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Abstract

The S1P; receptor is a member of the cell surface G-protein-coupled receptor superfamily
(GPCR). SiP-mediated activation of the S1P3 receptor elicits an array of biological effects
including angiogenesis, the process of new blood vessel formation, and may have an important
role in atherosclerosis. Afler sustained cxposure to agonist, many GPCRs undergo
desensitisation, defined as the waning of receptor responsiveness in the face of persistemt
stimulation. The rolative ability or inability of a GPCR to underge classic agonist-mediated
receptor phosphorylation and subsequent internalisation away from the cell surface is an
important marker of GPCR desenstfisation. This study has characterised, for the first time, the
phosphorylation and internalisation of the human $1Pz receptor.

Whole cell phosphorylation studies on hamster lung CCL-39 fibroblasts stably expressing
human S1P; receptors showed that S1P; is phosphorylated in response to S1P in a time and
conceniration-dependent manner. In contrast activation of muktiple 2™ messenger-activated
kinases was without effect on $1P; phosphorylation under the same conditions, It 1s well known
that the C-terminal region of GPCRs oflen holds the primary site of interaction for receptor
phosphorylation and interaction with f-arrestin. Engineering constructs that truncate the
receptor by removing significant and potential sites of phosphorylation allowed the identification
of a region bounded by residues Leu®? to Vat®™ as containing the sites of receptor
phosphorytation. As GPCRs are known to be phosphorylated by GRKs a panel of GRKs were
imvestigated, of these GRK2 appeated to phosphorylate the STPz receptor in vitro suggesting that
GRK2 or a similar kinase is present during $1P; phosphorylation,

S1P; receptor imiernalisation is not detectable in CCL-39 cells as determined by
biotinylation assays. Also, sucrose density gradieni experiments cound not detect a wholesale
shift of recepior between lipid rafl and non-lipid raft compariments after SIP exposure.
Although, studies of S1P; interaction with B-arrestin are currently preliminary, mnitial findings
from this research suggest that both receptor and arrestin co-localise afier agonist slimulation.
This hints at the possibility that internalisation may be obstructed by something other than
inleraction with arrestin and provokes a receptor-complex paradigm that involves both receptor,
arrestin and another prolein which i cell-type specific in order to allow internalisation.
Experiments in HEK293 cells demonstrated that in this system, WT and phosphorylation
resistant S1P; receptors cound both internalise over identical time courses following agonist
exposure. This sugpesis that S1P; sensitivity to internalisation is regulated specifically

depending on celliype and does not require recepior phosphorylation. This has implications in
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embryogenesis and also angiogenesis where cell growth and proliferation are vital to
development of crgans and vessels.

The impact of unique regulatory elements on functional desensitisation SIP; was
determined by measuring Ca®* mobilisation, a classical G-protein-mediated response. The
kinetics of WT and phosphorylation-resistant S1Py receptor desensitisation were
indistinguishable.  This indicates that phosphorylation is not important in observing
desensitisation of S1P;-G-protein coupling. Rather, given the lack of any effeci of disrupting
phosphorylation on recepior internalisation and desensitisation, this study poses the suggestion
that phosphorylation of the C terminal domain regulates another aspect of $1Pz function.

An interaction of an as yet unknown protein and the SH3 interaction motif within the C-
terminal tail of the §1P; receptor may occur. While yeast two hybrid results remain elusive,
GST-fusion studies which were implemented to ascertain the functionality of the RXXPXXP
molif revealed that Fyn kinase can interact with the SH3 domain binding motif of 81Ps. I is
likely that a kinase simiiar {o, or indeed Fyn, prevents internalisation in some cells by its absence
which allows finelv tuned regulation of the S1P; receptor to confer downstream signalling ol
multiple pathways.

Topgether, the data suggest that the S1P; receptor is uniquely regulated by agonist-
stimulated phosphorylation within an 18 amino acid streich within its C-terminal domain. Given
that deletion of phosphorylation fails to alter sensitivity to internalisation or rapid desensitisation
kinetics, this domain may play an alternative novel role in S1P; function. This is supported by
the presence of a consensus class I SH3 domain interaction motif and the ability of the C-
{erminal domain 1o specifically bind the SH3 domain from Fyn, but not those from Sre, fodrin or
PI-3-kinase. In addition, because the interaction was not modulated by prior phosphorylation of
the receptor, it is suggested that specific SH3 domain-containing proteins may be constitutively
associated with the receptor in certain cell types. The potential for such an interaction to block
the ability of agonist-bound receptor fo engage with clathrin-coated pits might explain the
resistance of $1P; to undergo internalisation in some cell types, exemplified by CCL39 cells, but
not in others, e.g. HEK293 cells. The development of S1P-responsive chimeric S1P;-S1P;
recepiors in which the phospho-accoptor regions have been swapped can now provide one
approach with which to test the potential functional importance of RXXPXXP-SH3 domain
interaction within the context of a full-tength GPCR in intact cells.
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CHAPTER 1

Introduction




1.1 __Signal Transduction in Cells

For maintenance and development, all cefls must communicaie with each other to pass
vital information through the organisin to which they belong [Marchese ef al., 2003]. In all cells
the majority of signal transduction is imitiated at the plasma membrane, which defines the cell’s
surface [Singer and Nicolson, 1972]. The cell surface has been likened to a communications
network [Marinissen and Gutkind, 2001].

The regulation of the sphingosine 1-phosphate 3 receptor {(S1P3] [Rutherford et al., 2005]
has been studied to identify aspects of S1P; signalling that may determine which biological
responses are stimulated downstream of S1P; receptor-ligand interaction. This thesis will begin
with a synopsis of the general characteristics of G-protein-coupled receptors (GPCRs),
mechanisms of action, to put the $1P; receptor in context with similar receptoss as well as recent
discoveries in S1P; receplor research,

1.1.1 _G-Protein-Coupled Receptors

Transmembrane signal transduction in response to drugs, hormones and neurctransmitters
is largely mediated by G protein-coupled recepiors [Lefkowiiz, 2004]. Estimates of the number
of GPCRs in the human genome vary widely. A recent estimate using the Interpro protein
family database |btip://www.ebi.ac. uk/interpro/index.hitml] yielded 1405 resulis for a search on
human GPCRs. One author suggests there are around 800 human GPCRs [Fredriksson et al.,
2003]. This represents ihe largest known family of integral membrane proteins and is responsible
for the transduction of a diverse array of extracellular signals, including light, Ca®, odorants,
amino acids, nucleotides, peptides, fatty acid derivatives and various polypeplide ligands [Gether
and Kobilka, 1998; Gether, 2000; Howard ef al, 2001]. Contemporary pharmacological
research manipulates GPCRs as they are abundant in variety in normal and patho-physiological
processes. Over 50% of GPCRs are being researched by pharmaceutical companies as potential
drug targets | Stadel er al., 1997, Howard et al., 2001], with 52% of all medicines available 1oday
acting on GPCRs [Oliveira ef al., 2004].

1.1.2 Structural Features of GPCRs

Several common structural elements are shared by GPCRs. The most common elements

are the seven distinct regions of hydrophobic residues, which traverse the cellular membrane.
These transmembrane (TM) regions, each comprise approximately 20-27 amino-acids. By
extrapolation from. the structure of rhodopsin, TM regions are predicted to form o-helical
domains of wnequal length and can extend beyond the lipid bilayer [Unger et al., 1997], (Figure
1.1).
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GPCRs have an amino (N)-terminal region located exterior 1o the cell and an intracellular
carboxyl (C)-terminal tail. These are connected by three extracellular and three intracellular
loops comprised largely of hydroptilic residues |Ulloa-Aguirre er al, 1999; Gether, 2000,
Howard er al., 2001}, The sequences of the loops and tails of different GPCRs tend to be far
more divergent than TM domains.

The size of the N-terminal ragion also varies and can contain between ien and five hundred
residues, whilst the loop seclions can consist of as few as five amino acids o greater than two
hundred residues and the C-terminal tail between twelve and four hundred residues. This
suggests that a great amount of ligand binding specificity is dependent on the precise
conformation of a receptor in terms of its amino acid charges and location.
1.1.3_GPCR Classification

Over 800 GPCR-encoding sequences have been identified in the human penome
[Fredriksson et al., 2003]. GPCRs can be categorised as chemosensory, “csGPCRs”, i.e. those
that respond to exogenous stimuli such as pheromones and odours, and “endoGPCRs”, which are
activated by endogenous molecules. There are as many as 367 endoGPCRs in the human genome
and most of these have identified ligands [Vassilatis and Hohmann, 2003].

The term orphan receptor, “oGPCR”, is given 1o a GPCR with an as yet unidentified
ligand. As oGPCRs represent potential novel targets for therapy there is great mterest in de-
orphanisation [Stadei ez a/., 1997; Brezillon ef ¢, 20031 Roth ef ¢/., 2003]. This is because as
many as 50% of marketed drugs target GPCRs yet only 10% of GPCRs are known drug targets
[Roth ef al., 2003] and more than 75% of identified GPCRs are oGPCRs [Karnik ef al., 2003].

Observations taken from phylogenetic analyses, classify each GPCR as a member of one
of four main classes:

Class A comprises the thodopsin-like receptors and contains the most endoGPCRs (284),
which are activated by peptides (e.g. bradykinin, chemokines, orexin) and small molecules
including lipids (e.g. S1P, LPA and cannabinoid receptors) and neurotransmiiters (e.g.
acetylcholine, dopamine and serotonin receptors), with the remaining receptors of the family
being orphans. The sub-families of family A rhodopsin-like receptors are the largest and the
most studied.

Class B consists of fifly secretin/glycagon like receptors, of these, sixteen are activated by
peplides and thirty-four are orphan receptors.

Class C GPCRs are similar to metabotropic glutamate receptors and number seventeen in
total, of which six are orphans.

Class F/S GPCRs are the smallest family with eleven members and no orphans.




Thete is also a NO family group which includes five genes that cannot be assighed to any
of the above four class [Vassilatis and Hohmann, 2003].

Recenily, to distinguish human GPCRs the initial class system has been revised by the
GRAFS classification {Fredriksson et al., 2003]. Unlike the class A-E classification it does not
include receptors from several species, only the human genome. The GRAFS classification is
divided as below:

Family G for Glutamate-like receptors with 15 members which can be likened to class C.

Family R (represents class A) for Rhodopsin-like receptors, which is further divided into 4
main groups, &—0, with 13 branches.

1) The o—group consists of 5 main branches; prostanoid (15 members), amine (39
members), opsin (9 members), melatonin (3 members) and melanocortin-endoglin-cannabinoid-
adenosin receptors (22 members).

2) The B—group has no main branches but includes 36 receptiors that bind peptides
e.g., neuropeptide Y.

3) The y—group has 3 branches; somatostatin-opiod-galanin receploss (15 members),
melanin-concenirating hormone receptors {2 members) and chemokine receptors (42 members).

4) The 8—group consists of 4 branches; the MAS-related receptors (8 members), the
glycoprotein-receptors (8 members), the purine receptors (42 members) and the olfactory
receptors (460 members).

Family A for Adhesion-like receptors (24 members) with either three or four branches.

Family F for Frizzle-like receptors (24 members).

Family S consisting of Secrelin-like receptors (15 members) with 4 subgroups that each
bind large peptides [Kamik et /., 2003].

1.1.4 Structure of GPCRs

For this thesis, details of the GPCR sublfamily of S1P receptors will be discussed. S1P
receptors are members of GPCR class A which contains a number of conserved motifs, although
overall homology between family members is quite low. There are several proline residues
present in TM domains TV, V, VI and VII, and these provide the a-helices with kinks, to act as a
pivot that is important to allow each receptor to bind efficiently to its ligand. TMs I, IV and VII
contain only one hydrophobic residue and are therefore more hydrophitic than TMs II, T, V and
VI, which contain several ionic and/or neutral residues. IHydrogen bonds and salt bridges
belween residues of the same TM and other TMs are vital {or maintaining a tighily packed TM
core [Pebay-Peyroula ef al., 1997].




Located at the intracellular end of TMTII is the conserved D/ERY motif which appears to
be imporlant in receptor activation [Ulloa-Aguirre er i, 1999; Howard et al., 2001]. The sole
residue which is always conserved amongst Class A members is the arginine in this motif’s
amino acid sequence,

Many class A recepiors possess iwo cysteine residues, one present within the second
extracellular loop, the other located at the top of TMIII. A disulphide bridge exists between
these two residues and serves o subdivide this exiracellular loop into two smaller loops and may
play a role in constraining the TM bundle.

Class A receptors have extracellular amino-terminal tails of varying sizes, which often
contain N-linked glycosylation motifs (N-X-T/S). Presenily, this post-transiational modification
has an unestablished role, but it may be involved in the trafficking of many GPCRs to the cell
surface and be implicated in ihe stabilisation of protein conforimation, protection of proteins from
proteases and modulation of protein [unction [George e al, 1986; Davidson ef al., 1995,
Davidson ef al., 1996; Ulloa-Aguirre ef al., 1999].

The intracellular C-terminal tail is also highly variable in length (12-359 amine acids), and
tvpically it is rich in serine and threonine residues, the sites of phosphorylation by intracellular
kinases. The C-terminal tail also contains one or more cysteine residues, these are
palmitoylation sites which allow tethering of the tail to the cytoplasmic face of the plasma
membrane to creaie a fowrth intracellular loop |Wess, 1998; Ulloa-Aguirre ef al., 1999;
Ferguson, 2001], more details will be given about this later in the chapter.

The ligand binding site of Class A GPCRs is dependent on the type of ligand. If the ligand
1s small like a biogenic amine, purine, eicasanoid or lipid it is believed to bind within the TM
crevice; whilst larger peptide and protein ligands appear to interact with residues of the
extracellular loop and tail regions ol the receptor.

1.1.5 Ligand Binding and Receptor Activation

Receptor signalling and ligand bindimg are distincfly dissociable functions invelving
specific interactions of precise domains of the GPCR with the ligand. Regions of the receptor
responsible for binding and activation are dependent on the GPCR sub-family as well as
structure and higand size.

Many theories bave been created to isolate specific receptor characteristics, these include
the ternary complex model, the extended ternary complex modei and the cubic ternary complex
model {Kenakin, 2004]. Affinity and efficacy are properties possessed by GPCR ligands.
Affinity describes the ligands ability to bind to a receplor, whereas efficacy depicts the extent of
change in receptor activation induced by the ligand. Radioligand binding is a iechnique that can




be used to determine the affimty of a ligand for its receptor. This allows a calculation of the
apparent dissociation constant (Ks) of that ligand for (hat receptor. Positive efficacy occurs when
the ligand induces a [unctional response after binding, this is the behaviour of an agonist.
Relalive efficacy gives a description of the maximal response induced by that agonist expressed
as a percentage of that achieved by a full agonist {in this case S1P for S1PaR). An agonist that
exhibits a relative efficacy of less thans 100% is termed a partial agonist.

Funciional assays and receptor internalisation provide a way to measure the consequences
of a ligand binding 10 a receptor and can be used to determine the potency of a ligand. Agonist
potency is given as the ECsp value, a value of the agonist concentration required to elicit 50% of
the maximal response specific for cach system.

There are ligands that can prevent activation of receptors by agonists, by bmding 1o these
receptors and not initiating a stimulus. These ligands have zero elficacy and are termed
antagonists. Contemporary research has reclassified many antagonists as inverse agonists, which
reflects a receptors abilily to display activity mn the absence of agonist stimulation (usually
referred to as constitutive activity). An inverse agonist possesses negative efficacy and is able to
reduce receptor constitutive activity [Milligan, 1995; De Ligt et a/., 2000; Jensen and Spalding,
20041,

Original dogma ideniilied GPCRs as generally existing in equilibrium between an inactive
(R) and active (R*) conformation, possibly the most accepted model for describing agonist
activation of GPCRs is the Temary Comiplex Model, which accounts for the cooperalive
interactions among receptor, G-protein and agonist. This model has been reviewed and revised
several limes in the last decade and is currently referred to as the Extended Ternary Complex
Model, (Figurs 1.2).

GPCRs are allosteric proteins that adopt inactive (R) and active (R") conformations in
equilibrium. Preferred agonist ligand binding io the R* state promotes an isomerisation step that
stabilises the receptor in a relaxed state and shifts the equilibrium toward the aclive R*
conformation, leading io the activation of intracellular heterotrimeric G proteins. The receptors
can then mediate a variety of iniracellular responses to regulate cellular function. There is a
degree of varability amongst GPCRs concerning the equilibrium between R and R*
conformations. In the basal state of most GPCRs, the majority of receptors are in the inactive (R)
state [Milligan and Bond, 1997] R’ is promoted by agonists or occurs spontaneously, leading to
constitutive activity of the receptor. Conversely, inverse agonists promoie R and decrease

congstitutive activity,




True antagonists ligands with no preference for the R and R* receptor conformation are
difficult to differentiate from inverse agonists, where only a small proportion of R* GPCRs can
be preferentially converted to an R state by an inverse agonist. On the other hand, a substantial
fraction of R* state receptors arc found with other GPCRs. such as the histamine H2
receptor(cimetidine, ranitidine) and antagonists (burinaide) (Smit ez af., 1996].

A select group of GPCRs, including the Kaposi’s sarcoma-associaled herpes virus and the
cnidarian Renilla koellikeri, aminergic-like receptor Renl exhibit full constitutive activity and
may not require or possess an endogenous ligand [Arvanitakis e k., 1997; Rosenkilde er ai.,
2001; Bouchard et al, 2003]. After the discovery of constitutive activily, the existence of
another pharmacological entity, referred to as "protean” agonists (after Proteus, the Greek god
who could change shape), was assumed on theoretical grounds [Kenakin, 2004]. The rationale
was that the reversal from agonism to inverse agonism (i.¢., protean agonism| would occur when
an agonist produces an active conformation of lower cfficacy than the constitutively active
conformation. It was predicted from the existence of constitutive activity that the same ligand of
this class could act either as an agonist or an inverse agonist at the same GPCR, depending on the
level of constitutive activity.

1.2 ___Heterotyimeric G-Proteins

G-proteins are composed of three subunits, termed o, B, and y [Downes and Gautam,
1999:; Willard and Crouch, 2000}, (Figure 1.3). Characteristically, GPCRs bind G-proteins that
act as mediators of receptor stimulated effector activation,

After a receptor is activated, bound GDP, situated in the guanine nucleotide-binding site of
the GTPase domain of the G, subunit is released and exchanged for GTP, as a result of higher
intracellular GTP concentrations. GTP binding f{acilitates the dissocigtion of the a-subunil from
the By dimer, which then allows both the G, subunit gnd the Gg, dimer to activate effectors
{Hamm, 1998; Downes and Gautam, 1999]. G-protein deactivation is rate-limiting for celi
response termination and occurs when intrinsic GTPase activity of G, subunit hydrolyses the
GTP to GDP and then the G, subunit reassociates with the Gg, dimer [Hamm, 1998; Downes and
Gautam, 1995],

1.2.1 G, subunit

The a—subunit contains two domains; a domain involved in binding and hydrolysing GTP
that is siructurally identical to the large superfamily of GTPases, and a unique helical domain
that buries the GTP into the core of the protein {Hamm, 1998]. The family of G-proteing have

been subdivided into four categories based upon the o-subunit composition (Figure 1.4). Ga,




which was originally shown to result in adenylate cyclase inhibition; G, which stimulates
adenylate cyclase; G, which activates phospholipase C (PLC) and Gazis implicaied in the
activation of small G-proteins, such as Rac and Rho, 2001 [Downes and Gautam, 1959; Ulloa-
Aguirre et al., 1999, Offermanns, 2001; Radhika and Dhanasekaran, 2001].

1.2.2 Gy, subunit

The B-subunit (35-36kDa) consists of an N-terminal helix followed by a seven membered
B-propeller structure based on its seven WD-40 repeats. The y—subunit (6-10kDa) interacis with
the B-subunit through the N-terminal coiled coil and then all along the base of the B—subunit,
forming a functional unit under physiological conditions that is not dissociable except upon
denaturation [Hamm, 1998]. Currently, there are 6 B-subunits and 12 y-subunits which are gene
encoded.

The By subunits also play a signiticant role in signal transduction by regulating the activity
of several effeciors such as the adenylyl cyclase types 1, I and IV, isoforms 1-3 of phospholipase
CB (PLCP) [Camps ef al., 1992), as well as the activity of the muscarinic-gated K™ channels
[Hamm, 1998; Ulloa-Aguirre ef al., 1999; Radhika and Dhanasekaran, 2001].

1.2.3_ _Structural Features of G-proteins

The simplicity of the GTP hydrolysis cycle provides a switch mechanism that contrels
numercus cellular functions through many classes of GTPases, for example Ras-like small
GTPases regulate cell proliferaiion/differentiation, cytoskeleton organization and intracellular
membrane trafficking {Li and Zhang, 2004].

The G-protem level also provides a location where desensiiisation can occur. RGS
proteins (regulators of G-protein signalling} can increase the rate of GTP hydrolysis bound lo G
and (i; o-subunits which attenuates signalling via Gi- and Gg- regulated signalling pathways
{Dohiman and Thotner, 1997; Hepler, 1999, Ferguson, 2001},

1.2.4 _Modifications of G-Proteins

G-proteins are also sensitive to a number of covalent modifications. Most G, subunits

undergo N-myristovlation and/or palmitoylation [Willard and Crouch, 2000; Chen and Manning,
2001). In addition, G, subunits are subject to prenvlation [Chen and Manning, 2001]. Each of
these lipid modifications has been implicated in membrane targeiing and to the interactions of
these subunits with each other and other proteins [Hamm, 1998; Chen and Manning, 2001].
Some G subunit and a G, subunit undergo phosphorylation, important in signal amphitude and
duration [Chen and Manning, 2001].




A valuable experimental tool is the selective susceptibility to endotoxins of certain G
subunit members. For example, G, subunits are adenosine 5° diphosphate (ADP)-ribosylated in
the presence of cholera toxin, which catulyses the transfer of ADP-ribose to an argining residue
present in the Gy, subunil. This modifcation stabilises the GTP bound form of the o subunit of
G,, and through inhibition of the intrinsic GTPase activity of the Gy subunit it is in a
permanently activaled state. {Hamm, 1998, Willard and Crouch, 2000, Chen and Manning,
2001}, Similatly, Go; proteins undergo ADP-ribosylation in the presence of pertussis toxin (PTx)
[Hamm, 1998; Willard and Crouch, 2000; Chen and Manning, 2001). This occurs at a cysteine
residue close to the C-terminus and is thought to uncouple the G-protein from 1is receptor
[Willard and Crouch, 2000].

1.2.5 Small G-profeins

Small G-protein activation can be triggered when Gizaz-coupled recepiors are activated.
Small GTP-binding proteins are monomeric (-proteins with a molecular weight of 20-40kDa
[{Takai er al, 2001]. Each small G-proiein contributes to a superfamily of more than 100
members found in eukaryote systems ranging from yeast to human and is made of five
subfamilies: - Ras, Rho, Rab, Arf and Ran [Bourne e/ af., 1990; Hall, 1990, Takai ef al., 1992].
Six members belong Ras family which regulates gene expression [Takai er al, 1992].
Rho/Rac/Cde42 regulate cytoskeletal reorganisation and gene expression [Takai er al, 1992;
Evers ef al., 2000; Sah ef al, 2000; Fukata ef ¢l, 2001]. Intracellular vessicle trafficking is
regulated by Rab and Arf. During G1, $ and G2 phases nucleocytoplasmic transpori is regulated
by Ran [Takai et al., 1992].

Small G-proteins share consensus amino acid sequences responsible for specific
interaction with GDP and GTP, for GTPase activity for bound GTP hydrolysis ic GDP and Pi
and a region for downsiream effector interaction {Bourne, 1991; Takai ef @/, 1992; Ikeda er a/.,
2004}, € terminal sequences of Rus, Rho/Rac/Cdc42 and Rab undergo posttransiational lipid
modifications, which include famesyl, geranyigeranyl, methyl and palmitoyl moieties and
proteolysis {Takai er e/, 1992; Glomset and Farnsworth, 1994; Casey and Seabra, 1996}, Two
interconvertible forms of small G-proteins exist .- GDP-bound inactive and GTP-bound active
{Benard ef al., 1999]. After simulauon by an upstream signal, GDP dissociates from the GDP-
bound form followed by GTP binding. A conformational change of the downstream effector-
binding region allows interaction with downstream effectors, enabling their funclion to be
altered. The GTP-bound form is then converted back to the inactive GDP-bound form vig the
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intrinsic GTPase activily of the small G-protein, which ends in the release of the bound
downstream effectors [Benard et al., 1999].

GDP/GTP exchange is governed by a rate limiting step which dissaciates GDP from the
GDP-bound form [Benard er al., 1999). Through regulation by an upstream signal, guanine
nucleotide exchange proteins (GEFs) can increase the dissociation rate. GEFs interact with the
GDP-bound form and release bound GDP to form a binary complex of small G-proteins and
GEF. GEF is then replaced by GTP, which results in the formation of the active GTP-bound
form {Takai ef al., 1992 Benard et al., 1999; Takai ef al., 2001]. Many GEFs, such as Rab3GEF
and son of sevenless (Sos), a Ras GEF, are specific for each member or subfamily of small G-
proteins [Boguski and McCormick, 1993; Buday and Downward, 1993, Wada et al., 1997].

Wider substraie specificity is exhibited by some GEFs, as exemplified by dbl, a GEF
active on Rho/Rac/Cdcd2 proteins, [Yaku ef al., 1994; Hart ¢r al., 1998]. Rho/Rac/Cdc42 and
Rab GDP/GTP exchanges are also regulated by the GDP dissociation inhibitors (GDIs), Rho
GDI and Rab GD1 respectively [Araki ef @/, 1990; Ueda ef al., 1990; Fukui ef al., 1997]. These
moleculeg cause inhibition of the basal and GEF-stimulated dissociation of GDP from the GDP-
bound form and maintain the small G-protein in the inactive GDP-bound form. A wider
substrale specificity is exhibiled by Rho GDI and RabGDI than that exhibited by GEFs and
GTPase-activating proteins (GAPs). Rho GDI and RabGDI are active on all Rho/Rac/Cded?2 and
Rabs accordingly {Tukai et al, 2001]. Activation of Rho/Rac/Cdc42 and Rab is susceptible to
positive and negative regulators.

1.3 GPCR Desensitisation

Regulation of GPCR signal fransduction must be properly controlled in order to prevent
overstimulation and achieve signal termination to render the receplor responsive to subsequent
stimuli. The definition of GPCR desensitisation is stated as the process whereby receptor
signalling responses plateau and then dimninish despite the continuous presence of agonist
{Palmer, 1996; Ferguson, 2001].

The GPCR desensitisation mechanism involves many different processes (Figure 1.17).
Rapid, homologous desensitisation is believed to involve uncoupling of a receptor from its
assoctated G-proteins within a few minutes of agonist exposure and seems to involve receptor
phosphornviation [Palmer et af., 1995; Jockers er al., 1996, Bouvier ef al., 1998; Appleyard ef al.,
1999: Xiao ef al., 1999, Small et al,, 2001].

Receptor internalisation (sequestration), away from the cell surface may facilitate receptor
dephosphorylation and subsequent resensitisation after agonist removal as well as reducing the
number of cell surface receptors available. [Koenig and Edwardson, 1997; Mukherjee e al.,
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1997; Cavalli ef al., 2001; Ferguson, 2001]. Tnternalisation of receptors can also be required for
intracellular signalling, as exemplified by the dopamine D3 receptor [Sorkin er al, 1993].
Agonist exposure after several hours may stimuiate down-regulation of receplor where there is a
decrease in the total number of receptors expressed [Clark, 1986; Bouvier et al., 1989; Ferguson,
2001; Tsao ef al., 2001]. An increase in gene expression is required 10 compensate for the loss of
receptor protein expressed [Tsao ef al., 2001].

1.3.1 The Role of Phosphorylation in GPCR Desensitisation

The desensitisation of GPCRs is diverse from atienuation (f2AR) to complete inhibition
(visual/olfactory systems) [Zhang e/ al., 1997; Sakmar, 1998; Ferguson, 2001]. For many
GPCRs, the capability to undergo agonisi-induced receptor phosphorylation is integral to the
subsequent rate and exteni of receptor desensitisation [Palmer, 1996: Clark ef al, 1999;
Ferguson, 2001]. Desensitisation of GPCRs was shown in several receptors (o be regulated by
phosphorylation by G-protein receptor kinases, arrestins and second messenger-dependent
kinases [Yuan ¢ al., 1994, Jockers ef al., 1996; Tang et al., 1998, Appleyard er al., 1999, Oakley
ef al., 1999; Ferguson, 2001]. The B2-adrenergic recepior is the classic example of rapid GPCR
desensitisation [Moffett ef al., 1993; Jockers er al., 1996; Menard er g/, 1997, Luttrell ¢f al.,
1999:; McLean ef al., 1999].

A number of GPCRs seem to share similar regulatory mechanisms, including the m2-
muscarinic, thodopsin, and thrombin receptors [Ferguson, 2001]. Here, the predominant form of
the agonist-induced PAR desensitisation is caused by altered conformation of the agomist-
occupied receptor that facilities receptor phosphorylation by G-protein receptor kinases (GRKs)
{Jockers et al., 1996, Menard er al., 1997; Ferguson, 2001, Pierce and Lefkowitz, 2001]. After
phosphorylation of the B2AR, B-arrestin a scaffold protein binds to the phosphorylated recepior
and uncouples B2AR [rom the heteroirimeric G-proteins [Tohgo et al., 2003]. Accompanying the
desensitisation of the B,AR. B-arrestin also functions as an adaptor for clathrin, by mediating
recepior internalisation via clathrin-coated vesicles [Menard er o, 1997; Gaidarov ef al., 1999b;
Luttrell ef al., 1999; Miller and Lefkowitz, 2001; Takei and Haucke, 2001].

1.3.2 Second Messenger-Dependent Kinases

Receptor phosphorylation arises from the activation of second messenger-dependent
kinases, independenily of agonist occupaiion.  Subsequently, “heterologous” receptor
desensitisation occurs as the requirement of agonist occupancy is negated |Ferguson, 2001]. For
the B2AR, phosphorvlation of a consensus site within its third intracellular loop by PKA causes
partial uncoupling of the receptor from G; (about 40-60%) [Yuan ef a/., 1994], this mechanism i§
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usually triggered by very low occupancy of receptor (2-5nM adrenaling) as il requires minute
increases in cAMP to fully activate PKA, occurring rapidly, with a Ty of 1-2 min [January ef al.,
19971. In contrast, GRK-mediated phosphoryiation has an ECsy approaching the Ky for agonist
binding (50-200nM adrenaline) [Clark ef al., 1988; Hausdorff ef al., 1989; January ef al., 1997].
Hence, as agonist conceniration increases, P2AR desensitisation shifts from being almost
exclusively PK A~-mediated towards a progressively larger GRK~mediated mechanism.

Furthermore, GRK-mediated phosphorylation has a time course which usually occurs
within seconds [Clatk ef al., 1999, Ferguson, 2001]. The relatively slower time-course of second
messenger-mediated receptor phosphorylation can be atiribuied to the time required for second
messenger kinasc activation whereas phosphorylation mediated by GRKs only requires the
necessary conformation change of the receptor. Notably, B2AR phosphorylation by PKA also
switches the receptor from G; to G; coupling [Daaka er al., 1997a].

Together with PKA, a number ol other second messenger-dependent kinases are involved
in desensitisation of GPCRs. PKC as an example, has been shown to phosphorylate and
desensitise a number of Gi- and Gg-coupled GPCRs, which includes o;-adrenoceptor and the
type 1A angiotensin LI receptor [Diviani, 1997; Liang ef a/., 1998; Tang ef al., 1998].

1.3.3_ The G-Protein Receptor Kinase Family

GRXs 1-7 are the seven members of the G-protein receptor kinase fanuly [Ferguson, 2001;
Pierce and Leftkowitz, 2001; Penela et a/., 2003]. The main characteristics of each GRK ae: a
central common catalytic domain, an N-terminal domain that controls subsirale recognilion and
contains a conserved RGS domain, and a C-termiral domain responsible for targeting GRKs io
the plasma membrane. The GRK family can be subdivided into three groups:

1) GRXK1 (rhodopsin kinase) and GRK7 (cone opsin kinase)

2) GRK2 (B-adrenergic kinase 1, BARK1) and

GRK3(p-adrenergic kinase 2, BARKZ2)

3) GRK4, GRKS and GRKS6.

Farnesylation occurs at CAAX motifs within the carboxyl termini of GRK! and GRK7.
GRK1 is also shown to be regulated by phosphatidylinositol 4,5-bisphosphate binding to a region
that exhibits homologous sequence to a pleckstrin homology (PH) domain contained within the
carboxyl-terminal domains of GRK2 and GRK3 [Pitcher ef al, 1992; Touhara et al., 1994]. The
carboxyl-terminal domain ol GRKS contains a length of 46 basic amino acids that mediates

plasma membrane-phospholipid interactions. GRKS activity decreases in the presence of PKC
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whereas GRK2 activity is increased [Chaung er al., 1995; Chaung ef a/., 1996, Winstel, 1996]
Chaung et al., 1996; Winstel ez al., 1996].

Association of calmodulin to the N-terminal of GRK5 decreases the ability of the kinase to
bind the receptor and phosphiolipids and decreases the activity of GRKS by promoting the
autophosphorylation of serine and threonine residues which are distinct from those mvolved in
kinase activation [Pronin and Benovic, 1997; Pronin ef al., 1997, lacovelli et al., 1999a; lacovelli
ef ol., 1999b]. Regulation of plasma membrane localisation of GRK4 and GRX6 is maintained
by the palmitoylation of cysteine residues within the C-termini of GRK4 and GRK6 [Stoffel ef
al., 1994, Stoffel, 1998].

1.3.4 GRK Targeiing and Regulation

Selective phosphorylation by GRKs is achieved at serine and threonine residues within the
third iniracellulatr loop (m2 mAChR and a2u AR) or the C-terminal fail (thodopsin and B2AR) of
agonist-occupied GPCRs [Ferguson, 2001]. GPCRs also isomerise to an activated conformation
in the absence of agonist which affords GRKs the potential to contribute to basal GPCR
phosphorylation [Pie ef al., 1994; Rim and Opriann, 1995]. Conformational change in GPCRs
triggered by interaction with agonist exposes two domains which are physically and functionally
distinct. One domain contains a sequence that is phosphorylated by GRK and the second domain
acts as 2 GRK activator [Chen ef al, 1993; lacovelli et al.,, 1999a], as exemplified by the sites
within the m2-muscarinic receptor phosphorylated by GRKZ and the domains able to activate
this kinase which were found to be located in different intracellular regions of the receptor
[Nakata er af., 1994; Tacovelli ef ol., 1999a).

A number of mechanisms have been discovered for targeting GRKs to their membrane-
bound receptor substrales, GRK2 and GRK3 appear to be largely cytosolic enzymes. When a
GPCR is stimulated by an agonisi it causes the recepior to interact with a heterotrimeric G
protein leading to dissociation of « and Prdimer subunits. The Prsubunit complex, which is
prenylated with a geranylgeranyl group at the C terminus of the ¥ is membrane-bound. Free Gy
and membrane phosphatidylinositol bisphosphate (PIP2) appear to bind o a C-terminal domatn
of GRK2 or GRK3, the pleckstrin homology domain [Boivin and Lecomte, 1997]. Interaction of
ligands with the pleckstrin homology domain translocates or targets the kinase to the membrane-
bound, agonist-occupied receptor, where it is available to interact with its substrate, Different Gh
1 isoform combinations have preferential affinity for either GRK2 or GRK3, which may permif
specificity in GRK-receptor interactions [Daaka ef al., 1997b; Shenoy and Lefkowitz, 2003a).
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1.3.5 The role of GRKs in GPCR Desensitisation

There is a surfeit of evidence that suggests that GPCR desensitisation is associated with
GRE. phosphorylation [Lefkowitz, 1998]. Coexpression of GRKs with GPCRs in cells resulted
in augmented desensitisation of receptors including the wp-adrenergic [Divian, 1997], a2-
adrenergic [Jewell-Moiz and Liggett, 1996], Bl-adrenergic [Freedman ef ol, 1995], p2-
adrenergic [Pippig ef al., 1993], angiotensin X1a (AT14) [Opperman ef al., 1996}, A3 adenosine
[Palmer e al., 1995], m2 muscarinic [Schlador and Nathanson, 1997], histamine H2 [Shayo ef
al., 2001] and m3 muscarinic receptors [Willets ef /., 2001}

1.3.6 _Other kinases which phosphorylate GPCRs

There are also other kinases apart from GRKs and/or sccond messenger kinases that use
GPCRs as substrates for phosphorylation. Tyrosine phosphorylation of agonist-occupied p-
opioid recepiors [Pak ef al, 1999] has been suggested to be an important signal for receptor
downregulation, Tyrosine kinase inhibitors blocked bradykinin-mediated prostaglandin Eg
production for the bradykinin B; receptor, demonstrating that tyrosine kinase phosphorylation of
the receptor is critical for its signal transduction {Jong er a/., 1993]. Research has identified that
casein kinase lo can phosphorvlate the m3 muscarinic receptor on the third intracellular loop
[Tobin, 2002}, although mutant receptors where the polential casein kinase 1o phosphorylation
sites were absent still underwent agonist-mediated desensitisation [Budd ef a/, 2000]. The
phosphorylation of TRH receptor on its C-terminal tail by casein kinase II [Hanyaloglu ef al.,
2001] was considered to be important for receptor internalisation but not desensitisation.

1.3.7 _The role of Arvestins in Desensitisation

Stability of receptorfarrestin complexes may be regulated by the GRK-mediated
phosphorylation of clusters of serine and threonine residues within receptor C-tails [Oakley ef
al., 1999; Miller and Lefkowitz, 2001; Lefkowitz and Whalen, 2004]. Arrestins acl as adaptor
proteins that preferentially bind agonist-activated and GRK-phosphorylated GPCRs, with which
they form a complex that resulis in receptor uncoupling {rom G-proteins. As well as forming
complexes they can target the receptor for internalisation via clathrin-coated vesicles and
atrestins can also mediate the activalion of alternative signalling pathways [Gaidaroy er al,
1999a; Gaidarov ef al., 1999b; Lutirell et al., 1999; Ferguson, 2001; Miller and Letkowitz, 2001,
Pierce and Lefkowitz, 2001). Arrestins are a family made up of iwo groups. One group contains
visual arrestin (S-arrestin) which is found within rod outer segments and is localised primarily to
the retina [Smith ef @/, 1994] and cone arrestin (C- or X-arrestin) which is highly expressed
within peuronal tissucs and the spleen where they regulate signalling of many different GPCRs
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[Atiramadal ef al., 1992, Pierce and Lefkowitz, 2001]. The other group contains fi-arrestn 1 and
p-arvestin 2 {also called arrestin 3). Crystal structure analysis and mutagenesis studies of visual
arrestin have identified 3 functional domains (a secondary receptor-binding domain, a receplor
activation domain and a phosphate sensor domain) and two regulatory domains, located at the
amino terminal and carboxyl-terminal [Gurevich e ¢f., 1995; Granzin ef gl., 1998. Ferguson,
2001), Clathrin- and B-adaptin-binding domains are located at the C-terminal region and are
conserved among non visual arresting [Krupnick, 1994; Laporte et @/, 2000}, Within the N-
terminal domain of B-arrestin 1 and B-arrestin 2, but not the visual arrestins, there is a proline-
rich region [Luttrell ef al., 1999].

1.3.8 Structural features of Aryesting

Visual arrestin and the B-arresting now possess alternative splice varianis. Like visual
arrvestin, the P-arresting express at least two alfernative spliced forms. The variant form of -
arrcstin 1 has an eight amino acid insertion between residues 333 and 334 [Parruti ef al., 1993]
and the alternate B-arrestin 2 has an eleven amino acid insert beiween residues 362 and 363
[Sterne-Marr ef al., 1993]. No differences in activity of the P-arresiin splice variants have been
reported.

