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Abstract

The cascade linking growth factor receptors and G-protein coupled receptors (GPCRs) to
the regulation of p42/44 mitogen-activated protein kinase (p42/44MAPK) has been
described in some detail and involves numerous steps of phosphorylation and protein-
protein interaction. There is a remarkable degree of similarity in the pathways initiated by
these 1wo receptor families, although sorae degree of cell/receptor specificity exists. In
this study, the regulation of p42/44MAPK by the apa adrenccepior and the d opioid
receptor following transfection into Ratl [ibroblasts to different reccptor densitics was
quantitatively measured and compared to the regulation by endogenous G-protein
(lysophosphatidic acid: LPA) and tyrosine kinasc (cpidermal growth factor: EGF)

coupled receptors.

The wild type ¢z adrenoceptor was expressed at a high (clone TAGWT 17: 5600
(mol/mg protein) and low density (clone TAGWT 3: 460 Imol/mg protein) which
permitied greater G-protein activation in clone TAGWT 17 cells as measured by agonist
(UK14304)-mediated stimation of high affinity GTPase activity and cholera toxin-
catalysed [32P]ADP-ribosylation of Gj-like proteins. Greater maximal activity and lower
half-maximal agonist concentrations (ECsg values) were determined for clone TAGWT
177. The greater signalling ability was also determined at the level of inhibition of
adenylyl cyclase. Previous studies had demonstrated the activation of p42/44MAPK by
the aga adrenocepior. UK 14304 treatment of cells of hoth these clones phosphorylated a
significant proportion of p44MAPK demonstrating that there was no requirement for high
level expression to observe this coupling. This response was dose-dependent with

TAGWT 3 clone displaying a 10-fold greater ECsq value than clone TAGWT 17.

An Asn” mutation of the aza adrenoceptor (Asp”? changed to Asn) substantially
reduced the G-protein coupling efficiency of the receptor, previously demonstrated as a

complete or partial loss of signatling capacity. This mutant receptor expressed in




tibroblasts (clone ASN79 4 : 3000 fiuol/mg protein; ASN79 9: 4300 fmol/mg protein)
demonstrated an attenuated, but not eliminated, ability to stimulate G-protein activation,
inhibit adenylyl cyclase and phosphorylate p42/44MAPK, This indicated that Lhe coupling
efficiency to the MAPK cascade was nolt exceptionally poor, as even a severely limited
G-protein activation substantially stimulated this pathway. However, the time course of
phosphorylation of p44MAPK wag signilicantly more delayed and transient which would
indicate that the kinetics of this regulation is dependent on the level of stimulation of the

G-protein-coupled pathway.

The O opioid receptor was also expressed to a low (clone DOE : 170 fmol/mg protein)
and high density (clone D2 : 6400 [mol/mg protein), and the ability of this receptor to
regulate Gi-like proteins (as determined by agonist (DADLE: [D-Ala?, D-Leu 51
enkephalin)-mediated stimulation of high affinity GTPase activity, [35S]JGTPyS binding
and cholcra toxin-catalysed [F2P]ADP-ribosylation) again correlated with the receptor
level in the two clones: higher maximal activities and lower EC5g values were determined
for clonc D2. DADLE-mediated adenylyl cyclase inhibition and phospholipase D
activation was also greater in clone D2. Consistent with the similarities of signalling
capacity of the a2a adrenoceptor, DADLE treaiment phosphorylated and activated
p42MAPK and p44MATK iy Gi-proteins in both of these clones. This result added
another GPCR to the list which can regulate p42/44MATK and again demonstrated that
there was no requirement [or receplor overexpression. Activation by DADLE was dose-
dependent and a 40 fold higher concentration of DADLE was required for hal{-maximal
activation in clone DOE compared with clone D2, This difference was much more
pronounced than that detected at the level] of G-protein activation and indicated the
presence of a large receptor and stimulated G-protein reserve for the activation of
p42/44MAPK in both clone D2 and DOE, although the magnitude of this reserve was
greater in clone D2. These DADILE-mediated concentration-response curves also
demonstraled that the activation of p42/44MAPK wag co-operative in nature for both

clones (indicated by Hill coefficienis greater than 1.0), suggesting that there may be more
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than one input point into the p42/44MAPK cascade for the § opioid receptor. This co-
operativily was not observed for the response 1o UK14304 in clone TAGW T3 or 17 or to

LPA in any clone, demonsirating that this is not a universal feature ol GPCRs.

The time course of DADLE-mediated activation of p42/44MAPK [ollowed a similar
pattern in both opioid recceptor expressing clones, however, the activation was
significantly morc sustained in clone D2. The lime course of activation in clone D2 was
morc delayed and more transient with lower concentrations of DADLE. This confirms

that the time course of activation is dependent on the level of G-protein stimulation.

These conclusions were confirmed by the ability of ligands with a range of intrinsic
aciivities at this receptor to phosphorylate pd4MAPK, Even ligands which displayed very
limited intrinsic activity in GTPase activity measurentents significantly phosphorylated
p4dMAFK in clone D2, although the time course was more delayed and transient than
with a full agonist. Only ihe morc ¢fficacious ligands stimulated phosphorylation of
p44MATK in clone DOE, and again they displayed a more delayed and transient time

course than for DADLE.

The influcnce of other signhalling pathways and kinases on the regulation of pd2/44MAPK
phosphorylation by both the az4 adrenoceptor and & opioid receptor was also examined.
Both of these responses were sensitive to inhibition by cAMP elevating agents and may
suggest a secondary input into the MAPK cascade. The lack of any significant effect of
butan-1-ol or chelerythrine pretreatment indicated that phospholipase 1D and protein kinase
C were not involved in the DADLE-medated phosphorylation of p44MAPK jn clane D2.
Similarly, genistein displayed no inhibitory effect on the activation of pd4MAPK by either
of these GPCRs. However, tyrphostin AG1478 and wortmannin attenuated the response
to DADLE in clone DOE, although the higher level of receptor expression in clone D2

permitied this inhibition to be overcome. This would appear to indicate that the EGF
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receptor kinase and the phosphatidylinositol 3-kinase are involved in the pathway initiated

by the & opioid receptor lcading to the phosphorylation of p44MAPK,

iv
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Chapter 1: Introduction



Chapter 1: Introduction

The problem of how cells convey a signal from the binding of an extracellular ligand to
an intracellular effect is central to modern biology. In this field, an increasing amount of
attention is being given to intracellular signatling pathways which transduce signals
which regulate celtular growth and differentiation. Of these pathways, those stimulated
by growth factors acting on tyrosine kinase-linked receptors were historically the first to
be discovered and much of the earty information about these pathways arose from studies
on these systems. Many of the early signalling events leading to mitogenesis have been
discovered and found to involve numerous kinases and protein-protein interactions.
Receptors which make use of the heterotrimeric guanine nucleotide-binding proteins (G-
proteins) to transduce their signals were also found to stimulate mitogenesis. The
similarities and differences between the signalling palhways initiated by these two

categories of receptors has been an area of intense study in recent years.

These studies have discovered the importance of an increasingly large and complex
family of enzymes involved in mitogenic pathways: the mitogen-activaicd protein kinasc
(MAPK) family. The work which is described in this thesis is focused on the regulation
of a subset of this family, namely p42 and p44 mitogen-activatcd protein kinasc

(p42MAPK and p44MAPK) by receptors which couple to the G; family of G-proteins.

1.1 G-protein coupled receplors

Many external signals such as hormones, neurotransmitters, light, and odorants produce
their effects by interacting with transmembranc rceeptors which transduce the
extracellular signals lo effector molecules in the interior of the cells by means of
heterotrimeric G-proteins. Many of these receptors (the G-protein coupled receptors -
GPCRs) have been cloned and sequenced and found 1o share common structural features
(which are explained in more detail In Dohlman ezal., 1991), Hydropathy plots

suggested that GPCRs contained seven hydrophobic, membrane spanning regions and all
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receptors of this family are believed 1o fit this model with an extracellular amino-terminus
and an intracellular cal‘boxy-te;rminus. The transmembrane spanning regions are thought
to be composed of « helices based on structural similarities with bacteriorhodopsin. The
agonist binding region has been determined in many of the receptors to be formed at least
in part by the transmembrane region of the receptor. An important fealure is that
antagonists often display a distinctly different binding site from the naturally occurring

agonists,

Site-directed mutagenesis, deletions and chimeric receptor studies have been performed
in order to identif’y regions of the receptor which are important for coupling to their G-
proteins (Dohiman efal., 1991; Exton, 1996). It is thought that the important regions for
this function are the carboxy-terminal end of the third infracellular loop and the proximal
part of the cytoplastmic tail as well as part of the second intracellular loop. Howevcr, this
work has not been able to determine specific amino acid sequences required for coupling
io selective G-proteins and thus it appears that the overall three-dimensional structure of

the cytoplasmic parts of the receptor is the important determinant for G-protein coupling.

GPCRs are post-translaiionally modified. These modifications may include extracellular
N-linked glycosylation on the amino-terminal region which might contribute to
determining proper distribution of the receptor and intracellular iipid modification which
tukes the form of palmitoylation at a cysteine or cysteines in the carboxy-terminal region.
This palmitoylation may be dynamic and regulated by receplor activation and through
intercalation with the membrane bilayer may create a fourth cytoplasmic loop which may
play various roles in different receptors such as membrane anchorage, regulation of

descnsitisation or G-protein interaction (Milligan et al., 1995),

Prolonged stimulaiion of a cell often results in reduced rcsponsiveness to subsequent
challenge with the same stimulus in a rapid process termed desensitisation. Ior many

GPCRs this process is rapid and involves serine/threcnine phosphorylation of the
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receptors by second messenger-regulaled kinases such as protein kinase A (PKA) and
protein kinase C (PKC) and by G-protein receptor kinases (GRKs) . PKA is involved in
heterologous desensitisation which may occur in response 1o elevated CAMP levels in the
cell and Ieads to the modification of any receptor with an appropriate targel site. The
GRKs are involved in homologous desensitisation occurring only at high levels of
agonist and their action is dependent on agonist binding to the receptor. The GRKs are
apparently synergistically activated by Gp and by the agonist-bound receptor (see later)
and the phosphorylation permits the binding of a second faclor (an arrestin) which
uncouples the receptor from its G-protein (Dohlman efal,, 1991). A longer-term process
is that of down-regulation which is characierised by a reduction in the total number of

receptors present in the cell and this occurs over several hours.

1.2 Heterotrimeric G-proteins

The large family of heterotrimeric G-proteins plays an important role in transducing
signals at the cell surface to effector proteins within the cell in all evkaryotic organisms
(Hepler and Gilman, 1992; Necer, 1995; Rens-Domiano and Hamm, 1995). These
proteins are heterotrimeric, being composed of three distinet subunits: o, 3 and y. The «
subunit family is composed of over 20 members with approximate molecular masscs
ranging between 39 and 52 kDa. The o subunits conlain a single high affinity binding
site for guanine nucleotides (GDP and GTP) and have mirinsic GTPase activity. G-
proteins have been defined by the identity of the o subunit which they contain. There are
now five known mammalian 3 subunits of approximate 36 kDa and ten y subunits of 6-9
kDa. P and y subunits are tightly complexed and tfunction as a unit, The structures of
these subunits have been extensively studied (see Neer, 1995; Rens-Domiano and
Hamm, 1995; Gudermann etal., 1996; Exton 1996 for revicws) and recently crystal
structures of heterotrimeric G-proteins have been described which have revealed the
guanine nucleotide-dependent inferaction of the o« and By subunits which regulates their
interaction with receptor and effector molecules (Wall efal., 1995; Lambright etal. ,

1996).




Although all three subunits lack any sequence which would ohviously traverse a lipid
bilayer, the heterotrimer is bound 1o the plasma membrane. The isoprenylation of the
carboxy-terminus of the y subunit appears to be essential for the plasma membrane
association of the 3y complex, as well as for interaction with effectors and G, subunits
(Clapham and Neer, 1993). The role of lipid modification of the ¢ subunit is currently
the subject of much investigation. Members of the Giq class (see below) have been
shown to be co-translationally myristoylated at their amino-terminal glycine and this may
play a role in membrane association and tnteraction with Ggy. Memibers of all the classes
of G have been shown to be palmitoylated in a posi-translational modification which is
dynamic and appears to be regulated by their activation (Milligan et al., 1995). The rolc
of the palmitoylation of these proteins is still somewhat controversial but may include
some contribution to plasma membrane localisation as well as subunit and G-protein-

receptor coupling.

The GDP bound form of « is tightly bound to 3y and is inactive, whercas the GTP
bound form is dissociatcd from Jy which permits the o and the By subunits to regulate
effector protcins. The intrinsic GTPase of o switches off this activity and allows
reassociation with 3y to occur. Receptors regulate this cycle of activation and
deactivation of the G-proteins by inducing a conformational change which causcs GDP

dissociation from the inactive G-protein complex (Figure 1.1).
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Figure 1.1 Transmembrane signalling by heterotriineric G-proteins
Agonist (A)-mediated activation of the receptor stimulates a conformational change which
favours the interaction of the receptor with the heterotrimeric G-protein (Step 1). This
induces a conformational change in the a subunit which promotes dissociation of GDP
from its binding site and permits GTP to bind (as it is present in significantly higher
levels than GDP in normal cellular condilions). This induces the activated conformation
of Gg, which dissociates {rom the receptor as well as from Gy (Step 2). This releases
the receptor to interact with further G-proteins, and the « and 3y subunits to regulate
effector proteins (Step 3). The active state persists until the intrinsic G'FPase activity of
Gy, hydrolyses the bound GTP to GDP (Step 4) and so the duration of actuvity is
determined by the rate of GTPase activity. The GDP-bound form of G, favours
reassociation with Ggy which switches off both subunits and primes the system to

respond again {Step 5).




1.2.1 G-families and their function

The G-proteins were subclassified according to amino acid sequence relationships of the
o subunits (see Table 1.1) although functional relationships follow this system closely as
well. Much could be discussed as to the function of each of these subfamilies and their
members, however, only a limited introduction to each of these will be given. The

function and effect of the members of the G family is still poorly understood.

Table 1.1 Classes of mammalian Gy subunits

Class Membcrs Toxin Some Effector Functions

Gy O, Colf Cholera Stimulate adenylyl cyclase,
regulate Ca2+ channcls
Gy a1, @2, 93, Pertussis (except az),  Inhibit adenylyl cyclase, regulate

Qo Ol, 02, Og,  Cholera (for o and O Ca2+ and K+ channcls, activate

ay only) phospholipase C
Gq Oty CU1E, Q145 — Activate phospholipasc C
ais, Al
Gz a2, 413 - Regulate Na*/K+ exchange

1.2.1.1 Gy Tamily

One of the earliest second messengers to be discovered was cAMP and its production is
calalysed by a large family of proteins called the adenylyl cyclases (Sunabara eral. |
1996). Although these enzymes are regulated in diverse ways (De Vivo and Iycengar,
1994b), all of the mammalian adenylyl cyclases which have been identified thus far are
stimulated by members of the Gg family. All members of the Gy family are sensitive to
medification by the bacterial cholera toxin which catalyses the ADP-ribosylation of a
specific Arg residuc of the o subunit which is thought to play a key role in the GTP
hydrolysis mechanism ( Rens-Domiano and Hamm, [995), This medification inhibits

the GTPase activity thereby constitutively activating the protein.




1.2.1.2  Gj family

Pertussis toxin can catalyse the ADP-ribosylation of most members of the Gj [amily.
This modifies a Cys residue four amino acids {rom the carboxy-terminus and thus
inhibits receptor-G-protein coupling. Pertussis toxin sensitivity is often used to implicate
Gi-proteins in signalling pathways. The G; family couples receptors to various effector
proteins. The most common and widely studied is the inhibition of adenylyi cyclase, bui
others include ion channels, phospholipases and the MAPK cascade (see [ater). The
mechanism of inhibition of adenylyl cyclase by Gj-proteins depends, to a great deal, on
the type of adenylyl cyclase which is present. This can occur by means of a direct
inhibition of the enzyme by the G, subunit (especially on type V and VI isoenzymes) or
by release of By complex which can inhibit the activity of Gy, on type [ cyclase (see

below).

1.2.1.3  Ggq family

Members of the Gg family, all of which are insensitive to both pertussis and cholera
loxins, have been shown to be important in the regulation of members of the
phosphoinositide-specific phospholipase C (PI-PLC) family (Exton, 1996). Thesc
enzyines catalyse the hydrolysis of phosphattdylinositol 4,5-bisphosphate to form two
second messengers, inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3
regulates the release of tniracellular CaZ*, while DAG activatcs many isozymes of PKC.
Specifically, it is members of the PLCf sub-family (isozymes 1, 2, 3 and 4) which can

be activated by Gg (Exton, 1996).

1.2.2 The rele of By complex

For a long time, the accepted viewpoint was that the Py complcx was present only as a
facilitator of the activity of the « subunits, stabilising the inactive form, localising it to
menbranes and presenting it to receptors. However, increasingly, the importance of the
direct regulation of effector proteins by fy complexes has been realised (discussed in

Sternweis, 1994; Clapham and Neer, 1995). Numerous effectors which are regulated by
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fiy subunits have now been found including K+ and Ca2+ channels, adenylyl cyclase,
PLCR, GRXs and they are implicated in the regulation of the MAPK cascade (as will be
discussed laler). It is now clear that effectors can be regulated by G, subunits alone, by
Gpy alone, by both subunits acting independently of each 6thcr, or by both subuniis
acting synergistically or antagonistically. This presents a great potenlial for complexily 1o
the regulation of effector molecules by GPCRs, cspecially when the abilily of one
receptor to inleract with more than one type of G-protein (see next section) is also
considered. Selectivity between the different possible effects probably relies heavily

upon the cell-specific expression of different isoforms of the signaliing components.

The different isoforms of adenylyl cyclase are regulaled by some of these mechanisms
involving [y and o subunits (Sternweis, 1994; Sunabara ezal., 1996). For exampie,
type I adenylyl cyclase is suscepiible to direct inhibition by Ggy and activation by Gse
whereas types I and ['V are only maodestly activated by Ggq but are synergistically
activated further by Ggy. In contrast type I1I is neither activated nor inhibited by Ggy but

18 still regulated by Gy,

PLCB2 and 3 are stimulated by fiy subunits as well as by G (as mentioned above)
although these effects are selective with regard to the preferred isoforms (Exton, 1996).
The By subunit acts independently of Gqo, and activalion is not conditional on priming by
either subunit. This implics that these subunits act at distinet sites within the P1.C
molecule. ‘I'he pertussis toxin-sensitive regulation of PLC aciivity by GPCRs is thought

to accur by By-mediated activation of PLCP .

1n addition to enhancing receptor interaction with G, the By complex has also been
shown to reguliate receptor desensitisation by locatising GRIs (such as the -adrenergic
receptor kinasc (BARK)) to the plasma membrane (Pitcher ezal., 1992) through a direct
interaction mediated by the carboxy-terminal region of BARK (which includes a

pleckstiin homology domain (see later)). Activation of the GRKs is achieved by a
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synergy between the agonist-activated receptor and Ggy to stimulate phosphorylation and
desensitisation of the agonist-bound receptor (Haga etal., 1994). This mechapism may
suggest a general nodel of membranc localisation and co-activation for the function of

Gpy in regulating other cffectors.

