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Abstract

There are three different types of opioid receptor, namely mu, delta and kappa.
Morphine and related clinically usefull analgesics exert their actions through the mu-
opioid receptor. Such compounds represent a huge structural diversity, including both
peptides and alkaloids. Nevertheless, there exists a common pharmacophore
comprising two critical features, namely an amine nitrogen and an aromatic ring,

usually with a hydroxyl substituent; the spatial relationship between them is also vital,

In the first part of this work the roles of the aromatic ring and hydroxyl substituent in
opioid peptides were investigated. Twenty-five cyclic tetrapeptides with variations in
the first amino-acid and in the size of the cyclic peptide ring were characterised for
receptor affinity and specificity using radioligand binding assays, and for relative
efficacy using [*>S]-GTPyS binding assays. The data show that neither the hydroxyl
nor the aromatic ring are critical for high affinity, potency or efficacy at the mu-

opioid receptor, but this does depend upon the ring-size of the tetrapeptide.

In the second part, an aminosteroid (SC17599) which lacks both an aromatic ring and
a para-hydroxyl substituent was also shown to have good affinity, selectivity and
efficacy at the mu-opioid receptor. Molecular modeling of this compound has been
used to investigate the relationship between SC17599 and more traditional opioid
ligands in three ways. Firstly, the phannacophore- for mu-opioid ligands has been
refined using GASP (Genetic Analysis of Spatial Parameters). Secondly, the docking
interaction of SC17599 with the mu op10id receptor has been compared with the
docking of morphine using GOLD (Genetic Optimization for Ligand Docking).




Thirdly, QSAR (Quantitative Structure-Activity Relationships) of morphine-like
opioid ligands and SC17599 have been investigated using FBSS (Field Based
Similarity Search) and CoMFA (Comparative Molecular Field Analysis).

The above findings have profound implications for the future design of mu opioid

ligands and for the accepted theories of the binding of such ligands to the mu opioid

receptor.
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GENERAL INTRODUCTION




Chapter 1: Introduction

1.1 History of opioids and opioid receptors

The sensation of pain is integral to human existence and is generally defined as
comprising of separate sensory and emotional components. Pain is typically the result
of noxious stimuli to which our bodies respond when threatened with actual or
potential tissue damage and at least in part serves as a warning. The degree of
sensation can range from mildly unpleasant to physically debilitating. Some of the
earliest medicines recorded in human history are analgesics, substances which act to
control pain by alleviating one or both components. For example, the use of opium,
the latex obtained by cutting the unripe seed capsules of the poppy Papaver

somniferum, predates the written word.

In 1803 the German pharmacist Sertlirner isolated the active constituent of opium,
which he named Morphine, after Morpheus the god of dreams from the works of
Ovid. (Figure 1.1). However, it took 120 years for the chemical structure of morphine
to be elucidated [Gulland and Robinson, 1923], and another 30 until the first total
synthesis of the molecule was achieved [Gates and Tschudi, 1952].

Morphine and related analgesics, collectively termed opiates, are unique in their
ability to alleviate pain without affecting the primary sensory modalities, namely
vision, touch, hearing, taste and smell. Opiates are also able to reduce the emotional
components of pain, including fear, anxiety and tension. Thus preparations containing

morphine rapidly became the treatment of choice 1n cases of moderate to severe pain.
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However, morphine is by no means an ideal analgesic agent. Patients can become
tolerant to its effects, such that escalating doses are required to provide the same level
of pain relief. In addition, it is liable to produce dependence, whereby the user
(typically a recreational user) develops a psychological and/or physical need for the
drug. In addition, morphine can cause drowsiness, 'respiratory depression, reduced
gastro-intestinal motility, nausea and vomiting [Rang and Dale, 1995]. Therefore
researchers became interested in understanding the mechanisms behind the actions of
morphine in order to create alternative analgesics with reduced side effects,
particularly abuse potential. As the relatively new science of pharmacology advanced,
experiments were carried out first on whole animals, then on isolated tissue
preparations, more recently using membranes prepared from cultured cells
endogenously expressing opioid receptors, and in the last few years on membranes

from cells expressing recombinant opioid receptors.