Arrestins preferentially bind to phosphorylated, ligand-activated receptors suggests that
there is a domain(s) that makes specific contacis with GPCRs in the active state. Initial
Investigations to locate the activation-recogunition region suggested that it was present in the N-
terminal half of the protein (residues 1-191) as a wuncated visuat arrestin containing retained its
ability to bind light-activated state of thodopsin [Gurevich and Benovic, 1992]. Moreover, it had
been previously shown that the p44 visual arrestin mutant binds with high affinity (o rhodopsin
[Paiczewski, 1994, Palczewski ef al., 1994,

Mutagenesis studies have mapped the phosphorylation-recognition site o a discrete region
within the N-terminus. Arrestin truncated at residuc 185 bound to phosphorylated light-aciivated
thodopsin and phosphorylated dark rhodopsin, while arrestin truncated at residue 158 exhibited a
reduction in its ability to detect the phosphorvlated form of the receptor, thus focusing the
location of the phosphorylaiion-recognition region to between residues 158 and 185 [Gurevich ef
al., 1993}

Mutagencsis of individual residues within region 158-185 of arresiin identified several
basic residues, namely Arg'”’, Arg!” and Lys'”, which werde crucial for phosphate binding
[Gurevich et al, 1995} Futhermore, Arg'” was suggested to function as a phosphorylation-

sensitive trigger, since mutation of this residue to a neutral or acidic amino acid resulted in
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constitutive binding of arrestin to non-phosphorylated light-activated rhodopsin [Gurevich ef al.,
1995]. The N-terminal segment of the B-arresting also retained the ability to recognise agonisi-
activated receptors, indicating ihat the aciivation-recognition region of all arresting was
contained within the N-terminal halt' { Gurevich et al, 1995].

1.4 ___GPCR Internalisation

Internalisation of agonist-activated receptors is an important aspect of GPCR regulation.
Studies have demonstrated that many GPCRs translocate from the cell swrface to intracellular
membrane compariments upon exposure to agonist (Figure 1.17).

Originally discovered in bulifrog erythrocytes, GPCR internalisation was seen as a loss of
cell surface B2ARs corresponding to an increase in intracellwlar B2ARs [Chuang and Costa,
1979).

GPCRs are classified into Class A and Class B based on the distinct pattern of therr
interaction with f3-arrestin {Lutirelt and Lefkowitz, 2002] and the resulting rate of recovery from
desensitization following agonisi removal. Class A GPCRs, for example, B2AR, rapidly
dissociate from P-arrestin upon internalisation. These recepiors are trafficked to an acidified
endosomal compariment, wherein the ligand is dissociated and the receptor dephosphorylated by
a GPCR-specific protein phosphatase PP2A isotorm, and are subsequenily recycled to the PM,
Class B GPCRs, for example, the angiotensin II ATla, form stable receptor-p-arrestin
complexes. These receplors accumulate in endocytic vesicles and are can be largeted for
degradation or slowly recycled to the membrane via routes that are currently unknown [Luttrell
and Lefkowitz, 2002].

1L.4.1 The role of Phosphorylation in GPCR Internalisation
Evidence has accumulated that phosphorylation might be important for the internalisatton

of other GPCRs. A Ser/Thr-rich sequence was suggested to be a crucial factor in the
sequesiration of the m1, m2, and m3 muscarinic receptors [Moro ef al., 1993]. Mutation within
the third intracellular loop of the m2 muscatinic receptor reduced the rate of internalisation
[Moro et al., 1993]. Further evidence to support the role of phosphorvlation in internalisation
was highlighted in studies with the thrombin receptor [Shapiro ef a/., 1996]. Truncation or
muiation of the Ser/Thr residues in the C-terminus of the thrombin receptor reduced both
agonist-induced phosphorylation and sequesiration. Tn addition, agonist-induced phosphorylation
of the angiotensin AT1A recepior is localised to a serine/threonine-rich region of its cytoplasiic
tail |Smith er al., 1998).
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The direct role of phosphorylation of the B2AR in its sequestration was evenlually
demonstrated using a phosphorylation- and intemalisation-defective mutant, PrAR-Y 2°A
[Ferguson ¢t al., 1995}, Overexpression of GRK 2 enhanced both the phosphorylation and
internalisation of the receptor mutant. In addition, the phosphorylation and internalisation of the
wild-type B2AR in HEK293 cells was reduced by overvexpression of a dominant negative GRK 2
mutant |Ferguson et al, 1995]. GRK. 2 phosphorylation has been shown to mediate
intemalisation of other GPCRs including the AT, [Smith ef /., 1998], endothelin A [Bremnes ef
al., 2000], D2 dopamine [Itokawa ef al., 1996].

1.4.2 _The role of Arrestins in Clathrin-Mediated GPCR Iniernalisation

GPCRs endure agonist-induced endocytosis and recycling back to the plasma membrane
[Ferguson, 2001; Pierce and Lefkowitz, 2001; Takei and Haucke, 2001} (Figure 1.17).
Classically, the P2ZAR and many other GPCRs, such as the angiotensin ATy ,R, the endotheiin
ET1A receptor and the D2 dopamine receptor undergo endocytosis involving GRK- and arrestin-
dependent recruitment of GPCRs fo plesma-membrane clathrinn coated pits and subsequent
invagination and pinching off 1o form intraceilular clathrin coated vesicles [Brodin e/ al., 2000,
Ferguson, 2001, Pierce and Lefkowitz, 2001; Takei and Haucke, 2001]. Clathrin comprises three
tisht and three beavy chains that form a iriskelion, a structure with three legs [Brodin ef af.,
2000; Takei and Haucke, 2001]. Assembly of the triskelions into a basket-like convex
framework of hexagons and pentagons forms the coated pits on the cytoplasmic surface of the
plasma membrances {Schmid, 1997, Brodin ef /., 2000; Takei and Haucke, 2001].

An adaptor protein (AP) called AP2 is one of the main components of the coats formed
during membrane endocytosis. The AP2 complex conprises of four subunits: two large 100kDa
subunits (a-adaptin, which binds to clathrin, dynamin and EpslS and B2-adaplin, essential for
clathrin coat formation), one medium size 50kDa subunit (u2, which recognises tyrosine-based
internalisation signals) and a small 17kDa subunit (62) [Brodin ef af/., 2000; Ferguson, 2001;
Takei and Haucke, 20011

Clathrin has a B-arrestin binding domain localised 10 regidues §9-100 of the amino-
terminal globular region in the terminal domain (TD) of the clathrin heavy chain at the distal end
of each clathrin iriskelion [Goodman ef al., 1997). Specific arginine residues (Arg®* and Arg™®)
in the p--arrestin 2 C terminus have been identified that mediate -arrestin binding to AP-2 and,
in vitro, these domains in P-arrestin 1 and P-arrestin 2 interact equally well with AP-2
independently of clathrin binding [Laporte ef a/., 2000]. In addition, whereas $2AR/ B-arrestin

complexes lacking the B-arrestin 2 clathrin binding moiif redistributed to coated pits, receptor/ B-
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arrestin complexes lacking the P2-adaptin binding site did not [Laporie ef a/., 2000]. Interaction
of beta-arrestin with f2-adaptin represents a selective endocytic trigger for several members of
the GPCR family [Laporte ef al., 2002].

P-arrestin interactions with the AP-2 complex, rather than the clathrin, are necessary for
the initial targeting of receptors o coated pits [Laporte ef al., 2000], B--arrestins bind to both the
clathrin heavy chain and the 32--adaptin subunit of AP2 [Brodin ef al., 2000, Ferguson, 2001].
The coat also contains a monomeric adaptor protein, AP180, which interacts with AP2 and may
regulate vesicle size {Brodin ef e/, 2000]. The formation of clathrin-coated pits is assisted by
synaptotagmin, an AP2 binding protein that facilities vesicle recycling by promoting coated pit
nucleation [Brodin ef al., 2000; Ferguson, 2001; Takei and Haucke, 2001] and has been recently
implicated as an intermediary in M4 muscarinic receptor inlernalisation [Madziva ef al., 2005].

When clathrin-coated vesicles are pinching off is largely dependent upon the action of
dypamin a large GTPase and is ATP-dependent [Brodin ef af,, 2000; Takei and Haucke, 2001
[Zhang er al., 1996]. When a dominant negative form of dynamin, K44A, which lacks GTPase
activily was overexpressed it blocked both B2ZAR and AT1aR internalisation {Zhang ef al., 1996,
Gapnon ef al., 1998; Brodin ef al, 2000; Ferguson, 2001; Tsao et al., 2001]. Self-assembly of
dynamin inic a helical structugre that wraps around the necks of forming vesicles facilitates their
pinching off from the membrane {Brodin e7 al., 2000; Takei and Haucke, 2001). Amphyphysin,
the accessory protein acts as a binding partner for clathrin, AP-2 and dynamin and has been
shown to recruit dynamin to clathrin-coated pits [Volchuk ef @/, 1998; Brodin ef /., 2000; Takei
and Haucke, 2001]. Endocytosis connects the actin c¢vtoskelton via amphiphysin and syndapins
which interact with dynamin [Brodin ef af., 2000; Takei and Haucke, 2001],

Several accessory proteins are involved in clathrin-mediated endocytosis. These include:
endophilin, a lysophosphatidic aecid acyl transferase involved in pit maturation and vesicle
fission, and epsin and Eps15, both of which are interacting partners for the ci-adaptin subunit of
AP2, synapiojanin, an inositol phosphatase that regulates PIP2 metabolism and the stability of
clathrin-AP2 coats; [Mukherjee ef al., 1997; Simpson ¢t al., 1999, Brodin ef al., 2000; Cavalli et
al., 2001, Ferguson, 2001, Takei and Haucke, 2001]. Dynamin and clathrin among other
endocytosis componenis, have been shown 1o be repulated especially as a result of the B-arrestin-
mediated activation of ERK [Ahn et af., 1999; Miller ef al., 2000; Ferguson, 2001; Miller and
Lefkowitz, 2001; Pierce and Lefkowitz, 2001]. Recently several components of the ERK
pathway have been found to form complexes with B-arrestins and are then recruited to GPCRs in
an agonist-dependent manner {Luttrell es af., 1999; DeFea et al., 2000; Miller and Lefkowitz,
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2001]. Additional characteristics of B-arrestins have been shown to exist in the molecular
adapier proteins since B-arrestin was discovered to recruit the non-receptor tyrosine kinase Src to
activated B2ARs, making arresting components of the ERK pathway [Luttrell ef c/., 1999],

Src molecules associated with P-arrestin and activated B;ARs were found to be
dephosphorylated on TyrS30 and therefore catalytically active [Luttrell ef al., 1999; Miller and
Lefkowitz, 2001], When activated Src is recruited to an agonist-occupied receptor it leads to
phosphorylation of the adaptor protein She, formation of She-Girb2 complexes and mediates the
phosphorylation of dynamin and clathrin, as well as ERK activation [Luttrell er oo, 1999, Miller
and Lefkowitz, 2001].

1,43 Trafficking Through Endocytic Organelles

Subsequent to intemnalisation, receptors are fransported to peripheral early endosomes
|Mukhetjee ¢f al., 1997, Cavalli ef al., 2001, Ferguson, 2001]. Rab5, the small GTPase is one of
the key regulators of this process and cycles between GTP- and GDP-bound form, and GTP
hydrolysis depends on Rabex-5, a specific GEI [Cavalli er al.. 2001; Ferguson, 2001; Takei and
Haucke, 2001]. Rab35 often coniribuies to endocytic vesicle formation, the trafficking of vesicles
to early endosomes and the fusion of cndocytic vesicles with early endosomes [Cavalli er al.,
2001, Ferguson, 2001]. On arrival at early endosomes, recycling receptors such as the B,AR and
the transferrin recepiors are returned to the cell surface, at least i part via recyeling endosomes
[Ferguson, 2001; Pierce and Lefkowilz, 2001].

Rab4, another small GTPase, is also involved in the recycling pathway where it regulates
the budding and/or recveling of receptor-bearing recycling vesicles [Seachrist er al,, 2000,
Cavalli er al., 2001; Ferguson, 2001]. In contrast to recycling receptors, some endocytosed are
receptors targeted to lysosomes for degradation [Gruenberg and Maxfield, 1995]. Transport
from early to laie endosomes is mediated through intermediates called muliivesicular bodies
(MVBs) or endosomal carrier vesicles (ECVs). In mammalian cells, ECVs/MVBs, once formed
on early endosomes, move towards late endogomes on microtubules and then dock onto and fuse
with late endosomes [Gruenberg and Maxfeld, 1995; Cavalli et al., 2001]. At present the
potential for possible cross-talk between late endosomes/lysosomes and signalling pathways is
yet to be researched. Recent studies identified a novel 14 kDa protein that interacts with the
MAPK scaffold protein MP1 on late endosomcs/lysosomes but its function remains unclear
[Cavalli et al., 2001]. Protein ubiquitination has also been implicated at multiple steps of the
endocytic pathway [rom internalisation to the maturation of endosomes and lysosomal delivery
[Cavalli ef al., 2001; Ferguson, 2001; Shenoy and Lefkowitz, 2003b]. It has been shown that a
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A2 AR mutant lacking lysine residues, which was not ubiquitinated, was intemalised normally but
encountered ineffective degradation {Shenoy e al., 2001].
1,44 Alicrnative GPCRs Pathways of Internalisation

Internalisation that is mediated by clathrin represents the most common mechanism for
GPCR internalisation. However, receptors can also internalise via pathways that are independent
of both clathrin and B-arrestin {Mukherjee er al., 1997, Anderson, 1998; Cavalli er ai., 2001,
Ferguson, 2001f. One possible route of entry involves cell surface miciodomains containing
cholesterol and glycosphingolipids (rafis), (Figure 1.16} which are believed to play an important
role in the internalisation of the 1L-2 receptor [Mukherjee ef al., 1997; Anderson, 1998; Cavaili
et al., 2001; Ferguson, 2001]. Caveolae are flask-shaped invaginations smaller than clathrin-
coated pitswhich are formed by lipid rafts associated with caveolin {Anderson, 1998]. Caveolae
have been reported in a myriad of cell types, including smooth muscle cells, fibroblasts,
adipocytes, endothelial cells and many epithelial cells [Minco er al, 1996, Parton, 1996,
Anderson, 1998; Oh er al, 1998; Kogo, 2000]. Much less is known about the molecular
mechanism involved in internalisation via caveolae, both the agonist-occupied B2AR and the
bradykinin B2 receptors were shown to be localised in caveolae as determined by electron
microscopy studies [De Weerd and Leeb-Lundberg, 1997; Haasemann ef a/., 1998; Okamoto ef
al., 2000b; Ferguson, 2001]. Angiotensin type 1 and m2 muscarinic acetylcholine receptors also
undergo agonist-dependent sequestration in this microdomain, as observed by the recovery of
recepior proteins in caveolin-rich fractions [Feron ef af., 1997]. Cell type is crucial for many
receptors in determining the favoured pathway of receptor internalisation. The P2AR internafises
in some cell types via clathrin-coated pits but internalises via caveolae in other cell types, such as
A431 cells [Raposo er af., 1989; Kallal and Benovic, 2000; Ferguson, 20011, Also the endothelin
ET1A receptor has been reported to internalise vie both patbways in a cell-type dependent
manner {Okamoto ef al., 2000b]. The route of internalisation can also determine the intracellular
trafficking of the recepior [Okamoio ef al., 2000b}.
1.4.5 Receptor Determinants for Endocytosis

Multiple receptor domains appear to contribute to the internalisation properiies of GPCRs.
[or many GPCRs the second and third intraceliulay loop domains are functionally important in
GPCR internalisation. For the m2 muscarinic receptor, the determinants for inlernalisation are
found within a serine/threonine rich domain of the receptor’s third intraceltular loop [Moro ef a!.,
1993]. Presumably, these residues arc the sites of GRK phosphorylation that are critical for
inducing receptor endocytosis [Tsuga ef al., 1994]. As well as the third intraceliular loop, the
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conserved DRYXXV/IXXPL sequence of the second iniracellular loop domain is also involved
in the internalisation of some GPCRs including the ml muscarinic and GnRH receptors.
Researchers have scrutinized the role of GPCR C-lerminal tails and putative GRK
phosphorylation sites in regulating agonist-stimulated GPCR intemalisation. Despite
internalisation of the PAR being B-arrestin-dependent, neither the truncation of the $:AR

carboxyl tail nor the mutation of potential GRK phosphorylation sites was found to inhibit B2AR

internalisation [Hausdorff er al, 1989]. Alternatively, trancation of the C-tail or mutation of
putative GRK sites of the AT14R blocked its internalisation [Zhang ef al., 1996, Smith ef al.,
1998].

Originally, GPCR internalisation was thought to be the principal mediator of receptor
desensitisation due to the plysical separation of receptor and effectors {Sibley and Lefkowilz,
1985]. However, additional studies demonstrated that receptor endocytosis is not as rapid as
receptlor desensitisaiton and the majority of sequestered receptors are phosphorylated meaning
they do not need to be desensitised. Furthermore, hypertonic sucrose and concanavalin A
{reaiments that iphibit GPCR internalisation were shown not to affect B2-AR desensitisation
[Pippig ef al., 1995]. Mauy studics have reported on analysis of truncated C-tail recoptors and
phosphorylation-deficient mutants, that desensitisation and internalisation are distinct processes.
This is observed for receptors including the H2 histamine receptors [Fukushima er al., 1997].

Recent siudies have highlighted the importance of intemalisation in the recovery from
desensitisation (a process also known as resensilisation), even if GPCR. internalisation may not
play a critical role in agonist-induced desensitisation. The mechanisms of GPCR resensitisation
are considered to involve the infernalisation of agonist-aciivated receptors into endosomal
compartments which contain a GPCR-specific phosphatase. Endosomal acidification promotes
the association of the receptor with the GPCR phosphatase and dephosphorylation of the
receptor, Dephosphorviated GPCRs are subsequently recycled back to the cell surface where
they can be activaied by agonist once more [Wenk and De Carnilli, 2004].

The role of internalisation in resensitisation was first observed in studies of the f,AR. It
was subsequently proposed that dephosphorylation of internalised receptors in the endosomes
followed by recycling back to the cell surface was responsible for restoring $2AR function
[Pippig et al., 1995]. The critical importance of both phosphatase activily and receptor recycling
in B2AR resensitisation was demonstrated by the abilily of calyculin A, an iphibitor of protein

phosphatases, and monesin, an inhibitor of intraccllular irafficking, to block receptor
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resensilisation [Pippig et al, 1995]. Sequestration has been reported to be critical for the
resensitisation of many other GPCRs including the endothelin A receplors [Bremnes ef «l.,
2000

1.4.7 _Receptor Down-Regulation

Down-reguiation often occuss after prolonged agonist treatment and is manifested as a
decrease in receptor density. Short term desensitization results from a rapid (in minutes) and
reversible uncoupling of the receptor-G protein complex, followed by sequestration and/or
internalization of receptors from the cell swface (Figure 1.17). Reccpiors are not degraded as
removal of agonist rapidly restores receptor function. Conversely, down-regulation, displays a
much longer time-course (hours to days) and is characterized by a decrease in receptor density as
determined by radioligand binding. Removal of agonist will only slowly reverse down-
regulation, because in most cases, new receptor synthesis is required. Downregulation occurs as
a consequence of both increased lysosomal degradation of pre-existing receptors and reduced
mRNA and proiein synthesis. The mechanism of receptor down-regulation is not well
undersiood, but may include an accelerated rale of removal of receptors, a decrease in the rate of
appearance of receptors, or both [Heck and Bylund, 1998]. Blocking $AR endocytosis with
chemical treatments or by expressing a dominant negative mutant of dynamin could not prevent
receptor downreguliation indicating that this process may occur at the plasma membrane [Jockers
etal,, 1999].

Other studies have shown that scquestration is involved with P;AR downregulation.
Immunocytochemical techuigues were used io label epitope-tagged P2ARs, agonist treatment
induced redistribution of ihe receptors in punctate accumulations within the cells. While the
majority of internalised receptors were recycled back to the plasma membrane, a small fraction
of the internalised receptors were sorted in endosomes for depradation in lysosomes [von
Zastrow and Kobilka, 1992]. The dynamin-K44A mutant profoundly inhibited agonist~induced
internalisation and downregulation of the P2AR in HEK293 cells, indicating that receptor
internalisation was critical for downregulation in these cells, A dominant-negative mutant of -
arresiin, p-arrestin-(319-418), also ithibited both agonist-induced receptor internalisation and
downregulation illustrating that downregulation of the B:AR is parily due to trafficking of the
receptor vig clathrin coated pits [Gaghon ef al., 1998].
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1.5 _ Sphingolipids
Sphingolipids are ubiquitous molecules, with more than three hundred species that exist

in a diverse array of orgunisms and virtually all cell types [Levade er al., 2001]. Members of the
sphingolipid class of mediators include ceramide, sphingosine and sphingosine 1-phosphate.
Sphingolipid generation is [ollowed by regulation of ion fluxes and activation of multiple
signalling patbways. These processes lead to smooth muscle cell proliferation, endothelial cell
differentiation or apoptotic cell death, cell comiraciion, retraction or migration. Recent
observations implicating sphingolipids in physiological processes, such as vasculogenesis, and
frequently in pathological conditions including atherosclerosis and its complications have
highlighted the special importance of sphingolipids in cardiovascular signalling [T.evade ef al.,
2001}

Sphingolipids can be recognised by their long-chain sphingolipid backbone, generally
sphingosine (Figure 1.5). Structurally, ceramide consists of a loig-chain sphingoid base with an
amide-linked fatty acid component of 16-24 carbons in length. There are two potential pathways
for intracelinlar ceramide formation: de¢ novo synthesis via the condensation of serine and
palmitoyl-CoA, followed by conversion to dihydroceramide and finally to ceramide and/or the
breakdown of sphingomyelin through sphingomyelinase. Cerantde performs the role of a
building block for most sphingolipids [Hannun, 1994). Different substitutions on ceramide at the
I-hydroxyl position define each sphingolipid class. The synthesis, turnover and functions of
sphingolipids are shown in Figure 1.6,

1.5.1  Sphingosinte 1-phoshate (S1P)-activated pathways

In 1884, sphingosine was named after the mythological Greek Sphinx due 1o its enigmatic
nature [Thudichum, 1884]. Sphingosine has been under investigation since as early as 1970
when dihydrosphingosine-1-phosphate was postulated as an intermediate in the metabolism of
C18-dihydrosphingosine to palmitaldehyde and ethanolamine phosphale [Hirschberg er al,
1970}. The firsi evidence of sphingosine research in reference to S1P appeaved when it was
discovered that sphingosine stimulated cellular proliferation via a protein kinase C-independent
pathway [Zhang ef al., 1990]. This lead to the discovery of the imporlance of S1P in cell growth
regulation where it was shown to increase DNA synthesis in quiescent Swiss 3T3 fibroblasts and
to induce transient incrcases in intracellular free calcium [Zhang er al, 1991]. Research has
since identified many aspects of the bioactive, pleiotropic, phospholipid S1P, including its ability
to act as both an extracellular signalling moleculs as well as an intracellular second messenger
[Olivera and Spiegel, 1993; Cuvillier ef af., 1996; Lee, 19983, b; Spicge! and Milstien, 2002],
(Figure 1.6).
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Successive studies have shown that SIP is a potenl mitogen in diverse cell iypes and
elicits various biological effects like the mobilisation of intracellular caleium, the regulation of
cytoskeleton organisation and cell growth, differeniiation, survival and motility {Im ef al., 1997,
An ef al, 1999; Hong et al, 1999; Pyne and Pyne, 2000b, a; Spiegel and Milstien, 2003;
Maceyka et al., 2005]. S1P acts as an extracellular mediator by binding to a distinct sub-family
of plasma membrane GPCRs.

1.5.2 Structural features of SIP

The membranes of most mammalian celis contain the integral sphingolipid component
S1P, a phosphorylated derivative of sphingosine |Spiegel and Milstien, 2000a]. The stucture of
S1P comprises a long hydrocarbon chain on a three carbon backbone which contains a phosphate
group (Figure 1.5). SIP is biosynthesised either de novo through pathways of intermediate lipid
metabolism or vie stimulus-coupled liberation of the respeciive precursor from
glycerophospholipids and sphingolipids and subsequent enzyimatic conversions [Smith and
Merrill, 1995; Gogetzl and An, 1998; Vesper ¢z a/., 1999; Pyne and Pyne, 2600b, af. De novo S1P
synthesis initiates with condensation of a fatty acid-CoA and serine to form 3-ketosphinganine,
which upon reduction is converted to a dihvdroceramide in the ER [Goetzl and An, 1998]. The
dihydroceramide is then sequentially converted to ceramide, sphingosine and eventuaily S1P
[Goetzl and An, 1998; Vesper ef al, 1999]. That very little free ceramide and no free
sphingosine results from this de novo pathway provides evidence for the much greater
contributions of sphingomyelin turnover 1o the secreted sphingosine and S1P [Goetzl and An,
19987, (Figure 1.6).

The dynamic metabolism of sphingolipids results in the formation of a number of
bioactive moiabolites including ceramide, sphingosine, and S1P [Spiegel and Merrill Jr, 1996,
Pyne and Pyne, 2000b, a, Saba and Hia, 2004]. Degradation of sphingomyelin in the membranes
of lysosomes and endosomes and in the plasma membrane occurs in response to growth factors,
pro-inflammatory cytokines and arachidonic acid and also following cellular stress [Spiegel,
1999; Pyne and Pyne, 2000b, a, Spiegel and Milstien, 2000a]. Once sphingomyelinase is
activated, sphingomyelin is hydrolysed 1o ceramide, which is thought to be involved in cell
growth arrest, differentiation and apoptosis [Hannun, 1996; Kolesnick, 1998]. The conversion of
ceramide to sphingosine is catalysed by ceramidase. [t was also shown that sphingosine inhibits
protein kinase C (PKC) and induces apoptosis [Spiegel and Milstien, 2000b, a].

Sphingosine can be phosphorylated by sphingosine kinase to produce S1P. this implicates
S1P in cell growth and the inhibition of ceramide-mediaied apoptosis [Spiegel, 1999; Spiegel
and Milstien, 2000b, a]. S1P catabolism is catalysed either by pyridoxal phosphorylation-
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independent lyase located in the ER, which degrades S1P to phosphoctholamine and
palmitaldehyde, or by a phosphaiase which converts S1P back to sphingosine [Goelzl and Anr,
1998]. Dynamically, balance between all sphingolipid mefabolites helps determine cell fate.
This is commonly recognised as the “sphingolipil rheostat” model, Figures 1.5 and 1.6, [Spiegel,
1999; Pyne and Pyne, 2000a}.

The majority of extracellular S1P in the blood is derived from platelets activated either
via stress stimuli, phorbol esters or thrombin [Igarashi and Yatomi, 1998]. Originally, it was
believed that subsequeni to production of intracellular S1P, S1P can be released into the
extracellular space where it is present as albumin-bound S1P [Igarashi and Yatomi, 1998; Hla et
al., 2001]. It is now appreciated that it is also carried by, and is an important biojogically active
component of, HDL, LDL etc. Tt is now appreciated that if is also carried by, and is an important
biologically active component of, HDL, LDL etc. S1P released from aclivated platelets into (he
plasma is concentrated in the lipoprotein fraction with high densily lipoprotein (HDL3) being the
main carrier of SI1P followed by tow density lipoproteins (LDL) and very low density
lipoproteins (VLDL) |Sachinidis ef al, 1999; Spiegel and Milstien, 2002}, Additionally,
extracefiular S1P can be derived from other cell types such as mast cells and monocytes [Spiegel
and Merrill Jr, 1996; Hannun ef al., 2001}, Plateleis, unlike other somatic cells, lack S1P lyase
[Yatomi ef al., 1995], and the absence of this enzyme is likely to be responsible for S1P
accumulation. The precise S1P releasing mechanisms remain (o be elucidated. A recent study
has also suggested that as well as newly released S$1P, the extracellular S1P content could also be
derived from by the extracellular metabolism ol sphingomyelin since the biosynthetic enzymes,
namely sphingomyelinase, ceramidase and sphingosine kinase have been shown to be secreted
by cells [Tabas, 1999; Romiti ef al., 2000; Hla ef a/., 2001; Maceyka ef al., 2003].

A study has also demonstrated that the cystic fibrosis transmembrane regulator (CFTR), a
member of the ATP binding cassetie family of proteins, is involved in the uptake of extracellular
SIP and other related phosphorylated lipids [Boujaoude ¢ ¢l, 2001]. This uptake would
influence the balance between extracellular and intraceliular S1P concentrations and hence,
affect the ability of S1P to modulate biological activity vie ifs interaction with cell surface
GPCRs.

1.5.3 S1P Receptors

Over the course of S1P receptor investigalions, coniroversy arose over the significance of
intracetlular and oxtracellular actions of S$1P. While the imiraceliular targets of S1P in
mammalian cell have yet to be elucidated, intracellular S1P has been implicated in the
mobilisation of intracellular calcium independenily of 1P;, activation of ERK, inhibition of
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siress-activated protein kinase (SAPK)Yc-Jun N-terminal kinase (INK) and suppression of
apoptosis [Spiegel and Milstien, 2000b]. However, the discovery in 1998 that S1P acts on cell
surface G-profein-coupled receptors showed that extracellular S1P can mediate a number of
biological effects, including some previously atiributed to intraceflular S1P [Les, 1998b; Payne
el al., 2002].

The extracellular effects of S1P are due to its binding 1o specific members of the so-
called “Endothelial Differentiation Gene” (EDG) family of GPCRs, which have been renamed to
account for the division between its members into S1P and Iysophosphatidic acid (LPA)
receptors [Chun er af., 2002], see Table 1.1. The EDG receptors are a subfamily of GPCRs
consisting of 8 members, EDG1-8, now referred to as S1P;5 and LPA13.  S1Py1s are highly
selective for S1P and to a lesser extent LPA [Pyne and Pyne, 2000b, a;, Hla et al, 20011
Although they share low affinity for S1P, LPA,.; bave greatest affinity for LPA, a bioactive
phospholipid with similar biological effects and structure to S1P [Contos ez a/., 2000, Fukushima
et al., 2001].

The EDG family can be subdivided, according to amino acid seyuence similarity, into three
groups:

(1) S1P;, SiP; S1Psand 81Ps (around 50% identical);

(2) LPA,, LPA, and LPA; (around 55% identical);

(3) S1P4 which is 35-42% identical to the other EDG receptors [Lynch and Im, 1999].

Froni phylogenetic analysis there are also other receptors that share some homoelogy with
the SIP/LPA family [Hia et al., 2001, Joost and Methner, 2002; Rosen and Liao, 2003; Parill ef
al., 2004] as shown in Figure 1.7 and discussed in Section 1.5.9.

The LPA group is about 35% identical to the ST1P;, S1P, S1P1 and S1Ps group. In
addition, the LPA group each contain an intron in the region of the gene encoding TM6 which is
not present in the S1P group {Contos and Chun, 1998]. The S1P/LPA proteins also share partial
homology with the cannabinoid receptor subfamily (<30%), indicative that SIP/LPA proteins are
lipid-selective receptors and also suggestive of a possible common ancestral gene [Lynch and
Im, 1999,

S1P receptor mvolvement in Ca®" mobilisation has been recorded as far back as 1991,
where SIP was shown to induce transient increases in intraceflular free calcium [Zhang ef al.,
1991]. Regulation of calcium levels by phospholipase C is depicted in Figure 1.14. SIP can
mobilize calcium from internal sources either via an unidentified inositol 1,4, 5-trisphosphate
(IPs)-independent receptor on the ER or by activation of S1P receptor that stimulate
phospholipase C. Stimulation of SK also results in decreased sphingosine levels that normally
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block the store-operated calcium release-activated calcium current leading to refilling of the
stores. |Spiegel and Milstien, 2002] (Figure 1.14).

The S1P/LPA proteins are integral membrane proieins thai are glycosylated and are
predicted to bave seven transmembrane-spanning domains. However, each S1P or LPA receplor
possesses distinguishing structural slements that have vet to be fully related to any aspects of
ligand binding or signalling As an example, the substitution of alanine for proline in the usual
seventh lransmembrane NPXXY sequence of LPA,, which is conserved in the other SIP/LPA
receplors and most GPCRs [Goetz! and An, 1998).

Furthermore, it has been observed that basic amino acids within S1P;, Arg"™ and Arg 292
form ion pairs with the phosphate of S1P {Parrill ef a/, 2000]. Also, the S1P receptors, S1Py,

B2l yedidue

S1P, S1Ps, 81P; and S1Ps all share an anionic residue corresponding to the Gl
defined in §1P, to interact with the ammonium S1P moiety [Paxill ef a/., 2000}, In comparison,
the LPA-specific receptors, LPA;, LPA; and LPA; possess 2 neutral glutamine residue al the
same position which may interact with the neutral hydroxyl group in LPA [Parrill ef af., 2000},

The $1P3 C-lerminal is unique amongst S1P receplors as it contains a pulative class 1 SH3
interaction motif domain (RASPIQP), which is important in tyrosine kinase signalling, as shown
by investigations of the N-terminal of phosphodiesterase 4D4, [Beard ef al., 1999] and this will
be discussed in detail in Section 1.5.15. The last three amino acids of the S1P; C-terminal
(TVV) correspond 1o a consensus PDZ domain interaction motif.

Recent findings have suggested a new role for S1P as a second messenger for platelet-
derived growth factor (PDGF). The controversial mechanism put forward is that of signailing
through S1P:-PDGF receptor cross-talk.  Currently, there are two models proposed for this
mechanism. One model is of sequential activation of the PDGI receptor succeeded by
extracellular S 1P production and activation of S1P, [Hobson ef af., 2001]. The integrative model
suggests that the interaction of $1P; with PDGF is physical, and shows that MAPK activation by
PDGF requires S1P; but not SK1 activity [Alderton ef al, 2001b; Waters ef o/, 2003). Each
model is unsupporied by the findings of the other but both do involve cross-talk between S1P;
and PDGF. To add to this, fresh input has been delivered to add further support 1o cross-tatk in
S1P receptors as $1P; has been found to interact with VEGF to induce membrane ruffling [Endo
ef al.,2002]. Also, S1P; has been discovered 1o mediate cross-talk between S1P and PDGF, and
Akt phosphorylation by Akt is potentiated by S1Pz |Baudhuin e/ al. 2004} (Figure 1.135).
Additionally, S1P and SKI1 bhave been found to be importanl components of the transforming
growth factor B (TGFPB) signalling pathway involved in up-regulation of the tissue inhibitor ol
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metalloproteinase-1 (TIMP-1) gene [Yamanaka et al., 2004]. This transactivation of tyrosine
kinase receptors by GPCRs shows a new level of regulation for S1P receptors and suggests new
divections for siudies of important pathologies.

It has been suggested that one route to cross-signalling is receptor dimerization, which
has been reported for SIP receptors in two studics [Salim ef al., 2002; Van Brocklyn ef al.,
2002]. Many effects requiring muliiple S1P receptors may require dimerization, and possibly
this assisis in the formation of complexes with other receptor subtypes.

Respective signalting models for all five SIP receptors are shown in Figure 1.8 and will
be discussed individually. General expression patteins for each receptor are shown in Table 1.2.
1.5.4 The S1F), Receptor

The S1P; receptor was the initial receptor to be cloned [rom the SIP family. It was
originally identified as an early immediate gene product induced in phorbol ester-differentiated
human umbilical vein endothelial cells (HUVECs) |Hia and Maciag, 1990]. S1P, expression is
observed in most mammalian tissues with the highest expression found in skeletal structures
undergoing ossification, in endothelial cells and is highly expressed in the white matter,
hippocampus and the Purkinje cell layer of the cerebellum [Spiegel and Milsiien, 2000a;
Fukushima er al., 2001; Chae er af., 2004]. The S1P; receptor was the first EDG receptor
identified with specificity for S1P, providing the impetus for the concept of SIP as an
extracellular mediator [L.ee, 1998b; Okamoto et al., 1998; Zondag et al., 1998]. S1P was also
reported 1o act as a Jow-affinity receptor for LPA to induce S1P; phosphorylation [Lee, 1998a],
although, a separate study using membranes of SfY cells co-expressing S1P; and Giz failed to
elicit any biological effects [Windh, 1999]. Other studies have not observed competition of
[**P]S1P binding by LPA [Van Brocklvn ¢f /., 1999]. Additionally, LPA did not function as an
agonist for the muring analog of S1Py, Ipg;, when transfected into RH7777 cells {Zhang ef al.,
1999].

S1P; signalling is involved in cell migration, the formation of new blood vessels and
vascular maturation [Pyne and Pyne, 2000, a; Spiegel and Milsticn, 2000a; Hla et al., 2001]. A
study using S1P;-expressing Sf9 cells has demonstrated that $1P; aclivation by S1P results in the
activation of a variety of G-protein family members, including Gi, Giz, Gis, G, and G; (Figure
1.8) but not Gs, Gy, G2 or Gi3 [Windh, 1999]. SIP; signalling via a Gye-coupled mechanism has
been demonsirated in a number of cell types, such as transfecied CHO, HEL, Cos-7 and S19
cells, and often results in extracellular signal-regulated kinase (ERK) activation and the
inhibition of adenylyl cyclase (AC) activity [Okamoto et al., 1998; Zondag er al., 1998; Pyne
and Pyne, 2000b]. S1P; activation also activates phosphoinositide 3-kinase (PI3K) viu the
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heterotrimeric G; protein, leading to the activation ol Lhe serine/threonine kinase Akt and
phosphorylation of the Akt substrates, such as, endothelial niiric oxide synthase (eNOS), shown
to be involved in endothelial cell chemotaxis [Igarashi and Michel, 2000; Igarashi, 2001; Lee ef
al., 2001; Morales-Ruiz et a/., 2001]. It has been shown that activation of sphingosine kinases
and consequently the S1P receptors, S1P; and S1P,. by FeeRI triggering plays a crycial role in
mast cell function and might be involved in the movement of mast cells to sites of inflammation
[Jolly ef al., 2004].

S1P; activation also regulates the aclivation slate of small GTPascs of the Rho family,
specifically Rac and Rho, which are downstream of the heterotrimeric G-profeins and are
involved in the regulation of cytoskeletal reatrangements [Hobson er al., 2001; Lee er al., 2001
Paik et ail., 2001]. Tt was shown that the $1P-mduced G;- and PI3K-dependent activation of Akt
leads to the phosphorylation of 81P; at Thr236 located within the third intracelluiar loop [Lee ¢
wl., 2001]. This activates Rac, via an unknown mechanism and the subsequeni signalling
pathways required for cortical actin assembly, lamellipodia formation and chemotaxis [Lee ef al.,
2001]. In addition, HEK293 cells transfecied with $1P; have also been shown to stimulate PTx-
insensitive, Gizs-mediated Rho pathways that regulate morphogenesis, such as adherens
junetion assembly and induction of placental (P)-cadherin and epithelial (E)-cadherin expression
[Lee, 1998b; Lee et al, 1999; Liu ef /., 2000]. In contrast, it has recently been observed that
S1P; and S§1P;, but not S1P;, mediale an increase in the amount of GTP-bound Rho in CHO cells
[Takuwa er al, 2001]. Tt is possible that as S1P; cannot couple to Gians, the S1Py receptor-
dependent activation of Rho must be through a different mechanism which has yet to be defined
and which may also be dependent upon cell type. A recent study showed that S1P,, along with
S1Pi, regulates signalling pathways required for HUVEC morphogenesis into capillary-like
networks [Lee er al, 1999], One possible mechanism of S1P; activation of Rho could be
through a cross-talk mechanism with S1Pa. Interestingly, S1P; has recently been shown to be
involved in a cross-talk mechanism with the platelet-derived growth factor (PDGF) receptor
[Rakhit e al., 2000; Hobson ef al., 2001, Rosenfeldt et al., 2001; Spiegel ef al., 2002; Waters ef
al., 2002; Pyne et al, 2003} (see Figure 1.14). S)P; is also involved in the conirol of
lvmphocyte egress and endothelial barrier finction [Brinkmann et al., 2004).