1.3 Multifunctional signalling by GPCRs

The mechanisms by which any one GPCR can reguiate multiple effector pathwiys and
how specificity in these pathways is achieved are of considerable interest (Milligan,
1993, Guderman etal., 1996). There is a potential problem of proving experimentally
that multiple effectors are regulated by a single receptor expressed in its physiological
setting as there can be many genetic subtypes of one receptor which respond to the same
ligand but activate distinct effector pathways. A frequent strategy to circumvent this
problem involves heterologous expression of receptors in cells which do not usually
contain them. If this technique is used, it must be taken into account that expressing the
receptors in foreign genetic backgrounds to levels which are frequently considerably
higher than in the ceils which endogenously express the receptors may iead to non-
physiological interactions of signalling components while the physiological situation may

represent greater specificity of coupling (see Guderman etal., 1996 {or examples).

Nevertheless, heterologous expression has indeed demonstrated the coupling of a single
receptor to multiple effector proteins and examples of such will be seen in this thesis.
The mechanisms by which receptors produce these effects are currently under study but
may involve the ability of one receptor to couple to distinct G-proteins which can then
activatc distinct signalling pathways, or both the o and [y subunits releascd from onc G-
protein regulating distinct effectors. Some of the mechanisms can be clearly seen in the

regulation of the MAPK cascade by GPCRs.




1.4 THE MAPK CASCADE

MAPKSs are important intermediates in signal transduction pathways that are initiated by
many types of cell surface receptors. This family of MAPKs hus been extensively
studied over the past decade and is composed ol three main groups: p42/p44MAFK
(ERKSs), INK/SAPK and p38/RK (Davis, 1994, Cano and Mahadevan, 1995). Itis
with the classical MAPKs or ERKSs (extracellular regulated kinases) that this thesis will
mainly deal, although the other subfamilies will be mentioned later in this Introductton.
pa2MAPK and p44MAFK are important enzymes involved in mitogenesis and
differentiation and were initially described as regnlated by growth hormones acting at
tyrosine kinase-linked receptors. Subsequently it was realised that cytokines, antigens
and GPCR agonists could also regulate their activity (for examples see Pelech and
Sanghera, 1992; Pclech, 1993; Malaikey etal., 1995). Numerous GPCR agonists have
since been demonstrated to activate these enzymes via endogenously expresscd receptors
(including those for thrombin (van Corven efal., 1993) and lysophosphatidic acid (LPA)
(Hordijk etal., 1994}) and via heterologously expressed receptors (including the
muscarinic m2 acetylcholine receptor (Winitz ef al., 1993) and apa-adrenergic recepior
(Alblas etal., 1993)). Regulation of these MAPKs 15 achieved by means of intricate and
complex cascades involving phosphorylation and protein-protein interactions which will
be described in some detail (reviewed in Blenis, 1993; Crews and Erikson, 1993;
Burgering and Bos, 1995; Malarkey ef al., 1995). Although the tyrosine kinase linked
receptors and the GPCRs were originally thought to use largely distinct pathways in
order 1o regulate these enzymes (Crews and Lirikson, 1993), cuirenl research has
inercasingly suggested considerablte similarity in the two cascades. It should be noted
that there is great diversity in the pathways used by differcnt receptors and cells and
therefore some of the generalisations which will be mentioned will not be true in every
system. A diagram itlustrating the MAPK cascade as initiated by GPCRs is shown in

Figure 1.2.
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Figure 1.2 The G-protein coupled MAPK cascade

Schematic diagram of the regulation of p42/44MAPK by GPCRs via Gy, Gqand G-

protein families and growth factor tyrosine kinase receptors (RTK)}. See main text for

details and variations from this scheme.
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1.4.1 pd2MAPK 3pd paqMAPK

MAPK was first identificd in adipocytes as an insulin-activaled sojuble serine/threonine
kinase which catalysed the phosphorylation of microtubule-associated protein 2 (Ray and
Sturgill, 1987). Two proteins of approximate molecular mass 42 kDa had previously
been observed to be phosphorylated on tyrosine residues in responsc to growth factors
and phorbol esters (Gilmore and Martin, 1983; Cooper efal., 1984} and these proteins
were [ound to mediate the activity observed by Ray and Sturgill (Rossomando et al.,
1989). Cloning and characterisation of these proteins (Boulton ef gl., 1990 and 1991)
demonstrated a family of kinases with two main isoforms, p42 and p44 (also called ERK
2 and 1 respectively bul from now on these will be denoted as p42MAPK and p44MATK)
These two forms of MAPK are coactivaled by a variety of stimuli as will be seen later,
however it should be noted that although selective activation of p42MAPK but not
p44MAPK hag been demonstrated in platelets (Papkoff etal., 1994), this is thought to be
unigue to this system. Much of the work in this field was aided by the obscrved
similarity in the MAPK cascade in signal transduction pathways in all eukaryotcs. For
example, genctic analysis of the pheromone-induced signalling pathways in veast has
been applied to the study of the MAPK pathway in mammalian systems (scc Blumer,

1994; Nishida and Gotoh, 1993).

1.4.2 Regulated by phosphorylation

An early observation of the ability of phosphatase inhibitors to preserve the activity of
MAPK suggested the importance of phosphorylation in the activation of MAPK (Ray and
Sturgill, 1987). It is now known that the MAPK family is activated by dual
phosphorylation on both threomiste and tyrosine residues (Anderson efal., 1990). This
oceurs in a TEY sequence for both p42MAPK and pa4MAPK (Thr183 and Tyr185 in the
mammalian pd2MAFK) (Nishida and Gotoh, 1993; Her etal., 1993) and this defines
these enzymes from the other members of the MAPK family (Cano and Mahadevan,
1995 and see later). Phosphorylation on both of these residues is essential for activity as

shown by the loss of MAPK activily on mutation of either the phosphorylated threonine
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or tyrosinc residue (Alessandrini e al., 1992). The phosphorylation of the TEY
sequence is catalysed by a single dual specificity enzyme called MAPK kinase or MEK
(MAPK or ERK Kinase) (Gomez and Cohen, 1991). Tyrosine and threonine residues
can he phosphorylated by MEK indcpendently of cach other and in either order (Her f
al., 1993), and although autophosphorylation ol the regulatory tyrosine residue can
oceur, MEK can catalyse the dual phosphorylation of a kinase-inactive MAPK (Nakielny
et al., 1992), demonstrating that this protein is indeed a dual specificity kinase. Control
of the activity is also achieved by the action of phosphatases, both in the nucleus

(CL.100) and cytoplasm (Pyst1) and these will be discussed later.

The three-dimensional structure of p42MAYK wag determined in its unphosphorylated
low-activity conformation (Zhang ezal., 1994). This revealed that Thri® is on the
surface of the molecule while Tyr185 (the residue which is suggested to be
phosphorylated first) is buried in a largely hydrophobic pocket and may interfere
sterically with substratc binding. It is assumed that p42MAPK yndergoes an initial
conformational change on MEK binding in order to permit phosphorylation which occurs
first on tyrosine and subsequently of threonine. Both global and local conformational

changes are thought to be involved in the activation of p42MAFE,

1.4.3 MAPK substrates

p42/44MAPK {5 4 serine/threonine kinase with an optimal subsirate consensus sequence
of Pro-Xaa-Ser/Thr-Pro (hence the description of MAPK as a proline-directled kinase)
(Davis, 1993). Following activation of MAPK, an important slep is thought io be the
translocation of a proportion of this enzyme to the nucteus (Chen efal., 1992) and the
activation of various transcription factors (Edwards, 1994; Cano and Mahadevan, 1995;
Hill and Treisman, 1995). There are also important substrates of p42/44MAPK which are
located in the cytoplasin such as cytosolic phospholipase A3 which can be activated by
GPCRs by a complex mechanism involving regulation by Ca?*, PKC and MAYK (Lin et

al., 1993; Kramer eral., 1993) and pcrhaps a further factor (Winilz ¢al., 1994). Other
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substrates of p42/44MAPK include p90 ribosomal S6 kinase (p90=K) which can also
activate transcription factors in the nucleus (Chen etal., 1992; Blenis, 1993), MAPK
activated protein (MAPKAP) kinase-2, as well as other kinases upstream of MAPK

which perhaps function in a feedback pathway (reviewed in Davis, 1993).

1.4.4 MEK and its regulalion

Two main maminalian isoforms of MEK have been identified and cloned, MEK1 and
MEK?2 (Scger et al., 1992; Zheny and Guan, 1993a). These ubiquitous cnzymes show
remarkable selectivity for p42/44MAPK: ng other in vitro substrates for this enzyme have
been discovered. The sufficiency of the MAPK cascadc for cell growth was
demonstrated by the ability of constitutively active MEK to transform mammalian cells
(Mansour et al., 1994, Cowley etal., 1954). MEK was inactivated on trcatment with
phosphatases specific for phosphoserine/threonine, but not phosphotyrosine,
demonstrating that these enzymes are regulated by serine/threonine phosphorylation
(Crews and Erikson, 1992; Nakielny etal., 1992). MEK and p42/44MAFK were
constitutively activated in NIH 3T3 cells expressing the oncogene v-raf (the transforming
gene of the murine sarcoma virus), and recombinant v-Raf could also phosphorylate and
activate MEK in vitro (Dent ez af., 1992). Activation and phosphorylation on Ser/Thr
residues of MEK by the cellular counterpart of this oncogenc, c-Raf, was subsequently
demonstrated (Kyriakis ez al., 1992; Howe etal., 1992) and phosphorylation at both
Ser?18 and Ser??2 which is required for activation of human MEK1 can be catalysed by
c-Raf (Zheng and Guan, 1994, Alessi ef al., 1994). In addition, MEK can also be

phosphorylated by Mos and MEK kinase (Blumer and Johnson, 1994).

Raf-1 is a 72-76 kDa serine/threonine protein kinase which is activated by numerous
growth factors. Its requirement in the activation of p42MAPX and pddMATK (Schaap er
al., 1993) and cellular transformation (Troppmair ef al., 1994) induced by growth
factors, serum and oncogenes has been demonstrated by the overexpression of dominant

negative mutants of Raf-1 made from the N-terminal regulatory domain . The acivation
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of p42MAPK i, response to [.PA was also blocked by the expression of dominant
negative mutants of Ral-1 and polentiated by overexpression of wild type Raf-1 in COS-
1 cells (Towe and Marshall, 1993). The expression of a dominant negative mutant of
Raf-1 also blocked the activation of p44MAYK by various GPCRs expressed in COS-7
cells (Hawes efal., 1995) suggesting a general function for this enzyme. Three
mammalian isoforms of Ral have been identified (c-Raf-1, A-raf and B-raf), of which c-

Raf-1 is ubiquitous while they others display some tissue specificity (Daum ef al., 1994).

Raf may have other additional signal transduction roles involving the phosphorylation of
substrates other than MEK. Recent work has implicated Raf-1 in a pathway leading to
activation of p705%k (sec later) by a MA PK-independent mechanism (1.enormand etal. ,

1996). At present these observations are poorly understood.

1.4.5 Ras

For many years, p21™ has been known to play a rofe in cell growth and transformation
having been implicated in the formation of a considerable proportion of human tumours.
This protein is the produci of a proto-oncogene and one of a large number of small
GTPase enzymes which are present in mammalian cells. Mammalian cells express four
true Ras proteins and these proteins cycle between the active GTP-bound and the inactive
GDP-bound forms and the ratio of Ras-GTP/Ras-GDP is thought to be ihe key
determinant of downstream signailing from Ras proteins. This is regulated by guaninc
nucleotide exchange [actors (GEFs) which stimulate the release of GDP and by
stimulation of the low intrinsic GTPase activity by GTPase activating proteins (GATs)

(Boguski and McCormick, 1993).

Ixpression of oncogenic Ras was found to constitutively activate p42MAFK and
p44MADK (1 gevers and Marshall, 1992; Cook efal., 1993), although this appears to be
cell-specific as this was not always observed in transfected Ratl fibroblasts (Gupta ezal. ,

1992, Gardner efal., 1993 contrasis with Hordijk etal., 1994a). Ras has also been
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implicated in the control of other transcriptional regulators (Deng and Karin, 1994).
Overexpression of dominant negative mutants of p21%$ (Asn}7 o Ser, which might
compete for a required GEF) in various cells blocked pd2MAPK and pdaMAPK aetivation
by growth factors and GPCR agonisis but not by phorbol esters (de Vries-Smits etal. ,
1992; Cook eral., 1993; Hawes etal., 1995) which implicated 4 Ras-dependency of
these pathways, although some GPCRs act by an apparently Ras-independent
mechanism (Honda efal., 1994; Hawes etal., 1995). Experiments with the
heterotrimeric G-protein activator AlF4 apparenily also indicated that certain G-proieins

way control this pathway in a Ras-independent manner (Robbins ezal., 1992).

1.4.6 Ras and Raf interaction

Experimenis in which active Ras was shown to activate Raf-1 (Williams et al., 1992),
and dominant negative Raf prevented the offect of oncogenic Ras on the MAPK cascade
{Schaap ezal., 1993; Troppmair etal., 1994), positioned Ras upsiream of Raf. These
observations were taken further by the discovery of a direct interaction i vitro between
the elTector region of Ras and the amino-terminal regulatory domain of c-Raf, but only
when Ras was present in its active GTP-bound state (Warne et al., 1993). Specific
interaction between Ras and Raf in intact mammalian cells in response to stimuli that
cause Ras to be GTP-bound (phorbol esters and growth faciors) was subsequently
shown (Hallberg etal., 1994). The native structure of Ral is a large mulli-subunit
complex made up of Raf and at least the chaperone proteins hsp90 and p50, and this
complex was recruited to the membrane by Ras where Raf was found io be activated and
interact with MEK (Wartmann and Davis, 1994). This led io the idea that the rolc of Ras
was that of recruiting the inactive form of Raf to the membrane whercupon some other
activation event occurs. The most convincing proof of this was presented by the loss of
Ras-dependency when Raf was mutated to include the carboxy-terminal membrane
localisution signal from K-ras (Stokoe eral., 1994; Leevers efal,, 1994). This Raf-
CAAX mutanl was constitutively membrane localised and active, although growth factor

treatment could further activatc this protein. These activities were completely Ras-
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independent, and so it is now thought that Ras acts as a regulated Raf membrane-
recruiting agent, and then Raf is activated by some other means and anchored to the

membrane (perhaps by cytoskeletal proteins) in a Ras-independent fashion.

The co-operation of Ras with other signals was indicated by experiments using an insecl
expression system which showed that p21@ and v-sr¢ could independently activate Raf’-
1 but only to a very limited extent. Maximal activation of Raf-1 required the

coexpression of both genes (Williums et al., 1992). Coexpression of Raf-1, pp605© und
c-Ras was shown to be abie Lo phosphorylate and activate recombinant MEK in a similar

expression system (Dent ef af., 1994).

1.4.7 Phosphorylation of Raf

It would appear that phosphorylation of Raf is an important step in the activalion of this
kinase as physiological activation of Raf is parallcled by its hyperphusphorylation.
Phosphorylation occurs on serine, threonine and tyrosine residues (o various extenis
depending on the stimulus and the cell type involved (Daum ¢faf., 1994; Avruch ezal.,
1994). Morrison and co-workers demonstrated that (hree serine residues (Ser®?, Ser259
and Ser®2!) are the major in vive phosphorylation sites of Raf-1 in mammalian cells and
SE9 insect cells expressing human Raf-1 (Morrison et af., 1993). These sites varied in
their basal level of phosphorylation, the level of phosphorylation in response to growth

factors, and the functional consequences of their mutation o unphosphorylated residues.

1.4.7.1 PKC and Raf

PKCa has been a candidate Raf kinase due to the action of PKC-activating phorbol
esters. [ndeed, PKCu can activate Raf-1 by direct phosphorylation in vitro and in vivo
(Kolch et al., 1993) and the important sites in this regulation appear to be Ser®? (and
Ser?, although this is possibly an autophosphorylation site). However, although
mutation of either of these residues impedes activation of Raf-1 by PKCa, this does not

affect Ras/Src-mediated activation, implying that there 1s a complex activation of Raf-1.
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Subsequent work also suggested that atthough the phosphorylation of Raf-1 by PKCu
did stimulate the autokinase activity of Raf-1, it did not stimulate its ability to
phosphorylate MEK (MacDonald etal., 1993). Therefore PKCo-mediated
phosphorylation of Ral-1 may activate this kinase for a specific, as yct unidentificd,

substrate.

1.4.7.2 Tyrosine phosphorylation of Raf

Although the phosphorylation on Lyrosine residues of Raf is very limited in many cell
systems, coexpression in the Sf9 insect expression system of aciivated tyrosine kinases
(v-src) and Raf-1, produced phosphorylation on Tyr®# and Tyr34! of Raf-1 and
activated its autokinase activity (Fabian etal., 1993). This phosphorylation appears to
have a functional role as a mutant Raf-1 in which these residucs arc altered to a negatively
charged residue (presumably mimicking the effect of phosphorylation) has a higher basal
activity and can transform mammalian cells and induce the meiotic transfonmation of
Kenopus oocytes. Phosphorylation on tyrosine residues of Raf-1 has also been seen in
vivo, in a T-cell line after treatment with interlevkin 2 (Turner ez al., 1993). Treatment of
immunoprecipitated Raf-1 from these cells with tyrosine-specific phosphatases, which
selectively removed phosphaie ftom the tyrosine residues, reduced the activity of Raf 1o
near basal levels, Serine/threonine-specific phosphatases produced a much more modest
reduction in Raf activity, and so thus would suggest that phosphorylation of Raf-1 on
tyrosine residues plays an important role in the interleukin 2-mediated activation of this

kinase in these cells.

1.4.8 Other regulators of Raf

Other molecules which can phosphorylate Raf include MAFPK (in a proposed feedback
loop, but the physiological significance of this is unknown), and PKA (winch will be
discussed in detail below). Other proteins have been shown to bind to Raf proteins such

as Rapl which is a small Ras-related GTPase which may exert iis inhibitory effect on
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growth factor-mediated MAPK activation and stimulation of DNA synthesis by

interrupting the interaction of Ras with Raf (Cook efal., 1993).

Whether the phosphorylation of Raf is the initiating event in Raf aciivation is still a matter
of some controversy. Therefore other candidates for the Raf-activator have been
investigated. It has been suggested that some isoforms of the 14-3-3 family of proteins
play a role in the regulation of Raf in mammalian systems, possibly through a

stabilisation of the Raf kinase or through some interaction with PKC {Aitken, 1995).