1.1.1 Endogenous opioid peptides

The German pharmacologist Ehrlich proposed in the late nineteenth century that
‘corpora non agunt nisi fixata’, or ‘a substance w111 not act unless it is bound’. In the
late 1960’s Martin suggested that specific binding sites for opiates must exist in the
brain [Martin, 1967], and in the early 1970’s Goldstein and co-workers began
developing an assay system which used radiolabeled compounds to locate these sites
[Goldstein et al, 1971]. In 1973 several groups working independently were able to
show that opiates bound to receptors in membranes from central nervous system
tissues [Pert and Snyder, 1973; Simon et 2, 1973; Terenius, 1973; Wong and Hong,
1973]. The only logical explanation for the existence of such receptors is that they act
as binding sites for endogenous substances, sparking a race to discover the identity of
these substances. In 1975 Hughes and Kosterlitz isolated two pentapeptides from
porcine brain which had opiate-like activity in an in vitro bioassay which measures
inhibition of the electrically stimulated contractions of smooth muscle [Hughes et al,
1975a; Hughes et al, 1975b]. The two peptides differed only in their carboxy-terminal

amino acid and were named the Enkephalins (Figure 1.2).
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a) Tyr-Gly-Gly-Phe-Met b) Tyr-Gly-Gly-Phe-Leu
Figure 1.2 a) [Met’Jenkephalin and b) [Leu®Jenkephalin. ‘

The [Met’Jenkephalin sequence is found at the amino-termmus of the endogenous
peptide B-endorphin, which also proved to have high affinity for opiate binding sites
[Bradbury et al, 1976] (Figure 1.3). Just as B-endorphin is a carboxy-terminal
extension of [Met’]-enkephalin, the dynorphins were discovered as opioid-active
extensions of [Leu’]-enkephalin [Goldstein et al, 1979; Goldstein et al, 1981] (Figure
1.3). Other families of endogenous peptides are the dermorphins [Montecucchi ef al,
1981}, the deltorphins [Kreil ez al, 1989; Erspamer et al, 1989] and the endomorphins
[Zadina et al, 1997] (Figure 1.3). All retain the Tyr' residue and a second aromatic
amino acid in either the 3 or 4 position. The new term opioids was coined to
differentiate these newly discovered endogenous peptides from the morphine-like

opiates.

B-Endorphin Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-Glu-Lys-
Ser-Gln-Thr-Pro-Leu-Val-Thr-Leu-Phe-Lys-Asn-Ala-
Ile-Ile-Lys-Asn-Ala-His-Lys-Lys-Gly-Gln

Dynorphin 1-17  Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu-
Lys-Trp-Asp-Asn |

Dermorphin Tyr-D-Ala-Phe-Gly-Tyr-Pro-Ser-NH; |

Deltorphin 1 Tyr-D-Ala-Phe-Asp-Val-Val-Gly-NH, ‘

|

Endomorphin 1 Tyr-Pro-Trp-Phe-NH,

Figure 1.3 Structures of some endogenous opioid ligands.

1.1.2 Oproid receptors and higands

The existence of multiple types of endogenous ligands nicely complemented the
proposed existence of multiple types of opioid receptor. The first experimental

evidence for multiple receptor types came from in vivo studies by Martin [Martin et

al, 1976). This pioneering group looked for the ability of various compounds to




Chapter 1: Introduction

prevent the appearance of the withdrawal symptoms which develop after an animal is
no longer administered a drug on which it has become dependent. The authors
identified three groups of drugs, individual members of which would substitute only
for compounds within the same group. Thus they proposed the existence of three
types of opioid receptor, named after the prototypical drug in each group —~ mu
(morphine), kappa (ketocyclazocine) and sigma (SKF 10,047 or N-
allylnormetazocine). However, opioid receptors are defined by their ability to bind
naloxone (Figure 1.4), and since many of the effects mediated by the sigma receptor
are not naloxone reversible it is no longer considered an opioid receptor [Walker et al,
1990].

Figure 1.4  Naloxone

When comparing the effects of morphine and the enkephalins in the inhibition of
electrically stimulated contractions in guinea pig ileum and mouse vas deferens,
Kosterlitz and colleagues found that the rank order of potency was different in the two
tissues. Thus, they proposed the existence of a third opioid receptor, the delta
receptor, named after the tissue in which it was discovered (mouse vas deferens)
[Lord et al, 1977].