1.5.5 The S1P, Receptor

The S1P, receptor is expressed widely, but is particularly enriched in the heart and lung
but less so in the brain of the adult rat and mouse [Pynie and Pyne, 20000, a; Fukushima er /.,
2001; Takuwa ef al., 2001; Payne ef ai., 2002; Spiegel ef al , 2002]. However, the S1P; receptor
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is more promineni in the brain during embryonic development, suggesting a role for SIPz-
mediated signalling in neuronal development [MacLennan and Browe, 1994, Fukushima ef al.,
2001]. S1P; receptors couple to the G;, Gy, Giz and Gys heterotrimeric G-proteins [An ef al.,
1999; Ancellin and Hla, 1999; An ef al., 2000, Arikawa et al, 2003; Meacci ef al., 2003a].
Research on CHO, HEL, Jurkat T and HTC4 hepatoma cell lines demonstrated that S1P,
receptors are coupled fo the stitnulation of phospholipase € and Ca*” mobilisation via both PTx-
sensitive and PTx-insensitive G-proteins, most likely G; and Gy respectively [Okamoto ef al,
1998: An et al., 1999; Gonda et al., 1999, Kon e al., 1999]. S§1P; along with S1P; also mediates
ERK/MAPK. activation almost exclusively via G; in CHO cells [Takuwa ¢f al., 2001}, In
contrast, S1P; was also observed to activate JNK and p38 MAPK in a PTx-insensitive manner
[Gonda ef al., 1999]. A recent study demonstrated that S1P; activation resulted in an increase in
AC activity in CHO cells [Kon ef af., 1999]. However, direct coupling of SIP; to G, was not
observed in membranes of 819 cells [Windh, 1999]. It remains to be determined whether S1P; is
directly coupled via G to adenylate cyclase.

S1P; and S1iPs also regulate the aciivity of small GTPases. Both S1P3 and S1P; bave
been shown fo aciivaie Rho through a Gizsa-dependent mechanism, resulting in stress fibre
formation, cell rounding, nearite and serum response elemeni-driven transcriptional activation
[Buhl er al, 1995; Kozasa ef al, 1998, Pyne and Pyne, 2000b, a; Takuwa ef afl., 2001]
Interestingly, a recent study using transfected CHO cells has shown ihat, whereas S1Py and S1P;
result in a PI3K-dependent activation of Rac, S1P;, inhibiled Rac activation and subsequently
membrane ruffling and cell migration {Okamoto et al., 2000a). The physiological significance of
this observation is illustrated by the fact that S1P, is expressed in cells in which S1P is an
inhibitor of cell migration, such as melanoma cells and vascular smooth muscle celis [Okamoto
et al., 2000a]. Current research poses the question of whether 81P, or S1P; receplors that are
present on mast cells are transactivated after IgE iriggering and whether this is a eritical event for
mast cell activation [Jolly ef al., 2002].

Much work has been done in investigating the regulation of PLD by S1P; in skeletal
muscle derived C2C12 c¢ells [Meacci ef al., 1999; Meacei er al., 2002, Bencini ef al., 2003,
Meacct et al., 2003a; Meacci et af, 2003b; Donati et af., 2005], where a role for PXC and
calcium has been found in receptor-mediated aclivation of phospholipase D by S1P in C2C12
cells [Meacci er al., 1999; Meacci ef al, 2002]. Additionally, down-regulation of 81P; during
myogenic difTerentiation resulls in the specilic uncoupling of $1P signalling to phospholipase D
[Meacci ef al., 2003a]. SIP has effecls on excitation-contraction coupling and signal
transduction in mammalian skeletal muscle, and regulates myogenic differentiation, those
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providing a major role for S1P; receptor [Bencint ef al., 2003; Meacci ef al., 2003b; Donati ef
al., 2005),

Recently, it has been determined by observing the funchions of S1P,, S1P; and S1P; in
knockout mice that S1P, knockout mice were viable but deal. Histological analysis revealed the
absence of spiral ganglion neurons in the cochlea of S1P; knockout mice. This provided a new
physiological function for the $1P receptor signaling system and provides evidence that S1P- is
essenttal for proper neuron development in the inner ear [Kono ef al., 2004].

1,5.6 'The S1P; Receptor

The proposed siructure for S1P; can be seen in a schematic plot, showing the 7TM
regions and N- and C-terminal domains, Figure 1.10. The main biclogical roles of SIP; are
summarised in Figure 1.11 and a mode! of currently appreciated S1P; signalling is provided in
Figure 1.8.

In 1996, Yamaguchi discovered by cloning, the novel human GPCR §1P;. The receptor
was discovered by PCR using primets derived from cannabinoid type 1 receptor (CB1)
sequences [Yamaguchi ef g/, 1996]. A full length clone of S1Ps has been isoluted through
screening of a human genomic library {An er al, 1997]. S1Ps is located at chromosome 9, in the
human variant it consists of 378 amino acids (Figure 1.10) with a predicted mass of 42kd. An
integral membrane protein, the S1P; receptor shows expression in all tissues but most abundantly
in the heart, placenta, lung, kidney and brain where the S1P, receptor can also be found [Pyne
and Pyne, 2000D, a; Spiegel and Milstien, 2000a; Fukushima ef ¢/, 2001, Takawa et al., 2001},
$1P; is highly homologous to human S1P; (51.9% overall and 69.2% in 7-TM regions), and is a
relatively hydrophobic membrane protein that consists of an extracellular N-terminal domain
linked to a cytoplasmic C~ierminal domain by seven transmembrane a-helices, see (Figure 1.10).
S1P; receptors also couple to the G;, Gy, Gz and Gy heterotrimeric G-proteins [An e7 al., 1998;
Sato and Murata, 1998; An ef al., 1999; Ancellin and Hla, 1999] see (Figure 1.8). Consequently,
it has been demonstrated in CHO celis, HEK cells, Jurkat T cells and HTC4 hepatoma cells that
S1Ps receptors are coupled to the stimulation of phospholipase C and Ca*" mobilisation via both
PTx-sensitive and PTx-insensitive G-proteins, most likely G; and Gy respectively [An er al.,
1999; Gonda et al., 1999; Kon ef al., 1999, Okamoto ef al., 2000a]. S1P5 and §1P; also mediate
ERK/MAPK activalion almost exclusively via G; in CHO cells [Sato, 1999; Takuwa et al.,
2001]. S1P; and S1Py regulate the activity of small GTPases [Sugimoto ef al, 2003] as

mentioned in Section 1.5.5.
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Expression of S1P; and S1P; produces a constitutive activation of Gyz and Gya [Siehler
and Manning, 2002). The function of Rho in $1P receptor signalling is not tully defined
[Sugimoto ef al.. 2003]. For S1P; and S1P; receptars, coupling to Giyia appears as the main
route of Rho activation. Rho-dependent sighaliing is linked with cadherin/adherens expression,
stimulation of focal adhesion kinase (FAK), and PLD. A recent study has shown that, in S1P3-
CHO cells, mcreased expression of PLD1 and PLD?2 prevents actinomycin D-induced apoptosis
by enhanced activation of the PI3K signalling pathways [Yamada e/ al., 2004].,

Mouse models have been generated which assess the functions of 81P3 in vivo. Targeted
homozygous deletion of S1P; was successfully performed and unlike S1P) there was no obvious
phenotypic abnormality. The embryonic development, overall health, body weight, fertility and
longevity upto 18 months of the KO mice did not significantly differ from normal mice. This
suggests that the other S1P receptors, which were not significantly affected by S1P; knock out,
can compensate for its deletion [Ishii e al, 2001]. Anpother study further supports this
assumption, it went on to investipaie the effects of double and triple recepior knockouts and
found that in combination, although iriple knockouts (S1P;3) were most deleterious, the
combination of S1P; and $1P, was significantly more fatal than S1Py together with S1P; [Kono
ef al., 2004]

In the case of tumour angiogenesis, the enzyme membrane type 1-matrix
metalloproteinase (MT1-MMP) has been shown to induce migration and morphogenic
differentiation, which involves the cooperation of the enzyme with platelet-derived bioactive
lipids through S1P-mediated activation of S1P, and S1Ps. This may provide an important
molecular link between hemostasis and angiogenesis [Langlois ef al., 2004], It has been shown
that in S1P3~CHO cells, increased expression of PLDs prevents ActD-induced apoptosis by
enhanced activaiion of the PI3K signalling pathways [Yamada er al., 2004].

One investigation of a S1P; peplide derived from 9 amino acids of the S1P; second
intracellular loop bas identified KRX725 as a mimic for the effects of S1P. It was found that this
peptide could stimulate extensive angiopenesis in the form of vascular sprouting in rat aortic
rings [Licht es al,, 2003]. This suggests that KRX-725 could act as a therapeutic agent for
ireatments of vascular disorders where angiogenesis is beneficial, for example, peripheral
vascular disease, myacardial ischemia, tissue grafts and diabetic wound healing, with the benefit
of being able 1o design KRX~725 to degrade slowly and act locally in comparison to S1P [Licht
et al., 2003}

Of particular relevance to this thesis, the C-terminal domain of S1Ps contains a unique

regulatory elemenl which is not sigaificantly similar to any other known GPCR. S1P; contains a
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proline-rich sequence that conforms to a consensus SH3 (Src homology 3) domain binding
motif. SH3 domains are compact globular structures found in many proteins that have important
signalling functions which will be discussed at length in Section 1.5.15.

1.5.7 The 81 and S1Ps Receptors

The S1P4 and S1P; receptors represent the most recently identified and therefore the most
poorly characterised S1P receptors. S1P4 exhibits the most restricted expression pattern of all
the S1P receptors, being expressed primarily in lymphoid and haematopoietic tissues [Graeler e/
al., 1998]. as well as the lung [Fukushima er al,, 2001; Takuwa ef ¢/, 2001]. The S1P4 receptor
has been shown to mediate S1P-induced PLC aciivation, intracellular Ca> mobilisation and
ERK/MAPK activation, all of which are blocked by PTx-treatment [Fukushima er af., 20011
Thus, S1P; couples to G; and possibly Gyyys [Siehler and Manning, 2002]. §1P4 also regulates
cell shape and motility via coupling to G; and Gizia [Graeler ef ol 2003]. A single amino acid

glutamic acid residue, Glu *%°

, present in the TM3 of S1P receptors was shown to be important
for the selective recognition of S1P, versus the closely related lipid LPA [Holdsworth et al.,
2004}, This study also provided the evidence that the S1P4 receptor ligand binding pocket is
shorter in length than the S1P ligand binding pocket [Holdsworth ef /., 2004].

The S1P; recepior has been shown to be expressed in human monocytes and
macrophages [Duong et al, 2004]. Although S1P4 receptors are expressed similatly to LPA
receptors in human monocytic cells, stimulation ol the LPA; receptor was found to be the
receptor critical for monocyte activation through LPA, mm-LDL and serum [Fueller ef «/.,
2003]. Murine CD4" and CD8" T celis express S1P; and S1P4 predominantly yet T cell recepior-
mediated activation of CD4"™ T cells suppresses expression of the two S1P receptors and
eliminates their chemotactic function in mouse splenic T cells [Graeler and Goetz, 2002]. S1P
has been identified as a novel inhibitor of T-cell profiferation, and PMA plus ionomycin or anti-
CD3 plus anti-CD28 down-regulated the expression of S1Py and up-regulated the expression of
SiPs in T cells 3 davs after stimulation. [Jin er @i, 2003]. Phytosphingosine 1-phosphate has
been shown 1o be a high affinity ligand for the S1P, receptor, wiih greater affimty [or S1P4than
even S1P {[Candelore ez al, 2002]. The immunosuppressant FTY720 also binds and down
regulates S1P4 [Graeler and Goetzl, 2004].

The S1Ps receptor is expressed in a variefy of tissue iype, 1t is highly expressed in the
human brain, specifically in white matter, spleen [Graeler and Goetzl, 2002], corpus collosum,
peripheral blood leukocytes and arieries, placenta, lung, aorta and fetal tissues [Im ef al., 2000,
Fukushima et af., 2001; tm ez al., 2001 ; Takuwa et al., 2001}, In contrast 1o §1P4, S1P5 does not
appear to be expressed in human monocytes and macrophages [Duong ef al., 2004]. S1Ps is also
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expressed in rat neural progenitor cells [Tham ef al., 2003], and rat microglia, where the leve] of
expression depends on the activation state of the cells [Harada ef al., 2004], also rat astrocytes
have been found 1o express S1Ps but expression is less than the majority of the other members of
the S1P/LPA family [Rao ef cil., 2003]. 81Ps has been shown to couple to Gie and Giz but not Gs
or Gg1 [Im et al., 2000; Malek er al., 2001] (Figure 1.8). In a recent study using CHO cells
transfected with S1Ps, S1P treatment resulted in a PTx-sensitive inhibition of forskolin-induced
cAMP accumulation and a PTx-insensitive activation of JNK and inhibition of serum-induced
activation of ERK1/2 [Malek er a/., 2001]. The inhibitory effect of S1P on ERK1/2 activily was
abolished by treatment with orthovanadate, suggesting the involvement of g tyrosine phosphatase
[Malek ef al., 2001]. Intrinsic mbibition of unstimulated adenylyl cyclase or ERK activity by the
S1Ps receptor is apparenily insensilive to ligand modulalion [Niedernberg er af, 2003a].
Notably, it has been revealed that rat S1Ps in CHO-K1 cells displays antiproliferative effects and
this is not seen in the human S1Ps iransfected in HEK293 cells, and this may represent a a
celitype or species-specific effect [Niedemberg er af, 2002]. The human S1Ps receptor is
overexpressed in the lymphoproliferative disorder, large granular lymphocyte (LGL) leukaemia
iKothapalli, 2002].

1.5.8 The LPA Receptors

The chemical structure of the agonist lysophosphatidic acid can be seen in Figure 1.5.

The current relation of LPA and S1P receptors is clearly represented in the phylogenetic tree in
Figure 1.7. There are four identified LPA receptors in mammals [Anliker and Chun, 2004b]. A
distinct gene encodes each receptor that activates downstream signaling pathways mediated by
one or more G proteins, The first three, LPA;3, share sequence homology with one another,
whereas LPA, is divergent in scquence. LPA; represents the first LP receptor identified. LPA; is
widely expressed ouiside the nervous system and is expressed prominently in festis and intestine
[Contos ef al., 2000; Pyne and Pyne, 2000b; Fukushima er al., 2001, Takuwa et al., 2001]. LPA,
is also prevalent in the myelinating cells of the adult nervous system where LPA promotes the
Gi-mediated PI3K/Akt-dependent survival of myelinated Schwann cells from the peripheral
nervous system [Weiner and Chun, 1999]. In addition, LPA; is also expressed in several
cancers, suggesting a pathological role for receptor-mediated LPA signalling [Furat ef al., 1999].
LPA, couples to Gy,, which leads (o cell proliferation and alse couples to Gis to activate Rho
[Weiner and Chun, 1999; Igarashi and Michel, 2000; Fukushima ez al., 2001 Hla ef a/., 2001].
LPA, contains 364 amino acids in a seven-transmembrane receptor structure, with an apparent
molecular mass of 42 kDa. Gene expression is most marked in the ovaries but is also observed at

lower levels in several other tissues.. In mice, 4 multi-exon gene siructure was reported, with the
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coding region characterized by conservation of a single intron separating two coding regions at
the sixth transmembrane domain. This intropic structure is shared with LPA; and LPA; [Anliker
and Chun, 2004z, b]. LPA, is a high-affinity LPA receptor that activates the G pathway [Contos
et al., 2000; Fukushima ef al, 2001]. LPA, is constitutively expressed in CD4" T cells and
inhibits the secretion of interleukin-2 (IL-2) [Hla ef @i, 2001]. LPA; couples to G; and Gy, which
mediates LPA-induced PLC activation and leads to intracellular Ca*" increases and inositol
phosphate production [Contos ef af., 2000; Fukushima ef af., 2001; Hia ez al., 2001}, LPA;
receptor expression is strongly induced in ovarian cancer cell lines where it regulates the
transcription of immediate-emrly genes and cellular proliferation {Goetzl er al., 1999]. LPA; is
abundantly expressed in testis, heart and frontal regions of the cerebral cortex {Contes ef al.,
2000; Contos and Chun, 2001; Fukushima ef a/., 2001; Toman and Spiegel, 2002], Studies of
LPA; function within mammalian and insect cell lines have demonstrated an LPA-dependent,
PTx-insensitive increase in PLC activity and intracellular Ca®* concentration, suggesting that
LPA; is coupled primarily to G, [Contos and Chun, 2001; Fukushima et a/., 2001]. LPA; differs
from the previous two LPA receptors by not coupling to Gizns and showing a preference for LPA
molecules with unsaturated acyl chains. Although still expressed In many adult tissues, LPA;
shows somewhat more restricied expression, Its signalling properties are generally similac to
LPA; and LPA; except for AC-related effects that vary with respect to analyzed cell lines
[Anliker and Chun, 2004b]. Recently, the p2y9/GPR23 receptor has been identified as the fourth
LPA receptor (LPAy), with likely evolutionary distinct ancestors [Noguchi et al, 2003].
Bioclogical roles, null mutations, and the relationship of LPA4 to the other LPA receptors have not
been reported [Anliker and Chun, 2004b]. The biological roles of LPA receptors in different
systems are summarised in Figure 1.11.
1.5.2  Novel GPCRs with homology to S1P and LPA receptors

In addition to the agonist selectivity that 13 shared between S1P and LPA receptors,
several other receptors have been found that are activated by members of the lysophopholipid
family (Figure 1.7) [Kostenis, 2004]. A recent review focused on the assignment of lipid
mediators to GPCRs (hat include GPR3, GPR6, GPR12, GPR23, GPR40, GPR41, GPR43,
GPR63. TG1019 (also known as R527), and BG37 (also known as TGRS). These GPRs were
vecently identified as receptors for inlercellular lipid messengers such as, SIP, SPC,
dioleoylphosphatidic acid (doPA), LPA, free fatty acids, eicosatetraenoic acid, and bile acids {Im,
2004). The author advises caution to the likelihood of the authenticity of these GPCRs as LP
receptors as many of the studies were not carried out methodically, therefore binding studies are
either lacking or unsupported by parallel studics which deems them inconclusive [Im, 2004].
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The novel LP receptors inciude the ovarian cancer GPCR1 (OGR1) receptor (also
GPRGS receptor) that is activated by sphingosylphosphorylcholine (SPC) [Xu et al., 2000}, the
GPR4 receptor which is a receptor that displays high affinity for SPC and low affinity for
Iysophosphatidylcholine (LPC), and shares ~50% homology with OGR1 [Zhu er ¢/, 2001} and
homology with the cannabinoid receptors CB1 and CB2 [Felder and Glass, 1998]. LPC is a high-
affinity ligand for G2A, a lymphocyte-expressed GPCR whose genetic ablation results in the
development of avteimmunity. Activation of G2A by LPC has been seen to increase intracellular
calcium concentration, induce receptor inlernalization, activate ERK, and modify migratory
responses of Jurkat T lymphocytes. These findings implicated a role for LPC-G2A interaction in
the etiology of inflammatory autoimmune disease and atherosclerosis {Kabarowski e/ al., 20011}
PSP24, is an orphan receptor thal has been proposed o bind LPA but not in mammaliam tissues
[Kawasawa er al., 2000]. The orphan GPCRs, GPR3, GPR6 and GPR12 were recently identified
as S1P recepiors [Uhlenbrock er al., 2002; Ignatov ef @), 2003]). The receptor encoded by
GPRA35 is the mammalian orthologue of a putative LPA receptor from Xenopus laevis, expressed
in the central nervous system and periphery [Marchese e af., 1999]. S1P and doPA have been
identified as low affinity agonists for the orphan receptor GPR63 [Niedernberg ef al., 2003b].
GPR65 (1 cell death associated gene, TDAGBR) shares evolutionay homology ioc OGR1 and
GPR4 yet its agonist is proposed to be psychosine (galactosyl sphingosine) [Murakami ef al.,
2004]. Agonist and untagonist binding for S1P and LPA receptors has been reviewed in terms of
development of receptor-specific ligands. [Parrill ef a/,, 2004].

1.5.10 The involvement of S1P; and S1P; receptory in angiogenesis

Among the most important of their biological roles, S1P; and S1Ps act as regulatoss in the
process of angiogenesis. Angiogenesis can be defined as the formation of new blood vessels
from pre-existing vessels. A process that constitutes an integral component in numerous
physiological events, from embryonic development to wound healing [Yatomi et al, 1995;
Vogler et al., 2003] and the menstrual cycle, each requiring new blood vessel formation to
simultaneously supply oxygen and nutrients and remove waste products [Carmeliet and Jain,
2000]. Angiogenesis is also critical in several pathological conditions associated with blood
vessel formation. As an example, angiogenesis in excess has been linked lo solid and
haematologic lumour progression [Dvorak, 1986], chronic inflammation as presented in
thevmatoid arthritis and in Crohn’s disease, endometriosis and diabetic retinopathy [Grifficen
and Molema, 2000; Summers and Nelson, 2005].

The S1P effect on blood vessel formation was atiributed to it promoiing migratory
activities of angioblasts and eatly endothelial cells required for the expansion of vascular
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networks [Lee, 2000]. Findings suggest thal migratory events critical to the de¢ novo formation of
blood vessels are under the influence of S1P, possibly synthesized via the action of sphingosine
kinase 2 (SK2), with signaling mediated by S1P receptors that include S1Py, S1P;, and S1P;
[Argraves ef al., 2004]. These three receptors play important roles in carefully regulating several
overlapping pathways, as findings from mouse embryonic fibroblast cells have confirmed
{Anliker and Chun, 2004a] (Figure 1.9).

S1P has been shown to act synergistically with FGF and VEGF in promoting
angiogenesis [Lee ef al, 1999]. Recent evidence suggests that S1P-dependent activation of
S1P, along with S1Ps, results in the Rho-activation of integrin a2 and ;-containing integrins,
leading to the formation of initial focal contacis required for cell spreading and migration |Paik
et al., 2001]. o83 has also been shown 1o funciton in a synergistic marmmer with VEGF in the
processes of cell migration and proliferation {Soldi ef al., 1999]. Recenily, S1P; was shown for
the first time to interact with PDGF as wcll as showing a role for S1Ps in S1P-induced Akt
activation {Baudhuin er al., 2004 (Figure 1.15).

1.5.11 S1P; Involvement in the Cardiovascular System

A general scheme of the roles of S1Ps in biclogical systems, including the cardiovascular
system is shown in Figure 1.11. SIP; is involved in morphogenesis is the process of newly
formed neovasculature remodsiling into capillary-like networks which occurs after endothelial
cell proliferation [Lee ef al, 1999; Grilfioen and Molema, 2000; Cross and Claesson-Welsh,
20011, and which involves the folding of cpithelial cell sheeis into tubes and other structures.
Morphogenesis is typically regulated via connection sites for actin filaments known as adherens
junctions [Akhtar and Hotchin, 2001]. Cell-matrix adherens junctions allow cells o grip the
extraceliular matrix, and various forms of cell-to-cell adherens junctions exist. In non-epithelial
tissues, cell-te-cell adherens junctions are small punctale/streak-like attachments that connect
actin filaments in the corlical cytoplasm of adjacent cells [Bvers er @/, 2000; Griftioen and
Molema, 20001, In epithelial sheets, cell-to-cell adherens junctions are a continnous adhesion
belt termed the zonula adherens, that exists for each of the interacting cells in the sheet and is
located near the cell apex {Evers ef al., 2000]. Adbesion belts m adjacent epithelial cells are
directly opposed and the interaciing PMs are held together by transmembrane linker proteins that
are members of the family of Ca’-dependent cell-cell adhesion molecules called cadherins
[Evers er af., 2000].

The family of cadherins consists of around 12 members, including vascular endothelial
(VE)-cadherin, found in the vascular endothelium; E-cadherin, found in epithelial cells; N-
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cadherin, found in nerve, muscle and lens cells and P-cadherin, found in placenta and epidermal
cells [Sumpio et al., 2002).

Cells contain a contractible bundle of actin filaments adjacent to the adhesion bejt and
running paraliel to the PM that are attached vie a set of intracellular attachment proteins; o-, p-,
and y-catenin, vinculin, a-actinin and plakagtobin {Griffioen and Molema, 2000; Jones ef al.,
2001; Brinkmann ef «/., 2004). Cadherins and attachment proteins link actin bundles in adjacent
cells resulting in an extensive transcellular network, Coniraction of this network mediates
morphogenesis, which can be seen in Figure 1.13.

The development of HUVECs into capillary-like networks has been observed via SIP
treatment in HUVECs where aciivation of S1P, and S1P; receptors further activated Rac- and
Rho-dependent adherens junction assembly and cyloskeletal rearrangement, culminating in
morphogenesis. [Lee ez al.. 1999]. Notably, the action of S1P conirasts with the action of VEGF,
which is known to disrupt adherens junciions [Lee er al, 1999; Hla e: al, 2001]. S1P
stimulation of S1P, and S1P; receptors expressed in HUVECsS results in the activation of o Bs-
and Bj-containing integrins [Clark and Brugge, 1995; Paik ez al., 2001}, In addition to regulating
cell spreading and migration, antagonists of «yPz and PBi-containing integrins inhibited SiP-
induced endothelial cell morphogenesis in a three~-dimenstonal fibrin matrix [Paik ef a/., 2001].
1.5.12 Maturation and preservation of vasculature

After formation of the neovasculature, endothelial cells deposit a new basement
membrane and recruit surrounding vessel layers composed of mural cells, such as pericytes in
small vessels and smooth muscle cells in large vessels [Griffioen and Molema, 2000; Saaristo ef
al., 2000; Richard er al, 2001]. Mural cell recruitment is largely dependent upon PDGF
synthesis and secretion within endothelial cells [Griffioen and Molema, 2000; Cross and
Claesson-Welsh, 2001]. Once contact is made between endothelial ceil and mural cell, a latent
form of itransforming growth factor-f} (TGF-B), which is produced by both endothelium and
mural cells is activated in a plasmin-mediated process [Griffioen and Molema, 2000}, TGF-
B activation induces changes in myofibroblasts and pericytes, leading fo the formation of a
quiescent vessel, ECM production and maintenance of growth control {Griffioen and Molema,
2000].

Angiopoietin-1 (Ang-1) and angiopoietin-2 (Ang-2) and the receptor tyrosine kinases
Tiel and Tie2 are essential for the communication of endoihelial cells with the surrounding
mesencyme [Lin, 1997; Griffioen and Molema, 2000; Jones ef a/., 2001]. The function of Tiel

is associated with endothelial celi differentiation and establishing blood vessel integrity whilst
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Tie2 is necessary for vascular network formation and is only expressed on endothelial cells
{Jones ef al., 2001]. Ang-1 and Ang-2 are Tie2-specific ligands that activate or antagonize Tie2
signalling respectively [Davis ef al, 1996; Maisonpierre et al., 1997; Jones er al, 2001].
Endothelial cells failed to associate properly with underlying support cells in the vessels of
embryos lacking Tie2 or Angl, which demonstrated that Tie2 signalling may facilitate
recruitment of , and tight association with, adjacent periendothelial cells [Suri ef a/., 1996, Patan,
1998]. Persistent Tie2 expression and its phosphorylation in quiescent adult endothelium implies
a role for Tie2 in transducing a sustained survival signal [Wong ef ¢/, 1997, Jones er al., 20011
In human glioblastomas, a cell-specific up-regulation of Tie2, Ang-1 and Ang-2 during tumour
progression was detected in a pattern compatible with a role in tumour-induced angiogenesis
[Stratmann et af., 1998, Griffioen and Molema, 2000].

S1P, knockout mice have shown that S1P, is essential for vascular maturation as S1Py
gene disruption resulted in impaired vascular maturation due to the failure of mural cells to
migrate to arteries and capillaries to reinforce them |Liu ef al., 2000; Kono ef ali, 2004].
Although S1P;-null embryos died in ufere due to massive haemorrhage, they exhibited normal
vasculogenesis and a substantially normal blood vessel network, yet were severely impaired in
the recruitment of smooth muscle cells and pericytes to the vessel walls and this was atiributed to
their defective migration [Liu ef ., 2000]. Extracellular S1P can directly stimulate S1P, on
vascular smooth muscle cells (VSMCs), facilitating their migration to vessel walls or,
alternatively, can stimulate S1P; expressed in endothelial cells that in turn may recruit VSMCs
{Liu er al, 2000]. Recent studies have demonstrated that the effect of S1P; on vascular
maturation can be largely attributed to the cross-talk between S1P; and PDGF receptor signalling
mentioned previously [Hobson er al., 2001, Rosenfeldt er aZ, 2001]. Ccll migration toward
PDGF, which stimulates sphingosine kinase and increases intracellular S1P, was shown to be
dependent upon S1P; expression in a number of cell types, including HEK293 cells, human
aortic smooth muscle cells {ASMCs) and mouse embryonic fibroblasts {MEFs)} [Hobson ef a/.,
2001]. It was therefore suggested that spatially and temporally localiscd generation of S1P by
activation of sphingosine kinase in response 1o PDGF results in restricted activation of S1P that
in turn activates Rac, resulting in an increase in cell motility [Hobson ef af., 2001]. A recent
study has subsequently demonsirated that the PDGI-induced cytoskeleial rearrangements,
lamellipodia extensions and cell motility are abrogated in S1P nuli fibroblasts [Rosenfeldt ef /.,
2001). Also, PDGF-induced focal adhesion formation and activation of FAK, Src and SAPK2
were disregulated in the absence of S1P: [Rosenfeldt e al., 2001]. However, S1P; was not
involved in mitogenicity and survival effecls induced by S1P or PDGF [Rosenfeldt ef al., 2001].
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Hence, it was suggested that SI1P; acted as an integrator linking the PDGFR tio lamellipodia
extension and cell migration. Cells then migrate towards PDGY, enhancing PDGF receptor
signalling and (hetefore acting as a positive feedback mechanism [Hobson er al., 2001;
Rosenfeldt ¢/ al., 2001].

1.5.13 Fuactions of S1P; in Inflammation and Immunology

Both S1P and LPA receptors appear to have important roles in irnmunology [Payne et al.,
2004; Radeff-Huang ef al., 2004], (Figure 1.11). Results from a recent study show differential
effects of S1P on polyclonal T-cell proliferation and cytokine secretion [Jin ef @/, 2003]. Local
administration of S1P caused inflammation coupled to a large eosinophil (EQ) recruitment in rai-
paw tissue. The inflammatory response was accompanied by an increase in S1Py, S1P; and S1P;
and by an enhanced expression of CCR3, which is the main chemokine recepior known to be
involved in EQ function. Human EQs constitutively express S1P; and, to a lower extent, S1P;
and S1Pa receptors. S1P in vitro causes cultured human EO migration and an increase in S1P
receptor mRNA and strongly up-regutaies CCR3 and RANTES (Regulated on Activation,
Normal T cell-Expressed and Secreted) message levels. A blocking anti-CCR3 Ab inhibited
S1P-induced chemotaxis, implying that S1P acis as a specific recruiting signal for EOs not only
through its own receptors but also through CCR3. These resulls suggest that S1P is involved in
EO chemotaxis and helps to unravel the complexity underlying EQ recruitment in several
diseases such as asthma and some malignancies [Roviezzo et al., 2004].

Asthma and chronic obstructive pulmonary disease (COPD), are chronic diseases
affecting millions of people worldwide and are characterized by atrway obstruction, airway
inflammation, and alterations in structural cell function. The role of structural cells such as
airway smooth muscle (ASM), myofibroblasts, and fibroblasts was thought to be mainienance of
bronchial wall integrity, but evidence suggests that these cells may be integral components of the
inflammatory response as well [Panettieri, 2004]. Asthma is a complex condition where
exposure to environmental antigens induces inflammatory reactions in the airway characterized
by activation of mast cells and cosinophils. Mast cells are known to be the main effecior cells in
eliciting 1gE~mediated allergic response. These cells secrete various substances that sustain
inflammation and provoke airway smooth muscle (ASM) contraction, In another study, it was
shown that S1P may regulate human airway smooth muscle cell (HASM) contractility, which is
important in the pathobiology of asthma [Ammit ef o/, 2001; Rosenfeldt er o/, 2003}, A newly
recognized addition to the range of FesRI-mediated signaling events is the activation of SK

leading to the generation S1P from sphingosine. Lung secretions of S1P significanily increase
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after challenge with an allergen, thus adding S1P io the variety of mediators that are released
during an allergic reaction [Ammit ef al, 2001]. Previous reports also agreed that FceRl cross-
linking was not only found to increase cellular levels of S1P, it also markedly enhanced iis
secrefion fromy rat basophilic leukemia RBL-2H3 cells. Morcover, S1P can induce the
degranulation of RBL and bone marrow derived mast cells (BMMCs) cells as determined by the
release of hexosaminidase. Treatiment of BMMCs with the SK imhibitors, DL-threo-
dihydrosphingosine and dimethylsphingosine, reduced Igl/Ag stimulated histamine release. RT-
PCR analysis demonstrated that mast cells express S1P receptors S1P: and S1P2 but not S1Ps;,
$1P4 or SIPs iranscripts. Further studies would determine whether IgE tripgering results in
transactivation of S1P; or S1P; present on mast cells and whether this is a critical event for mast
cell activation [Jolly ef al., 2002].

S1P influences heart rate, coronary artery calibre, endothelial integrity, and lymphocyle
recirculation through S1Pis. Tuhibition of lymphocyle recirculation by non-selective S1P
receptor agonists produces clinical immunosuppression preventing transplant rejection and is
associated with transieni bradycardia {Samna et ql, 2004). Knowledge of individual receptor
contribution has been limited by the embiyonic lethalily of the S1P; knock-out and the
unavailability of selective agomists or antagonisls,. A potent, S1P-receplor selective agonist,
SEW2871, structuratly unrelated to S1P, has been discovered that activates multiple signals
triggered by S1P, including guanosine 5'-3-O-(thio)triphosphate binding, calcium flux, Akl and
ERK1/2 phosphorylation, and stimulation of migration of S1P1- but not S1Ps-expressing cells in
vitro. The agonist also aliered lymphocyte trafficking in vivo. Use of a selective agomist together
with mice lacking S1P3 receplor revealed that agonistn of S1P; alone is sufficient to controf
lymphocyte recirculation. Moreover, S1P; agonist plasma levels were causally associated with
induction and maintenance of lymphopenia [Sanna et /., 2004]. S1Ps, and not SIP,, is directly
implicated in sinus bradycardia. The sustained bradycardia induced by S1P receptor non-
selective immunosuppressive agonists in wild-type mice is abolished in S1P;™ mice, whereas a
S1P;-selective agonist does not produce bradycardia. Separation of receptor subtype usage for
control of lymphocyte recirculation and heart rate may allow ihe identification of selective
immunosuppressive S1P; recepior agonists with an enhanced therapeutic window. S1P;-selective
agonists will have future uses in understanding cell functions in vifro, and vascular physiology in
vivo [Sanna ef al., 2004,

The novel immunomodulator FTY720 is effective in experimenial models of

transplantation and autoimmunity, and is currently undergoing Phase II clinical trials for
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prevention of kidney graft rejection [Budde, 2002]. FTY720 is a structural analogue of
sphingosine-1-phosphate (S1P) and activates all S1P receptors except S1P2 [Forrest et al., 2004].
FTY720 has been shown to induce endothelium-dependent arterial vasodilation in phenylephrine
precotitracted mouse aortae. Vasodilation did not occur in thoracic aortic rings from eNOS-
deficient mice, implicaiing an effect dependent on activation of the eNOS/NO pathway. Thus,
FTY720 induced NO release, Akt-dependent eNOS phosphorylation and activation in human
endothelial cells [Tolle ef al, 2005]. For biological efficacy, FTY720 required endogenous
phosphorylation, since addition of the SK antagonist N',N-dimethylsphingosine (DMS)
prevented activation of eNOS irn viro and inhibited vasodilation in isolated arieries. The
endothelial phosphorylation of FTY720 was extremely rapid with also most complete conversion
after 10 minutes as determined by mass specirometry [Tolle ef o/, 2005]. S1P; was identilied as
the S1P receptor responsible for arterial vasodilation by FTY720, as the effect was completely
abolished in arteries from S1Ps-deficient mice |Tolle ef al., 2005]. In summary, FTY720 is the
first immunomodulator for prevention of organ praft rejection in clinical development that, in
addition, positively affects the endotheltum by stimulating NO production, and thus potentially
displaying beneficial effects on transplant survival beyond classical T cell immunosuppression,
[Tolle et al., 2005].

1.5.14 S1P; inyolvement with HDL

Atherosclerosis is a chronic inflammatory disease, with lipoproteins, vascular endothelial
cells, monocytes, macrophages, smooth muscle cells, activated T lymphocytes, and platelets all
interacting through adhesion molecules, cytokines, chemokines, and prothrombotic [actor
{Yuhanna ef of., 2001]. Naturaily, as S1P; has been agsocialed with many of these components it
scems likely that its involvement in inflammatory diseases is of therapeutic importance.
Recently, HDL-induced endothelial cell migration and survival were thought to mediated by the
lipoprotein component S1P and the lipid receptors S1P; and S1Ps [Kimura ef al., 2003].

HDLs are complex molecules known to induce a multitude of inmracellular signals for
which ditferent components of HDL have been made responsible. The lysophospholipid
concentrations effeciive in inducing vasodilation are likely o be provided in vive by plasma
HDL. 1mg of HDL contains 287 = 17 pmol SIP and 290 + 20 pmol SPC, which represents
0.58nM of these bioactive phospholipids together. HDL-induced endothelial cell migration and
survival may be mediated by the lipoprotein component S1P and the lipid receptors S1P; and
S1P; [Kimura ef al., 2003). Tt was shown that HDL stimulates release of nitric oxide (NO) in
human endothelial cells and induces vasodilation in isolated aortae via imtracellular Ca®'

mobilization and Akt-mediated eNOS phosphorylation |Nofer ef al, 2004]. The vasoactive
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effects of HDI. could be mimicked by three lysophospholipids present in HDL: SPC, S1P, and
lysosulfatide (LSF). All three elevated intracellutar Ca®" concentration and activated Akt and
eNOS, which resulted in NO release and vasodilation [Nofer er al, 2004], S1P; deficiency
abolished the vasodilatory effects of SPC, S1P, and LSF and reduced HDL effects by
approximately 60%. In endothelial cells from §1P;-deficient mice, Akt phosphorylation and Ca*"
rises in response to HDL and LPs were severely reduced. [ vivo, intra-arterial administration of
HDL or LPs lowered mean arterial blood pressure in rats. Thus, HDL has been identified as a
carrier of bioactive LPs that regulaie vascular tone vie S1Pi-mediated NO release. This
mechanism may coniribute to the vasoactive effect of HDL and represent a novel aspect of ils
antiatherogenic function |Nofer et al., 2004)., fn vivo the S1P3 receptor would encounter the
whole HDI, particle with its total load of LPs, resulting in a much higher biologically active
concentration at the single receptor level compared with LPs in solution, and it is likely that
several of the LPs contained in FIDL would work together to achieve vasodilation [Nofer er /.,
2004,

Angiogenesis and promotion of endothelial cell survival have been shown to depend on
the activation of Akt Recently, S1P was demonsirated to induce Akt activation, eNOS
phosphorylation, and NO production in endothelial cells [Lee ef @/., 2001]. Both S{P and SPC
interact with several LP receptors such as S1P;, SIPs;, and S1Ps, which are all expressed in
endothelial cells, The effects of HDL and HDI.-associated LP on Akt activation, eNOS
activation, and NO release in HUVECs were inhibited by PTX, suggesting the involvement of a
PTX-sensitive Gi protein in vitro [Nofer et al, 2004}, ln isolated aortic segments, the
vasodilatory effects of SPC, LSF, and S1P were completely abrogated in aorlae from S1Ps-
deficient animals, suggesting that this particular LP receptor completely mediates the
vasodilatory elfect of all fhree compounds. As the increase in [Ca™} and Akt phosphorylation
were either completely abolished (S1P and LSF) or substantially reduced (SPC), both major
mechanisms of eNOS activation appear to be mediated by S1P4. This i1s in agreement with two
other studies that have implicated S1Psin Akt activation and NO production. The failure of S1P
to increase [Ca®} and aclivate Pl-specific phospholipase C, another target of MDL-triggered
intraceliular signalling, has been reported previously for S1Ps;-deficient MIEFs [Nofer et al.,
2004). Thus, it is suggested Ihat the specific elemeni of the vasodilatory effect of HDL that was
lost in S1Ps-deficient animals (~50%) is attributable to its SPC, S1P, and LSF content acting via
the S1Ps receptor. Importantly, the vasoconsirictive effect was independent of S1P3, as it was
not different between aortae from WT and $1P3 knockout animals. The further angmentation of
vasoconstriction by S1P in preconiracted aortae from 5125 or eNOS * mice suggested that S1P
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has a dual action; it contracts arteries under basal conditions {(but not vie S1P;) and mediates
vasodilation (Wie¢ S1P3) in the case of increased arterial tone, with mediation by at least twe
different pathways: one impacting on endothelial cells and another on VSMCs. These effects
may differ among different vascular beds [Nofer er al., 2004].