1.4.9 Raf-independent MEK Kinase activity

MEK can also be regulated by a MEK kinase (MEKK) activity which is independent of’
Raf. The similarity of signal transduction cascades in yeast and mammalian systems led
to the discovery of a mouse MEKK (73 kDa) which was shown [k be ubiquitously
expresscd and could phosphorylate and activate MEK independently of Raf-1 (Lange-
Carter etal., 1993). However, both MEKK and Raf appear to regulate MEK activity by
phosphorylation on common residues (Gardner et ¢f., 1994). This MEKK wag initially
proposed to cxplain a aumber of observations it which G-protein-mediated activation of
the MADK cascade was not Ras/Raf dependent. For example, a Ras-independent
activation of the MAPK cascade was stimulated by the G-protein activator AlF4
(Robbius etal., 1992), and thrombin activated MEK activity in fibroblasts without any
detectable Raf activation (Gardner ezal., 1993). However, these are not general
observations as, for cxample, Ras and Raf-dependent GPCR agonist-mediated
p42/44MATK regulation has subsequently been demonstrated for ILPA in COS-1 cclls
(Howe and Marshall, 1993), and for the app receptor expressed in COS-7 cells (Hawes
etal., 1995). Also, agonisi-stimulation of the muscarinic m2 acetylcholine receptor
activated Ras, Ral, MEK and MAPK in heterologously transfected Ratl fibroblasts
(Winitz ez al., 1993). Further variation was seen in the activation of p42/44MAFK py the
a1 adrenergic and the m2 muscarinic acetylcholine receptors expressed in COS-7 cells

which was Raf-dependent, but Ras independent (Hawes efal., 1995).
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Raf-independent p42/44MAPK activation has ulso been implied with other growth factors.
Epidermal growth factor (EGI?) and phorbol ester were shown to be able to utilise a Raf-
independent pathway in order to activate p42/44MAPK in murine fibroblasts (Chao etal.
1994). In adipocytes, insulin-stimulated activation of Raf-1 which was Ras-dependent
was not upstream of MAPK, but was required for insulin-mediated differentiation
(Porras etal., 1994). Insulin in these cells can activate (probably by serine/threcnine
phosphborylation) another member of the MEKK family distinct from c-Raf which can
phosphorylate and activate MEK (Haystead ezal., 1994). Regulation of « MEKK by
growth [actors was also demonstrated in PC12 cells and this occurred in parallel with Raf
activation, and both kinases were activated in a Ras-dependent fashion (Lunge- Carter and
Johnson, 1994). These results would indicate the presence of different parallel
pa2/44MAPK pathways which may regulate diverse cellutar functions. The role of
MEKX in these cascades is not fully understood. In 293 cells, MEKK could indeed
phosphorylate and activate MEK but this did not lead to a significant activation of
pA2MAPK (5 ot al,, 1995) suggesting that additional, unidentified mechanisms were

also involved in the activation of the p42/44MAPK,

However, the physiological role of MEKK may be in another MAPK pathway - the
JNE{(c-Jun NH»-terminal kinase)/SAPK(stress-activated protein kinase) cascade (see
later). In NTH 3T3 cclls, MEKXK has been shown to be able to phosphorylate and
activate the kinase and activator of SAPK (SEK1) but be unable to activate p42/44MAPK
(Yanetal., 1994). Around the same lime it was discovered that MEKK participated in
the Ras-dependent activation of INK by EGF and nerve growth factor (NGF), but only
contributed to the activation of p42MATK when overexpressed. Raf-1 contributed to the
Ras-dependent activation of p42MAPK byt not of JNK by these same growth factors
(Minden etal., 1994). Therefore this suggested that there arc two distinct Ras-dependent
pathways with one initiated by Raf-1 leading to p42/44MAPK activation and the other

involving JNK activation mediated by MEKK. Raf-independent MEK kinase activiiy
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may also be achicved by c-Mos which can aclivate MEK and p42/44MAFK i Xenopus

oocyles (Blumer and Johnson, 1994; Nebreda and Hunt, 1993).

1.4.10 Effect of cAMP on the MAPK cascade

It has been known for some time that cAMP can affecl the mitogenic response in
numerous cells. Understanding the MAPK cascade has provided a molecular basis to the
effects on growth ol cAMP. A gents which elevated intracellular cAMP levels blocked
the stimulation of DNA synthesis induced by growth factors in Ratl fibroblasts (Cook
and McCormick, 1993; Hordijk et al., 1994a) and the aclivation of Raf-1, MEK and
pA2/44MAPK by erowth factors acting on tyrosine kinase receptors, GPCR agonists and
phorbol esters in Ratl and NIH 3T3 fibroblasts (Wu efal., 1993; Cook and McCormick,
1993; Burgering etal., 1993). cAMP, however, did not affect the stimulation of GTP
loading of p21%% or any of the other upstream proteins (Cook and McCormick, 1993;
Burgering etal., 1993). This indicated that the site of action was downstream of Ras but
upstream of Raf, a conclusion which was sirengthened by the ability of elevated
concentrations of cAMP in ras transformed Ratl and NIH3T3 cells to deactivate
constituiively aclive p42/44MAPK and reverse the transformed phenotype, without
altering the p2 '™®GTP level (Hordijk ¢zal., 1994a; Chen and Iyengar, 1994). A model
of competition for binding to Raf between a cAMP regulated protein and Ras was
suggested by work which demonsirated that the block in the MAPK cascade could be
overcome by increasing the total number of p21™SGTP molccules by overexpression

(Burgering efal., 1993).

The involvement of PKA in the effect of cAMP in these cells was demonstrated by the
foss of this effect in cells expressing a dominant negative form of PKA (Chen and
lyengar, 1994). Elevated cAMP levels in Ratl fibroblasts were found to stimulate the
phosphorylation of Raf-1 on Ser?3, which is the main site of PKA-directed
phosphorylation of Raf-1 in vifro and in vivo. This residue is present in the regulatory

amino-terminal domain of Raf-1 which binds to Ras and this phosphorylation
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significuntly reduced the affinity of binding of GTP-bound Ras for Raf-1 (Wu erad. ,
1993). Therefore the PKA-direcied phosphorylation of Raf-1 may contribute to the
cAMP-mediated blockade of the MAPK cascade. Other mechanisms of cAMP-medrated
inhibition ol the MAPK cascade have been suggested including a role for members of the

p2113P family.

In other cell lines, elevated cAMP levels have distinctly different effects on growth
factor-induced MAPK activation. In PC12 cells (a neuroendocrine ccll line) cAMP
clovating agents stimulated the activity of p42MAPK and p44MAPK and MEK, and
potentiated neurite formation induced by NGF (Frodin ezal., 1994). However, another
sticly in PC12 cells described cAMP as having no effect on MEK and p42MAPK
activation in the absence of growth factors but potentiating the effect of growth factor-
mediated activation of MEK and pd2MAFPK (Vaillancourt ezal., 1994). Surprisingly, an
inhibitory effect of cAMP on growth factor-activated Raf-1 and B-Raf was demonstrated
in this same study. Similarly, in COS-7 (Faure et al., 1994) and Swiss-3T3 cells (kaure
and Bourne, 1995), elevated cAMP levels stimulated p42/44MAPK activity and did not
inhibit LPA or K(GF-mediated activation of p42MAPK or MEK. However, elevated
CAMP levels did prevent mitogen-mediated Raf-1 activity, as was seen with Ratl cells
(Faure and Bourne, 1995). These siudies would suggest that in these cells, growth
factors can trigger a MAPK pathway which is both Raf-1-independent and cAMP-
insensitive in addition to the Raf-regulated cascade. MEKK is not thought to be invoived
in this cAMP-insensitive pathway as iis activation is blocked by cAMP as well (I .ange-

Carter and Johnson, 1994).

1.4.11 MAPK phosphatases

In contrast to the mechanisms of activation of p42/44MAPK and the pathway which
controls this, the inactivation of these enzymes is poorly undersiood. The
phosphorylation and activation of p42/44MATK in most instances is a transient response

and so therc sccms to be a requirement for a switch off mechanism, which could most
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obviously be met by specific phosphatases. Indced a family of apparently selective
MAPK phosphatascs has been discovered (Nebreda, 1994). 3CHI34 was discovered as
an immediatc carly gene which was rapidly and transiently expressed in mouse embryo
fibroblasts during the GO/G1 transition and induced by various mitogens (Lau and
Nathans, 1985). The product of this gene was a short-lived protein which displayed no
similarity to any protcin cxcept a vaccinia virus tyrosine/serine phosphatase (Charles ef
dal., 1992). This led to the discovery that this protein displayed inirinsic protein tyrosine
phosphatase activity with selectivity for pd2MAPK i vitra (Charles etal., 1993) and
subsequently to the identification of this protein as MKP-1 (MAPK phosphatase-1), a
dual-specificity phosphatase in vitre and in vive with remarkable specificity for
pa2MAPK and paqMAPK (Sun eral., 1993). Other members of this family were
discovered including the human homologue of 3CH134 called CI1.100 or HVH1 (Keysc
and Emslie, 1992; Zheng and Guan, 1993b). CL100 is highly inducible by oxidative
stress and heat shock in skin cells (Keyse and Emslie, 1992) and is a highly MAPK-
specific tyrosine/threonine phosphatase (Alessi ezal., 1993). Another similar MAPK
phosphatase is PAC-1 which like 3CH134/CL100 is tocalised to the nucleus and induced
by mifogens, but displays a distinctly different and limited tissue distribution (Rohan et
dl., 1993). These enzymes can also be induced by agomists of GPCRs as demonstrated
by the ability of angiotensin IT (and thrombin) to induce expression of 3CI1134 in

vascular smooth muscle cells in a PKC and Ca2+~dependent manner (Duff etal., 1993).

The physiological relevance of this family of phosphatases have been demonstrated. The
kinetics of MAPK deactivation coincided with the appearance of 3CH134 and treatment
with cycloheximide (a protein synthesis inhibitor) led to a persistent activation of
pa2MAPK (Sun eral., 1993), and constitutive expression of 3CH134, CL100 or PAC-1
blocked mitogen or oncogenic Ras and Raf-mediated activation of p42/44MAPK and
MAPK-regulated reporter gene expression (Sun etal., 1993; Alessi etfal., 1993; Ward er
d., 1994).
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These enzymes were discovered to be localised to the nucleus and to have some, but
lower, activity towards other members of the MAPK cascade (see later). However,
recently discovered novel members of this family (called Pyst] and Pyst2) are
constitutively expressed in the cytoplasm of human skin fibroblasts and are much more
selective for the p42/44MAPK members of the MAPK family (Groom etal., 1996).
There{ore the MAPK may be regulated by different MAPK phosphatases depending on

their subcel lular location.

Phosphatases would aiso be expected to act at other levels of the MAPK cascade. For
exaimple, protein phosphatase 2A (PP2A - a serine/threonine selective phosphatase) was
implicated in the dephosphorylation and inactivation of MEK by the ability of SV40 small
tumour antigen to activate MEK and p44MAPK through an interaction with PP2A (Sontag
etal., 1993). These examples underline the importance of controlling phosphorylation-
signalled pathways by phosphatases as well as kinases (see Feng and Pawson, 1994;

Sun and Tonks, 1994).

1.4.12 Growth factor receptlors

The cascadcs initiated by growth factors and GPCR agonists were thought to converge at
the level of the activation of Ras. Tlowever, there is striking similarity in some of the
pathways which arc used to couple the primary receplor events and the activation of the
MAPK cascade indicating that convergence occurs al an earlier step. The early steps in
the growth factor-mediated cascade will be explained briefly and then compared and
contiasted with the pathways for various GPCR agonists (Schlessinger and Bar-Sagi,

1994; Malarkey etal., 1995),

Growth factor receptors are characterised by an extracellular binding domain, a single
transmembrane spanning region and a large intracellular catalytic domain. It is the
autophosphorylation of these receptors on specific tyrosine residucs and their associated

dimerisation which are the essential events following growth factor binding. For the
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ECGT receptor (EGFR), the main sites of phosphorylation are in the carboxy-terminal taii,
however, other receptors (c.g. the platcict derived growth factor (PDGF) receptor)
contain kinasc inscrt domains which are also phosphorylated. These receptors are called

tyrosine kinase receptors becanse of their catalytic activity.

Phosphorylation of the receptor on tyrosinc promotes the interaction of numerous
proteins and enzymes including PLCy, phosphatidylinositol 3-kinase (PI3-kinasc), GAP,
thel growth-factor-receptor binding protein (Grb2), and members ol the non-receptor Src
family of tyrosine kinases. This inferaction is mediated by Src homology-2 (SH2)
domains (Feller etal., 1994; Pawson, 1995) which are defined by approximately 100
amino acids which show considerable homology to the non-catalytic region of the Src
[family. The specificity of these various domains determine the specificity of the binding
of these proteins with selective tyrosine residues of the receptors (Songyang and Cantley,
1995). Itis the association of the adaptor protein Grb2 to the phosphorylated veceptor
which is the initial step in the p2125-MAPK cascade initiated by growth faclor receptors
(Gale etal., 1993; McCormick, 1993). Some of the other proteins have been implicated

in this cascade and will be dealt with later.

1.4.12.1 Grb2 and mSos

In addition to an SH2 domain, Grb2 contains two Src homology-3 (SH3) domains
which are composed of approximately 60 amino acid residues and mediate binding to
proline rich sequences (Feller etal., 1994; Pawson, 1995). The SH3 domains of Grb2
mediate its binding to a proline rich sequence of the carboxy-terminal domain of mSos
(the mammahan homologue of Drosophila Son of sevenless) (Li ezal., 1993; Egan et al.,
1993). mSos is a RasGEF, which activates Ras by stimulating guanine nucleotide
¢xchange (Egan efal., 1993; Boguski and McCormick, 1993). EGE-stimulated guanine
nucleotide exchange of Ras was potentiated by Grb2 overexpression (Gale et al., 1993)
and the constitutive GrbZ.mSos complex was associated with the EGFR to form a multi-

protein complex, after EGE-mcdiated autophosphorylation (Li efad., 1993). The

25



functional importance of mSos was demonsiraled by the transforming ability of
expression of this protein in Ratl {ibroblasts (Egan ezal., 1993). These, and many other
studies (McCormick, 1993), indicate that tyrosine kinase linked receptors stimulate
Ras.GTP loading by receptor antophosphorylation which recruits {via SH2 domains) the
cytoplasmic Grb2.mSos complex which activates Ras by stimulation of guanine

nucleotide exchange.

The way in which mSos is activated is not fully understood, however the primary
mechanism is thought to simply involvce its localisation to the plasma membrane al the
vicinity of its substrate. This idea was strengthened by work performed with modified
mSos proteins which were constitutively located at the plasma membrane by the
introduction of sites of lipid modification. Thesc mSos proteins activated the Ras MAPK
cascade and led to oncogenic transformation without external stimuli (Aronheim ezaf. |
1954). A carboxy-terminal fruncated form of the plasma membrane-localised mSos
displayed even greater activity, raising the possibility of a secondary mechanism of mSos
activation through the relief of an inhibitory cffcct exerted by the carboxy-terminal

region. Phosphorylation of mSos has been demonstrated but this is thought © be
explained by MAPK-mediated feedback rather than by a primary activating stimulus

(Burgening etal., 1993).

1.4.12.2 GAP activation of Ras

Activation of Ras could also conceivably occur through inactivation of a basal GAP
activily. Although such a decrease in GAP activity has been shown not to be the matn
mechanism of activation in a number of cell lines (e.g. Gale etal., 1993), mactivation of
GAPs has been demonstrated to be important in the activation of p21%8 (in a PKC-
dependent manner) on stimulation of the antigen receplor o T lymphocytes (Downward
etal., 1990). However the physiological role of GAPs may be more to do with

restricting the length of any Ras activity stimulated by other means.
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1.4.12.3 Src homology/collagen (Shc)

Alternative links between the tyrosine kinase linked reeeptors and downstream effeciors
can be mediated by other SH2 containing, adaptor proteins. One such protein is the
insulin receptor substrate-1 (IRS-1) which is a major target for the insulin and insulin-
like growth factor-1 (IGF-1) receptor tyrosine kinases and is implicated in the actions of
PI3-kinase and Grb2 (Skolnik etal., 1993). Another important adapior protein is Sre
homology/collagen (Shc}, which is a family of widely expressed proteins of size 46, 52
and 66 kDa {Pelicci etal., 1992). These proteins contain an SH2 domain, a
glycine/proline rich domain and a phosphotyrosine binding domain distinct from any
SH2 domain, but they do not contain any detectable catalytic domain. These proteins
were found to be complexed with, and tyrosine phosphorylated by, the aciivated
epidermal growth factor receptor and the physiclogical involvement of these proteins in
mammalian cell proliferation was demonstrated by the transforming and tumour creating
ability of overexpressed She in NIH 3T3 cells and nude mice (Pelicel efal., 1992).
She's role in Ras signalling was demonstrated in PC12 cells by the ability of dominant
negative Ras to block the neurite outgrowth induced by She overexpression (Rozakis-
Adcock etal., 1992). This was explained by the demonstration of Grb2 association (via
1ts SH2 domain) with tyrosine phosphorylated She (Rozakis-Adcock efal., 1992), and
the association betwecn She and mSos (Egan ezal., 1993), in sr¢ transformed Rat2 celis.
She.Grb2 complexes were also found to be formed by, and associated with, ligand-
activated EGF and NGI receptors (Rozakis-Adcock efal., 1992) and insulin can also

stimulate the formation of She.Grb2 complexes (Skolnik ezal., 1993).

The role of She in the mitogenic responsc to EGF and insulin in Rat1 cells
overexpressing insulin receptors was demonstrated by the inhibitory effect of
microinjection of anti-She antibodies on DNA synthesis (Sasacoka etal., 1994b).
However the anti-She autibodics did not inhibit the mitogenic effect of oncogenic ras.
Immunoprecipitates of She [rom lysates of growth factor-stimulated celis removed a large

proportion of the RasGLEI" activity (Sasacka efal., 1994a and b). These results would

27




therefore show that She was an important component in the mitogenic signal transduction

cascade of insulin and ECF and appears to function upstream of Ras.

As Lhe last piece of data suggests, the coupling of the activatcd EGFR to Shc is preferred
over direct coupling to the Grb2.mSos complex. This was demonstrated by Sasaoka and
co-workers who also demonstrated the presence of She.Grb2.mSos complexes which
were formed on EGF stimulation but not associated with the activated EGFR (Sasaoka ef
al., 1994a). The mode] of activation of Ras which is thought to predominaie is that on
EGF treatment, Shc associates with, and is tyrosine-phosphorylated by, the EGFR
which lcads to the formation of the EGFR.She.Grb2.mSos complex. Free
She.Grb2.mSos complexes also cxist which arisc from the dissociation from the receptor
or phosphorylation of She by other tyrosine kinases, In this way mSos is activaied and
the Ras.MAPK cascade is stimulated. 1t should be noted, however, that She has also
been implicated in the control of other pathways in addition to the Ras. MAPK cascadc

{Bonfini et al., 1996).

1.4.12.4 The non-receptor Src family of tyrosine Kinases

As noted above, ¢-Sre binds to aclivated tyrosine kinase linked receptors and this binding
leads to the activation of these Src kinases. The mechanism of activation is quite
complex and 1s not fully understood but is thought to involve the displacement of an
internal phosphotyrosine residue from Src's SII2 domain, possibly by competition from
the receptor phosphotyrosine, subsequent dephosphorylation of the inhibitory tyrosine -
residue and the autophosphorylation of another tyrosine on Src (Cooper and Howell,
1993}, These steps are thought to be under the control of {one or many) phosphatases

and kinases.

Members of the Src family have been proposed to be involved in signal transduction
pathways that control growth and cellular architecture. The physiological role of Src has

been suggested by the ability (0 activate or co-operate in the activation of the MAPK
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cascade (see above; VanRenterghem ezal., 1993). Sic is thought to play an important
role for growth factor receptors (Erpef and Courtneidge, 1995), especially for those
which do not contain intrinsic tyrosine kinase aciivity (especially important in
haematopoietic cells). The activation of tyrosine kinase signalling pathways by these
receptors s thought to be mediated by members of the Src protein tyrosine kinase family.
However, Stc has been demonstrated to be essential for PDGF receptor-induced
mitogenic signalling cven although these receptors contain intrinsic tyrosine kinase
activity (Twamley-Stein etal., 1993). Src family kinases are also essential for the
mitogenic response of NIH 3T3 and Swiss 3T3 cells to PDGF, colony stimulating factor
and EGF (Roche etal., 1995). The implication of ¢-Src in the cascades initiated by

GPCRs will be discussed below.

