca?" ion release from
lysomes. Interestingly TPC2 has two binding sites for
the metabolite NAADP (a derivative of NADP, which
is an important factor in metabolism); a low and a
high affinity site (Patel, 2011). This means that they
can mediate biphasic Ca?" ion release as in the case of
calcium induced calcium release (CICR) as seen in cardiac
muscle (see Figure 4.6; (Zhu, 2010). TPC have also been
implicated in sperm motility and hence fertility. Whether
this is due to interplay between catSper channels and TPC
remains to be determined.

Inwardly rectifying K* channels

The inwardly rectifying K* (K,) channels (Figure 4.16),
like other K* channels’ family members, are responsi-
ble for K* ion efflux. They play an important role in

K tetramer

1 2 3 4

Figure 4.16 K, structure. Each subunit has two TMS and a
re-entrant P loop. Four subunits are required for functionality.

maintaining neuronal activity by establishing and main-
taining the membrane potential. In the cardiac cycle, K,
channels play a predominant role in the initial repolar-
isation of cardiac myocytes (Figure 4.8), but toward the
end of this phase it is the activity of K;. channels which
re-establish the membrane potential and muscle relax-
ation. K;. channels are expressed in glial cells, neurones,
epithelia and endothelial cells, osteoclasts, oocytes, blood
cell, as well as cardiac myocytes.

Since G-protein gated K* (K;) and ATP-sensitive K*
(Kupp) channels facilitate the efflux of K* ions they are
also members of the K;, family. So far, 15 genes encod-
ing K;, subunits for seven subfamilies (K, 1.x- K;,7.x)
have been identified and these can be assigned to one
of four groups based on their function: classical K,
channels (K;.2.x), K channels (K;,3.x), K rp channels
(K;,6.x) and K" -transport channels (K; 1.x K 4.x K;,5.x
and K;,7.x). Functional channels can be formed by hetero-
or homo-tetramerisation within subfamilies, giving rise
to a myriad of K, channel types with slightly different
properties. Interestingly the K; 4.1 and K; 5.1 subunits are
an exception to this as they can only hetero-tetramerise
to form active K;, channels. (Ashcroft and Gribble, 2000)

K;, channels become active at hyperpolarising but
not depolarising membrane potentials. Hence they have
voltage-related activity. Since these channels only allow
the flow of K* ions out of the cell, they are known as recti-
fying channels. This directional conductance is due to the
interaction of Mg?" ions and/or polyamines with motifs
within the pore which prevent K* ions from inffluxing.
Other factors also regulate the size of the K* ion con-
ductance through K;, channels. For example, decreasing
the extracellular concentration of K* ions decreases the
current. Protein kinases can also ameliorate K;. channel
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function as well as the presence of the anchoring protein,
phosphatidylinositol 4,5-bisphosphate (PIP,). And some
scaffolding proteins like, PSDy, play a role in determining
subcellular compartment distribution.

K, rp channels (K;.6) are regulated by ATP with high
intracellular concentration of ATP causing the channel
to close and low concentrations (or high nucleotide-
diphosphate levels) facilitating its opening. K, 1 channels
need to complex with an atypical transporter (see Chapter
5) called the sulfonylurea receptor (SUR) for functional-
ity. Basically when the concentration of glucose is high,
ATP levels are high due to oxidative phosphorylation. If
this occurs in pancreatic B-cells then the elevated ATP
production causes K;. channel closure and the mem-
brane starts to depolarise due to K* ion leakage. This is
detected by Ca, channels which open. The elevation in
intracellular Ca** ion concentration results in the exo-
cytosis of vesicles containing insulin and its secretion
into the blood stream. Conversely, reduced glucose lev-
els means less insulin secretion due to K;, opening as a
consequence of low ATP levels. For this reason SURs and
K;,6 channels have been implicated in hypoglycaemia and
noninsulin-dependent (type 2) diabetes mellitus.

Kurp (K;,6.x/SUR) channels also function in cardiac
muscle. Here the channel is usually closed but in periods
of low ATP levels, such as increased work load, hypoxia
or ischaemia, binding of ADP to the nucleotide binding
domain (NBD) of SUR causes the channels to open. The
resultant K* ion efflux hyperpolarises the membrane and
prevents Ca, channels from opening. This reduces cardiac
output by decreasing cardiac action potential duration as
well as ATP utilisation. A similar scenario is seen with
smooth muscle and promotion of relaxation.

Like K;.6, SURs are encoded by two genes (SUR1 and
SUR2) and a number of splice variants are expressed with
slightly different properties. They are considered atypical
transporters because even though they have the classic
ABC transporter structure (see section 5.4) there is no
evidence that they actually transport substrates across
membranes. They are thought to sense the concentration
of ATP/ADP through their NBD. This, coupled with
binding of ATP directly to the K; .6 channel, is thought to
enhance sensitivity to the metabolic status of the cell.

Inhibitors including sulfonylureas are used exclusively
for diabetes treatment. Interestingly, the effects on
other physiological systems are minimal. This specificity
is probably due to the fact that K;6.1/SURI are
preferentially expressed in pancreatic cells, K;.6.2/SUR2A
in the heart, K;6.1/SUR2B in smooth muscle and
K;,6.2/SUR1/SUR2 in the brain. Stimulators of K,pp

channels are known as K* channel openers (KCO) and
include pinacidil, nicroandil and diazoxide. These are
used to treat heart and vascular disease as they can
reduce cardiac muscle contraction as well as induce
vasodilation for the treatment of hypertension and its
related diseases. Whilst KCOs are used predominately to
treat cardiovascular pathologies a few have been used
to treat baldness. Minoxidil was initially developed
for the management of high blood pressure but at
sub-therapeutic anti-hypertensive concentrations it is
thought to aid vascularisation of the hair follicle and thus
promote hair growth (Hibino et al., 2010).

There are four genes ascribed to the K (K;.3) family
with each expressing numerous splice variants. Basically
the activation of pertussis toxin sensitive G;-protein cou-
pled receptors (GPCR) results in the release of G-protein
a and Py subunits, with the latter activating K (K.3)
channels. For this reason K channels are also known
as GIRKs (G-protein-gated inwardly rectify K*) chan-
nels. K; channel activation leads to an efflux of K* ions
and hyperpolarisation of the membrane. For example
activation of muscarinic cholinergic receptors leads to fy
subunit release and subsequent K;-mediated hyperpolar-
isation. If this occurs at the neuromuscular junction then
thereis no Ca®" influx through Ca, channels and hence no
muscle contraction. So, depending upon the type of mus-
cle, this could result in decreased cardiac output (cardiac),
decreased movement (skeletal) or vasodilation (smooth).
In addition, the pace-making areas of the heart can be
altered due to reduced excitability/conductance. Activa-
tion of GPCR and subsequent K; channel activation can
also interfere with neurotransmission by reducing neuro-
transmitter release pre-synaptically or preventing action
potential propagate in the post-synaptic neurone.

There is evidence that the K3 channels, upon acti-
vation, cluster in lipid raft/caveoli (see section 11.10)
with their GPCR (e.g. GABAg, dopamine, acetylcholine
receptors) as well as Ca, channels. This compartmen-
talisation gives rise to more effective signal transduction
that can efficiently couple GCPR action to Ca**-mediated
neurotransmitter or peptide release through altered K; .3
activity. The duration of K channel activity is dependent
upon how long the By-subunit remains dissociated from
the a-subunit with a number of factors that can delay
or enhance re-association. These factors are discussed in
Chapter 3.

K;,3.4/K;.3.1 heterotetramers are expressed in cardiac
tissue and the hypothalamus where they are involved
in controlling cardiac output and pituitary secretions
whereas heterotetramers of K 3.1/K; 3.2, K;,3.2/K;,3.3,
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K;3.1/K;;3.3 and homotetramers of K;.3.2/K;.3.2 are
expressed in the brain. These neuronal located K; .3 chan-
nels are associated with problems in neuronal firing rates
leading to conditions such as epilepsy, Parkinson’s dis-
ease and ataxia. Interestingly, the K; 3.2 gene is located
on chromosome 21 and sufferers of Down’s syndrome
have an extra copy of this gene. And since animal mod-
els with an extra K; 3.2 have abnormal hyperpolarising
currents that are mediated by GABAj receptors it is
thought that this gene duplication may contribute to the
abnormal brain functions/development associated with
Down’s syndrome. However care should be taken with
the interpretation of these results as chromosome 21 con-
tains many other genes. Clustering of dopamine or opioid
receptors with K 3 channels in the reward pathway have
raised the possibility that they could be involved in the
development of drug addiction. Removal of the genes that
encode for K; 3 subunits gives rise to mice with reduced
drug addictive phenotypes adding credence to this theory
(Luscher and Slesinger, 2010).

The other members of the K;. channel family (K;,1,
K4, K;,5 and K, 7) make up the remaining subfamily:
K* transport channels. K;.1.1 and K; 4.1/ K;,5.1 channels
play vital roles in urine and blood homeostasis by closely
regulating the movement of ions such as K*, Na* and
CI" across the renal medullary membrane. Basically K; 1
and K 4.1/ K;,5.1 channels maintain the K* ion gradient
which is vital for Na*/K*/2Cl" symporter and Na*/K*-
ATPase activity respectively (transporters are discussed
in Chapter 5). Gene mutations in the K; 1.1 subunit lead
to Bartter’s syndrome which is a loss of function disease
where patients have impaired kidney function owing to
an inability to reabsorb Na* ions due to the diminished
K" ion gradient. Like K, 1.1, K,,7.1 has been shown to
cluster with the Na*/K™ ATPase transporter in epithelia
cells but little is known about its physiological function.

The ‘recycling of K* ions’ by K, 4 and K, 5.1 chan-
nels also occurs in the ear. Here they function to
maintain a higher concentration of K ions in the
endolymph (cytosol) compared to the perilymph (extra-
cellular) compartments of the cochlear. This is important
for maintaining the membrane potential and impairment
of these channels’ activity leads to deafness. These chan-
nels can also cluster with aquaporins (AQP) so that as
K" ions efflux, water molecules also move out of the cell
via their AQP channel due to osmotic pull. This move-
ment of water helps maintain the osmotic pressure of
the extracellular and intracellular fluids. K; 4 and K;.5.1
channels, that are clustered with AQP at sites adjacent to

blood vessels, facilitates the movement of water into the
extracellular space and its entry into the blood stream.

K;4.1/K; ;5.1 channels help maintain the ionic and
osmotic composition of the extracellular space. During
neuronal excitation the concentration of K* ions is
high, so these K;, channels are activated enabling the
K" ions to move down this gradient into the glial cells,
otherwise the high extracellular K™ ion concentration
would destabilise the membrane potential resulting in
continuous depolarisation. There is evidence that K 4.1
channels also cluster with the glutamate transporter
(see section 5.4) in glial cells which symports two Na*
and one H' and antiports an ion K* during glutamate
uptake. Here the K;. channel would maintain a K* ion
gradient to facilitate glutamate uptake.

Transient receptor potential channels
Transient receptor potential (TRP) channels are cation
channels that comprise of 28 members that can be
grouped into six subfamilies: canonical, TRPC; vanilloid,
TRPV; melastatin, TRPM; ankyrin, TRPA; polycystin,
TRPP; and mucolipin, TRPML (see Table 4.6). Gen-
erally TRP channels are nonselective for K*, Na* or
Ca’" ions although some can be more selective for Ca*"
(TRPV5 and TRPV6) or Na* ions (TRPM4 and TRPM5).
TRPMLI and TRPV6 can also conduct Fe** and Mg>*
ions respectively. All TRP channels have the characteris-
tic TMS, for voltage sensitivity. However, there are fewer
charged arginine residues in this region than the Ca,,
K, and Na, channels and hence their sensitivity to mem-
brane potential is severely diminished. Most TRP channels
respond to changes in temperature and hence their roles
in thermoception and inflammation. TRP channels usu-
ally assemble as homotetramers although there are a few
examples of heterotetramers (Figure 4.17).

The TRP channel family play roles in a diverse num-
ber of physiological processes which include nocicep-
tion, control of bladder function, skin physiology and
respiration, as well as all aspects of sensation, includ-
ing vision, olfaction, mechanosensation, thermosensation
and nocioception. Since they have relatively low protein
identity between family members compared to other
voltage-gated ion channels there is greater potential to
develop drugs that target specific members. In fact TRP
channels are a huge target for drug development by
pharmaceutical companies with a number of compounds
already in clinical trials as discussed below.

Probably the best known TRP channel is TRPV1
because of its role in perceiving the spicy hot flavour in
chilli peppers (capsaicin). As well as developing TPRV1
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Table 4.6 Classification of TRP channels and associated pathophysiology.

TRP channel Members Functions/Pathologies

Family

Canonical TRPC1-7  fweight, | saliva secretions, altered sexual/mating behaviour, ataxia, altered

TRPC vascular function, | anxiety

Vanilloid TRPV1-6  Abnormal osmolarity = associated problems, | inflammation-mediate

TRPV hyperalgesia, | bladder function, immunocompromised, skin problems,
abnormal thermosensation, renal problem, | bone density, sensitivity to
capsaicin (chillies)

Melastatin TRPM1-8 Immunocompromised, visual defects, abnormal thermosensation, embryonic

TRPM development

Ankyrin TRPA1 I skin sensations, finflammation-mediate hyperalgesia

TRPA

Polycystin TRPP1-3  Polycystic kidney disease, embryonic development

TRPP

Mucolipin TRPMLI-3 Mucolipidosis, motor defects, visual defects

TRPML

Adapted by permission from Macmillan Publishers Ltd: Nature, Moran, copyright 2011.
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Figure 4.17 TRP channel structure. Four subunits (I-IV) need
to combine to form a functional channel.

specific agonists and antagonists, pharmacologists have
tried to exploit the fact that TPRV1 rapidly desensitise by
designing compounds that encourage the channel to enter
into, and stay in, the inactive form. Such drugs can then
be used as analgesics for the management of pain. In fact,
topical application of capsaicin and similar compounds
in creams has been used for many years in the treatment
of muscular pain. However, clinical trials with systemic
antagonists have failed because TPRV1 channels also
mediate thermoception; inhibiting the channel can cause
potentially life threatening hyperthermia. Interestingly
TRPMS channels are co-located with TPRV1 channels in
the skin and rather than responding to high temperatures
they play a role in sensing cold temperatures. This means
that both channels can act in concert to detect the full
range of environmental temperatures.

The TRPV3 channel is also implicated in inflammatory
pain. It is thought to act as a convergence point for
multiple pathways involved in pain perception. For

example, histamine and bradykinin (GPCR agonists) and
alterations in Ca®" ion concentrations can ameliorate
TRPV3 activity. Drugs that target TRPA1 channels
have also been developed to treat pain associated with
inflammation because of the link between mutations in
the gene and heightened pain perception in cold, fasting
and fatiguing situations.

TRPVI1 and TRPV4 are found in the bladder where
they are activated by physical stretching when the bladder
is full as well as the presence of hypo-osmotic urine.
They function via sensory neurones to tell us when our
bladder is full and hence facilitate micturition. Develop-
ment of drugs that target these channels may be useful
in the treatment of urinary retention and incontinence.
Currently the agonist, resiniferatoxin is used to treat daily
incontinence by desensitising the TRPV1 channel within
the bladder and thereby effectively increasing the blad-
der’s capacity. Resiniferatoxin therapy may also be an
effective treatment for the pain and increased frequency
of urination associated with interstitial cystitis.

TRP channels, particularly TRPV1 and TRPV3, play a
major role in the skin where they are involved in temper-
ature sensation, mediating and detecting inflammation,
differentiation, proliferation and apoptosis of the vari-
ous cell types, production of the epidermal barrier (in
addition to TRPV4 and TRPV6), and mediating hair
growth. TRPM7 is associated with melanogenesis whilst
TRPCI1 and TRPC4 may have an anti-tumour effect. So,
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targeting of these receptors with topical creams could
have a beneficial effect on general skin health.

In the lungs, TRP channels are found in the smooth
muscle of the airways (TRPC3 and TRPV4) and blood
vessels (TRPC6) where they facilitate constriction or
relaxation due to the movement of Ca®" ions through
their channel. This means that the volume of air entering
the lungs and the volume of blood passing through the
lungs is in accordance with the body’s requirements.
In addition, the alveolar membrane permeability can be
altered (e.g. TRPC1, TRPC4 and TRPV4) to enhance
or depress gaseous exchange. TRP channels also play a
role in the removal of foreign objects and irritants. Here
they are either found in sensory neurones (TRPA1 and
TRPV1) and their activation results in altered vagal output
and hence changed respiratory pattern, blood flow and
coughing or located in alveolar macrophages (TRPV2 and
TRPV4) for initiation of an immune response. Whether
the TRP channels can be exploited as a potential therapy
for abnormalities associated with any of the aforemen-
tioned factors remains to be determined.

Several channelopathies in man have been associated
with TRP channel mutations. These include TRPM8
and prostate cancer; TRPC3, TRPC6 and TRPM4 with
cardiovascular disease; and TRPM5 and TRPV1 with
impaired glucose tolerance (Moran, 2011; Wu, 2010).

Two-pore potassium channels

The two-pore potassium (K,,) channels (Figure 4.18) are
a major contributor to background or ‘leak’ K* currents
that contribute to the resting membrane potential. They
are expressed ubiquitously through the body. Structurally
K,p channels are dimers, with each subunit being com-
posed of the two pore domains, minus the voltage-sensing
TMS, , regions typical of voltage-gated ion channels (see
Figure 4.3). Fifteen genes encode the K,, family and this
can be subdivided into six groups based on structure and
function (see Table 4.7).

Their activity can be regulated by numerous factors
including voltage, temperature, physical stretching, pro-
tons, fatty acids and phospholipids. However, the actual
mechanism of pore opening, inactivation and closure is
not really known. In many cells they function to prevent
elevation in intracellular Ca** ion concentration and so
contribute to muscle relaxation, reduced neurotransmit-
ter release and depressed endocrine secretions. However
under certain conditions such as hypoxia, factors (e.g.
H* or vasoconstricting peptide) are produced to inhibit
the activity of K, channels. This causes membrane depo-
larisation and hence Ca, channel opening. The resultant

Kop dimer

Pt P2 P1 P2

subunit 1 subunit 2

Figure 4.18 K, structure. Each subunit consists of four TMS
that are thought to be derived from a duplication event of
TMS, , during evolution; P1 and P2. Each P region has a classic
re-entrant loop two between the TMS. Two subunits are
required for activity.

elevated cytosolic Ca®" ion concentration can facilitate
neuronal firing, muscle contractions or hormone secre-
tions. Conversely, the drug treprostinil stimulates PKA
activity which in turn phosphorylates the K,,3.1 channel.
This leads to membrane hyperpolarisation and decreased
cytosolic Ca®* ion levels and ultimately vasodilation.
Hence dysfunction of the K, channels leads to a myriad
of pathophysiological conditions such as cardiac prob-
lems, mental retardation, depression, memory problems,
migraine, pain disorders, tumorigenisis and male infer-
tility (Es-Salah-Lamoureux, Steele and Fedida, 2010).

Cyclic nucleotide-regulated cation
channels

This group of channels have the classic voltage sensitive
TMS, _, and pore forming TMS; ¢ regions (see Figures 4.3
and 4.19) that can conduct Na* and K* ions, and in some
cases Ca’" ions. They can be divided into two groups:
cyclic nucleotide-gated (CNG) and hyperpolarisation-
activated cyclic nucleotide-gated (HCN) channels. CNG
channels are activated by cyclic AMP or cyclic GMP bind-
ing whereas HCN channels are voltage operated. HCN
channels differ from K, channels in that they are acti-
vated by hyperpolarising, not depolarising, membrane
potentials. Also the TMS, sensor causes pore opening
by moving through the plane of the membrane in the
opposite direction to voltage-gated ion channels (see
Figure 4.3). Whilst CNG channels also possess the volt-
age sensing regions, how/if they facilitate pore opening
remains to be determined (Biel, 2009; Hofmann, Biel and
Kaupp, 2005).
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Table 4.7 Role of K,, channels in human disease.

K,p subunit

Old name

Physiological/pathological roles

Kpl.l

K,p6.1
K,p2.1

K,p10.1
K,p4.1

K,p3.1
K,p5.1
K,p9.1

K,p17.1

K,p18.1

TWIK

TREK

TRAAK

TASK

TALK

TRESK

Modulation of the aggressiveness and metastasis of tumours
Contribution to the deafness-associated sensitisation of the
neural auditory pathway

Mechanosensitivity

Thermosensitivity

Nociception

Neuroprotection

Depression

Anaesthesia

Cytoskeletal remodelling in neonatal neurons
Cardioprotection

Vasodilatation

Bladder relaxation

Proliferation of cancer cells

Acidosis, hypercapnia and hypoxia sensors

Vasodilatation

Regulation of aldosterone secretion

Immunomodulation

Epilepsy

Promotion of the survival of cancer cells

Contribution to bicarbonate reabsorption

Control of the decrease of apoptotic volume (kidney
proximal cells)

Temperature detection in neurons

Nociception

Migraine and migraine-related disorders

Immunomodulation

Many family members have not been characterised yet and hence are not included in this table.
Adapted from Es-Salah-Lamoureux, Steele and Fedida, 2010.

HCN tetramer

CNG tetramer

Figure 4.19 Cyclic nucleotide-regulated cation channels structure. Both have the voltage sensor but only HCN channels are voltage

sensitive.

Hyperpolarisation-activated cyclic nucleotide-gated

(HCN) channels

There are four subunits that comprise the HCN sub-
family (HCN1-4) and they are expressed in neuron and
cardiac cells. These subunits can form functional hetero-

electrophysiological properties. There is a gradation of
HCN channel opening kinetics with HCN1 being the
fastest followed by HCN2, then HCN3 and finally HCN4
which is the slowest. HCN channels contribute to a

or homotetramers with different pharmacological and
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current seen at hyperpolarising membrane potential: I
This I, current plays a role in determining the rate of
firing of pace-making tissues such as the sino arterial
node of the heart or rhythmically active thalamocortical
circuits of the brain. The I}, current is achieved by permit-
ting an influx of Na* ions through the HCN channel after
the termination of an action potential. This leads to the
membrane slowly depolarising. In the heart, sympathetic
activity in the vagus nerve increases cyclic AMP levels
in the sino arterial node which enhances the I, current,
increases the rate of depolarisation during diastole and
thereby accelerates the heart rate. Conversely, activity of
muscarinic receptors reduces cyclic AMP levels, dimin-
ishes the I, current and hence slows down the heart rate.
In neurons, as well as mediating pacemaker activity, the I,
current contributes to the membrane potential, dendritic
integration, and synaptic transmission (Biel et al., 2009).

Whilst HCN channels are primarily operated by hyper-
polarisation, other factors like cyclic AMP or cyclic GMP
can act as co-agonist to facilitate opening by binding to
the intracellular loop between TMS, and TMS, of adja-
cent subunits and hence modifying the channel’s activity.
Hormones and neurotransmitters that alter cyclic AMP
levels can alter HCN channel activity. That is, at high
cyclic AMP levels the channels open faster and more
completely, whereas at low cyclic AMP concentration the
opposite is true. So membrane potential and cyclic AMP
levels play a huge role in whether the HCN will open and
for how long. Like cyclic AMP, cyclic GMP can also influ-
ence voltage-dependent HCN channel opening but its
physiological role remains unclear. This is illustrated by
the fact that the secondary messenger, nitric oxide (NO),
can facilitate neurotransmitter release in the brain and
reduce smooth muscle contraction by enhancing cyclic
GMP levels. Whether HCN channels are not part of the
protein complex involved in signal transduction at these
two sites or they are ineffective because of membrane
depolarisation remains to be seen. Another factor could
be that HCN channels have an affinity for cyclic GMP
that is an order of magnitude lower than cyclic AMP.

A number of auxiliary proteins and factors can also
modulate HCN channel activity. These include: H* and
Cl ions, kinases (e.g. Src kinase, p38 MAP kinase) and
scaffolding proteins. HCN channels and their associated
subunits are also found to cluster into lipid rafts.

Within cardiac tissue the HCN4 subunit is the most
prominent subunit expressed, whereas the HCN2 subunit
is the most commonly expressed subunit throughout the
brain, with the other HCN channels showing some level
of brain region-specific expression: HCN1, hippocampus;

HCN3, olfactory bulb and hypothalamus; HCN4, thala-
mus. Studies in mouse models where the genes encoding
these subunits have either been deleted or mutated have
revealed a correlation between brain region and altered
phenotype. Specifically: HCN1 and impaired memory
formation; HCN2 with the development of epilepsy and
ataxia (and sinus node dysfunction); and HNC4 mice die
in utero due to nonformation of SA pacemaker cells.

Cyclic nucleotide-gated (CNG) channels

CNG channels are nonspecific cation channels. Whilst
they are more permeable to the influx of Na* compared
to Ca?" ions, the predominant current is Ca**. This is
because during conductance both Ca?" and Na™ ions bind
to a site within the channel but the Ca?" ion dissociates
much slower thereby blocking Na* influx. CNG chan-
nels were first identified in retinal photoreceptors and in
chemo-sensitive cilia of olfactory sensory neurons (OSN)
where they aid in the transduction of light or chemi-
cal stimuli into a cellular response. They are composed
of four subunits derived from six genes: Al-4, Bl and
B3. Functional CNG channels contain a combination of
these subunits rather than being homotetramers. Chan-
nel opening is regulated by cyclic AMP and cyclic GMP,
with four cyclic AMP/cyclic GMP molecules per receptor
required for full activity.