In conirast to the complete loss of eNQS activation by lysophospholipids i S1Pj-
deficienl animals, the vasodilatory response to HDL, although substantially inhibited (by ~60%),
was not completely abrogated. Other HDL-mediated effects, besides resulting in ¢eNOS and/or
Akt activation, may accouni for the remaining part of HDL-induced eNOS dependent
vasodilation. Tt has been shown that HDL-induced eNOS aciivation is critically dependent on the
binding of HDL to the scavenger receptor, class B, type I (SR-BI), and that Src, Akt, and MAPK
signaling wia SR-BI contribute to eNOS activation [Yuhanoa et al, 2001} (Figure 1.13).
However, it was reported that the major SR-BI protein ligand of HDL, apoAl, failed (0 activaie
eNOS, while an antibody againsi the cytoplasmic C-terminus of SR-BI inhibited the ability of
SR-BI (o stimulate eNOS [Nofer e al., 2004]. LPs are amphipathic molecules, and their ability
to diffuse treely between HDL and the cell suuface may be limiled. Therefore, the interaction of
HDL with SR-BI could provide (he appropriate proximity for SPC, S1P, and LSF io effectively
stimulate S1P;. However, it is important to note that the dala neither exclude direct activation of
S1P; via LPs within the HDL complex nor indirect mechanisms of S1P production/ release,
which could also activate S1P; [Nofer ef af., 2004].

In contrast 1o studies suggesting a role for Akt in eNOS activation by HDL, it was
recently described that HDL bound to SR-BI siimulated eNOS wig an increase in intracellular
ceramide without an increase of [Ca®'}; or Akt activation [Li ef al, 2005]. Interesiingly, recent
findings suggest that plasma membrane estrogen receptors activate eNOS via Akt and that they
are biologically coupled to eNOS through Gi [Shaul and Mineo, 2004]. This has led to the
suggestion that cross-talk exists between estrogen receptors and a GPCR that signals via Gy
[Nofer ¢t al., 2004]. An excellent candidale emerging from recent data would be the S1P;
receplor. The observation that S1Pz acis as a tunctional HDL receptor and that LPs mediate an
important part of its vasodilatory effect raises exciting questions about the role of LP receptors in
the antiatherogenic activity exerted by HDL. Several potentinlly antiatherogenic effects have
been ascribed to LP receptor signaling iz vitro such as preservation of endothelial cell imegrity,
induction of endothelial cell migration, and eNOS aclivation [van der Giet and Tolle, 2004].
Information on LP recepior regulation and function in human atherosclerosis and in animal
models of the disease is sparse, nor are there many studies on the LP content of IIDL in patients
with atherosclerosis or coronary artery disease, these studies may help elucidate the role of LPs
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receptors in HDL-mediated atheroprotection and reveal new methods to prevent and treat clinical
atherosclerosis |Nofer et al., 2004]. Unravelling the mechanisms of lipid mediator binding to
and release from HDL will hopelully provide novel targets for antiatherogenic therapeutics.
Vasodilalory potency of HDL may vary considerably among the population depending on age,
sex and concomitant discase. As currently available drugs are not efficient in raising plasma
HDL levels, modulating the vasoactive properties of HDL might be a new way to combat
atherosclerosis [van der Giet and Tolle, 2004].

HDL is an independent risk [actor in cardiovascular disease, and raising HDL levels alone
results in a significant risk reduction of major cardiovascular events in patients with coronary
disease whose primary lipid abnormality was a low HDL cholestercl level. However, the
mechanisms by which HDL exerts its powerful protective effects are stll not clear. Among its
numerous potential antiatherogenic effects, HDL cholesterol levels are directly associated with
flow-mediated vasodilation in clinical paticnts in vivo [O'Connell and Genest, 2001). Recently,
intravenous admunistration of reconsiituted HDL was shown 1o acutely restore abnormal
endothelial function in the brachial artery of hypercholesterolemic patients. Evidence is provided
that intravenous administration of HDL acutely stimulates myocardial perfusion in vivo in the
murine heart via eNOS activation, and the HDL component sphingosine 1~-phosphaie (S1P) and
its receptor S1P3 have been identified as functional opponenis of this effect [Levkau ef al., 2004],
It is exiremely complex to compare the effects of S1P in vitro and in vivo, especially because
S1P is recognized to induce both vasoconstriction and vasodilation in different settings. To detect
the vasodilative effect of S1P, a study raised mean arterial blood pressure initially by infusion of
endothelin, In isolated arteries, S1P also had opposing effects dependent on the initial arterial
tone, whereas S1P had a vasodilative effect on arteries procontracted with phenylephrine, its
effect on nalive, noncontracted arteries was exactly the opposite. This biclogical behavior of S1P
resembles the action of vasodilators such as diadenosine polyphosphates and suggests that it has
a dual function. S1P contracts arteries under basal conditions, whereas it dilates arteries with
increased arterial ione.  Although SIP is a physiological component of HDL and can
substantially reduce myocardial perfusion it does not appear from the results of this particular
investigation to diminish the stimulatory effect of HDL on perfusion because no further increase
in perfusion by HDL in 1P~ mice was observed [Levkau ef al., 2004].

1.5.15 SH3 demain interactions in receptor signalling

Interaction domaing such as the SH2, SH3 and PDZ binding domains control a broad

range of cellular functions, including signal transduction, cvtoskeletal architecture, protein
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trafficking, geme expression, chromatin organization, organelle biogenesis, cell polarity and
regulated proteolysis [Bladt er @/, 2003], as has already been exemplified in Section 1.5.14.

The Src cytoplasmic tyrosine kinase in its natural state is a peripheral membrane protein
that contains an SH3 domain, an SH2 domain, a tyrosine kinase domain and a short C-terminat
1ail. In its autoinhibited state, ¢-Src becomes phosphorvlaied by c-Src kinase at a tyrosine
residue within the tail. From this ensues an intramolecular interaction with the SH2 domain,
which moves the SH3 domain to associate with the SF2-kinase linker region. Shaped like this,
the activity of the kinase domain is repressed, though the inhibition can be lifted by breaking the
contacts via dephosphorylation of the C-terminal tail, or by binding of a high-affinity ligand to
either the SH2 or SH3 domain. Once activated, the SH3 and SH2 domains are liberated to bind
cytoplasmic targets with appropriate motifs, and the kinase domain is activated to phosphorylate
stich binding partners [Mayer, 2001}.

As an example of the interplay between various dornains the Grb2 adaptor protein, which
possesses a central SH2 flanked by two SH3 domains, can be seen io associate with several
motifs. The SH2 domain binds phosphorylated motifs with the sequence pTyr-X-Asn, found in
aclivated tyrosine kinases and docking proteins. The N-terminal SH3 domain binds proline-rich
motifs in the C-terminal twl of Sos, a GEF for Ras GTPase, The C-terminal SITI3 domain binds a
scaffolding protein, Gabl, which in turn activates the PI3-kinase, generating PI-3,4,5-P; at the
plasma membrane. PIP3 provides a docking site for the PH domains of the serine/threonine
kinases PKB/Akt and PDK1, which collaborate to activate signalling pathways involved in cell
survival and cell eycle control [Bladt ef al., 2003].

It has been demonstratcd that of the five known isoenzymes generated by the
phosphodiesterase 4D gene (PDE4D), the brain specific PDE4D4 form can interact with certain
SH3 domains expressed as GST fusion proteins. A screen of SH3 fusion proteins revealed
selective interaction with certain Src family tyrosyl kinases SH3 domains. It has been suggested
that this may indicate a tendency of this isoenzyme to interact with specific SH3 domain-
containing proteins [Beard e al, 1999]. Due to the relative importance of these interaction
domains in signal transduction it is useful to identify potential sites of interest within the S1P;
receptor, and examine how they exert their role in S1P signalling. As mentioned previously, the
S1P; receptor has an SH3 binding motif domain present within its C-termiinal (Figure 1.10). The
RASPIQP fragment was chosen for investigation of its protein-protein interactions using both the
yeast 2 hybrid system and fusion protein methodologies. This will be discussed in further detail
in Chapter 5.
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1,6 Yeast Double Hybrid Systent Analysis
Usual tools available for the analysis of protein-protein interactions in multicellular

organisms have been restricted to blochemical methods employing physical means of delection.
Most familiar is the use of acrylamide gels, but also affinity chromatography, affinity blotting,
immunprecipitation and cross-linking are available. Protein-protein interactions ate intrinsic to
nearly every cellular process, all DNA related processes from replication through to translation,
to secretion, control of cell cycle, stages of metabolisin, formation of enzymatic complexes and
the manifestation of cellular macrostructures [Bartel and Fields, 1997; Milligan and White,
2001}. Complex interactions of proteins result in the formation of cytoskeleton, nuclear scatfold
and the mitotic spindle. Protein-protein interactions seer to play crucial roles in the formation of
comparatively smaller siructures such as nuclear pores, centrosomes and kinetochores. As well
as a vast structural requirement fulfilled by protein-protein interactions, many cellular processes
are also controlled and regulated by transient protein-protein interactions. Enzymes interact only
transiently with their substrates. Many enzymes can modify an array of proteins that cover
fundamental processes like cell growth, cell cycle, metabolic pathways and signal transduction.
Exiremely large complexes also mediate many of these enzymatic activities. In many signal
transduction pathways, catalytic activities involved, such as protein kinases, may bind strongly to
their protein susbstrates, Structural proteins required for signal transmission have been
suggested to act as scaffolds, bridging several proteins imvolved at consccutive steps in a protein
structures through which a signal is being transmitted. Alterations in these interactions
contributes to diseases. There is cause then for manipulation of these important inferactions as
potential therapeutic strategy. The Two-Hybrid Svstem is a molecular genetic tool which
facilitaies the study of protein-protein interactions. The protein under investigation is called the
bait. The protein caught with the bait is the prey. This is mteraction is [acilitiated by vsing a
cDNA library in a special vector so that the yeast transiates the gene cloned as a cDNA as a
fusion with part of a Gald (the betu-galactosidase gene) protein. The intact Gal4 protein is a
transcriptional activator which has two separate functions (a DNA-binding domain and an
activating domain). If the bait and prey proteins interact, then a reporter gene e.g. Gall-lacZ, is
transcriptionally activated, and a colour reaction on specific media is observed. This can be used
to study the interaclion between two proteins which are expected to interact and/or as a means of
cloning a gene encoding a protein which interacts with a protein for which the gene is already
available {Barte! and Fields, 1997].

The specificity, selectivity and duration of GPCR signaling are optimized by the

scaffolding of functional multi-protein complexes associated with receptor C-terminal tails.
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Although the C-terminal tails of GPCRs have been readily accepted for the fine-tuning of G
protein activation, their roles as bait to find GPCR-associated proteins have only recently been
established [Bockaert ef @l, 2003). Interestingly, many GPCR splice variants differ in their C-
termini, for example, eight C-terminal splice vananis have been described for the 5-HT, recepior
[Bockaert ef al., 2004], and four C-terminus splice variants exist for mGluR1l [Fagni er al.,
2000], and prostaglandin EP3 receptors [Hatae ef af., 2002}, variants of which bind to different
intracellular scaffolding/signaling molecules thal specify their transduciion signals [Bockaert es
al., 2003],

Many studies use the yeast two hybrid system and GST fusion assays in tandem to
provide supporting evidence for physiological interactions of proteins, rather than artificial
interactions due to proximity.

1.6.1_ GST Fusion Studies

The study of protein interactions using GST fusion proteins was first performed between
the human B2-adrenoceptor and the a-subunit of its cognate G protein G,. The fusion protein was
produced by ligating logether ¢cDNAs encoding both proteins. The results from this study
suggested that agonist occupation of the {usion protein resulted in the activation of AC and
elevation in potency was suggested to reflect a covalent link beiween the receptor and the G-
protein, which causes more efficient coupling between pariner proteins [Milligan, 2000]. GST
fusion proteivs are unique tools for explorative pharmacology as they allow investigation of
ligand efficacy, the contribution of post translational modifications to GPCRs and G-proteins to
agonist function and the quantitative effects of point mutations in GPCRs and G proteins on the
affinity of their interactions and transfer of information between the proteins [Milligan, 2000},
The benefit of GST fusions is that the stoichiometry of expression in the two proleins 18 always
1:1 and is not dependent on the cell system used. The fusion approach, if analysed at the
appropriate interaction should ensure directly comparable agonist-binding affinity and ECso for
G-protein activation. This approach supports investigations of the relationship between ligand
binding and receptor activation [Milligan, 2000].

A study using both the GST fusion strategy and the yeast two hybrid system identitied
endophilin 1/2/3 as novel binding partmers for P1ARs. This study suggest that interaction
between proline-tich molifs and SH3-containing proteins may represeni a previously
underappreciated aspect of G-protein coupled receptor signaling [Tang ef al., 1999]. More on
GST fusion studies will be discussed in Chapter 5.
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1.7 The Study of GPCR Cell Surface Distribution and Agonist-Induced Internaligation

Using Green Fluorescent Protein (GFP)
Classical approaches to studying GPCR internalisation include radioligand binding,

physical fractionation techniques and immunoflurescence [Kallal and Benovic, 2000]. However,
the recent application of green Huorescent protein (GFP) as a tool in the study of agonist-induced
GPCR internalisation has proved invaluabie [Drmota ef al., 1998; McLean ef al., 1999; Milligan,
1999; Kallal and Benovic, 2000; Sarvazyan ef al., 2002}. The gene encoding GFP was originally
isolated from the jellyfish Aequorea Victoria in 1992 [Prasher e af., 1992; Inouye and Tsuji,
1994].

GFP is an autofluorescent protein of 238 amino acids that emits green light with an
emission maximum of 509nm upon fluorscent excitation at 488nm derived from either standard
fluorescence microscope light sources or fluorescein isothiocvanate (FITC) excitation and
emission filters [Tsien, 1998]. The usc of GFP in the study of receptor internalisation has been
used for a variety of GPCRs, including the cholecystokinin CCK1 receptor, B2AR, thyrotropin-
releasing hormone TRH1 receptor and the vasopressin V2 receptor [Tarasova er al., 1997,
Drimota ¢ al., 1998; Schulein ef al., 1998; McLean ef al., 1999].

There are a number of advantages gained from using GFP [Milligan, 1999; Kallal and
Benovic, 2000]. Since there are no cofactors or substrates required for fluorescence, the time
and expense of using primary and secondary antibodies on fixed cells can be avoided. GFP-
expressing cells can also be studied on living cells in real time so that the dynamics of protein
trafficking can be observed. Cells expressing GFP can also be fixed, as GFP is relatively
chemically resistant. Also, since GFP is covalently attached to the protein of interesi, non-
specific fluorescence is avoided. One of the major disadvantages of using GFP is that the
expression of GPCR-GFP chimeras in cells results in the labelling of protein biosynthetic
compattments, such as the endoplasmic reticulum and Golgi, which can influence the
interpretation of results [Kallal and Benovic, 2000].

Many examples ol GFP-tagging of GPCRs, such as the B2ZAR and TRHI1 receptor, have
shown that the addition of GFP has no effect on the receptors’ ability to bind ligand and that the
ability to generate second messengers and to desensitise was unaffected [Tarasova er al., 1997;
Drmota et al., 1998, Schulein er al., 1998; McLean et al., 1999], However, GFP-tagging may
result in altered properties of the receptor. Hence, careful experimental comparisons to untagged

proteins should be made prior to visualisation studics using confocal microscopy.
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1.8 Aims

The aim of this PhD is to characterise the phosphorylation, internalisation and
desensitisation of the sphingosine 1-phosphate receptor, S1P;. Due to the distinct dilferences
that exist amongst GPCRs in relation to the processes ol receptor phosphorylation and
internalisation a basis for studying the regulation of S1P; can be taken from the most well
characterised examples of GPCR phosphorylation and internalisation, the PaAR. Alongside this
line of investigation a Yeast Two Hybrid Technique will be employed to examine any potential

protein-protein interaciions that may be unique to the S1P; receptor.
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Figwre 1.1; Comparison of predicted structure for bovine rhodopsin with the x-ray erystal
shuctlure,

A comparison of the predicted structure for bovine rhodopsin (green) with the x-ray crystal
structure (blue). The TM regions have an rms deviation in alpha carbon coordinates (CRMS}) of
3.1 A. Taken from [Vaidehi ef a/., 2002]
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various conformations in

equilibrium,

Contrary to the inactive state (R), the active state can interact with G proteins to initiate response.
These active conformations occur either spontaneously (R"), leading to constitutive activity of
GPCRs, or through ligand binding (LR"). The competition between LR" and R” for the G proteins
leads to agonism, neutral antagonism, or inverse agonism. Taken from |Gbahou ef al., 2003].
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Figure 1,3: Structure of G-protein, showing the location of each subunit, including the
By complex.

gg = geranylgeranyl (on y-subunit) stable.
p = palmitate (on o.-subunit} labile.

SI, S1I and SIil show the switch sites.
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Figure 1.4: Relationship of G-Pretein subfamnilies:

A phylogenetic tree showing the sequence homology of each member of the four Go-protein

subfamilies,

These include:
Go,  stimulates adenylate cyclase
Gogyp stimulates adenylate cyclase
Goyy  undefined
Guoyz inhibits adenylate cyclase
Gous  regulates K channels
Go, regulates Ca®* channels
Gay  transducin 1, activates ¢cGMP phosphodiesterase
Goy,  transducin 2, activates cGMP phosphodiesterase
Gao, undefined
Goys regulates phosphelipase C
Gaye regulates phospholipase C
Goys  regulates phospholipase C
Gayy  regulates phospholipase Cyl
Gag  regulates phospholipase C
Guo2  activates small G-proteins, such as Rac and Rho

Gouys  activates small G-proteins, such as Rac and Rho
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Figure 1.8: S1P and LPA Structure
A: Signaling functions of the substrate and product of the SK reaction. SKs using ATP as the

phosphate donor, catalyze the phosphorylation of D-erythre-sphingosine to produce SI1P. Several
downstream targets and potential functions of both sphingosine and S1P are indicated. PXC,
protein kinase C; JCRAC, calcium release-activated calcium current.

Image taken from {Spiegel and Milstien, 2002].

B: LPA; 1-acyl-2-sn-glycerol-3-phosphate is a naturally occurting LP that activales diverse
cellular actions on many cell types. It is also an intermediate in de novo biosynthesis of membrane
phospholipids. Although all cells contain small amounts of LPA associated with membrane
biosynthesis, some cellular sources can produce significant amounts of extracellular LPA such as
activated platelets, which account for the LPA found in serum [Contos ef al., 2000]. LPA is shown
here with 81P and SPC to compare structures.
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Figure 1.6: Sphingolipid synthesis. twinever and funciions.

The term sphingolipid generally refers to any of an array of lipids consisting of a head group
attached to the 1-OH of ceramide (Cer). Cer consist of a sphingoid base, usually referred 1o as a
long chain base (LCB), which is N-acylated. De novo synthesis of LCBs begins with condensation
of the palmitoyl CoA and serine, forming 3-ketosphinganine. This product is then reduced to
sphinganine, also known as dihydrosphingosine (dihydro-Sph; 2-amine-1,3-dihydroxy-
octadecans), A 14-26 carbon fatty acid chain is then added in an amide linkage with the 2-amino
group, forming dihydroceramide (dihydro-Cer). A head group, such as phosphocholine or a
carbohydrate, can now be added to the 1-OH, forming a SL, although most SLs of higher
eukaryotes contain further modifications of the LCB. In mammalian cells, dihydro-Cer usually has
a 4,5-trans double bond introduced, forming Cer. The corresponding LCBs are referred to as
sphingosine (Sph, also called sphingenine) and phyto-Sph, respectively. The term ceramides
refers to N-acylated LCB species in general, while Cer will be used to designate N-acyl Sph. The
most common LCBs are Sph, dihydro-Sph and phyto-Sph, although there are reports of other
modifications, including additional double bonds, other hydroxylations, 3-O-acetyl, methylations,
and even 3-ketosphinganine as the LCB of some glycosphingolipids. Metabolism of SLs is a
constitutive process, with removal of the head group yielding Cer. In mammatian cells,
ceramidases hydrolyze the N-acyl chains, leaving the LCBs, most commonly Sph. Sph can be
phosphorylated on the primary hydroxyl by SKs (SKi or SK2), forming S1P. S1P then can be
cleaved by S1P lyase. dihydro-Sph and phyto-Sph can alsoc be phosphorylated and degraded in
this manner, Although degradation of S1P by S1P lyase is irreversible, S1P can be converted
back to Sph by specific S1P phosphohydrolases (SPPs), and Sph can be re-acylated 10 Cer by Cer
synthases. Thus, dihydro-Sph can be synthesized de novo, but Sph can only arise from
metabolism of SLs.

Adapted from | Maceyka ef al., 2005], adapted from [Le Stunff ef al., 2002}
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Figure 1.7: Phylogenetic tree of selected human G protein-coupled receptors.

‘The values show branch lengths that represent the evolutionary distance between each pair of
sequences. The sequence divergence is equal to the sum of sach vailue of branch length. Taken

from [Kostenis, 2004).
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Figure 1.8: Mode] signalling systems for the S1P receptors

Five signalling models showing the coupling pathways of the different S1P receptors.

A: S1P; couples only to G;, making all its effects PTX-sensitive. The arrow from Akt to the
receptor indicates phosphorylation (p) of the recepior by Akt.
B: S1P;-
S1P; and 81P; couple to Gi, Gq, and Gys. The thick arrows show the predominant
pathway regulating Rac. While S1P; activates Rac, S1P; inhibils it.
C: S1P; -
D: S1P; couples to G; and Gys. It also aclivates adenylate cyclase (AC) through an unknown
mechanism.
E: S1Ps couples to Gz and Gi. It inhibits ERK and activates JNK in a PTX-insensitive manner

Image taken from [Tzaha et al., 2004].
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Figure 1.9: A comparison_of S1P and LPA receptor signalling in_ mouse embryonic
fibreblasts (MEFs).

A: Intracellular signalling effects of S1P through S1P,_3 receptors. Whether S1P; mediates

activation of Rac in MEFs is presently controversial. Weak activation of signalling molecules by
distinct receptors are indicated by dashed arrows. AC, adenylyl cyclase; cAMP, cyclic adenosine
monophosphate; DAG, diacylglycerol; IP3, inositol 1,4,5-triphosphate; JNK, c¢-Jun N-terminal
kinase; PKC, protein kinase C; PLC, phospholipase C; Rock, Rho-associated kinase.

B: LPA,- and LPA,-mediated effects on signaling molecules.

Image taken from [Anliker and Chun, 2004aj.
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Figure 1.10: Schematic plot of S1P; receptor
A schematic diagram of the  SIP3 receptor  adapted  from  Visuer

hitp:/fwww. gper.org/7imy/seg/diagrams IGRAP/EDG3_HUMAN-rbdg himl showing the

conformation of the receptor within the plasma membrane. Residues denoted by a white circle
show regions that have been previously investigated by other researchers in the field. The missing

residues are listed as follows:

A: 2 ATALPPLQPU RGNETLREHY QYUGKLAGRL KEA *

B: ¥ LTMIKM

C: "* ppCST **

D: 2 LVKSSSRKVA NHN

E: 269 CRV 271

F: 2 TLAS KEMRRAFFRL VCNCLVRGRG ARASPIQPAL DPSRSKSSSS NNSSHSPKVK
EDLPHTAPSS CIMDKNAALQ NGIF N

A synthetic peptide MRPYDANKR derived from residues along the second intracellular loop
listed in B were shown to induce a pro-angiogenic signal by S1P; [Licht er a/., 2003].

Residues denoted by F were the residues used in this research to study the effects of the C-
terminal tail. RASPIQP represents the SH3 interacting domain motif.
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Tigure 1.11; Biological roles of lysophospholipids in different systems

Receptor-mediated cellular responses to LPA and S1P, such as survival, proliferation, and
migration, exhibit biological significance particularly within the nervous system, the
cardiovascular system, the immune system, and the female reproductive system. Indicated are
physiological and pathophysiological functions of LPA and S1P and the involved receptors. 12-2,
interleukin-2; OCCs, ovarian cancer cells; SCs, Schwann cells; VEC, vascular endothelial cells;
VSMCs, vascular smooth muscle cells; ZDL, high density lipoprotein. Taken from {Anliker and
Chun, 2004].
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A model for HDL-induced eNOS activalion and vasodilation by the lysophospholipid receptor
S1Pa. PI-PLC, phosphatidylinositol-specific phospholipase C. A-I, apolipoprotein A-I; N and C,
amino- and carboxyl terminus of the Scavenger Receptor Class B, Type I (SR-BI). Adapted from
[Nofer er al., 2004} to include FTY720 which requires endogenous phosphorylation to effect
arterial vasodilation via S1P;. FTY720 is currently in clinical trials as the first immunomodulator
for prevention of organ graft rejection in clinical development that, in addition, positively affects
the endothelium by stimulating NO production, and thus potentially displaying bensficial effects

on transplant survival beyond classical T cell immunosuppression [Tolle ef a/., 2005].
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In endothelial cells (EC), FTY720-P induces translocation of vascular endothelial cadherin (VE-
cadherin) and P-catenin to the focal contact sites between the cells, thereby promoting adherens
junction assembly. The «-, B~ and Y-catenins connect to the intracellular cortical aclin ring of the
cytoskeleton and this process stabilizes the endothelium and enhances endotheliat barrier function.
Similar effects are induced by S1P, suggesting that FTY720-P may not internalize¢ but rather

signal ils target recepiors in BC; the signaling may involve $1P; and/or S1P;. Image taken from
[Brinkmann ef al., 2004].
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The scheme depicts cross-communication between a tyrosine kinase growth factor receptor,
PDGFR, and S1P recepiors. Binding of PDGF to PDGFR results in activation and translocation
of SK to the plasma membrane and generation of S1P is restricted.

A: S1P then activates S1P receptors leading to recruitment and/or activation of downstream
signalling molecules, including Sre, FAK, and Rac, which are important for ceil migration.

B: Other downstream signalling, such as phospholipase C that regulates calcium levels is
depicted. S1P can mobilize calcium from intemnal sources either via an unidentified inositol
1,4,5-trisphosphate (/P3)-independent receptor on the ER or by activation of S1P receptors that
stimulate phospholipase C. Stimulation of SK also results in decreased sphingosine levels that
normally block the store~operated calcium release-activated calcium current leading to refilling
of the stores. DAG = diacylglycerol. [Spiegel and Milstien, 2002].
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Figure 1.15: Cross talk of S1P; and PDGE aud alse SiP; and PDGF: Integrative and

Sequential madels
A schematic diagram of different types of interactions between S1P receptors and PDGFR. The

lefl panel shows a “sequential” mode! which has been proposed for the S1P, receptor and PDGF
[Hobson et al., 2001; Rosenfeldt et af, 2001]. The middle panel illustrates the proposed
“integrative” model put forward, also S1P; and PDGF [Alderton ef al., 2001b;, Waters ef al,,
2002]. The right panel shows S1Ps;-mediated Akt activation and crosstalk with PDGF which can
be compared to the crosstalk of S1P; with PDGF.

Image taken from |Baudhuin er al., 2004].
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Figure 1,16: Membrane domains classified by different lipid compositions
Membrane domains classified by different lipid compositions. Diagram of membrane depicting a

caveolar and noncaveolar raft enriched in (glyco)sphingolipids and cholesterol, and flanked by
semiordered lipid domains that border minimally ordered (nonraft) membrane areas. Adapted
from [Hoekstra e al., 2003].
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Figure 1.17: GPCR Receptor Signalling and the yole of B-arrestins
The role of B-arrestins in the desensitization, sequestration and intracellular trafficking of GPCRs.

(1) Homologous desensitization of GPCRs results from the binding of B-arresting (B-arr) to
agonist-occupied receptors following phosphorylation of the receptor by GRKs. B-arrestin binding
sterically precludes coupling between the receptor and heterotrimeric G proteins, leading to
termination of signaling by G proteins effectors. Receplor-bound B-arrestins also act as adapter
proteins, binding 1o components of the clathrin endocytic machinety including clathrin, B2-adaptin
(AP-2).

{(2) Receptor sequestration reflects the dynamin (Dyn)-dependent endocytosis of GPCRs via
clathrin-coated pits. Once iniermalized, GPCRs exhibit two distinct patterns of B-arrestin
interaction. 'Class A' GPCRs, for example the 32 adrenergic receptor, rapidly dissociate from B-
arrestin upon internalization, These receptors are trafficked to an acidified endosomal
compartment, wherein the ligand is dissociated and the receptor dephosphorylated by a GPCR-
specific protein phosphatase PP2A isoform, and subsequently,

(3) Recycling to the plasma membrane and down-regulation. ‘Class B' receptors, for example the
angiotensin 11 ATla receptor, form stable receptor-B-arrestin complexes. These receptors
accwnulate in endocytic vesicles and are either targeted for degradation or slowly recycled to the
membrane via as yet poorly defined routes.

Adapted from [Lefkowitz, 1998].

Adapted from Biocarta. com image.
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Table 1.1: Nomenclature of S1P Receptors, Past and Present.

Internationally agtecd nomenclature [Chun ¢f @l., 2002].

EDG Nomenclature S1P/LPA Nomenclature
EDGt S1pP,
EDG2 LPA,
EDG3 51P;
EDG4 LPAz
EDGS5 S1p,
EDG6 S1Py
EDG7 LPA;
EDG8 S1Ps
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Table 1.2: Characteristics of S1P receptors

S1P receptors and the G-proteins they couple with.

Receptor Coupled G-proteins Expression pattern
S1P/EDG-1 Gio Widely expressed
S1Py/EDG-5 GiioGy1213 Widely expressed
S1P/EDG-3 GinGy1213 Widely expressed
S1P,/EDG-6 Giwo [ Lymphoid tissues
S1Ps/EDG-8 GinGy12 Brain, spleen
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CHAPTER 2

Materials and Methods
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2.1 Materials

All reagents used were of the highest grade commercially available and obtaned from the
following suppliers:

Amersham Pharmacia Bioftech, Buckinghamshire, UK

Glutathione-Sepharose beads, Rainbow High Molecular Weight Range protein markers (14300-
220000Da)

Alexis Corporation, San Diego, (A, USA

Dithiothreito]

Beckman Conlter, Buckinghamshire, UK

4m! Ultra-Clear tubes

BDH Chemicals 11d., Poole, UK

Glass coverslips

Clontech, Palo Alto, CA, USA

Caveolin-1 mouse IgGl, 5-bromo-4-chloro-3-indolyl-o-D-galactopyranoside (X-a-Gal), Y187
library, pGBKT?7 vector, pGAD GH vector, pGAD C1, AH109, Yeast Nitrogen-Base, Lysozyme
Calbiochem-Novabiochem (UK) Itd., Nottingham, UK

Forskolin, S11

Costar, Cambridge, MA, USA
75cm” tissue culture flasks, 60mm and 100mm tissuc culture dishes, 6-, 12-, and 24-well tissue

culture plates, cryovials

Fisher Scilentific, Loughborough, Leicestershire, UK

HEPES, sodium dodecyl sulphate (SDS), EDTA, DMSO, (w/v) ethidium bromide solution,
glacial aceiic acid, methanol, ethanol, concentrated Hydrochloric acid, sodium fluoride, sodivm
phosphate

GIBCO BRI Life Technologies, Paisley, UK

Phenol:chioroform:isoamyl alcohol (w/v), Lipofect AMINE, newborn call serum, OptiMEM,
phosphate-free Dulbecco’s Modified Eagle’s Medium (PF-DMEM)

Interactiva, Germarny, Cruachem, Glasgow, UK

Oligonucleotides

Melford, Chelsworth, Ipsich, Suffolk, UK

Kanamycin

Merck, Darpistadt, Germany

Bactolrypione, agar
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Molecular Probes Europe, AA Leiden, The Netherlands

Alexa™ 594-conjugated goat anti-mouse 1gG

New England Biolabs Inc., Beverley, MA, USA

1kb DNA Ladder, 100bp DNA ladder, resiriction enzymes

NEN Life Science Producis Inc., Boston

ECL reagents, “2P-orthophosphate, autoradiography flm

Novagen, CN Bioscience Inc., La Jollo, CA, USA

Gene Juice transfection reagent

Plerce Wariner, Rockford, IL 61105, USA

EZ-Link™ Biotin-LC-hydrazide, HRP-streptavidin

Promega, Southampiton, UK

T4 DNA Ligase, Promega™ Wizard Plus SV miniprep kit, G-418 sulphate, restriction enzymes
Qiagen, Crawley, West Sussex

QIlAquick Gel extraction kit, plasmid maxi kit

Roche Molecular Biochemicals/Boehringer-Mannheim, Mannheim, Germany

Tris, DNA molecular weight marker, restriction enzymes

Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA

Antj-GFP rabbit polyclonal IgG, Anti-IkB antibodies, anti-B—Arrestin-2, anti-f—Arrestin 1
Schileicher & Sclhuell, Inc., Keene, NH, USA

Nitrocellulose membrane

Sigma-Aldrich Comany Ltd., Poole, Dorset, UK

Triton X-100, soybean tirypsin inhibitor, benzamidine, pepstatin A, IgG-free bovine serum
albumin, faity acid-free bovine serum albumin (BSA), protcin A-Sepharose, protein G-
Sepharose, sodium periodaie, 30%/0.8% (w/v) acrylamide/bisacrylamide solutton, HRP-
conjugated goat anti-rabbit IgG, HRP-conjugated goat anli-mouse IgG, rabbit anti-mouse 1gG
bridging antibody, thimerosal, bromophenol blue, bichinchonic acid, sedium azide, agarose,
deoxycholic acid, ammonium hydroxide, isobutyric acid, ampicillim, paraformaldehyde,
N,N,N°, N’-tetramethylethylenediamine (TEMED), phenylmethylsulphonylfivoride (PMSF), 8-
bromo-cGMP, Ham’s F-12 medium, Dulbecco’s Modified Eagle’s Medium (DMEM),
phosphate-buffered saline (PBS) (sterile), foetal bovine serum (FBS), trypsin,
penicillin/streptomycin, L-glutamine, sucrose, zymolase, amino acids

Stratagene, N. Torrey Pines Rd. La Jolla, CA 92037-1073

Pfis Turbo DNA polymerase
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Tocris/Semat Technical (UK) Ld., St. Albans, Herts.,, UK
A23187

Upstate Ltd, Milton Keynes, UK

Anti-GRK2/3 monoclonal antibodies

Ascites containing 9E10 monoclonal antibody specific to the myc-epitope, Glu, Gin, Lys, Leu,
Ile, Ser, Glu, Glu, Asp, Leu, was prepared in-house al Duke University, Durham, NC by Dr Tim
Paimer.

Purified recombinant bovine GRK2 and GRKS from S cells 1mmol phosphate/min/mg using
light activated rhodopsin as a substrate, provided by Jeffrey L. Benovic, Kimmel Cancer Cenre,
Department of Microbiology and Immunology, Thomas Jefferson Universily, Philadelphia
PA19107. pCMYVS5 expression constructs encoding bovine GRK2 and GRKS were generated
following subcloning of the open reading frames from pBC12BIGRK2 and pBC12BI/GRKS
expression constructs donated by Prof. Benovic.

The buman S1P; ¢cDNA in pcDNA3 was the generous gift of Dr. Alan Wise {GlaxoSmithKline,
Stevenage, UK.).

Sheep o GFP antibody was the generous gift of Francis Barr,

Bacterial expression constructs encoding glutathione-S-iransferase-Src homeology 3 (SH3)
domains [Beard et al., 1999] were the generous gift of Professor Miles Houslay (Universily of
Glasgow, UK.

pGADT7, pGM20, pGM22 and pGM47 were the generous gift of Gerhard May ((University of
Glasgow, UK.}
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2.2 Cell Culture and Transfections
2.2.1 CeH Maintenance
CCL39, HEK293 and HEKLT cells were maintained in DMEM, supplemented with

10%(v/v) FBS, penicillin (100 units/ml), streptomycin (100pg/ml) and 1mM L-glutamine in a
37°C humidified atmosphere containing 5% CO;. Cells stably expressing S1P; or S1Fs receptors

were maintained in the appropriate medium supplemenied with G418 in order to optimise
receptor expression by maintaining selection pressure. Cells were routinely passaged 1:10.
Confluent T-75 flasks were washed with PBS without calcium chioride and magnesium chioride.
Cells were detached by the addition of 2ml of trypsin, followed by incubation at 37°C for 30
seconds. 8mls of medium were then added to the flasks and the cells pippetted genily fo allow
resuspension, Cells were either passaged inio flasks to maintain the cell line or seeded for
experimental analysis.

2.2.2  Transient Expression of ¢<DNA Expression Constructs

c¢DNA expression constructs were transiently transfected into either HEK293, HEKLT or
CCL39 cells using a Lipofectamine-mediated transfection protocol. Cells were plated into 6-
well dishes at the appropriate density such that they would be 70-80% confluent the following
day. Transfection mixes of 0.24ml OptiMEM, 2pg plasmid DNA and 4ul Lipofectamine were
prepared in sterile microfuge tubes for each well. The tubes were then mcubated at room
temperature for 15-45min to allow transfection. During this incubation, each cell monolayer was
washed once with 2ml/well OptiMEM prior to the addition of 0.75ml/well of OptiMEM.
Following the 13-45 minute incubation, the Lipofectumine-DNA-OpiiMEM mixes were added
dropwise 10 each well and incubated for 3 hours at 37°C. The medium was then removed from
gach well and replaced with 3ml/well of normal growth medium. Cells were analysed 48-72
hours posi-transfection.
2.2.3 Stable Expression of cDNA Expression Constructs

On day one confluent CCL39s cells in a T75 flask were split with 2ml trypsin. When
detached, 6ml DMEM minus G418 was added and resuspended by pipetting. 1mi of suspension
was added per 10mm dish which already contained 9ml DMEM minus G418. The following day
cells were 70-80% confluent. In a sterile microfuge tube, 30ul Lipofectamine and 10pg of either
pcDNA3/mycS1P; or pcDNA3/mycS1P:GFP were added to 0.4ml of OptiMEM, mixed and
incubated for 15-45min and then added to each dish containing 5.2mi of OptiMEM, to give a
{inal volume of 6éml. Dishes were incubated at 37°C for 3 hours. After incubation the
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Lipofectamine-DNA medium was removed and replaced with 10ml of DMEM with G418. On
day 4, ihe cells were split for selection with (.4mg/ml G418 into 5 dishes representing 8 2:5, 1:3,
1:10, 1:20 and 1:40 cell suspension. Afler selection in G418, resistant colonies were isolated,
expanded and screened for receptor expression by immunoblotting and, in the case of the GFP
constructs, fluorescence microscopy following excitation at 488nm uvsing an argon/krypten laser.