1.4.13 Regulation of the MAPK cascade by G-protein coupled receptors
There are now many agonists which act at GPCRs which have been demenstrated to
stimulate growth and cell proliferation in numerous cells. This effect has been
demonstrated for receptors coupling to G-proteins of ithe Gg Gi, Gs and G /)3 families
(for reviews see Post and Brown, 1996; Malarkey etal., 1995). These receptors have
been shown to activate the p42/44MAFPK cagcade, and although activation of this cascade
1s not always sufficient and may not be required for all GPCR-mediated growth
responses it undoubtedly plays a central role in the mediation of many growth signais
from GPCR to the nucleus. Other kinases may also be involved in these actions for
example the INK. cascade (see later). The activation of the p42/44MAPK cascade by

receptors coupling to Gy, Ggand Gj are discussed below.

1.4.13.1 Gg-coupled receptors and MAPK

Gg-coupled receptors have very different effects on p42/44MAPK activity and mitogenesis
in various cell lines. Agonist-stimulation of Gs-coupled receptars stimulates p44MALK
activity in COS-7 cells (Faure etal., 1994; Crespo etal., 1995), but reduces EGF-

mediated p44MATPK activity in Rat1 fibroblasts (Hordijk ezal., 1994a). Expression of a
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constitutively active mutant of Gy, stimulates p44MAPK in COS-7 cells in some (Faure et
dl., 1994) but not all studies (Crespo etal., 1995), but blocks the Ras-induced
stimulation of p44MAFK aciivity and DNA synthesis in NIH 3T3 cells (Chen and
Iyengar, 1994). Stimulation of Gy with cholera toxin also displayed a cell-specific
effect on p44MAPK yctivity and DNA gynthesis (Frondin efal., 1994; Cook and
McCormick, 1993). Most of these effects can also be reproduced using other cAMP
clevating agents and can be correlated with the diverse effects of elevated cAMP levels on

p42/44MAPK activity in these cells (as scen above).

1.4.13.2 Ggrcoupled receptor activation of MAPK

There are many hormoncs which activate G-coupled receptors which can activate the
Ras.MAPK cascade although the signalling pathways are less well defined than for G-
coupled receptors. As seen before, the ability of Gq-coupled receptors to activate these
pathways appears to depend not only on the specific receptor under investigation but alsa
the cellular environment in which it is expressed. For example, endothelin-1 (ET-1)
stimulated the phosphorylation and activation of p42/44MAPK in mouse astrocytes
(Cazaubon etal., 1993} and rat myocytes (Bogoyevitch ef af., 1994) buinot in rat
astrocytoma celi lines (Cazaubon et al., 1993). In Rall fibroblasts, ireatment with ET-1
has heen reported to activate the Ras. MAPK cascade by Daub ezal. (1996) bui not by
other groups (van Corven etal., 1993; Alblas efal., 1993; Hordijk etal., 1994b).

There have been conilicting reports as to the involvement of Ras in the Gmediated
activation of p42/44MAPK which may be a reflection of receptor and cell diversity.
Agonist stimulation of the Ggcoupled prostaglandin Foq (in NIH 3T3 cells) and .-
adrenergic receptors (in COS-7 cells) activated Ras.GTP loading (Watanabe etal., 1995,
Koch etal., 1994), and m1 muscarinic acetylcholine receptor-mediated MAPK aclivation
(in COS-7 cells) was apparently blocked by expression of a dominant negative mutant
Ras (Crespo etal., 1994). However, it has been reporied Lhal the p42/44MAFPK

phosphorylation induced by the m1 muscarinic acetylcholine receptor in HEK 293 cells
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(Ito et al., 1993) and the aj-adrenergic receptor expressed in CHO cells (van Biesen ¢f
al., 1996) or by either receptor expressed in COS-7 cells (Hawes ezal., 1995) was
unaffected by expression of the dominant negative Ras, thereby demonstrating Ras-

independencc.

1.4.13.2.1 Mediated by the a-subunit of Gq

The effect of Ggeoupled receptors is thought to be mediated by the Ggg, subunit rather
than the By complex, as shown by the lack of any effect of overexpression of Gy, or the
C-terminus of the 3-adrenergic receplor kinase (BARKct) on the agonist-mediated
activatton of the Ras. MAPK cascade by the bombesin, «t1-adrenergic, or m1 muscarinic
acctylcholine receptors expressed in COS-7 and CHO cells (Faure etal., 1994; Koch ¢
al., 1994; Luttrell etal., 1995a; Hawes etal., 1995; van Biecsen ezal., 1996). The ability
of a constitutively active mutant of Gy, to aclivate the Ras. MAPK cascade and DNA
synthesis in NIH 3T3 cells (Watanabe ezal., 1995) and pddMAPK activity in COS-7 cells

(Faure efal., 1994) seemingly coniirms this view.

However, opposing [indings have been reported. De Vivo and coworker failed to detect
any stimulation of p44MAPK activity or DNA synthesis on cxpression of a constitutively
active mutant of Ggg, in NIH 3T3 cells, although they did show that cxpression
potentiated the response to PDGF treatment (De Vivo and Iyengar, 1994a).
Constitutively active mutants of Ggg, and G{¢ were unable (o activate the Ras. MAPK
cascade in COS-7 and HEK 293 cells (Crespo etal., 1994; [to eral., 1995) and
overexpressing Gy, inhibited m1 muscarinic receptor-mediated activation of p42MAFK i
COS-7 cells (Crespo efal., 1994). This may again indicate cell/receptor specificity in the

mechanism of activation.

1.4.13.2.2 Invelvement of PKC
The strong p42/44MAPK stimulation by phorbol esters and phosphorylation of Raf-1 by

PKC-a (see above) has implicated PKC in the control of pd2/44MAFK The activation of
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PKC isoforms by diacylglycerol produced by PLC has been suggcested as the mechanism
for the activation of the MAPK cascade by Gcrcouplod receptors (Faure etal., 1994), and
this is supported by the observations that PKC-downregulation by phorbol esters does
attenuate the MAPK phosphorylation induced by some Gg-coupled receptors (fto efal.,
1995; Hawes etal., 1995; van Biesen etal., 1996). However this docs not explain all
the available data. Although phorbol ester could stimulate p42/44MAPK activity in
vascular smooth muscle cells, it was not as potent as vasopressin which acts on a
pertussis toxin-insensitive GPCR (Granot etal., 1993). This suggested the presence of
both PKC-dependent and independent pathways leading to p42/44MAPK aciivation.
Consistent with this idea is the partial block of ET-mediated activation of p42/44MATK by
downregulation of (at least some isoforms of) PKC by prolonged treatment with phorbol
esters (Cazaubon et al., 1993; Bogoyevitch etal., 1994). This was also demonsirated
for the aciivation of p42MAPK by carbachol acting on muscarinic m1 receptors in COS-7
cells (Crespo etal., 1994). However, prostaglandin Foq-activated p42MAPK py 5
mechanism which was sensitive o the protein kinase inhibitors staurosporine and H-7,
was unaitfected by prolonged phorbol ester treatment and so appears to utilise protein
kinases independently of classicat PK.Cs (Watanabe efal., 1995). Some of these effecis
could possibly be explained by the involvemenl of phorbol ester-insensitive PKC

isoforms.

1.4.13.2.3 Calcium and PYK2

A potential mechanism has been suggested for the coupling of the activation of PRC and
an increase in cytoplasmic calcium to the Ras.MAPK cascade (Lev eial., 1995). This
involves a newly discovered protein fyrosine kinase, PYK?2, which could be activated by
phosphorylation on tyrosine residues stimulated by an influx of Ca2t, and by bradykinin
(an agonist for a Gg-protein coupled recepior) in a PKC-dependent and independent
manner. Activated PYK2 stimulated pd2MAFK apparently by phosphorylating She
thereby recruiting the Grb2.mSos complex which is quite similar 1o the mechanism

utilised by receptor tyrosine kinases (also see later). PYK2 has since been shown to play
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an important role in mediating the activation of p42/44MAYK in PC12 cells on stimulation
with bradykinin and with LPA in a mechanism which involves an interaction with Sr¢
upstream of Grb2 and mSos (Dikic etal., 1996). A role for increased cyloplasmic
calcium in Gy-protein-mediated MAPK activation was suggested by a number of studies,
[or example the partial attenuation of the response o prostaglandin Iz by 4 calcium

chelator (Watanabe efal., 1995).

1.4.13.3 Gj-protein coupled receptor activation of the MAPK cascade
Many agonists of ((PCRs have demonstrated a pertussis-toXin sensitive activation of
p42/44MATK indicating that these effects are mediated by members of the Gj-protein
family. The signalling pathway to p42/44MAPK activation has been shown to involve
MEK, p21%s and Raf-1 (van Corven etal., 1993; Howe and Marshall, 1993; Winitz e
al., 1993; Alblas etal, 1993; Crespo etal., 1994, Luttrell etal., 1995b; Lo etal., 1995;
Hawes etal., 1995; and earlier discussions) but on the whole appears to be PKC-
independent (van Corven etal., 1993; Hordijk etal., 1994; Crespo eral., 1994; Lutirell
etal., 1995b; Hawes etal., 1995; van Biesen etal., 1996). LPA and thrombin acting on
endogenous receptors tn fibroblasts have the ability to signal via members ol both the Gy
and the Gj-protein family. Coupling to DNA synthesis and the Ras. MAPX cascade,
however, has becn shown by pertussis toxin sensitivity to be solely mediated by Gy~
proteins (Gupta etal., 1992; Gardner etal., 1993; van Corven efal., 1993; Howce and
Marshall, 1993) and is independent of PL.C pathways (van Corven etal., 1993; Hordijk
etal., 1994b). LPA, in common with other G rcoupled receplor agonists, stimuiates (he
phosphorylation of many other substrates, such as p125F"AK | paxillin and p130, and this
has been shown to involve PLC activation mediated by pertussis toxin-insensitive G-
proteins (Gg) (Hordijk et al., 1994b; Seufferlein and Rozengurt, 1994, Moolenaar,
1995).
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1.4.13.3.1 Mediated by the fiy subunits

It has been suggested that the o subunit of G2 is responsible for the activation of the
p42/44MALK. cascade becanse expression of a GTPase deficient form of this protein
(gip2) in Ratl fibroblasts transforms these cells (Pace efal., 1991) and constitutively
activates p42MAPK (Gupta eral., 1992) and MEK-1 (Gardner etal., 1993). However
the effects of this oncogene were highly cell specific as gip2 failed to transform NIH
3T3 cells (Pace elal., 1991) or to constituiively activate pA2MAPK or MEK-1 in these
cells (Gallego ezal., 1992; Gardner etal., 1993), COS-7 cells (Faure etal., 1994,
Crespo etal., 1994) or HEK 293 cells (Lto etal., 1995). This may reflect a cell specific
effect of this oncogene and may also demonstrate the problems in relating the results
from oncogenc studies to the signalling of GPCRs 11t untransformedl celis which

stimulate p42/44MAPK in al] of the above cell lines.

The By complex derived from Gj-proteins is now thought to be the initiator of the

Ras. MAPK cascade. The initial experiments which led to this conclusion involved the
overexpresston of § and y subunits together (specifically f1y2) which stimulated
p42/44MAFK iy g Ras-dependent and PKC-independent manner in COS-7 cells (Faure ef
al., 1994; Crespo etal., 1994; Hawes etal., 1995) and stimulated p42MATK, Raf and
Ras in HEK 293 cells (Ito ezal., 1995). These cffects were dependent on membrane
localisation of the By complex as shown by the failure of response with isoprenylation.-

deticienty mutants.

The rale of the By complex was further demonstrated by the expression of peptides
which function as y-antagonists by competing with effector molecules for the binding of
By subunits. Thus overexpression of Gy, inhibited the p42/44MAPK activation induced
by the overexpression of By subunits as well as that induced by agonist-activated Gi-
coupled receptors (Faure eral., 1994; Crespo etal., 1994). Expression of BARKct
containing its By-binding domain which can specifically antagonise Gpy (and not Gg)

mediated effects inhibited the activation of Ras and p42MAPK by LPA in Ratl cells and
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by agonists acting on heterologously expressed wp-adrenergic and m?2 muscarinic
receptors expressed in COS-7 cells (Koch exral., 1995, Hawes efal., 1995). EGF-
mediaied responses and pertussis toxin-insensitive G-protein-mediated effects were
unaffected in both cell lines. BARKet contains a pleckstrin homology (PH) domain and
expression of the 1’H domains of several other proteins (including PL.Cy, RasGAP,
RasGRFE) inhibited the stimulation of the Ras. MAPK cascade mediated by ap-adrenergic
receptors and Py overexpression in COS-7 cells (Luiteell efal., 1995a), PH domains of
proteins are thought to be involved as By-subunit binding domains and so this data would
seem to confirm the importance of the By-subunit in the Ras. MAPK cascade. The
presence of PH domains in many proteins involved in signal transduction and growth
control suggests that these domains may play a major role in the assembly of membrane-
assoclated protein complexes involved in signal transduction cascades (see Inglese etal.

1995).

A vanation to this mechunism of pertussis toxin sensitive G-protein-mediated MAPK
activation was seen with m2 muscarinic acetylcholine and platelet activating factor (PAF)
receptors (van Biesen etal., 1996). The m2 muscarinic recepior signals via Gg-proteins
in order to stimulatc p44MAPK activity when expressed in COS-7 cells in a pertussis
toxin and BARKct-insensilive manner, (PAF does not siimulate p44MAPK ip these cells).
However, when expressed in CHO cells, these receptors stimulate p44MAPK in y G-
coupled pathway which is sensilive to pertussis toxin inhibition and PKC-dependent.
Signalling in these cells is still insensitive to fy-antagonists and so represents a novel
mechanism for the activation of the MAPK cascade mediated by the o subunit of Gg,
PAF-induced p42/44MAPK activation has been reported to oceur in the absence of any
detectable Ras activation in these cells (Honda eral., 1994) . This again reinforces the
idea of the cellular specificity of pathways used to transduce mitogenic stimuli by

GPCRs.
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Another novel finding was that stimulation of p44MAFK induced by the IGF-1 receptor in
Rat] fibroblasts was pertussis toxin sensitive and was inhibited by the expression of
PARKct (Luttrelt ezal., 1995b). This stimmulation was also similar to that induced by
L.PA in that it was PKC-independent, Ras-dependent and was inhibiicd by protein
tyrosine kinase inhibitors (see later). This suggests that some tyrosine kinase-linked,
growth factor receptors employ similar mechanisms for mitogenic signalling as GPCRs

involving Gg subunits derived from pertussis toxin-sensitive G-proteins.

1.4.13.3.2 By stimulation of Ras. MAPK cascade is mediated by She
Once the role of By in the stimulation of the Ras. MAPK cascade had been shown, the
question of how this was achieved remained. The effect of By was not thought to be
directly at the level of Ras because of the requircment for tyrosine kinase activily (see
Jater) and is now thought to be mediated by the She adaptor protein. She was
phosphorylated on tyrosine residues after agonist stimulation of Gi-protein coupled
receplors in cardiac fibroblasts and COS-7 cells or by overexpressing Gy in COS-7 cells
(Schorb etal., 1994, Touhara ef ql., 1995; van Biesen efal., 1995). The
phosphorylation of She was followed by an increase in the functional association
between She and the Grb2.mSos complex and the disruption ol this interaction between
She and Grb2 blocked By-mediated activation of pd2/44MAPK (van Biesen etal., 1995).
These effects (but not those stimulated by EGF) were By-dependent as shown by the
inhibitory effects of ARKct, but were not dependent on Ras or PKC activation.
Tyrosine phosphorylation of She therefore appears to be an early step in the f3y-mediaied
aclivation of the Ras. MAPK cascade, and the subsequent signalling pathway appears to

be common 10 both growth factor, tyrosine kinase linked receptors and GPCRs.

A similar pathway may also be induced by Gg-protein coupled receptors as demonstrated
by (he tyrosine phosphorvlation of She and subsequent complex formation with
Grb2.mSos stimulated by gastrin, thronbin (in this case by a pertussis toxin-insensitive

manner) and muscarinic m1 receptors (Seva ezal., 1996; Chen etal., 1996). This
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pathway was shown to be PKC-independent (Chen efal., 1996} and so may not be the

mechanism used by all Gprotein coupled receptors (see eartier).

Another possible role for the Gy subunits in the MAPK cascade was suggested by the
work of Pumiglia and co-workers which demonstrated a direct interaction between the By
subunits and Ral-1 (Pumiglia etal., 1995). This occurred in vitro and in vivo with
similar affinity (o that of the interaction of BARK and 3y. This raises the question as to
the role of this interaction in signal transduction pathways. Suggestions inciude cross-
talk mechanisms between growth factor receptor and GPCR-mediuted pathways or the

regulation ol the MAPK cascade by GPCRs.

1.4.13.3.3 Tyrosine kinase activity required

The requirement for the tyrosine phosphorylation of She necessitates the activation of a
tyrosine kinasc as an early step in the GPCR-mediated activation of the Ras. MATK
cascade. In other systems, IRS-1 is apparently phosphorylated on tyrosine residues in
cells stimulated by angiotensin I, suggesting its role as a differcnt substrate for a GPCR-
induced tyrosine Kinase activity (Saad etal., 1995). This conclusion is consistent with a
number of observations of the inhibitory effects of genistein which is a tyrosine kinase-
specitic inhibitor (Akiyama etal., 1987). Genistein inhibited LPA and thrombin-
mediated Ras and p42MAPK activation in Rati fibroblasts at a lower concentration than
that required for inhibition of EGF-mediated stimulation (van Corven efal., 1993;
Luitrell etal., 1995b). Phorbol ester-activated pd2MAPK was unatfected by genistein.
Also, genistein prevented p44MAPK activation by overexpression of iy or agonist
activation of Gj but not Gg-coupled receptors expressed in COS-7 cells (Hawes ezal.,

1995).

The genistcin-sensitive protein tyrosine kinase has been located upstream of She in the
Ras.MAPK cascadc, and possibly may be respousible for the phosphorylation of Shc.

Genistein had no effect on oncogenic Ras-mediated pa2/44MAPK getivation in both Ratl
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and CHO cells (Luttrell efal., 1995b; van Biesen ezal., 1995), but could inhibit the
phosphorylation of p52 She by 3y overexpression and agonist stimulation of the cpA-
adrenoceplor in COS-7 cells (Touhara efal., 1995) and could prevent the synergistic
effect on p44MAPK aetivation of Ggy and mSos expression in CHO cells (van Bicsen er
dal., 1995). As usual there is some recepior specificity in this effect as the effect mediated
by the muscarinic m2 receplor in Ratl [ibroblasts was not susceptible ta inhibition by this
agent (Winitz etal., 1993), Other inhibitors of tyrosine kinases (but with less selectivity)
e.g. staurosporine, have also been shown to have an inhibitory effect on this cascade

(Hordijk etal., 1994; Luttrell ezal., 1995b).