CNG channels are found in the outer segment of the
retinal photocell (CNGI in rods and CNG3 in cones).
Here they play a major role in photo-transduction (see
Figure 4.20). Basically cyclic GMP binds to the CNG
channels allowing Na* and Ca®" ions to influx and K*
ions to efflux. In dark conditions the cellular concentra-
tion of cyclic GMP is high due to its synthesis by guanylyl
cyclase (GC), so that CNG channels are open. The resul-
tant membrane depolarisation is detected by Ca, channels
resulting in constant release of the neurotransmitter glu-
tamate from the photocells. Glutamate can then stimulate
or inhibit activation of the post-synaptic neurone (bipolar
cells) depending upon which type of glutamate receptor is
present (see section 4.4). Stimulation of a photocell with
light causes membrane hyperpolarisation. This is because
CNG channels are no longer open due to the activity of
the cyclic GMP hydrolysing enzyme, phosphodiesterase
(PDE). Light stimulation causes photo-pigments such as
retinal to transform from a cis- to a trans-structure. This
conformational change is detected by the photoreceptor
rhodopsin (Class A GPCR) which subsequently activates
the heterotrimeric G-protein transducin promoting the
release of o and By subunits. The a-subunit activates
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Figure 4.20 Role of CNG channels in photocells. In the dark photocells continually release glutamate (glu). This is because guanylyl
cyclase (GC) is constitutively active. GC converts GTP to cyclic GMP which binds to CNG causing the channel to open. Na* and
Ca’?" ions influx into the cytoplasm of the outer segment. This causes a wave of depolarisation to travel down the cell, ultimately
resulting in neurotransmitter release. The cytosolic concentrations of Na™, Ca** and K™ ions are maintained by the Na*/Ca?*
exchanger in the outer segment and the Na*/K* pump in the inner segment. The Ca®" ion influx inhibits GC activity and thereby
regulates cyclic GMP levels. Light causes the photoreceptor (rhodopsin) embedded in the disc membrane to activate the
heterotrimeric G-protein transducin promoting the release of a subunits, which stimulate phosphodiesterase (PDE) to hydrolyse
cyclic GMP. With no cyclic GMP the CNG channels close. The photocell membrane is hyperpolarised due to K" channel activity and
no neurotransmitter is released. Since the intracellular concentration of Ca®* ion drops, GC is no longer inhibited and begins to
synthesis more cyclic GMP in preparation for the next dark phase.
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PDE and thereby reduces cyclic GMP levels. The rest-
ing membrane potential is quickly re-established due to
activity of the Na*/Ca?* /K" exchanger which exudes Ca?*
and Na* ions and imports K* ions. Since the Na* ion
gradient is the driving force for this transporter’s activity
the membrane becomes hyperpolarised (see Chapter 8).
HCNI channels also contribute to this hyperpolarisation.
The net effect is the cessation of glutamate release.

Tight regulation of the activity of GC or PDE can
fine tune the level of cyclic GMP and hence membrane
potential. GC activity is sensitive to Ca?" ion levels so
that during dark conditions (high [Ca?"]) GC activity is
inhibited due to feedback inhibition but in the light (low
[Ca?*]) it is stimulated to produce more cyclic GMP.
In addition, Na* ion influx via CNG stimulates activity
of the Na*/Ca?*/K" exchanger and so can contribute to
rapid photocell activation and inactivation. This cycling
allows the photocell to respond rapidly to changes in
light intensity and hence the ‘picture’ in view at any one
moment. Increased photo-sensitivity is also achieved due
to the fact that CNG channels do not become desensitised
by ligand binding making them able to respond rapidly to
fluctuations in cyclic GMP (and cyclic AMP) cellular lev-
els, thus making them able to respond to single photos of
light. In fact gene mutations in the CNG channel subunits
can cause colour blindness and retinal degeneration.

The CNG subunits CNG2 and CNG4 are found in
OSN cells. A similar scenario of activation is seen in OSN
cells compared to photocells, except that CNG activation
is mainly due to cyclic AMP. Here the inwardly flowing
Ca’* current leads to opening of Ca®* activated Cl" (Cl,)
channels and ClI' ion movement. Another difference
is that CNG channels in the retina can discriminate
between cyclic AMP and cyclic GMP, whereas those in
the OSN respond equally to both cyclic AMP and cyclic
GMP (Kaupp and Seifert, 2002). Recently other members
of the CNG family have been identified in bacteria and
marine invertebrates but their pharmacology appears to
be quite different to those of its mammalian counterparts
(see Cukkemane, Seifert and Kaupp, 2011 for further
information).

Acid-sensing ion channels

Acid-sensing ion channels (ASICs) are proton-activated
Na* ions channels whose activity is voltage-independent.
Hence they are chemoreceptors that detect changes in
pH. They are primarily involved in pain perception due
to tissue acidosis. Damaged cells release protons and
thereby reduce extracellular pH. This increase in acidity is
detected by transient receptor potential channels (TRPs)

and ASIC which are located on nociceptive neurons.
Basically H* ions bind causing opening of their channels,
Na* ions influx, and the membrane depolarises. This
is detected by voltage-gated ion channels (e.g. Na, and
K,) which elicit neuronal activity. Activation of ASIC
expressed in the spinal cord can activate central pain
pathways within the central nervous system and pain is
perceived. ASIC expressed in presynaptic terminals are
involved in enhancing neurotransmitter release because
ASIC-mediated membrane depolarisation is detected by
Ca, channels. Whether some ASICs can also conduct
Ca’* ions remains to be determined.

ASICs belong to the epithelial sodium channel
(ENaC)/degenerin superfamily of ion channels. Six
subunits from four ACIS genes have been identified:
ASICla;1b;2a;2b;3;4. Each subunit comprises of two
TMS and a large intracellular loop. Three subunits are
required for functionality (see Figure 4.21) with most
being capable of forming hetero- and homotrimers. The
extracellular domain has been likened to a clenched hand
that is formed from subdomains referred to as: finger,
thumb, palm, knuckle, and B-turn. Proton binding
causes rotation of the extracellular domain as well as
movement between the thumb and finger domains. This
causes the two TMS to twist so that the channel opens
(Yang et al., 2009).

ASICs are not active at physiological pH (7.4) but
activity increases as the pH lowers. Different ASICs have
diverse pH sensitivities and inactivation kinetics. Activity
can be measured in terms of the pH that causes 50%
maximal activation (pHO.5). ASIC1 has a pHO.5 ranging
from pH 5.9 to pH 6.5 whereas ASIC3 is ~pH 4.4. These
different sensitivities enable ASIC to respond to specific
stimuli. For example ASIC3 is involved in mediating pain

ASIC trimer
1 2 3

Figure 4.21 Structure of ASIC. Each subunit has two TMS and
a large extracellular loop. Three subunits are required for a
functional channel.



100 Chapter 4

due to lactosis in skeletal and cardiac muscles or acidosis
in the gastro-intestinal tract. And ASIC1 is involved in
activation of central pain pathways in the spinal cord.
Both ASIC1 and ASIC3 can respond to narrow changes
in pH (e.g. from pH 7.4 to pH 7.2; Deval et al., 2010).

In addition to peripheral pain perception, ASICs
expressed in the central nervous system are involved
in synaptic plasticity which underlies many behaviours
such as learning and memory, and drug addiction.
Here they can modulate NMDA receptor activity in
central synapses as well as those in the spinal cord,
which are also involved in processing painful stimuli.
They are also implicated in neurodegeneration because
traumatic brain injury, inflammation or ischaemia
causes acidosis due to reduced oxidative phosphorylation
which can trigger excitotoxicity (see section 5.5).
Nonsteroidal anti-inflammatory drugs are negative
allosteric modulators of ASIC function. Heavy metals
interfere with the function of ASICs. The diverse role of
ACISs makes them attractive targets for drug design.

Epithelial Na* channels

Epithelial Na* channels (ENaC, Figure 4.22) are consti-
tutively active and are involved in reabsorbing Na* ions
across epithelial membranes primarily in the kidney, gut
and lungs. Recently studies have indicated that ENaC
resembles the structure of ASIC (see previous section);
a trimer with a clenched hand configuration. Emerging
evidence suggests that these trimers can then further
oligomerise to form a trimer-on-trimer structure within
the membrane (Stewart, 2011). Four ENaC subunits (a,
B, vy and 8) have been identified with the o, f and y
subunits forming the canonical channels. In vitro stud-
ies have shown that all subunits are capable of forming
homotrimers although whether this occurs in vivo is

ENacC trimer
a B Y

Figure 4.22 Structure of ENaC. Each subunit has two TMS and
a large extracellular loop. Three subunits are required for a
functional channel.

unknown. Each subunit has two TMS, a larger extracel-
lular loop and intracellular carboxyl and amino termini.
The a subunit is essential for channel function whereas
the p and y subunits enhance its activity. The § subunit
was first identified in primate neurones and subsequent
studies have revealed that two spice variants are expressed
in humans. This subunit shares a degree of similarity with
the o subunit but its physiological role remains to be
determined (Wesch, 2011).

Gain of function mutations in either the p or y subunit
resulting in severe hypertension that is mainly resistant
to conventional antihypertensives (Liddle syndrome).
Hypertension is due to excessive ENaC activity in the
kidney leading to reduced urine output and hence water
retention. Basically ENaC located in the renal collecting
duct serve to reabsorb Na* ions that have passed into
the tuble lumen. If this did not happen then the body
would lose too many Na* ions and this would alter the
composition of intracellular and extracellular fluid with
grave consequences. Water is also reabsorbed along with
Na® ions due to osmotic pull. If ENaCs are reabsorbing
too much Na® ions then more water will be returned
to the cardiovascular system and hence blood pressure
will rise. The hormones, insulin and aldosterone can also
enhance ENaC activity. Aldosterone works at the min-
eralocorticoid receptor (a nuclear receptor; see section
8.4 and Figure 8.8) to induce expression of ENaC so
that more channels are inserted into the renal collecting
duct and hence more Na* ions are reabsorbed. A loss of
function mutation in ENaC causes pseudohypoaldostero-
nism where the extracellular volume is depleted leading
to hypotension. Insulin, on the other hand, can interact
directly with ENaC or indirectly by stimulating the PI-3K
pathway so that more ENaCs are translocated to the apical
membrane of the collecting duct for greater Na™ ion reab-
sorption. Obviously perturbations in the levels/activities
of these hormones can also have a profound effect on
blood pressure.

ENaC is also expressed in the colon where it functions
to aid the reabsorption of Na* ions and consequently
water. Here the nuclear receptor ligand, glucocorticoid
can enhance ENaC protein expression in a similar manner
to aldosterone in the kidney. Exocrine secretions such as
sweat also rely on ENaC activity. ENaCs located in the
lung serve to maintain the composition of epithelia secre-
tions involved in many aspects of lung function. Again
this is achieved through the movement of Na* ions and
the osmotic and electrochemical pull that this process
generates. Interestingly ENaC have been investigated as
a potential target for the treatment of abnormal mucous
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production in the lungs of cystic fibrosis sufferers (see
Chapter 6) (Schild, 2010). Here ENaC activity is increased
so that the lungs produce smaller volumes of mucous with
increased viscosity that the mucociliary find difficult to
remove. Amiloride is a relatively selective blocker of
ENaC which has been used as an aerosol to improve
the quality of mucous production with some success.
However, its inability to improve pulmonary function in
severely affected sufferers has led to its discontinuation
in clinical trials. RNA interference (RNAi; see Chapter
8) has also been used to reduce ENaC expression in
the lungs. Currently delivery vectors are being devel-
oped to improve RNAI distribution without evoking an
inflammatory response.

Chloride channels
This group is an amalgamation of rather under-explored,
integral membrane proteins, with diverse structural and
functional characteristics. However, their common and
essential feature is the selectivity for anions, which enables
them to regulate and facilitate the movement of chloride
ions (Cl7) across membranes. The physiological sig-
nificance of this has become apparent in recent years,
with the study of various genetic diseases and the dis-
covery of underlying channelopathies. These disorders
have provided valuable insights into the role of chan-
nels, whose functional characterisation poses technical
challenges (Planells-Cases and Jentsch, 2009).

These channels can be divided into three classes accord-
ing to the mechanisms, which determine their opening

and closing, that is, voltage-gated chloride channels
(CICs), calcium-activated chloride channels (CaCCs) and
cAMP activated cystic fibrosis transmembrane conduc-
tance regulator (CFTR).

CICs

This extraordinary class consists of nine family members
(CIC-1 to CIC-7, CIC-Ka and CIC-Kb), which are struc-
turally similar and yet can be subdivided into two physio-
logically distinct groups of proteins, that is, CI~ channels
and Cl~/H" exchange transporters. The structural differ-
ences that separate both groups appear to be surprisingly
small; for example, a highly conserved glutamate residue
in the selectivity filter of the channels is important for the
gating process (Waldegger and Jentsch, 2000).

All CICs are dimers with a double-barrel architecture
that forms two ion pores. Unusually there is also the
topology of the individual subunits, as inferred from
crystallographic data of the bacterial homolog EcCIC
(Dutzler et al., 2002). Each subunit has 16 a-helical
segments of variable lengths (see Figure 4.23), which
either fully or partially span the membrane, often tilted
at an angle of 45°. Within a dimer, the segments of each
subunit arrange into two antiparallel domains that shape
the ion pore, while the loops between the a-helices form
the ion selectivity filter.

Among the chloride channels are CIC-1, CIC-2, CIC-Ka
and CIC-Kb; they are located in the cell membrane. CIC-1
is voltage-dependent and found in skeletal muscle, where
it mediates a large C1~ conductance that contributes to

CIC dimer

inverted repeat

selectivity filter

Figure 4.23 Structure of the chloride selective ion channel (CIC). Each subunit consists of 16 TMS that are essentially an inverted
repeat of two smaller TMDs; TMS, ¢ and TMS,_,,. The re-entrant loops formed by TMS, ; and TMS, 5, along with TMS, ; forms
the pore and is involved in Cl™ ion selectivity. Two subunits are required for functionality with each subunit forming its own channel

(i.e. each CIC has two separate ion channels).
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the repolarisation after action potentials. Dysfunction of
CIC-1 is associated with recessive and dominant forms
of myotonia, an impairment of muscle relaxation. In
contrast, the widely distributed CIC-2 is activated by
hyperpolarisation, mild extracellular acidification and
cell swelling. It is believed to be involved in transepithelial
transport of Cl~, to regulate cell volume and to stabilise
membrane potential. Mutations in human CIC-2 have
been linked to idiopathic generalised epilepsy, although
these mutations do not impair channel function in vitro.
The channels CIC-Ka and CIC-Kb reabsorb CI~ in the
nephrons of the kidney and in the inner ear. However,
they require barttin, another integral membrane protein,
as accessory subunit for the trafficking to the plasma
membrane. Mutations in barttin cause severe renal salt
loss (Bartter’s syndrome type 4) and deafness.

CIC-3, CIC-4 and CIC-5 have been identified in the
endosomal membranes of numerous tissues. They poten-
tially act as electrogenic antiporters and acidify endo-
somes, by exchanging two Cl~ for each H'. Some in vitro
studies suggest that they operate in a voltage-dependent
manner, but supporting in vivo data are currently lacking.
Dent’s disease, which is accompanied by proteinuria and
kidney stones, is linked to dysfunction of CIC-5.

Little is known about CIC-6 and CIC-7, which are also
found in the endosomes in many tissues and possibly act
as electrogenic transporters. Mutations in CIC-7 affect its
function in osteoclasts and lead to increased but fragile
bone mass.

CaCCs

These channels exist throughout the animal kingdom
in excitable and nonexcitable cells, where they produce
outward rectifying currents, in response to cytosolic cal-
cium. They participate in diverse physiological processes,
such as epithelial CI~ secretion, neuronal and cardiac
excitation, smooth muscle contraction, oocyte fertilisa-
tion and sensory signal transduction (Kunzelmann et al.,
2009). Remarkably, the existence of CaCCs has been
known from electrophysiological recordings for decades,
but their molecular identities are still not fully clear.
To date, only two protein families have been identi-
fied, which include members that convince as authentic
calcium-activated chloride channels, that is, bestrophins
and transmembrane protein with unknown function 16A
(TMEMI6A).

Bestrophin 1 is the best-studied member within a
family of four integral membrane proteins (BEST1-4). It
is highly expressed in the retinal pigment epithelial cells
and, if mutated, believed to cause loss of vision in Best

vitelliform macular dystrophy (Best disease). However,
its physiological role is not fully understood. Likewise,
although all bestrophins can generate calcium-activated
Cl™ currents, it is currently debated whether they act as
CI™ channels or also regulate other ion channels.

TMEMI6A (anocatmin 1) is a widely expressed protein
that was identified as CaCC in 2008. Hydropathy plots
suggest that this and nine related proteins (TMEM16A-K;
anoctamin 1-10) possess eight transmembrane-spanning
segments with the N and C termini on the intracellular
side. The putative pore-forming region is located between
TMS5 and TMS6, and characterised by relatively high
sequence conservation. It contains a large extracellular
portion with four smaller loops, one of which partially
penetrates the membrane as a re-entrant loop. Basic
amino acids within this region are likely to confer the
anion selectivity.

CFTR

Since its discovery in 1989, this channel protein has raised
much attention, as it has been linked to cystic fibrosis,
a common and lethal genetic disease. CFTR is a cAMP-
activated channel in the airways epithelial cells, where it
produces outwardly rectifying Cl~ currents and inhibits
the activity of the epithelial sodium channel (ENaC).
This induces fluid secretion on the surface of the airways
and, thus, contributes to the vital processes of trapping
and removing foreign particles from the airways. A large
number of mutations in CFTR can result in disturbances
to the electrolyte transport and mucus secretion, which
are associated with pathological features in several organs.
(CFTR and cystic fibrosis have been covered in great detail
in Chapter 6).

IP; receptors

Inositol triphosphate (IP;) receptors mediate Ca®* ion
release from internal stores such as the endoplasmic- and
sarcoplasmic-reticulum and they play a major role in
Ca’" signalling (see Chapter 6). There are three mem-
bers of the IP; receptor family (IP;R1-3) and numerous
splice variants. Four subunits that are either hetero-
or homo-oligermerise are required for receptor activ-
ity. Each subunit has six TMS with the two terminal
TMS (TMS; ) forming the pore and selectivity filter
that is also found in voltage-gated ion channels (see
Figure 4.24). Interestingly, these pore-forming domains
and the large cytosolic domain are reminiscent of the
ligand-gated iGluR and KcsA receptors (see Figure 4.32).
Basically the pore of all three has a re-entrant loop that
is flanked by two TMS: TMS, (M-loop) in iGluRs, and
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NH, HoN

HOOC  COOH
cytosol

ER lumen

pore

Figure 4.24 Structure of the IP, receptor. Four subunits are
required for activity but only two are shown for clarity. IP,
interacts with moieties at the carboxyl terminal. TMS; ¢ and a
re-entrant loop (P) lines the pore. Cations move from the
endoplasmic reticulum (ER) lumen into the cytosol. The amino
and carboxyl termini are targets for modulation of receptor
activity.

P-loops in KcsA and IP; receptors. The centre of the pore
is narrow due to TMS tapering and the presence of M- or
P-loops. This determines the channels selectivity for the
conductance of specific ions. In fact the selectivity filter
sequence in IP; receptors includes a GGVGD motif which
is similar to that found in KcsA’s P-loop. Despite this KcsA
channels are selective for K* ions whereas IP; receptors
are nonselective cation channels. However, IP; receptors
are mainly associated with Ca®" ion conductance due to
this cation having the only appreciable gradient across
membranes where IP; receptors are expressed.

The TMS, domain of the IP; receptor is similar to that
seen in iGluR receptors (see Figure 4.32) in that it is very
large and appears to allow a pocket to form for its substrate
(IP;) to bind. The two domains that contribute to this
clam-like structure are known as the o and p domains.
There are no known IP; receptor specific antagonists
making it difficult to evaluate these receptors pharmaco-
logically, although some semi-specific compounds have
yielded interesting results. These include the competitive
IP; receptor antagonist heparin that unfortunately also
acts as ryanodine receptors (RyR; see next section) as
well as uncoupling GPCRs. Caffeine blocks IP; receptors
and RyR, as well as inhibiting cyclic nucleotide phos-
phodiesterases. This has hampered the design of specific
ligands to treat IP; receptor-related pathologies. In addi-
tion, since several different types of GCPR are coupled
to IP; production if any were to dysfunction they could
indirectly affect IP; receptor function.

Studies have shown that binding of IP; is required
for the activation of IP; receptors that leads to a further
increase in cytosolic Ca** ion levels. These IP; receptors
can then form small clusters within the membrane. The
receptors are now sensitive to the elevated cytosolic Ca*"
ion levels and can mediate further Ca®* ion release that is
known as Ca?" induced Ca®* release (CICR). This prop-
erty is shared by RyR and plays an important function in
cardiac and skeletal muscle contraction (see Figure 4.6).
Whether membrane depolarisation is primarily respon-
sible for further Ca?" ion release or whether Ca’" ions
bind directly to the IP; receptor ligand binding site, an
intermediate (e.g. calmodulin; CaM) or via the receptor’s
channel is as yet not known. But it should be noted that
high and low affinity Ca?" ion binding sites have been
located within the receptor and that very high Ca** ion
concentrations can inhibit the channel’s activity. Some
researchers have argued that under normal conditions
Ca?" ions block IP, receptor activity and activation of the
receptor by IP; binding relieves this block and thereby
allows the receptor to become fully activated by Ca®* ion
binding (Taylor and Tovey, 2010).

The three IP; receptors have different affinities for IP;
(IP;R2>IP;R1>>IP;R3) due to the presence and activ-
ity of an IP; suppressor domain in the amino terminal
that interacts directly with the core-IP; binding domain.
A number of proteins have been found to interact with
both cytosolic domains. These include cytochrome ¢
and huntingtin-associated protein 1A (HAP1A) at the
carboxyl terminal and Homer at the amino terminal;
obviously factors that bind to the amino terminal have
the potential to have a profound effect on the receptor’s
affinity for IP; and hence activity. No diseases in man
have been directly associated with mutations in any of the
IP; receptor genes. Studies did show that deletions in the
IP;R1 gene appear to correlate with spinocerebellar ataxia.
However, it was subsequently found that this deletion was
not responsible for the condition since the adjacent gene
(SUMO) also had deletions. Nevertheless, knockout ani-
mals and site-specific mutational studies have revealed
physiological roles for the three IP; receptors. Both IP;R2
and IP;R3 receptors play important roles in pancreatic
and glandular secretions as mutant mice have abnormal
metabolism as well as reduced salivary gland activity.
Removal of the IP;R1 receptor produces neuronal cells
with abnormal dendritic architecture that can be ‘recov-
ered’ by the addition of brain derived neurotrophic factor
(BDNF). BDNF plays an important role in many cognitive
functions and this finding suggests a role for IP;R1 in the
mechanisms that underlie synaptic plasticity. In fact there
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appears to be a relationship between the ligand-gated
NMDA receptor (an iGluR receptor) and metabotropic
glutamate receptors (mGluR) where they work in con-
cert to ensure homeostatic cytosolic Ca®" ion levels.
(Mikoshiba, 2007).

Ryanodine receptors
Ryanodine receptors (RyR, see Figure 4.25) are Ca’"
ion channels and they are very similar to IP; receptors
in that they are tetramers, the subunits have a similar
topology, mediate Ca?" ion release from the sarcoplasmic
and endoplasmic reticulums and participate in CICR.
However, they are almost twice as large as IP; receptors
and they are sensitive to the plant alkaloid, ryanodine
(hence their name) rather than IP;. A number of splice
variants are expressed by all three of the genes that encode
for RyR (RyR1-3). Whereas RyR1 and RyR2 are primarily
found in muscle, all three types of RyR are expressed
in neurones where they are thought to play a role in
neurotransmitter release.

Figure 4.6 in section 4.2 illustrates the role played by
RyR in striated (skeletal and cardiac) muscle contraction;
RyR located in smooth muscle play an insignificant role

RyR Receptor
foot foot

NH, H,N

HOOC COOH
cytosol

SR lumen
pore

Figure 4.25 Structure of RyR receptor. Four subunits are
required for activity but only two are shown for clarity.
Artificial agonists such as ryanodine interact with moieties at
the carboxyl terminal. TMS, _ and a re-entrant loop (P) lines
the pore. Cations move from the sarcoplasmic reticulum (SR)
lumen into the cytosol. The foot of each subunit can interact
with the cytosolic domains of other Ca** channels such as the
Ca, 1 channels to enhance Ca?* ion release. The amino and
carboxyl termini are targets for modulation of receptor activity.

in contractions. Basically release of neurotransmitter (e.g.
acetylcholine) at the neuromuscular junction results in
depolarisation of the muscle plasma membrane that
is propagated down the T-tubules. Depolarisation is
detected by L-type Ca** channels (Ca, 1) and their acti-
vation allows Ca®" ions to flow into the cytoplasm. This
increase in Ca®* ion concentration can activate RyRs on
the sarcoplasmic reticulum causing them to open and
release more Ca®* ions into the cytosol via CICR. Thus a
cascade of events is initiated resulting in muscle contrac-
tion. RyRlocated in striated muscle can actually physically
interact with the L-type Ca®" channels in the wall of the
T-tubules of the muscle cell to stimulate Ca?* ion release
from the sarcoplasmic reticulum. So elevated Ca?" ion
levels sufficient to illicit a muscle contraction can be due
to an initial increase in Ca®* ion influx through L-type
Ca*" channels leading to RyR activation (CICR) and/or
the physical interactions between L-type Ca?" channels
and RyR. In reality CICR only plays a significant role
in cardiac muscle contraction. This is partly due to the
utilisation of different ion channel subtypes; Ca,1.1 in
skeletal and Ca, 1.2 in cardiac that physically interact with
RyR1 and RyR2 respectively.

Mutations in RyR1 are associated with complications
related to inhalation anaesthetics as well as skeletal
muscle myopathies. Here anaesthetics such as halothane
can cause malignant hyperthermia due to uncontrolled
Ca®" ion release from the sarcoplasmic reticulum of
skeletal muscle that leads to muscle rigidity, muscle
hypoglycaemia, acidosis and heat generation. Dantrolene
is a RyR channel blocker and used with some success
to counter the effects of anaesthetic-induced malignant
hyperthermia. Conversely mutations in RyR1 that reduce
Ca?* ion release from the sarcoplasmic reticulum lead to
muscle weakness.