2.3 Molecular Biology

2.3.1 Preparation of Antibiotic Agar Plates

LB agar (1% (w/v) bactotryplone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl, with 1.5%
(w/v) agar was prepared, autoclaved and allowed to cool before the addition of the appropriate
antibiotic (either ampicillin at 50pg/ml or kanamycin at 30pg/ml final concentrations). The
liquid LB was poured into 90mm Petri dishes and allowed 1o solidify and sweal overmight at
room temperature. Plates were then stored at 4°C until required.
2.3.2  Preparation of competent X1L.1 Blue E.coli

An overnight culture of XL1 Blue E.coli was grown in 3ml of LB broth containing
50ug/ml tetracycline. The next day, 250ml of LB broth was inoculated with the culture and
grown with aeration until the cells reached log phase. The cells were then transferred into two
250ml centrifuge tubes on ice and left for 1 hour, Log phase was defined when the optical
density (ODsoo) reached approximately 0.35-0.375, Cells were centrifuged at 4000g at 4°C for
20 minutes, the supernatant decanted and the cells resuspended and washed in Y starting volume
of ice~-cold 0.1M magnesium chloride. Following a second 20 min centrifugation, the cells were
resuspended in Y% starting volume of ice~-cold 15% (v/v) glycerol with 0.1M calcium chloride,
250mi of resuspended cells were each aliquoted into sterile microfuge tubes on dry ice/methanol,
to induce rapid freezing, and stored at —80°C uniil required.

2.3.3 Transformation of Competent . coli

Approximately 30-50ng of DNA was added to a thin-walled, plastic round-bottomed
13mil Falcon tube on ice. 50wl of thawed competent £.coli were added and the DNA and £ colf
mix incubated on ice for 10min. The tubes were then incubated for Smin in a 37°C water bath,
0.5ml LB/tube was then added and the tubes were incubated for 45min at 37°C. 200pul from each
transformation was then plated onto an LB agar plaie supplemented with the appropriate
selection antibiotic and incubated overnight at 37°C.

2.3.4 _Mini- and Maxi-Preparation of Plasmid DNA
Transformed colonies were picked from agar plaies and used io inoculate 5-10mi LB

containing appropriate selection antibiolic, and grown overnight at 37°C with shaking at
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~200rpm for aeration. Plasmid DNA was prepared using the Promega”" Wizard Plus SV
miniprep purification system as per the manufacturer’s instructions. Larger quantities of DNA
were oblained by transferring an initial overnight culture into 500ml of LB broth containing the
appropriate antibiotic and grown overnight. DNA purification was achieved obtained using the
Qiagen Plasmid Maxi-kit system. The concentration of DNA obtained was determined by
measuring the absorbance at 260nm (Aaxqo) of a 1:50 dilution of each preparation in sterile HyO,
assuming that 1 absorbance unit was equivalent to 30pg/ml of double stranded DNA. DNA
purity was assessed by measurement of Azso/ Azgp ratios.

2.3.5 Digesiion of Plasmid DNA

1-2ug of plasmid DNA was digested in a volume of 10-20ml using the buffer conditions
recommended by the manufaciurer with 2-4 umils of the appropriate restriction enzyme.
Digested DNA was analysed by agarose gel electrophoresis in which samples were prepared by
the addition of a 1:3 dilution of loading dye. Electrophoresis was applied to a 1% (w/v) gel
containing 2.5ug/m! ethidium bromide at 75V for 20-30min in a TAE buffer (40mM Tris-
acetate, lmM EDTA, glacial acetic acid). DNA purificalion from excised agarose gel chips was
achieved using Quiagen QIA quick gel purification kii, as per manufacturer’s instructions.

2.3.6 _Ligation of DNA fragments

Ligation was carried out overnight at 4°C in a reaction volume of 10pd containing 30mM
Tris-HCl, pH7.8, 10mM magnesium chioride, 10mM DDT, 1mM ATP, with 1l T4 DNA ligase.
Vector and insert DNA were present at a ratio of 1:4. Ligated DNA was then transformed into
competent £.coli as described in section 2.3.3.

2.3.7 Construction of S1P; Receptor constructs

() Generation of Human MycS1P3 cDNA Lxpression Construct:-

Myc epitope (EQKLISEEDL) and Hiss sequences were added to the C-terminus of the
human S1P; open reading frame by PCR using a pcDNA3/S1P; cDNA as the template. Standard
PCR reactions contained in a volume of 100pl, 100ng template DNA, 100mM dNTPs, 50pmol
sense/antisense primers, 0,002 units Pfu turbo, 10 10-fold concentrated amplification buffer
and 5% (v/v} DMSO. The reaction was initiated by a denaturation cycle of 95°C for 5 min
followed by 30-40 cycles of a 95°C (1min) denaturing step, 55°C (1min) avnealing step and
72°C (1.5min} extension step. A final cycle of 95°C (1min), 55°C (1min) and 72°C (} Omin) was
added before reactions were placed at 4°C until required. The primers used were:-

53" ~CATTGAAGCTTCCACCATGGCAACTGCCCTC-3’ (sense) und

5" ~-CATTGTCTAGAGTTGCAGAAGATCCCATTCTG-3" (antisense)
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The sense primer was designed to add a Hindlll site (boid) upstream of a consensus
Kozak sequence (underlined) and the S1P: initiating Met (italics). The antisense primer was
designed to remove the S1P; stop codon and add a Xhal site (bold). This was to allow in-frame
fusion of the S1P: open reading frame with the myc epitope and Hisé sequences following
subcloning of the Hinc/ll/Xbal-digested PCR product into a similarly digested pcDNA3mycHis-
A cxpression vector (Invitrogen), The completed digests were resolved on 1% (w/v) agarose
gels at 75V in TAE buffer.

(it) Generation of MycS1P3; A27 and N45 cDNA expression consiructs:-

An analogous PCR sirategy was used to generate epitope-tagged S1Ps truncation mutants
in which either 27 or 45 amino acids had been deleted from the carboxyl-terminus. The integrity
of all open reading frames was confirmed by the use of DNA sequencing.

27 truncation:

5'AAA CCT TCT AGA GAC CTT CGG AGA GTG GCT GCT ATT GT'1 3'(antisense)
45 truncation:

5'AAA CCT TCT AGA GTC GAG CGC AGG CTG GAT GGG 3'(antisense)

(iii)  Generation of MycS1P3s-GFP cDONA expression constructs:-

These were generated by PCR using the pcDNA3/myc-His-S1P; receptor as a template
for the pcDNA3/myc-His-S1P:-GFP construct. The primers used are shown below:-

dICTGGCTAACTAGAGAACC  (sensc)

dCAT TGG GAT CCC GAT GGT GAT GGT GAT GAT G (antisense)}

The sense primer was designed to amneal upsiream of the Hindlll sile of the $1P;
receptor. The antisense primer was designed to remove the stop codon in the myc-His tag of the
S1P; and replace with that of GFP following ligation of HindlIl/BamH]-digested PCR product
with a similarly digested pEGFPAlal vector.

iv) Generation of §1P3z C-terminal cDINA expression constructs -

This construct contains the RASPIQP SH3 domain binding motif of the human S1P;
receptor as a 76 amino acid peptide from Lys*® to Asn®™®, (Figure 1.10), and was created for
insertion into pGBKT+, to be used as bait in the yeast two hybrid system. Standard PCR reactions
contained in a volume of 100ul, 100ng template DNA, 100mM dNTPs, 50pmol sense/antisense
primers, 0.002 units Pfu turbo, 10ul 10-fold concentrated amplification buffer and 5% (v/v)
DMSO. The reaction was initialed by a denaturation cycle of 95°C for S min followed by 30-40
cvcles of a 95°C (Imin) denaturing step, 75°C (lmin) annealing step and 72°C (1.5mun}
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extension step. A final cycle of 95°C (1min), 75°C (1min) and 72°C (10min} was added before
reactions were placed at 4°C until required.
The primers for these constructs are as follows:-

5°- AAA GCT GAA TTC CGG CGG GCC TTC TTC CGT CTG GT-3” (sense)

5°- AAA GCT CTG CAG GTT GCA GAA GAT CCC ATT CTG-3’ (antisense)

S1P; C-terminal constructs were created following ligation of Ps/l/EcoRI-digested PCR
product with a similarly digested pGBKT vector. Subcloning was applied in frame with a myc

epitope in the vector.

v) Generation of 81P3 C~terminal cDNA binding partner construcis -

These constructs amplify the Matchmaker sequence inserts in lhe positive activation
domain (AD)library clones to verify the presence of an open reading frame (ORF) fused io the
GAL4 AD sequence, and enable comparison of the novel sequences to those in GenBank,
EMBL, or other databases. Standard PCR reactions contained in a volume of 100ul, 100ng
template DNA, 100mM dN1Ps, 50pmol sense/antisense primers, 0.002 units Pfu turbo, 10l 10-
fold concentrated amplification buffer and 5% (v/v) DMSO. The reaction was inifiated by a
denaturation cycle of 95°C for 5 min followed by 30-40 cycles of a 95°C (1min} denaturing step,
45°C (1min) annealing step and 72°C (1.5mun) extension step. A final cycle of 95°C (1min},
45°C (Imin) and 72°C (10min) was added before reactions were placed at 4°C until required.

5" - GAT GAA GAT ACCCCACCA- 3

53' - GCG GGG TTT TTC AGT ATC- 37
24  Experimental Technigues
2.4.1 Preparation of S1P

Img of commercially supplied S1P was resuspended in 0.66ml of methanol to give a [inal
S1P concentration of 4mM. The tube was capped tightly and transferred to an 80°C oven. The
S1P was then vortexed every Smin until it had gone vigibly into solution. The S1P solution was
then pipetted into 25ul aliquots in brown glass vials. The methanol solvent was then evaporated
off using a nilrogen gas stream, and the tubes capped for siorage at —80°C. Reconstitution of
S1P was achieved by the addition of 0.25ml serum-free medium supplemented with 0.5mg/ml
fatty acid-free BSA to give a working S1P stock concentration of 400uM. Following addition of
“medium + BSA”, the vial was warmed to 37°C for 30min with occasional vortexing to

resuspend the S1P prior {o use.
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2.4.2 Preparation of Cell Extracts for Immuneoblotiing
Confluent monolayers in 6-well dishes were kept on ice and washed three times with ice~

cold PBS. All procedures were carried out at 4°C unless indicaied otherwise. Cells were
solubilised by scraping into 250l of immunoprecipitation buffer (S0mM Hepes, pH 7.5, 5SmM
EDTA, 10mM sodium fluoride, 10mM sodium phosphate, 0.1mM phenylmethylsulfonyl
fluoride, and 10ug/ml each of soybean trypsin ivhibitor, leupeptin, and pepstatin A in 1% (w/v)
TX100, 0.5% {w/v) deoxycholate (DOC), 0.1% (w/v) SDS. The lysate was then transferred inte
ice-cold microfuge tubes and solubilised by a 1 hour incubation on a rotating wheel. Lysates
were clarified by centrifugation (14000g for 15 minutes) and supernatants assayed for protein
content.

2.4.3__BCA Assay for protein content

Bovine serum albumin (BSA) physiological standards ranging from 0-2mg/ml were
loaded as 2 final volume of 10ul into the wells of a 96 well plate to obtain a best-fit siraight line
of a plot of Aoy versus protein concentration in a bicinchonic acid (BCA)-based protein assay
(Reagent A: 5g 1% (w/v) 4,4 dicartboxy-2,2 biguinoline, disodium salt, 2% (w/v) sodium
carbonate, 0.16% (w/v) sodium potassium tartrate, 0.4% {w/v) sodium hydroxide, 0.95% (w/v)
sodium bicarbonate, Reagent B: 4% (w/v) copper sulphate, BCA Assay solution 200ul Reagent
B to 9.8m! Reagent A). Analysis was performed using the graph package “Prism v20”. The
protein concentrations of 10p] samples of each sample were calculated from the equation of the
best-fit straight line obtained from the BSA standards.

244 SDS-PAGE and Immunoblotiing

In conjunction with presiained protein markers (6.5-173 kDa), samples were solubilised
in immunoprecipitation bulfer and equalised for prolein content, The appropriate quantity of
Lasmmli sample buffer (50mM Tris (pH 6.7), 10% {v/v) glycerol, 12% (w/v) SDS, 0.0001%
{w/v) bromophenol blue, 1.6mg/ml dithiothreitol) was then added to each sample to give a total
volume of 30ul per sample. Samples were fractionated by SDS-PAGE using a 10cm 10% (w/v)
acrylamide resolving gel (10% (w/v) acrylamide, 0.3% (w/y) bisacrylamide, 0.4M Tris (pH 8.8),
0.1%(w/v) SDS, 3% (v/v) glycerol, 0.01% (w/v) ammonium persulphate and 0.001% (v/v)
TEMED) aud 3% acrvlamide stacking gel (3% (v/v) acrylamide, 0.1% (v/v) bisacrylamide, 0.1M
Tris (pH 6.8), 0.1% (w/v) SDS, 0.01% (w/v) ammonium persulphate and 0.001% (v/v) TEMED).
Electrophoresis was carried out at 150V in a running buffer containing 27.4mM Tris, 0.19M
glycine and 0.1% (w/v) SDS until the bromophenol blue dye front reached the bottom of the gel.
The resolved proteins were then electrophoretically transferred (o mitrocellulose at 400mA for
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45min in transfer buffer containing 24.7mM Tris, 0.19M glycine and 20% (v/v) methanol
Following transfer, the nitrocellnlose was washed briefly in PBS and incubated for 1 hour in
Blotto (3% (w/v) skimmed milk in PBS supplemented with 0.2% (v/v) Triton X-100) fo block
non-specific protein binding sites,. Membranes were then incubated for 1 hour with the
appropriate dilution of primary antibody in fresh Blotto as indicated in the appropriate figure
legends. The membranes were then washed three times for 10mins with Blotto followed by two
brief washes in PBS. Membranes were then incubsated for 1 hour with HRP-conjugaied
secondary antibody in High-Detergent Blotto (10% (v/v) Blotto in PBS supplemented with
1,02% (v/v) T'riton X-100 and 0.1% (w/v) SDS). The membranes were then washed three fimes
for 10min in Blotio, followed by two washes with PBS for 10min. Membranes were then
incubated for 1min at room temperature with ECL reagents (1ml solulion A, 1ml solution B).
Immunostained protein was then visualised on auioradiography film,
2.4.5__Electrophoretic mobility shift assay (EMSA) for NF-kB activation

Nuclear extracts were made from cells treated with vehicle or S1P by lysing cells in .4
mi Buffer A (10 mM Hepes, pH 7.9, 10 mM potassium chloride, 0.1 mM EDTA, 0.1 mM
EGTA, 1mM dithiothreitol, 0.625% (v/v) NP40, 0.5 mM PMSF and 10ug/ml each of soybean

trypsin inhibitor and benzamidine). The samples were then spun at 48,000g for 30 seconds at

4°C, and the supematant removed. The pellet was resuspended in 50 pl of buffer B (20 mM
Hepes, pt 7.9, 0.45 M sodium chloride, ImM EDTA, ImM EGT'A, 1mM dithiothreitol, 0.5 mM
PMSF and 10pg/ml each of soybean trypsin inhibitor and benzamidine). Samples were agitated
for 15 min at 4°C, cenirifuged at 48,000g for Smin. and the protein conient of the supernatant
determined using a Bradford assay. The DNA probe was labelled as follows: 10 pmol of single-
stranded oligonucleotide was labelled in a final reaction volume of 20 pl comprising 5 uCi [y~
2pIATP, 2 pl polynucleotide kinase (Promega) and 2 ul 10x-concentrated polynucleotide kinase
reaction buffer. After incubation for 30 min at 37°C, 3.2 pl (equivalent to 16 pmol) of the
complimentary sirand and 0.5 ul 5 M sodium chloride were added and the samples incubated at
100°C for 2 min before cooling slowly to room temperature over the course of 2-3 hr. Following
brief microcentrifugation 5 pg aliquots from each nuclear extract were then added to the *p-
labelled double stranded DNA probe (10,000 cpm/sample) containing the consensus kB binding
sequence GGGGACTTTCCC o give a final reaction volume of 23 ul containing 10 mM Hepes,
pH 7.9, 0.1 mM magnesium chloride, 0.1 mM EDTA, 0.5 mM dithiothritol, 10% (v/v) glycerol,
50 mM sodium chioride and 0.625 pg/ml poly dIdC.
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Following a 30 min incubation at room temperature, samples were analysed by
fractionation on a non denaturing 6% (w/v) polyacrylamide gel containing 0.5x TBE buffer (45
mM Tris-borate, } mM EDTA) followed by autoradiography.

2.4.6 _Whole Cell Receptor Phosphorylation

Cells were plated inlo 6-well dishes at a density of 1x1 0% cells/well and cultured
overnight. When confluent, cells were quiesced by a 16-24hr incubation in serum-free DMEM.
The next day, the cells were washed twice with 3ml/well phosphate-free DMEM and incubated
for 90mins at 37°C with 0.75ml of the same medium supplemented with 0.2nCi/well **P
orthophosphate. After stimulation with the indicated agonists, added as a 2X concentrated dose
in 0.75ml, reactions were terminated by placing the cefls on ice and washing the monolayers
twice with 3ml of ice-cold PBS. All subsequent procedures were carried out at 4°C unless
indicated otherwise. Cells were washed three times with PBS and solubilized by scraping into an
initial 250u of immunoprecipitation buffer. The lysate was then transferred into ice-cold
microfuge tubes and the wells washed with another 25041 of immunoprecipitation buffer which
was subsequently transferred to the appropriate microfuge tube. The cells were then solubilized
and assayed for protein content as described in section 2.4. Equivalent amounts of soluble
protein from each samplc were then made up to 400ul with immunoprecipitation buffer and
added to microfuge tubes containing 100p] 0.2% (w/v) IgG-free bovine serum albumin and, in
the case of myc-lagged construcis, S5pd 9B10 ascites, 2p! of a rabbit antimouse IgG bridging
antibody and 20pt of a 50% (v/v) suspension of protein A-Sepharose beads.

Following incubation on a rolaling wheel for 1 howr, immune complexes were isolated by
brief cenirifugation, washed three times with 1ml immunoprecipitation buffer and eluted from
the beads by the addition of 30ul Laemmli electrophoresis sample buffer (Section 2.4.4) and
incubation at 37°C for 1 hour, vortexing every 15 minutes. Analysis was by SDS-PAGE using
10% (w/v) polyacrylamide resolving gels as described in Section 2.4.4 and the gels were dried
under vacuum prior to autoradiography for between 16 and 40 hours at —80°C. Quaniitation of
phosphorylation experimenis was by densitometric analysis of non-saturating autoradiographs
using Totallab ¥2.0image quantitation sofiware (Nonlinear Dynamics).

2.4.7 _In Vitro Receptor Phosphorylation Assay with Purified GRKs

Confluent monolayers of transfected cells in 100mm dishes were washed with ice-cold
PBS and scraped into Sml/dish of lysis buffer (10mM HEPES, pH 7.5, 2mM EDTA, 0.25M
sodium chloride supplemented with 0.1mM PMSF, 10pg/ml soybean trypsin inhibitor and

10pg/ml benzamidine). The cells were then transferred to a tight~fitting glass-on-glass Dounce
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homogeniser on ice and homogenised by 20 up-and-down sirokes. Following a 15min
incubation on ice, the membranes were pelleted by centrifugation at 14,000g for 15min. The
supernatant was then discarded and the pellel resuspended in Sml lysis buffer as before. The
membranes were then re-homogenised, left on ice and centrifuged as described previously. The
pellet was then resuspended in 5ml GRK assay buffer (25mM Hepes, pH 7.5, 2.5mM EDTA and
7.5mM magnesium chloride supplemented with the above protease inhibitors) by
homogenisation and re-cenirifuged. The pellet was finally resuspended in 220l GRK assay
buffer. Each assay tube consisted of 40ul membrane suspension, 40pl kinase mix (GRK assay
buffer supplemented with 0.25mM ATP, 0.88mM dithiothreitol, 0.15pM okadaic acid (a
phosphatase inhibitor) and 10 pCi [y-"*PJATP), 10l vehicle or 50nM purified GRK, and 10ul of
vehicle or S1P, at the concentration indicated in the figure legends. After incubation at 30°C for
5 min, reactions were terminated by placing the tubes on ice and adding 0.5ml/tube stop solution
(0.1M sodiumr phosphate, pH 7.5, 10mM EDTA). Membranes were pelleted by
microcentrifugation (14,000g, 10min) and the resulting pellels solubilised in 0.3ml
immunoprecipitation buffer by rotation for 60min at 4°C. Afier removal of insoluble material by
centrifugation, detergent extracts were equalised by protein assay prior to receptor
immunoprecipitation with 9E10 as described in Section 2.4.6. For Rhodopsin phosphorylation
experiments, urea-treated bovine rod outer segments (ROS) were employed. In this case, each
assay consisted of GRK assay buffer containing 0.5ul ROS and 2uCi [y-"°P] ATP. In these
experiments, reactions were terminated by the addition of 15l Laemmli sample bulter prior to
analysis of rhodopsin phosphorylation by SDS-PAGE and autoradiography.
2.4.8 Biotin Labelling-Immunoprecipitation Assay Of Cell Surface Receptor Expression
Cells were plated into 6-well dishes at a density of 1 x 10° cells/well and cultured

overnight. Cell lines expressing S1P; constructs were then serum-starved for 16-20 hours in
serum-~free DMEM. The next day, the cells were washed in the appropriate medium followed by
the addition of 0.75ml/well of the same medium. Incubalions were initiated by the addition of
0.75ml medium supplemented with either vehicle or 2X concentrated dilution of drug as
indicated in the Figure Legends. Reactions were terminated by placing the cells on ice,
removing the medium and washing monolayers twice with ice-cold PBS supplemented with
0.1mM calcium chloride and 1mM magnesium chloride (PBS-CM). All subsequent procedures
were performed at 4°C unless staied otherwigse. The alcohol groups on the cell surface
glycoproteins were oxidised to aldehydes by a 30min incubation with 0.75ml/well 10mM sodium
periodate in PBS-CM. Following the removal of the periodate and washing with PBS, the
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monolayers were washed twice with 3ml 0. 1M sodium acetate, pH 5.5, and incubated for 30min
in 0.75ml/well of the same buffer supplemented with 1mM biotin-LC-hydrazide. This reacts
with the newly formed alcohol groups thereby labelling all cell-surface glycoproteins with biotin.
Labelling was terminated by removal of the biotin-LC-hydrazide solution was washing the
monolayers three times with 3ml PBS. Cells were then solubilised for receptor
immunoprecipilatlion as described for whole cell phosphorylation assay (Section 2.4.4)
Following fractionation of immunoprecipitated receptors by SDS-PAGE, proteins were
transferred to a nitrocellulose membrane, Non-specific protein. binding sites were blocked by
incubation in Blotto and cell-surface biotin-labelled recepiors were then identified by incubation
of the membrane with 1mg/ml HRP-conjugated strepiavidin for 60min at room temperature.
Following three 10min washes with Blotio and two washes with PBS, reactive proteins were
visualised by enhanced chemiluminescence (ECL). Agonist-induced loss of cell-surface receptor
was quantitated by densitometric scanning ot non-saturating blots.
2.4.9 Identification of Membrane Localisation of mycS1P; Receplors using Sucrose-
Density Gradient

Confluent cells from two 100mm dishes were used for each treatment. Dishes were
treated with either vehicle or 10uM SIP in DMEM for 30mins followed by 2x washes in PBS.
The cells were scraped twice in 3ml PBS and diluted lo 10ml (in 50ml conical flasks) followed
by centrifugation at 1800g for 10min. The resulting supernatant was removed and with a blunted
pipette tip the pellet was loaded in 0.8ml of 1% or 0.5% (v/v) TX100 in MES Bulflered Saline
{(MBS) containing 25mM 2-Morpholinoethanesuifonic acid (MES), 150mM NaCl, pH 6.5). For
0.5% (v/v) TX100 in MBS, a 2.5ml stock of 20% (v/v) TX100 in 100ml MBS was ued. The
samples were put into a 7ml Dounce homogeniser containing 10pug/ml of soy bean inhibitor and
10pg/ml benzamidine inhibitor and homogenised with 20 up-and-down strokes to ensure
complete resuspension. Following homogenisation and centrifugation each peflet was placed on
a rotating wheel at 4°C for 20mins. All the remaining steps were completed at 4°C to preserve
lipid raft architecture. After rotation, samples were rehomogenised and the gradient was
constructed as follows: 0.8ml of sample was combined with 0.8ml of 80% (w/v) sucrose in a
centrifuge tube, This was followed by the careful addition of 1.6ml of 30% (w/v) sucrose, and
Jastly a layer of 1.6ml of 5% (w/v) sucrose was added. Samples were cenirifuged at 200000g for
approximately 18hrs. Samples were removed the following day as 400 aliquots (this provides
11 samples and a pellet) and transferred to microfuge tubes containing 10png/ml of soy bean and

10ug/ml of benzamidine inhibitor. (In some cases the pellet needed a further 400ul of MBS to
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resuspend it, which was also dounce homogenised as required). A distinci opaque band was seen
between the 5% (w/v) and 30% (w/v) sucrose, which represented lipid rafts. Special care was
employed when taking these aliquots to ensure the gradient was not disturbed. Samples with a
1:4 ratio of sample:sample buffer were resolved on a 12.5% (w/v) acrylamide SDS-PAGE gel.
Gels were transferred 1o nitrocellulose, which was cut at the 30kDa marker to make independent
blots of receptor and caveolin-1 (2ZkDa).

2.4.10 Co-Immunoprecipitations of myeS1P; and §§ Arrestin-2

CC1-39/mycS1#; cells were transfected with [ arrestin-2 and following serum starvation
for 24his, treated with 10uM S1P for 2 hours. Reactions were terminated by placing the cells on
ice and washing the monolayers twice with 3ml of ice-cold PBS. All subsequeni procedures
were carried cut at 4°C unless indicated otherwise. Cells were solubilized by scraping inlo an
initial 250! of immunoprecipitation buffer (Section 2.4.2). The lysate was then transferred into
ice-cold microfuge tubes. The wells were then washed in another 250l of immunoprecipitation
buffer which was subsequently transferred to the appropriate microfuge tube. The cells were
then solubilized and analysed for protein content as described in Section 2.4.3 Equivalent
amounts of soluble protein from each sample were then made up to 400ul with
immunoprecipitation buffer and added to microfuge tubes containing 100l 0.2% (w/v) 1gG-free
bovine serum albumin containing, 5ul anti-Airestin-3 Ab, and 20l of a 50% (v/v) suspension of
protein G-Sepharose beads for 1 hour.

Following incubation on a rotating whee! for 1 hour, immune complexes were isolated by
brief cenirifugation, washed three times with 1ml immunoprecipitation buffer and eluted from
the beads by the addition of 30ul Laemmili electrophoresis sample bulfer and incubation at 37°C
for 1 hour, vortexing every 15 minutes. Analysis was by SDS-PAGE using 10% (w/v)
polyacrylamide resolving gels and then transferred to nitrocellulose membrane. Membranes
were then incubated with ascites SELQ monoclopal (primary antibody) followed by HRP-
conjugated anti-mouse (secondary antibody).

2.4,11 Membrane Recruitinent of §-Arrestin

Stably transfected STP;GFP CCL39 cells were used, with the contents of 1X10cm dish
per condition. For each condition (time course of 0, 1, 2, 5, 8, 12 minutes) cells were treated
with or without 20uM S1P. Cells were washed twice with 5mls of ice cold KHEM (Incompleie
KHEM buffer: 50mM Potassium Chionde, 50mM Hepes-Potassium Hydroxide pH 7.2, 10mM
EGTA, 1.92mM Magnesium Chloride. For complete KHEM buffer add 1mM DTT. and 0. imM
PMSF, 10pg/ml benzamidine, 10pg/ml soy bean trypsin). 0.5ml of complete KHEM was added
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to each 10cm dish and cells were scraped and removed 1o a microfuge tube prior to snap freezing
in Hquid nitrogen or dry ice. Once thawed on ice, the cells were homogenised by ten passes
through a 0.2mm gauge needle. The P1 fraction was centrifuged at 1300g for 3mins and the
supernatant removed to an ultracentrifuge tube. The P2 [raction was centrifuged at 100000g for
30mins. The supernatant was removed and the S fraction withheld. The pellet was washed once
in 750pl KHEM, resuspended and cenirifuged at 100000g again. Finally, the pellct was
resuspended in 100-200pi complete KIIEM. The protein concentrations were determined by
BCA assay {Section 2.4.3) and equal amounts of protein were aliquoted and sample buffer
added. All samples were fractionated on a 10% SDS PAGE gel and then biotted to nitrocellulose
membrane. Meémbranes were incubated in B-Arrestin-1 {primary antibody), followed by HRP-
conjugated anti-mouse (secondary antibody) as described in Section 2.4.4. Tmmunostained
proteins were then visualised on photographic film,
2.5 Confocal Laser-Scanning Microscopy

For fixed cell analysis of S1P3-GFP-receptors, cells were grown on coverslips and ireated
with vehicle or agonist. Following two washes with 3mi/coverslip of PBS, the cells were fixed
for 20min at room temperature in 1.5ml/coverslip of 4% (w/v) paraformaldehyde in 5% (w/v)
sucrose/PBS (pH7.2). Cells were then washed twice with PBS and washed 3x 2ml/coverslip for
Smin in 0.4% (v/v) new born call serum (NBCS)/0.2% (w/v) gelatin/PBS and once with
2ml/coverslip PBS prior io mounting on microscope slides with 7ul/coverslip of 40% (v/v)
glycerol in PBS.

Cells were visualised using a Zeiss Axiovert 100 laser scanning confocal microscope
(Zeiss, Oberkochen, Germany) using a Zeiss Plan-Apo 63 x 1.4 NA oil immersion objective,
pinhole of 20 and elecironic zoom between one and four. GFP was excited using a 488nm
argon/krypton laser and detected with 515-540nm band pass [iller. The images were
manipulated with Zeiss LSM or MetaMorph software (Umversal Imaging Corporation, West
Chester, PA).

2.6 Preparation of Yeast Two Hybrid System Media

A variety of selective media were employed throughout the Yeasi Two Hybrid Screening
Protocol. These included:-

Synthetic dextrose (SD) dropout media. Added to 1L of distilled water: 1.7g yeast
nitrogen base w/o amino acids, Sg ammonium sulphate, 1.3g amino acid dropout powder, 20g

dextrose, (20g agar), pH 5.8 autoclaved (allowed to cool to 50°C before pouring plates).
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YNB —his-leu-tip-ade media. A seleclive mimmal medium with guadruple knockout
(QDO) of amino acids and the purine adenine. Added to 1L of distilled water: 1.7g yeast
nitrogen base w/o amino acids, 5g ammonium sulphate, 0.6g Histidine-Adenine-Tryptophan-
Leucine dropout powder, 20g dextrose, (20g agar), pH 5.8 autoclaved (allowed to cool to 50°C
before pouting plates). Media lacking afl or multiple amino-acids were made, simply adding the
required amino acid(s) to make triple or double knock out media, using 0.04 mg/mi Tryptophan,
0.06mg/ml Leucine, 0.02mg/ml Adenine and 0.02mg/mi Histidine.

YPD yeast growih media (a rich medium). Added to 1L of distilled water: 10g Yeast,
20g Pepione, 20g glucose (20g agar), autoclaved (allowed to cool to 50°C before pouring plaies).
2.6.1 Pre-Transformed Library Scieening

Each bait colony of S1P; C-terminal/pGBKT7, transformed in AHIO9 (which is an
appropriate veast reporter strain that serves as a mating partoer for Y187), was added to 50ml of
SD medium minus tryptophan and left overnight at 30°C in a rotating incubator at 250-270rpm.
The following day the ODgy was recorded as 0.8. The cells were centrifuged at 1000g for Smin
and resuspended in a residual Sml of medium by vortexing.

A 1ml aliguot of the Matchmaker pretransformed HeLa ¢cDNA library culture in Y187
(Lot number 7080576) was thawed to room iemperature in a water bath and 10l was saved for
titering. Both the bait and library culiures were combined in a 2L flask with 45pl of YPDA
medium (YPD plus Adenine medium) with kanamycin and swirled to mix. The library tube was
rinsed in a further 2 X 1ml of medium and the final volume made up to 50ml. The flask was left
in a rotating incubator at 30°C overnight at 30-50rpm. The following day the conjugating mix
was transferred to a 100mi centrifuge bottle and centrifuged at 1000g for 10mins. The original
flask was rinsed with 2 X 50ml YPDA medium with kanamycin. Both rinses were combined 1o
resuspend the pellet and spun again for a further 10mins. The conjugating media was plated for
efficiency controls using 100ml of mix in dilutions of 1:10,000, 1:1000, 1:100 and 1:10 on plates
selective against leucine; against tryptophan or against both leucine and tryptophan. The
remaining conjugating medium was spread 200ul per plate on 50 large (150mm) plates,
equivalent to ~2x10™ — 2x107 cells per plate. 25 plates represented quadruple drop-out (QDQ)
media (-Adenine (A), -Histidine (H), -Leucine (L), -Tryptophan (W)), the other 50% represented
triple drop-out (TDO) media (-Histidine, -Leucine, ~Trvptophan). Al the plates were incubated
at 30°C, between 3-8 days for TDO plates and between 8-21 days for QDO.

Mating cfficiency was calculated and a number of clones were screened. For colonies

growing on TDO media, the surviving colonies were replica plated onio 10cm QDO dishes and
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incubated at 30°C for a further 3-8 days. Adenine and Histidine positive iransformunt colonies
were chosen for further analysis. These colonies were streaked out on to SD medium-TLAH.

2.6.2_ Yeast Two Hybrid System Analysis of a Library Screening

From a master plate of yeast trausformed with the target DNA binding domain-fusion
protein (A master plate can be siored at 4°C for not more than 2 weeks) four 20-50ml cultures of
a single large colony were inoculated in synthetic dropout (SD) medivm with the appropriate
selection for the target proiein {e.g. -Trp). Cullures were grown for 36-48 hours, and each was
transferred to a 200ml culture which was grown further overnight. During the protocol the four
culture pocls were kept separate. The following day each 200ml culture was transferred into
400mt of YPD medium (OD should be around 0.2 in a total volume of 600ml) and grown to an
ODgye of about 0.7-0.75 (~ 4 hours). The resultant culture transferred into 250 ml boliles (in
shifts) and cenirifuged at 1000g for 5min. The supernaiant was removed and the pellet
resuspended in water and centrifuged at 1000g for Smin. The supernatant was removed and the
4 batches of cells were resuspended, with about 10ml of 1X TE/LiAc (10 mM Tris-HCI pH 8.0,
1 mM EDTA, 0.1 M Lithium acetate, made fresh ) per botile. The final volume was made up to
50 ml per tube and cenirifuged at 1000g for 5min, supersatant removed and the final volume
brought up to 2 ml with 1X TE/LiAc. Transformations were performed in 4 x 10 microfuge
tubes containing: 200uk veast cells, 8ug library DNA, 30ul salmon sperm DNA (10pg/ml), 7ui
10X TE/LiAc, 301l DMSO, 1.2l PEG/LiAc (40% (v/v) PEG-4000, 10 mM Tris-HCI pH 8.0, !
mM EDTA, 0.1 M Lithitan actetate, freshly made). Vortexed and agitated to assure DNA is well
distributed. The transformations were incubated at 30°C for 30min while gently shaken in a
thermomixer, and agitiated every 10min. Followed by incubation at 42°C in a thermomixer.
Alter incubation, cells were put on ice (Imin} and centrifuged at 1500g for imin, followed by
resuspension in 300 1X TE. From each microfuge tube, equal amounts {133l per plate) were
spread onto 3 plates lacking the appropriate amino acids: a total of 4 x 30 large plates. Plate
dilutions (1/1000, 1/1000¢ & 1/100000) on -Tip & -Leu plates to assay iransformation
effictency, for each of the 4 competent yeast baiches. Plates were then left at 30°C for 1-2
weeks.

2.6.3 Preparation of X-g-Gal Plates

Indicator plates containing the chromogenic subsirate X-g-Gal (5-Bromo-4-Chloro-3-

Indolyl-a-D-galactopyranoside) were used io rapidly detect protein interactions using a GAL4-

based library. 1L ol appropriate dropout agar medium was prepared and cooled to 55°, then 1mi
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of X-o~Gal (20mg/mi) was added. The plates were poured and the medium was allowed io
barden at room temperature. Cells were plated and incubated at 30°C until blue colonies formed.
2.6.4_Prepaving Replica Plates

Each colony from a selection plate was spiked using a sterile toothpick and mapped 1o a
X-ui~gal assay plate. The replica plate was then lefi at 30°C to observe indicator activity. This
assay plate was made to mirror the contents of each original transformation plate to identify the
positive clones. All clones that brought back a positive blue X-gal result were mapped back to
the original transformation plate and then a spike from the original colony was grown overnight
in cullure medium (with the appropriate selection).
2.6.5 TCA Protein Extraction from Yeast

Colonies from freshly streaked plates (<3 days) were picked and added to 5ml of Drop
Out media which was then lefl al 30°C overnight (or two nights depending on growth rate).
Cultures were cenirifuged at 1000rpm and the resulting pellets were each resuspended in {mil of
distilled H20 aud transferred to microfuge tubes. To each pellet 150 trichioroacetate (TCA)
buffer (1.85M NaOH, 7.4% f-mercaptocthanol in distilled water) was added and then incubated
on ice for 10min. After incubation, 150ul 55% (w/v) TCA was mixed with the buffered pellets
and incubated on ice for a further 10min. Samples were centrifuged at 4°C for 15min at 1300g.
The supermatant was removed and briefly centrifuged to remove any remaining supernatant.
Then 100-150 of the precipitaied proteins were resuspended in High Urea Buffer (8M Urea,
5% (w/v) SDS, 200mM Tris-HCI pH6.8, 0.1mM EDTA, 0.5mg/ml bromophenal blue, 10% (v/v)
B-mercaptoethanol, pH6.8) and Spl was loaded on to a 10% SDS-PAGE gel.  Protein extracts
were resolved by elecirophoresis on a 12.5% SDS-polyacrylamide gel and proteins were
transferred to nitrocellulose membranes, which were then incubated for Zhr with anti-myc
monoclonal antibody 9E10, followed by incubation with peroxidase-labelled anti-mouse
antibody, expressed S1P; fusion proteins were visualised using ECL reagents.
2.7____81P; Pulli-Down Assays

PGEX-2T bacterial expression constructs encoding C-terminal fusions of ghutathione-S-
transferase (GST) with the SH3 domains from human fodrin, ¢-Sre, phosphatidylinositol-3-
kinase (PI3K) and Fyn, and described by Beard er al. (1999), were generously donated by Prof.
Miles Houslay (University of Glasgow). E coli cultures (BL21 sirain) transformed with either
pGEX (lor GST production) or the recombinant pGEX-SH3-containing plasmid (for GST-SH3
production), were first grown overnight at 37°C with agitation in LB containing 60 gg/ml

ampicillin, diluted 1:10 in the same medium and incubated at 37°C for 1.5 hr. Fusion protein
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expression was induced at 37°C by adding isopropyl B-D-thiogalactoside (IPTG, final
concentration = 0.1 mM) and growth was continued at 37 °C for 4-6¢ h. Bacteria were then
harvested by centrifugation (10,000g, 15 min) and then lysed by sonication in 20 ml PBS
containing a protease inhibitor cocktail (40 mg/ml PMSF, 156 mg/ml benzamidine, 1 mg/mi
apoprotinin, 1 mg/ml antipain, 1 mg/ml leupeptin, 1 mg/ml pepstatin, dissolved in DMSO). The
dcbris was pelleted by centrifugation for I min at full speed in a benchtop centrifuge, 600 ul of
glutathione-Sepharose 4B beads equilibrated in PBS were added and incubated end-over-end for
1 hr at room temperature. The beads were then washed three times with 200 41 of PBS over 15
min, and resuspended as a 50% (v/v) slurry. GST-SH3-immobilised beads were stored at 4°C.
Protein concentration and assessment of purity was determined by SDS-PAGE and Coomasie
Blue staining following elution of fusion protein from a 10yl aliquot of bead suspension via the
addition of electrophoresis sample buffer and boiling for 5 min, fractionating samples in parallel
with known amounts of BSA (0-10 ug), followed by gquantification and comparison of staining
intensity.