1.4.13.4 Receptor tyrosine kinases and GPCR-mediated p42/44MAPK
activation

It has been proposed that receptor tyrosine kinases may play a role as downstream
mediators in GPCR signalling to the Ras. MAPK cascade. In Ratl fibroblasts, various
GPCR agonists stimulated the phosphorylation of the EGFR and subscquent association
of this receptor with the She adaptor proteins (which was tyrosine phosphorylated) and
Grb2 (Daub ezal., 1996). Inhibition of EGFR function by either tyrphostin AG1478 (a
selective EGER kinase inhibitor (Levitzki and Gazit, 1995)) or a dominant negative
mutant EGFR, suppressed these interactions as well as the stimulalion of pd2/44MAPK
activity and DNA synthesis mediated by the GPCRs. EGF-mediated p42/44MAFPK
activity was lese sensitive to inhibition by tyrphostin AG1478 and the actions of the
dominant negative EGFR on EGF-mediated signalling could be overcome by a higher
EGF concentration (PDGE-mediated responses were repovied as insensitive io either
inhibition). Therefore, this work suggests that the EGFR tyrosine kinase can actas a
downstream mediator in the GPCR-mediated activation of the Ras. MAPK cascade. How
this kinase activity would itself be activated independently of ligand-binding by the
relcase of By subunits (at least in the case of LPA and thrombin) is not known. This

work suggests that the point of convergence between the pathways by which GPCRs and
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growth factor receptors activate p42/44MAFK jg at a much earlier step than previously

proposed.

Similarly, the PDGF receptor has been implicated in the signalling pathway stimulated by
angiotensin II in smooth muscle cells (Linseman efal., 1995). Angiotensin I treatment
of these cells phosphorylated the PDGE receptor on tyrosine residues and stimulated the
association of this receptor with tyrosine phosphorylated She.Grb2 complex and also Src
kinases. Therefore this CGPCR may stimulate a pathway involving both a receptor

(PDGEF receptor) and the non-receptor (Src) tyrosine kinases.

1.4.13.5 Srcand GPCR-mediated p42/44MAPK jctivation

The Src [amily of Lyrosine kinases was also implicated by the inhibitory effect of
herbimycin A (an inhibitor of Src-family kinase (Levitzki and Gazit, 1995)) on GPCR
and fy-mediated activation of p44MAPK and tyrosine phosphorylation of She (Hawes ¢f
al., 1995; Touhara etal., 1995). The role of Src in the stimulation of She.Grb2.mSos
complexes was discussed earlier and this would seem to present a possible route to
activation of the Ras. MAPK cascade. Activation of Src has been demonstrated by ap-
adrenergic, muscarinic ml and thrombin recepiors expressed in CCL39 cells acting
through pertussis toxin sensitive, insensitive and partially sensitive pathways respectively
(Chen efal., 1994). Data has been reported which supports a role for Src in the GPCR-
mediated activation of p42/44MATK, For example, angiotensin IT acting at AT receptors
in smooth muscle cells has been shown to stimulate Ras. GTP loading and Ras.Raf-1
complex [ormation in a pathway which is dependent on selective members of the Sre
kinase family (Schieffer ezal., 1996). In PC12 cells, Src has been shown {o act with
PYK2 to link Gi- and Gg-coupled receptors (for LPA and bradykinin) to the cascade ata

point upstream of Grb2 and Sos in order (o activate p42/44MATK (Dikic etal., 1996).

Again there appears to be a measure of diversity depending on the cell type studied

because although the Src kinases were activated by LPA and bombesin treatment in
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Swiss 3T3 cells, they were shown not to be involved in the mitogenic responses to LPA
and hombesin (Roche efal., 1995). Ii has been suggesled that Sre may play a role in the
cytoskeletal rearrangements which accompany stimulation by LPA and thrombin in this
case (Crpel and Courtneldge, 1995). Further studies are required to determine if the Src
kinases are widely used as « mechanism of GPCR-mediated stiimulation of the

Ras. MAPK cascade.

1.4.13.6 Other tyrosine kinases and GPCR-mediated p42/44MAFPK
activation

Other tyrosine kinases have also been shown (o be reguired {or the GPCR-mediated
activation of the Ras. MAPK cascade. Avian B cells were shown to require the Sre-
related tyrosine kinase Lyn to permil the activation ol p44MAPK and MEK by a
transiently transfected Gg-coupled m1 muscarinic acetylcholine receptor (Wan efal. ,
199G}, This kinase was not required for the Gj-coupled m2 muscarinic receptor to
activate this cascade. However, another tyrosine Kinase called Syk was essential for the
activation by both types of receptors. This again illustrates that the pathway for GPCR-
mediated Ras. MAPK activation depends upon both the receptors involved and their

ccllular envirommnent.

1.4.14 PI3-Kinase

PI3-kinasc catalyscs the [ormation of phosphatidylinositol 3,4,5-trisphosphate
(PI{3,4,5)1’3) by direct phosphorylation of phosphatidylinositol 4,5-bisphosphate, and
the first identified form of this enzyme was a heterodirer composed of an 85 kDa
regulatory subunit and a 116 kDa catalytic subunit. This enzymce has becn implicated in a
number of intracellular signalling pathways, for example the activation of p70 ribosomal
S6 kinase (p7056%) which is thought to play an important role in cellular regrlation
(Proud, 1996). However, the targets for the preduct of the enzyme (PI(3,4,5)P3) are
still being soughl, although the scrine/threonine kinase, Akt/PKB, has been suggested

(Bos, 1995). The study of this enzyme has been greatly aided by the use of worlmannin
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(and other similar inhibitors such as LY 294002) which is a selective inhibitor of PI3-
kinase (Ui eral., 1995), although other effects have been reported (see Cross efal. ,
1995). PI3-kinase can be activated by numercus receptors of both the tyrosine kinase
family and the GPCR family (Ui etal., 1995) and this enzyme is of particular interest (o
this discussion because of the recent implication of the role of PI3-kinase in the

p42/44MAPK pathway induced by GPCRs.

1.4.14.1 Pi3-kinase and the p42/44MAPK caseade

The involvement ol P13-kinase in the activation of the Ras. MAPK cascade was
suggesled by the ability of wortmannin  inhibil insulin and serum-medialed activation
of p42/44MAYE. and po0rsk in CHO cells overexpressing the insulin receptor (Welsh ez
dl., 1994). Wortmannin was thought to act at an early step in the pathway as Raf-1,
MEK and p42MAPK activation by IGF was blocked by this compound, although it did
not appear to inhibit Ras-GTP loading (Cross etal., 1994). In both these studies,
rapamycin, (an inhibitor of the p705%k pathway (MacKintosh and MacKintosh, 1994))

had no effect on the MAPK pathway.

The use of wortmannin has also implicated PI3-kinase in thc GPCR-mcdiated activation
of pd2/44MAFK, PAF activates p42/44MAPK through two distinct pathways in
neutrophils, both of which are required for {ull activation. One is a Ca2*-dependent
pathway (inhibited by an intracellular Ca2* chelator) and the other is a CaZt-independent
but wortmannin-sensitive pathway (T'erby etal., 1994). However this PAF-activated,
wortmannin-sensitive MAPK pathway in 2 macrophage cell line appeared not to involve
the p85/p110-type PI3-kinase (Ferby ez al., 1996), indicating that a different PI3-kinase
isoform or a different wortmannin-sensitive protein was involved in this pathway. In
COS-7 cells, the tyrosine phosphorylation of She stimulated by By overexpression (but
not by EGF) was inhibited by wortmannin (Touhara etal., 1995) which would implicate
the wortmannin-sensitive step early in the GPCR-mediated MAPK cascade. Agonist

activation of o) adrenaceptors in vascular smooth muscle cells stimulated pd2/44MAPK
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DNA synthesis and p85/p110 PI3-kinase activity in a wortmannin-scasitive but PKC-
and Ca?+-independent manner (Hu etal,, 1996). Stimulation was blocked by pertussis
toxin pretreatment, implying that the receptors in this instance are coupled to proteins of
the Gj family. Also reported was that the o1 adrenoceptor-activated PI3-kinasc was
associaled with an increase in the GTP loading of Ras and activation of some protein

tyrosine kinase activity.

The activation of Ras and p42/44MAFK stimulated by LPA, agonist stimulated oz
adrenoceptors and By overexpression in COS-7 and CHO cells (but not by phorbol ester
or EGF) was also inhibited by wortmannin, LY 294002 and a dominant negative p85
subunit of PI3-kinasc (Hawes etal., 1996). PI3-kinase inhibitors did not affect
p42/44MAPK aetivaiion by overexpression of mSos, constitutively active Ras or MEK.
All of these results would indicate that PI3-kinase activity is required in the Gpy-mediated

MAPK signalling pathway at a point upstream of She, Sos and Ras activation.

‘There remains the question of how Pi3-kinase is activated by GPCRs. A novel 110 kDa
PI3-kinase subunit (p110y) which is stimulated by thrombin via Ggy but does not bind to
the p&5 subunit has been cloned and expressed. In human platelcts, this isoform of PI3-
Kinase was delected and was shown to be regulated by thrombin in a Ggy-dependent
manner (Zhang etal., 1995). However, in addition, these cells also stimutated p85/p110
Pi3-kinase activity and this was independent of Ggy subunits, but was apparently
regulated by Rho. ADP-ribosylation of p21RI0 by the Clostridium botulinum C3
exoenzyine has been shown (o inhibit F.PA-mediated PI3-kinase activation in Swiss 3773
cells, although this did not totally block p42MATK activation (Kumagai etal., 1993).
The Rho proteins form a subgroup of the Ras family of low-molecular weight G-
proteins. These proteins were initially implicaled in the reorganisation of the
cytskeleton stimulated by growth factors and GPCR agonists (Takai etal., 1995).
However, more recently these proteins have been shown to be involved in various

multiple pathways including those transducing growth regulatory signals using MAPK-
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like cascades {(Symons, 1996). It has been suggesied that the elfect of the dominant
negative p85 PI3-kinase subunit on Ggy-mediated pA2/44MAPK activation which would
apparently point to the involvement of p85/p110 PI3-kinasc in this pathway, may not rule
out the involvement of the pl 10y subunit but rather be the result of the binding of a
substrate common to both isoforms (Hawes efal., 1996). Therefore the regulation of
PI3-kinase activity may involve multiple kinase isoforms activated by distinctly different
mechanisms. Src has alsc been suggested (o play a role in coupling GPCR to PI3-kinase

activity.

1.4.15 Functional outcome of MAPK activation

The importance of the p42/44MAFK cascade in the regulation of mitogenesis has been
illustrated throughout this chapter in numerous ways, such as the ability of agents which
activate p42/44MAFK ; also stimulate DNA synthesis (for example van Corven etal.
1989; Scuwen etal., 1990; Gupta efal., 1992, van Corven efal., 1993; Hu czal., 1996),
by the correlation between the inhibition of the p42/44MATFK cascade and the inhibition of
DNA synihesis by cAMP (Cook and McCormick, 1993; Hordijk ¢fal., 1994a; Frondin
etal., 1994), wortmannin (Hu etal., 1996) and tyrphostin AG1478 (Daub et al., 1996).
This has also been demonstrated by the ability of constitutively active members of the
cascade to transform maminalian cells (Dent ef al., 1992; Pelical etal., 1992; Mansour et

al., 1994; Aronheim ezal., 1994, Cowley etal., 1994).

The role of p42/44MA¥PK in (he milogenic response has been more clearly demonstrated
by the expression of kinase deficient mutants of p42MAPK and pdaMAPK  Using this
method, the requirement for funciional p42/44MAPK was demonstrated in the growth of
quiescent cells infected with the SV40 small tumour anfigen (Sontag etai., 1993), the
transformation of NIH 3T3 cells by v-raf (Troppmair etal., 1994), the stimulation of
gene transcription and cell proliferation by thrombin, fibroblast growth factor (FGF) or
serum 1n lung fibroblasts (Pages et al., 1993), and in the induction of AP-1 activity by

Ha-Ras, phorbol ester, and serum in rat embryo {ibroblasts (Frost eral., 1994). The last
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two conclusions were also reached by use of RNA antisense expression and
microinjection of specific substrate peptide inhibitors. Similar conclusions were achieved
by the expression of dominantly interfering mutants of MEK (whose only known
substrate is that of p42/44MAPK) which reverted v-sre- and ras-transformed NIH 3T3
cells (Cowley etal., 1994), Therefore the growth factor-mediated activation of
p42/44MAPK i5 an absolute requitement for the triggering of proliferative responses in

many cells.

In other cells, ihe [unctional response to the activation of p42/44MAPK jg not that of DNA
synihesis and cellular proliferation, but sometimes that of differentiation or protein
synthesis and hypertrophy. A constitutively active mutant of MEK1 stimulated the
differentiation of PC12 cells, and a dominantly interfering mutant of the same enzyme
tnhibited growth factor-mediated differentiation of these cells (Cowley ezal., 1994).
Agonistactivation of the thromboxane Ay GPCR in rat aortic smooth muscle cells
stimulated p42MAPK aciivation by a pathway involving Shc and Grb2, but this did not
result in the stimulation of DNA synthesis. However, protein synthesis was stimulated
as measured by an increase in the incorporation of [14C]leucine (Jones etal., 1995). ‘I'he
absolute requirement for the p42/44MAPK cagcade in the stimulation of protein synthesis
by tyrosine kinase growth factors (insulin and FGF) and GPCR agonists (angiotensin 11
and thrombin) in smooth muscle cells was demonstrated by the inhibition by a MEK
inhibitor (PD 98059) of protein synthesis and p42/44MAPK yetivation (Servantezal.
1996). However, the p42/44MATK cagcade is not sufficient for protein synthesis
aclivation as demonstrated by the inhibition by rapamyein (a p705K cascade-sefective
inhibitor) and the additive effects of rapamyein and PD 98059. It appears that both of

these distinct pathways operate to increase protein synthesis.

1t should be noted that the activation of the MAPK cascade and protein synthesis by the
one agonist does not necessarily indicate a functional connection between these two

effects. This was seen in the activation of p42/44MAPK by various GPCR agonists in
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neonatal ventricular myocytes (Post et al., 1996). In thesc cells, GPCR agonists which
could stimulate hypertrophy stimulated p42/44MAPK with similar kinetics to agonists
which were not hypertrophic. Also expression of dominantly-interfering mutants of
p42MAPK ynd pddMAPK and treatinent with PD 98059 failed to block the atrial natriurctic
factor (ANF) expression of the hypertrophic GPCR agonists, but did inhibit Ras-induced
gene expression and pd2/44MAPK activation. Therefore pd2/44MAFK activation is
apparcntly not sufficient for GPCR-mediated induction of cardiac cell growth and gene
expression (Gg-coupled PLC activation correlates better with hypertrophy) and s not
required [or transcriptional activity of the ANIF gene. This would again illustrate the cell
and stimulus-specificity which can occur in these pathways especially at this [evel of

functional output.

1.4.15.1 Duration of activatien and response

The picture of the functional outcome of activation of the MAPK cascade is more
complex as it depends not only upon the extent of stimulation of p42/44MAFK, bt also
on the duration of the activation of these enzymes (Schlessinger and Bar-Sagi, 1994;
Marshall, 1995). Itis thought that a more sustained activation permits lime (or nuclear
translocation and transcriptional activation of genes which are not regulated by a more
trapsicnt activation (Edwards, 1994, Hill and Treisinan, 1995). NGF promoted the
differentiation of PC12 cells whereas EGF treatiment led to a proliferative signal, even
although both growth factors activated p42/44MAPK (Marshall, 1995). However, in
these cells, NGF stimulated a prolonged activation of p42/44MAPK and MK for several
hours and a significant transtocation of p42/44MAPK to the nucleus, while HGF-mediated
activation was significantly more transient and translocation was not detecied (Traverse ef
al., 1992). "I'he sustained activation of pa2/44MATK permitted nuclear translocation and
supposedly phosphorylation of transcription factors which produced the differentiation.
This idea was strengthened by the observation of a differentiative respoasc on EGF
treatment of PC12 cells which overexpressed the EGEFR. In this case, EGF stimulated

the activation of p42/44MAPK with a significantly more proionged time course and its
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translocation to the nucleus was clearly seen (Traverse efal., 1994). The opposite effect
was seen by reducing the level of expression of NGF receptors in these cells thereby
converting a differentiation response to one of proliferation by a more ransient
pa2/44MAPK activation (Marshall, 1995). Therefore the quantitative diflerence in
activation of p42/44MAPK was translated into a qualitative difference in transcription

factor activation and cellular response.

A similar model can be used to explain observations in other cells with GPCR agonists
where the sustained activation of p42/44MAFK j5 appurently important in producing a
proliferative response. In CCL39 (hamster lung fibroblasts), thrombin was strongly
mitogenic and stimulated cell proliferation presumably through its ability to stimulate
p705%K and p44MATK with a biphasic time course of an initial transient peak of activity
followed by a delayed, sustained peak over many hours (Kahan etal., 1992; Mcloche et
al., 1992). Treatment with pertussis toxin or a thrombin inhibilor nearly totally
prevented the mitogenic activily and ihe suslained activation of pd44MAPK by thrombin,
hut only partialty inhibited the initial transient phase (Meloche et al., 1992). Activation of
a serotonin receptor or a transfected m1 muscarinic receptor was not sufficient to induce
full mitogenesis and could only stimulate the initial transicnt peak of activity. Therefore,
there appears to be a correlation between the ability of a growth factor to stimulate a

sustained phase of p44MAPK yelivity and its mitogenic potential.

'I'he duration of MAPK activation can also determine between a hyperplastic (cell
proliferation) and hypertrophic (cell growth) response. In rat mesengial cclls, PDGF
stimulated a prolonged activation of p42/44MAPK MEK and Raf and stimulatcd DNA
synthesis ([PHjthymidine incorporation) and protein synthesis ([3H]leucine
incorporatian). In contrast, angtotensin II stimulated a significantly less potent and more
transient activation of the MAPK cascade coupled with an inability to stimulate DNA

synthesis, although protein synthesis was still stimulaied (I Tuwiler ezal., 1995).
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Therefore the critical determinant between a hyperplastic and a purely hypertrophic

response appears ta be the magnitude and duration of the stimulation of p42/44MAPK,

1.4.16 Other MAPK cascades

As stated earlier thete are three distinct groups of mammalian MAPKs (see Davis, 1994,
Cano and Mahadcvan, 1995). The INK/SAPK family has limited homology o
pA2/4AMAPK and its members arc activated by UV irradiation, protein synthesis
inhibitors, heat shock and ccllular stress. The defining property of these Kinases is that
they contain the TPY sequence which must be phosphorylated on threonine and tyrosine
in order (o be activated (this is TEY in p42/44MAPK) This can be achieved by a dual
specificity kinase called SEK which is thought to be regulated by MEKX in & Ras-
dependent manner (sec carlier; Yan efal,, 1994; Minden etal., 1994), although at present
the pathway of regulation is not as well defined as that for p42/44MAPK - The
JNK/SAPK cascade can also be activated by mitogens and recent evidence has
demonstrated their activation by Gq and Gj-coupled receptors in Ratla cells (Mitchell et
al., 1995) and NIH 373 cells (Coso etal., 1995). Like the pd2/44MAPK cascade, the
INK/SAPK cascade is (hought to play an important role in the induction of the

transcription lactors c-fos and c-jun (Cano and Mahadevan, 1995).

The third member of the MAPK family s p38 which was discovered as a kinase which
was tyrosinc phosphorylated in mammalian cells in response to lipopolysaccharide and
changes in osmolarity (Han etal., 1994). This kinase also contains a dual
phosphorylation motif, in this case in a TGY sequence (Canc and Mahadevan, 1995).
There is much still to be explained in connection with this, and the other MAPKSs,
especially in the area of how specificity in the parallel cascades is achieved allowing the
activation of specific pathways in cells (espectally if Ras is involved in them all) and also

the question ol substrale selectivily of these kinases.
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(GPCRs have also been implicated in the activation of the JAR/STAT pathway (Maricro
etal,, 1995) which is a recently identified Lyrosine kinasc signalling cascade involved in
the control of transcription (Edwards, 1995; Malarkey ez al., 1995; Hill and Trcisman,

1995).