Dysfunction of RyR2 has been associated with car-
diomyopathies. These include a potential life-threatening
arrhythmia due to catecholamine release induced by
stressful situations (catecholaminergic polymorphic ven-
tricular tachycardia; CPVT). Excessive catecholamine
release is often seen in response to conditions such as
a cardiac infarction or viral myocarditis and this has a
similar impact on the heart as CPVT can lead to heart
failure. In both cases mutations in the RyR2 means that
some of the factors that can normally modulate RyR
function (e.g. CaM, ATP, PKA, Ca®*, Mg?") are unable
to interact with it and hence there is a malfunction in the
RyR-mediated response (Zalk et al., 2007).
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Connexins and pannexins

Gap junctions play a vital role in regulating metabolic and
electrical coupling between adjacent cells. Such cell-to-cell
communication is important for a number of physiology
functions including cardiac and smooth muscle contrac-
tion, visual adaptation and hearing (Saez et al., 2003).
Gap junctions allow the passive diffusion from one cell to
another of a variety of small molecules (up to 1 kDa in
size) such as ions, small metabolites, neurotransmitters,
nucleotides (ATP) and second messengers (cyclic AMP,
IP, and Ca**). Structurally they consist of proteins called
connexins (Cx) of which there are 21 known subtypes
(Cx23, Cx25, Cx26, Cx30, Cx30.2, Cx30.3, Cx31, Cx31.1,
Cx31.9, Cx32, Cx36, Cx37, Cx40, Cx40.1, Cx43, Cx45,
Cx46, Cx47, Cx50, Cx59 and Cx62; the numbers refer to
their molecular weight in kDa). The functions of specific
connexins are highlighted in Table 4.8.

Connexin proteins contain four transmembrane span-
ning domains, two extracellular loops, one intracellular
loop and the COOH-termini located in the cytoplasm.
At the NH,-terminal there is a helical structure (NTH)
located in the membrane region which forms the pore
funnel (Figure 4.26). Closure of the channel is due to the
NTH moving within the pore to physically block it. Some

Table 4.8 Physiological function of selected connexins.

Connexin Location and physiological function

Cx43 Predominant gap junction protein
in the heart and involved in
electrical conductance

Cx40 Atrial cardiomyocytes and
responsible for coordinating
spread of electrical activity

Cx36 Pancreatic B-cells and involved in
insulin secretion

Cx32 Expressed in myelinating Schwann
cells and involved in nerve
conduction

Cx30.2 Expressed in the inner ear and

involved in signal transduction
associated with hearing

Cx26 Expressed in the cochlea and
involved in auditory hair cell
excitation

Connexin hexamers
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Figure 4.26 Connexion/pannexin structure. Each subunit is
composed of four TMS (yellow) with a N-terminal helix (NTH;
red). Six subunits hexamerise to form a functional
hemi-channel that can interact with another hemi-channel in
the opposing membrane. The six NTH in each hemi-channel
form the pore funnel. The NTH can be voltage sensitive.
Channel closure is due to the NTH moving into the channel
and physically blocking it.

NTH have voltage sensitivity and thus share similarities
with the classic voltage-sensitive TMS, domain charac-
teristic of K, Ca, and Na, channels. Whether the NTH
is an evolutionary precursor or procursor of the TMS,
domain remains to be seen. Interestingly, six rather than
four subunits are required to form a functional channel
and this may be due to the fact that gap junctions can con-
duct much larger molecules than other members of the
voltage-gated ion channel family. Variations in the amino
acid length of the C-terminal tail account for the varying
molecular mass of connexion family members. Connex-
ins assemble into hexameric complexes called connexons
or hemichannels and the interaction between connexons
on adjacent cells leads to the formation of a gap junc-
tion channel (Figure 4.27). Until recently hemichannels
were considered to function solely as components of gap
junction formation. However, it is now apparent that
the hemichannels independently regulate a wide range
of cellular functions via their role in Ca?>" homoeostasis
and signalling (Figure 4.28; Burra and Jiang, 2011; Evans
et al., 2006). Several triggers for hemichannel opening
have been identified including changes in cytoplasmic
Ca®* concentration and pH (Figure 4.27). Furthermore,
using synthetic peptides (named Gap 26 and Gap 27) it is
now possible to separate out the physiological functions
of gap junctions and hemichannels (Evans et al., 2006).
These mimetic peptides are based on the second extra-
cellular loop of the relevant connexin protein and studies
have revealed that short term exposure times (minutes)
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Figure 4.27 Schematic representation of hemichannel and gap junction structure. (a) Six connexin molecules assemble to form a
connexon or hemichannel and two connexions on adjacent cells interact to form a gap junction. (b) Connexin hemichannels also
regulate cell function independently of their role in gap junction formation. The opening (gating) of gap junctions and hemichannels

is regulated by changes in pH, Ca>* and membrane potential (V).

ATP ATP
Hemichannel PaY-R P2Y-R
IP3 P,
ca?* Ca2*
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Trigger cell

Figure 4.28 Connexin hemichannels and propagation of Ca**signalling. In response to increases in cytoplasmic Ca** concentration
hemichannels open in ‘trigger cells’ enabling ATP to diffuse out into the extracellular space. Released ATP activates G-protein
coupled P2Y receptors on adjacent cells which stimulate phospholipase C activation resulting in IP;-mediated release of Ca®* from
intracellular stores. The released Ca®" opens hemichannels promoting the release of ATP which activates P2Y receptors on an adjacent
cell. This chain of events enables the propagation of Ca>" signals. A similar mechanism may operate using pannexin hemichannels.

selectively blocks hemichannel function whereas longer
exposure times (hours) are required for gap junction
inhibition. This temporal difference in mimetic peptide
sensitivity is most likely due to the connexin protein being
more accessible in hemichannels than in gap junctions.
Connexons can be formed from either one type of
connexin (termed homomeric) or a combination of two
types of connexin (termed heteromeric). Gap junctions
may involve two homomeric connexons each containing
different connexins (heterotypic channels) or two dif-
ferent heteromeric connexons (heteromeric-heterotypic

channels). The level of gap junction channel communi-
cation between adjacent cells is influenced by a number
of factors that include the number of gap junctions,
the probability that each connexon channel is open and
the conductance properties of each connexon. Indeed, the
opening or gating of gap junctions is regulated by changes
in pH, intracellular Ca** and membrane potential (V).
The conformational change between the closed and open
state of a channel is called gating. The heterogeneity in
connexion composition generates gap junctions with dif-
fering functional and structural properties such as pore
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size, pH dependence, open probability, voltage depen-
dence and molecule preference (both size and charge).

Mutations in connexins and human disease

Given their ubiquitous distribution and prominent role
in cell physiology it is no surprise that mutations in
connexin genes are associated with several pathologies
which are classified into seven groups: neuropathic or
myelin disorders, nonsyndromic deafness (hearing loss
with no other signs or symptoms), syndromic deafness
(hearing loss with abnormalities in other parts of the
body), skin diseases, cataracts, oculodentodigital dysplasia
(a condition that affects the eyes, teeth and fingers)
and atrial fibrillation. For a comprehensive review on
mutations in connexin genes and disease see Pfenniger et
al., 2011. Some examples of connexin-associated diseases
are shown in Table 4.9.

Therapeutic potential of gap junctions and
hemichannels

There is considerable interest in targeting gap junction
channels as a novel therapeutic approach for cardiovas-
cular diseases (De Vuyst et al., 2011). Gap junctions play
a critical role in the co-ordinated contraction of cardiac
muscle by facilitating the spread of electrical activity
from one cell to another. It is no surprise therefore that
disruption of gap junction channel communication leads
to ventricular arrhythmias which block the coordinated
contraction of cardiac muscle leading to cardiac arrest

Table 4.9 Connexin associated diseases.

Disease Associated
Connexin

Oculodentodigital dysplasia Cx43

Atrial fibrillation Cx40

Cataract Cx46, Cx50

Hearing loss Cx26, Cx30, Cx31

Myelin-related diseases
X-linked Charcot-Marie-Tooth Cx32

disease (CMTX)

Pelizaeus-Merzbache-like disease Cx46, Cx47
Skin disorders

Keratitis ichthyosis deafness (KID) Cx26, Cx30

syndrome

Vohwinkel syndrome Cx26

Clouston syndrome Cx30

and sudden death. A family of anti-arrhythmic peptides
(AAP) have been identified which increase gap junction
communication and therefore reduce the risk of arrhyth-
mias (De Vuyst et al., 2011). These peptides (e.g. AAP10
and ZP123) indirectly enhance gap junction commu-
nication through a mechanism that involves activation
of protein kinase C (PKCa isoform) and subsequent
phosphorylation of connexin 43. This signalling pathway
is triggered via their interaction with a putative GPCR
(De Vuyst et al., 2011). ZP123 did enter Phase II clinical
trials but these were abandoned due to the development
of GAP-134. This peptide, which is an orally active
analogue of ZP123 has successfully completed Phase I
clinical trials in healthy volunteers. In animal models
GAP-134 ischaemia/reperfusion-induced
arrhythmias and infarct size.

During cardiac ischaemia there is increased release
of ATP from the cells through hemichannels which
open under ischaemic conditions. Physiologically this is
designed to enhance coronary blood flow via adenosine-
induced vasodilation (ATP is rapidly degraded into
adenosine following release). However, the prolonged
release of ATP during ischaemia leads to cell death of
cardiac muscle cells. Studies using the connexin mimetic
peptide Gap 26 have revealed that it blocks Ca®* -triggered
release of ATP from hemichannels composed of Cx43.
Furthermore, Gap 26 prevents ischaemia-induced car-
diac myocyte cell death in a number of model systems
suggesting a potential therapeutic use of this peptide
in preventing ischaemia/reperfusion-induced injury fol-
lowing myocardial infarction. An added benefit of the
anti-arrhythmic peptide GAP-134 is its ability to block
hemichannel opening whilst promoting gap junction
communication.

As indicated in Table 4.9 mutations in Cx26 and Cx30
are associated with several skin disorders indicating a
prominent role of gap junction function in skin home-
ostasis. Connexins (e.g. Cx26 and Cx43) also play a major
role in wound healing; a complex process requiring coor-
dinated communication between numerous cell types
including keratinocytes. Keratinocytes are the predomi-
nant cell type in the outer layer of the skin and during the
wound healing process there are pronounced alterations
in the expression levels of connexins in these cells; Cx43
protein expression decreases whereas Cx26 and Cx30 pro-
tein expression increases. The reduced expression of Cx43
is important for the migration of keratinocytes to the site
of wound healing. Given the prominent role of con-
nexins in wound healing they represent potential novel
therapeutic targets for wound treatment. However, this

attenuates
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would require the design and development of connexin
subtype-specific drugs. One line of attack for targeting
specific connexin subtypesis the use of anti-sense oligonu-
cleotides in order to down-regulate protein expression
levels. Using this approach in mice has revealed that
application of an anti-sense oligonucleotide against Cx43
(to reduce Cx43 expression) enhanced the rate of wound
healing (Qiu et al., 2003). Interestingly, the wound heal-
ing process in diabetic patients is slow possibly due to
abnormally high levels of Cx43 protein expression at
the edge of wound. The use of Cx43-specific anti-sense
oligonucleotides has been suggested as a novel approach
for the treatment of chronic wounds in diabetic patients
which is often delayed resulting in further complications
such as infection (Wang et al., 2007). In summary, gap
junction and hemichannels represent possible therapeutic
targets for treating ischaemia/reperfusion-induced injury
and skin wounds.

Pannexins

Invertebrates express a family of genes called innexins
which are evolutionary distinct from connexins but form
intercellular channels similar to gap junctions. Recently,
mammalian homologs of innexins have been discovered
and named pannexins (Panx). To date, three pannexin
genes have been identified (Panxl, Panx2 and Panx3)
which are approximately 20% similar in sequence to
innexins. Their topology is similar to connexins and they
contain two cysteine residues in each of the extracellular
loops which are required for the formation of hexameric
hemichannels. A notable feature of pannexins is their gly-
cosylation which appears to prevent them from forming
gap junctions (Bedner et al., 2012; Barbe et al., 2006).
The Panx1 hemichannel is both permeable to ATP and
regulated by intracellular Ca?" suggesting a possible role
in the propagation of Ca?" signals (Barbe et al., 2006;
Figure 4.35). Panxl also interacts with P2X7 receptor
as discussed in the section on P2X receptors. However,
the precise functional role(s) of pannexin hemichannels
in cell-to-cell communication and signalling and their
therapeutic potential remains to be established.

Aquaporins

Aquaporins (AQP, Figure 4.29) are channels that are
important for the bulk movement of water molecules
across membranes. (Tait et al., 2008). There are 13
genes that encode AQPs in mammals. Each AQP sub-
unit comprises of six TMS which form a helical structure
with a water pore in the centre. Like transporters (see
Chapter 5) AQPs have a structural fold that indicates
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Figure 4.29 Structure of aquaporins (AQPs). (a) TMS,  are
inverted repeats of TMS, . The NPA (Asn-Pro-Ala) motif
confers water selectivity upon the pore. (b) functional AQPs are
composed of four subunits.

that it has evolved by the inverted repeating of TMS, 5
by TMS, ;. Within the pore there are two conserved
NPA (asparagine-proline-alanine) motifs between TMS, -
TMS; and TMS;-TMS; that confers water selectivity. The
re-entrant loops that consist of the NPA motif are remi-
niscent of the pore forming TMS, -P-loop-TMS, that are
characteristic of K channels suggestive of a common
ancestor. Functional AQP consist of four subunits, each
with their own water pore. The pharmacology of AQPs is
discussed in Chapter 5.

Sodium leak channels

At resting membrane potentials there is a persistent,
sub-threshold, Na® ion current that is not reduced
when the inhibitors tetrodotoxin (blocks Na, channels)
or cesium (Cs*; inhibits K, channels as well as
voltage-gated ion channels in general) are applied. This
voltage-independent Na* ion influx is referred to as the
Na*-leak current (I; ). One of the channels responsible
for the I; \, current have recently been identified.
They are known as sodium leak channel nonselective
protein  (NALCN, or previously as VGCNL1) (Yu
and Catterall, 2004). These channels have the classic
voltage-gated channels structure of a four TMS voltage
sensor and two TMS for pore formation (Figure 4.30).
Although voltage-insensitivity may be due to fewer
positive charges in TMS, (see Figure 4.3). Interestingly
their selectivity filter motif is EEKEE (glutamate/
glutamate/lysine/glutamate/glutamate) which appears to
be a mixture of the Ca, (EEEE) and Na, (DEKA). This
may explain why although the main ionic current is
I} na» NALCN channels are nonselective cation channels,
conducting both K™ and Ca®" ions as well.
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Figure 4.30 Structure of sodium leak channels (NALCN).
Functional channels consist of four subunits and have a similar
topology to voltage-gated ion channels.

These noninactivating NALCN channels play a role in
neuronal excitability. Transgenic studies show that dele-
tion of the gene encoding NALCN results in mice with
abnormal respiratory rhythms that are only viable for 24 h
(Yu and Catterall, 2004). NALCN is also expressed in the
pancreas where it is thought to form a complex with mus-
carinic acetylcholine receptors and facilitate Ca, mediated
insulin exocytosis. As described in the section on K,p
channels, higher cellular metabolism results in closure of
K,rp channels. The resultant membrane depolarisation
is detected by Ca,, channels and triggers insulin secretion.
Stimulation of the My muscarinic receptor elevates intra-
cellular Ca?* ion levels via IP; production and subsequent
Ca’" ion release from internal stores (e.g. endoplasmic
reticulum). So activity of NALCN channels within the
M; receptor complex further depolarises the membrane
leading to enhanced insulin release (Swayne et al., 2010).
Drugs that target NALCN are under development because
of their potential superiority over sulphonylureas which
are the current treatment for non-insulin dependent (type
2) diabetes. Sulphonylureas act at the sulfonylurea trans-
porter which is coupled to K,pp channels and works by
reducing the K,p channel conductance which leads to
membrane depolarisation and hormone secretion. This
means that K,p channels are closed, and insulin secreted,
regardless of the glucose concentration (i.e. ATP abun-
dance). This can result in hypoglycaemic episodes. So
drugs with NALCN channel activity would only facilitate
insulin secretion when glucose levels are normal or high
because at low glucose levels the K,p channels are active
and the I} , current produced by the NALCN channel
is too small to overcome the repolarising action of K, 1p
channels (Gilon and Rorsman, 2009).

4.4 Ligand-gated ion channels

Members of these families can be assigned to one of three
groups depending upon their topology and the number
of subunits required to make functional receptors (see

Table 4.10 Different members of the ligand-gated ion
channel family expressed in man.

Receptor family

Family subunits

Cys-loop superfamily
5-HT,

Nicotinic acetylcholine

(pentameric)

5-HT3A, 5-HT3B, 5-HT3C,
5-HT3D, 5-HT3E

al, a2, a3, a4, a5, a6, a7, a9,
a8*, al0

B1, B2, B3, p4
Y, 8, €

GABA, al, a2, a3, a4, a5, a6,
B1, B2, B3
v1,v2,y3
3,80, 7
pl, p2, p3

Glycine al, a2, a3, ad*
B

Zinc-activated ZAC

Ionotropic Glutamate (tetrameric)

family

AMPA GluAl, GluA2, GluA3, GluA4

Kainate GluK1, GluK2, GluK3, GluK4,
GluK5

NMDA GluN1, GluN2A, GluN2B,
GluN2C, GluN2D, GluN3A,
GIluN3B

d GluD1, GluD2

P2X family (trimeric)

P2X P2X1, P2X2, P2X3, P2X4, P2X5,
P2X6, P2X7

Subunits marked with an asterix (*) are either not expressed
in man or are a pseudo-gene. Brackets indicate the number
of subunits required for function receptors. Adapted from
Collingridge et al., 2009.

Figure 4.31 and Table 4.10). All have extracellular ligand
binding domains (LBD). The carboxyl or amino terminal
binding domains can be extracellular or intracellular.

Pentameric ligand-gated ion channel
family

Pentameric ligand-gated ion channels (pLGICs) are
expressed in both the central and peripheral nervous
systems. In humans these receptors are a major site of
action for anaesthetics, muscle relaxants, insecticides
and drugs that treat disorders of cognition such
as Alzheimer’s, drug addiction, ADHD (attention
deficit hyperactivity disorder) and depression. They
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cys-loop family i glutamate family P2X family
cys-loop
N cys-loop cys-loop
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extracellular C extracellular extracellular

intracellular intracellular N intracellular

c c

pentamer tetramer trimer

Figure 4.31 The three major structures of ligand-gated ion channels. The topology of one subunit for each group is illustrated. Their
subunit assembly is shown below each example. The pore forming region is coloured orange. Cys-loops and 2PX receptors have
characteristic cysteine loops (in red). Members of the cys-loops family form pentamers, i (ionotrophic) glutamate form tetramers and

P2X form trimers. Adapted from Collingridge et al., 2009.

are also expressed in prokaryotes where they act as
chemoreceptors. Initial information about their structure
has been derived primarily from nicotinic acetylcholine
receptors (nAChR) isolated from the torpedo ray fish,
Torpedo marmorata, using cryo-electron microscopy.
This receptor is expressed in their electric organ and
is involved in stunning prey by electrifying them with
up to 200V. Subsequent studies of other eukaryotic
members of the pLGIC family have revealed that within
the extracellular domain there is a highly conserved loop
of 13 amino acids due to a disulphide bridge between
cysteine residues (C-x-[LIVMFQ]-x-[LIVMF]-x(2)-
[FY]-P-x-D-x(3)-C) and for this reason they are also
known as cys-loop receptors. However, this term can be
misleading as prokaryotic counter-parts do not contain
these cys-loops. Members of the pLGIC family can be
further divided depending upon their preferred ligand
(neurotransmitter). These families include nicotinic
acetylcholine (nACh), serotonin (5-HT;) and zinc
activated receptors (ZAC) that conduct cations, as well
as GABA, and glycine (Gly) receptors which conduct
anions (Baenziger and Corringer, 2011) see Table 4.10.
The crystalline structure of homologous bacterial
pLGICs, Erwinia chrysanthemi (ELIC) and Gloebacter
violaceus (GLIC) have been determined and used to infer
the structure of mammalian pLGICs. This has revealed
that five subunits are required for receptor functionality.
Mostly they are heteromeric giving rise to functional

receptors that have an array of physiological and
pharmacological properties. This is further complicated
by differential post-translational modifications and the
presence of various splice variants. All subunits are
characterised by an external ligand binding domain
(LBD). Here three peptide-loops from each subunit help
to form the ligand binding pocket. However, not all
subunits are able to contribute to this and in part this
explains why some members of this family require only
two whereas others need five molecules of ligand to bind
for receptor activation. There are four TMS that span
the whole membrane and they are the site of alcohol,
anaesthetic and steroid action. TMS, forms the pore as
well as helping determine which ion(s) are conducted.
This selectivity filter in TMS, has the sequence alanine
or proline/ alanine/arginine (A/PAR) in channels that
conduct anions (e.g. gly al, a2; GABA, al and p1) and
glycine/glutamate/lysine or arginine (GEK/R) for cation
channels (e.g. nAChR al and 5-HTj,). Residues in the
TMS, and the cytosolic loop between TMS; and TMS,
are also involved in determining ion conductance; three
arginine residues between TMS; and TMS, confer Ca**
ion permeability. So these pLGICs are either excitatory
or inhibitory depending upon the membrane potential
and their activity is also governed by the distribution of
specific ions species across the membrane. The internal
loop between TMS; and TMS, is large in eukaryotes and
is involved in trafficking and is also a potential site for
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modifying receptor activity. Lastly, the carboxyl terminus
is short and extracellular (see Figure 4.31).

Protein structure is determined by covalent and nonco-
valent interactions between adjacent moieties. Cation—7
interactions are an example of noncovalent whereby an
interaction is formed between an electron-rich system
() and an adjacent cation (e.g. Li*, Na* sites on ligand).
These interactions have similar strengths to hydrogen
bonds and salt bridges. In pLGICs, cation—m interac-
tions are important in ligand binding. The ligand binding
pocket is electron-rich (i.e. ) and the ligand (ago-
nist/antagonist) contributes the cation groups (i.e. Na*
or Li*). Since all ligands do not interact at the same
sites within the pocket some ligands and pocket cation—1t
interactions cannot occur. Similarly the ‘pocket’ formed
by some subunit interactions are not electron-rich and
therefore also cannot contribute to a cation—w inter-
action. This explains why some ligands and subunit
combinations have no/little ligand binding activity. In
fact nAChRs expressed at the neuromuscular junction
(a1B1(y/e)8) and the central nervous system (a4p2) have
different affinities for the artificial agonist, nicotine, and
the absence of some of these cation—7 interactions in
the receptor may explain why cigarette smoking is plea-
surable but does not cause severe muscle contractions.
Another example is nicotine itself. It can be used as
an insecticide because it rapidly desensitises nAChRs
making them less responsive to acetylcholine. This in
turn causes muscle paralysis that can ultimately lead
to death. However, nicotine is far more potent at mam-
malian rather than insect nAChRs because at physiological
pH nicotine is protonated. This protonation enables the
mammalian, but not the insect, ligand binding pocket to
form cation—mw interactions and hence enhance receptor
activation. Derivatives of nicotine which are capable of
forming cation—m interactions with insect nAChRs and
not mammalian nAChRs have severely reduced problems
associated with over-exposure and toxicity in man. So a
knowledge of how ligands interact with binding pockets
can aid the design of potential therapeutics that target
specific receptor subtypes (Sine et al., 2010).

Nicotinic acetylcholine receptors

Nicotinic acetylcholine receptors (nAChR) conduct Na*
and K' ions and some subtypes can conduct Ca>" ions
with varying permeabilities. Their sensitivity to the arti-
ficial ligand, nicotine, enables them to be distinguished
from metabotropic (muscarinic) acetylcholine receptors.
They are found within the peripheral nervous system,

primarily at the neuromuscular junction and autonomic
ganglion.

The majority of neuronal nAChRs are composed of
either the a4 subunits in combination with other types
or homomeric a7 subunits. Heteromeric receptors con-
taining the o4 subunit have a high probability of opening
but they deactivate to high-affinity states that are resistant
to reactivation; whereas homomeric a7 receptors have a
low probability of activation that are easily desensitised
but can rapidly reactivate. Since these receptors rapidly
desensitise some agonists actually behave as antagonists
because they facilitate down-regulation of the recep-
tor. Many allosteric modulators of pLGICs bind to sites
between subunit interfaces. Both alcohols and anaesthet-
ics potentiate nAChR at low concentrations but inhibit
them at high concentrations. Receptors consisting of the
a4p2 subunits are sensitive and those containing a7 sub-
units are insensitive to the anaesthetics, isoflurane and
propofol. Galantamine is a positive allosteric modulator
of a4p2 and a7 nAChRs that is used to treat Alzheimer’s
disease.

The nAChRs expressed in human muscle are composed
of al,P1ed subunits with the € subunit being replaced by
a y subunit in some animal models. Activation of these
receptors causes an influx of Na* ions which depolarises
the membrane. Thisis detected by Ca,, channels within the
T-tubules of the muscle which respond by opening and
allowing a Ca®" ion influx resulting in muscle contraction
(see Figure 4.6). Abnormal function of the nAChRs, as
seen in congenital myasthenia gravis, means that there
is insufficient activation of the Ca, channels leading to
reduced muscle contraction.