Of the endogenous opioid peptides, B-endorphn and the enkephalins bind to both the
mu- and delta-receptors [Paterson et al, 1983], the dynorphin family of peptides bind

preferentially to kappa receptors, the dermorphins and the endomorphins are selective
for the mu receptor, whilst the deltorphins are highly selective for delta receptors, as

their name implies. The pioneering work of the 1970’s on multiple opioid receptor
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types was greatly hindered by the lack of ligands with both high selectivity and
resistance to enzymatic degradation. In the search for better research tools and
analgesic agents, a huge number of peptide and non-peptide opioid ligands were
synthesised and older ligands recharacterised, many of which offer high affinity,
improved selectivity and increased stability. For example, the phenylpiperidine
derivative fentanyl [Janssen et af, 1963] and the synthetic peptide DAMGO ([p-Ala?,
N-Me-Phe*, Gly-ol’Jenkephalin) [Handa et al, 1981] are both excellent mu ligands.
Commonly used delta ligands include DADLE ([D-Ala?, D-Leus]enkephalin) [Magnan
et al, 1982], DPDPE ([D-Penz, D-Pen’ Jenkephalin) {Mosberg et al, 1983] and BW
373,U86 ((+)-4-[(aR)-a-((2S,5R)-4-allyl-2,5-dimethyl-1-piperazinyl)-3-hydroxy-
benzy!]-N,N-diethylbenzamide) [Chang et al, 1993]. Selective kappa ligands include
U69,593 (SR-(5a,7ct,8B)-N-methyl-N-{7-(1-pyrrolidinyl)-1-oxaspiro[4.5]dec-8-y1]}-4-
benzeneacetamide) [Lahti ef al, 1985] and CI 977 (SR-(5a,7c,8(3)-N-methyl-N-[7-(1-
pyrrolidinyl)-1-oxaspiro[4.5]dec-8-yl]-4-benzofuranacetamide) [Hunter e? al, 1990]
(Table 1.1, Figure 1,5). A selection of high affinity compounds displaying lesser
selectivity are also widely used, for example the kappa agonists EKC
(ethylketocyclazocine) [Harris and Sethy, 1980] and bremazocine [Romer et al,
1980].

Although excellent non-specific opioid antagonists such as naloxone [Takemori ef al,
1972] (Figure 1.4) are available, truly selective antagonists have in general proved
more elusive than their agonist counterparts. However, the mu selective CTOP (D-
Phe-Cys-Tyr-D-Trp-Om-Thr-Pen-Thr-NH3) [Pelton et al, 1986], the delta antagonist
NTI (naltrindole) [Porthogese et al, 1988a] and the kappa antagonist nor-BNI
(norbinaltorphimine) [Porthogese et al, 1987] are examples that are all widely used,
and there are many others (Table 1.1, Figure 1.5).
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Receptor . .
Agonists Antagonists
Type
mu DAMGO CTOP
fentanyl CTAP
morphiceptin cyprodime
delta DPDPE ICI 174,864
DSLET naltrindole
DADLE naltnben
kappa U 69,593 norbinaltorphimine
C1977

Table 1.1 Highly selective opioid ligands.

The next logical step in opioid pharmacology was to isolate the three opioid receptors
and determine their amino acid sequence. However, this proved difficult due to both
the paucity of opioid receptors in most tissues and their lability in detergent [Loh and
Smith, 1990] which is the first step in traditional purification schemes. Indeed, it was
not until 1992 that two groups published independent descriptions of the expression
cloning of cDNA encoding the delta receptor from the neuroblastoma x glioma
(NG108-15) cell line [Evans et al, 1992; Kieffer et al, 1992].

In the year following this breakthrough, a multitude of reports appeared detailing the
cloning of other opioid receptors: the rat mu-opioid receptor [Chen et al, 1993a;
Fukuda et al, 1993; Wang et al, 1993], the rat kappa-opioid receptor [Chen ef al,
1993b; Minami er al, 1993; Li et al, 1993; Meng et al, 1993], the mouse kappa-opioid
receptor { Yasuda et al, 1993], and the rat delta-opioid receptor [Fukuda, Kato, Mori,
Nishi, and Takeshima, 1993]. In the next two years, all three human opioid receptors
were cloned: mu [Wang et al, 1994], delta [Knapp et al, 1994; Simonin et al, 1994],

and kappa [Simonin et al, 1995].
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Structure of some of the opioid ligands shown in Table 1.1.
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Based on the differential effects of the antagonist naloxonazine on the various

physiological actions of morphine in vivo [Ling et al, 1985], it has been suggested that

there may be two subtypes of the mu opioid receptor, termed p; and p, [Pastemnak and