1.4.17 Why use a cascade?

One question which arises from the identification and study of this cascade is the rcason
for (or more properly the benefit from) its presence and complexity. A much simpler
mechanism for the activation of MAPK could be envisioned, however one probablc
benefit from this complexity is the increase in the number of targets for positive and
negative crossregulation by other signalling pathways (for example the stimulation by
PKC and the various effects of cAMP) as well as for positive and negative feedback
loops within the cascade. This permits this cascade to respond o numerous signals in a
cell-specific manner (for example with elevated cAMP levels) and so synchronise the
response to mitogenic signals with other environmental factors. Also, such a cascade
allows an increased number of steps at which diversification or branching in the
mitogenic signal can occur (such as seen with the various Ras effectors), which when
coupled to the need of many downstream targets for more than one input {or functional
regulation, introduces cross-checks which could ensure that conditions are ideal belore &

commitment to a functional response such as mitogenesis is made.

1.5 Research aims

Although there has been an extensive amount of work detailing the cascade from GPCRs
to p42/44MAFK a5 detailed above, there is currently little information on the quantitative
aspects of this regulation such as the level of GPCR expression or degree of G-protein
stimulation which is required in order to permit this activation, and how this compares
with the other effectors of these receptors. Chapter 3 will address these questions with
the aiga adrenoceptor expressed in Ratl fibroblasts to different densitics as well as with a

mutant form of this receptor which displays a reduced coupling efficiency. Chapter 4
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will determine the ability of the & opioid receptor to activate p42/44MAPK yhen
expressed at a low and high density and will contrast the quantitative relationship
between G-protein and p42/44MATK aetivation in this system to other receptor/effectors
systems. This work will be continuced in Chapter S by use of opioid agonists with a
range of intrinsic activities. In addition, the involvement or influcnce of various kinases
and other effector pathways in the regulation of the MAPK cascade by GPCRs will be

investigated in Chapters 3 and 5.
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Chapter 2: Materials and Methods

2.1 Materials

Materials were obtained from the following suppliers:

2.1.1 General Reagents
Aldrich Chemical Company, Gillingham, Dorsel, UK,

2,2 A-trimethylpentane.

Amersham Interpational plc., Little Chalfont, Bucks., UK.

ECL reagents, Biotrak p42/44 MAP kinase enzyme assay system.

Appligene, Chester-lc-Street, Co. Durham, UK.

Water saturated phenol.

Boehringer Mannheim U.K. Ltd., Lewcs, East Sussex, U.K.
App(NH)p, creatine phosphokinasc, dibutyryl cAMP, hygromycin B, GDP, GTPyS,
DNAasce frecc RNAase.

Calbiochem-Novabiochem {(U.K.) Ltd., Beeston, Nottingham, UK.
Pansorbin cclls, tyrphostin AG1478.

Costar Scientific Corporation U.K., Gordon Road, Bucks., U.K.

Nitrocellulose.

Fisons Scientific Equipment, Loughborough, U.K.

Ammonium formate, CaCly. 6H,O, DMSO, EDTA, EGTA, ethylaceiate, ethylene giycol,
formic acid, glucose, glycine, HEPES, HoO,, hydrochloric acid, KCI, KITsPO4,
K2HPO4, MgClz.6Ha20, NaCl, NayCO3, NalICO3, NaHPO4.
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Gibeo BRL Life Technologies Inc, Paisley, UK.

Agarose, lipofectin, fris, urca, 1 kb DNA ladder.

Kach-Light Lab. Lid., Colinbrook, Bucks., U.K.
MNaK lartrate, MgSO4.7H0.

I.ipid Products, South Nutfield, Surrey, U.K.

Phosphatidylbutanol.

May & Baker I.td,, Dagenham, UK.

CuS0Qy4, sodium tetraborale.

Merck Ltd., Poole, Dorset, UK,

Acrylamide, ammonium persulphate, bacto-agar, bacto-trypione, bacto-yeast extract,
butan-1-ol, chloroform, DTT, ethanol, Folin and Coicalteu's phenol reagent, glacial
acetic acid, glycerol, imidazole, isoamyl alcohol, isoprepanol, methanol, N,N'-
methylene-bisacrylamide, NaOH, Nal-IPOy4, orthophosphoric acid, SDS, sucrose,

trichlorcacetic acid.

Packard Insirument Company, Meriden, CT, U.S.A.

Ultima-Flo AF scintiliant.

Plizer Central research, UK,

UK14304.

Promega Ltd., Southampton, U.K.

Restriction cnzymes.
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Research Biochemicals Inc., Semat Technical (U.K.) Lid., St. Albans, Herts., U.K.

Buprenorphine, diprenorphine, ICI174864, levorphanol tartrate, morphine, TIPPW.

Sigma Chemical Company, Poole, Dorset, UK.

Alumina, ampicillin, aproionin, L-arginine HC}, ascorbic acid, ATP, bromophenol blue,
BSA, cAMP, charcoal (activated), chelerythrine chloride, cholera ioxin, Coomasic blue,
DADLE, o-dianisidine, Dowex 1, Dowex 50W, EGF, endothelin-1, ethidium bromide,
forskolin, gelatin, gentstein, GTP, idazoxan, LiCl, LPA, MBP, MOPS, MnCl,, NaF,
naloxone, p-nitrophenol phosphate, NP40, ouabain, PEG8000, pepstatin A,
phenylmethylsulphonyi fluoride, phosphocreatine, ponceau S, potassium acciate,
prestained molecular weight standards, RbClp, sodium azide, sodium deoxycholate,
sodiwm orthovanadate, TEMED, thimerasol, N-tris(thydroxymethyl)methylglycine-

NaOH, Triton-x100, trypsin, Tween 20, wortmannin.

Speywood Lid., Berkshire, UK.

Pertussis toxin.

Upstate Biotechnology Inc., Lake Placid, New York, U.S.A.

EGF (human, recombinant).

2.1.2 Radiochemicals

Amersham International plc., Little Chaifont, Bucks., U.K,

[Y-32P]ATP (s.a. 3000 Ci/mmol), [¢-32P]ATP (s.a. 400 Ci/mmol), [8-3H]|cAMP (s.a.
24 Ci/mmol}, [15,16(n)-3H]diprenorphine (s.a. 39 Ci/mmol), [ethyl-H]JRS-79948-197
(s.a. 90 Ci/mmol), [y->2P]G1P (s.a. > 10 Ci/mmol), myo-|2-3H]inositol (s.a. 16.5

Ci/mmol), [9,10(n)-3H]palmitic acid (s.a. 51 Ci/mmol).
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Du Pont NEN (U.K.) Ltd., Stevenage, Herts., UK.
[adenylate-32PINAD (s.a. 800 Ci/mmol), [methyl-*H]yohimbine (s.a. 81 Ci/mmol),
35S1GTPYS (s.a. 1175 Ci/mmol).

2.1.3 Tissue culture plasticware
Costar Scienltific Corporation UK., Gordon Road, Bucks., U.IK.
25 cm?2 and 75 cm? flasks, 10 cm dishes, 6 and 24 well plaies.

Bibby Sterilin Ltd., Stone, Staffs., U.K.

Sierile disposable plastic pipettes.

Nunc, Nalge Nunc Inc., Denmark.

Cryovials.

2.1.4 Cell culture Media
Gibco BRL Life Technologies Inc, Paistey, U.K.
10x DMECM, 200 mM glutamine , inositol free DMEM, 7.5% (w/¥) NaHCQOs3, newborn

calf serum, 10000 units/ml penicillin / 10 mg/ml streptomyci.

2.1.5 Standard Buffers:
Phosphatc Buffered Saline (PBS)
2.7 mM KCl
1.5 mM KHPO4
140 mM NaCl
8mM NazHPO4
pH 7.4
This was madc as a 10x solution and stored un(il required. When required, a 1x solution
was prepared by dilution giving the above composition and pll was set to 7.4 with

concentrated HCL.
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Hanks Modified Medium

1.3 mM CaCl,. 61120
5.4 mM Kal

490 uM MgCl,.6H0
410 uM MgS804.7H20

137 mM NaCl

4.2 mM NaHCOs3
270 pM NaHP04
pH 7.2-74 at 4°C

This was made as a 2x stock and stored at 4°C until required.

Laemmli Buffer

5M urea
0.4 M DTT
0.17M SDS
50 mM Tris/HCI (pH 8)

0.01% (wlv) bromophenol blue
Stored aliquoted at -20°C until required.

2.1.6 Antisera

Anti-pd4MAPK ysed for immunoblotting was a gift from Dr. Neil Anderson, Dept. of
Swrgery and School of Biclogical Sciences, University of Manchester, Manchester, UK.
Anti-p42MAPK was a gift from Dr. Ailsa Campbell, Division of Biochcmistry and
Molecular Biology, Insiitute of Biomedical and Life Sciences, University of Glasgow,
Glasgow, U.K.

Anti-pd4MAPK ysed for IP kinase assay was from Dr. Simon Cook, Onyx
Pharmaceuticals, Richmond, California, U.S.A.

HRP*-linked donkey anti-rabbit IgG and HRP-linked sheep anti-mouse IgG were

obtained from the Scottish Antibady Production Unit, Carluke, Lanarkshirc, UK.
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Anti phosphotyrosine antiserum was obtained from Upstate Biotechnology Inc., Lake

Placid, New York, USA.

2.1.7 ¢DNAs

pCMV4 expressing haemmaglutinnin tagged wild type and Asn7 porcine apa
adrenaceptor was a gift from Dr. Lee Limbird, Dept. of Pharmacology, Vanderbilt
University Medical Centre, Nashville, Tennessee, U.S.A.

pCMV-msi2 expressing the mouse O opioid receptor was a kind gift from Dr. Graeme
Bell, Howard Hughes Medical Institute, University of Chicago, Chicago, illinois,
U.S.A.

2.2 Methods
2.2.1 Cell culture
2.2.1.1 Cell growth
Growth Medium for Ratl fibroblasts: 5% DMEM

10% (viv) Dulbecco's Modified Eagle's Medium

0.375% (w/v) sodium bicarbonate

2 mM glutamine

100 units/ml  Penicillin

100 pg/ml Sireptomycin

5% (viv) newborn donor cailf serum
Medium for serum starvation was as above without, or with a lower concentration
{0.05% (v/v)) of, newborn calf scrum.
Ratl fibroblasts werc grown to confluency in 5% DMEM in 75 cm? tissue culture flasks
at37°C and in a humidificd atmosphere of 95% air / 5% CO3. At confluency, the
medium was removed and replaced with 2 ml of a sterile solution of PBS containing
0.1% (w/v) trypsin, 0.025% (w/v) EDTA and 10 mM glucose. This was incubated at
37°C until the cells were removed from the surface of the flask. 4.5 vols of 5% DMEM

were added in order to stop the action of the trypsin and the cell suspension was
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transferred to a 50 ml tube and centrifuged at 800 X g in a MSE centaur centrifuge for 5
min. The cell pellet was resuspended and transferred to other tissue culture flasks or

plates as required.

2.2.1.2 Cell line mainéenance
After trypsinisation and centrifugation, as above, the cell peliet was resuspended in
newhorn call serum containing 10% (v/v) DMSO and transferred to cryovials. These

were placed at -80°C for 24 hours and stored in liquid nitrogen.

2.2.1.3 Harvesting cells

Just prior to confluency, cells were scraped off the surfacc of the flasks into the growth
medium using a disposablc ccll scraper (Costar). The suspension was pipetted into S0 ml
tubes and centrifuged in a Beckman TJ-6 Benchtop centrifuge at 800 x g and 4°C for 5

min. The cell pellet was washed twice in ice-cold PBS und stored at -80°C.

2.2.1.4 Cruode membrane preparation

Membranes were prepared from the frozen cell pellet prepared as above. The cells were
resuspended in 3 ml of ice-cold TE buffer (10 mM Tris-HCI (pH 7.5), and 0.1 mM
EDTA) and homogenised with at least 30 strokes of a teflon on glass homogeniser. The
suspension was then centrifuged at S00 x g in a Ti50 rotor in ¢ Beckman L.5-50B
ultracentrifuge for 10 min. The pellet contained unbroken cells and the nuciear fraction,
and the supernatant was centrifuged again at 48,000 x g for 10 min. This pcllct was
washed in 5 mi of ice-cold TE buffer and then centrifuged again at 48,000 x g for 10
min. The pellet containing the crude membrane fraction was resuspended in TE buffer,

passed through a fine gauge needle 10 times, then aliquoled and stored at -80°C.

2.2.2 Protein determinatien
Protein determination was performed using the method of Lowry efal. (1951). Reagent

solutions were prepared as follows:



1% (wiv) CuSQOy

2% (wiv) NaK tartrate

2% (Wiv) NasCO3 in 0.1 mM NaOH
These were mixed in the ratio of 1: 1: 100 respectively, 20 min prior (o assaying. 1 ml
of the above reagent mix, and then 10 min later 100 ul of 50% (v/v) Folin and
Ciocalteu'’s phenol reagent, were added (o the protein sample (made up {0 a constant
volume with TE buffer). After mixing and incubating at room temperature for at least 20
min, absorbance at a wavelengih of 750 nm was determined with a spectrophotometer
(Shimadzu). By comparison to a standard curve prepared with various volumes of a
standard concentration of BSA in TE buffer, the concentraiion of protein in each sample

was determined.

2.2.3 Radioligand binding assay
Levels of expression of receptors were determined using radioligand binding assays.
Borosilicate glass tubes were set up on ice containing:

50 ul of membrane suspension diluted from a {rozen aliquot (preparcd as in
2.2.1.4) with ice-cold TE buffer to give appropriate protein concentration,

25 ul of appropriate concentration of tritiated ligand,

175 pil of TSM buifer (10 mM Tris/HCI (pH 7.4}, 50 mM sucrosc and 20 mM
MgCly).
Some lubes also contained 25 pl of competing non-radioactive ligand (compensated by a
reduction in volume of TSM buffer added) to define non-specific binding. The reaction
was incubated at 30°C for 45 min and terminated by filtration through Whatman GI/C
tilters using a Brandel cell harvester. After three (approximately 5 ml) washes with ce-
cold TSM buffer, the filters were soaked overnight in 5 ml Ultima-Flo AF scintillant prior

to liquid scintiflation counting,



2.2.4 High affinity GTPase assay
These assays were performed essentially as described in Koski and Klee {1981). Each
incubation conlained the [ollowing:

20 pl of membrane suspension prepared as in 2.2.1.4 and diluted to the required
concentration with TE buffer,

50 pl of [*2P]GTP mix which contained: 20 mM phosphecreatine, 100 units/mi
creatine phosphokinase, 2 mM ATP (pH 7.5), 200 pM App(NH)p, 2 mM Quabain, 200
mM NaCl, 10 mM MgCla, 4 mM DTT, 80 mM 'T'ris/HC} (pH 7.5), 200 uM EDTA. (pH
7.5), 1 uM non-radioactive GTP (pH 7.5), and approximately 50,000 cpm of [y-
32p|GTP (specific activity 30 Ci/mmol),

10 y2t of various ligands,

H»0 to make volume up to 100 pl.

Membranes, water and ligands were mixed on ice and the assay was started by the
addition of the [32P]GTP mix and transfer to a 30°C water bath. Incubation was allowed
for 30 min, alter which the reaction was terminated by the transfer to an ice slurry and
addition of 900 gl of ice-cold 5% (w/v) activated charcoal in 10 mM H3PO4. The
charcoal was pelleted by centrifugation at 12,000 x g for 20 min in a benchtop microluge.
500 pt of the supernatant was transterred to insert scintillation vials and counted by
Cherenkov counting. 50 pl aliquots of the [32P]GTP mix were also counted directly and
this allowed calculation of data as pmol of GTP hydrolysed per min per mg of membrane

protein.

2.2.5 GTPyS binding assay
These assays were performed as in Wieland and Jakobs (1994). Borosilicate glass tubes
were set up on ice containing the following:

25 ul of membranes (diluted from a stock with ice-cold TE (o give the required
concentration),

50 pl of [358]GTPyS reaction mix which contained: 40 mM HEPES (pH 7.4), 6
mM MgClp, 200 mM NaCl, 20 M GDP, 0.2 mM ascorbic acid (all of these can be
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prepared as a 10 x stock and aliguotted and frozen at -20°C), 50 nCi [358]GTPYS (stored
at -80°C diluted in 10 mM N-tris(hydroxymethyl)methylglycine-NaOIf (pl1 7.6), 10 mM
DTT),

25 ul remaining was made up with water, agonists and/or 10 4 of 100 pM
GTPyS (to determine non-specilic binding).
The membranes were always added last and then the contents of the tibes were mixed
well. Incubations were performed at 4°C for 60 min and were lerminated by the addition
of 3 ml of ice-cold filter wash (20 mM HEPES (pli 7.4) and 3 mM MgClg) to each tube
and immecdiate filtration through a Whatman GF/C filter using a Brandel cell harvester.
Fach filter was then washed with a further 2 x 5 ml of the filter wash buffer and then

soaked in 10 ml Uliima-Flo AF scintillant overnight before liquid scintillation counting.

2.2.6 Adenylyl eyclase assay

These were performed as in Johnson and Salomon (1991).

This assay measured the production of [32P]cAMP from [32P]ATP. Scparation of
[3*P]cAMP from the [32P]ATP was achieved using the method of Salomon efal. (1974)

which made use of Dowex and Alumina columns,

2.2.6.1 Sample preparation
Each: incubation tube was prepared on ice Lo conlain the following:
20 pl of membrane suspension (diluled from a frozen stock aliquot with T
huffer to give appropriate conceniration),
S0 pl of [*2P]ATP reaction mix containing: 2 pM GTP (pH 7.5}, 2 mM cAMP,
400 uM ATP (prl 7.5), 200 mM Tris/HC] (pH 7.5), 100 mM NacCl, 10 mM MgClp, 40
mM phosphacreatine, 100 units/ml creatine phosphokinase and 106 cpm [a->2P]ATP,
30 pl remaining was made up with water and 10 ) additions of ligands as
required,
The reaction was initiated by transfer of the tubes to a 30°C water bath, and incubation

was allowed for 15 min. The 1eaction was terminated by removal of tubes to an ice
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slurry and the addition of 100 ul of 2% (w/v) SDS§, 45 mM ATP, 1.3 mM cAMP
(stopper solution). 50 gl (10,000 cpm) of a solution of PHJcAMP was added and the
samples werc boiled for 10 min. 750 pl of O was added and the [32PlcAMP content

in the sample was determined using the chromatography columns prepared as below.

2.2.6.2 Preparation of the columns

Dowex 50W (50x4-400) (1 g per column) was washed twice with twice its volume of
water to remove fines. It was then washed with twice its volume of 1 M NaOH and then
1 M HCI. After further washes with water, a 1 : 1 slurty with water was produced and 2
ml was added to each glass wool stoppered column. A cold reaction mix (50 pl of
reaction mix without the [32PJATP, 100 ul of stopper solution and made up to 1 ml with
water) was added to each column and atlowed to drip to waste. Thesc columns were then
stored until required at room temperature. On day of use, the columns were washed with

2x2miof 1 M NaQOH, followed by 2x 2 ml of 1 M HCl and 6 x 2 mi of HoO.