The nAChRslocated in neuronal tissue are mainly com-
posed of w42 as either a4,p2; or a4;82,. The a4,p2,
compared to the a4;82, combination has increased
acetylcholine sensitivity and a reduced Ca’' ion con-
ductance. This suggests a different cellular/physiological
role. The 04P2 receptors, particularly a4,$25, are involved
in reward and addiction as well as cognition and are a
major target for drug design to ameliorate conditions
associated with its dysfunction. The presence of an a6
subunit within nAChR accounts for a quarter of the pre-
synaptically expressed nAChRs found within the pathway
associated with drug addiction: the reward pathway. The
a604p2p3 subtype has the greatest sensitivity to nicotine
and facilitates dopamine release in the reward pathway
which is the major neurotransmitter associated with drug
addiction (Xiu et al., 2009). Furthermore, cocaine is a
well-known drug of addiction that facilities dopamine
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release within the reward pathway. Cocaine is also a
positive allosteric modulator of a4p2 (and a7) receptors.

Defects in TMS, of the a4 or al subunits is associated
with congenital childhood-onset nocturnal frontal lobe
epilepsy whereby motor seizures occur at night during
onset of sleep or during waking. Several mutations in the
genes encoding for a4 and a1 have been associated with
this condition. These mutations prolong channel opening
by either decreasing desensitisation of the receptor or
increasing its sensitivity to acetylcholine. So the difference
in subunit composition between neuronal and muscular
nAChRs means that drugs with minimal cross reactivity
can be designed to greatly reduce toxic effects.

5-HT; receptor channels

There are seven main types of 5-HT (serotonin) receptors
but only the 5-HTj, is ligand gated. Like other cation
pLGICs its pore is permeable to K* and Na* ions with
some subtypes also showing selective Ca?* ion conduc-
tance. They are expressed in the central and peripheral
nervous systems as well as the gastric-intestinal tract. They
have been shown to play a role in psychosis, anxiety and
depression as well as irritable bowel syndrome. In addi-
tion some are susceptible to the allosteric modulators,
alcohols and anaesthetics.

Five genes that encode for 5-HT; receptors have been
identified in man and apart from 5-HT3C they all express
a number of splice variants (Beate, 2011). Most studies
have been conducted in rodents who only express the 5-
HT3A and 5-HT3B subunits. 5-HT3B has an alternative
promoter site that allows the expression ofalong and short
form of this gene in brain tissue. The physiological sig-
nificance of this is still under investigation. Only 5-HT3A
subunits can form functional homo-pentamers while 5-
HT3B-E require the presence of a subunit from another
grouping for functionality. Heteromeric 5-HT3A recep-
tors have a greater Ca®* ion permeability but have slower
kinetics of activation, deactivation and desensitization
than homomeric 5-HT3A receptors (Machu, 2011).

Radiotherapy and chemotherapeutics, such as cisplatin
and doxorubicin, can cause nausea and vomiting because
they induce 5-HT (serotonin) to be released in the diges-
tive tract. Consequently 5-HT; receptors located on vagal
nerve terminals are stimulated leading to activation of
the vomiting centre within the brain. Setrons are anti-
emetics that inhibit 5-HT} receptor activity and are used
to counter the nausea and vomiting associated with these
treatments for cancer. 5-HT; receptors have also been
associated with gastric reflux disease where the acid
content of the stomach slowly erodes the lining of the

oesophagus. In the central nervous system pre-synaptic
5-HTj, receptors are involved in control of neurotransmit-
ter release, with agonists enhancing dopamine and GABA
release. They are also expressed in post-synaptic cells
where they are excitatory. 5-HT} receptors are implicated
in drug addiction. However their role in drug addiction
is complicated and dependent upon the specific drug of
addiction. With ethanol, boosting synaptic 5-HT levels
with selective serotonin reuptake inhibitors like fluoxe-
tine reduces ingestion, whereas 5-HT receptor antagonist
or agonism facilitates or suppresses addictive behaviour,
respectively. Lesioning of serotonergic neurones within
the reward pathway prevents opiate, but not cocaine,
addictive behaviour. The main effect of 5-HT appears to
involve alterations in motivation. So the role of 5-HT};
receptors in drug addiction is not easily explained.

5-HT; receptors also mediate inflammation and
chronic pain. They are expressed in sensory nerve
endings and control the release of pain mediators such
as substance P. The use of antagonists that prevent
release of substance P from these sensory terminals are
a potential target for the treatment of fibromyalgia and
peripheral neuropathies. In addition to the emetic effect,
stimulation of 5-HTj receptors increases anxiety levels.
Therefore agonist and positive allosteric modulators of
5-HT; receptor function are of little pharmaceutical
benefit (Tina, 2011).

Zinc activated receptors

Not much is known about the pharmacology or phys-
iological function of these receptors. The zinc-activated
channel (ZAC) was first identified by scanning genomic
databases for other members of the pIGLC family. The
gene was cloned in 2003 (Davies et al., 2003) and later two
splice variants were identified (Houtani et al., 2005). They
are cation channels that are activated by Zn?" ions and
inhibited by (+)-tubocurarine. To date, no other ZAC
genes encoding for these channels have been identified so
it is assumed that they function as homopentamers. Stud-
ies are hampered by the fact that no homologue has yet
been identified in rodents even though they are expressed
in human and other animal tissues (Houtani et al., 2005).

GABA, receptors

Molecular heterogeneity is one of the noticeable charac-
teristics of the large group GABA-gated, anion-selective
pLGICs that have been classified as y-aminobutyric acid
type A (GABA,) receptors (see Table 4.10). In addition
(or because of this), they are a physiologically and phar-
macologically interesting family of ion channels, as they
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are the primary mediator of fast synaptic inhibition in
the mammalian CNS and the target for a number of
clinically-important drugs, including widely-prescribed
benzodiazepine compounds (reviewed by Olsen and
Sieghart, 2009).

Receptor subunits and their classifications

The molecular diversity of the receptor is due to 19
homologous subunits (i.e. al-a6, B1-f3, y1-y3, §, ¢, 6,
1, and pl-p3), which can assemble in a hitherto unde-
termined multitude of heteropentameric combinations
(see below), referred to as receptor subtypes. The sub-
units have been classified based on sequence identity,
accounting for 60% to 80% within a particular subunit
class (e.g. f1 and B3), but only 30% to 40% between two
classes (e.g. o and B). Sequence conservation is generally
high for the four hydrophobic transmembrane segments
that are typical for subunits of the pLGIC superfamily,
while other regions, especially the large intracellular loop
between TMS3 and TMS4, are of variable length and
less conserved.

Interestingly, each GABA , receptor subunitis the prod-
uct of a separate gene, but further polypeptide forms
arise as a consequence of alternative splicing of primary
mRNAs. A well-studied example is the ‘long’ version of
the y2 subunit (y2L), which differs from the ‘short’ vari-
ant (y2S) by an additional eight amino acids within the
aforementioned long intracellular loop. It derives from
an alternatively-spliced 24-basepair exon, within the y2-
subunit gene, and adds a consensus sequence for protein
kinase C (PKC) and calmodulin-dependent Ser/Thr pro-
tein kinase IT (CMPK II). Whether this affects the function
of the native receptor is still not satisfactory proven. Sim-
ilarly, two forms have been reported for the 2 subunit,
where the insertion of 38 amino acids into the large intra-
cellular loop (B2L) introduces potential phosphorylation
sites for a few kinases, including PKC and CMPK II.
In humans, alternative splicing also appears to generate
several subunit transcripts with different 5UTRs, but
the encoded proteins are possibly nonfunctional or not
incorporated into a receptor.

The inclusion of the three p subunits, as a class
of GABA, receptors, follows structural and functional
criteria and according to the Nomenclature Commit-
tee of IUPHAR (NC-IUPHAR; Barnard et al., 1998),
however this circumstance was neither applauded by
all researchers in the field, at the time, nor is it now
(Bormann, 2000). Prior to 1998, the p subunits were
classified as GABA; receptors, as they exhibit pharmaco-
logical and expression profiles, which are clearly distinct

from other GABA, receptor subtypes and polypeptides,
respectively (see below). Even today, the term ‘GABA.
receptors’ appears frequently in the scientific literature,
despite NC-IUPHARX’s recommendation to disregard it.
(NB GABAj receptors are GPCRs that are dealt with, in
detail, in Chapter 3).

Likewise, the classification (and naming) of the € and
0 subunits can be queried. They have been placed in
separate GABA, receptor classes, because they share
~50% sequence identity with the y and § subunit classes,
respectively. However, the corresponding genes (GABRE
and GABRQ) are also part of a gene cluster, as they have
been identified for the great majority of GABA, receptor
genes (e.g. the cluster GABRG3-GABRA5-GABRB3
on chromosome 15q). They are located on the X
chromosome, together with GABRA3, where they hold
the positions of y-like and B-like subunits genes (i.e.
GABRE-GABRA3-GABRQ), respectively. This suggests
that the € and 6 subunits are the result of high sequence
divergence during evolution, but otherwise they could
be placed in the y and B subunit classes, according to
their genomic locations. Noteworthy, two additional
GABA, receptor polypeptides, named B4 and y4, have
been identified in the chicken (Gallus gallus domesticus;
Lasham et al., 1991; Harvey et al., 1993) and they
are believed to be less-divergent orthologues of the
mammalian 0 and ¢ subunits, respectively (see Darlison
et al., 2005).

Stoichiometry of receptors and receptor subtypes
With the discovery of an increasing number of GABA,
receptor subunits, until the late 1990s, emerged several
questions, which have been central in the research on
this ion channel family ever since (e.g. Whiting, 2003):
Which stoichiometry and receptor subtypes exist in vivo?
Do these subtypes possess specific physiological roles?
The different subunits can potentially assemble in a
vast number of combinations, found at synaptic as well
as extrasynaptic locations. However, each subunit gene
has a unique spatio-temporal expression pattern in vivo
— the co-assembly into a pentamer necessitates the co-
localisation of the encoded polypeptides within the same
cells, and appears to follow structural preferences of the
combining subunits. In situ hybridisation and immuno-
histochemical studies revealed that the a1, 81-3 and y2
subunit genes are widely and abundantly expressed in the
mammalian brain (Fritschy et al., 1992; Wisden et al.,
1992). In contrast, the activity of other genes can be low
and/or limited to a few areas or cell groups, such as the
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genes of the a6 subunit (exclusively expressed in cerebel-
lar granule cells) and the 7 subunit (reproductive tissue).
These initial studies were followed by the purification
of GABA, receptor complexes through immunoprecipi-
tation and immunoaffinity chromatography. Despite the
technical challenges to dissect the molecular composition,
today it is believed that the majority of native receptors
are composed of two o subunits, two f subunits, and a
single y subunit or 3 subunit.

Following this stoichiometry, the a182y2 combination
has been identified as the most common receptor sub-
type. Noteworthy, it is formed by three highly abundant
subunits, which are all expressed from the same gene
cluster. Together with a1p2y2, the y2 subunit appears to
be present in a total of ~75% of heteropentamers, includ-
ing the less common subtypes a2py2, a3fy2, a4py2,
a5py2 and a6Py2 (with ‘B’ possibly representing any
type of this subunit class). Other identified combinations
(i.e. a4P28, adp3d, a6p2d, a6P38), contain the § sub-
unit instead (Whiting, 2003; Olsen and Sieghart, 2009);
these are exclusively found at extrasynaptic locations.
The p polypeptide genes are predominantly expressed in
the retina, and several studies suggest the existence of
heteromers composed of pl- and p2-subunit there, and
p2-homomers in other CNS regions (Bormann, 2000).
In addition, some evidence exists for receptor molecules
containing more than one type of a subunit (i.e. ala6py2
and ala6fd). Minor, less-studied subunits, such as the
g, 0 and 7 subunits, can possibly substitute the y and 3
subunits (e.g. apf, ape and af ).

A prediction of the absolute number of native GABA
receptor subtypes is difficult, although the identification
of receptor complexes has much progressed since the
molecular cloning of the subunits. This line of research
is of great significance, for the combination of subunits
determines the electrophysiological and pharmacological
profiles of individual receptors (see next paragraph).

Physiology

Activation of the GABA, receptor requires the binding
of two molecules of the neurotransmitter GABA at the
interface between a a and p subunit (i.e. the GABA site).
This interaction opens an intrinsic ion channel that is
selective for chloride ions (Cl™) and to a lesser degree to
bicarbonate. In the adult brain, the opening is associated
with a hyperpolarising Cl~ influx and results in a reduced
capability of the neuron to initiate action potentials (i.e.
inhibition). However, in the developing brain, GABA has
excitatory actions, since the immature neurons possess
a high [CI™];, which carries a depolarising current out

of the cell upon GABA, receptor activation (Ben-Ari et
al., 2007). The intracellular Cl~ is accumulated by the
Na*-K"-2Cl~ co-transporter NKCCI, but this gradient
gradually shifts to a high [C]™] | during brain maturation,
with the appearance of the K"-Cl~ co-transporter KCC2,
a chloride extruder. As GABA’s fast excitatory actions
precede those usually mediated by AMPA-type glutamate
receptors, they are of physiological importance for the
signalling in the developing nervous system. This depo-
larisation is even observed in restricted regions of the
adult brain (e.g. some cortical neurons), where the local
Cl™ gradient is reversed.

In view of the GABA, receptor heterogeneity and
their (sub)cellular locations, it is likely (but difficult to
prove) that certain subtypes fulfil specific physiological
roles, perhaps in functionally distinct circuits. On the
other hand, there is clear evidence that the potency of
GABA depends on the type of o subunit in the assem-
bled pentamer (Mortensen et al., 2012). The a6-subunit
containing subtype, for example, exhibits the highest sen-
sitivity to GABA among heterologously-expressed axf3y2
GABA, receptors. Small numbers of these receptors are
typically found at extrasynaptic locations, where they
respond with a tonic current to the low concentrations
of GABA, which overspill from inhibitory synapses. In
contrast, the synaptic-type a2p3y2 and a3p3y2 receptor
isoforms are characterised by the lowest GABA potencies.

Pharmacology

The impact of the subunit combination on the pharma-
cological profiles, including undesired side effects, is of
great interest, because GABA, receptors are sensitive to
a wide range of clinically-relevant compounds: benzo-
diazepines (BZ), barbiturates and general anaesthetics,
as well as endogenous neurosteroids and alcohol. These
drugs target the GABA sites, where they act as ago-
nists (e.g. muscimol) and antagonists (e.g. bicuculline),
and on allosteric sites, where they competitively block
(e.g. picrotoxinin), or positively or negatively modulate
the receptor action. An enhanced activity of GABA is
frequently associated with anxiolytic, sedative, hypnotic
and/or anticonvulsive effects in the organism.

Drugs, especially the numerous BZ derivatives, have
been invaluable tools in the molecular and electrophys-
iological characterisation of GABA, receptors subtypes.
Indeed, prior to the molecular cloning of the receptor
subunits, the BZs diazepam and CL218,872 contributed
in receptor autoradiography studies to the identification
of the BZ1 and BZ2 receptors, that is, the only two GABA ,
receptor isoforms believed to exist back then (Sieghart
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and Karobath, 1980). The BZ1 receptor showed a high
affinity for CL218,827, but for type 2 it was low. Today,
it is known that the BZ1 receptor represents the alfy2
subtype, while the BZ2 receptor is composed of a2, a3 or
a5, one B and the y2 subunit.

Diazepam (Valium®) is a widely-prescribed drug and,
like many other BZ drugs (e.g. flunitrazepam, chlor-
diazepoxide), a CNS depressant. It has anxiolytic, sedative
and myorelaxant properties, and can cause amnesia,
in particular if potentiated by the simultaneous use of
alcohol. The BZ flumazenil, on the other hand, is a neg-
ative allosteric modulator that can serve as an antidote
for intoxication with flunitrazepam or BZs with similar
effects. The interaction of all of these drugs with GABA
receptors requires the presence of the so-called BZ bind-
ing site. This is generally formed by a y and an « subunit,
but exhibits distinct affinities to BZs depending on the
individual y and o subunit types. The y2 subunit, for
instance, contributes to receptor isoforms with higher
sensitivities to diazepam than those containing the y1
polypeptide. In contrast, a4- and a6-containing recep-
tors are insensitive to diazepam and flunitrazepam. This
is due to the presence of a particular arginine residue,
instead of a histidine, which otherwise can be found
in the N-termini of the BZ-sensitive al, a2, a3 or a5
subunits (see Chapter 10, section 10.5). Interestingly,
genetic engineering has confirmed that certain therapeu-
tic aspects can be attributed to defined receptor subtypes
(Rudolph et al., 1999; Low et al., 2000). The sedative and
amnesic effects of diazepam are primarily mediated by a1
subunit-containing isoforms, the anxiolytic and possibly
the myorelaxant qualities by the a2 subunit. Similar work
may aid the discovery of receptor subtypes, which are
potentially involved in BZs” negative side effects, such as
drowsiness, or the mechanisms of BZ dependence, linked
to long-term use.

In contrast to diazepam, the PB-carboline DMCM
(dimethoxy-4-ethyl-p-carboline-3-methoxylate) is an
allosteric inhibitor of GABA, at the BZ binding site.
This and similar molecules have raised attention, due
to their ability to enhance the cognitive functions of
animals in learning paradigms (Venault et al., 1986).
These findings are in line with transgenic studies on
the a5-subunit gene, which is predominantly expressed
in the hippocampus, a learning-relevant brain region
(Collinson et al., 2002). Here, the decrease of the subunit
was accompanied by improved learning and memory
performance. These studies suggest that a reduction of
GABAergic transmission in specific areas may enhance
cognitive functions. However, the clinical applications of

drugs like DMCM are hindered, as they lack specificity
for a5-subunit containing subtypes. This example
highlights again the importance of determining the
molecular composition of existing GABA, receptors and
to develop subtype-selective drugs.

The BZ binding site is also recognised by a class of
nonbenzodiazepine tranquilisers, called Z drugs (e.g.
zolpidem, zopiclone). They preferentially bind to ol
subunit-containing GABA receptors, where they act as
BZ site agonists, but with rather hypnotic, less anxiolytic
effects on the body. Also this class of agents points out
the pharmacological significance of the BZ site in the
receptor. However, despite intensive research, endoge-
nous benzodiazepines have not been identified, and a
physiological role for this site is doubtful.

Other positive-allosteric modulators with clinical sig-
nificance are barbiturates and general anaesthetics. They
appear to bind to receptor sites, which differ from those
for GABA and BZs, and probably involve the § subunits.
Barbiturates are nonselective general depressants, whose
molecular targets include GABA , receptors. Although fre-
quently referred to as sleeping pills, their effects vary from
being anaesthetic (e.g. thiopental), to sedative-hypnotic
(e.g. pentobarbital) and anticonvulsive (phenobarbital),
depending on their time of onset and duration of action.
Also anaesthetics, such as the intravenously-administered
propofol and etomidate, prolong the duration of the
open GABA, receptor. They are commonly used to
induce general anaesthesia, while volatile anaesthetics
(e.g. halothane, enflurane) maintain this state; the latter
are likely to bind to a site distinct on GABA, receptors
from that of the injectable agents.

Finally, a pharmacologically very distinct group of
GABA, receptor subtypes are the p subunit-containing
isoforms (formerly: GABA( receptors). They neither
respond to BZs, nor to barbiturates, bicuculline or
neurosteroids that are typically active on GABA,
receptors. However, they can be distinguished phar-
macologically, from the latter, by the agonist CACA
(cis-4-aminocrotonic acid) and antagonist TPMPA
((1,2,5,6-tetrahydropyridine-4-yl)methylphosphinic
acid), which are selective for the GABA site of these
subtypes.

Genetic epilepsies and receptor dysfunction

As mediators of synaptic inhibition, GABA, receptors
counterbalance the actions of excitatory neurotransmit-
ters. The functional importance of GABAergic signalling
becomes apparent, if it is disturbed by mutations in the
involved proteins. Dysinhibition and overexcitation may
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be the consequence, and they manifest themselves in the
form of disorders like anxiety, depression and epilepsy.

Mutationsin GABA , receptor subunit-genes have been
linked to several types of idiopathic epilepsy (MacDonald
et al., 2010), that is, childhood absence epilepsy, juve-
nile myoclonic epilepsy, generalised epilepsy with febrile
seizures plus (GEFS+) and severe myoclonic epilepsy of
infancy (Dravet syndrome). The severity of the disorder
appears to depend on the type of mutation (nonsense,
missense, frame shift), its location in the gene (promoter,
protein-coding region), the affected region of the encoded
protein (intra-/extracellular, transmembrane) and the
affected subunit gene. Generally, the pathophysiological
consequences of the mutations are impairments in the gat-
ing characteristics of the channel or receptor trafficking.

The majority of mutations have been detected in the
y2-subunit gene (GABRG2), one of the most
ubiquitously-expressed GABA, receptor genes. Here,
nonsense mutations can result in truncated versions
of the encoded protein, lacking either a part of the
N-terminal end (Q40X) or the fourth transmembrane-
spanning segment (Q390X and Q429X). All of these have
been linked to either GEFS+ or Dravet syndrome, but
the underlying pathological mechanism has only been
identified for Q390X (i.e. retention in the endoplasmic
reticulum). Other mutations have been found in the
genes encoding the al (GABRAI), the B3 (GABRB3)
and the 3 (GABRD) subunits. They are predominantly
located in the extracellular regions of the polypeptide
and have variable effects on its function and trafficking.

Considering the neurotransmitter imbalances, the use
of antiepileptic drugs aims to potentiate GABA, receptor
activity. These compounds enhance the concentration of
GABA at the synapse by either inhibiting the degrad-
ing enzyme (GABA transaminase), inhibiting the uptake
transporter or providing precursor molecules for the
synthesis of this neurotransmitter.

Glycine receptors

Within the cys-loop superfamily, glycine-gated receptors
represent another type of chloride-selective ion chan-
nels, besides the GABA, receptors. Although they share
more structural and physiological similarities with the lat-
ter, compared to other pLGICs, they lack the molecular
diversity and widespread distribution that characterises
GABA, receptors. Only five glycine receptor subunits
have been identified in mammals (i.e. al-a4 and B)
and, in humans, the a4 subunit gene even appears to be
a pseudogene. In vitro, the subunits can assemble into
homomeric (o polypeptides) or heteromeric (possibly

20:3p) pentamers, and they are likely to do so in vivo, too
(Lynch et al., 2009). The B subunits alone do not form
channels that are activated by the natural ligand glycine.
Neuroanatomically, glycine receptors are primarily found
in the spinal cord, the brainstem and the retina, where
they mediate inhibition in sensory and motor pathways.
At the subcellular level, the homopentamers have been
detected at extrasynaptic sites and heteropentamers at the
synapse.

In the adult brain, the majority of receptor subtypes
is believed to consist of the al or a3 and the B subunits
(Malosio etal., 1991). Remarkably, the dominant receptor
isoform in the embryonic and neonatal brain is the highly-
conductive a2-subunit homomer. This subtype is then
replaced by the heteromeric a1f and a3p combinations
during the first few weeks after birth. The a3-subunit
containing glycine receptors may also be of functional
significance due to their location in nociceptive neurons.
A study on mice suggests that these subtypes are involved
in prostaglandin type E2-mediated inflammatory pain
sensitisation (Harvey et al., 2004). Animals that lacked
a functional a3-subunit showed a reduced perception
of pain.

Apart from the agonist glycine, these ion channels
can be activated by other amino acids, including B-
alanine, taurine, f-aminobutyric acid and GABA, albeit
with significantly-lower potencies (Lewis et al., 2003). In
homomeric subtypes, they can interact with five identical
sites, which are formed at the interface of two adjacent
a subunits; heteromers (i.e. 20:3p) possess three bind-
ing sites at the a/f interface. Other pharmacologically-
interesting ligands are ivermectin (agonist), a drug against
parasitic worms, and the highly potent and selective com-
petitive antagonist strychnine. Like GABA, receptors,
glycine-gated channels can be allosterically blocked by
picrotoxinin, which preferentially binds to homomeric
receptors. Yet another allosteric site enables the mod-
ulation by zinc ions, that is, they increase the activity
of glycine receptors at low concentrations, but have the
opposite effect at high concentrations.

A number of mutations in the al-subunit gene have
been associated with startle disease (hyperekplexia),
which presents itself by an exaggerated startle response.
The mutation K271L/Q, for example, affects the
pore-lining segment TMS2 (Shiang et al., 1993). This
and all other mutations in the al-subunit gene reduce
the magnitude of glycine-induced currents.

From a clinical perspective, the glycine receptors, par-
ticularly a3-containing subtypes, are interesting drug
targets. However, neither subunit-selective agonists, nor
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therapeutically-important drugs for glycine receptors are
currently available.

lonotrophic glutamate receptors

Glutamate receptors are the major excitatory receptors
found within the brain. They consist of metabotropic
and ionotropic receptors. There are four main groups
within the ionotropic glutamate receptor (iGluR) family.
Three of which are classified based upon their selective
response to three artificial agonists: a-amino-3-hydroxy-
5-methylisoxazole 4-propionic acid (AMPA), kainate
and N-methyl-D-aspartate (NMDA). The other class,
3-glutamate receptors, was first identified by analysis of
genomic libraries. They remain to be fully pharmacologi-
cally classified and are considered to be orphan receptors.
In 2009 the crystalline structure of AMPA receptors was
first described (Sobolevsky, Rosconi and Gouaux, 2009)
and shown to be common to all iGluR subunits (see
Table 4.10 for a list of subunits). AMPA receptors are
composed of four subunits surrounding a central water-
lined pore. The structure of its channel bears a striking
resemblance to the bacterial K* channel, KcsA. Basically
the pore of both has a re-entrant loop that is flanked by
two TMS: TMS, (M-loop) in iGluRs and P-loop in KcsA.
The centre of the pore is narrow due to TMS tapering
and the presence of M- or P-loops. This determines the
channels selectivity for conductance of specific ions. As
Figure 4.32 shows, the TMS and loops of iGluR chan-
nels are inverted in KcsA channels. However the iGluRs
conduct Na*, K and Ca** ions with varying permeabil-
ities whereas KcsA is selective for K* ions. Identification
of a bacterial iGluR channel (GluPo) which also has an
‘inverted’ pore that is selective for K* ions suggests that

KcsA channel

intracellular

selectivity filter

extracellular

the glutamate binding domain and pore inversion in the
iGluR family occurred earlier in evolution than loss of
K* ion selectivity. As to why the pore became inverted
one can only speculate. But simply without this inversion,
the glutamate binding domain would not be extracel-
lular. And since these receptors function to transduce
an external stimulus into an intracellular signal/response
an internal ligand binding domain (LBD) would prevent
glutamatergic neurotransmission.