Wood, 1986]. Similar divisions have been proposed for both the delta and kappa
receptors, based on pharmacology (delta) and binding data (kappa). However, there is
only a single occurrence of each opioid receptor on the genome [Thompson et al,
1993], and all of the receptors of each type cloned to date from different sources have
virtually identical sequences and properties. Thus, the idea of subtypes within the mu,
delta and kappa receptor populations remains controversial [Fowler and Fraser, 1994].
The observed discrepancies in the actions of ligands such as naloxonazine may be the
result of splice variants or post-translational modifications of a single receptor gene
[Rossi et al, 1995].

In 1994 a receptor type was discovered with an amino acid sequence very similar to
the opioid receptors, but which did not bind naloxone and is therefore not considered
part of the immediate opioid receptor family. Several research groups published
details of this ORL1 (opioid-receptor-like) or Orphanin receptor almost
simultaneously [Mollereau et al, 1994; Bunzow et al, 1994; Fukuda et af, 1994; Chen
et al, 1994; Wang et al, 1994). The full extent of the pharmacological and
physiological effects mediated by the ORLI receptor are not yet fully understood, but
it appears to mediate certain ‘anti-opioid’ actions, such as the inhibition of opioid
induced analgesia. The endogenous ligand for the orphanin receptor was quickly
isolated by two groups (Figure 1.6), and was named orphanin FQ by one [Reinscheid
et al, 1995], and nociceptin by the other [Meuneir ef al, 1995] due to its apparent
ability to cause hyperalgesia. Nociceptin is unlike the endogenous opioid peptides
since it contains Phe rather than Tyr as the N-terminal residue. Despite the similarities
in sequence between both the ORL1 and opioid receptors and between their
endogenous ligands, all known opioids exhibit low or negligible affinity for the ORL1
receptor. Likewise, all ORL1 ligands show low affinity at mu, delta and kappa opioid
receptors. Subsequently, an endogenous antagonist with specificity for the ORL1

receptor has been discovered, named nocistatin [Okuda-Ashitaka et al, 1998].
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Phe-Gly-Gly-Phe-Thr-Gly-Ala-Arg-Lys-Ser-Ala-Arg-Lys-Leu-Ala-Asn-Gln

Figure 1.6 ~ The endogenous ligand for the ORL1 receptor, Orphanin FQ or

Nociceptin.
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1.2 Structure of the opioid receptors

The opioid receptors belong to the superfamily of seven transmembrane domain
spanning G-protein coupled receptors [Uhl et al, 1994], currently numbering over 200
members. These receptors share considerable structural homology, despite the huge
diversity of ligands with which they interact. This reflects their common mechanism
of action, namely an ability to activate intracellular proteins (G proteins) following
agonist occupation. To date, although many G protein coupled receptors have been
cloned, none has been crystallised. However, much structural detail has been inferred
from the known structure of bacteriorhodopsin, which was isolated from bacterial
culture and its structure resolved in 1975 [Henderson and Unwin, 1975]. Each G
protein coupled receptor is a single polypeptide chain consisting of approximately
350-500 amino acids which spans the cell membrane seven times via o helical
segments 20-28 amino acids in length. The amino-terminus resides in the extracellular
space whilst the carboxy-terminus lies within the cell. This general structure is shown

schematically in Figure 1.8, using the rat mu opioid receptor as an example.

The three opioid receptors are closely related. For example, the mouse delta, mouse
kappa and rat mu opioid receptors have approximately 57% sequence homology
[Reisine and Bell, 1993] (Figure 1.7). The greatest similarities in sequence are seen in
the three intracellular loops, transmembrane domains II, III, V and VII, and the ﬁ;'st
extracellular loop. The remaining regions exhibit decreasing sequence homology in
the order: transmembrane domains VI > I > IV > extracellular loops 2 > 3 (Table 1.2).