The alumina columns were prepared by adding a S0% (w/v) alumina sohition in 0.1 M
imadazole (pH 7.3) to glass wool stoppered columns (2 ml per column). As with the
Dowex columns, a cold reaction mix was dripped through each column prior to storage at
room temperature. On the day of use, the columns were washed with 4x 2 ml of 0.1 M

umadazole (pH 7.3).

2.2.6.3 Nucleotide elution profile of columns

"This was performed to determine the elution volume of the nucleotides for both the
Dowex and alumina columns.

A solution containing 50 pl of [2P|ATP reaction mix as used in assay with 50 i
(10,000 cpm) of [3H]cAMP, 100 p of stopper sotution and the volume made up to I m]
with water was applied to a Dowex column. The eluted solution was collected in vials
containing 10 ml of Uhlima-Flo AF scintillant. Successive washes of the column with

0.5 ml of water were collected in further vials containing scintillant and counted by liguid
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scintillation on a dual label programme. The elution profiles of both nucleotides were
then produced and the efficiency of recovery was determined by reference ic a direct
count of the radivactive mixture. Anelution profile of the alumina columns could be
produced in a similar fashion, using a reaction mix containing only the [3H]cAMP and

0.1 M imidazole (pH 7.3) instead of water as the clution buffer.

2.2.6.4 Determining ¢cAMP production

Once the volume of the samples had been made up to 1 ml by the addition of HpO, as
described above, the samples were loaded onto prepared Dowes. columns and the ATP
was eluted with 0.5 ml H3O. 4 x 2 ml washes of HpO were then applied and the eluate
was allowed to drip onto the prepared alumina columns. The cAMP fraction was then
eluted from the alumina columns with 4 x 1.5 mt of 0.1 M imidazole (pH 7.3) into 12 m]
of Ultima-Flo AF scintillant. The samples were counted on a4 dual label liquid
scintillation counting programme and so the amount of cAMP praduced was calculated
taking into account the efficiency of recovery from each column determined from the
recovery of the internal [3H]cAMP standard. Results were thus calculated in pmol of

cAMP produced per min per mg of membrane protein.

2.2.7 SDS-polyacrylamidc gel electrophoresis (SDS-PAGE)
2.2.7.1 10% Acrylamide resolving gels
10% (wiv) acrylamide/0,25% (w/v) N,N'-methylene-bisacrylamide resolving gels were

prepared as follows:

8.2ml H»0

1.6 ml 509% (viv) glycerol

B ml 30% (w/v) acrylamide, 0.8% (w/v) N,N'-methylene-
bisacrylamide

6 ml 5 M Tris/HCI (pH 8.8), 0.4 % (w/v) SDS

90 ul 10% (w/v) ammonium persulphate

8ul TEMED
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This was mixed and immediately poured into a Hoefer Gel Caster with two 180 x 160
mm glass plates and 1.5 mm spacers. The gel was layered with 0.1 % (w/v) SDS and

allowed to set at room temperature for 90 min.

149% acrylamide resolving gels were prepared as above with the following alterations:
5 ml of HyO and 11.2 ml of 30% (w/v) acrylamide, (.8% (w/v) N,N'-methylene-

bisacrylamide.

2.2.7.2 Stacking gels

After the resolving gel had set, the SDS was washed off and the stacking gel was

prepared:
9.75 m} Ho0
1.5ml 30% (w/v) acrylamide, 0.8% (w/v) N,N'-methylene-
bisacrylamide
3.75mi 0.5 M Tris/HCI (pH 6.8), 0.4 % (w/v) SDS
150 pl 10% (w/v}) ammonium persulphate
8 pul TEMED

This was mixed and layered on top of the resolving gel around a 15 well Teflon comb

and left to set for another 90 min.

The buffer used in the upper and lower reservoir of the gel elcetrophoresis tank was 25
mM Tris base, 0.192 M glycine and 0.1% (w/v) SDS. Once set, the gels were
assembled into a Hoefer vertical gel electrophoresis kit, loaded using a Flamilton syringe

and electrophoresis was performed at 60 V overnight.
2.2.7.3 Sample preparation

Samples were sometimes prepared for gel electrophoresis by sodium

deoxycholate/trichioroacetic acid precipitation:
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To the desired amount of protein, the foliowing was added in the correct order:

750 pl H20
10 gl 2% (wiv) sodium deoxycholate
250 pl 24% (wiv) trichloroacetic acid

'T'his was centrifuged in a microfuge for 20 min at 12,000 x g. The supernatant was
removed and the pellet dissolved in 15 pl of 2 M Tris base. 15 pl of Laemmli buffer was

then added and the sample loaded onto the gel.

2.2.7.4 6M Urea containing polyacrylamide gels

In order to provide adequate separation of proteins as part of the MAPK electrophoretic
mobility shift assay (see 2.2.9.1), an SDS-PAGE system which contained 6 M urea and
had a low level of N,N'-methylene-bisacrylamide was used (Kim and Milligan, 1994).

This was made by preparing three individual sotutions on the day of use:

Solution 1: 6M urea
Solution 2: oM urea
1.5M Tris/HCI (pH 8.8)

0.4% (wiv) SDS
Solution3: 6M urea
30% (wiv) acrylamide
0.15% (wiv) N,N'-methylene-bisacrylamide

The resolving gel was then prepared from these solutions as follows:

12.2 ml solution 1

0.6 ml solution 2

16.2 ml solution 3

30 ul 10% (w/v) anmonium persulphate
6 i TEMED

This was mixed and immediately poured into a 20 cm Bio-Rad Protean IT gef casting
apparatus with 1.5 mm spacers. The gel was layered with butan-1-ol and allowed to sel

for 2 hours at room temperature.
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The butanol was then thoroughly washed olf and stacking gecl was prepared as before.

Elcctrophoresis was performed at 120 V {or 18-20 hours.

2.2.8 Western blotting

Subsequent to electrophoresis overnight with any of the above gel types, proteins were
transferred to a nitrocellulose sheet in an LKM Transphor apparatus filled with 25 mM
Tris base, 0.192 M glycine and 20% {v/v) methanol at 1.5 mA for 2 hours. The sheet
was then temporarily stained with 0. 1% (w/v) ponceau S, 3% (w/v) trichloroacetic acid
in order io check transfer efficiency and protein loadings. Alter washing in transfer buffer
and distilied water in order to remove the stain, the niirocetlulose sheet was treated in

differcnt ways depending on the antibody used.

Immunoblotting against pA4MAPK was with a polyclonal antiserum and the nitrocellulose
sheet was blocked with 5% (w/v) gelatin in PBS for 2 hours at 37°C. The gelatin was
washed off with distilled water and the sheet incubated in a 1 : 500 dilution of anti-
p44MAPK antiserum in 19 (w/v) gelatin, 0.2% (v/v) NP40 in PBS overnight at 37°C.
The next day, the primary antiserum was washed off with three changes of distilled water
and at least five changes of 0.2% (v/v) NP-40 in PBS (over a time period of 30 min).
The secondary antibody (horse-radish peroxidase conjugated goat anti-rabbit [gG) was
then added (in 1% (w/v) gelatin, 0.2% (v/v) NP40 in PBS) and incubation at 37°C was
allowed for at least 2 hours. The secondary antibody was then removed and the same
washes were performed as before, with the addition of two washes of PBS at the end.
The blot was then developed in 50 ml of 0.02% (w/v) o-dianisidinc in PBS after the
addition of 5 ul of HyO2. Development was terminated by tmmersion in 1% (w/v)

sodium azide.

When the monoclonal anti-p42MAFK or anti-phosphatyrosine anlisera were used, {he
nitroceflulose sheel was blocked in 10% (w/v) milk protein, 0.1% (v/v) Tween 20 in

PBS at 25°C while shaking. T'he primary and secondary antisera were prepared in 0.5%
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(w/v) milk protein, 0.1% (v/v) Tween 20 in PBS. Horse-radish peroxidase conjugated
anti-mouse IgG was used as the secondary antiserum. Washes were as above but with
0.1% (v/v) Tween 20 in PBS and blots were developed using Amersham's ECL kit

according to the manufacturer's procedure.

Anti-pd4MAPK primary antibodies could be uscd up to fifteen times, other primary and
the sccondary antibodies were routincly used up to three times. All antibodies were

stored at 4°C using thimerasol as an anti-bacterial agent.

2.2.8.1 OQuantitation of immunoblots
Immunoblots were quantified by densttometric scanning using a Bio-Rad imaging

densitometer.

2.2.9 MAPK assays

The activation of the p42/p44MATX pathway was determined by three dilferent methods.
The electrophoretic mobility shilt assay was uscd to demonstrate the phosphorylation of
pA2MAFK o pa4MAPK a5 determined by a retardation in mobility in SDS-PAGE. The
activity of p42/44MAPK wag determined by the immunoprecipitation (IP) kinase assay or
by the Biotrak p42/44 MAP kinase enzymc assay system {(Amersham International). The
first assay measures the ability of immunoprecipitated p44MAPK (6 catalyse the
phosphorylation of an exogenously added substrate myelin basic protcin (MBP), and the
kit from Amersham uses a peptide which is highly selective for p42/44MAPK a5 an

cxogenous substrate in a Kinasc reaction.

2.2.9.1 Electrophoretic mobility shift assay

This assay was performed as in Leevers and Marshall (1992). Cclls were grown in 5%
DMEM to confluency in 10 cm tissue culture dishes at 37°C and 5% CO» after which
they were serum starved in low or zero scrum DMEM for 24 to 48 hours. The cells were

then incubated with the appropriate ligands in serum free DMEM for various lengths of
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time at 37°C and 5% CO2, 'I'he incubation was terminated when the cells were
transferred to 4°C, the medium was removed and the cells washed in ice-cold PBS. 450
ul of ice-cold lysis buffer was then added to each dish. This lysis buffer contained 25
mM Tris/HCI (pH 7.5), 25 mM NaCl, 10% (v/v) ethylene glycol, (stored as a stock
solution at -20°C) and added immediately prior to use 40 mM p-uitrophencl phosphate,
10 M DTT, 0.2% (v/v) NP40, 1 pug/mi aprotonin, 1 mM sodinm orthovanadate, 3.5
pe/mi pepstatin A, and 200 M phenylmethylsulphonyl {luoride. Cells were scraped into
tubes and passed through a fine gauge needle approximately ten times in order (o
complete cell lysis. The cell suspension was then centrifuged at 4°C in a microfuge at
12,000 x g for 5 min. 450 p of the supernatant was then transferred to 115 pl Lacmmli
buffer in fresh tubes and boiled at 100°C for 5 min. These samplcs were then analysed
directly by SDS-PAGE using 6 M urea containing polyacrylamide gels (as describext in
2.2.7.4). Western blotiing of these gels and immunoblotiing with anti-p42MAPK o anti-
p44MAPK aniisera permitted the gel shift, and thercfore the phosphorylation, of these
MAPKSs to be determined. Densitometric scanning allowed quantitation ol these blots
and calculation of the results as the percentage of the total delectable pd2MATK o

p44MAPK which was present in the lower mobilily form.

2.2,9.2 1P Kkinase assay

Cells were grown to confluence in 5% DMEM in 6 well plates and serum starved for 24
to 48 hours. The cells were treated with the appropriate ligands in serum free DMEM for
various limes. The incubation was terminated as the medium was removed and the cclis
washed in ice-cold PBS. 400 y of lysis buffer was then added. This lysis buffer
contained: 20 mM Tris/HCI (pH 8), 137 mM NaCl, 1 mM EGTA, 1% (v/v) Triton x-
100, 10% (v/v) glycerol, 1.5 mM MgCl,, stored at 4°C as a 2x stock solution, and added
just prior to use (0.1 mM sodium orthovanadate, 10 pg/ml aprotonin, 25 mM NaF and
0.2 mM phenylmethylsulphonyl fluoride. Cells were scraped of! the plate and

transferred to microfuge tubes. These were mixed for 20 min at 4°C and centrifuged at
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4°C in a microfuge at 12,000 x g for 5 min. The cell lysate was then assayed for protein

concentration.

The volume of cell lysate which contained 300 yg of protein was mixed with 4 pl of anti-
p44MAFK antiserum for 2 hours at 4°C. 50 ul of pansorbin cells (washed and
resuspended (n lysis butfer) were added for the last 30 min. After this time, the
pansorbin ceils were pelleted by a pulse centrifugation and the supernatant removed by
aspiration. 'The pellet was washed in 3 x 0.5 ml] of lysis buffer and once with 0.5 ml of
kinase bufler (30 mM Tris/HCI (pH 8), 1 mM MnCls, 10 mM MgCl2). The kinase
reaction was initiated by resuspending the washed pansorbin pelict in 30 p! of kinase
buffer containing 1 #M ATP (pH 8), 0.23 mg/m] MBP and 2 uCi of [y->2P]ATP. This
reaction was incubated at 30°C for 30 min and terminated when 7.5 yl Laemmli buller
was added. These samples were boiled for 5 min at 100°C and centrifuged at 12,000 x g
for 2 min. The supematant was then analysed by SDS-PAGE using a 14% acrylamide
gel in a Bio-Rad Mini-Protean I electrophoresis system run at 200 V until the dye [ront
was 1 cm from the end of the gel. The stacker and bottom part of the gel {containing the
dye {rontand ATP) were discarded, and the gel was stained in 0.1% (w/v) Coomasie
blue in 40% (v/v) methanol, 10% (v/v) glacial acelic acid for 30 min and destained for a
further 30 min in 40% (v/v) methanol, 10% (v/v) glacial acetic acid. The gel was washed
in water and then dried under vacuum 1n a Bio-Rad gel dryer. These were exposed (o a
phosphor storage plate for about 30 min and analysed using a FUJIX BAS1000 image

analyser and the radioactivity associated with the MBP band was quantified.

2.2.9.3 Biotrak p42/44 MAP Kinase activity assay

Cells were grown to confluence in 5% DMEM in 60 mm plates and serum starved for 24
to 48 hours. The cells were treated with appropriate ligands in seruun free DMEM for
various times and the incubation was terminated and ccll lysates were prepared as for the
IP kinase assay, using 150 ul per plate of the same lysis buffer. After protein

determination, the cell lysatcs were assayed using the Biotrak p42/44 MAP kinase
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cnzyme assay system (Amershan International) according to the manufacturers
instructions in the presence of 0.2 pCi/ul |y-32PIATP. Samples were counted by liquid

scintillation and results presented as pmol phosphate transferred per min per mg protein.

2.2.10 Transphosphatidylation assay

This was performed as in Cook and Wakelam (1991). This assay was uscd to monitor
the activity of PLD by measuring the transphosphatidylation activity of [H]palmitate-
labelled cells in the presence of butan-1-ol. This produced [*Hlphosphatidylbutanol
which was not metabolised further and could be isolated by phase separation and thin
layer chromatography. Cells were grown to 70% confluency in 5% DMEM at 37°C and
5% COq in 24 well plates. The medium was replaced with fresh 5% DMEM coniaining 4
#Ci/ml PH]palmitate and cells were incubated for another 24 hours. The cells were then
incubated at 37°C for 20 min in 0.5 ml per well of [IBG (Ilanks modified medium
containing 2% (w/v) BSA and 10 mM glucose). This was removed and replaced by 0.5
ml HBG containing .3% (v/v) butan-1-ol (HBGbutanol) for a further 5 min incubation.
This was removed and the reaction was initiated by adding 0.2 ml HBGbutanol with or
without the required ligands. After the required incubation time, the medium was
removed and replaced by ice-cold methanol (0.5 ml per well) to terminate the reaction.
The cell debris was scraped into glass vials and each well was washed with a lurther 0.2
ml methanol. 0.7 ml chloroform was added and the vials were vortexed and allowed to
stand at room temperature for 15 min. 5835 pl of HyO was added and the solutions were

again mixed. These vials were then stored overnight at -20°C.

Centrifugation at 1,500 x g for 5 min was performed, and 450 pl of the lower phase
(which contained the phospholipids) was transferred to fresh vials and dried down under
vacuuin in a Jouan centrifugal evaporator for 60 min, This was resuspended in 2 x 25 pl
chloroform : methanol mix (19: 1, v/v) and loaded onto Whatman silica gel thin layer
chromatography plates which had been pre-run and activated at 120°C. In addition, 7.5

yl of phosphatidylbutanol (Lipid Products) was loaded on top of each sample. Plates
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were developed in the organic phase of a5: 11: 2: 10 mix of 2,2,4 trimethylpentane,
ethylacetate, acetic acid and water under non-equilibrated conditions.
Phosphatidylbutanol displayed an Rf value of approximately 0.4, and was detected by
visualising the exogenously added phosphatidylbutanol by staining with iodine vapour.
The sirip of silica containing this band was then scraped off the plate and subjected to
liquid scintillation counting. Thus the radioactivity associated with this band, and hence

the production of [3H]-labelled phosphatidylbutanol, was determined.

2.2.11 Total inositel phosphate assay
This was perfornied as described in MacNulty etal. (1992).
2.2.11.1 1Inositol free medium
A stock of inositol free medinm was prepared, filter sterilised and stored at 4°C:
6.685 g inositol free DMEM
1.85 g sodium bicarbonate
Made up to 500 ml with HzO0.
When ready ta label, the cells were incubated in this inositol [ree medium containing 2

mM glutamine, 2% (v/v) dialysed newborn calf serum, and 1 4Ci/mi [*H]inositol.

Newbom calf serum was dialysed prior to usc in order (o remove cndogenous inositol
and so imprave |3H]inositol labelling of the cells:

Dialysis tubing was boiled twice in [resh 10 mM EDTA for 10 min and was then stored
until required in 20% (v/v) ethanol at 4°C.

50 ml newborn calf serum was put into dialysts tubing and the ends were sealed. This
was placed into 2 1 of Earles Salts (120 mM NacCl, 1.3 mM KCI, 81¢ uM MgS0O4.7H20,
900 M NaH2PO4, and 5.6 mM Glucose) and left to stir gently at 4°C. The dialysis
solution was changed every 12 hours for 2 days and then the serum was aliquoted and

stored at -20°C.
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2.2.11.2 Preparation of Dowex formate

Powex chloride (Dowex 1x8-200) was converted to Dowex formate prior to use in this
assay. Th‘is was carried out in stages due to the strength of the electrostatic interaction
between the Dowex and chloride ions. 100 g Dowex 1 was washed 3 x 1 1 of waler in
order 10 remove fines. This was then transfcrred to a scintered funnel and washed with 2
1 of 2 M NaOH and then with 6 [ of H2O (10 remove NaCl and excess NaOH). The
Dowex was then washed with 500 ml of 1 M formic acid, followed by approximately 20
1 of 1120 until the pH was constant at 5 to 5.5. This was then stored at room lemperalure

until required in an approximate 1 : 1 ratio with H2O.

2,2,11.3 Phospholipase C assay

"70% confluent cells in 24 well plates were labelied with [H]inositol by a 24 hour
incubalion at 37°C and 5% CO3 in inositol free medium containing [*H)inositol as
detailed above. The cells were then washed with 0.5 ml per well of HBG, and incubated
at 37°C for 15 min in HBG containing 10 mM LiCl. Treatment with various ligands was
then performed in 150 pl of FIBG containing LiCl for 10 min and terminated with the
addition of (0.5 ml of ice-cold methanol. The cells were then scraped into insert vials
(Sterlin) and each well was washed with a further 200 4 of ice-cold methanol. 310 ul of
chloroform was added to each vial to allow extraction of the lipids for 30 min at room
temperature. (Sometimes the samples were stored at 4°C overnight at this stage). 500 gl
of Hy0 and a further 310 pl of chloroform was then added. The vials were then spun at

1,500 x g for 5 min to split the phases.