Figure 4.33 shows the major iGluR domains in each
subunit. The N-terminus domain (NTD) is sometimes
referred to as the LIVBP (leucine, isoleucine, valine-
binding protein) domain because it is homologous to the
bacterial amino acid binding domain of that name. Ligand
(e.g. glutamate) binds to the LBD which is sub-divided
into SI and S2 depending upon whether they originate
from TMS, or TMS; respectively. During receptor acti-
vation, the ligand is transiently ‘locked’ into the crevice
formed in the middle of S1 and S2 like a clamshell.
Although in most cases glutamate is the preferred ligand
other amino acids like glycine, serine or aspartate can
fit into the S1/S2 crevice to activate the receptor. The
size of the S1/S2 cavity varies between subunits with,
for example, GluK1 and GluK2 being much larger than
GluA2. This means that the kainate subunit will be able
to accommodate larger ligands. In terms of drug design,
this is an important consideration because ligands that fit
into the kainate but not AMPA S1/S2 cavity can be devel-
oped, thereby enhancing drug specificity. The C-terminal
domain (CTD) is involved in receptor trafficking and
anchoring. The CTD also has various sites for phosphory-
lation and protein-protein interaction. Near the tip of the
M-loop there is a glutamate/arginine/asparagine (Q/R/N)

iGIuR channel

intracellular

Q/R/N site

extracellular

Figure 4.32 A comparison of the bacterial K™ channel KcsA with the mammalian iGluR channel. Two subunits are shown for clarity
but both types of channels are tetramers. Terminal carboxyl and amino sequences are not shown as these are not conserved between
KcsA and iGluR channels. The P loop in KcsA consist of an a-helical domain (P) which forms part of the selectivity filter. Within the
carboxyl loop after P is a conserved T (tyrosine) amino acid that corresponds to the Q/R/N site in iGluR receptors. This helps
conserve K* ion selectivity on the channel. The P domain of KcsA corresponds to TMS, in iGluR channels.
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extracellular

intracellular

N-terminal domain
ligand binding domain

flip/flop domain Q/R/N domain

c-terminal domain

Figure 4.33 General structure of iGluR receptors. Each subunit
has a NBD, LBD, CTD and a conserved Q/R/N sequence in
TMS, . Changing of a glutamate to arginine in the Q/R editing
domain confers reduced Ca®* ion permability on specific
AMPA and kainate subunits/receptors. The flip/flop domain is
another site for RNA editing.

site: Q/R site in AMPA/kainate receptors, N site in NMDA
receptors and T (tyrosine) site in KcsA K* channels. This
site coincides with a narrow constriction within the pore
and functions as part of the ion selectivity filter. Mutation
of glutamate to an arginine within this site renders the
pore of kainate and AMPA receptors impermeable to
Ca*" ions (Wollmuth and Sobolevsky, 2004).

Four subunits are required to make a functional iGluR
with the NTD and LBD having a twofold symmetry and
the TMD a fourfold symmetry. If each subunit is arbi-
trarily referred to as A, B, C or D, then the contact
between NTDs appears to be a dimer of the A/B subunits
that has dimerises with that of a C/D dimer through the
B and D subunits. However, within the same complex
the two-fold symmetry seen at the LBD is due to A/D
dimers dimerizing with B/C dimers through the A and
C subunits. The linker between NTD and S1 can vary in
size depending upon the exact subunit present and this
can affect receptor channel opening probabilities. This
domain swapping or subunit cross-over gives rise to dif-
ferent NTD and LBD combinations as well as iGluRs with
differing gating/conductance properties that is dependent
upon which subunit is present and its relative position
within the receptor.

So far 18 mammalian genes that encode iGluR sub-
units have been identified with each gene expressing
numerous splice variants (see Table 4.11). They have
recently been renamed (Collingridge et al., 2009). Func-
tional iGluRs receptors are composed of subunits from
their own group. NMDA receptors mainly consist of two
GluN1 and two GluN2 subunits, although the GluN3
subunit can oligomerise with GluN1 or GluN1/GluN2 to

form GluN1/GluN3 or GluN1/GluN2/GluN3 receptors
respectively. The AMPA receptor GluA1-4 subunits can
form homo- and heteromers. Similarly, kainate receptor
subunits GluK1-3 can also form homo- and heteromers,
whereas GluK4 and GluK5 subunits only form heteromers
when expressed with GluK1-3. The 3-type receptors can
only form homotetramers and may not function solely as
ion channels (see later) (Mayer, 2011).

NMDA receptor

NMDA receptors play a pivotal role in synaptic plasticity
and hence remodelling of neuronal pathways. Whilst
they have a voltage-dependent activity their subunits do
not have the classic four TMS voltage sensor that is
common to other ion channels (e.g. K, Na, and Ca,; see
Figure 4.3). Instead sensitivity is derived from a moiety
within the channel that binds a Mg?" ion when the
membrane is polarised resulting in physical blockage of
the channel. Membrane depolarisation causes the Mg>*
ion to dissociate and move away, thereby allowing the
passage of Na*, K" and Ca?" ions. Since the Ca*" ion
current is the most important feature of NMDA receptors
they are also known as high conducting voltage-gated
Ca*" channels.

There are seven genes encoding the NMDA subunits:
GluN1; GluN2A-D; GluN3A-B. For the majority, the
presence of both GluN1 and GluN2 subunits are required
for receptor function. Sequence comparison reveals a
high degree of similarity between the GluN1 and GIluN3
subunits. Pharmacological analysis has also shown that
glycine or serine are the preferred ligands for GluN1 and
GluN3, and glutamate for GluN2 subunits. This has led
to the theory that GluN3 subunits have evolved from the
GluN1 subunit. As for the GluN2 subunits, it is thought
that through gene duplication these subunits have evolved
with divergent pharmacological properties to provide a
further level of control for receptor activity/function.
Other than binding glutamate, the GluN2 subunits con-
fer different Ca®" ion conductances upon the receptor.
In adult brains the majority of NMDA receptors contain
the GIuN2A or GluN2C subunits. However when NMDA
receptors are activated they are rapidly internalised and
replaced with those containing the GluN2B and GluN2D
subunits respectively; cessation of synapse remodelling
causes these NMDA receptors to be replaced with those
containing the GluN2A and GluN2C subunits. This ini-
tial activity-dependent exchange enables greater Ca®"
ions influx and hence activation of secondary pathways
involved in synapse remodelling. Since cytosolic Ca** ion
concentrations are tightly controlled to prevent activation
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Table 4.11 iGluR sub groups.

Group name Members

Old names

NMDA

Kianate GluK1-5
AMPA GluA1-4
) GluD1-2
Prokaryotic GluPo

GluN1; GIluN2A-D; GluN3A-B

NRI1; NR2A-D; NR3A-B
GluR5-7, KA1-2
GluR1-4

GluR delta 1-2

Eighteen mammalian genes and one prokaryotic gene encode for iGLuRs. The prokaryotic
GluPo receptor has proved an evolutionary link between bacterial and eukaryotic iGluRs
because it has features of both ionotropic glutamate receptors and KcsA channels: that is it
too has an inverted pore, is glutamate activated and a K" ion selective channel.

of pathways involved in neuronal death, NMDA receptor
activation is tightly controlled. When the synaptic mem-
brane is at the resting potential NMDA receptors cannot
conduct ions. This is because a Mg?" ion physically blocks
the channel. However, if the membrane is depolarised, (by
for example glutamate activating non-NMDA receptors)
the Mg?" ion is displaced and glutamate (and glycine) can
now activate it. So for receptor activation two events that
occur simultaneously are required: post-synaptic mem-
brane depolarisation and pre-synaptic glutamate release.
For this reason NMDA receptors are also known as
coincidence detectors.

NMDA receptors are expressed all over the brain and
in the spinal cord where they are involved in nociception.
Their role in memory formation makes them attractive
targets for ‘smart drugs’ that enhance cognition. For
synapse remodelling there is a need for prolonged and
sustained glutamate release and NDMA receptors play a
role. The accessory and scaffolding protein, PSDys, not
only anchors the receptor in the membrane it also enables
other proteins that contain a similar PDZ cell adhesion
moiety to bind in close proximity. So when Ca’" ions
enter the cell they come in contact with Ca>*-dependent
calmodulin kinase II (CaMKII) which phosphorylates
nitric oxide synthetase and enhances the production of
nitric oxide. This diffusible gas travels back to the presy-
naptic terminal to facilitate further glutamate release.
When this occurs in nociceptive neurones within the
spinal cord it is known as ‘wind up’ and is involved in the
perception of prolonged pain.

NMDA receptors are major players in excitotoxic medi-
ated cell death (see Figure 5.21). Basically over stimulation
of these receptors results in cytotoxic levels of Ca?" and
Na® ions. This creates an excess of cations within the

neurone which causes an electrostatic pull and results in
the inward migration of anions such as Cl” ions. Conse-
quently, water flows into the cell by osmosis to counter
the increased ionic composition of the cytosol. The resul-
tant increased osmotic pressure causes neuronal swelling
and ultimately cell lysis. This is confounded by the rise
in Ca?" ions that has already activated lipases which
have started to reduce membrane integrity. The excess
Ca’* ion concentration also disrupts oxidative phospho-
rylation by destabilising the mitochondrial membrane
potential thereby preventing activity of the electron trans-
port chain (see Figure 5.19). As a consequence of this,
processes that are dependent upon ATP, such as the
Na*/K* ATPase pump (see section 5.4) transporter func-
tion, start to fail. Na* ions accumulate in the cytosol
to such an extent that the Na* ion gradient is reversed.
Since the glutamate transporter uses this gradient to fuel
the movement of glutamate across the synaptic plasma
membrane, its reversal means that glutamate is pumped
out of the cell into synapses. Furthermore, the elevated
Ca’* ion concentrations causes further neurotransmitter
release by triggering the cascade of events involved in
synaptic vesicle migration down to, and fusion with, the
synaptic plasma membrane. The accumulated glutamate
can now trigger a new round of excitotoxicity in adjacent
neurones.

There is evidence that extra-synaptic NMDA recep-
tors play a role in neuroprotection. These receptors
will only become active when excessive glutamate is
released at a synapse and they function to terminate
glutamate-mediated neurotransmission. Studies suggest
that subunits containing the GluN2A subunit are involved
and that they are coupled to different signalling pathways
to those located synaptically. Naturally, pharmaceutical
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companies are interested in developing compounds to
enhance cognition, aid neuroprotection and prevent neu-
rodegeneration. Drugs that target the different GluN2
subunits are currently under investigation. However,
these studies have proved difficult because so far the
only pharmacological difference observed between these
four proteins appears to be at the CTD and specifically
their affinity for Zn?* ions. NMDA receptors containing
the GluN2A subunit have approximately 50-fold greater
affinity for Zn?" ions than those containing GluN2B.
This has led to the development of the GluN2B-selective
antagonist, ifenprodil. This compound is thought to either
target the Zn?" ion binding site or a site very close to it.
Since ifenprodil appears to interact with other GluN2 sub-
units derivatives of this drug, termed ‘prodils’, have been
synthesised. A number of these potent GluN2B-selective
antagonists (e.g. MK-0657, radiprodil and traxoprodil)
are in stage 2 clinical trials for the treatment of pain,
Parkinson’s disease and depression (Mony et al., 2009).

Other allosteric modulators of NMDA receptor activ-
ity include neurosteroids. Pregnenolone sulphate is used
in the laboratory to differentiate between GluN2A/2B
and GluN2C/D subunits. The NMDA receptor antago-
nist, memantine, is used to treat the early symptoms of
Alzheimer’s disease. This is achieved by preventing neu-
rodegeneration of neurones via the excitotoxic pathway.
Memantine is currently the only therapeutic compound
that targets iGIuR receptors in clinical use. However, it
has a number of side effects due to its activity at other
receptor types (e.g. 5-HT) and there appears to be little
improvement in cognition.

AMPA receptor

Four genes encode the AMPA receptors subunits; GluA1-
4. Figure 4.33 shows AMPA receptors contain all the major
subunit domains. There is also a flip/flop site, which is
only nine amino acids long, that is either spliced in or out
of the mature mRNA transcript to give rise to channels
with differing properties. In addition, there are also two
potential RNA editing sites where the enzyme, adenosine
deaminase (AD), can act; AD converts an adenosine to
inosine by removing the adenosine group. The first occurs
at the Q/R editing site in GluA2 subunit so that the codon
for glutamate (CAG) is converted to that of arginine
(CIG)(Seeburg and Hartner, 2003). This substitution
introduces a charge within the channel that prevents
Ca*' ions from moving through the pore of homo-
and heteromeric receptors. Since the GluA2 subunit is
predominately expressed with an arginine in this position
it renders the receptor complex impermeable to Ca>* ions.

This means that most AMPA receptors only conduct Na*
and K* ions. The second AD site occurs just before the
flip/flop site in GluA2-4 which also yields subunits with
differing properties (Nakagawa, 2010). AMPA receptors
are primarily involved in glutamate-mediated synaptic
transmission.

AMPA receptors are also involved in synaptic plastic-
ity. Not only do AMPA receptors relieve the Mg?" ion
block of NMDA receptors by causing local membrane
depolarisation, their numbers are also reduced during
the re-modelling phase. This alteration in the ratio of
AMPA:NMDA receptors is vital for memory formation.
A number of scaffolding/auxiliary proteins are associated
with AMPA receptors. Some function to modulate recep-
tor activity while others are involved in endocytosis of the
receptor. These include stargazing/TARP, cornichon 2 &
3, CKAMP44 and SOL-1. Manipulation of these protein
could potentially alter the AMPA:NMDA receptor ratio
and thereby affect cognitive behaviour.

AMPA receptors are associated with a whole host of
neurodegenerative diseases that are related to abnormal
intracellular Ca?* ion handling. Basically AMPA recep-
tors with Ca?" ion permeability allow too much Ca*"
ion influx which triggers neuronal death via apoptotic
or non-apoptotic pathways such as excitotoxicity (see
Figure 5.21). The Ca®" ion ‘overload’ can also up regu-
late pathways involved in cell proliferation and migration
leading to tumour genesis. In fact, AMPA receptors have
also been associated with glioblastoma tumour prolifera-
tion. Here thereisa correlation between tumour incidence
and the expression of glutamate at the Q/R/N site, which
renders the receptor Ca’" ion permeable. In the case of
fragile-X syndrome (FXS), Ca®" ions induce activity of
the transcription factor CREB. This causes the expression
of the fragile X mental retardation gene, FMR1. Normally
this gene encodes for an RNA binding protein that neg-
atively regulates the translation of dendritically located
mRNAs. This process plays an important role in synaptic
plasticity which underlies many processes such as learn-
ing and memory and neuronal pathway development.
Expression of a mutated form of FMRI causes mental
retardation and cognitive impairment, both characteris-
tics of FXS. Whether the use of drugs that inhibit AMPA
receptors with Ca*' jon permeability will be effective
against any of these aforementioned conditions remains
to be seen. However, the AMPAkine CX-516, which is a
positive allosteric modulator of AMPA receptor function,
is currently in phase 2 of clinical trials for the treatment of
FXS. Whilst it has no side effects, initial results show that
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it does not appear to improve the behavioural problems
associated with FXS (Bowie, 2008).

AMPAKines are also used as cognitive enhancers. This
is connected to the AMPA receptors’ intimate relation-
ship with NMDA receptors and subsequent activation of
pathways involved in synapse remodelling. In this sce-
nario, activation of AMPA receptors would lead to relief
of the NMDA receptor Mg?" ion block and its activation.
However, there is little evidence that AMPAkines actually
improve memory. This is probably due to the absence of
glutamate release to actually activate the NMDA receptor
(Wollmuth and Sobolevsky, 2004).

Kainate receptors

There are five genes expressing kainate receptors (GluK1-
5) that can be divided into two distinct groups: GluK1-3
and GluK4-5. The latter group does not form func-
tional homotetramers and only share 45% identity with
GluK1-3. In addition, their sensitivity to glutamate and
kainate is different, with affinity for the GluK4-5 subunits
being greater than an order of magnitude when com-
pared to the GluK1-3 subunits. Recent findings have also
revealed that homomeric kainate receptors have reduced
affinity for glutamate as well as ion conductance when
compared to heteromeric receptors. Whether this allows
the homomeric receptor to only be activated near the
site of glutamate release (that is when high glutamate
concentrations are at their greatest) rather than by gluta-
mate released from adjacent neurones which is open to
speculation (Perrais, Veran and Mulle, 2010).

When compared to other iGluR subtypes very little
is known about the function of kainate receptors. They
are very similar in structure and pharmacology to AMPA
receptors and in fact have a degree of sensitivity to AMPA.
The use of ligands with high affinity for kainate receptors
such as domoic acid, antibodies and construction of
transgenic animals has helped give an insight into some
of their functions. This has shown that both types
of receptors desensitise at the same rate but kainate
receptors need far longer to recover. The rate of recovery
is also dependent upon the glutamate concentration
with low glutamate concentrations hindering recovery;
this is not true of AMPA receptors. Also Na* and K*
ion binding is required for kainate receptor activation
but not for AMPA receptors. Furthermore, they have
much faster rates of deactivation than AMPA receptors
(Jaskolski, Coussen and Mulle, 2005).

Like AMPA receptors, kainate receptors have a Q/R site
which affects Ca?* ion conductances. They are expressed
throughout the brain at pre, post- and extra-synaptic

locations to regulate the activity of neuronal networks
(Jaskolski, Coussen and Mulle, 2005). The major type of
kainate receptors contain GluK2 and GluKS5 subunits.

Kainate receptors are thought to be involved in epilepsy
because administration of kainate causes seizures in man
and laboratory animals. Whereas inhibitors of receptors
containing GluK1 can inhibit seizure activity. Whether
inhibitors of kainate receptor activity would be superior
to current therapies remains to be determined. Kainate
receptors have also been implicated in nociception. Here
pre-synaptic receptors regulate neurotransmitter release
at glutamergic neurones within the spinal cord. Mice
with the gene for GluK1 knockedout are less sensitive
to persistent pain stimuli. So in theory GluK1 specific
drugs could be a potential therapy for chronic pain
(Bowie, 2008).

d receptors

The 81- and 82-type glutamate receptors were identified
by scanning mammalian genomic databases for sequences
with iGluR homology. Subsequent studies showed that
the 3-2 subunit is expressed in granule neurons and Purk-
inje neurons of the cerebellum. 8-1 subunits are expressed
throughout the nervous system of juvenile mice whereas
it is confined to the hippocampus of adult animals. This
suggests that 8-2 subunits play a role in neuronal path-
way formation. Since mice that are deficient in the §-2
subunit have reduced synapse numbers the §-2 subunit
has also been implicated in synapse formation and main-
tenance. These knockout mice have also impaired motor
learning indicating abnormal synapse formation. The
pharmacology of these 3-type receptors are beginning to
be discovered. It appears that their endogenous ligand
is not glutamate but may be serine or glycine. Emerg-
ing evidence indicates that the primary role of 3-type
(particularly 82) iGluRs is not related to their channel
activities but rather a structural role in the endocytosis of
AMPA receptors (Kakegawa et al., 2009; Yuzaki, 2009).
It is known that other members of the iGluR family also
have non-ionotropic functions but to a lesser extent. So
it maybe that GluD subunits have evolved so that their
primary function is not as ion channel.

P2X Receptors

Since their discovery as signalling molecules both purine
(ATP, ADP) and pyrimidine (UTP, UDP) nucleotides
have been shown to mediate diverse physiological effects
through the activation of two major receptor fami-
lies; ligand-gated P2X receptors and G-protein coupled
P2Y receptors. Although not the focus of this section a
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brief description of the P2Y receptor family is included
for completeness. There are eight P2Y receptor sub-
types; P2Y,, P2Y,, P2Y,, P2Y,, P2Y,,, P2Y,,, P2Y,,,
and P2Y ). P2Y receptors can be subdivided pharmaco-
logically into ATP and ADP-preferring receptors (human
P2Y,,P2Y,,,P2Y, and P2Y;), those preferring UTP and
UDP (human P2Y, and P2Y,) and receptors of mixed
selectivity (human and rodent P2Y, and rodent P2Y,) that
respond to ATP and UTP. The P2Y, receptor is activated
by the sugar-nucleotides UDP-glucose, UDP-galactose,
UDP-glucuronic acid and UDP-N-acetylglucosamine. At
present the P2Y,, receptor antagonist clopidogrel (trade
name Plavix), which is used as an anti-thrombotic (pre-
venting platelet aggregation), is one of only a few P2Y
receptor ligands in clinical use.

P2X receptor structure, signalling and pharmacology
P2X receptors are a family of seven non-selective cation
channels, permeable to Na*, K* and Ca?', that are
activated (gated) by extracellular ATP. The P2X receptor
family contains seven subunits (P2X1-P2X7) each pos-
sessing two TM spanning domains (Figure 4.34). Func-
tional P2X receptors exist as trimers composed of either
three identical subunits (homotrimeric channels) or
different subunit pairings (heterotrimeric channels). All
P2X subunits with the exception of P2X6 form functional
homotrimeric channels and to date seven heterotrimeric
channels have been identified: P2X1/2, P2X1/4, P2X1/5,
P2X2/3, P2X2/6, P2X4/6 and P2X4/7. The trimeric

ATP

™1 TM2

NH,

COOH

Figure 4.34 Membrane topology of a typical P2X receptor
subunit.

subunit arrangement of the P2X receptor differs from
other members of the ligand-gated ion channel family
which are typically pentameric in structure. In terms
of overall size P2X1-6 receptors vary in length between
379-472 amino acids, whereas the P2X7 receptor with its
longer COOH-terminus is 595 amino acids in length. The
NH, and COOH-termini are both located intracellularly
and represent important sites for phosphorylation and
protein-protein interactions, respectively. The latter are
associated with the formation of P2X7 receptor signalling
complexes. The large extracellular loop contains the ATP
binding site although its precise location is still to be
resolved. The publishing in 2009 of the crystal structure
of the zebrafish P2X4 receptor confirmed the trimeric
arrangement of functional P2X receptors (Kawate et
al., 2009). For comprehensive reviews on P2X receptor
structure see Young (2009) and Browne et al., (2010).

Detailed pharmacological analysis of concentration-
response curves for P2X receptor activation has indicated
that three molecules of ATP are required for opening of
the ion channel pore. Unfortunately the crystal structure
reported by Kawate et al. (2009) was obtained in the
absence of ATP (closed state) and as such the precise
location of agonist binding site could not be determined.
The uncertainty of the location of ATP binding is also
partly due to P2X receptors not containing concensus
ATP binding site(s) that are characteristic of other
ATP-binding proteins. However, as a result of complex
mutagenesis experiments the amino acids responsible
for ATP binding have been identified and the orthosteric
ATP binding pocket appears to be shared between two
neighbouring P2X subunits.

As with other members of the ligand-gated ion channel
family P2X receptors are subject to allosteric modulation.
Examples of allosteric modulators include extracellular
Ca’*, Mg?", H" and the trace metals Zn?*" and Cu**
(Coddou et al.,, 2011). In certain cases the allosteric
modulation is P2X receptor subtype specific; for example
Zn** potentiates ATP responses mediated via P2X2, P2X3,
P2X4 and P2X5 receptors but inhibits responses triggered
via P2X1 and P2X7 receptors. The allosteric regulation
of P2X receptors may provide an opportunity for the
therapeutic development of receptor subtype selective
modulators.

When activated P2X receptors regulate numerous
cellular processes either through changes in membrane
potential or via signalling cascades triggered by Ca®*
influx. However, there are some notable differences
between the P2X receptor subtypes in terms of ATP
sensitivity and desensitisation (Jarvis et al., 2009). For
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example P2X1 receptors are activated by nanomolar
concentrations of ATP and desensitise quickly. In
contrast, P2X7 receptors are activated by micromolar
concentrations of ATP and are resistant to desensitisa-
tion. Sustained activation of the P2X7 receptor also leads
to the formation of a large, but reversible, permeability
pore in the plasma membrane which allows the influx of
hydrophilic solutes into cell. The formation of this perme-
abilisation poreisa consequence of P2X7 receptor interac-
tion with the transmembrane protein pannexinl (Panx1).
Another distinguishing feature of the P2X7 receptor is its
ability form signalling complexes that involve protein-
protein interactions with its long C-terminus (Kim et al.,
2001). In macrophages the P2X7 receptor/Panx1 complex
triggers activation of caspase-1 leading to the cleavage
of pro-interleukin-18 (IL-1f) and release of mature
inflammatory cytokine IL-1p from the cell (Figure 4.35).
A major obstacle for researchers exploring the physi-
ological and therapeutic potential of P2X receptors has
been the lack of subtype selective agonists and antagonists.
Studies exploring the physiological role(s) of specific P2X
receptor subtypes have used knockout mice. However, in
the last few years selective P2X3 and P2X7 receptor antag-
onists have been produced and other selective P2X ligands
are in development. The development of P2X receptor
subtype selective ligands is problematic due to structural
differences between homotrimers and heterotrimers.