The amino- and carboxy- terminals exhibit little similarity in sequence or even in size.




cl

MELVPSARAELQSS-PlL-=--~=ecmcuwconana- YNLSDAFPSAFPSAGANASGSPGAR 41 §
ME-SPIQIFRGDPGPTCSPSACLLEPNSSSHFP-=---NWAES~ ===~ DSNGSVGSEDQQLE 50 «x
MDSSTGPGNTSDCSDPLAQASCS-PAPGSWLNLSHYDGNQSDECGLNRTGLGGNDSLCPQ 59 i
) Transmembrane 1 X Transmembrane 2
M'SLALMAMAMAMLMVMGMLW 100 B
BEAHISPAIPVIITAVYSVYFYVYGLVGNSLYVMFVIIRYTKMKTATNIYIFNLALADALVETT 110 K
TGSPSMVTAITIMALYSIVCVYGLFGNFLVMYVIVRYTKMKTATNIYIFNLALADAIATS 119 K
Transmembrane 3
—_— ¢ >
TLPFOSAKYLMETWPFGELLCKAVLSIDYYNMFTSYIFTLTMMSVDRYIAVCHPVKALDFR 160 &
IMPFOSAVYLMNSHPFGDVLCKIVISIDYYNMFTSIFTLTMMSVDRYIAVCHPVKEKALDFR 170 X
ILPFOSVNYLMGTIUPPFGTILCKIVISIDYYNMPTSIFTLCTMSVYVDRYTIAVCHPYVKALDER 179 |
) Transmembrane 4
¢ > o —r———
TPAKAKLINICIWVLASGVYGVPEPIMVMAVIQPRDGA--VVCMLOFPSP~--SWYWDTVTEKIC 216 &
TPLEAKIINICIWLLASSYGISAIYLGGTKVREDVDVIECSLOFPDDEYSHW-WDLFMEKIC 229 K
ITEPERNAKIVNVCNHILSSAIGLEVMFMATIKYRQGS--IDCTLTESHP--THYWENLLEKIC 235
Transmembrane & . ) Transmembrane 6
YELEAFVYV LL_&LRWSMMGAEVMAB 276 &
VFVFAFVIPVLITIIVCYT REKDRNLRRITKLYLVVVAVEI 289 «x
YFIFAFIMPILIITVCYGLMILRLKSVRM W 295
. ) Transmembrane 7 .
LH__I_F_}LI._‘LWTLVDINRRDPLVVA;\LHLMAHEQQEPVLIBEL,QENEKBQEBQLQRTP 336 &
IHIFILYEALGSTSHSTA-ALSSYYFCIALGYTNSSLNPVLYAFLDENFKRCFRDFCFEI 348 K
IHIYYIIKALITI-PETITFQTVSWHFCIALGYTNSCLNPYLYAFLDENFKRCFEREFQTET 354 K
CGROEPSSLRRPROATTRERVTACTPSD---~-~==-- GPGGGAAA 372 &
KMEMEROSTNRVYRN-TVQDPAS-=-=-=== == === MRDVGGMNKEV 380 x
SSTIEQONSTEVRONT-REHPSTANTVDRTNHQLENLEAETAPLP 398
Figure 1.7 . Sequence alignment of the mouse delta [Evans et a/, 1992], mouse kappa [Yasuda e al, 1993] and rat mu [Chen et al,

1993a] opioid receptors. Underlined regions indicate amino acids conserved between all three receptors, adapted
from [Reisine and Bell, 1993].
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Loop Sequence Transmembrane Sequence
homology (%) domain homology (%)

Intracellular 1 90 I 45
Intracellular 2 91 II 84
Intracellular 3 78 m 82

v 30
Extracellular 1 67 \Y% 71
Extracellular 2 24 VI 50
Extracellular 3 7 Vil 71

Table 1.2 Sequence homology amongst the three opioid receptors, by region.