For the pull-down assays, quiescent confluent 10cm dishes of mycSIPs-expressing
CCL39 cells were treated with or without agonist as indicated in the Figure Legends. All
subsequent procedures were performed at 4°C unless indicated otherwise. Following three
washes with PBS, cells were solubilised by scraping into 1ml/dish pull-down lysis buffer (56mM
sodium HEPES, pH 7.5, 100mM sodium chloride, 5SmM EDTA, 10mM sodium {uoride, 10imM
sodium phosphate, 1% (v/v) Triton X-100, 0.1 mM phenylmethylsulphonyl fluoride, 10pg/ml
soybean trypsin inhibitor and 10pg/ml benzamidine) and rotation for lhr. Following removal of
insoluble material by cenfrifugation, soluble extracts were equalised for proiein content and
volume prior to overnight incubation with 10pg/sample of the GST-SH3 domains indicated in
the Figure Legends immobilised to glutathione-Sepharose. Beads were isolated by brief
centrifugation, washed three times with pull-down lysis buffer and eluted by the addilion of 30ui
electrophoresis sample buffer and incubation at 37°C for 60min. After fractionation by SDS-
PAGE, resolved proteins were transferved to nitrocellulosc for deteclion of mycS1P; hinding by
immunoblotting with 9E10.

2.8 [Ca’*] imaging and analysis

Calcium mobilisation experimenis were performed on Ratla fibroblasts transiently
transfected with the S1P; expression constructs indicated in the Figure Legends. After overnight
serum starvation, transfected cells on glass coverslips were loaded with the Ca**-sensitive dye
Fura-2 by incubation (15-20min, 37°C) under reduced light in DMEM growth medium
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containing the dye's membrane-permeable acetoxymethyl ester form (1.5uM). Loaded cells
were illuminated with an ulira high point intensity 75-watt xenon arc lamp (Optosource, Cairn
Rescarch, Faversham, Kent, UK) and subsequently imaged using a Nikon Diaphot inverted
microscope equipped with a Nikon 40x oil immersion Fluor objective lens (NA = 1.3) and a
monochromator {Optoscan, Caitn Research), which was used to alternate the excitation
wavelength between 340/380nm and to control the excitation band pass (340nm band pass=10
nm; 380nm band pass=8 nm). Fura-2 fluorescence emission at 510nm was monitored using a
high resolution interline-transfer cooled digitatl CCD camera (Cool Snap-HQ, Roper
Scientific/Photometrics, Tucson, AZ). MetaFluor imaging soflware (version 4.6.8, Universal
Imaging Corp., Downing, PA) was used for control of the monochromator, CCD camera, and [or
processing of the cell image data. The desensitisation reginien involved stimulating cells every 6
min with 1 min pulses of 0.5uM S1P. Sequential images (2x2 binning) were collecied every 2
sec, exposure to excitation light was 100msec/image, and all experiments were undertaken in the
absence of extracellular Ca®" in saline solution comprising: 130mM sodium chioride, SmM
potassium chloride, ImM magnesium chloride, 20mM Hepes, 10mM D-glucose, 0.01mM
EGTA, pH adjusted to 7.4 using sodiom hydroxide. For analysis, ratio images were presented in
MegtaFivor intensity-modulated display mode, which associates the colour hue with the excitation
ratio value and the intensity of each hue with the source image brighiness. Briefly, background
subtracted images acquired at 340 and 380nm excitation were first used for calculating the
340/380nm ratio of each pixel. Afier determination of the upper and lower thresholds, the ratio
value of each pixel was associaled with one of the 24 hues [rom blue (low [Ca®'};) 1o red (high
[Ca™ ).
29 tatistical Analysis

All statistical analysis, unless stated otherwise was carried out using the Student t-test as
described in the Graphpad software, “Prism 3.0”. Elsewhere, statislical analysis using ANOVA

was carried out using the “Graphpad” software as indicated in ihe figure legends.
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CHAPTER 3
Characterisation and Analysis of

Human S1P; Receptor Phosphorylation
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Characterisation and Analysis of Human S1P; Receptor Phosphorylation

3.1 _ Introduction
Derived from sphingosine, the backbone of all sphingolipids, the evolutionarily

conserved lipid mediator S1P is now recognised as a potent modulator of cell regulation
[Hannun, 1996; Spiegel and Merrill Jx, 1996; Hannun ef ¢/., 2001; Saba and I1la, 2004]. Many
cell types, notably platelels and fibroblasts, release S1P [Olivera ef al., 199%; Yang et al., 1999;
Spiegel and Milstien, 2002]. A myriad of cellular activities iniliate with STP signalling. These
include intracellular calcium mobilisation, regulation of the organisation of the cytoskeleton, cell
growih, differentiation, survival and motility [Spiegel and Milstien, 2002]. This signalling is due
to both intracellular and extracellular actions of S1P [Van Brockyln e/ af., 1998; Spiegel and
Milstien, 2002].

S1P exerts extracellular effects when it binds specifically to S1P receptors of the class A
GPCR family |Spiegel and Milstien, 2000b, 2002]. The S1P receptors are presenily 5 recepiors,
SIP; (previously known as EDG1) [Hia and Maciag, 1990], S1P, (EDGS) [Okazaki and
Ishizaka, 1993], S1Ps (EDG3) [Yamaguchi ef al., 1996; An ef al., 1997], S1P4 (EDG6) | Gragler
et al., 1998] and S1Ps (EDGR) {Im ef al.. 2000], which each have high affinity for S1P [Chun ef
al., 2002]. 1t has been demonsirated that 81P; activates the NF-xD pathway via a mechanigm
that relies primarily on the activation of phospholipase C by Gy and perhaps some contribution
from other G proteins [Siehler ef al, 2001]. This is presumably responsible for activating the
IkB kinase (IKK) complex and thus triggering the agonist-mediated phosphorylation and
degradation of IxkBo, P and & isoforms [Ghosh and Karin, 2002]. S1P; stimulates the PTx-
insensitive Gizna-mediated activation of Rho-coupled pathways [Moolenaar, 1999]. In addition,
binding of S1P to the S1P; recepior subtype results in pertussis toxin (PTx}-sensitive, G-
dependent activaiion of ERK2 and the inhibition of adenylyl cyclase [Im ef al., 1997; Ancellin
and Hla, 1999]. $1Ps in conjunction with S1P; regulates the signalling pathways necessary for
human umbilical vein endothelial cell morphogenesis into capillary-like networks [Lee et al.,
1999; Wang et al., 1999; Kimura ef ¢f., 2000]. This also suggests that anfagonists of S1P; and
S$1P; could be used to attenuaie the enhanced angiogenesis that is seen in solid tumour growth,
rheumatoid arthrilis and diabetic relinopathy [Lee, 1998b]. Since S1P; signalling is prevaleni in
processes such as angiogenesis and vasoconstriction [Ancellin and Hla, 1999; Salomone e: a/.,
2003], ihe molecular mechanisms regulafing S1P; signalling predispose the $1P; receptor’s
therapeutic potential.,
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As mentioned earlier, sustained agonist occupancy of many GPCRs can resull in the
desensitisation of receptor function, internalisation of the receplor away from the cell surface as
well as GPCR coupling to altermnative signalling pathways. These events are initiated by the
phosphorylation of the GPCR at serine and threonine residues within the third intracellular loop
and/or the C-terminal tail by both second messenger-dependent protein kinases and GRKs
[Luttrell and Lefkowitz, 2002]. Upon GRK-mediated phosphorylation, the agonist-dependent
conformational change of the recepior can promole the selective binding of arresiins 1o agonist-
activated receptors [Zhang ef al., 1997]. Arrestin binding causes steric uncoupling of the
receptor from the heterotrimeric G-proteins, triggers internalisation of GPCRs by targeting them
to clathrin-coated vesicles, and on occasion can imtiate different signalling pathways, for
example, the arrestin-mediated increase in ERK and JNK signalling found with the B2AR [DeFea
et al., 2000; Chen ¢t al., 2001; Lapotte et al., 2002},

Phosphorylation represents a vital step in both the rapid desensitisation of GPCR function
and their subsequent mechanisms of internalisation [Bouvier ef al., 1998]. Thus, to begin to
characterise S1Ps signal regulation it is necessary to fully characterise the phosphorylation of the
S1P; receptor. Tn this chapter, the molecular mechanisms regulating $S1P; phosphorylation have
been characterised in detail. Also, truncation mutants of the 81P; C-terminus were usad to define

specific regions conferring sensitivity to phosphorvlation,
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3.2 Results

The lack of a selective commercial antibody against endogenous S1P; receptors diclaled
the development of a S1Ps-expressing construct incorporating a myc epiiope tag, which was
incorporated into human S1P; ¢cDNA (Figure 3.1). This allowed the identification and isolation
of recombinant receplors using the anli-myc monoclonal antibody SE10. The construct was
stably expressed in CCL-39 hamster lung fibroblasts and multiple colonies were screened for
stable expression of the mycS1P; receptor in CCL-39 cells. The sirength of expression was
determined by immunoblotiing using the antibody 9E10 (Figure 3.2). Several colonies with
bands denoting strong expression were expanded and colonies 8 and 23 were used for subsequent
gxperimentation.

To confirm that the S1P; receptor is expressed at the plasma membrane a biotinylalion
experiment was carried out to label cell surface glycoproteins on parental CCL39 fibroblast cells
and mycS1P, stably expressing CCL39 cells with the mycS1P; stably expressing CCL39 celis
(Figure 3.3). S1P; could be specifically immunoprecipitated from transfected cell extracts and,
like the related receptor S1P;, migrated as a broad band centred at an approximate molecular
mass of 50kDa.

The transcription factor nuclear factor-<B (NF-xB) responds 1o a large number of
environmental cues and is especially relevant to inflammation and apoptotic/anti-apopiotic
signalling. By using HEK293 cells, it has been shown that S1P activates NF-«B in a receptor-
dependent fashion [Siehler er al, 2001]. S1P; is coupled to Gi, Gy, and Gyas, and affects
activation of NF-xB, whereas S1P;, which is coupled to Gi alone, does not. To assess whether
stably expressed mycS 1P; receptor could transmit a downstream signal, activation of the NF-xB
pathway which is mediated via a Gyi1-dependent process [Siehler ef a/, 2001] was assessed
using the degradation of the inhibitor of NFxB kinase, IxBp as a read-out (Figure 3.4). This
demonsirated that S1P exposure induced a time-dependent degradation of IxBp in mycSiP;-
expressing cells but not parental controls. Elecirophoretic mobility shill assays (EMSAs) of NF-
kB binding to target DNA indicated that in quiescent mvcS 1Pi-expressing cells, NF-xB activity
was ¢levated regardless of the absence of agonist compared with parental CCL39 cells. Addition
of S1P further enhanced NF-kB binding but no effect was observed in parental controls, which
confirms the tagged receptors functionality,

Many GPCRs require the presence of a specific agonist to initiate G-protein coupling and
receptor phosphorylation and thus trigger further regulatory events within the cell [Letkowitz,

2004]. Current research has not examined the sensitivily of $1P; to regulatory events associated

111




wilh receptor desensitisation, such as receptor phosphorylation. To begin the characterisation of
S1P; phosphorylation, a whole cell phosphorylation study using serum-starved CCL-39/mycS1Pa
cells was carried out in the presence of the agonisi, S1P and a number of activators of second
messenger-regulated kinases (Figure 3.5). These included PMA, a phorbol ester that activates
conventional and novel PKC subtypes; A231567, a calcium ionophore; forskolin, a direct
activator of adenvlyl cyclase that increases PKA activity and 8-Br-cGMP, a non-hydrolysable
analogue of ¢cGMP that activates protein kinase G (PKG). A 5- to 12-fold increase in S1P;
phosphorylation was observed following exposure to S1P (range over 8 experiments). The other
activators failed to induce S1Pa phosphorylation (versus a vehicle-treated control where SIP-
induced S1P; phosphorylation was set at 100%, p>0.05, n=3, Figure 3.5).

After the discovery that second messenger kinases did not affect the phosphorylation of
S1P; receptors it was decided to investigate the effects of STP on S$1P; phosphorylation by
further characterising the S1P-induced S1P3; phosphorylation seen in Figure 3.5. This was
achieved using a whole cell phosphorvlation study on serum-starved CCL-39/mycS1P;3 cells
which verified that the S1P; receptor was phosphorylated upon agonist stimulation, and that this
phosphorylation was only observed in cells over-expressing S1P3; receptors and not in parental
CCL-39 ¢ells (Figure 3.6).

Characterisation of S1P; phosphorylation commenced performing lime course analysis of
S1P; phosphorylation in the presence of 10uM S1P. This showed that phosphorylation is a rapid
process, with maximal S1P; phosphorylation observed aficr the earliest time point examined,15
seconds, this being sustained for 30 minutes (Figure 3.7). Similar whole cell phosphorylation
studics were subsequently carried out in the presence of a range of S1P concentrations. This
demonstrated S1P produced a concentration-dependent increase in S1P; phosphorylation
(ECs0=0.85£0.01pM, n=3, Figure 3.8). A concentration of 5-10uM was subsequently chosen for
the remaining experitents as this was shown to induce maximal S1Ps; phosphosylation. S1P;
phosphorylation was also shown to be a reversible process, with a significant decrease in S1P3
phosphorylation observed after only 30min of agonist removal, although this was somewhat
slower than the time course of onset since the level of phosphorylated $1P; after agonisi removal
for 120min was still 55+8% {(p<0.05 versus agonisi-ireated cells, n=3) of that observed prior to
agonist removal (Figure 3.9),

Based on other examples of agonist-dependent GPCR phosphorylation, potential
candidates for kinases involved in S1P-induced S1P; phosphorylation included one or more
members of the GRK family. To test this hypothesis, an attempt to reconstitute S1P-dependent
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S1P; phosphorylation in vitro was made using CCL39/S1P3 cell metnbranes as a receptor source
and purified preparations of GRK2 and GRKS (Figure 3.11). GRK2 and GRKS were used
because they cach represent a separate subfamily within the GRK family. As shown previously
with S1Py, it was possible to reconstitute $1P-stimulated phosphorylation of S1P; using GRK2
(Figure 3.10). This was specific for GRK2, as GRK3S did not sustain S1P; phosphorylation
despite activity observed from both kinases under these assay conditions when assessed by light-
dependent phosphorylation of rhodospin in urea-treated rod outer segments (Figure 3.12).
Accordingly, agonist-dependent phosphorylation of §1P; in CCL39 cells in viro can be
mediated specifically by GRK2 but not by the related kinase GRKS.

To further assess S1Pz sensitivity to GRK-mediated phosphorylation in intact cells,
GRK2 and the relaied kinase GRK3 were used 1o measure the level of potentiation of agonist-
mediated S1P; phosphorylation in HEK293 cells co-transfected with expression constructs of the
receptor and each GRK (Figure 3.13). The switch to HEK293 cells for these investigations was a
practical measure, the HEK293 cells were readily transfectable and thus allowed facile
comparison of WT and mutant receptor characteristics. Both overexpression of GRK2 or GRK3
failed to potentiate S1Ps: phosphorylation above the level of phosphorylation seen in cells
without overexpression of GRK2 or GRK3, i intact cells, despite explicit evidence of receptor
and GRK expression by immunobloting. This suggests that S1P; is not a substrate for GRK2 as
GRK2 is not capable of phosphorylating the S1P; receplor in boih ntact HEK293 cells or in
vifro CCL39 cells. Although, this result could be due to celi-type specific characteristics
between HEK293 cells and CCL39 cells, and/or the artificial indulgence of over-expressing
GRXSs in the cell system, Each cell line should have the opposite series of GRK experiments
(intact and in vitro) investigated to rule out GRK2 as the mediator of S1P3 phosphorylation and
further investigations using siRNA knockdowns of GRK2 would alleviate the problems that arise
from over-expression of raceptors.

Te identify whether the carboxyl-terminal domain has a role in controlling S1P;
phosphorylation an inspeciion of the S1P: open reading frame was made. The receptor’s
carboxyl-terminus was identified as a prime candidate for the site of regulatoty phosphorylation
as il is enriched in serine and threonine residues. To cvaluate the contribution of two clusters of
multiple potential phosphorylation sites within this domain, two iruncated S1P; mutants were
generated (Figure 3.14). The ability of the truncated receptors to underge agonist-stimulated
phosphorylation i» sifu was assessed following transient receptor expression in HEK293 cells
(Figure 3.15). Whilst removal of 27 residues from the carboxyl-terminus markedly elevaied

basal phosphorylation and significantly potentiated the effect of S1P, deletion of 45 residues
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abolished S1P; phosphorylation. Immunoblotting of the same cell extracts showed that these
effects could not be atiributed 1o parailel differences in receptor expression (Figure 3.16).
Together, these data suggest 81P3 is phosphorylated i» sifx in an agonist-dependent manner in an
eighteen amino acid sequence between Leu332 and Val352 in the receptor’s carboxyl-lerminal
domain. They also suggest that the 27 carboxyl-lerminal residues may impart a tonic inhibitory
effect on receptor phosphorylation.

To ensure GRK?2 is not merely mimicking the effects ot a native S1P; kinase in intact
cells, S1P; mutant sensitivity to phosphorylation by GRK2 in vitro should reflect the sensifivity
observed in phosphorylation in whole cells. Removal of 27 residues from the C-terminal domain
of S1P; increased GRK2-dependent phosphorylation i vifro when compared with the WT
receptor, these resulis were similar to whole cell phosphorylation experiments. In contrast to the
abolition of S1P; phosphorylation observed in whole cells, removal of 45 residues from the
carboxyl-terminus also potentiated GRK2-mediated phosphorylation in vitro (Figure 3.17).
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3.3 __ Discussion

Receptor phosphorylation is an important regulatory process in GPCR signalling. Taking
the B2AR as example, phosphorylation is considered as ihe critical step necessary to achieve both
desensitisation and internalisation of the receptor. This chapter has characterised for the first
time the phosphorylation of the S1P receptor S$1P; using a myc-tagged human S1Ps receptor and
two C-terminal truncation mutants.

In CCL-3Y hamster lung fibroblasts, there is a strong, reversible, agonist-dependent
phosphorylation of §1P; (Figures 3.7, 3.8 and 3.9). Agonist-dependent S1P: phosphorylation is
a rapid process, with a significant phosphorylation observed after only 15 seconds (Figure 3.7).
Dose-response experiments demonstrated that S1P produced a concentration-dependent increase
in S1P; phosphorylation. The ECsy value (0.85:+0.01pM, Figure 3.7) for $1P-induced $1P;
phosphorylation related to the physiclogical range of S1P concentration in the blood which
reachs low pM concentrations upon platelet activation [Pyne and Pyne, 2000b]. Previous studies
have shown that the Kp of S1P for the S1P; receptor is between 23nM and 27nM [Van Brocklyn
et al., 1999]. The observed Kp would suggest that an addilional event subsequent 10 agonist
binding is required, and this highlights the possibility that complexing of receptors with other
proteins, perhaps arrestin recruitment for receptor trafficking [Shenoy and Lefkowitz, 2003b], or
indeed dimerisation may occur to allow desensilisation and internalisation of the receptor
[Milligan, 1998, Gether, 2000, Milligan, 2000; Byady and Limbird, 2002; Hur and Kim, 2002;
Salim et al., 2002; Jensen and Spalding, 2004] or another step is involved perhaps involving a
MAPK.

S1P also induced S1P; phosphorylation in vitro using CCL-39/mycS1P; membranes in
the presence of purified GRK2 (Figure 3.10). In conirast no $1P; phosphorylation was observed
in the presence of GRKS (Figure 3.11). This suggests that S1P-induced S1P3 phosphorylation
may be mediated by GRK2. Assessment continned with the investigation of sensitivity of S1P3
o GRK-mediated phosphorylation. The ability of GRKZ and the related kinase GRK3 to
potentiate agonist-mediated S1P3 phosphorylation was tested in whole cell phosphorylation
experiments after co-transfection of HEK293 cells with ¢oxpression constructs for the S1Ps
receptor and GRK2 or GRK3. Overexpression of either GRK2 or GRK3 failed to potentiate
S1P; phosphorylation in intact c¢ell phosphorylation assays despite unequivocal evidence of
recepior and GRK expression. While agonist-occupied S1P; is a substrate for phosphorylation
by GRK2 in vitro, GRK2 cannot be responsible for the phosphorylation observed in intact cells
(Figure 3.13).




To assess more precisely which region of the S1P3 receptor is phosphorylated, S1P;
truncation mutants removing clusters of potential Ser/Thr phophorylation sites were analysed.
Both sites are situated proximal to acidic residues making them potential targets for aciditrophic
kinases like GRK2 (Figure 3.15). S1P-mediated S1P3 phosphorylation was abolished by the
truncation of the last 45 amino acids and was significantly potentiated by the truncation of 27
amino acids (Figure 3.16).

In comparison to previously described receptors of the S1P receptor family, notably the
closely related S1P; receptor, S!Ps is not affected by two pathways ol phosphorylation as
observed with S1P;. S1P: phosphorylation is not activated by an agonist-independent
mechanism regulated by the activation of PKC, however, it appears that there may be some
similarity in the mechanism acting vi¢ GRK2 kinase, as with S1P, an agonist-dependent
mechanism acts via GRK2 in vifro and from this study GRK2 was also shown to reconstitute
S1P-stimulated phosphorvlation of S1Ps,

Potential problems comparing iz vitro or whole cell phosphorylation experiments arise,
when working in vitro, constituenis of the cvtoplasm are readily available to cell surface
receptors located on membrane fragments. These constituents include a variety of kinases which
could add to the effects observed by administered GRKs, and which may include the native S1P;
kinase. Equally, when taking into account the intact cell, the model sysiem introduces
overexpression of a specific S1P receptor and chosen GRK, and this skew in enzyme eguilibrium
may be sufficient to alter the regulation of the receptor which is distinct from any natural
occurring activity in the cell-type under investigation. To alleviate discrepancies thal may occur,
mutant receptor phosphorylation allows further comparison of receptors /u vitro and in intact
cells as it highlights whether phosphorylation is dependent on specilic residues within the
receptor, regardless of which kinase is involved. Here additional evidence is provided that
GRK?2 is unlikely to be the agonist-regulated S1Ps kinase in intact cells. Evidence that provides
confirmation that once the putative area of the receptor involved in specific kinase interaction is
removed, phosphorvlation is potentiated regardless of the presence or absence of GRK2 which
suggests another kinase specific to S1Ps kinase is involved and not GRK?2.

This agonist-independent regulation of GPCR phosphorylafion is seen in the M3
muscarinic acetylcholine receptor by casein kinase la [Budd e al, 2000], casein kinase II
phosphorylation of thyrotropin-releasing hormone receptor [Hanyaloglu e/ al, 2001] and
phosphorylation of Ser348 within the bradykinin B2 receptor by an unidentified kinase Blaukat
et al., 2001]. Similar to GRK2 and 3, CKlIa and CKII are both acidotropic kinases that typically
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phosphorylate clusters of Ser and/or Thr residues in a consecutive manner [Tobin, 2002]. Casein
kinases are unlikely to be involved in S1P; phosphorylation as there is a distinct lack of acidic
resicues in the regions upstream and downstream of §1P« phosphorylation sites.

$1P influences heart rate, endothelial integrity, and lymphocyte recirculation through the
S1P receptors, Inhibition of lymphocyte recirculation by non-selective S1P recepior agonists
produces clinical immunosuppression preventing transplant rejection but is associated with
fransient bradycardia. A potent, SIPj-receptor selective agonist, SEW2871, 5-( 4-phenyl-5-
trifluoromethylthiophen-2-yN-3-(3-triffluoromethyipbenyl)(1,2,4)-oxadiazole, that is structurally
unrelated to S1P, was found to activate mulliple signals triggered by S1P, including guanosine
5'-3-O-(thio)triphosphate binding, calcium flux, Akt and ERK1/2 phosphorylation, and
stimulation of migration of S1P- but not S1Pi-expressing cells ## vitro. The agonisi also alters
lymphoeyte irafficking iz vivo. And it was found that agonism of S1P, recepior alone is
sufficient to control lymphocyte recirculation [Saana ef of., 2004], As the balance of receptor
expression i found to be of specific importance in the regulation of ecll behaviour it is possible
that disruption of regular expression of SIP; receptors would have pathelogical consequences.
Equally, if other S1P receptors which were co-expressed in the same tissue wete not properly
regulated in synergy with SIPj, this too could have harmful results. This highlights the
importance of the differences in sequestration of both the S1P; and S1P; receptors.

SEW2871 is a full agonist on S1P,; alone on both human and murine receptors for induced
GTPYS binding, calcium flux, kinase activation, and cell migration; yet it is not active on the
related receptors S1Ps in either species [Sanna ef al., 2004]. SEW2871 is a highly hydrophobic
agonist that lacks any solubilizing or head groups. Despite this, il is an effective full agonist of
S1P; supgesting that the headgroup interactions are nol required for full agonism, and can be
achieved by hydrophobic-aromatic interactions alone. S1Pi, and not S1Py, is directly implicated
in sinus bradycardia, The sustained bradycardia induced by SIP receptor non-selective
immunosuppressive agonists in wild-type mice is abolished in S1P3z-/- mice, whereas S1P,-
selective agonist does not produce bradycardia. The demounstration in vive that a non-selective
S1P receptor agonist active on S1P; induces bradycardia in wild-type mice that is abolished in
S1P3-/- mice provides further support for the role of S1P; in the heart |[Forrest et al., 2004; Sanna
et al., 2004]. This evidence supports the concept of differential regulation of receptors depending
on celltype as both SI1P; and SIP:; are expressed on cardiac endothelium and perhaps
myocardium, yet deletion of S1Pa alone abolishes the bradycardia induced by non-selective S1P
recepior agonists, and an S1P;-selective agonist does not induce bradycardia {Sanna ef al., 2004],
With regard to the {indings of this thesis, it is possible to suggest that dys{unctional regulation of
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the S1P; recepior, by irregular expression at the PM, which could be caused by improper
phosphorylation, internalisation or desensitisation, is likely to be the source of atypical variations
of heart rate that resull in bradycardic conditions.

The unique regulation of §1P3; phosphorylation may be useful in designing selective
drugs. If selective drugs were designed to inhibit or promote phosphorylation, by manipulation
of agonist interaction with specific S1P receptor subtypes, then downsiream signalling and
{rafficking of receptors could be regulated via specific signalling pathways to enable the
processes of angiogenesis, cell growth or differentiation to be accelerated or decelerated
accordingly. Comparative studies have been undertaken to investigate arrestin-mediated
regulation of desensitisalion in u-opiod receptors [Whistler and von Zastrow, 1998} Studies
related to S1P signalling have developed the S1P agonist FYT720, which is in trials for use as a
drug in transplant rejection [Rosen and Liao, 2003], and more recently a novel
immunomodulator, KRP203, similar to FTY720 is heing developed for use in organ
transplantation [Vincenti, 2002; Shimizu ef a/., 2005].
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Figure 3.1; Schematic Diagram Of The Myc-tagged Human S1P; Receptor

A myc epitope (pink) and six histidine residues {(green) were added to the C-~terminus of the
human S1P; receptor using pcDNA/S1P; as a template, The sense primer incorporated a HindIII
site upstream of a consensus Kozak sequence and the S1P; initiating methionine, as indicated.
The diagram also shows that the antisense primer was designed to remove the S1P; stop codon
and add an Xbal site. This allowed in-frame ligation of the S1P1 coding region with that of the
myc-His epitope tag following ligation of the Hindill/Xbal-digested PCR product with a
similarly digested pcDNA3. 1/myc-HisA vector.
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Figure 3.2: A screen to assess stable expression of the Myc-Tagged Human S1P; Receptor
CCL39 hamster fibroblasts stably expressing the myc epitope-tagged form of the S1P; receptor
were solubilised in electrophoresis buffer and analysed by SDS-PAGE and immunoblotting

using the monoclonal anti-myc antibody 9E10. Multiple colonies were screened for SiP:
expression, from the example shown, of the 39 colonies screened, those with the strongest
expression, colonies 1-11, 19-21, 23 and 29-31 were selected, colonies 8 and 23 were expanded
for this experimental research, and the remaining strongly expressing colonies were frozen in
nitrogen for experimentation at a later stage. The positive control band seen in this figure

represents S1P) receptor expression,
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Figure 3.3: Detection of cell_surface S1P; and S1P; by biotinylation
Glycoproleins at the cell surface of parental CCLY {ibroblasts, mycS1P;~ and mycS1Ps- stably

expressing cells were biotinylated as described previously in Section 2. Normalisation of soluble

cell extracts was performed 10 adjust protein content and receptors were immunoprecipitated
with anti-myc antibody 9E10. After SDS-PAGE and transfer (o nitrocellulose, biotinylated
proteins were observed by probing with HRP-streptavidin,
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Figure 3.4: Detection of IxBP degradation to identify S1P; expression

A: Parental and myc81P;-expressing CCL39 cells were treated after quiescence with SuM S1P
for the time periods indicated prior to cell lysis and solubilisation of whole cell exiracts. Protein
content was then normalised and samples were fractionated by SDS-PAGE for immunoblotiing
with an anti-IxBf} antibody.

B: Parental and mycS1P;-expressing CCL39 cells were treated after quiescence with S5uM S1P
for the time periods indicated prior to cell lvsis and nuclear extract preparation for EMSA
analysis of NF-xB activation.

Molecular weight markers not appropriate {and thus not loaded) as it is a non-denaturing gel.
Both bands represent p50/p65 NF-kB heterodimers, as delermined by supershift analysis vsing
specific antibodies (Sands and Palmer, personal communication). However, presumably the

slower migrating band must also include an additional unknown protein.
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Figure 3.5: The Effect of Second Messenger-Activated Kinase activation on

phosphoerylation of S1Ps

CCL-39/mycS1P; cells were serum-starved and treated for 10min at 37°C in the absence
(vehicle) or presence of 10uM of the agonist, S1P and a range of second messenger activators;
1M phorbol 12-myristate 13-acetate (PMA), an activator of PKC; 10pM of A23187, a calcium
ionophore; 10uM Forskolin, an activator of adenylyl cyclase and 100uM 8-bromo-cGMP, an
activator of cGMP. The cells were then solubilised for analysis of S1P3; phosphorylation by
immunoprecipitation followed by SDS-PAGE and phosphorimaging. Typical data is shown

from one of three experiments.
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Figure 3.6: Whole Cell Phosphorylation of the S1P; Receptor Stable Cell Line
*2p_labelled serum starved parental CCL-39 cells or stably transfected CCL-39/mycSI1P; cells
were ireated with either vehicle or 10uM S1P at 37°C [or 30min. The cells were then solubilised

for analysis of $1P; phosphorylation by immunoprecipitation followed by SDS-PAGE and
autoradiography.
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Figure 3.7: Characterisation of S1P; phesphorylation over time in intact cells

2p.jabelled serum starved stably transfected CCL-39/mycS1P; cells were treated with either
vehicle or 10uM SIP at 37°C for the times indicaied. The cells were then solubilised for analysis
of 81P; phosphorylation by immunoprecipitation followed by SDS-PAGE and phosphorimaging.
Maximal S1P-induced S1P; phosphorylation was set at 100% and other results were expressed
relative to this level. Data is [rom n=4 expts.
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Figure 3.8: Concentration-Dependence of S1P;  Phosphorvlation to Increasing

Cencentrations of S1P

p.jabelled serum starved stably transfected CCL-39/mycS1P; cells were treated with either
vehicle or increasing concentrations of SIP at 37°C for 30 minutes. The cells were then
solubilised for analysis of S1P; phosphorylation by immunoprecipitation followed by SDS-
PAGE and autoradiography. Maximal S1P-induced $1P; phosphorylation was set at 100% and
other results were expressed relative to this level. These data represent the mean + SEM of three

similar experiments,
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Figure 3.9: The effect of S1P Removal en S1P-Mediated Phosphorylation in CCL-
39/mycS1P; cells
32p_labelled serum starved stably transfected CCL-39/mycS1Ps cells were treated with either

vehicie or SuM of S1P at 37°C for 30min as indicated prior to removal of the medium, washing
the cell monolayers twice with 3 ml/well of pre-warmed medium to wash out residual S1P, and
incubation in 3 ml/well free S1P-free medium for the indicated times prior to analysis of S1Ps
phosphorylation by immunoprecipitation followed by SDS-PAGE and phosphorimaging.
Maximal S1P-induced S1Pi phosphorylation was set at 100% and other results were expressed
relative to this level. These data represent the mean + SEM of three experniments, Graph of
quantitation from n=3. Astrixes indicate significant reduction in phosphorylation versus S1P-

treated cells without washout.
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Figure 3.10: Reconstitution of S1P receptor phosphorvlation in vitro with GRK2
In vitro phosphorylations were performed as described in Materials and Methods. Membranes

from mycS1P;- and mveS1P;~ expressing CCL39 cells were prepared and incubated with or
without SpM S1P in the absence or presence of 50nM purified recombinant GRK2 as indicated.
Preparations of solubilised cell membrane extiracts were immunoprecipitated with SE10 to

analyse receplor phosphorylation. Figure represents one of three experiments,
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Figure 3.11: Comparison of S1P; Phospherylation by GRK2 and GRKS in vitro
In vitro phosphorylations were performed as described in Materials and Methods. Membranes

from mycS1Ps- expressing CCL39 cells were prepared and incubated with or without SuM S1P in
the absence or presence of S0nM purified recombinant GRK2 or GRKS as indicated. Cell
membranes were then solubilised and immunoprecipitated with 9E10 1o analyse receptor

phosphorylation. Figure represents one of three experiments.
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Figure 3.12: Rhedopsin Phospherylation by GRK2 and GRKS in vitro

In vitre rhodopsin phosphorylation assays were performed on urea-treated rod outer segments
treated with or without light for 30min at room temperature in the presence of the indicated GRK
isoforms as previously described in Section 2.4.6
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Figure 3.13: Lack of potentiation of S1P; phospherylation upen overexpression of GRK2
and GRK3 in whole cells

32p_prelabelied HEX293 cells transiently co-expressing mycS1P; and either GRK2 or GRK3 as
indicated were incubated in the absence or presence of SuM S1P for 30min prior to solublised
cell extract preparation and receplor immunoprecipitation with 9E10 as described previously.
Confirmation of recepior and GRK expression was made by immunoblotting with anti-myc 9E10
and anti-GRK2/3 monoclonal antibodies as indicated. Graphical analysis shows quantative
analysis of data normalised to the level of agonist-stimulated WT S1P; phosphorylation (set at
100%, n=3). There was no statistically significant difference (p>0.05) in S1P. phosphorylation
between each of the conditions.
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Figure 3.14: Mutational analysis of S1P; Receptor C-Tail Truncations

The primary sequence of the carboxyl terminal domain of S1P: following Asn294 is shown.
Potential phosphoacceptor sites are highlighted and the positions of the two truncations that were

created are indicated by arrows at A45 and A27.
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Figuye 3.15; Immunoblot Analysis of ihe MycS1Ps, MycS1P3A27 and MyeS1P;A48

HEK293 cells transiently expressing either the mycS1Ps, MycSI1P3;A27 or MycS1P;A45 were
solubilised and then analysed by SDS-PAGE and immunoblotting with the anfi-myc monoclonal
antibody SE10. None of the bands labelled are observed in vector-transfected cells, hence they must
be due to differentially processed forms of the receptor.
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Figure 3.16: Whole cell phosphorylation of WT and mutant S1P; receptors

#2p_prelabelled HEK293 cells transiently expressing WT mycS1P; or mutant S1P; receptors
were incubated in the absence or presence of 10uM S1P for 30min as indicated prior to
solubilised cell extract preparation and receptor immunoprecipitation with 9E10 as described
previously. Following fractionation of the immunoprecipitates by SDS-PAGE, phosphoproteins
were visualised by autoradiography. Graphical analysis shows quantative analysis of data
normalised 1o the level of agonist-stimulated WT S1P3 phosphorylation (set at 100%, n=3). *
indicates a significant increase (p<0.01) while ** indicates a significant decrease (p<0.05) versus
the level of agonisi-stimulated phosphorylation observed for WT S1P; under the same conditions
(set at 100%}.
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Figure 3.17: In vitro phosphorylation of WT and mutant S1P; receptors with GRK?

A: Membranes from serum-starved HEK293 cells transienily expressing WT mycS1P; or mutant
mycS1Pa receptors were incubated with [y->>-P| ATP in the absence or presence of SuM S1P in
the absence or presence of 50nM purified recombinant GRK2 prior to solubilised membrane
extract preparation and receptor immunoprecipitation with 9E10 as described previously.

B: Confirmation of receptor expression was made by immunoblotting with anti-myc 9E10.

C: Quantative analysis of data normalised to the level of agonisi-stimulated WT S1P;
phosphorylation (set at 100%, n=3). * indicates a significant decrease (p<0.05) versus the level
of agonist-stimulated phosphorylation observed for WT S1P; under the same conditions.
Statistical significance was determined using the one-way Analysis of Variance (ANOVA)
Dunnett multiple comparisons test,
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Characterisation and Analysis of S1P; Subcelfular Dis{ribution

4.1 Introduction

To understand how a receptor is localised ai the plasma membrane is the frst step in
characterising the manner in which a receptor is intemalised by a cell. Internalisation of GPCRs
is an integral part of receptor regulation. The majority of GPCRs require pliosphorylation as a
precursot to their internalisation, as evidenced by 2AR and thrombin receptors, amongst others
[Letkowitz, 2004]. Generally, recepior phosphorylation increases affinity for arrestins, which
uncouple GPCRs from their associated G-proteins. As artestin is an adapior protein, if also
functions directly in receptor trafficking and targeting of receptors to clathrin-coated vesicles
from where the receptor is sequestered from the membrane into the c¢ell |Goodman ef af., 1997;
Krueger et al., 1997; Ostrom, 2002]. By bringing a receptor closer to an endosome-associated
phosphatase, GPCR internalisation is believed to promote dephosphorylation [Zhang ef af., 1996;
Koenig and Edwardson, 1997]. Dephosphorylation and recycling of receptors back to the
plasma membrane contributes to the reversal of desensitisation [Krueger ef al., 1997]. This
process of resensitisation is required for completle recovery of cellular signailing foliowing
agonist withdrawal [Krueger ef g/, 1997; Krupnick and Benovic, 1998]. Alternatively, the
internalised recepior can be targeted to lysosomes for degradation [Kocnig and Edwardson,
1997, Inmmamorati ef al., 2001; Fuertes ef al , 2003].