Physiological function of P2X receptors
P2X receptors are widely distributed in mammalian tissue
and as such are involved in the regulation and modulation

ATP
Pannexin-1 Release
?
Caspase-1
Pro-IL-1B IL-1B
Macrophage

Figure 4.35 P2X7 receptor-mediated release of IL-1f from
macrophages. The mechanism(s) linking P2X7/Panx1 to
caspase-1 activation are unclear.

of numerous physiological processes (for reviews see
Burnstock and Kennedy, 2011; Surprenant and North,
2009). In neuronal tissue P2X receptors are involved in
neuromuscular and synaptic neurotransmission mediat-
ing both postsynaptic and presynaptic effects. These neu-
ronal effects are a consequence of ATP being an important
co-transmitter released from motor nerves, sympathetic
nerves and parasympathetic nerves. For example, in the
case of sympathetic nerve innervation in vascular smooth
muscle, ATP, co-released with noradrenaline, triggers a
fast P2X-mediated contraction, whereas noradrenaline is
responsible for the slower a-adrenergic receptor medi-
ated response (Figure 4.36a). Likewise the regulation
of urinary bladder smooth muscle contraction by the
parasympathetic system, following co-release of ATP and
acetylcholine, involves fast P2X receptor and slow mus-
carinic receptor-mediated responses (Figure 4.36b).

P2X receptors are also involved in generating action
potentials in afferent sensory neurons (Figure 4.37). These
neurons carry nerve impulses to the CNS when acti-
vated by transmitters such as ATP released from sensory
cells. Evidence suggests various P2X receptor subtypes
are involved in afferent neuron activation associated with
taste, hearing, pain, bladder distension and carotid bodies
(Surprenant and North, 2009).

Besides their functions in neuronal tissue P2X receptors
are also expressed in a wide range of non-neuronal cells
including astrocytes, endocrine secretory cells, epithelial
cells (lung, kidney, trachea, uterus, cornea), fibroblasts,
immune cells (macrophages, neutrophils, eosinophils,
lymphocytes, mast cells, dendritic cells) and muscle cells
(smooth, skeletal and cardiac). Some specific examples of
P2X receptor function in the major organ systems relating
to non-neuronal cells are briefly discussed below. In the
cardiovascular system P2X receptors are involved in the
regulation of blood pressure and thrombosis. For example
P2X4 receptors expressed on vascular endothelial cells
regulate nitric oxide (NO) induced vasodilation of vascu-
lar smooth muscle. Whereas activation of P2X1 receptors
expressed on platelets appear to mediate thrombosis
under conditions of high shear stress. In the respira-
tory system P2X receptors are expressed on the epithelial
cells that line the bronchi and when activated promote the
removal of mucus. P2X receptors have also been linked
with CO,-mediated central control of respiration. In the
urinary system P2X1 receptors expressed by afferent arte-
riole smooth muscle cells regulate glomerular filtration
rate and in various animals models P2X7 receptor stimu-
lation is linked with renal fibrosis. P2X receptors are also
involved in the activation of afferent neurons linked with
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ATP & NA ATP & ACh

Figure 4.36 Role of P2X receptors in smooth
Co-release Co-release muscle contraction. (a) ATP and
noradrenaline (NA) co-released from
PoX ATP NA o,AR pox ATP ACh m3 sympathetic nerves regula.te contraction of
vascular smooth muscle via P2X and
a-adrenergic receptors (a-AR), respectively.
Fast Slow Fast Slow (b) ATP and acetylcholine (ACh) co-released
Contraction Contraction from parasympathetic nerves regulate

Vascular smooth muscle

blood CNS
flow
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ATP
sensory
epithelium
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Figure 4.37 Role of P2X receptors in afferent sensory neuron
activation. ATP released from sensory cells activates P2X
receptors located on afferent sensory nerve terminals. In this
example hypoxia-induced release of ATP from glomus cells
located in the carotid body (chemoreceptors) activates P2X3
receptors on afferent sensory neurons which relay information
to the respiratory centre in the brain.

bladder distension. Finally many of the different cell types
associated with the immune system co-express P2XI,
P2X4 and P2X7 receptors suggesting a prominent role of
P2X receptors in immune control. One major example is
P2X7 receptor-mediated release of the pro-inflammatory
cytokine IL-1p from macrophages and microglia cells
(resident macrophages of the brain and spinal cord). IL-
1 is a major player in neurodegeneration (induces cell
death in the brain), chronic inflammation and chronic
pain. The major physiological functions of P2X receptors
are summarised in Table 4.12.

Bladder smooth muscle

(a) (b)

contraction of bladder smooth muscle via
P2X and m3 muscarinic receptors (m3),
respectively.

Table 4.12 The major physiological roles of P2X
receptors.

Receptor Physiological functions

P2X1 Predominant receptor in sympathetic
innervated smooth muscle,
regulation of glomerular filtration,
thrombosis, neutrophil chemotaxis

P2X2, P2X3 Inflammatory and neuropathic pain,

or P2X2/3 urinary bladder reflex,

chemoreceptor response to
hypoxia, taste perception

P2X4 Neuropathic pain, long-term
potentiation, vascular smooth
muscle tone

P2X7 Cytokine release, inflammatory and

neuropathic pain, renal fibrosis,
bone remodeling

Therapeutic potential of P2X receptors

At present there is considerable interest in the devel-
opment of P2X receptor ligands for the treatment of
numerous conditions that include pain, inflammatory
diseases, bladder disorders and irritable bowel syndrome.
For example P2X3 and P2X2/3 receptor antagonists such
as AF-353 are being developed for the treatment of several
pain-related disorders (Gever et al., 2010). The related
compound AF-219 is an orally bioavailable P2X3 and
P2X2/3 receptor antagonist in Phase II clinical trials
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for treatment of osteoarthritis, interstitial cystitis/bladder
pain syndrome and chronic cough. The involvement of
the P2X7 receptor in the release of pro-inflammatory
cytokines has led to the development of several selec-
tive P2X7 receptor antagonists as potential novel anti-
inflammatory agents. For example, the P2X7 antagonist
AZD9056 is in phase II clinical trials for the treatment
of the inflammatory disorder rheumatoid arthritis. Other
potential future therapeutic uses of drugs targeting P2X
receptor subtypes include treatment of irritable bowel
syndrome, cystic fibrosis and cancer.

4.5 Summary

Ion channels are membrane embedded proteins, which
have an intrinsic pore that can facilitate the movement
of ions and small molecules between different compart-
ments; organelle/cytosol or extracellular/intracellular.
Their opening can be governed by changes in the mem-
brane voltage and/or ligand binding. The voltage-gated
ion channels have a basic six-TMS structure; TMS, ,
acts as a voltage sensor and TMS; , forms the pore and
selectivity filter. Many members of this family have lost
their voltage sensitivity due to either removal of TMS, ,
(e.g. K,p) or redundancy within the voltage sensitive
domain (e.g. RyR and IP; receptors). Conversely a few
family members lacking TMS, , do have a degree of
voltage sensitivity (e.g. K;.). The pore forming domain,
TMS; ¢, shows a high degree of conservation with very
precise amino acid sequences conferring ion specificity.
Apart from the exception of NMDA receptors, the
ligand-gated ion channels have no voltage sensitivity and
are purely activated by ligand binding.

Mutation in the genes that encode for ion channels can
result in a whole host of pathologies. This is because they
perform many cellular functions ranging from electri-
cal and chemical signalling, maintenance of the osmotic
composition and the pH of cells and their cellular com-
partments. The number of disease that are associated
with their dysfunction are increasing as we begin to
learn about and understand more of their physiology and
pharmacology.

The similarity in structure of ion channels has, to a cer-
tain extent, hampered drug design due to a lack of speci-
ficity that leads to unacceptable side-effects. However, ion
channels are a major target of venoms; some of which
showastonishing specificity. A chief problem with venoms

are that they are short peptides that are prone to degrada-
tion due to endogenous peptidase activity. Pharmaceuti-
cal companies are currently developing drugs that increase
peptide stability or mimic their activity as well as target
specific cellular or organ compartments. Another avenue
for drug design is naturally occurring ligands such as those
found in plant extracts. This explains why drug compa-
nies are investing huge amounts of money in the mass
screening of various plant species and their extracts in the
hope of find naturally occurring ion channel ligands.
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5.1 Introduction

Transporters are membrane embedded proteins that
facilitate the movement of ions, small molecules and
peptides across the lipid bilayer. They can be divided into
two groups: channels and carriers. Channels (and pores)
facilitate diffusion down the substrate’s concentration
gradient, whereas carrier-mediated transport involves
movement of the transporter and its bound substrate
across the membrane.

Carriers can be further divided depending upon
whether they use a source of energy for substrate
transportation. If energy is derived from a primary source
such as a chemical reaction, light adsorption or electron
flow then this is known as primarily active transport.
However, if a second source of energy is also utilised
from, for example, the electrochemical gradient at the
expense of the primary energy source, then this is known
as secondary active transport; in other words the energy
was indirectly provided by a primary active transporter
to establish an electrochemical gradient. Tertiary active
transport uses energy derived from a secondary active
transport-generated gradient. An example of tertiary
active transport would be organic anion transporters
(OAT) which are involved in maintaining cytosolic

5.5 Transporters and cellular homeostasis 167
5.6 Summary 169
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organic anion concentrations. They are found in
epithelia cells throughout the body and have been
studied primarily for their role in urine production in
the kidney. OAT use a dicarboxylate gradient to move
substrate into the cell; this tertiary gradient is generated
by the secondary active transporter, Na*/dicarboxylate
co-transporter and the Na' ion gradient is due to the
primary active transporter, Na®t/K™ ATPase which
pumps Na™ ions out of the cell at the expense of ATP
hydrolysis (see Figure 5.1).

5.2 Classification

Transporters can be classified in the same way as enzymes,
based on their mechanism of action, what they carry and
their structure, with the classification continually being
updated as more information about transporters emerges
(http://www.tcdb.org; Saier et al., 2009). In this chapter
we will concentrate on the major groups involved in
pathophysiology and drug discovery.

Table 5.1 shows the major classes and their subclasses
of transporter. Channels and Pores (Figure 5.2) constitute
the first class of transporters and until recently they were
notreally considered to be transporters because they form
an open link between cellular compartments from which
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Figure 5.1 Diagram showing how the primary and secondary energy sources are generated for tertiary active transport of organic
anions into renal cells. Na™ ions are pumped out of the cell using the Na™/K™ pump with energy derived from the breakdown of ATP
(primary active transport). This results in a higher extracellular concentration of Na™ ions. Dicarboxylate (DC) is transported into
the cell via the Na™/DC symporter using the co-transportation of Na™ ions down its concentration gradient as the source of energy
(secondary active transport). The DC gradient is then used to import organic anions (OA™) into the cell using the OA™/DC

antiporter.

ions or small molecules can diffuse from a region of high-
to one of low- concentration. However, the presence of
hydrophobic, hydrophilic and amphipathic groups inside
the pore/channel allow them to selectivly facilitate trans-
membrane ion and small molecule movement which is
a characteristic of transporters. Whilst pores are contin-
ually open (un-gated channel), channels can be open or
closed (gated pore). This is a large family that includes
ionotrophic and voltage-gate receptors which have an
integral channel that upon activation results in its open-
ing, ion channels that are gated by second messengers
(e.g. IP;, cGMP), as well as porins and gap junctions
which allow the transfer of water, signalling molecules
and toxins between cells and organisms.

Toxins can cause the formation of pores; some classes
of bacteria produce a peptide that forms a channel
which allows inorganic ions to flow across the mem-
brane and kill the target organism by destabilising their
membrane potential. The antibiotic, gramicidin A, facili-
tates the movement of K+, Na* and H" ions down their
concentration gradients. An example of pore-forming
toxins that function in mammals are the cardiac glyco-
sides which are produced by foxgloves (Digitalis) and
related plants. These include digitoxin and digoxin which

were traditionally used to treat heart failure because they
increase cytosolic Ca>* levels by inhibiting the Nat/K*+
pump, reducing the Ca?*/Na™ exchanger and increas-
ing Ca?t storage within the sarcoplasmic recticulum.
But emerging evidence also indicates that these cardiac
glycosides can form Ca?" channels (non-ribosomally
synthesised channels).

The second class of transporters are the electrochemical
potential driven transporters which, as the name implies,
utilise the electrochemical gradient to facilitate movement
of substrate across membranes. There are three major
sub-classes within this group with the largest being porters
which can be further divided into three major groupings
(see Figure 5.2); uniporters, symporters and antiporters.
Uniporters (facilitated diffusion carriers) transport a
substrate down its concentration gradient, and hence
do not require the co-transport of any other molecules.
Porters that translocate substrate across the membrane
along with another molecule in the same direction
are known as symporters (cotransporters), whereas if
movement of substrate and co-transported molecule is in
the opposite direction they are referred to as antiporter
(counter-transporters). Antiporters are further divided
as to whether the co-transported molecule species is the
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Table 5.1 Classification of transporters based on their
structural homology, what they carry and the source of
energy.

Channels & pores

a-type channels

p-barrel porins

Pore-forming toxins (protein & peptides)
Non-ribosomally synthesised channels
Holins

Vesicle fusion pores

Paracellular channels

Electrochemical potential driven transporters
Porters (uniporters, symporters & antiporters)
Non-ribosomally synthesised transporters

Ton gradient-driven energisers

Primary active transporters

Diphosphate bond hydrolysis-driven transporters
Decarboxylation-driven transporters
Methyltransfer-driven transporters
Oxidoreduction-driven transporters

Light absorption-driven transporters

Group translocators

Phosphotransfer-driven group translocators
Nicotinamide Ribonucleoside Uptake Transporters.
Acyl CoA Ligase-Coupled Transporters

Transport Electron Carriers
Transmembrane 2-Electron Transfer Carriers
Transmembrane 1-Electron Transfer Carriers

Accessory factors involved in transport

Augxiliary transport protein

Ribosomally synthesized protein/peptide toxins that target
channels and carriers

Non-ribosomally synthesized toxins that target channels
and carriers

Incompletely characterised transport systems

Recognised transporters of unknown biochemical
mechanism

Putative but uncharacterised transport proteins

Functionally characterised transporters lacking identified
sequences

Table reproduced with permission granted from Saier et al.,
2009.

same (i.e. solute-solute antiporter) or different (i.e. solute-
cation antiporter) to the substrate molecule. Examples of
porters include the major facilitator superfamily (MFS;
see later).

Another sub-class of the electrochemical potential
driven transporters are the non-ribosomally synthesised
porters which are derived from non-peptide-like sub-
stances or peptides that have had one or more of their
amide bonds replaced with ester bonds (depsipeptides).
Naturally occurring depsipeptides are produced by some
classes of bacteria; inorganic ions bind to these ion carriers
(ionophores) so that their charge is shielded and they
are ferried across the lipid bilayer by diffusion down
their concentration gradient whereby they kill the target
organism by destabilising the membrane potential. An
example of these bacterial-derived biological weapons is
valinomycin which ferries K* ions across the membrane.
Viruses such as HIV also utilise these non-ribosomally
synthesised porters for transfer of DNA and RNA into
host cells. They can also translocate drugs and this can
be exploited during drug development and specificity.
Within this sub-class are members of the cell penetrating
peptide (CPP) family which are already being used for
drug delivery and targeting.

Finally, the last class of electrochemical potential driven
transporters are the ion gradient-driven transporters that
are found in some bacteria and use the Nat or H*
gradients as a source of energy to move substrates through
channels/pores against their concentration gradients, but
how this is achieved is not yet fully understood.

The next major class are the primary active trans-
porters and these use the energy liberated as a conse-
quence of chemical reactions, light absorption or electron
flow as their source of energy for substrate transloca-
tion. Decarboxylation-, methyltransfer-, oxidoreduction-
and light absorption-driven transporters are thought
to be restricted to mitochondria, non-eukaryotes and
fungi, whereas those driven by the liberation of energy
from the breaking of the diphosphate bonds in tri-
phosphate nucleoside (e.g. ATP) are common to both
prokaryotes and eukaryotes. Classic examples of pri-
mary active transporters are ATPase driven Nat/K* and
HT/K" pumps as well as F-type ATPase that synthesise
ATP. Also found within this group are the ABC (ATP-
binding cassette) transporters, many of which belong
to the multidrug resistance (MDR) family of trans-
porters. MDR transporters confer resistance to many
drugs including chemotherapeutics and antibiotics and
hence they are of considerable interest to the pharmaceu-
tical industry.

The fourth class of transporters are the group translo-
cators which involve the binding of substrate, usually
sugars, to the transporter. They chemically modify the
substrate by phosphorylation or thioesterification as they
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Extra cellular

Intra cellular

Uniporter
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Figure 5.2 The movement of molecules and ions across membranes can be via either ion channels/pores or porters. Porters can ship
substrate across the membrane by co-transporting another substrate in the same direction (symporter) or the opposite direction

(antiporter) or without a co-transporter molecule/ion (uniporter).

move across the membrane before its subsequent release
into the cytoplasm. The only known examples of this class
are found in bacteria with none identified in eukaryotes.

In the fifth class are the transport electron carriers that
function to contribute or subtract from the membrane
potential by moving either a single or two electrons across
the membrane. They are mainly found in prokaryotes
but cytochrome By, is an example found in mammals,
which is located in the membranes of catecholamine and
an amidated-peptide containing secretory vesicles and
its function is to supply electrons from the cytosol to
intra-vesicle enzymes.

Accessory factors are the sixth class of transporters
which are not transporters per se but can alter the activity
of a transporter system from another class by facilitat-
ing trans-membrane movement by stabilising transporter
complex formation and/or inhibiting transporter func-
tion. For example conotoxins are a family of toxins
secreted by the marine cone snail and individual members
of this family target different members of the Na™ chan-
nels family and blocking passage of Na* or Ca?* across
the cell membrane. And finally there are the incompletely
characterised transport systems which do not fit easily
into any of the major classes of transporters mentioned
so far.

It is worthwhile noting that transporters can be
described as being importers and exporters; in bacteria,
substrates (solutes) can be moved either in or out of
the cell. However eukaryotes have organelles like the
mitochondria which originate from the phagocytosis
of bacteria; so in this case substrates that are exported
from the matrix of this compartment into the cytosol
are exporters even though the substrate does not leave
the cell. For non-bacterial derived organelle such as the
endoplasmic reticulum, exporters transport substrates
from the cytosol into the organelles matrix.

5.3 Structural analysis of transporters

Transporter structure

Apart from motifs that are characteristic of a particular
group of transporters, there appears to be no homol-
ogy between transporters from different families and
even within families when the nucleotide or amino acid
sequences are directly compared. However, it is a differ-
ent story when the 3D structures of these proteins are
considered.

Proteins have a primary, secondary, tertiary and qua-
ternary structure which determines how proteins change
conformation to suit their different levels of activation
and interact with other cellular components to bring
about a biological response. In the case of transporters
some of these structures are involved in binding and
translocation of substrate(s) across membranes. The 3D
structure of these proteins, in theory, can be deter-
mined by crystallising them and analysing their structure
using techniques such as X-ray crystallography or mag-
netic resonance imaging (MRI). However, membrane
embedded proteins contain a number of transmem-
brane and extra-membrane domains making it difficult
(impossible) to maintain both these hydrophobic and
hydrophilic regions during crystallisation. Also the dif-
ferent detergents used to isolate these proteins can hinder
crystallisation. But the major obstacle in determining
the functional structure(s) of transporters is the fact
that these proteins exist in different conformational states
(active and inactive, and their intermediates) which makes
the data derived from X-ray crystallography and similar
techniques difficult to interpret. In spite of these diffi-
culties, a number of groups have managed to determine
the structures of several different types of transporters
by employing substrates/inhibitors that can ‘hold’ the
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transporter in a particular conformation during crys-
tallisation. However, most of these studies have been
performed on bacterial homologues rather than eukaryote
proteins because they can be expressed in large quantities
using bacterial host and many of the post-translational
modifications found in eukaryotes are absent, making
crystallisation easier.

The structure of mammalian transporters can be
inferred from bacterial homologues by hydropathy
analysis and topology mapping to determine the amino
sequences associated with transmembrane regions as well
as the intra- and extra-domains and comparing them for
similarity from known crystalline transporter sequences.
Since it has only been possible to determine the 3D
structure of a handful of transporters, biologists have
also used the crystalline data from other types of proteins
to identify common amino acid sequences and their
structural position/role in proteins. These studies have
revealed that, like other proteins, transporters contain
structural folds that are conserved between families; the
name of the fold is ascribed to the first identified example,
for example, Glt,,, LeuT,, and Nh_, (see Figures 5.3
and 5.7-5.10). This information has shown that whilst
the primary structure shows no obvious homology
between different classes and subclasses of transporters,
there is a degree of conservation at the secondary level
and their topology and inferred structural fold(s) (see
Figure 5.3) which dictates whether the substrate is taken
up or exuded from the cell (compartment) and the
mechanisms employed.

Transporters usually have two a-helical transmem-
brane domains (TMD) with each TMD comprising of
5-+1 transmembrane segments (TMS; Figure 5.4b). Typ-
ically, five of the TMS in each TMD are virtually identical
repeats that can be inverted with the extra TMS being
either present or absent (Figure 5.4). This dyad TMD
repeat is thought to have arisen from an internal tandem
gene duplication / fusion event that occurred within a
common ancestor gene. In some instances an extra TMD
is present as in the multidrug resistant transporter 1
(MDRI; Figure 5.4a) or, as in the case of the breast cancer
resistant protein (BCRP; Figure 5.4c) there is only one
TMD present which forms functional homodimers. In
the majority of transporters, two TMD should be present
so that each TMD can form a ‘hinge’ that rotates so that
the transporter is open to either the cytosolic or extracel-
lular matrix (Figure 5.5b). However, other transporters
achieve substrate movement either by the formation of a
channel (Figure 5.5¢) or via interaction with a trimeric
structure that spins around a central axis, which is the case

in F-type ATPase transporters and the ABC transporter,
AcrB (Figure 5.5a).

The vast majority of transporters ferry ions across
membranes as substrates or co-substrates and analysis of
specific structural folding of their TMD have shown that
they all share a common feature where the two TMD are
involved in forming the substrate pocket and in some
cases a physical barrier which prevents the transporter
acting like an ion channel/pore (Figure 5.5d). This pair of
discontinuous membrane helices either have an extended
chain between them as in the P-type ATPases super family
(e.g. Nat/K*-ATPase, Ca’*-ATPase, H'-ATPase); they
have a short chain between them so that the discontinuous
helices span the membrane (e.g. Nat/H* antiporter,
Nh,,; Leucine/Na™ symporter, LeuT,,); or they form an
hairpin loop that never completely spans the membrane
(e.g. glutamate/Na™ transporter, Gltp,) (Sobczak and
Lolkema, 2005)(see Figure 5.4). The structures of specific
transporters are discussed in subsequent sections.

5.4 Transporter families of
pharmacological interest

A complete description of transporters and their role in
health and disease is beyond the scope of this book so the
following sections will concentrate on types that are of
pharmacological interest.

Major facilitator superfamily
The major facilitator superfamily (MFS; also known as
the uniporter-symporter-antiporter family) is the largest
group of transporters in general, consisting of at least 67
sub-families. These secondary active transporters utilise
an electrochemical gradient to move substrate(s) out of or
into the cytoplasm with the substrate itself providing the
gradient for uniporters, Nat or HT ions for symporters
and H' ions or another substrates for antiporters.
Individual MES transporters are specific for only one
or two substrates, but the family as a whole transport a
diverse range of substrates (Pao, Paulsen and Saier, 1998).
The structural data for a number of bacterial members
of this superfamily exist e.g. lactose:H™ symporter, LacY
(Kaback, 2005); the sn-glycerol-3-phosphate/phosphate
antiporter, GlpT (Huang et al., 2003), the multidrug
transporter EmrD that expels amphipathic substrates
(Higgins, 2007) and the oxalate:formate antiporter, OxIT
(Heymann et al., 2003; Hirai et al., 2002). Even though
they differ in amino acid sequence identity their 3D
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structure is remarkably similar (Chang et al.,, 2004).
MES are single polypeptides composed of approximately
400-600 amino acids that are highly conserved within
single family subtypes. Like transporters in general, the
vast majority of MFS family members have 12 TMS (5+1)
and when the amino and carboxyl halves are compared
it is apparent that TMS,  are repeats of TMS,_,,. There
are a few members of the MFS that contain more (14 or
24) or less (6) TMS; how this has occurred is open to
speculation but may be due to an insertion of the central
cytoplasmic loop into the membrane, gene fusion or a
functional homodimer respectively.

Analysis of the primary structure of MFS show that
there is low sequence identity or similarity between
families, except for a conserved DRXXRR motif in the
loops between TMS,-TMS; and TMSg-TMS, which is
characteristic of all MSF. It is probably this lack of
homology between families that allows this superfamily
to be involved in the transport of numerous and diverse
compounds such as simple sugars, oligosaccharides, inos-
itols, drugs, amino acids, neurotransmitters, nucleosides,
organophosphate esters, tricarboxylic acid cycle metabo-
lites, and a large variety of organic and inorganic anions
and cations. Analysis of the substrate-binding pocket
of individual MFS transporters indicates that a few
amino acid residues are responsible for their ability to
differentiate between substrates that are very similar.
Interestingly, a point mutation in some MFS can be suf-
ficient to turn a uniporter into a symporter (Law, 2008;
Saier et al., 1999).

Since evidence suggests that members of the MFS
share a common 3D structure and mechanism for sub-
strate translocation, we shall concentrate on how the
bacterial sn-glycerol-3-phosphate/phosphate antiporter
(GIpT) transports glucose-3-phosphate (G3P) into, and
inorganic phosphate (P;) out of, E. coli (Figure 5.6). Basi-
cally the substrate binding pocket is open to the periplasm
and G3P enters and binds between two arginine residues
within the pocket that causes a constriction within it
resulting in the two TMD moving so that the pocket is
now open to the cytoplasm. Since the amino and carboxyl
terminals are now closer together G3P’s affinity for argi-
nine is reduced and it is released from the binding site,
free to diffuse into cytoplasm. G3P’s release is probably
facilitated by the arginine residues now having a greater
affinity for P;, which moves into the pocket and causes the
carboxyl and amino terminals to move away from each
other and the TMD to move so that the pocket is now
open to the periplasm. The arginine residue’s affinity,
which is governed by the distance of the carboxyl and
amino terminals, is greater for G3P and so P; is released
and another cycle of G3P binding is initiated. MFS also
employ salt-bridges to allow the pocket to become open
to the internal or external milieu (Lemieux, Huang and
Wang, 2004).