The molecular weight of the opioid receptors as predicted from their amino acid
sequences is much lower than that observed using physiochemical techniques such as
electrophoresis. The difference in molecular weight comes from the addition of small
chemical groups such as palmitoyl, myristoyl or glycosyl during post-translational
modification. The three opioid receptors have a variable number of consensus sites for
N-linked glycosylation on the extracellular amino-terminus; the mu receptor contains
five such sites (asparagine residues 9, 12, 33, 40, 48 in the human mu opioid
receptor), whilst the delta and kappa receptors each contain two (Figure 1.8). Whilst
there may be tissue-specific differences in the glycosylation patterns of these sites,
they do not seem to be implicated in ligand bindmng or receptor activation [Rands et
al, 1990]. The carboxy-termmus of all three opioid receptors contain a highly
conserved cysteine residue, as indeed do many other G protein coupled receptors.
Palmitoylation of this residue, for example Cys353 in the human mu receptor
[O'Dowd er al, 1988], constrains the structure of the receptor by anchoring a part of

the carboxy-terminus to the intracellular face of the plasma membrane, in effect

forming a fourth intracellular loop (Figure 1.8).
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G protein coupled receptors also contain a number of other conserved cysteine
residues which may play an important role in constraining the structure of the receptor
through the formation of intramolecular disulphide bridges. One such bridge links
cysteine residues in the first and second extracellular loops, Cys140 and Cys217 in the
mu receptor, Cys121 and Cys198 in the delta receptor, and Cys131 and Cys210 in the
kappa receptor. In B-adrenergic receptors, breaking this bridge by mutagenesis of
either cysteine residue dramatically disrupts binding [Dixon et al, 1987]. In addition,
opioid receptors lose the ability to bind ligands after treatment with compounds that
destroy disulphide bonds [Smith and Simon, 1980]. Interestingly, the receptor is
protected against this effect in the presence of pre-bound ligand, implying that thas
disulphide bridge is close to the ligand binding region.

All G protein coupled receptors possess an invariant aspartate residue in the third
transmembrane domain. This residue, for example Asp147 in the human mu opioid
receptor, is postulated to act as a counter-ion for the positively charged amino-group
present in the majority of ligands for G protein coupled receptors [Dohlman ef al,
1991]. Mutation of this residue with neutral alanine or asparagine residues diminishes
both agonist and antagonist binding [Surratt ef al, 1994a]. The second transmembrane
domain also contains a highly conserved aspartate residue (Asp116 in the human mu
optoid receptor) which is vital to binding of agonists but not antagonists in both mu
and delta opioid receptors [Kong et al, 1993; Surratt et al, 1994b)]. This residue forms
part of a binding site which can accommodate either a water molecule or a Na* ion
[Kong et al, 1993]. The presence of Na® is predicted to disrupt a network of hydrogen
bonds in this region which are vital to activation of the receptor, and hence Na*
decreases agomst but not antagonist binding. Mutation of Aspl16 mimics the
presence of Na* by disrupting the same hydrogen bonding network [Pogozheva et al,
1998]. A histidine in transmembrane domain VI (His299 in the human mu opioid
receptor) is implicated in ligand binding through interaction with the phenohc
hydroxy] group moiety present in virtually all opioid peptides and many opiates. This
residue can be protected from histidine-specific alkylating agents by the presence of
opioid ligands [Spivak ef al, 1997].

14
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A variety of other residues in the transmembrane domains have also been implicated
in ligand binding; for example, Tyr148 [Befort et al, 1996} and Trp293 [Pogozheva et
al, 1998], as well as GIn and Tyr in TM II, Cys, Lys, Val, Asp, Tyr and Met in TM
III, Lys, Ile, and Phe in TM V, Trp, Ile, and His in TM VI and Cys, Ile, and Tyr in
TM VIL

The extracellular loops of the opioid receptors have been shown using molecular
modelling techniques to lie across the top of the ligand binding cavity [Pogozheva et
al, 1998]. Thus, they have been implicated as at least partial determinants of ligand
selectivity between the three opioid receptor subtypes [Fukuda et al, 1995; Wang et
al, 1995].

The second intracellular loop of most G protein coupled receptors contains an
extremely well conserved Asp-Arg-Tyr sequence. Point mutations in this region
generally cause a drastic reduction in the ability of receptors to stimulate downstream
effectors [Fraser et al, 1988; Zhu et al, 1994), indicating that this triplet of amino acid
residues is of general importance in the coupling of receptors to G proteins, A
putative a-helical region near the C-terminus of the third intracellular loop is also
implicated, since mutations which disrupt the tertiary structure of this region greatly

diminish G protein coupling [Duerson et al, 1993]. The amino acid sequence of this

region is such that one ‘face’ of the helix is primanly charged whilst the other is
hydrophobic. Point mutations which disrupt this arrangement without altering tertiary
structure also diminish G protein coupling [Bhiml et a/, 1994].