As described in Chapter 3, S1P3 is phosphorylated in the presence of agonist, and the
requires the presence of serine and threonine residucs within the last 45 amino acids of the
receptor’s C-terminal tail. As a precedent, S1P, has already been shown to be phosphorylated at
sering and threomine residues within the C-terminal tail and internalises maxtmaily atter two
hours exposure to S1P {Van Brockyln e al., 1998; Waiterson ef ¢/, 2002]. In this Chapter, the
mternalisation of human mycS1P; receptor stably expressed in CCL-39 hamster lung fibroblasis
was characicrised using cell surface biotinylation and confocal microscope analysis, while
desensitisation was investigated through calcium mobilisation assays in Ratla {ibroblasts.

The B2AR rveceptor was the first GPCR where internalised receptors could be
distinguished from cell surface populations. This was shown using astrocytoma cells
administered with catecholamine which resulted in a decrease in stimulated adenylale cyclase
activity and a corresponding differential sedimeniation on sucrose gradients compared with un-
siimulated cells [Harden ef af., 1980]. The internalised receptors were found 1o be associated

with a “light vesicle” fraction that could be separated from a “heavy vesicle™ plasma membrane
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fraction that was associated with the cell surface recepiors {Harden ef al., 1980]. Previously, it
has been reported that S1P; is targeted 1o plasmalemmal caveolae upon agonist stimulation
fIgarashi and Michel, 2000]. Although ilus finding could not be reproduced by several members
of the lab, it was useful 1o see how S1P; was distributed at the plasma membrane with and
without agonist stimulation using a stmilar sucrose density system, Tt has been shown in a recent
study that in S1Pi-expressing HEK293 cells, S1P exposure results in the translocation of §-
arrestin 2 (arrestin 3) towards activated S1P; receptor [Hobson er al., 2001]. I is likely that as
the S1P; receplor also interacts with PDGF, via a distinct mechanism (Figure 1.14), that S1P5
once activated by S1P also results in arrestin 3 translocation [Baudhuin ef af., 2004; Payne er al.,
2004; Tanimoto et al., 2004; Waters er al., 2004].

In this Chapter the investigations of subcellular localisation are described in succession
from biotinylation and confocal laser microscopy studies, sedimentation sucrose density gradient

assays 1o atrestin co-localisation analysis and intracellular calcium mobilisation assays.
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4.2  Results

The S1P3 receptor is phosphorylated in the presence of S1P, as described in the previous
Chapter. That S1P; is phosphorylated in the presence of SIP allowed the enquiry of whether
S1P; phosphorylation results in SIP; internalisation, Stable mycS1P; expressing CCL-39 cells
provide a suitable model to characterise S1P; internalisation. A cell surface receptor
biotinylation assay was performed on mycS1P;-cxpressing CCL-39 cells which were exposed to
10uM SIP over a time course of two hours. The underlying premise of the biotinylation assay is
that it makes use of the extreme size and abundance of biotin molecules which has a very high
binding affinity with streptavidin (10m™), this conjugation is a stable interaction where
streptavidin binds four molecules of biotin. Initially, sodium pericdaie oxidizes the glycoproteins
present in the 81P; receptor to form aldehydes which can spomtaneously react with hydrazides.
Biotin-hydrazide is used to attach biotin onto the oxidized glycoproteins, Biotinylated proteins
can then be detected by addition of streptavidin conjugated to horseradish peroxidase for
luminol-based detection using ECL™ reagents. This shows that S1Ps; is not significanily
internalised over time in CCL39 cells (Figure 4.1). Afier establishing a lack of internalisation in
CCL39 cells the next clarification was 10 assert whether internalisation was dependent on agonist
concentration. As seen with the lime course experiment, these experiments demonstrate that no
internalisation was seen at any of the concenirations used (Figure 4,2).

To allow visualisation of any SIiP-induced changes in $1P; receptor trafficking, a
mycS1P;-GFP construct was generated and stably expressed i CCL-39 hamster lung fibroblasts
as described m Materials and Methods Section 2.3.7 (Figure 4.3). Stable expression of the
mycS1P;-GFP receplor was confirmed by immunoblotting using the anti-myc monoclonal
antibody 9E10 and a monoclonal anti-GFP antibody (Figure 4.4). Both receptors were shown to
be expressed at sinilar levels as visuatised by the 9E10 anlibody. Incubation with the anti-GFP
antibody selectively identified the S1P;~GFP protein. The observed difference in molecular
mass between the wild type S1P; receptor and the S1P3-GFP receptor (around 28kDa) was
consistent with the addition of the GFP tag In previous similar studies of the S1P, receplor, it
was confirmed that addilion of the GFP tag does not influence receptor function. This has also
been shown for SIP GFP [Watterson ef af., 2002] and other tagged GPCRs, such as BrAR
|Kalial and Benovic, 2000].

Based on the assumption that S1P, and S1P; share significant homology it was deemed
appropriate to follow the same method of experimental analysis as observed in previous work
carried oul on the 51P; receptor [Watterson et al., 2002] where the addition of a GFP tag to the C
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terminus of the receptor did not appear to cause obstruction to receptor internalisation. The CCL-
39/mycS1P3-GFP cell line represented a relevant modcl for studies of S1P; receptor trafficking
upon exposure 1o S1P. As initially observed, the CCL-39/mycS1P3-GFP cells are present on the
cell surface in unstimulated cells. When CCL-39/mycS1P;-GEP cells were exposed to 10uM
S1P over a two hour time course and studied with confocal microscopy, a two hour treatment of
10uM S1P does not result in a significant translocation of mycS 1P1-GFP from the ¢ell surface as
compared to untreated mycS1P3-GFP (Figure 4.5). These data corrclate with the cell surlace
biotinylatton experiments, where mycS1P3-expressing cells are shown not 1o internalise over
lime or increasing concentration of agonist. Also, this would suggest that there is 00 gross re-
distribution of S1Pz into microdomains at the cell surface. Currently, it is unknown how S1P;
receptors are disiributed within the plasma membrane. To determine S1P; receptor distribution
and how it may change with agonist exposure a series of sucrosc density gradient assays were
performed (Figure 4.6) to identify whether S1Ps is localised to lipid rafls afller exposure to
agonist, as observed for other GPCRs [Simons and Tkonen, 1997]. The gradtents observed with
agonist stimulation did show some redistribution of $1P; from plasma membrane fractions (~
fraction 9 to fraction 12), to vesicle fractions {fraction 1 to fraction 8) upon stimulation with S1P
which suggests that recroitment ol the receptor at the surface is possibly being blocked by a
protein adaptor complex.

If S1P; is not localised at clathrin coated pits afler agonist stimulation il is possibly
because it is not recruited there by arrestin. This could be due to a number of reasons, [or
example, steric hindrance of the receptor due to other protein-S1P; receptor interaciions may
cause obstruction of arrestin binding. In order {0 observe what is preventing S1P; from
internalising tn CCL-39 cells it was importani to determine whether arrestin would complex with
the S1P; receptor. Preliminary {indings [rom studies of co-expression of the S1P; receptor with
arrestin-3 in CCL-39 cells indirectly suggest that agonist-siimubation of the S1P; receptor
promotes downsiream arrestin recruitment as observed by the increase in S1P; association alter
co-immunoprecipitation with arrestin 3 over a time course {Figure 4.7). However, due to the
limited data collated in this experimentation further analyses are required to fully confirm this
hypotbesis.

However, further investigations with the Ratia cell iype have shown that S1Ps; can
nternalise upon S1P exposure (Figure 4.8), which further supports the concept of dynamic
regulation of the S1P: receptor via differential interpalisation. Biotinylation and confocal
scanning laser microscopy studies of internalisation (Figure 4.1, 4.2 and 4.5) have shown that
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CCL39 cells over-gxpressing myc-S1P3 werc unable to internalise upon exposure to S1P, and
this itself was In contrast to investigations of internalisation for myc-S1P; in CCL39 cells
[Watterson er al., 2002]. These findings, taken with the internalisation observed for HEK293
cells over-expressing myc-S1P3, suggest an as yet unobserved level of $1P3 receptor regulation
which has potential ramifications for downstream signalling, whereby differential internalisation
between celltypes regulates variation in cell migration, proliferation and survival, and provides a
novel mechanisin that could be used o sclectively control pathological conditions, such as
angiogenesis,

Agonist-stimulated phosphorylation by GRKs of many GPCRs is followed by the
removal of the phosphorylated receptor away from the cell surface into endosomal vesicles
[Zhang et al., 1997, Lapone ef al., 2002). For example, it has been demonstrated that S1P; is
internalised immediately following GRK2 phosphorylation of the receptor protein [Liu er a2/,
1999; Waltterson ef af., 2002]. Whether S1Ps rcgulation is comparable with S1P; despite
evidence for phosphorylation by a GRK-independent process was assessed wia biotinylation
assays which quantitated the levels of cell surface WT and mutant S1P; in HEK293 cells after
SIP exposure. Following agonist treatment for 2hr, a significant loss of WT S1P; from the cell
surface was noticed. TFurthermore, successive truncations of the C-terminal tail of the receptor
failed to significantly decrease the exteni o which intemalisalion occurred, posing the
hypothesis that prior phosphorylation of $1P3 is not required for internalisation fo occur (Figure
4.8).

GPCRs classically undergo rapid tunctional desensifisation of heterotrimeric G-protein
signalling after thev have been phosphorylated [Zhang ef ¢/, 1997]. From the evidence for
GRK-independent phosphorylation of S1P; in intact cells and its ability to internalise without
receptor phosphorylaiion, it was important Lo determine the susceptibility of WT and mutant
$1P; receptors to underge functional desensitisation in intact cells. This was achieved by
assessment of S1P-induced changes in |Ca®J; in Fura2-labelled Ratla cells transiently
expressing WT and non-phosphorylated A43 mutant S1P; receptors (Figure 4.9). Transfecied
cells chosen for study were identified by co-transfection with a GFP expression construct and
recombinant protein expression was visualised by fluorescenice microscopy. From initial
experiments it was shown that as cells expressing GFP alone failed to significanily mobilise
[Ca®7; after agonist exposure, cells co-expressing GFP and either W' or A43 S1P, receplors
appeared to increase transient mobilisation of [Ca’'|; after S1P challenge. Repeated challenge

with a submaximal concentration of S1P induced a time-dependent desensitisation of agonist-
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stimulated [Ca®}; mobilisation by both receptors. This emerged as a possible homologous
desensiiisation event that did not significantly deplete the intraceflular calcium pool, as the
response o endogenous oap-adrenoceptor activation by phenylephrine was identical between
control GFP-expressing and S1Pj-expressing cells following S1P exposure (Figure 4.10 and
4.11).

There was no significant difference in dosensitisation afier S1P exposure between the WT
receptor or the phosphorylation-resistant A45 S1Pa (Figure 4.11}, which intimates that functional
desensitisation of [Ca®'}; mobilisation in Ratla cells prograsses in a receptor phosphorylation-
and infernalisation-independent maumner. A potential reason for the receptor phosphorylation
independence of functional desensitisation of {Ca®']; mobilisation in Ratla cells could be that the
phospholipase C-f isoforms aciivated by S1P; are subject to negative regulation by PRC-
mediated phosphorylation, which has been demonstrated for several G; and Gyy-coupled
GPCRs, including the N-formyl-MeiLeuPhe, P2Y2 purinergic and M3 muscarinic acetylcholine
receptors Al et al., 1998; Sirassheim and Williams, 2000]. However, it was noted by personal
communication [Tohn Pediani], that pretreatmeni with a maximally elfective concentration of the
PKC inhibitor GF109203X failed to change WT and A45 mutant S1P; receptlor desensitisation

kinetics, suggesting that desensitisation is PKC independent.
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4.3 Discusgsion
This Chapter has established through cell surface biotinylation and confocal microscopy

studies that in CCIL.-39 cells the S1P; receptor, unlike the S1P; receptor, is not internalised upon
agonist-stimulated phosphorylation in CCL39 cells. This behaviour appears (0 be cell-type
specific as experiments on HEK293 cells have shown that S1P; can internalise in these cells. In
conlrast to many G-protein-coupled receptors, S1P; is not lost {iom the cell surface following
sustained agonist exposure for up to two hours in CCL-39 cells.

In attempiing to characterise StP; as a classic GPCR this research has discovered the
observation that S1P; possesses unique cell-type specific resistance to internalisation. Examples
abound to highlight that individual subtypes of the S1P family are expressed differently from one
cell type to aunother depending on their specitic functions. For example, human cardiac S1P
veceptors are differentially expressed within cardiovascular tissues. The human cardiac S1P;
receptor is localised predominantly in the aorta and is also found in SMCs of cardiac vessels
whereas S1P; is present in cardiomyocytes and cardiac vessel endothelial cells, and is nsually co-
expressed with S1P; and S1P; [Mazurais ef al., 2002). Another study has also shown that the
expression of S1P; and S1P; receplors is 4-fold higher in murine cerebral artery compared with
aorta [Coussin ¢f al., 2002], suggesling species variation.

In relation to cardiovascular disease, it is possible that dysfunciional expression of S1P,
and/or S1P; would prevent the specificily of receptor internalisation required, for cxample, to
balance blood vessel development or bradycardia and that this would ultimately create a negative
feedback of dowmnsiream signalling that could result in angiogenesis, athlerosclerosis or
ischemia, conditions for which both of these receptors have been implicated {Licht e/ al., 2003;
Forrest et al., 2004, Sanna er al, 2004]. Additionally, the finding that RGS,., differentially
regulate signalling through S1£ 5 receptors, combined with the effects of RGS proteins in AT-1
and ET, recepior signalling suggest additional levels of specificity in regulation of S1P receptors
{Cho er al., 2003]. Subsequently, from the findings of cell type specificity in S1P; regulation in
this rescaich, it is possible that in fibroblast cells receptors are required for longer-term
signalling at the cell-surface, for example, in the immune system, whereas in vascular cells the
receptors are orchestrated at a faster pace, and this fine tuning of S1P receptor turnover allows
rapid signalling evenis that are necessary in the cardiovascular system. CCL39, HEK293 and
Ratla cell lines are all fibroblast or fibroblast-like cells. When each of these celltypes
overexpresses the S1P; receptor, and is trealed with agonist, S1P3 appears to show diflerential
internalisation between cell types. This suggests that dynamic regulation of S1P receptors is
dependent on celltype.
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It has been suggested for S[P; that iis expression in embryonic development in mice
allows the S1P activaied endothelial cells to become permissive to smooth muscle cells and
pericytes to vessel walls {Allende and Proia, 2002]. Further results from Allende’s group have
indicated that the S1Py, S1P; and 81P; recepiors have redundant or cooperative functions for the
development of a stable and mature vascular system during embryonic development [Kono ef a/.,
2004). Redundant and cooperative functions of S1P receptors suggests that with regard to celf
type, the greater level of expression of cooperative functioning S1¥ receptors will be preferred
above those receptors that have redundant functions in development. S1IP; is critical for S1P-
induced, Gi~dependent migration, bui not for PDGF-BB-induced, receptor tyrosine kinase-
dependent chemotaxis m vascular smooth muscle cells [Kiluk er @l 2003]. Togeiher this
supporis the model of distribution of receptor subtypes in endothelial cells having specific
impact on the activity of the cells in relation to their environment.

Similar to S1P, [Igarashi and Michel, 2000} evidence from sucrose denstty gradient
supports localisation of S1P; with caveolin-1. From studies of sucrose density gradients it has
been observed that upon agonist exposure there is a significanl change in localisation of S1P;
willin the plasma membrane. Afler stimulation with agonist, S1P3 appears to localise 10 with
caveolin-1. 'The significance of this localisation to lipid rafls has vet to be realised. This could
be achieved through investigations of the actions of constitents of the kipid rafts by using statins
to disrupt cholesterol levels.

From the resulis of subcellular distribution investigations it appeared important to
discover if S1P3 was able to interact at all with arrestin in receptor recruiiment. Arresiins, as
mentioned in Chapter 1, assisl in recruiting receptors to clathrin-coated pits in order for them to
become internalised. If this event requires agenist exposure, it is reasonable to assume that once
S1P is delivered to the cell the localisation of $1P; at the plasma membrane would predominate
in areas rich in caveolin, such as lipid rafts, in order for S1P; io become internalised. If however,
as is proposed, a uanique SH3 binding doinain {or another interacling protein), obstructs
interaction with arrestin, the receptor may not internalise and localisation wilthin the plasma
membrane would appear non-specific, i.¢. no recruitment to lipid rafts. Preliminary findings
have suggested an interaction between arrestin and the S1P; receptor upon agonist-stimulation.
As S1P; does appear {0 co-localise with arrestin it is feasible that if internalisation does not occur
there must be another interacting protein that restricts internalisation. This suggests that there
may be an arrestin-dependence but does not explain the absence of internalisation.

As there appears 10 be no relation between phosphorylation and desensitisation or

internalization it is suggested that other aspects of S1P; function are regulated by internalisation

161




and phosphorylation perhaps Lyrosine kinase aclivity or activation of JNK. Evidence of
precedents for resistance to internalisation despite receptor phosphovylation is provided by the
impact of MAP kinase isoforms ERK1/2 on the internalization of DORs expressed in HEK293
cells. In a recent study, § opiod receptors (DORs) were found to elicit different responses after
ERK/MAP kinase phosphorylation was blocked [Eisinger and Schulz, 2004]. The study showed
that DOR activation by etorphine iransiently phosphorylated ERK/MAP kinases and brought
about DOR internalization within 20min. In contrast, prolonged cxposure of HIEK293 cells to
morphine excited persistent phosphorylation of ERK/MAP kinases, and those cells failed io
internalize the opioid receptor. When ERK/MAP kinase phosphorylation was blocked by 2'-
Amino-3'-methoxyflavone (PD98059), morphine gained the ability to strongly induce DOR
endocytosis. The importance of aciivaied MAP kinases for DOR intemalization was further
demonstrated by substances that induce phosphorylation of ERK1/2 and concomitantly prevent
DOR sequestration by etorphine. Receptor internalization by morphine was also [acilitated by
inhibition of protein kinase C and opioid-mediated (ransactivation of epidermal growth factor
receptor (EGFR), both activating ERK/MAP kinases by opioids. The mechanism perinitting
DOR inlernalization by PD9805% may relate to arrestin, which uncouples GPCRs and thus
iriggers receptor mternalization. Arrestin considerably translocates toward the cell membrane
upon DOR. activation by morphine in presence of the MAP kinase blocker, but it fails in the
absence of PD98059. The study concluded that ERK/MAP kinase activily prevents opioid
receptor desensitization and sequestration by blocking arrestin 2 interaction with activated DORs
[Eisinger and Schulz, 2004). Evidence is gathering to suggest that ceramide and its metabolites
sphingosine and S1P represent a new class of intracelfular second messengets that mediate a
variety of cellular functions. Sphingosine and S1P have been shown to induce mitogenesis in a
wide range of cell types. PDGF, a potent mitogen, increases cellular levels of sphingosine and
S1P, and nhibition of the PDGF-induced increase in S1P levels markedly decreased PDGF-
induced cellular proliferation.

Correspondingly, S1P; may be prevented from internalisation by a kinase that blocks the
machinery of the multi-complex that includes the interaction between atrestin2 and the activated
S1P; receptor. It is possible thal mhibiting PDGF receptor signalling in CCL39 cells may
facilitate S1P; sequestration by S1P in the same way that DORs internalize when EGF is
mhibited by PD98059.

Disruption of the PDGF-BB or PDGFR-B genes in mice resulted in defective

ensheathment of nascent blood vessels. Dysfunctional nmugration of $1Py null embryonic
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fibroblasts toward a gradient of PDGF links these two phenotypes at the final steps of vascular
development, underscoring the importance of SI1P; and endothelial cell-pericyte communication
in vascular maturaiion and angiogenesis. This study revealed novel cross-talk between a receptor
tyrosine kinase, PDGFR, and a GPCR, S1P; [Usui ef al., 2004].

Binding of PDGF to its recepior aclivates and recruits sphingosine kinase to the leading
edge of the cell. This localized formation of S1P spatially and temporally stimulates S1P;,
resulting in activation and integration of downstream signals essential for cell locomotion, such
as FAK and Src, necessary for tumnover of focal complexes, and the small guanosine
triphosphatase Ruac, important for protrusion of lamellipodia and forward movement. These
results shed light on the proposed vital role of S1Py in vascular maturation and angiogenesis.
Further support for such receptor cross-communication recently emerged from the demonstration
that PDGFR 1s tethered to ST1P; providing a platform for integrative signaling by these two types
of receptors {Alderton et al., 2001D).

Alderton et al., | 2001 | concluded that growth facior receptor-GPCR complexes provide a
platform [or integrating signals from different receptor classes. A mechanistic model was
provided that may account for the co-mitogenic effect of GPCR agonists with growth factors.
More specifically, the proposed model provided a mechanism that may account for PDGF-
stimulated cell motility being S1P,-dependent [Hobson ez al., 2001]. S1P released from cells {not
HEK293 cells) in response to PDGF could act back on S1P1-PDGF receplor complexes to
induce more efficient downstream stimulation of effector pathways in response to PDGF. This
might be specific to certain cell types where S1P functions as an autocrine with PDGF [Alderton
et al., 2001b). Likewise, S1P3 involvement in Akt activation has been discussed in relation {o
crosstalk with PDGF and integrative and sequential models of signalling {Baudhuin ef a/., 2004]
as mentioned previously, Figure 1.15.

In contrast, il was recently proposed that iyrosine kinase receptors, such as the insulin-
like growth factor-1 receptor, transactivaie S1P; through Aki-dependent phosphorylation that
does not require the sphingosine kinase pathway |Alderton ef ¢l., 2001a]. Possibly, SIP; could
interact with PDGF in a comparable way to SIP; binding IGF-1-activated Akt. It has been
demonstrated for S1P; that residue The236 on the third itracellular loop is sensitive to
phosphorvlation by Akt, essential for SIP; activation of Rac which induced lamellapodia
formation and migration of vascular endothelial cells [Lee ef af., 2001]. The third intracellutar
loop of S1P; (Figure 1.10) contains five serine residucs, two of which have direct proximity to
residue 236 but these do not impart the same sensitivity to Akt for S1P3 as Thr236 does to S1P;
[Lee ef a/, 2001]. Further studies are necessary fo validate the generality of this concept of S1P-
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independent activation of SIPRs.

In conclusion, through nutagenesis studies SI1P; has been shown to be rapidly and
reversibly phosphorylated in whole cells within an area of 18 residues on the C-terminal domain
in response to increased S1P concentrations. However, unlike S1P; and many other GPCRs,
recepilor phosphorylation is not vequired {o irigger sequestration of S1P; away [rom the plasma
membrane. One possible explanation is that constitutive association of a cytosolic protein or
interaction motif within the carboxyl-terminal domain of S1P; is preventing the binding of
arrestin proteins, which promote the clustering of GRK phosphorylated GPCRs within clathrin-
coated pils prior to their internalisation. Functional analysis of wild type and phosphorylation
resistant S1Ps receptor-stinmddaled calcium mobilisation indicates that sensitivity to agonist-
induced phosphorylation has no influence on the kinetics of S1P; receptor desensitisation, The
question of whether a non-phosphorylated receptor can stil bind amresting o cause
desensitisation is one that could be answered by mulagenesis, Point mutations of specific S1P;
phosphotylation sites could be devised so that investigations of arrestin iranslocation can be
made.
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Figure 4.1: Detection of the Lack of S1P-Mediated Time-Dependent S1P; Receptor

Internalisation in CCL-39 cells
Serum-starved stably fransfected CCL-39/mycS1P; cells were treated at 37°C with vehicle or 10

pM S1P for the times indicated. The cells were examined for internalisation by cell surface
labelling with biotin-LC-hydrazide, followed by immunoprecipitation of solubilised receptors
with anti-myc 9E10 antibody. Biotin {abelling of vehicle-treated CCL-39/mycS1P; cells was set
at 100% and the results following agonist {reatment expressed relative to the conirol. The data

represents the mean + SEM of three similar experiments.
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Figure 4.2: Detection_of the Lack of Si1P-Mediated Dose-Dependent S1P; Receptor
Internalisation in CCI.-39 cells

Serum-starved stably transfected CCL-39/mycS1Py cells were treated at 37°C with vehicle or

increasing concentrations of S1P for two hours. The cells were examined for internalisation by
cell surface labelling with biotin-LC-hydrazide, followed by immunoprecipitation of solubilised
receptors with anti-myc 9EI10 antibody. The data shown represenis one of three similar

experiments,
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Figure 4,3;: Schematic of the mycS1P:;-GFP Recepior

The human mycS1P; receptor was tagged with green fluorescent protein using a pcDNA/human
mycS1P; template. The mycS1P; receptor was ligated into the multiple cloning sile of pEGFP-
N1 at Hind{ll/BamHI, The addition of the GFP tag allowed visualisation of any movement of

the cell surface S1P; receptor following sustained agonist exposure.
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Figure 4.4: Stable Expression of myc¢S1P; and mycS1P;-GFP Receptors in CCL-39 cells
Cell extracts prepared from non-transfected CCL-39 fibroblasts or CCL-39 cells stably

expressing either mycS1P; or mycS1P3-GFP receptor were solubilised, normalised for protein
content and analysed by SDS-PAGE and immunoblotting with either an anti-myc monoclonal
or anti-GFP antibody as indicated. mycS1Ps and mycS1Ps-GFP bands are indicated.
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Figure 4.5: Visualisation By Confocal Microscopy Of The Resistance To S1P-Mediated

Internalisation Of mycS1P;-GFP Receptors expressed in CCL-39 cells.

A: Serum-starved CCL39/mycS1P3-GFP cells were plated onto coverslips and then washed
and fixed in paraformaldehyde prior to visualisation of receptor distribution by confocal
microscopy. Under conditions of no agonist treatment, the mycS1P;~GFP construct was
expressed on the cell surface.

B: Serum-siarved CCL39/mycS1P;-GFP cells plated onto coverslips and exposed to 20uM
SiP for either, 15, 30, 60, 90 or 120min at 37°C. The cells were then washed and fixed in
paraformaldehyde prior to visualisation of receptor distribution by confocal microscopy. From
Omin to 120min there was no variation in distribution of receptors at the cell surface, as
observed. Thus, no significant trafficking of the mycS1P;-GFP receptor was seen after 2 hours
in the presence of 20uM S1P.
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Figure 4,6: Sucrose Density Gradient Analysis of S1P; receptor distribution in the

plasma membrane of CC1-39 cells
Stably expressing CCL-39/mycS1P; cells were treated with either vehicle or 10uM S1P in
DMEM. Samples were analysed by sucrose density gradient ultracentrifugation as described

in Section 2.6. Fraction samples were resolved on a 12.5% SDS gel. Gels were transferred to
nitrocellulose and probed for either mycS1Ps receptor or caveolin-1 {22K). Caveolin-1 and

S81P; were observed at samples 3 and 4 and 9-12.
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Figure 4.7: Preliminary study of myc-S1P; receptor association with arrestin-3
MycS1P; stably transfected CCL39 cells were co-transfected with arrestin-3 and, following

serum starvation for 24hrs, treated with 10puM S1P agonist for up to 2 hours. All subsequent
procedures were carried out at 4°C, The cells were solubilized and analysed for protein
content as described in Section 2.4.3. Proleins were normalised and solubilised cell membrane
exfracis were immunoprecipitated with anti-arrestin-3 1o detect co-localisation. Following
incubation for 1 hour, immune complexes were analysed by SDS-PAGE and transfered to
nitrocellulose. Membranes were incubated with monoclonal antibody YE10 followed by HRP-
conjugated anti-mouse, as detailed in section 2.4.4, Since there is no negative control sample
included (i.e. non-transfected CCL39s) it is not possible 10 assign what the multiple bands in
the S1P; lane are. Bands in the co-IP lanes are mostly from HRP-conjugated second Ab
recognition of the TgG used to immunoprecipitate arrestin-3 (the $1P3 band is clearly present
below the IgG heavy chain and its presence incrcases with time after time zero, but it is
considerably weaker than the IgG bands).
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Figure 4.8: Effect of agonist exposure on WT and mutant S1P; receptor cell surface

expression in HEK293 cells
A: HEK293 cells fransiently expressing the indicated myc epitope-tagged S1P; receptors were

incubated with SuM S1P for two hours. Following biotinylation of cell surface glycoproteins,
soluble cell exiracts normalised for protein content were prepared for receptor
immunoprecipitation. Following fractionation by SDS-PAGE, proteins were transferred to a
nitrocellulose membrane for probing with HRP-conjugated streptavidin as described in Section
248.

B: Quantitative analysis from three such experiments at time point = 2 hr, Statistical analysis
revealed no significant difference (p>0.05) in extent of internaligation between WT and mutant
receptors at Lhis time point.

C: Quantitative analysis of time-courses of WT and A45 S1Ps receptor internalisation. Data

normalised to the level of cell surface receptor observed in unstimulated cells (set at 100%).
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Figure 4.9: Determination of S1P; receptor expression in Ratia cells
Ratla cells were transiently transfected with expression constructs encoding the indicated S1P3

receplors or emply vector. Soluble cell extracts were then processed for immunoblotting with

anti-myc SE10 antibody.
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Figure 4.10: Functional Desensitisation of |Ca*' | Mobilisation in WT and Mutant S1P:

Receptors
Calcium mobilisation experiments were performed on quiescent Ratla cells transiently

expressing either GFP alone (Control) or in combination with WT and A45 S1P; receplors
were treated for min periods with 0.5uM S1P every 6min as indicated (arrows). The response
to activation of stably expressed ap-adrenoceptors following administration of 3puM
phenylephrine (Phe) is also indicated. These traces are from one experiment that is

representative of four separate transfections.
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Figure 4.11; Rates of WT and Mutant S1P;_Receptor Desensitisation of [Ca’'|;

Mobilisation

Quantitative analysis of WT and A4S SIP; receptor desensitisation of [Ca®%}; over three
experiments. In each case, responses have been normalised to the mobilisation observed upon
initial celtular challenge with 0.5uM S1P. Astrixes indicate significant difference (p<0.05).
Mutant actually desensttises by slightly less at each time point examined compared to WT, even

though it is not phosphorylated at all.
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CHAPTER 5
Strategies to Identify Novel
Human S1P; Receptor-Interacting Proteins
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Strategies to Identify Novel Human S1P; Receptor-Interacting Proteins

8.1 Imfroduction

After establishing for the first time that S1P; is phosphorylated in the presence of SIP,
that S1P3 internalisation is cell-lype specific and that a kinase, unlikely to be GRK?2 or sitnilar is
involved in phosphorylation and additionally, that arrestin may associate with the receptor at the
onset of phosphorylation, it would seem that the next step would be to ideniify the regulatory
mechanism of S1P1 that confers S1P; as distinct from the other S1P receptors, The ability of the
A45 truncated S1Ps mutent veceptor 1o undergo agonist-induced internalisation and
desensitisation to (he same extent as the WT receptor suggests that phosphorylation of the
carboxyl-terminal domain may regulate novel aspects of §1P; function. The novelty of S1P;
compared (0 the other S1P receptors might be provided by the presence of a class [ SH3 domain
interaction motif (RxxPxxP) between Arg®®* and Pro™" (R***ASPIQP) within the receptors -
terminal domain. It is possible that this may control specific downstream interaction that makes
it distinct from other S1P receptors.

To identify how the 8H3 interaction motif plays a role in S1P signalling it is important
10 delermine which profeins may interact with it [Jahn ef o, 1997; Simpson ¢f al., 1999]. To
search for potential binding pariners for the C-terminal tail of the S1P; receptor several
approaches are avatlable. Both a biochemical approach and the yeast two-hybrid system were
used [Bartel and Fields, 1997; Jahn ef ., 1997]. Parallel siudies of the SH3 domain intcraction
motif using the GST-fuston pull-down assays, a protein purification strategy using a C-terminal
SH3 domain binding motif within S1P; as an affinity probe, provides supporting evidence for
potential S1Ps-interacting proteins. In the biochemical approach, GST fusion proteins
encompassing the SH3 domain binding motif of the C-terminal tail of the S1Ps receptor were
purified from bacteria, conjugated to glutathione Sepharose beads, and then incubated separately
with cell extracts. Research has proffered candidates for S1Ps-interaction, as previously, it has
been shown that fodrin, Fyn, phosphoinositide~3 kinase (PI3K} interact simifarly to Src. Thus, a
study was performed with SiP; and this selection ol proteins to observe polential interactions.
Fodrin, Fyn, Src and PI3K were chosen as they each have dilferent functions in distinct
pathways. The Src Family of protein tyrosine kinases, of which Src was the first example,
includes Fyn, Yes, Fgr, Lyn, Hck, Lck, Blk and Yrk. To date, all cells that are siudied have at
least onc of these kinases which act in cellular conirol. Each family member is characieristised

by a src-homology (8H) domain structure, SH1 is a kinase domain, SH2 and SH3 domains, and
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SH4 which is a domain that has myristoylation and membrane-localisation sites. Inter-domain

interactions regulated by phosphorviation control the activity of each kinase.

Todrin, is a telrameric protein (o 240 kD, B 235 kD) found in the brain, and it is an
isoforin of spectrin, Spectrin is a membrane-associated dimeric protein (240 and 220 kD) of
erythrocytes, which forms a complex with ankrin, actin and probably other components of the
‘membrane cytoskeleton®, so that there is a meshwork of proteins underlying the plasma
membrane, polentially resiricting the lateral mobility of integral proteins. Spectrin contains the
EF hand motif which is & very common calcium motif that consists of a twelve amino acid loop
with a twelve amino acid o -helix at each end. This provides octahedral coovdination for the
calcium ion, Fyn is a nen-receptor type tyrosine kinase of the Sic family, that is strongly
expressed in the central nervous system (CNS), suggesting Lhat it plays an important role in brain
function. Fyn-deficient mutant mice have a variety of abnormal signs such as impaired long-term
potentiation in the hippocampus, with deficits in spatial leaming, abnormality in suckling
behavior in neonatal mutants, increased fearfulness and ephanced sensitivity to audiogenic
seizures [Kitazawa ef al., 1998]. Recent findings have suggested thai the disassembly of
hemidesmosomes mediated by Fyn is a prerequisite for normal cell migration and tumor invasion
[Mariotti ¢f al,, 2001]. Members of the PI3K famuly conirol several cellular responses including
cell growth, survival, cytoskeleton remodelling and the trafficking of iniracellular organeclies in
many different types of cell. In particular, PI3K has important functions in the immune system
[Koyasu, 2003].

Primarily, (or the high proportion of GPCRs, agonisi-mediated phosphorylation and f3-
arrestin interaction is directed at the C-terminal domain. Alterations within this region have been
shown (o influence the processes of desensilisation [Smith e/ al, 1998; Pizard ef al, 1999;
Blaukat et al, 2001], sequeslration [Innamorati ef al, 2001; Laporte ef al, 2002), and
resensitisation [Oakley er al., 1999; Innamoerati ef al., 2001]. Many investigations make use of
point mutations and/or recepior trancations as the most common strategies for the study of C-tail
function. Alternatively, chimeric receptors can be generated, this approach facilitiates the
predicted outcome as either the retention of receptor function or the conferral of donor receptor
properties to the recipient.

A sludy of PDE4 enzymes exemplifies the rationale behind the use of GST fusion
proteins in identifving potential interactors for the SH3 domain bind motl |Beard ef al., 1999].
The PDE4D gene encodes five distinct isoenzymes, PDE4D4 anl PDE4AS shows a distinct

levels of interaction with protein SH3 domains, including fyn, fyn and src itself as welt as the
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cytoskeletal protein fodrin and abl tyrosyl kinase which implies that such an interaction occurs
by virtue of the unique proline-rich N-terminal region characteristic of the PDE4D4 isoenzyme.
The selectivities of these two enzymes might reflect differences in the form of the proline-rich
segments of their N-terminal regions. PDE4AS5 is characierised by three PxxPxxR motifs,
whereas PXXP stretches predominate in PDE4D4. This is suggested to be likely due to
differences reflected in the range of partners these PDE4 enzymes select in various cell types and
which may promote functional differences in the roles of these two PDE4 species [Beard ef al.,
1999].

"Thus, the potential of these two enzymes to interact with SH3 domain-containing proteins
may be related to a major functional role. It was suggested thai the functional importance of any
binding of these enzymes to SH3 domain-containing proteins may be in targeting the PDE4
species 1o a specific location within the ¢ell and thus conrolling local cAMP levels [Beard et al.,
1999]. This may be Lhe case for the proteins that interact with the SH3 domain binding motif in
S1P3 receptors.

Two parallel mechanistically distinct approaches have been used in the research of this
chapter to address a role for the SIP3 RXXPXXP motif that is predicted to act as an SH3 domain
interaction motif. Using an in vitro approach with GST-SH3 domains, it was found that the
RxxPxxP motil is functional and exhibits a marked degree of specificity for FynSH3.
Concomitantly, positive clones were isolated via a genetic sereen to identify S1P; C-terminal
domain interacting proteins, although these could not be rescued [rom yeasi and were not
characterised any further. Finally, two chimeras were generated in an attempt to test the
imporiance of any identified interactors for receptor function in the context of an intact GPCR in
the future.
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5.2 _ Results

Preliminary analysis of the alignment of C-terminal residues of several SI1P receptors
identified S1Ps ag having a unique SH3 interaction motif, and S1P; a PDZ interaction motif
(Figure 5.1). Concurrenily with the GST fusion protein assay, the yeast two-hybrid system was
used to search for potential binding parmers for the S1P; SH3 domain interaction motif, After
creating a consiruct incorporating the SI13 interaction motif vie oligonucleotides and PCR, the
resulting DNA was cloned into the plasimid PGBKT7 and transformed inio yeast cells to confirim
expression. The addition of appropriate size ~8kDa, consistent with the fusion of the S1P; C-
terminal domain to the GAL4-DNA binding domain can be seen. (Figure 5.2). The $1P3 SH3
domain interaction motif within the C-terminal was {used to the GAL4 DNA binding domain and
was used as bait to screen a human ¢DNA library in the yeast strain Y187. Of the 6.4 x 10°
independent colonies contained within the library, seven clones exhibited moderate (o strong
growth on —HIS or —ADE media. Each potential interacting colony was assessed for binding to
the S1PsCT peptide through multiple stages of screening using X-o. Gal to identify the positive
interactors by expression of blue colonies (Figure 5.3). Once positive colonies were discovered
thev were grown as cultures over 1-2 days and then rescued from plasmid. The purity of DNA
from each colony was assessed by running samples on a 1% agarose gel with the appropriate
DNA marker (Figure 5.4).

Once the DNA was purified it was amplified by PCR for sequencing o be carried out
(Figure 5.5). Unfortunately, despite rigorous screeming no proteins were identified by
sequencing, It should have been possible to rescue the clones contaiming the interactors from
yeast and (ransform them imto bacleria conventionally. As this did not work an attempt to PCR
out the clone was made using primers designed to anneal to the either side of the insert within the
vector employed to construct the library, this also proved to be unsuccessful.

In parallel to test whether S1P; could specifically interact with SH3 domains in vitro,
pull-down assays ware performed to assess the ability of S1P; to bind to a panel of GST fusion
proteins containing the SH3 domains from Fyn, Src, fodrin and PI3K. Proteins were expressed
in BL21 E coli and immobilised on glutathione beads to assess purity (Figure 5.6). Interestingly,
these demonstrated that S11; was able to bind exclusively to the SH3 domain derived from Fyn
{Figure 5.7).