MFS in health and disease

The majority of MFS have been indentified in prokaryotes
and they are responsible for bacterial cell homeostasis,
with a number being associated with protection from

Figure 5.3 (Continued) Examples of transporters derived from characteristic structural folds. A fold is a characteristic spatial
assembly of secondary protein structures (e.g. a-helices and B-sheets) into a domain-like structure that is common to many different
proteins. A particular structural fold is often related to a certain function; in the case of transporters, this is the translocation of
substrate(s) across membranes. For this to occur the protein must have two basic conformations where it is either open to the
external or internal milieu. Nature has achieved this by duplicating and inverting TMS so that they have the same tertiary fold but
opposite orientations in the membrane (indicated by shaded triangles). The figure shows three different structural folds that are
based on inverted repeats (LeuT, , Nh_,, and Glt,, ). (a) LeuT,, is an example of a LeuT fold and its name is based on the fact there
is a leucine binding site in the middle of the protein, between TMS, and TMS,, which is responsible for Na* binding and substrate
influx/efflux (Khafizov et al., 2010). (b) The Nh,, transporter (sodium hydrogen antiporter (NHA) family fold) like the LeuT ,,
transporter has a single inverted repeat but the two TMS that are not duplicated are in the middle of the protein rather than at the
carboxyl terminal as in LeuT ,’s case (Boudker and Verdon, 2010). (c) The sodium aspartate symporter (Glt, ) transporter has a
Gltp,, fold that arises from a duplication and inversion of TMS in both the carboxyl and amino protein terminus (Faraldo-Gémez and
Forrest, 2011). These different structural folds give rise to a structure that transports substrate(s) and gates the ‘unopen’
conformation slightly differently (see Figure 5.6). (d) A number of transporters like the mitochondrial ADP/ATP carrier (ACC)
transporter have been shown to have parallel repeats that have further duplicated to produce three identical TMD repeats (Forrest,
Krimer and Ziegler, 2011). This type of fold is an example of a mitochondrial carrier family (MCF) fold. Since this transporter
functions as an oligomer (in this case probably a dimer) the different subunits allow it to be ‘open’ at either the mitochondrial or
cytosolic interface. Another example, not shown, is the LacY transporter (major facilitator family—MFS fold) which has the first three
TMS duplicated as inverse repeats and these six TMS are replicated again as inverted repeats (Radestock and Forrest, 2011). These
different types of structural folds allow transporters to employ diverse mechanisms for substrate translocation.
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Figure 5.4 Diagram showing typical transporter transmembrane arrangements. Typically there are either five or six transmembrane
segments (TMS) per transmembrane domain (TMD; indicated by different colours). However some transporters have an extra TMD
whilst others only one TMD. The carboxyl terminus is located intracellular whereas the amino terminus can be either intra- or
extra-cellular. (a) The multidrug resistance transporter-1 (MDR-1) has an extra TMD. (b) AcrB, LacY and GlpT transporters contain
two TMD with both terminus being cytosolic (c) The breast cancer resistance protein (BCRP) has only one TMD and requires
dimerisation for activity. (d) In the ammonium transporter, AmtB, each TMD consist of five TMS and there is an extra TMS.
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Figure 5.5 Mechanisms used by transporters to translocate substrate across membranes. (a) This type of transporter is found in
bacteria or organelles that have a double membrane such as mitochondria. Basically, substrate is actively transported across one
membrane and diffuses across the second membrane via a pore (see section on AcrB; Figure 5.20). (b) The transporter’s substrate
binding pocket is only open to one side of the membrane at a time. Substrate binding triggers a cascade of events that causes a
conformational change in the transporter so that it is now open to the other side of the membrane leaving the substrate free to move
out (see section on MFS or ABC transporters for examples). (c) The transporter can form a channel so that substrate can move across
the membrane. Ionotrophic receptors, pores and some members of the CPP family facilitate substrate movement via this mechanism.
(d) Some transporters are essentially channels that are gated on both sides of the membrane so that they are only open to the either the
internal or external milieu. The GltPh transporter is a typical example (adapted with permission from Sobczak and Lolkema, 2005).

xenobiotics as well as drug resistance. In mammals, MFS
are expressed all over the body and are involved in a multi-
tude of activities (Saier et al., 1999). They play a major role
in neuronal activities including metabolism by supplying
nutrients and removing metabolites, maintaining ionic
balances across the cell membrane, neurotransmission
by packaging of neurotransmitters into synaptic vesicles
and protection from potential neurotoxic substances, or
uptake of brain-essential substrates through their activity
in the blood brain barrier.

Since neuronal tissue cannot store glucose, their
metabolic activity is dependent upon the activity of
glucose transporters (GLUT) to provide the cell with a
constant source of glucose. Any reduction in glucose
uptake can have devastating effects on this highly
active tissue so it is no surprise that they have been
associated with neuronal degeneration. In fact, brain
tissue derived from Alzheimer’s disease sufferers has
a reduced expression of two members of this MFS
transporter sub-family, GLUT1 and GLUT3 (Liu et al.,
2008). Furthermore, mutations in GLUT1, which is also
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Figure 5.6 Schematic depicting how the glycerol-3-phosphate/phosphate (GlpT) transports glucose-3-phosphate (G3P) and
antiporter inorganic phosphate (P;) across membranes using a ‘rocker switch’ type mechanism. (a) G3P binds to its pocket which is
open to the periplasm, causing the pocket to close and open to the cytoplasm side of the membrane. (b) The substrate binding
domain now has a reduced affinity for G3P so it is released, (c) leaving inorganic phosphate (P,) to bind to this domain. (d) This
triggers the pocket to close on the cytoplasmic side and to re-open to the perimplasm and release its P; cargo. The transporter then
enters another cycle of ‘rocking’ with the associated binding and release of G3P and P; on opposite sides of the membrane.

expressed in cells of the blood brain barrier, causes the
encephalopathy GLUT1, deficiency syndrome (Pascual
et al., 2008).

MES also plays roles in glucose uptake in non-neuronal
cells and has been implicated in different forms of dia-
betes. Until recently mutations in the glucose transporter,
GLUTI10 (SLC2A10), were associated with type 2 dia-
betes; however its role may have been indirect. In fact
epigenetic analysis has shown it to be a cause of arte-
rial tortuosity syndrome (ATS) where the major arteries
are twisted and lengthened, joint hyper-mobility and
skin laxity. These phenotypes are believed to be due to
two factors. The first is altered glucose uptake result-
ing in a glucose-dependent increase in transforming
growth factor-p (TGFp) expression which subsequently
stimulates vessel wall cell proliferation. The other factor
being abnormal collagen and elastin hydroxylases activity
compromising the structure of connective tissue; here
GLUT10 is thought to co-transport ascorbate which is a
cofactor for the aforementioned enzymes (Segade, 2010).
Another glucose transporter that is known to cause dis-
ease not directly associated with diabetes is GLUT9, which
has been reclassified as a uric acid transporter. It is mainly
expressed in kidney and liver and mutations in its gene
can resultin hyperuricemia and gout (Wright et al., 2010).

The vesicular glutamate transporter (vGLUT), which
is also a member of the anion-cation subfamily (ACS)

concentrates the neurotransmitter glutamate, in synap-
tic vesicles. The driving force for this is derived from
the proton gradient whereby H* ions are co-transported
out of the vesicle for every molecule of neurotransmitter
taken up. A high vesicle proton concentration is achieved
through the activity of an ATPase transporter, the vacu-
oular type ATPases, which is also located in the vesicle
membrane and pumps protons into this compartment at
the expense of ATP hydrolysis. Malfunction of vesicular
transporter proteins results in abnormal neurotransmis-
sion, which in turn affects the activity of both local
and global neuronal pathways downstream. In addition,
since glutamate is the major excitatory neurotransmitter
in the central nervous system, vGLUT has the poten-
tial to play a role in a whole host of behaviours and
pathologies (Takamori, 2006). Three members of this
family have so far been identified (vGLUT1-3) and their
structure bears remarkable resemblance to the bacterial
homologue, GlpT (Figure 5.6), suggesting that vGLUTs
employ a similar ‘rocking switch’ mechanism to trans-
port amino acids across membranes. vGLUTs are also
expressed in non-neuronal peripheral organelles such as
hormone-containing secretory granules in endocrine cells
where they regulate cellular functions (Law, Maloney and
Wang, 2008; Almqyvist et al., 2007).

Receptors for inositol triphosphate (IP;) are embed-
ded in the membranes of several organelles, including
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the endoplasmic reticulum, and activation by IP; binding
results in the opening of an intrinsic Ca*" ion chan-
nel and the efflux of Ca’* ions from its cellular store
into the cytosol. This increase in Ca>* ion concentration
can activate several secondary messenger pathways as
well as trigger neurotransmitter release from pre-synaptic
neurones. The H"/myo-inositol transporter (HMIT) is
involved in transporting IP; across organelle membranes
and since IP; plays an important role in neuronal sig-
nalling and neurotransmitter release this transporter has
been put forward as a potential site of action for mood
stabilising drugs (Di Daniel et al., 2009).

The gene, MFSD8, has been implicated in neurode-
generative lysosomal storage disorders. Lysosomes are
involved in digestion, sorting and recycling of endocy-
tosed molecules and their membranes contain a similar
array of transporters to those seen in synaptic vesicles.
Obviously transporters play a significant role in lysosomal
function and malfunction can lead to a myriad of patholo-
gies such as neuronal ceroid lipofuscinoses (NCLs) which
are characterised by progressive movement abnormalities
and seizures. However, the exact substrates and hence
function of MFSD8 remains to be determined (Kousi
et al., 2009). In the developing brain, thyroid hormones
(e.g. T3 & T,) have been associated with developmental
disorders. These hormones mainly act at neurons with
MES transporters like the mono-carboxylate transporter 8
(MCT8, SLC16A2) used to ferry thyroid hormones in and
out of target cells. Mutations in MCT8 result in elevated T
serum levels and abnormal brain development and associ-
ated human pathologies such as Allan-Herndon-Dudley
syndrome which is a severe X-linked condition where
neurones involved in intellectual function and move-
ment do not develop properly resulting in psychomotor
retardation (Kinne et al., 2010).

Like other transporter families, some MFS have been
associated with certain types of cancers. For example,
the disruption in renal carcinoma 2 (DIRC2) gene was
identified after screening for the causative agent of a famil-
ial type of renal cancer, although its substrates remain
to be determined (Bodmer et al., 2002). The organic
cation/anion transporter (OAT/OCT) subfamilies have
also been associated with renal clearance and renal car-
cinoma. These transporters were originally thought to
be primarily involved in the uptake and removal of toxic
metabolites and xenobiotics by the liver and kidney as well
as maintaining normal brain function through policing of
the blood brain barrier and choroid plexus. However, cer-
tain members of this superfamily have been shown to be
over-expressed in several types of tumours: for example,

OATP1B3 is associated with prostate, colon and liver can-
cers. So OAT1B3 levels could be used as a possible marker
for these cancers as well as a potential therapeutic target.

OAT/OCT are also members of the solute carrier
superfamily (SLC; SLC22). They move small charged
molecules across membranes using tertiary active trans-
port; Figure 5.1 illustrates how organic anions are trans-
ported into renal cells. Whilst they play a major role in
hepatic and renal drug uptake and removal they are also
found in the brain, heart, lungs, ears, placenta, mammary
glands, testes and immune system. Hence a number of
pathologies have been associated with these transporters
with drugs being developed to exploit their activity. In
general, OAT/OCT substrates can be diverse and OAT
endogenous compounds include the breakdown prod-
ucts of serotonin and dopamine (5-hydroxy-indoleacetic
acid, homovanillic acid), steroid hormones and their
metabolites (cortisol, oestrone-3-sulphate), hormones
(thyroxine) or exogenous compounds like herbicides
(2,4-dichlorophenoxyacetate) and conjugates of mercury
or therapeutics such as antibiotics, antineoplastics, anti-
hypertensives and non-steroidal anti-inflammatory drugs
(NSAID). OAT are believed to be involved in hepatic
uptake and renal elimination of many polar drugs, and
they have been associated with drug-related cytotoxicity
in the kidney and other tissues after long-term exposure
to antivirals (Truong et al., 2008). The endogenous OCT
substrates include the neurotransmitters acetylcholine
and catecholamines and drugs that utilise OCT include
metformin (oral antihyperglycaemic), cimetidine (his-
tamine H, receptor antagonist) and acyclovir (antiviral)
(Klaassen and Aleksunes, 2010; VanWert, Gionfriddo and
Sweet, 2010).

Certain OAT are involved in the transport of sex
hormones and the distribution of specific OAT members
involved in this process differ between males and females;
in the kidney greater expression of OATI is found in
females whereas OAT2 is more predominate in males.
So whilst clinical studies prefer to use male subjects
to eliminate possible interactions associated with the
oestrus cycle it may not be appropriate to apply inference
derived from male subjects to female patients about drugs
that act directly or indirectly on steroid carrying OATs
(VanWert, Gionfriddo and Sweet, 2010; Klaassen and
Aleksunes, 2010).

MEFS have also been implicated in drug resistance where
they either stop the drug being taken up by the cell or
organelle or they exude the drug as soon as it is taken up
so that it can never reach therapeutic concentrations at
the target site. An example of a MFS sub-family that has
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been extensively studied is the drug:H™ antiporter fam-
ilies 1 and 2 (DHA1 and DHAZ2). These transporters are
expressed in lower eukaryotes, particularly yeast and plas-
modium, and are associated with homeostasis in response
to internal stimuli and to a lesser extent response to phys-
iological and chemical stress. They play a significant role
in resistance to the anti-malarial, quinidine. Analysis of
these transporters has helped elucidate drug-resistance
mechanisms in general (Sa-Correia et al., 2009). Recently
the yeast gene TPO1 and its human orthologue, tetra-
cycline transporter-like protein (TETRAN), have been
implicated in resistance to NSAID drugs by promoting
their efflux. TPO1 was first identified as a polyamine
transporter but since it confers resistance to immuno-
suppressive drugs, herbicides and antimicrobials, it is
thought to act as a multidrug efflux pump (Mima et al.,
2007; Law, Maloney and Wang, 2008).

Sodium symporter

Sodium symporters, as well as being MFS, are a class of sec-
ondary active transporter that co-transport Na™ ions with
sugars, amino acids, ions and other substrate molecules
across cytoplasmic and organelle membranes. There are
10 major families in this class including the solute sodium
symporter (SSS) and neurotransmitter sodium symporter
(NSS), both of which are implicated in brain, intestine,
thyroid and kidney function as well as in human disease.
The structure of SSS and NSS are very similar (Abramson
and Wright, 2009) with slightly different structural folds
forexample, Leu,, (leucine transporter), Gltp, (glutamate
transporters) or Nh,, (Na*™/H™ antiporter) which result
in the positioning of the TMS that form the substrate
binding pocket being different; Gltp, has two re-entrant
loops (HP1 and HP2) that never completely transverse
the membrane, LeuT ,, has two TMS (1 and 6) whereas
TMS, and TMS,, in Nh,, ‘cross over’ (see Figure 5.7).

Solute sodium symporter (SSS)

This family of transporters has over 250 members that
translocate small molecules such as sugars, amino acids,
vitamins, urea, osmolytes and inorganic ions. They also
play a role in gluco-sensation and tumour suppres-
sion. Pathologies associated with mutations in this fam-
ily include diabetes, thyroid and bile related problems
(Faham et al., 2008; Jung, 2002).

The neurotransmitter: sodium symporter
(NSS)

The neurotransmitter: sodium symporter (NSS) family
translocate substrates such as biogenic amines (dopamine,

noradrenaline, 5-HT), amino acids (glutamate, GABA,
glycine, proline) and osmolytes (betaine, creatine) across
membranes. Many of these substrates are associated
with terminating the actions of neurotransmitters at the
synapse by reuptake into either neurones or glial cells, but
they also play roles in maintenance of cellular osmotic
pressure and reuptake of small molecules not involved
in neurotransmission. Since NSS play such a vital role
in neurotransmission, a huge array of diverse neurolog-
ical pathologies has been associated with NSS dysfunc-
tion. This has prompted the pharmaceutical industry
to develop drugs that target specific members of the
NSS family to treat these disorders. The selective sero-
tonin reuptake inhibitors (SSRI) which are used to treat
depression are a prime example.

There are two major NSS sub-classes, solute carrier 1
and 6 (SLC1 and SLC6) with SLC1 involved in glutamate
reuptake and SLC6 in biogenic amines and amino acids
reuptake. The bacterial homologues, Gltp, and LeuT,,,
have been used to study SLC1 and SLC6 transport respec-
tively. Even though they do not co-transport Cl~ and
Nat ions which is the case in eukaryotes, their structure
bears significant resemblance to their mammalian coun-
terparts and inferred mechanism of translocation (Wang
and Lewis, 2010).

Glt,, transporters

The major excitatory neurotransmitter found in the brain
is glutamate and its concentration at synapses is carefully
regulated because too much release can lead to exci-
totoxicity and neuronal death; many neurodegenerative
diseases are associated with excessive glutamate release
(see section on excitotoxicity; Figure 5.21). The actions
of glutamate at the synapse can be rapidly terminated by
uptake into adjacent glial cells or back up into the pre-
synaptic neuron via one of the five sub-types of excitatory
amino acid transporters (EAAT, ;). The EAAT along with
the neutral amino acid transporters ASCT,; and ASCT,
are all members of the SLC1 family.

The structure of SLCI transporters were first stud-
ied in a bacterial homologue, Gltp,, which is found in
theromophilic archaebacterium Pyrococcus horikoshii and
transports aspartate or glutamate (although aspartate
is its preferred substrate) along with Na™ ions (Ryan,
Compton and Mindell, 2009). Figure 5.7 shows that
Glt,, essentially has 10 TMS of which eight transverse
the bilipid layer and two are re-entrant loops labelled
HP1 and HP2 between TMS, ; and TMS, ¢ respectively.
Careful analysis indicates that Glt,,, like other trans-
porter classes, has two inverted repeats; TMS, ; and
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Figure 5.7 Topolographical comparison of MFS sodium porters. The Glt,, transporter has two re-entrant loops, HP1 and HP2
structure whilst in the LeuT,, transporter TMS, and TMS, have flexible hinges within them so that the substrate binding pocket is
exposed to either intra- or extra-cellular. Adapted by permission from Macmillan Publishers Ltd: Nature Yernool et al., copyright
(2004). Nh_, has a similar set up to LeuT ,, except the hinge is formed by TMS, and TMS, crossing over. All three transporters are
made up of two TMD that are inverted repeats. Adapted by permission from Macmillan Publishers Ltd: Nature Krishnamurthy et al.,
copyright (2009).
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TMS, ¢, and HP1-TMS, and HP2-TMSg (Yernool et al.,
2004). D,L-threo-B-benzloxyaspartate is an inhibitor of
Glt,, and hence has helped determine how Glt, trans-
ports substrates. Functionally, TMS, _, form a water-filled
‘basin’-like structure which has access to a glutamate and
two Na' ion binding sites located on TMS;. The two
re-entrant loops, HP1 and HP2, then act as a ‘hinge’
with only one being open at any one time to either the
internal or external milieu, respectively. Initially HP2 is
‘open’, and glutamate and two Na™ ions bind within
the exposed pocket. This binding actually triggers HP2
to rotate and exposes a further Nat ion binding site.
The HP2 then enters a ‘closed’ state where the sub-
strate binding pocket is inaccessible to the extracellular
compartment. Substrate and Nat ion binding triggers
the opening of the pocket to the intracellular compart-
ment as well as reducing the affinity for its cargo so
that glutamate and Na™ ions are free to diffuse into the
cytosol. Loss of cargo binding causes HP2 to revert to
its original position and closure of the substrate bind-
ing pocket at the external interface; the transporter is
then ready for a further round of glutamate and Na™
ions translocation (see Figure 5.8). In reality, a functional
transporter consists of three Gltp, subunits so it can trans-
port three glutamate (or aspartate) and nine Na™ ions
during one cycle. This trimeric complex is seen in other
types of transporter such as the ABC transporter family
(see Figure 5.20; AcrB).

Gltp, Transporter

HP2
Extracellular

Intracellular
HP1

Na* Glutamate

HP1

Glt,, has helped elucidate the mechanism of glutamate
reuptake via EAATs. However, EAAT differs to Glty, in
that during the reuptake of glutamate it symports three
Na™ ions and one HT ion and antiports one K™ ion. Also
both types of transporters activity is influenced by Cl" by
a mechanism not yet fully understood.

LeuT,,

Members of SCL6 are involved in reuptake of neuro-
transmitters such as dopamine, noradrenaline, serotonin,
GABA and glycine. Again the structure of these trans-
porters were initially studied in bacterialhomologues such
as the leucine transporter of Aquifex aeolicus (LeuT,,)
which co-transports 2 Na* ions along with leucine.

Figure 5.7 shows that LeuT ,, has a dyad fold of sym-
metry that is typical of the majority of transporters in
general. The TMS of LeuT,, have a a-helical structure
with TMS, and TMS; containing hairpin loops which
permit them to rotate approximately 37°, so that in one
conformation the transporter is open to the outside of
the cell and in the other to the inside of the cell; this is
similar to the HP1 and HP2 set up in Glty,;, except they
are re-entrant loops rather than membrane spanning.

As Figure 5.9 shows functionally leucine and two
Na™ ions move into the substrate pocket and interact
with their binding sites. This triggers the formation of
a salt bridge between TMS,;, and TMS,, which prevents
the cargo from returning to the extracellular domain.

HP2 HP2

HP1

(©

Figure 5.8 Glutamate transporter, Glty; . (a) Binding of 2 Na™ ions and glutamate in the substrate binding pocket cause HP2 to
rotate. (b) Exposing another Na™ ion binding site, followed by closure of HP2 and opening of HP1, (c) Where the substrates are

released on the other side of the membrane.
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Figure 5.9 Leucine and Na™ transporter, LeuT,,. (a) Leucine and Na' ions enter the extracellular pocket of LeuT,, and interact
with their binding sites. Exit directly into the cell is prevented by a salt bride between TMS, and TMS,, and the close proximity of
TMS,, and TMS;. (b) A salt bridge is formed between TMS,, and TMS,,, which closed this pocket to the extracellular domain. (c)
Substrates are released when the salt bridge between TMSg and TMS,, is broken and TMS,, moves away from TMS, . Cl" ions
binding at both intra- and extra-cellular domains help stabilise this structure and so facilitate release.

In addition, there is a salt bridge already in position
between TMS,, and TMS; and this coupled with the
close proximity of TMS, and TMS,; stops the cargo also
being released into the cytosol. Next both TSM, and
TSM, rotate, breaking the salt bridge between TMS,,
and TMS,, and leucine and Na™ ions are released into
the intracellular compartment. The exact role played by
Cl™ ions remains to be elucidated but they are thought to
stabilise this conformation by binding to the extracellular
and intracellular domains and thereby aid cargo release.
This may explain why the activity of these transporters
is susceptible to fluctuations in Cl~ concentration.

NSS in health and disease
NSS function to maintain low levels of neurotransmit-
ters at synapses and if their function is compromised
then abnormal levels of neurotransmitter will result in
either over or under stimulation of adjacent neurones
which results in hyper- or hypo-activity of their neuronal
pathways leading to cognitive, behavioural and motor
abnormalities. In fact a number of neuropathologies are
associated with NSS dysfunction and these include depres-
sion, obsessive compulsive disorder, epilepsy, autism,
orthostatic intolerance, X-linked creatine deficiency syn-
drome and retinal degeneration.

A mutation in the glutamate transporter, EAAT,, has
been related to amyotrophic lateral sclerosis (ALS) which

is characterised by a progressive loss of motor neurones
that is probably due to over excitation of these neurones
which also have a compromised Ca’" buffering ability,
making them more susceptible to the excitotoxic effects
of excessive glutamate. Elevated glutamate levels have
also been associated with epilepsies and hyperekplexia.
Whilst inhibitors of SLC6 transporters have proved to be
successful in the treatment of some affective disorders,
this has not been the case for SLCI1 transporters partic-
ularly those specifically targeting EAAT. This is because
inhibitors like L-threo-B-benzyloxyaspartate, that have
no activity at glutamate receptors, can boost synaptic
glutamate levels which lead to excitotoxicity and neu-
ronal death. This has lead to the development of drugs
that boost glutamate uptake by increasing the activity
of EAAT or their surface expression. In fact, certain
B-lactam antibiotics have been shown to increase the sur-
face expression of EAAT, and hence may be of use in
neuroprotection.

A variety of reuptake inhibitors have been developed
to target specific SLC6 members. These include a range
of drugs to treat depression: such as tri-cyclic antide-
pressants like imipramine and amitriptyline which are
general inhibitors of monoamine reuptake transporters;
selective serotonin reuptake inhibitors (SSRI) like fluox-
etine (prozac), paroxetine (paxil) and sertraline (Zoloft);
serotonin and noradrenaline reuptake inhibitors (SNRI)
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like venlafaxine; and the noradrenergic and specific
serotonergic antidepressants (NaSSA) like mirtazipine. In
addition to depression, dysfunctional members of SLC6
have been associated with: severe orthostatic hypoten-
sion (noradrenaline transporter); obsessive-compulsive
disorder, autism and anorexia (serotonin transporter);
and drug addiction and attention deficit hyperactivity
disorder (dopamine transporter).