All G protein coupled receptors contain sites which may be targets for
phosphorylation by protein kinase enzymes. These may be important in the
desensitisation of the receptor after occupancy by agonist, resulting in reduced
response. In the mu opioid receptor such sites include Ser263 and Thr281 in the third
intracellular loop and Ser365 located in the carboxy-terminus [Arden ef af, 1995].

15
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Cartoon depicting the proposed seven membrane spanning domains of the
rat mu opioid receptor. The single letter amino acid code has been used.
Shaded amino acid residues are conserved in the majority of G protein
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grey). Amino acid sequence and proposed topology was obtained from the
Center for Opioid Research and Design, Department of Medicinal
Chemistry, University of Minnesota.
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1.3 Receptor-effector coupling via G proteins

Activation of an opioid receptor by agonist leads to a cellular response via an
extremely intricate signal transduction cascade. The initial steps of this cascade
involve interaction with, and activation of, a G protein. These are heterotrimeric
proteins consisting of an o subumt and a tightly associated By dimer which separate
only under denaturing conditions (Figure 1.9). They are called G proteins because the
o subunit contains a site which binds a guanine nucleotide. There are at least 20
different known Ga, 5 Gf and 12 Gy subunits. Thus the number of possible distinct G
protein trimer combinations is very large, and more than 30 have been reported. These
are grouped into four major families according to the amino acid sequence of their o
subunits, namely G;, G/Go, Gq, and Gj2 [Hepler and Gilman, 1992]. The G protein is
anchored to the intracellular surface of the plasma membrane via an isoprenoid group
attached to the y-subunit. The a-subunits of most G proteins are modified at the
amino-terminus glycine residue by either a myristate (G,a and Gyt) or palmitoyl (Gsa
and Gqo) group [Yamane and Fung, 1993]. The G protein is thought to interact with
the receptor through two regions of the « subunit which are in close proximity (Figure
1.9) [Higashijima and Ross, 1991]; an a-helical area at the carboxy-terminus [Hamm
et al, 1988; Weingarten et al, 1990] and another at the amino-terminus [Taylor et al,
1994].

These G proteins, once activated, can couple in tumn to a large variety of downstream
effectors which typically regulate membrane conductance (K* and Ca?* ion channels)
or levels of second messenger molecules (adenylyl cyclase, guanylyl cyclase,
phospholipase C and phospholipase A;) [Hille, 1992]. Until recently it was thought
that only the a subunit coupled with downstream effector [Birnbaumer et al, 1990],

whilst the Py dimer acted in a regulatory role. However, it has become apparent that

the By dimer can also activate a variety of effector systems [Tang and Gilman, 1991;
Taussig et al, 1993].
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Figure 1.9 Ribbon model of a heterotrimeric G protein. Gat is green; G is yellow: and Gy is red.
a), view down the axis of GBy. b), view rotated 70 degrees around the horizontal axis compared to (a).

Adapted from [Lambright et al, 1996].
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Opioid receptors have been shown to couple to and inhibit adenylyl cyclase via G/G,
proteins [Carter and Medzirhadsky, 1993], leading to decreased levels of the second
messenger molecule cAMP (cyclic adenosine monophosphate). Indeed, inhibition of
c¢AMP accumulation is often used as a functional measure of mu opioid agonist
action. In addition, opioid receptors inhibit the activity of voltage gated Ca?* channels
[Seward et al, 1991] and activate K™ channels [Williams ef af, 1988). How does one
particular receptor couple to a small subset of G proteins which in turn activates
perhaps only a single effector ? Opioid receptors have been shown to activate multiple
members of the G/G, families [Prather et al, 1994]. However the interaction between
G protein and effector may be much more specific, possibly even to the extent that
specific G protein triplets couple different receptors to the same effector. For
example, it has been shown that in GH3 cells inhibition of calcium channels by
muscarinic m4 receptors is mediated through oo Bsys whilst somatostatin receptors
are coupled via a2 1y3 [Kleuss et al, 1993]. Additionally, G-protein activating
proteins and/or targeting or compartmentation of signalling components may play a
role in determining specificity of signal transduction [Neubig, 1998].