Phosporylation sites are situated downstream from the RXXPXXP molif, 1o test whether
prior S1P’; phosphorylation could either alter the association of S1P; with Fyn-SH3 or facilitate
interaction with any of the other SH3 domains, the ability of each of the GST-SH3 domains to

191




bind S1P; was compared between extracts derived from conitrol cells and cells treated with SuM
S1P for 30min, which is sufficient to induce maximal receptor phosphoerylation (Figure 3.7).
Under these conditions, agonist pretreatment failed to alter the extent to which S1P; could
interact with Fyn-SH3 and it did not promote subsequent interaction with the other SH3 domains
tested (Figure 5.8). Thus, it appears that Fyn interaction is conslitulive and not agonist-
dependent.

A rationale for making chimeric receptors was to design an approach whereby it would be
possible to test the functional significance of any SH3 domain interaction within the context of
an intact S1P GPCR. ‘The simplest way to do this was to swap the C-terminal domains of S1P;
(which does not have a RxxPxxP motif) and S1P; following the predicted palmitoylation sites.
Both constructs were generated and transfected into HEK293 cells to see of they encoded [ull
length proteins: anti-myc immunoblots showed positive expression of each construct. Recepior
phosphorylation assays also showed that A) they were accessible to exiracellularly applied
agonist, and thus present on the ceil surface, B) capable of binding agonist, since each responded
positively to S1P and C) appropriately regulated by phosphoslyation upon agonist binding in a
manner sitrilar to the parental WT receptors S1Py and S1P; (Figure 5.9).

While far from conclusive it is possible 1o put forward a tentative model of the regulation
of the S1P; receptor (Figure 5.10), which encompasses all of the findings of this research and
highlights the areas of future research,
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5.3 Discussion

In this chapior scveral steps have been made to examine the potential SH3 binding
domain of S1P; using the two hybird technique and GST fusion pull-down assays. The yeasl
two hybrid technique vielded seven positive clones which could not be rescued conventionally
from veast, sequenced or cloned by PCR. A comparison of S1P; C terminal tail SH3 domain
binding motif interacting proteins could not be made between results from the yeast two bybrid
assay and the GST fusion pull down assay as a consequence.

The yeast two hybrid technique or GST pulldown approaches are each prone to
limitations and an interaction indicated by either technique is not unequivocal proof that this
interaction occurs ir vivo. Additional strategies can be carried out to gain further evidence for an
interaciion by using affinity chromatography followed by protein identification to discover
which proteins can bind to a known protein. Detection of proteins can be made using gel overlay
assays which are similar 10 western blots, and further confirmation can bc found by co-
immunoprecipitation. Rapid advances in proteomic technology and improved sensitivity of mass
spectrometry achieved during the course of this thesis now makes it feasable to identify proteins
bound either to immunoprecipitated GPCRs or GST's encoding cvtoplasmic GPCR domains
following pull downs of cell extracts. For example, 15 proieins, conlaining synaptic multidomain
proteins with PDZ domains, have been found to interact with the C-tail of 5-HT;c receptors
using a proteomic approach {Becamel et af., 2002].

As mentioned in Chapter 4, CCL-39 cells over-expressing the S1Ps; receptor do not
internalise the receptor after agonist stimulation. As Fyn was shown 1o interact with the SH3
dormain binding moiif of S1P3, one possible scenario is of interaction with Fyn or a related
protein and the SH3 binding motif of the S1P; receptor competitively preventing arrestin-
receptor interaction, thus imposing a barrier as well as a conformational restriction on the
receptor which confines the receptor to the plasma membrane without removal vig clathrin
coated pits. A non-GPCR precedent for lack of internalisation exists in apoER2. As described in
Chapter 1 the TM domain and PXXP motifs of the apoER2 exclude it from carrying out clathrin-
mediated endocytosis [Sun and Soutar, 2003].

The potential role for Fyn or a similar interacting protein, although not fully elucidated in
this research could be to function as a blockade to arrestin associating with a multicomplex. This
would support the observation in CCL39 cells where S1P; receptors appear to have resistance to
internalisation, The expression levels of Fyn in CCL39 cells has not been recorded in this lab, so
it is possible that this is a novel regulatory mechanism . S1P; transduction, studies of Fyn in

relation to signal transduction and cytoskeleton remodelling have been made in the olfactory
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system and also T cell activation.

Synaptic transmission in the granule cells of the offactory bulb of the homozygous Fyn (a
nonrecepior type tyrosine kinase)-deficient (fm“/fim®) and heterozygous Fyn-deficient (+/fn%)
mice was studied by using slice preparations from the olfactory bulb. The resulis demonstraled
that the functions of GABA, and NMDA receptors in the olfactory sysiem of Fyn-deficient mice
are altered [Kilazawa et al., 1998}, which infers that tyrosine phosphorylation by Fyn kinase is
required in synaptic {ransmissions between cells and receptors. Fyn has also been shown to play
a specific role in the mechanism and functional significance of hemidesmosome disassembly
dwing normal epithelial cell migration and squamous carcinoma invasion, The findings of this
study indicated that a fraction of the EGF receptor (EGF-R) combines with the hemidesmosomal
integrin 64 in both normal and neoplastic keralinocytes. EGF-R activation causes tyrosine
phosphorylation of the A4 cytoplasmic domain and disruption of hemidesmosomes. The Sre
family kinase inhibitors PP1 and PP2 prevent tyrosine phosphorylation of A4 and disassembly of
hemidesmosomes without inferfering with the activation of EGF-R. Coimmunoprecipitation
experiments indicate that Fyn and, to a lesser extent, Yes, another receptor tyrosine kinase,
combine with «684. Fyn"" was shown to prevent tyrosine phosphorylation of 84 and disassembly
of hemidesmosomes. This allows the suggestion that the EGF-R cauges disassembly of
hemidesmosomes by activating Fyt, which in turn phosphorylates the 84 cytoplasmic domain.
Neoplastic cells expressing Fyn™ display increased hemidesmosomes and migrate poorly in vitro
in response to EGF. Additionally, Fyn"" decreased the ability of squamous carcinoma cells to
Invade through Matrigel in vifro and to form lung metastases following intravenous injection in
nude mice. These results suggested that discuption of hemidesmosomes mediated by Fyn is a
prerequisite for normal keratinocyte migration and squamous carcinoma invasion [Mariotti e/ al.,
2001]. This has implications for the findings of this thesis, where interaclion with Fyn has been
suggested to occur with the S1P; receptor C-terminal. Tt is templing to suggest that whichever
way the interaction of the SH3 domain binding motif of $1Py affects inlernalisation, it is possible
that S1P; may assist in developing the cvtoskeleton using this route. Although S1P3 appears to
co-localise with arrestin, arrestin interaction may not be as a recruitment fo clathrin coaied pits,
but as a scaffolding protein which requires S1P; o0 complex with Fyn. Investigations of this
characteristic by controlled disruption of the constituents of lipid rafis could help to elucidate this
poiential interaction.

Tyrosine phosphotylation can modulate GABA, receptor function, and deletion of the
Jn-kinase gene has been shown 1o alter GABAergic funciion in olfaciory bulb neurons

[Kitazawa ef al., 1998]. One study determined whether the fyn gene deletion may have altered
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behavioural and functional actions of compounds that act on GABA, receptors, as this may
suppest a role for fyn-kinase in modulating GABA, receptor function, possibly vig direct
interaciions between the kinase and recepiot. The results of this investigation suggesied that fmn-
kinase may aller the function of GABA, receptors, perhaps via actions on $2 and/or 33 receptor
subunits |Boehm er al., 2004]. Data that lends itself to interpretation for the S1Ps/Fyn interaction
model where, depending on celltype, fyn may interact with the S1Ps receptor io alter its
conformaiion and thus regulate internalisation. This is particularly interesting, when one
considers the processes and the physiological locations that S1Ps and Fyn are implicated in. So
far, due to lack of binding partner identification, research has been limited as to the function of
fyn in immunology [Filipp and Julius, 2004].

It has been well established that SH3 binding site serve importani functional roles in
many GPCRs. For example, a recent study [Beard er al., 1999] has shown that PXXP motifs in
the third intracellular loop and the carboxyl-terminal tail of the By adrenergic receptor (B3AR)
interact directly with Src and are required for ERK1/2 activation [Cao et af, 2000b]. PXXP
motifs in the P1 adrenergic recepior interact with endophilins, SH3 domain-containing proteins,
and are involved in receptor internalization and receptor coupling to G proteins {Tang ef al.,
1999]. In the dopamine D4 receptor, PXXP motifs have been implicated in the comtrol of receptor
internalization as well as coupling to adenylyl cyclase and MAP kinase [Oldenhof ef al., 1998].
Also the SH3 binding sites in the P2Y; nucleotide receptor carboxyl-tcrminal tail interact
directly with Src and regulaie activities of Src, proline-rich tyrosine kinase 2 (Pyk2), and growth
factor receptors [Liu ef al., 2004},

Data from Bivona er al [2003], defined a new pathway for phospholipase Cy that
activates Ras on the Golgi apparatus by means of RasGRP1. This Src/PLC-y1/RasGRP1-
dependent pathway is distinct from the protein tyrosine kinase receptor/She (present or
absent)/Grb2/S0S pathway that activates Ras on the plasma membrane, Moreover, by activating
both RasGRP1 and the Ras GTPase-activating protein CAPRI, Ca® can regulate Ras in opposite
directions on different subcellular compartments. The binary GTP/GDP switch that constitutes
Ras as a signalling element cannot explain the variety of outcomes of Ras activation, By
expressing Ras on different sub-cellular compariments and by using distinct modes of regulation,
the cell gains increased capacity to modulate its ouiput [Bivona ef qf, 2003]. A mechanism
similar to this, which allows regulation on different levels would permit each S1P receptor
subtype to act at various stages of development of vessels, organs, etc., by signalling muliiple

downstream pathways. A potential complex that reflects this behaviour could occur between




S1Ps/Fyn or a similar kinase/PDGFE. S1P; forms a simtfar multiprotein complex which requires
the presence of a {yrosine kinase as findings from a study of PDGEF[ and S1P; have shown that
¢-Sre is involved in regulaiing signal transmission from PDGFR receptor—GPCR(s) complexes in
manmumalian cells [Walers er al., 2004, Walers ez al., 2005]. Another study was the first to show
that S1P; mediates the crossialk between S1P and PDGFR [Baudhuin ef af., 2004], and this
provides a mechanism for tyrosine phosphorylation in $1P; signalling.

Many G protein-coupled receptors activate growth factor receptors, although the
mechanisims controiling this transactivation are unclear, Comparative studies io those carried out
in this research were made when two proline-rich, SH3 binding sites (PXXP) in the carboxyl-
terminal tail of the human P2Y; nucleofide receptor were identified that directly associated with
Src in protein binding assays [Liu ef al., 2004]. P2Y,, P2Y,, P2Y 4, and P2Y receptors couple to
Gy and activale phospholipase C, resulting in increased inositol 3-phosphate formation and
mobilization of intracelluar Ca?* [Lee ef al, 2003]. Sic was found to co-precipitate with the
P2Y; receptor in 1321N1 astrocyioma cells stimulated with the P2Y; receptor agonist uridine
triphosphate (UTP). A mutant P2Y; receptor lacking the PXXP motifs was found to stimulate
calcium mobilization and serine/threonmme phosphorylation of the Erkl/2 mitogen-aciivated
protein kinases, like the wild-lype recepior, but was defective in its ability to stimulate tyrosine
phosphorylation of Src and Src-dependent tyrosine phosphorylation of the proline-rich tyrosine
kinase 2, epidermal growth factor receptor (EGFR}, and platelel-derived growth factor receptor
{Liu ef al, 2004]. Dual immuaofluorescence labeling of the P2Y» receptor and the EGFR
indicated that UTP caused an increase in receptor co-localization in the plasma membrane that
was prevenied by the Src¢ inhibitor, pyrazole pyrimidine-type 2 (PP2). Both these results indicate
that agonist~-induced binding of Src 1o the SH3 binding sites in the P2Y, recepior may facilitate
Src activation, which recruits the EGFR into a protein complex with the P2Y, receptor and
allows Src to efficiently phosphorylate the EGFR [Liu e af., 2004], Although this research has
shown through GST-fusion constructs that Src does not interact with the C terminal domain of
S1P; (Figure 5.8), it is possible that another member of the Src family, possibly Fyn, could
become activated through agonist-induced binding of Fyn to the SH3 binding site in the SiP;
receptor, in turn recruitmg PDGF mto a protein complex with the S1P; receptor to allow Fyn to
efficiently phosphorylate PDGF.

Initiatly, the S1P; and S1P5 C-tail exchange mutants were created to investigale whether
altered Fvn interaction would be observed when the S1P; C-tail was removed. These

experiments have yet to be performed, however, the results from mutant phosphorylation studies
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have shown that S1P;CT), has similar levels of phosphorylation to WT S1P; and that this in itself
is an indicator that the S1P; C-tail hinders phosphoryiation of the WT S1P; receptor. Perhaps
involvement of an intracellular loop that encourages heighlened phosphorylation in the S1P;
recepior can occur more readily with the addition of the S1P; CT and this may have evolutionary
consequences that support S1P; as the dominant S1P receptor. If the S1P; receptor is damaged
at the C-terminal end, or agonisi stimulation is not prevalent or there is beraction with a
pathway whereby a downstream protein alters the conformation of S1P; then possibly increased
phosphorylation of the recepter could be enabled by the involvement of an agonist-imitating
region of an intracellular loop on the S1P; receptor. 1 has been reporled that a KRX-725 peptide
crealed from a region of the second intracellular loop of S1P; can mimic the effects of SIP to
cause receptor phosphorylation [Licht et af., 2003].

In summary, through the resulis discovered by the investigalions reported in this thesis, a
tentative model for S1P; receplor signalling has been proposed, (Figure 5.10). The model shows
that S1P; undergoes S1P-induced phosphorylation, and that this phosphorylation is most likely
an agonist-activated non-GRK kinase. The model also shows that an SH3 containing protein,
possibly Fyn, interacts with the SH3 domain binding motif of the C-terminal domain of the S1P3
receptor. This interaction may alter correct complex formation, presumably for the cell types
studied, this obsiruction only occurs in CCL39 cells where internalisation is not achieved. This
suggesis thal in certain cell-types, it may be a possibility that S1Ps recepior regulation could be
orchestrated through interaction with a tyrosine kinase. This itself implies that the S1P;

receptors involvement with PDGF could regulate S1P3 signalling in certain cell types.
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Figure 5.1: Alignment of ¢he C-tails of S1P, ; 3 5, highlichting the SH3-interaction motif en

SiP;
A schematic representation of the C-terminal tails of S1P receptors S1P,,23 and S1Ps showing

the differences of amino acid residues (numbered) between each receptor. S1P; possesses an
SH3 interaction motif unlike its fellow S1P receptors. S1P, possesses a PDZ interaction motif.
Amino acids highlighted in yellow are homologous bhetween receptors. * denotes potential

palmitylation sites. Potential siles of phosphorylation in §1P; are underlined.
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Figure 5.2: Schematic and immunoblot of Y2H bait protein
A: Schematic of the vector PGBKT7 showing the mulliple cloning site (MCS) where the S1P;

receptor C-terminal (SIP3CT) peptide was inserted for use as the Y2H bait protein, A the c-Myc
epitope tag, kanamycin resistance and the GAL4 DNA binding domain,

B: The 76 amino acid peptide Lys’”-Asn’”®, taken from the S1P; cytoplasmic C-terminal
(S1P,CT), which was used as the molecular baii that includes the SH3 domain binding motif,
RASPIQP (red).

C: Cell extracts of HEK293 cells transfected with either the vector PGBKT7 alone or the

S1P;CT/PGBKT7 construct were solubilised, normalised for protein content and analysed by
SDS-PAGE and immunoblotting with anti-myc monoclonal 9E10.
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Figure 5.3: Screening of true binding partners using the X-aGal assay

A selection plate of minimal medium without Trp, Leu, Ade, His. It shows the two
81P:/pGBKT; constructs and several altemative yeast strain positive controls. X-gal expression
appears blue.

Anticlockwise:

S1P3;/pGBKT7 and pGADT7

S1P:/pGBKT; and pGADT5

pGBKT7 and pGADT,

pGM20 and pGADT,

pGM20 and pGM22

pGM47

AN A - o

pGADT7, pGM20, pGM22 and pGM47 were used as known positive conirols for plasmid
interaction and X-gal expression.
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Fignre 5.4: Detection of Positive Clones of Interaction with the S1P; receptor SH3 Binding
Domain Meotif

Lanes 1-14 show seven positive colonies in duplicate which were rescued from the PGBKT7
plasmid and amplified with appropriate primers to allow identification of potential binding
partner DNA.,

M refers to a 1 Kbp ladder, ++ refer to positive controls pGAD C1 and PGAD -+ YSC84.
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Figure 5.5: Digestion_of Positive Clones of Interaction with the S1P receptor SH3 binding

domain motif
Of the seven positive clones, the five clone PCR products most strongly amplified were purified

and then digested with EcoRI and BamHI. Each digested clone was then run on a 1% agar gel
with a 1kbp DNA marker.

The symbols + and ++ refers to positive controls PGAD C1 and PGAD + YSC84.
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Figure 5.6: The Purification of GST-SH; Fusion Proteins from E.coli

Fyn, fodrin, Src and PI3K were expressed in BL21 E.coli and immobilised on glutathione beads.
Samples were run on SDS-PAGE and transferred to mitrocellulose for analysis of protein purity.
Lane 2 = GST alone. Gel has NOT been transferred to nitroceflulose and blotted with any Ab.
The gel was run and stained with Coomasie Blue to ensure purity and mtegrity of the isolated

fusion proteins.
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Figure 8.7: A Specific Puil-Down Assay of Fyn-SH; with S1P;

A panel of GST fusion proteins containing the SH3 domains from Fyn, Src, fodrin and PI3K were
assayed using a GST fusion protein assay, as described in section 2.7 to test the ability of $1Ps3 to

bind to them in vitro.
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Figure 5.8: Effect of agonist treatment with Fyn-SH3/S1P; inferaction

Following treatment of CCL39/mycS1P; cells with 5 pM S1P for 30 min, cells were solubilised
and equalised for protein content prior to incubation for 1 hr with rotation with glutathione-
Sepharose beads 1o which 10 ug of the indicated GST-SH3 domain fusion proteins had been
immobilised, as described in Section 2.7. Following isolation of GST-SH3-bound proteins by
brief centrifugation and washing, the presence of S1P; was delermined by SDS-PAGE and
immunoblotiing with anti-myc antibody 9E10. This is one of four experiments, quantification
from which is presented. There was no statistically significant difference in the recovery of

S1P; pulled down with GST-FynSH3 in conirol versys agonisi-ireated cells.
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Figure 5,9: C-tail exchange mutations, mycS1P,CT;_and mycS1P;CT;_undergo agomist-

stimulated phosphorviation
A: Two consiructs were crealed by double PCR that possessed the WT full-length receptor of

either S1P, or S1P3, from the N-terminal through 1o the last transmembrane region and with the
construct exchanging the C-terminal for that of the opposite receptor. *“P-labefled serum starved
stably transfected CCL-39/mycS1Py or CCL-39/mycS1iP; or transiently transfected CCL-
39/mycS1P,CT3 or CCL-39/mycS1P:CT; cells were treated with ecither vehicle or SuM of S1P at
37°C for 30min. The cells were then solubilised for analysis of phosphorylation by
immunoprecipitation followed by SDS-PAGE and visualised by autoradiography.

B: CCL-39 cells expressing each receptor were solubilised and then analysed by SDS-PAGE and
immunoblotting with the anti-myc monoclonal antibody SE10.
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Figure 5.10: Tentative Medel of Human S1P; Receptor Regulation

A potential signalling model for the human S1P; receptor. This model incorporates the possibility
of phosphorylation of the S1P; receptor by a kinase similar to GRK2, involvement of arrestin and
protein interaclion at the SH3 interaction motif which may be Fyn or a related protein.
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Summary

Regulation of receptior phosphorylation, internalisation and desensilisation is critical to
GPCR transduction. The classical model of GPCR phoshorylation and internalisation is the
B>AR which provided the basic model to begin this research [Bouvier ef al., 1989; Freedman et
al., 1995; January ef al., 1997; Bouvier et al., 1998; Mayor Ir. ef aif., 1998, Seachrist ef ai., 2000].
Over the course of the last three chapters, it has been demonstrated that upon agonist exposure the
S1P reccptor S1Ps is phosphorylated and that S1P3 phosphorylation cannot be duplicated by
activation of second messenger-aclivaied kinases. A number of characteristics of S1P; regulation
were identified as distinct from previously described regulation of the related receptor S1Py,
which has been the subjeci of indepth characterisation [Liu ef al, 1999; Lee er al., 2001,
Watterson er al., 2002]. Initially, S1P; phosphorylation is solely agonist-dependent, whereas
S1P; is also phosphorylated upon activation of second messenger-activated kinases PKB and
PKC [Lee ¢f al., 2001; Watlerson er af., 2002}, Currently, the elfects of PKC phosphorylation are
unknown, however, sensiiivity of S1P; to phosphorylation by PKB is considered to be a pre-
requisite for activation of Rac and subsequent S1P-mediated chemotaxis [Lee ef al, 2001].
Seemingly, S1P; sensitivity to multiple kinases activated by different recepior systems enables il
to act as a signal integralion point for angiogenic stimuli in endothelial cells, while S1P3; function
is conirolled entirely by S1P, its physiological activator.  Additionally, though GRK2
phosphorylates both S1P; and S1P; in vitre, it is improbable that S1P3 regulation by this kinase
exists in intact cells since a mutant S1P3 construct, with apparent resistance to phosphorylation in
intact cells, displays the equivalent GRK2-mediated phosphoryiation as the WT receptor in vifro,
and GRK2 or GRK3 overexpression fails to potentiate S1P; phosphorylation in mtact cells.
Furihermore, S1P; desensitisation of Ca*" mobilisation does not appear Lo be alfected by receptor
phosphorylation as both WT and phosphorylation-resistant S1P; responses desensitise at
indistinguishable rates, which opposes the mechanism of the majorily of GPCRs. As a final
point, in HEK293 cells the receptor can internaltise upon agonist exposure under conditions where
mutant 81P;3 receptor phosphoiylation is undetectable.

This research poses a number of questions concerning S1P; regulation, beginning
with what is the kinase responsible for receptor phosphorylation in intact cells? Albeit
improbable that GRK2 and the closely related kinase GRK3 control S1P; phosphorylation in
intact cells, mutagenesis studies elucidate a region of the carboxyl-terminal domain spanning
Leu®™ and Vat*** as most probably containing the sites of receptor phosphorylation. Deleting this

region does not reduce the ability of the S1P3 receptor to stimulate [Ca”'|; mobilisation, denoting

219




that the resistance to phosphorylation does not reflect a gross detrimental change in receptor
conformation produced be the truncation. Furthermore, this region is almost bereft in acidic
residues, which is a common hallmark of GRK2/3 substrates including S$1P, [Onorato er al.,
1991 Prossnitz ef af, 1995]. Implausible too is the concept that S1P; is a substrate for the
GRK4-6 subfamily, as GRKS5, a prototypical member of this group cannot reconspiute S1P;
phosphorvlation ir vitro. Hence, it is plausible that S1P; is phosphorylated in an agonist-
dependent manner by a Kinase distinci [rom the GRK family. Reports are increasing which
describe agonist-dependent, GRK-independent regunlation of GPCR phosphorylation, {Budd er al.,
2000; Blaukat er al, 2001, Hanyaloglu et af, 2001]. However, an acidoiropic kinase that
typically phosphorylate clusters of Ser and/or Thr residues in a sequential fashion simtlar to
GRK2 or GKR3 would be an unlikely candidate for agonist-activated S1Ps phosphorylation
[Tobin, 2002).

A compelling aspect of this research is the evidence supporting a role for the SIP;
receptor’s extreme carboxyl-terminus in regulating the inhibition of 81P3 phosphorylation. Initial
removal of the last 27 residues of the carboxyl-terminal results in a receptor markedly
phosphorylated with the absence of agonist and receptor phosphorylation in the presence of S1P
is some five-fold greater than observed in the W' receptor. Accordingly, the extreme carboxyl-
terminus {or any receptor-bound protein) could sterically hinder interaction of a S1P; kinase with
the receptor, such that when removed significant agonist-independent receptor phosphorylation
can occur. Endorsement for this model is given by the observation that agonist-stimulated
phosphorylation of both S1P; receptor truncation mutants by GRK2 in vifro is increased in
comparison to the WT receptor. Although GRK2 is most probably not the kinase responsible for
S1P; phosphorvlation in intact cells, the observations discussed advocate a model for W1 S1P;
receptor having reduced kinase accessibility as a result of its extreine 27 residue component.

The unigueness of S1P; regulation is also exemplified by its ability to internalise in
HEK?293 cells despite the loss of agonist-siimulated phosphorylation upon delefion of the region
between Leu™ and Val**?, although S1P3 receptor internalisation is not apparent in CCL-39 cells
intimating a cell-lype specific role for S1P receptors where subcellular distribution of SiP
receptors is dependent on the pathways required for activation by the cell [Hedemann et al.,
2004]. An ability to internalise regardiess of loss of phosphoacceptor sites in the carboxyl-
ternunal domain is characteristically associated with family 2 GPCRs, like the secretin receptor
{Holtmann ¢f ol 1996; Walker et af., 1999], instead of family 1 receptors like S1P; although u-

opioid receptor mternalisalion in response to etorphine tfreatment occurs independently of
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receptor phosphorylation [Qiu ef /., 2003}, Together with evidence against a role for GRKZ2 in
mediating S1P; phosphorylation, it may be predicted that S1P; phosphorylation could have
consequences for receptor function which are not seen in classical internalisation and functional
desensitisation pathways. The observation that a phosphorylation-resistant S1P; truncation
mutant desensitises at a rate indistinguishable from the WT receptor, indicates that
phospharylation is not required for this aspect of S1P; receptor regulation which is consistent
with the hypothesis. A potential role for the C-terminal domain of S1P3 was put forward by the
presence of a RxxPxxP class I SH3 domain interaction motif as a scaffold for the
phosphorylation-regulated assembly of signalling complexes. Motifs akin to the SH3 binding
motif are found in several GPCRs, including the A, adenosine, dopamine D4 and JB;-adrenergic
receptors [Oldenhof et al, 1998; Cao ef al., 2000a]. For Bz-adrenergic receptors, is motifs
mediate receptor interaction with Src, which is essential to observe receptor activation of the
ERK signalling cascade [Cao ef af, 2000a]. A panel of GST fusion proieins encoding SH3
domains from nwltiple sources have been compared by their ability to inleract and precipitale
SIP; from cell extracts. The function of the SH3 binding motif within S1P; is currently
unknown, but in this study it has been shown that it is funclional and displays a high degree of
specificity, as evidenced by the ability of a recombinant SH3 domain from Fyn, but not those
from PI3K, fodrin or Src to bind to S1Pa in virro. However, Fyn is probably not a bona fide
S1Ps-interacling protein as it was not possible to detect any association between mycS1P; and
endogenous Fyn by co-immunoprecipitation in either vehicle- or agonist-treated CCL39 cells
(W.A. Sands & T.M. Palmer, unpublished obscrvations).

Although only conjeciure at this point, 1t would be interesting (o discover how celliype
influences the interaction of fim with S1P; and whether there is polential for it to assisl in
mediating TcR/CD3 signalling. However, il has been proposed that the required kinase specific
regulatory mechanisims necessary for interaction with fyn regide within lipid rafis, and subcellular
localisation of S1Ps, identified in this thesis presents the receptor within the PM, and not uniguely
or abundantly within the areas of lipid rafts. Yet, if one reverses this hypothesis, the role of fyn
in T cell signalling is well-known. Tn the resting T cell 98% of Fyn is localized in lipid rafis.
Following TCR activation, Lck-associated CD4 is activated and then translocates to lipid rafts.
Evidence has shown that raft-associated Lck activates Fyn, inferring that Fyn functions
downstream of Lck in TCR signalling. Recently, it was shown that Fyn is required for tyrosine
phosphorylation of Wiskott-Aldrich syndrome protein (WASp), a critical regulator of the Arp2/3
complex and actin polarization in T cells, which is regulated by activated Cded2-GTP. Mutation
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of Tyr®!, the Fyn phosphorylation site on WASp, severely inhibited TCR-induced actin
polymerization and provented the rescue of WASp deficient cells, suggesting that Fyn contributes
to the regulation of eytoskeletal remodelling. Phosphorylation of this site was still observed in a
mutant WASp that lacked a Cde42 binding site [Cannons and Schwartzberg, 2004].  Although
somewhat tenuous, it is possible to perceive that a complex of $1P; and arrestin recruits to where
Fyn localises and this provides a platform where cytoskeletal remodelling can be regulated, this
may have benefits in diseases such ag atherosclerosis and COPD. And if (yn is not the specific
kinase, this putative extension of the proposed model of S1P; regulation goes someway io
encouraging new explanations of its roles in various celltypes and physiological processes.

Although S1P; and S1P; share stmilar homology they employ markedly different
molecular mechanisms to govern signal output compared to other GPCRs. These differences can
be exploited to specifically inhibit angiogenic signalling pathways in disease states. The unique
regulation of S1P; phosphorylation may be useful in designing selective drugs. If selective drugs
were designed {o inhibit or promote phosphorylation, then downstream signalling could be
regulated enabling the processes of angiogenesis, cell growth, differentiation to be accelerated or
decelerated accordingly. For example the S1P agonist FYT720 is in trials for use as drug in
transplant rejection fRosen and Liao, 2003), and more recently a novel imamunomodulator,
KRP203, similar to FTY720 is being developed for use in organ transplantation [Shimizu ef al.,
2005].

Amongst the SIP family, the presence of an SH3 domain binding motif is unique to S1P;.
The ability of S1Ps to avoid sequesiration under certain conditions can be compared to the
apolipoprotein F receptor 2 (apoER2), which comprises, among others, an SH3 domain binding
motif. ApoER2 is expressed mainly in the brain, and the first evidence for its physiological role
came from genetically modified mice [Sunt and Soular, 2003]. The human Lrain expresses two
major splice variants of apoER2 mRNA, one of which includes an additional exon that encodes
59 residues in the cytoplasmic domain. The T.DL receptor does not contain the cxon containing
the three proline-rich (PXXP) motifs that may aliow apoER2Z to function as a signal transducer.
LDL, VLDL and apoER2 all have an amino-terminal region composed of multiple cysteine-rich
repeats that mediates ligand binding in the LDL receptor. Adjacent to this is a region with
homology io the EGF precursor followed by a serine- and threonine-rich region that is heavily
gycosylated in the LDL recepior. This is followed by a single TM segment and finally followed
by a carboxvil-terminal cyioplasmic domain contaiming an NPVY motit that comprises the

internalization signal of the LDL receptor [Sun and Soutar, 2003]. Investigations with chimeras
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compriging the ectodomain and TM domain of the LD receptor fused to the cytoplasmic domain
of apoER2 lacking the PXXP-containing residues have shown chimeras are capable of mediating
clathrin-dependent endocytosis of LDL as effectively as cells expressing the LDL receptor but not
if the PXXP insert is present in the protein [Sun and Soutar, 2003], Although expressed on the cell
swrface, the PXXP-containing chimeric receptor is excluded from clathrin vesicles as judged by its
failure to co-localize with AP-2 possibly due to interaction with intracellular adaptors or
scaffolding proteins, Chimeras with the TM domain of apoERZ, predicted to be longer than that
of the LDL receptor by several residues, failed to mediate endocytosis of LDL or to co-localize
with AP-2 regardless of the presence or absence of the PXXP insert. Features that render apoER2
a signalling receptor rather than an endocytosis receptor, such as the LDL receptor, veside in or
near the TM domain and in the PXXP motifs. The VLDLR and apoER2 can bind lipoproteins
containing apoE, but their primary role in vivo does not appear to involve lipoprotein catabolism,
and their pattem of expression differs from that of the LDL receplor.

ApoE has proved to be an importait factor in the repair of neural injury, and it also
appears 1o interact with P-amyloid proteins. The PXXP insert in apoER2 has also been shown to
bind to scaffolding proteins, for example, the c-Jun amino-terminal kinase-interacting proteins
JIP-1 and JIP-2, also known (o be involved in cell signalling It has previously been shown that
apoER2 camnot bind 101, and is unable to internalize and degrade cven apoE-containing
Lipoproteins, which is consistent with the view that the main funciion of apoER2 is not
endocytosis of lipoproteins. While the LDL receptor localizes with clathrin-containing membrane
tragmenis apoFER?2 tends to associate with lighter, caveolin-containing membranes 1t appears that
both the TM domain and the cytoplasmic domain of apoER2 influence the properties of the
protein probably because they determine its ability to localize in different regions of the cell
membrane [Sun and Soutar, 2003].

Another study of apoE isoforms demonstrated that inhibition of apopiosis by lipaproteins
depends pattly on the apoE genotype, with lipoproteins from the apoE4/4 genotype inhibiting
apoptosis less than those from other apoE genoivpes. Also, the antiapopiotic activity of HDL was
suppressed by VI.DL comprising the apoE4 isoform. These observations may help explain how
apol modifies disease expression, and may assist in new therapeutic strategies.[DeKroon et al.,
2003].

In recent studies myogenic differentiation was found to be accompanied by a profound
variation of S1P, and S1P; receptor expression levels and the progressive uwncoupling of S1P

from PLD activation [Meacci ef al., 2003b]. This could explain the variation in internalisation
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characteristics of $1P; between cell types. Depending on the requirement of the receptor to assist
in proliferation of a cell, the S1Ps receptor may be expressed differentially at the cell surface of
different cell-types, and thus intemalisation may not be easily observed in certain cell types, if it
occurs at afl.

As there is an abundance of potential phosphorylation sites within the C-terminal domain
of §1P; (including Ser®® within the SH3 binding motf), it is important to determine whether
phosphorylation blocks or primes receptor inferaction with associated or alternative adapter
proteins. This study can be made once two-hybrid screening and affinity pwification using
mutant $1P; C-terminal domain constructs in which phosphorvlation sites can be mutated to
either Asp or Glu to mimic the acquisition of negative charge and conformation changes occuring
in phosphorylation.

A novel association of S1P receptors could come from its role in survival of T cells, A
key initiating event i T-cell aclivation by antigen is the increased phosphorylation of
immunoreceptor tyrosine-based activation motif (ITAM) tyrosines in T cell receptor (TCR)
subunits by the Src family kinases Lck and Fyn. Exacily how the TCR couples antigen
recognition to this phosphorylation remains to be determined {Cantions and Schwartzberg, 2004].
Proposed models include juxtaposition of Lck to the TCR mediated by CD4 or CD8, increased
local concentrations of kinases and their substrates following receptor oligomerization and lipid
raft coalescence and the active exclusion of Csk and PTPases. These mechanisms are not
mutually exclusive, and probably operate in concert.

In viiro, both Lck and Fyn can phosphorylate ITAM tyrosines of the £ chain, Fyn seems
to phosphorviaie only one site with high affinity, while Lck readily phosphorylates four or five
other sites. It seems that Lck is the kinase responsible for much, if not all, of the ITAM
phosphorylation that follows TCR triggering in T-cells. Fyn may catalyse some ITAM
phosphorylation in the absence of Lck, but is largely unable to compensate for the loss of Lek
[Cannons and Schwartzberg, 2004]. Based on this discrepancy of regulation between I.ck and
Fyn, it would imply that those receptors requiring interaction with tyn for transduction may be
less significant than those interacting with Lek, and this would hold true for S1P receptors, where
S1P; is the major interactor with T cells in lymphocyie recirculation. And this would reinforce
the supporting role of 81P3, or help explain a distinct celltype specific function for $1Ps, with
regard to the immune system, which has been discovered by its expression in dendritic cells and

macrophages
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To reiterate, the characterisation of receptor sensitivily to phosphorylation and changes n
subcellular distribution that regulate the angiogenic S1P receptor S1P; has been reported. Similar
to the related receptor $1P;, S1P; phosphorylation is rapid and reversible in intact cells within an
18 residue regton in its C-terminal domain in response to increasing concentrations of agonist.
Yet S1P; is dissimilar to S1P; and many other GPCRs in that there appears fo be no requirement
for receptor phosphorvlation to trigger the sequestration of S81P; away from the plasma
membrane. In addition, GRK2 selectively phosphorylates $1P; in vitro. When ir vifro and intact
cell phosphorylation assays are compared via mutated receptors, results indicate that it is
improbably that GRK?2 is the agonist-regulated S1P; kinase present in intact celis. Furthermore,
functional aualysis of WT and phosphorylation-resistant mutant S1Ps—stimulated calcium
mobilisation indicated that sensitivily to agonist-induced phosphorylation was unable to influence
S1P; receptor desensitisation kineiics. Whilst S1P; has the potential to jniliate G-protein-
independent signalling, suggested by an ability to interact in vitro with the FynSH3 dorain, the
insensitivity 10 receptor phosphorylation of this event implies that any interaction in vive with the
S1P3-SH3 domain would be constitutive.

As described in Chapter 1 the apoER2 has novel intemalisation characteristics. The
FDNPVY motif within the apoER2 c-terminal has been predicted to form a reverse furn
conformation, and it is believed that this conformation is important for directing the receptor fo
clathrin-coated pits [Sun and Soutar, 2003]. The 59 amino acids in the cytoplasmic domain of the
chimeric LDLR-TM/apoER2-+, which ave located 26 amine acids downstream from FDNPVY,
appeared to disrupt the function of this motif [Sun and Soutar, 2003]. Although the FDNPVY
motif is not present in the C-terminal of the S1P; vecepior, a similar acting motif could be
mhibited by the presence of the SH3 domain binding motif that S1P; possesses.

The direction of fulure work should be in identifying S1P; binding partners whose
receptor interaction is regulated by phosphorylation within the SH3 domain, and also defining the
kinasc responsible for S1Ps phosphorylation. Viable P-arrestin knockout cefl lines would be
vseful tools to delineate the sequestration pathways utilised by S1P3 receptors. Furthermore,
assessment of the intracellular localisation would provide greater insight into the mechanisins
involved in the resensitisation of the {ull-length receptor and the carboxyl tail chimeras. Further
understanding of S1P; receptor reguialion could also be achieved by investigalions of C-
terminally GFP-tagged forms of chimeric S1P3 receptors which would provide the opportunity to

directly monitor the localisation, and trafficking of receptors in response fo extracellular stimuli.
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Tn a recent study, a stable knock-down of S1P; was generated in human endothelial celi
lines derived from human pulmonary microvascular endothelial cells (HPMEC-ST1.6R) and
human angiosarcoma (AS-M.5 and ISO-HAS.1) to show the influences of S1P; on an array of
functions in endothelial cells [Kromp-Konvalinkova ef al., 2005]. The research establishes for
the first time a reliable system that aliows long-term functional consequerices of S1P silencing to
be studied in detail [Krump-Konvalinkova ef al, 2005]. Similar investigations could be
performed using the $1P; receptor as a knock-dows. This is achieved by generating S1Ps-specific
small interfering RNA (siRNA) vectors, by cloning the sequences encoding the hairpin sSiRNA
targeted to S1P5 into the siRNA expression vector, and introducing plasmids encoding the S1P;
targeted siRNA into endothelial cells. This would help to assertain how S1P3 exerts its mfluence
in endothelial cells, which would augment the findings made from S1P: overexpressed in
fibroblasts in this thesis.

From the proposed model that this thesis puls forward for the characterisation of the S1Ps
receptor it is clear that the mechanising involved in S1#; signal transduction are not as simple as
originally perceived. It appears that S1P receptor signalling is intertwinned with various growth
factor signalling mechanisms, and is associated with transactivation of a number of tyrosine
kinases, not merely G-protiein inferaciions. S1P; is an enigmalic receptor, and the discrete nature
of its distribwlion in various physiological systems lends ilsell to dynamic regulalion for a
multitude of important processes which require further investigation to provide therapeutic tools

for the treatment and conirol of many pathological diseases.
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