Data from LeuT,, transporter and the use of SCL6
inhibitors have helped determine the possible confor-
mational states of transporters such as the dopamine
transporter. For example tri-cyclic antibiotics are non-
competitive inhibitors that can lock the transporter in
a conformation where substrate and ions are bound
whereas tyrosine can act as a competitive inhibitor,
binding to the substrate binding sites and holding the
transporter in an open conformation. These inhibitors
have been employed to hold the transporter in a spe-
cific conformation during crystallisation so that analytical
studies can determine their exact structure during cargo
binding and prior to their release (Singh et al., 2008).

GABA is the major inhibitory neurotransmitter found
in the brain and its primary function is to control exci-
tatory neuronal activity; inhibition of GABA receptor
function with pentrazol results in over-excitation of neu-
ronal circuits leading to epileptic seizures. Conversely too
much GABA receptor activation within certain neuronal
circuits leads to mis-processing of sensory information
(hallucinations) and aggressive behaviour. Therefore,
synaptic levels of GABA (and glutamate) are strictly
controlled with one of the main regulators being GABA
transporters (GAT). Glutamine, which plays a role in
GABA recycling, is also a substrate of GAT because
within astrocytes GABA is converted to glutamine before
being released back into the synaptic cleft where it can
be taken up by neurones via GAT. In neuronal tissue
GAT can also take up GABA as well as glutamine. Once
within the neurone glutamine can be converted to glu-
tamate and then GABA (only GABAergic neurones have
GABA decarboxylase which catalyses glutamate’s conver-
sion to GABA). To date, four GAT have been identified
(GAT,_; in some species GAT, is also known as BGT))
and recent studies suggest that different GAT are located
on neurones or astrocytes and that they also have differ-
ent affinity for GABA or glutamine. Diaminobutyric acid
(DABA) is an analogue of GABA and can block neuronal
GAT whereas B-alanine can selectively block astrocyte
GAT. This selectivity has helped to show that primarily
GAT, is pre-synaptic located, GAT}; is found on astro-
cytes perisynaptically and that BGT, is at extrasynaptic

sites. Tiagabine (Gabitril®) is an inhibitor of GAT, and
is used to treat partial epileptic seizures. Another GAT,
selective inhibitor, LU-32-176B, also shows similar results
to tiagabine confirming that GAT), is targeted. However,
since tiagabine has limited use in the treatment of epilepsy
and numerous side effects such as agitation, sedation
and psychotic episodes it seems unlikely that abnormal
GAT, function is primarily involved in epilepsy. Drugs
that target the other members of the GAT family, EF1502
(GAT,/BGT,) and SNAP-5114 (GAT,,;), are under inves-
tigation to see if they have a better therapeutic outcome
for the treatment of epilepsy. In addition, derivatives of
muscimol, which is a potent GABA , receptor agonist and
GABA transferase substrate but a poor GAT inhibitor,
have helped in our understanding of GABAergic neuro-
transmission as well as how the different GATs function.

Glycine transporters (GLYT) are an exciting avenue for
research because whilst glycine can act at its own recep-
tors to inhibit neuronal activity it is also a co-agonist
of the N-methyl-D-aspartate (NMDA) receptors. NMDA
receptors are members of the glutamate receptor family
and they play an important role in synaptic remodelling
which underlies alterations in certain behaviours as well
as neurodegenerative diseases. So if GLYT activity can
be modulated and hence synaptic glycine levels, then
NMDA receptor activity can also be regulated. To date
two high-affinity GLYT have been identified; GLYT, and
GLYT,. GLYT, is associated with astrocytes and control
of glycine concentrations at NMDA receptors, whereas
GLYT, is associated with inhibitory glycine receptors. So
development of GLYT), specific drugs may be potential
treatments for some behaviour disorders and neurode-
generative diseases.

Sequence comparisons of genes for the SLC6 family
reveal relatively low protein identity. However when the
comparison is restricted to the transmembrane regions
that form the substrates binding pockets the degree of
conservation is quite remarkable. In fact mutagenesis
studies have revealed that point mutations within the
substrate binding pocket can alter what substrate is
transported. For example, a creatin SLC6 transporter
can successfully be converted to a GABA transporter
by altering four key amino acids (Madsen, White and
Schousboe, 2010).

Sodium antiporters

These transporters ferry substrates across organelle or
cytoplasmic membranes with Na™ ions moving in the
opposite direction.
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NhaA Na':H'" antiporter (Nh,,) family
Nat/H™ antiporters are a sub-class of transporters that
belong to the monovalent cation/proton (CPA) antiporter
super family. They can be further divided into two sub-
families, the Na™/H™ exchanger (NHE) and the Na*/H™
antiporters (NHA). Both subfamilies are found in all bac-
teria and eukaryotes and are important for homeostasis of
intracellular Na™ ion concentration, pH and cell volume.
They also play a role in control of the cell cycle and prolif-
eration, salt tolerance, vesicle trafficking and biogenesis.
Within mammals, they have been implicated in hyper-
tension, epilepsy, post-ischaemic myocardial arrhythmia,
gastric and kidney disease, diarrhoea, and glaucoma.
Drugs have been developed that target specific NHA/NHE
antiporters for the treatment of some of these condi-
tions; for example cariporide in the prevention of cardiac
ischaemia-reperfusion injury. One of the best charac-
terised members of the NHA family is the bacterial Nh,,
antiporter which exchanges one Na™ ion (or Li*) for two
H* ions; human orthologs of these genes, NHA1 and
NHA2, have been implicated in hypotension.

In bacteria the Nh,, transporter has been implicated
in infection and proliferation of host cells/tissue leading
to pathogenicity. Research has focused on the E. coli Nh,
antiporter because of its association with mammalian
disease. Since it is pH sensitive, the protein can be isolated
and crystallised in its inactive (locked) conformation at
pH 4 for structural analysis. In addition, this pH sensitivity

Nh,, Transporter

[Na*]
9
JNa*]
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®Nat (LiY) @H = salt bridge

has given insight into how antiporters are regulated by
pH and how H* ions are counter transported.

Functional Nh,, exist as dimers although exactly how
they fit together is as yet unknown. Like other trans-
porters, Nh,, have 12 TMS with a dyad fold of symmetry
which is the result of two pairs of discontinuous TMD that
span the membrane and are involved in substrate bind-
ing/ transduction. However, this structural fold is slightly
different to the others in that the chain of amino acids that
connect each part of the TMD result in them orientat-
ing themselves opposite each other (see Figure 5.7). This
structural fold between TMS, and TMS, forms a barrier
between the two halves of the transporter and stop Na™
(or Lit) from moving straight through the transporter
(Figure 5.10).

The substrate binding pore on the cytosolic side is
‘V’ shaped and only non-hydrated Na®™ (or Li™) ions
can physically enter the deepest part of this pore to
interact with their binding sites. In acidic conditions
(low pH) the high H* ion concentration down-regulates
the Nh,, transporter so that it does not bind substrate.
However, at physiological pH Na™ ions can bind to its
substrate binding domain within the TMS,;;, pocket due
to conformational changes induced by repositioning of
TMS, and TMS,,. The substrate binding site can now
‘invert’ so that it is open on the opposite side of the
membrane and the Na™ ion is released and a H* ion can
now bind. Nh_, is ‘bi-directional’ in that it can transport

Figure 5.10 Na™ and H ion transporter, Nh_,. Na* and H ions are transported across membranes when the direction of
movement is dependent upon the concentration gradients of these ions. (a) Na™ ions enters the substrate binding pocket. (b) TMS,
and TMS,; rotate so that the pocket is not open to the other side of the membrane and the formation of a salt bridge between TMS,,

and TMS,

means that Na™ ion can only exit on the opposite side of the membrane. (c) Two HT ions can now enter the pocket.

(d) Binding causes TMS, and TMS,; to revert to their original positions and for a salt bridge to form between TMS,, and TMS, ,.,
and opening of the pocket on the other side so that the protons can now move out of the pocket.
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Na* ions in any direction depending upon the H* ion
concentration and Na™ ion gradient (Rimon et al., 2008;
Padan et al., 2009).

Comparison of several other Nat ion coupled
transporters has characteristic folds similar to those seen
in Gltp,, LeuT,, and Nh_, (see Krishnamurthy et al,,
2009; Krishnamurthy, Piscitelli and Gouaux, 2009). This
suggests that these transporters ferry substrate across
membranes by either rotating re-entrant loops as in
Gltpy,, using TMS that contain hairpin loops that rotate
against a central axis with no cross-over of these TMS
as in LeuT,,, or employing TMS that contain hairpin
loops that rotate against a central axis where these
TMS cross-over as in Nh,, (Figures 5.8-5.10). Another
structural similarity shared by Na™ ion porters is that
the binding sites for substrate and Na™ ions are in close
proximity which ensures that both their movements are
thermodynamically tightly coupled.

The cell penetrating peptides (CPP)

The cell penetrating peptides (CPP) are members of
non-ribosomally synthesized porters. There is incredible
excitement about this family of transporters because
of their potential as therapeutic targets for the uptake
of pharmaceutical drugs, markers of cell function and
gene therapies. CPP, also known as protein transduction
domains, are approximately 30 cationic residues
long. They were first identified because when certain
proteins were added to tissue culture media they were
spontaneously taken up into the cell, indicating the
involvement of a transporter system. The two best studied
proteins were the Tat (trans-activating transcriptional
activator) protein from the HIV-1 virus and the Hox
gene, antennapedia, which was first identified in fruit
flies (drosophila melanogaster). The Tat protein forms
part of a complex that is involved in HIV-1 replication
(transcription) within host cells. Whilst Hox genes are
involved in segmentation and determining the fate
of particular cells in early drosophila development;
with antennapedia being involved in determining
which cells develops into legs. Further analysis of
antennapedia showed that only a portion of the protein,
a 16 amino acid named penetratin, was required for
cell penetration into neuronal cells. Penetratin can be
conjugated to a number of different proteins including
hydrophobic molecules to aid their cellular uptake and
for this reason CPP are also referred to as ‘Trojan’
peptides. Since the discovery of penetratin and Tat,
many more examples of CPP have been identified. CPP

are typically short peptides rich in basic amino acids
(lysine and arginine) with some forming amphipathic
a-helices CPP; presumably these lipophilic and
hydrophilic domains aid translocation of its cargo.
Isolation and fusion of CPP to other molecules facil-
itates their uptake with no apparent cargo size limit;
B-galactosidase has over 1,000 amino acids and CPP-
fusion facilitates its cellular uptake. CPP have been shown
to transport a number of different types of cargos includ-
ing small fluorescent probes, drugs, peptides, proteins,
liposomes and oligonucleotides, all of which aid our
understanding of cellular function. Some CPP work by
coating their cargo with polymers or lipids to form
a polyplexe or lipoplexe ‘micelle’ that are then trans-
ported into the cell. These ‘micelles’ can facilitate the
uptake of very large cargos; up to 4 um in diameter
(Figure 5.11). The exact method of how CPP transverse
the membrane is not well defined and may involve a
number of different mechanisms dependent upon the
tissue/cell type and individual CPP sequence as well as
its cargo. CPP and cargo uptake can be due to endo-
cytosis that is clathrin-dependent, caveolae-mediate or
caveolae/clathrin-independent or via macropinocytosis.
Heparin sulphate proteoglycans (HSPG) are thought to
play a role in CPP internalisation as well as promoting
cargo release into the cytosol due to endosomal destabili-
sation. Several CPP are known to transverse membranes
in an endocytosis-independent manner. In the inverted
micelles model, CPP is taken up into the lipid bilayer
and forms a structure with a lipophilic exterior and
hydrophilic interior (reversed micelle); destabilisation of
this structure causes its contents (CPP and cargo) to be
released into the cytosol. Alternatively the CPP could
form a channel that the cargo could pass through to gain
entry to the cytoplasm; whether the pore is composed
of oligomeric or monomeric CPP remains to be deter-
mined. Finally, CPP could transverse the membrane by
interacting with the membrane phospholipids resulting
in their destabilisation. The subsequent transient lipid
bilayer reorganisation provides access for the CPP and
cargo and its translocation to the cell’s interior. Obviously
some mechanism of transportation would be unsuitable
for large cargos (Kabouridis, 2003; Trabulo et al., 2010).

CPP in health and disease

Many endogenous proteins with CPP domains have been
identified in vertebrates and they play roles in a range
of normal cellular functions such as neuronal devel-
opment, viral infection, prevention of cell death and
gene expression. In addition, an array of proteins not
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Figure 5.11 Cell penetrating peptides membrane translocation. (a) Unfolded protein is tagged with a cell penetrating peptide (CPP)
which allows it to move through the membrane. Heat shock protein (HSP) is also administered to aid reformation of the proteins
tertiary structure. (b) Substrate can be encased in carbohydrate or lipid shell (polyplexe or lipoplexe) and move through the

membrane utilising the endocytic pathway.

considered to be transporters have been identified that
have motifs that correspond to CPP domains which
adds a further layer of complexity to their individual
function(s) in vivo. Examples include the endogenous
neuropeptide, dynorphin, which is considered to only
function as an opioid receptor ligand and is important
in the treatment of pain. However, it has a number of
other actions that appear to be independent of its opioid
receptor activity. These include hyperalgesia, apoptosis
and altering motor output (Lind, Graslund and Maler,
2006). Another example is cytochrome ¢ which plays a
significant role in programmed cell death through activa-
tion of pro-apotopic factors. Analysis of the amino acid
sequence of cytochrome c has identified two separate CPP
domains which can be manipulated to mediate tumour
cell apoptosis (Kagan et al., 2009).

Mass screening of proteins is being conducted to iden-
tify novel CPP sequences that may indicate additional
roles played by individual proteins with cells. The CPP
sequences can also be manipulated and attached to a
variety of cargo molecules ranging from nucleotides to
nanoparticles for improved drug delivery and tissue tar-
geting. In addition to therapeutic development, they can
also be used to study cellular mechanisms like signalling
pathways, viral infection or cell viability. Nanoparticles
are of extreme interest as they offer the possibility of drug
delivery that can evade immuno-surveillance, although
this area is controversial because they are relatively large

and the long-period of time between exposure and the
development of particulate diseases. Quantum dots are
nanoparticles that emit a characteristic wavelength of
light and they are used study various aspects of cellular /
tissue function.

CPP are being used in clinical trials for drug deliv-
ery and gene therapy. Examples include gene silencing,
short interfering RNA duplexes and antisense oligonu-
cleotides (See Chapter 8, section 8.9). Multidrug resis-
tance in chemotherapy is a major problem so new delivery
strategies are being developed. These include encasing
chemotherapeutic drugs with polymers or lipids to form
polyplexe or lipoplexe respectively. These can then be
injected intravenously, and using ultrasound focused
around the tumour site, these complexes can be lysed
so that its cargo (drug) is released inside the target cell,
thereby reducing drug concentration and side effects due
to drug release at other sites (Gao, Fain and Rapoport,
2004; Harasym, Liboiron and Mayer, 2010).

ATPase transporters

These belong to the primary active transporters sub-
group, diphosphate bond hydrolysis driven transporters,
and there are four main types: P-, V- and F-type, and
ABC transporters. The P- and V-type ATPases and ABC
transporters using energy derived from the breakdown
of ATP for substrate translocation. ABC transporters and
P-type ATPases both employ a covalently phosphorylated
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intermediate for substrate movement, whereas the V-type
ATPases are associated with ATP breakdown and the
synthesis of an electrochemical (Na™ or H) ion gradient.
F-type ATPases work in the ‘opposite direction’ to V-
type ATPases in that they synthesise ATP using energy
derived from a Na' or H' ion gradient and in certain
circumstances they can be reversed to form ATP using
the eletrogenic gradient (Pedersen, 2007).

Phosphorylation (P)-type ATPase
superfamily

The best studied P-type ATPases transport is the Nat/K™*
ATPase pump. This transporter functions to maintain
a low Na' ion and high K ion concentrations inside
cells. In mammals it plays a significant role in neuronal
membrane polarisation and hence action potential prop-
agation. It also helps maintain the osmotic balance within
cells. The mechanism underlying this pump was originally
investigated using red blood cells (RBC). When RBC are
placed in a hypotonic solution they swell and eventually
burst due to the movement of water into them via osmo-
sis, whereas in a hypertonic solution water moves out of
the RBC and they shrink. Knauf and co-workers (1974)
(Knauf, Proverbio and Hoffman, 1974) used resealed RBC
ghosts which allow the concentration of ions, ATP and
drugs within the RBC to be altered. These studies showed
that: (i) Na™ ions and ATP must be higher inside the
RBC and K™ ions outside for the pump to work; (ii) Na™

ions and K" ion transport was dependent upon ATP
hydrolysis; (iii) oubain, which competes with K* ions for
its binding site, prevents the pump from functioning only
when K ions are in the surrounding solution indicating
that K ions are transferred from the extracellular fluid
to the cytosol; and (iv) the hydrolysis of one ATP resulted
in the transport of three Na® ions and two K* ions.
Further studies showed that the pump could be reversed
when the concentration gradients of K* ions and Na™
ions were reversed; the ATPase synthesises ATP from
ADP.

P-type ATPases can be grouped into five sub-families
(P; —Py), and within these groups there are 10 different
distinguishable subtypes, with each subtype being spe-
cific for a particular substrate ion (see Table 5.2). The
five subfamilies were initially identified after phyloge-
netic analysis and are thought to have evolved from the
P; family (Kuhlbrandt, 2004). Whilst many P, members
are found in bacteria and archaea, some are present in
humans: for example, the Cu** ion efflux pumps. Muta-
tions of these genes (e.g. ATP7A or ATP7B) can give
rise to fatal hepato-toxic conditions such as Menkes and
Wilson disease (Theophilos, Cox and Mercer, 1996; de
Bie etal., 2007). Members of the types P;; and P;; families
are amongst the best studied (see Table 5.2) and include:
the sarcoplasmic (endoplasmic)-reticulum Ca?*-ATPase
(SERCA ;Py;,) which plays a role in skeletal muscle con-
traction; the Na*/K*-ATPase which generates membrane

Table 5.2 Subfamilies of the P-type ATPase with an indication of their specificity and function.

Family Bacteria/ Eukaryotes Specificity Function
Archaea
P il (K™) Turgor pressure regulation
Pp % & Cut, Cu*t, Agh, Cd**t, Zn?T, Detoxification, trace element homeostasis
Pb2+, C02+

Py i’ N Ca?*, Mn*" (incl. SERCA) Ca’* transport, signalling, muscle relaxation,
trace element homeostasis

P 4 Ca** (incl. PMCA) Ca*" transport (plasma membrane), signalling

Py * Nat/Kt, Ht/K+ Plasma membrane potential, kidney function,
stomach acidification

P4 & Nat, Ca?t Unknown

R i g 151 Plasma membrane potential, pH homeostasis

P H (Mg?>) Unknown

R & Phospholipids Lipid transport, lipid-bilayer asymmetry

Py, ol Unknown Unknown

Tons in brackets indicate provisional evidence that they are substrates. “not found in animals. Taken with permission from Bublitz

et al., 2010.
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potentials, (Py,.); and the gastric HY/K*-ATPase (Py;)
which acidifies the stomach (Bublitz et al., 2010). Py
transporters have been shown to ferry phospholipids
across membranes and hence contribute to establishing
lipid bilayer asymmetry. A number of expressed sequence
tags (EST) that have characteristics of P-type ATPases
have enabled the cloning of several genes that appear to
belong to groups Py, and Py; only eukaryotic members
of the P, and Py, sub-families have so far been identified.
So whilst the sequences of these genes are known, their
actual substrate remains to be characterised which is the
case particularly with Py, members.

Structure and function

In general, P-type ATPases have a catalytic a-subunit
which is a single TMD consisting of 10 TMS that com-
plexes with a B-subunit consisting of one TMS which
is important for trafficking to, and insertion into the
plasma membrane (Figure 5.12). However, there are
some instances where either the a-subunit consists of
6 to 12 TMS (which explains why it has a molecular
weight ranging from 70 to 150 kDa) or the p-subunit is
absent. The catalytic a-subunit has a highly conserved
internal amino and carboxyl terminus, a phosphorylation
(P) motif (DKTGT[LIVM][TIS]) in which the aspartic
(D) residue can be phosphorylated, a nucleotide-binding
(N)-domain and an actuator (A)-domain which contains
aconserved TEGS motif. The A and P domains are formed
by a cytoplasmic loop between TMS, and TMS; and the
A domain between TMS, and TMS; (see Figure 5.13a).

o-subunit B-subunit
membrane
actuator
cytosol
nucleotide phosphorylation domain

binding domain

Figure 5.12 General structure of the Na*/K* ATPase pump.
P-type ATPase transporters are composed of the catalytic
a-subunit composed of 12 TMS with actuator, nucleotide
binding and phosphorylation domains, and a B-subunit.

Using the Na*/K* pump as an example of how P-
type ATPase transport substrate(s) across membrane has
identified two transporter states, E1 and E2 (Figure 5.13b).
Basically, unphosphorylated E1 is located on the cytosolic
side of the membrane and is ‘empty’. When ATP binds to
the intracellular domain of the a-subunit, this promotes
the movement and binding of three Na* ions from
the cytoplasm to the substrate binding pocket. This in
turn causes an intrinsic ATPase to hydrolyse the ATP
molecule resulting in phosphorylation of the a-subunit
and its subsequent conformational change (E1-P) which
results in alower affinity of E1 for Na*t ions and the release
of the three Na™ ions into the extracellular fluid (E2-P).
Consequently two KT ion binding sites are exposed in the
pump so KT ions move from the extracellular fluid into
the substrate binding pocket. This causes hydrolysis of
the phosphorylated aspartic in the P-motif and removal
of the phosphate group from the P site (E2) followed
by the opening of the pocket to the cytosolic side of
the membrane and release of the two K ions into the
cytoplasm (E1). The transporter is then ready for another
round of Na™ and K™ transportation.

There are numerous members of the Na™/Kt ATPase
transporter because four isoforms of the a-subunit and
two of the B-subunit have been identified giving rise to
different o— and B-subunit configurations. Other types
of P-type ATPase are also composed of similar a— and
p-subunits that have multiple isoforms that can transport
other ions (e.g. H*/KT and Ca** pumps).

P-type ATPase transporters in health

and disease

Since many of the P-type ATPases play pivotal roles in
cell homeostasis any deviation from normal function
can result in a myriad of symptoms and diseases. These
include the previously mentioned Menkes and Wilsons
diseases which are related to abnormal Cu?* ion trans-
port. Three isoforms of the catalytic a-subunit of the
Na®/Kt ATPase pump (Py;) are expressed in neurones
and gene mutations result in altered ATPase activity. A
mutation in the a-3 subunit is associated with the move-
ment disorder, dystonia Parkinsonism (Blanco-Arias et
al., 2009). A mutation in the gene encoding the «-2
subunit (ATP1A2), which is predominately found in
neurones (and muscles) can cause a form of migraines
(familial hemiplegic migraine type 2) characterised by
auras and loss of right or left sided body strength. This a-2
mutation can also indirectly influence the cardio-vascular
system due to irregular cardiac Ca** ion homeostasis since
the resultant abnormal Na™ ion concentration affects the



Transporter Proteins 149

Ca**/Na™ exchanger. Arrhythmias and heart failure due
to advanced artherosclerosis can lead to systolic and/or
diastolic ventricular dysfunction. Cardiac glycosides such
as Digitalis purpurea (foxglove plant) have been used for
centuries to treat congestive heart failure. Digitalis inhibits
the Na™ pump in the sarcolemma membrane increasing
the cytosolic Na™ concentration and thereby reducing
the Na*t gradient across the membrane. This reduces
the activity of the Ca?t/Nat pump and hence Ca**
translocation. The higher steady-state level of Ca** can
be used by the muscle’s contractile elements to increase
the force of contraction to overcome cardiac disturbances
(James et al., 1999). Another neuronal expressed trans-
porter that causes a form of Parkinsonism associated
with dementia, Kufor-Rakeb syndrome, is ATP13A2 (Py,)
which transports inorganic cations and other substrates
across lysosomal membranes. It is thought that muta-
tions in this ATP13A2 gene results in decreased lysosomal
protein degradation and hence increased aggregation of
toxic proteins which leads to degeneration of the neurone
(Ramirez et al., 2006).

The sarco(endo)plasmic reticulum Ca** ATPase
transporter (SERCA) SERCAI gene (ATP2A1) is found
in fast-twitch muscle fibres and dysfunction of this
gene results in impaired skeletal muscle relaxation and
cramping (Brody myopathy; Odermatt et al., 1996).
Another isoform of SERCA, SERCA2 (ATP2A2), is
highly expressed in keratinocytes and indirectly controls
signalling pathways that regulate cell-to-cell adhesion
and differentiation of the epidermis by managing Ca>*
levels; mutations of the SERCA2 gene results in skin
abnormalities associated with Darier-White disease
(Sakuntabhai et al., 1999). Isoforms of SERCA are also
found on the endoplasmic reticulum and are involved
in normal cellular metabolism. However if SERCA is
inhibited by compounds such as thapsigargin, then an
endoplasmic reticulum (ER) stress response is activated
alongside apoptosis.  This
response can be manipulated to target cancer cells and
kill them by coupling the inhibitor to a target peptide to
produce a pro-drug that only becomes active at the target
tissue; this approach has been used in the treatment of
prostate cancer. An HT/K* ATPase is responsible for
stomach acid secretions and increased acid secretion
is associated with the development of gastric ulcers
and drugs that target this transporter (proton-pump
blockers) have been employed as a successful therapy.

Immuno-compromised individuals such as those
infected with HIV are prone to opportunist fungal
infections and are a major cause of morbidity/mortality.

mitochondria-mediated

Fungal infections in animals are difficult to treat
because the majority of anti-fungal drugs target sites
that are found in most eukaryotes and hence toxic
to the host mammal. However, fungi use a plasma
membrane H"/K* APTase pump, Pmal, to maintain
their cytosol pH in neutral / acidic environments
such as alveolar spaces or bloodstream or basic
locations 