\\
The exact mechanism by which G protéins mediate the signal from activated
receptor to effector is largely unknown, but depends upon the kinetics of
guanine nucleotide exchange and hydrolysis, as illustrated in schematic form in
Figure 1.10. In the basal state, G proteins exist in the trimeric form, and the o
subunit guanine nucleotide binding site contains a molecule of guanosine
diphosphate (GDP). The binding of agonist results in an increase in the affinity
of the receptor for the By—a-GDP complex. Interaction with the receptor causes
the a subunit to exhibit reduced affinity for all guanine nucleotides. This is a
consequence of an ‘opening’ of the nucleotide binding site [Bourne, 1993], and
prompts the release of the bound GDP molecule. A receptor which is complexed
to 2 G protein in which the nucleotide binding site is empty has increased
affinity for its ligand. In the absence of guanosine triphosphate (GTP) this ‘high
affinity’ state of the receptor forms part of an agonist-receptor-G protein
complex which is relatively stable. However, in the presence of relatively high

endogenous infracellular concentrations of GTP the nucleotide
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Figure 1.10  The G protein cycle, in cartoon form. Adapted from Rang and Dale [1995].
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binding site is rapidly filled. Binding of GTP leads to a conformational change
in three ‘switch’ regions of Go that are the primary regions for contact with GPy
[Lambright et al, 1996].

This activation of the G protein results in dissociation of the agonist-receptor-G
protein complex. The a and fy subunits show greatly reduced affinity both for
each other and for the receptor, and are freed to act separately on downstream
targets. This dissociation also causes the receptor to return to the basal state of
low affinity for agonist, but before the ligand is released the receptor may
interact with another G protein. Therefore a single activated receptor may in
turn activate many G proteins, resulting in signal amplification. The dissociated
G protein subunits continuously activate their target effector systems until the
intrinsic GTPase activity of the o subunit hydrolyses bound GTP to give bound
GDP and a free molecule of phosphate. This prompts the reassociation of the o
and By subunits to form the basal state $y-o-GDP complex. Thus the degree of
signal amplification at the effector level is regulated by the rate of GTP
hydrolysis, which is intrinsically relatively slow. In order to prevent excessive
levels of effector activation, GTPase activating proteins or GAPs act to increase
the rate of GTP hydrolysis. GAPs include effector proteins themselves, for
example phospholipase CB [Biddlecome ez al, 1996] and the large family of
‘regulators of G protein signalling’ or RGS proteins. At least 19 genes coding
for RGS-like proteins have been found, defined by a 120-amino acid core
domain. Some of the characterised RGS proteins are capable of increasing the
rate of GTP hydrolysis by Ga, including Ga, which couple to opioid receptors,
by up to 100-fold {[Berman and Gilman, 1998). They may act by stabilising the
transition state of Ga [Dohlman and Thorner, 1997].

A variety of biochemical tools are used probe the individual steps of the G
protein cycle at a molecular level. Two of the most commonly used are bacterial
toxins which target the a subunits of specific G proteins. Cholera toxin, isolated
from Vibrio cholera, catalyses the transfer of an ADP-ribose unit from
nicotinamide adenine dinucleotide (NADH) to an arginine residue on Go and

Giat. Those o subunits which have been ADP-ribosylated exhibit greatly
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reduced GTPase activity, thus resulting in constitutive activation of the G
protein [Ribeiro-Neto ef al, 1985]. Similarly, pertussis toxin from Bordatella
pertussis ADP-ribosylates those a subunits which posses a cysteine residue ina
specific position close to the carboxy terminus, namely G,a, Goo and Gyat. This
uncouples the G protein from the receptor, preventing any functional interaction
[Katada et al, 1986]. The G proteins which regulate receptor-mediated
activation of phospholipase C, namely Gq and Gy, are insensitive to both
cholera and pertussis toxin.

The G protein cycle is the basis of the [>° S]-GTPyS assay [Hilf et al, 1987,
Traynor and Nahorski, 1995], which provides a functional measure of receptor
activation [Lazareno and Birdsall, 1993). GTPyS is an analog of GTP which is
much less susceptible to hydrolysis by the o subunit. By using small amounts of
radiolabelled [*°S]-GTPyS (Figure 1.11) in the absence of GTP, the
accumulation of o subunits with bound [*>S}-GTPyS can be measured. This
accumulation will be greatly increased by agonist through activation of G

protein.
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Figure 1.11 Structure of [**S]-GTPYS











































































































































































































































































































































































































