200 pl of the lower phase was removed ta a fresh vial and dried down under vacuum in a
centrifugal evaporator. 4 ml of Ultima-Flo AF scintillant was added and the vials were
analysed by liquid scintillation counting. 750 ul of the upper phase was removed io [resh
vials and analysed by batch chromatography: S00 gl of the Dowex formale prepared as
above was added to each vial. This was allowed to settle and the supernatant was

removed by aspiration. The Dowex was then washed with 2 x 3 ml of Hp0, {oltowed by
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a 3 mt wash with 5 mM sodium tetraborate, 60 mM ammonium formate. After another 3
ml wash with H»0, 1 ml of 1 M ammonium formate, 0.1 M formic acid was added, the
Dowex was again allowed to seltle and 750 pl of the supernatant was removed and
subjected to liquid scintillation counting. Knowledge of the radioactivity associated with
the lower phase permitted correction {for differences in the number and labelling of cells)
of the values obtained by batch chromatography for the total inositol phosphates released

from the cells.

2.2.12 Agonist-driven cholera toxin-catalysed [32PJADP ribosylation
This assay was performed as in Milligan eral. (1991).
Hach incubation was prepared on ice to contain the following:

20 pi of membrane suspension (diluted with TE buffer [rom a frozen slock
aliquot o give appropriate coneentration),

5 ptb of cholera toxin (activated as a 1 mg/ml solution with equal volume of 100
mM DTT for at least 60 min at room temperature) or S0 mM DTT as negative control,

5 pl of ligand, or waler as control,

20 pl of [32PINAD reaction mix containing: 50 mM thymidine, 625 mM
Nat2POq4 (pH 7.0), 625 mM NagHPO4 (pH 7.0), 1.3 mM ATP (pH 7.5), 50 mM
arginine HCI, and 0.1 pCi/ul of [32P]NAD.

The reaction was incubated at 37°C for 2 hours and terminated by cooling on ice. After
sodium deoxycholate/trichloroacetic acid precipiiation (Section 2.2.7.3), the samples
were analysed by SDS-PAGE with 10% (w/v) acrylamide / 0.25% {(w/v) N,N'-
methylene-bisacrylamide resolving gels (Section 2.2.7.1). The gels were dried down
under vacuum, exposed {0 a phosphor storage plate and analysed using a FUJIX

BAS1000 image analyser.

71



2.2.13 Data Analysis
Analysis of data curves was performed using the Kaleidagraph curve {itting package
driven by an Apple Macintosh computer. Statistical significance ol data was measured by

Student #-lests.

2.2.14 Molecular Biology
The methods below were derived from Sambrook etal. (1989).
2.2.14.1 Solutions for molecular bielogy
LB medinm
Tomake 11
10g bacto-tryptone
5g  baclo-yeastextract
10g NaCl
These were dissolved in 950 mt of HzO, sct to pH 7.0 with 5 M NaOH, made up to 1 |

and sterilised by autoclaving at 126°C for 11 min.

Terrific Broth
Tomake 11
12 g  bacto-tryplone
24 g  Dbacto-yeastextract
4ml glycerol
These were dissolved in 900 ml of HoO and sterilised at 126"C for 11 min. This was
allowed 1o cool Lo at least 60°C and 100 ml of 170 mM KH2PO, and 720 mM KaHPO4

(previousty sterilised) was then added.
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SOC medium
Tomake 11
20 g baclo-ryptone
5g  bacto-yeastextract
0.5g NaCl
10ml 250 mM Kl
These were dissoived in 950 ml of HO, the pH was set to 7.0 with 5 M NaQH, the
volume was made up to 1 1, and the solution was autoclaved. Just prior to use, 5 ml of a

sterile solution of 2 M NaCl and 20 ml of 1 M glucose (filter sterilised) was added.

Agar plates
1.5% (wiv) bacto-agar in LB medium was autoclaved and poured intc 10 cm petri dishes
while still warm. Ampicillin was added to some plates prior to pouring to give final

conceniration of 60 pg/ml.

TAE buffer

40 mM Tris-acetate

1 mM EDTA
This was prepared as a 50x stock solution by adding 242 g ol Tris base, 57.1 mi of
glacial acetic acid, and 100 ml of EDTA (pH 8) io H0 to give a final volumcof 11. On

day of use, this was diluted with H20 to give 1x stock.

2.2.14.2 Alkaline lysis and purification of plasmid DNA from
transformed E. coli
2.2.14.2,1 Harvesting and lysis of bacteria

Minipreparations of plasmid DNA were obtained by the alkaline lysis method.
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Solution I 50 mM glucose

25mM tris/HCI (pH 8)

10 mM EDTA (pH8)
This was autoclaved at 126°C for 11 min and stored at 4°C.
Solutionli: 02 M NaOH

1% (wiv) SDS
This was made fresh on the day of use.
SoluttonIIl: 3 M potassium acetate

5M acetic acid
This was autoclaved at 126°C for 11 min and stored at room temperature,
Bacterial cultures of transformed E. coli were grown overnight at 37°C with vigorous
shaking in LB medium or terrific broth. Various volumcs (3 to 6 ml) of these cultures
were centrifuged in a microfuge at 12,000 x g for 30 seconds at 4°C. The supernatant
wag removed by aspiration and the pellet was resuspended in 200 ul of ice-cold solution 1
by vigorous vortexing. 400 zl of freshly preparcd solution 1T was added and the tubes
were mixed by inversion. After a 5 min incubation on ice, 300 ul of ice-cold sofution [II
was added. After a gentle vortex and incubation on ice for another 5 min, the fubes were

centrifuged at 12,000 x g for 10 min and the supernatant was transferred 1o a fresh tube.

2.2.14.2.2 RNAase treatment

The supernatant was then incubated with 0.5 mg/ml (DNAase-free) RNAase at 37°C for
20 min. (DNAase-free) RNAasc was prepared as a 10 mg/mi stock in 10 mM Tris/HCI
(pH 7.5) and 15 mM NaCl, it was heated to 100°C for 1.5 min, cooled to room

temperature slowly, and stored aliquoted at -20°C.

2.2.14.2.3 Phenol : chloroform extractions
After RNAase treatment, the DNA sclution was phenol : chloroform extracted in order to
remove protein. 0.5 vols. each of choloroform (96% (v/v) chloroform, 4% (v/v) isoamyl

alcohol) and water saturated phenol (pH 8) were added o the RNAase-treated supernatant

74



and the tubc was mixed by vortexing. The phases were separated by cctrifugation at
12,000 x g in a microfuge [or 2 niin and the upper, aqueous phase was removed to a
fresh tube. This phenol : chloroform extraction was repeated, and then it was finally

repeated with an equal volume of chloroform.

2.2.14.2.4 DNA precipitation

An equal volume of isopropanol was added to the purified DNA solution and this was
incubated on ice for 15 min. After a 5 min centrifugation at 12,000 X g in a microfuge,
the DNA pellet was allowed to dry. The pellet was then rinsed with 0.5 ml of 70% (v/v)
ethanol at 4°C and dried in air for 10 min. The DNA was dissolved in sterile H>O and

stored at -20°C until required.

2.2.14.2.5 PEG purification

DNA which was required for transfection was further purified by this procedure which
was performed by preparing a mix composed of DNA solution : 4 M NaCl : autoclaved
13% (wiv) PEG8000 in a ratioof 4: 1 : 5. This was thoroughly mixed and incubated on
ice for 20 min. The DINA was then pelleted by centrifugation at 12,000 x g at 4°C for 15
min. The supernatant was removed, the pellet was rinsed with 70% (v/v) ethanol, and

dried as before. It was then redissolved in sterile HoO and stored at -20°C.

2.2.14.2.6 Quantitation of DNA

Spectrophotometric determination of the amount of DNA was performed by measuring
the absorbance of 5 pl of the stock DNA soluiion (made up to 1 ml with HyO) at
wavelengths 260nm and 280nm with a Shimadzu spectrophotomcter and quarlz cuvettes.
The absorbance at 260 nmin allows the conceniraiion of DNA to be calculated using the
assumption that a 50 pg/ml solution of double-stranded DNA gives an absorbance of 1.
The ratio between the absorbances at 260 and 280 nm provides an estimate of the purity
of the sample. Pure solutions of DNA are expecled to give an Absago/Absagp ratio of

approximately 1.8.

75



2.2.14.3 Restriction enzyme digests

These were performed for a minimum of 1 hour at 37°C in the following solution:

S5ul DNA (1-10 ug)

2 pl buffer (10x stock, appropriate for enzyme used)
0.5 ul restriction enzyme

12.5 pl H»O (sterile)

2.2.14.4 Agarosc gel electrophoresis

Electrophoresis through agarose gels was used (o separate and identify DNA fragments,
A garose was meltect in a microwave oven in TAE buffer to give a concentration of 1%
(w/v) (or any other required concentration). This was allowed to cool to approximately
60°C and ethidium bromide was added to a concentration of .5 gg/ml ([rom a stock
concentration of 10 mg/ml). This was then poured into a Horizon electrophoresis kit
(Gibco-BRL) and allowed to sct around a 8 well comb. The comb and kit ends were
removced and cnough TAE buffer was poured into the tank to cover the gel to a depth of
about 1 mm. The DNA solutions were mixed with 6x gel loading buffer (0.25% (w/v)
bromophenol blue, 30% (v/v) glycerol) and loaded into the wells of the gel.
Elecirophoresis was performed at 75 V for about 1-2 hours, or until separation of the
DNA fragments was achieved. Visualisalion of the ethidium bromide-stained DNA was

performed using a UVP ultraviolet transilluminator,

2.2.14.5 Preparation of competent E. coli

Buffer 1: 3 ml 1 M potassium acetate
10 ml 1 M RbCly
1 ml 1 M CaCls
Sml 1 M MnCly

18.75 ml 80% (v/v) glycerol
pH was set to 5.8 with 100 mM aceiic acid, the volume was made up to 100 ml and the

solution was filter sterilised and stored at 4°C.
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Buifer 2: 4ml 100 mM MOPS (pH 6.5)

3 ml 1 M CaCly
0.4 ml 1 M RbClp
7.5ml 80% (v/v) glycerol

pH was set to 6.5 with HCI, the volume was made up to 40 ml and the solution was filter
sterilised and stored at 4°C.,

100 ml of LB mediwm was inoculated with 5 ml of an overnight culture of £. coli
(DHS«). This was incubated at 37°C with shaking until the optical density at 550 nm
was 0.48. The culture was chilled on ice for 5 min, then centrifuged at 3000 rpm in a
TI6 Beckman centrifuge [or 10 min at 4°C. The medium was pourced off and the pellet
was resuspended in 40 il of buffer 1. After S min on ice, the cells were pelleted as
before and resuspended in 2 ml of buffer 2. After a 15 min incubalion on ice, the

competent cells were aliquoted and stored at -80°C.

2.2.14.6 Transformation of competent E, coli

1-10 ng (in 1-5 pl) of DNA was added to 50 pl of competent cell suspension and this
was incubated on icc for 15 min. The mix was then heat shocked at 42°C for 90 seconds
and returned to ice for 2 min, 450 pl of SOC medium was added and the cell suspension
was shaken at 37°C for 45 min. 200 pl of this mix was then plated out on an agar piate
(containing the appropriate antibiotic) and left to grow at 37°C overnight. Colonies werc
then picked from the plate and grown in LB medium overnight. From these cultures,

plasmid DNA could be prepared as above.

2.2.14.7 Stable Transfections

Ratl fibroblasts were grown on 10 cm dishes until approximately 40-50% confluency
and then washed twice in serum free DMEM. 5 pg of plasmid DNA (and 0.5 pg of
additional plasmid DNA used for selection - pBABE hygro) were mixed with sterile
Hank's modiflied medium to a {inal volume of 100 pl. Lipofectin (100 xI) mixed with
200 ui of sterile Hank's modified medium was then added to the DNA mix. This was
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mixed gently and incubated at room temperature for 15min. The DNA/lipofectin mixture
wag mixed with 9.6 mi of serum free DMEM und added carefully to the plate of cells.
After a 16 hour incubation, this medium was removed and the cells were washed twice in
5% DMEM and incubated for a further 48 hours in fresh 5% DMEM. The medivm was
then replaced by 5% DMEM containing 50 pg/ml hygromycin B in order to sclect for
those cells expressing the antibiotic resistance gene. After approximately 12 days,
discrete colonies became visible on the plate, and they were picked (by scraping with
sterile pipette tip) and transferred to 24 well plates. Clones were expanded and stored in
liquid nitrogen as they were produced. Clones were harvested and analysed for

expression of the desired protein,
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Chapter 3

The regulation of p44MAPK by the az A adrenergic
receptor when expressed in Ratl fibroblasts:
effect of expression levels and the Asn7? mutation.



Chapter 3: The regulation of p44MAPK by the aza
adrenergic receptor when expressed in Ratl
fibroblasts:
effect of expression levels and the Asn79 mutation.

3.1 Introduction

The opa adrenoceptor has been extensively studied at the biochemical and
pharmacological level. This provided a good model recepior to study the regulation of
p44MAPK by GPCRs because a range of pharmacological tools were available, the
receptor had been cloned and a considerable amount was already known about its
signalling. The study of endogenously expressed recepiors can be diflicult because the
population of the receptors could be mixed with other subtypes and sometimes the
physiological host cells are morc difficult t0 manage in the laboratory. Much of the
work described in this introduction, as well as the results which will be presented in this
thesis, were obtained from heterologously transfected cells which transiently or stably

expressed the aga adrenoceptor.

An op adrenoceptor (called og-C10) was cloned from a human genomic DNA library
with oligonucleotide probes corresponding to sequences {rom purified human platelct
a2 adrenoceptors (Kobilka et af., 1987) and this was found to correspond {0 the anp
adrenoceptor subtype by pllarlnacological analysis. There are possibly four subtypes ol
ay adrencceptors which have been cloned and classified by pharmacological analysis
(MacKinnon et ¢f., 1994) and the aga adrenoceptor is found in many tissues such as the
brain, kidney and adipose tissue. Stimulation of the receptor in these tissues resuited in
the mhibition of adenylyl cyclase and this was also found following heterologous
expression in Chinese hamster lung {ibroblasts and COS-7 cells (Cotecchia ef al., 1990)
and in Rat] fibroblasts (MacNulty efal., 1992). However in these cells, the wg-C10
adrenoceptor also displayed an ability (o couple to multiple signal transduction

pathways inducing stimulation of phosphoinositide hydrolysis in Chinese hamster lung
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fibroblasts and COS-7 cells and stimulation of PLD-mediated hydrolysis of
phosphatidylcholine in Ratl fibroblasts. In celis of neuronal origin this receptor
coupled io the inhibition of adenylyl cyclase and L-type Ca2+ channels and the
activation of K+ channels (Surprenant ef al., 1992). These effects of the opa
adrenoceptor were all mediated by members of the Gi-protein [amily as judged by the

attenuation of the responses with pertussis {0Xin pretreatment.

Further study of the G-protein coupling of the ap-C10 adrenoceptor expressed in Rail
fibroblasts (in a cell line called 1C which expressed the receptor to a high level)
demonstraied that this receptor had the ability to functionally couple to both Gz und
Giz (Milligan etal., 1991). This was shown by the ability of a seleclive oy adrenergic
receptor agonist (UK 14304) to stimulate cholera toxin-catalysed ADP-ribosylation of
these proteins in the absence of guanine nucleotides, an assay which defines the
interaction of these G-proteins with the receptor. This eflect was blocked by
yohimbine, a selective o adrenergic antagonist. Although coupling to these two G-
proteins, Gz but not Giz contributed (o the inhibition of adenylyl cyclase in these cclls
(McClue et al., 1992) which is in line with the widely held view of the cellular role of
Gi2. However, regulation of other signalling pathways was possible as illustrated by
Raymond and co-workers who demonstrated that the human aga adrenoceptor could
couple to the inhibition of cAMP accumulation in murine embryonic stem cells which
lack Giz (Raymond ez al., 1994), Heterologous expression of this receptor in some
cell systems also permitted coupling to Gy leading to the stimulation of adenylyl cyclase
at high agonist concentrations. This produced biphasic concentration-response curves
(Eason etal., 1992). The coupling 10 G can be more clearly seen after pertussis toxin
preireaiment which attenuates the coupling to the Gi-proteins {Cotecchia et al., 1990,
Eason et al., 1992). Overexpression of G and Ggq also forced the interaction of the
az4 adrenoceptor with these G-proteins in HEK 293 cells leading to agonisi-mediated

stimulation of phospholipase C and adenylyl cyclase respectively (Chabie e al., 1994).



However, this required a 1000-fold greater concentration of agonist than the

physiological coupling to G which led to the inhibition of adenyly! cyclase.

The apa adrenoceptor can also couple to the p42/44MAFK cagcade, an ability common
to many Gi-coupled receptors (see Section 1.4.13.3). Many of the original studies on
Gi-mediated p42/44MAPK regulation were performed using the activity of LPA, acting
on a putative GPCR which can couple to members of both Gj and G g protein families
(aithough only Gi-proteins mediated Ras. MAPK activation (see Moolenaar, 1995)).
However, this receptor has not been identified at the molecular level and there is a very
limited pharmacology at this site, therefore many groups have chosen to study the
signalling of GPCRs heterologously expressed in fibroblast cell lines. A proliferative
response to agonist stimulation of the oy adrenoceptor had been demonstrated
previously in intestinal crypt cells (Tutton and Barkla, 1987}, expression of the cp-CI10
adrenoceptor in Chinese hamster lung fibroblasts permitted o agonists to act as co-
mitogens (Seuwen ez al,, 1990) and there was extensive pharmacology and signal
transduction information available and so this receptor appeared to be potentially useful
to continue these studies. A gonist stimulation of the apa adrenoceptor in the 1C cell
line (derved from Ratl fibroblasts) was shown to stimulate the GTP loading of p2113s
and the phosphorylation of p44MAFK (Alblas ez al., 1993). It was concluded that this
was not the result of the stimulation of the other known cffectors of the wpp
adrenoceptor but cccurred independently of both adenylyl cyclase and phosphalipase C
activity. The work in this chapter continues this research and makes use of the
endogenous receptors for LPA and EGFE as controls for Gj-coupled and tyrosine-kinase

linked reccptor-mediated stimulation of p42/44MAPK

Site-directed mulagenesis has permitted the characterisation of some of the specific
amino acid residues important in various facets of the receptor's function (Wang ez al.,
1991). One residue was found to play an important role in receptor-G-protein coupling

and allosteric regulation by monovalent cations. This work was originally performed
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on the porcine species-variant of the apa adrenoceptor (Guyer e «l., 1990). This study
demonstrated a phenomenon which had been seen belore, that of allosteric modulation
by monovalent cations which manifested itself in the accelerated dissociation of an
antagonist when expressed in COS-M6 cells. This allosteric modulation was dependent
on the presence of an aspartate residue at position 79 (Asp7?) shown by the loss of this
effect, but not the selectivity of adrenergic binding, when this residuc lost its side chain
negative charge through a mutation to an asparagine (Horstman ez al., 1990). Similar
results had been recorded with an aspartate at an analogous position in other GPCRs
and so possibly this is a general function of this residue in these receptors (see Ceresa

and Limbird, 1994).

Expression of the Asn7? mutant of the human s adrenergic recepior in CHO cells
look: this research further as it demonsirated this mutation altered receptor-G-protein
coupling as shown by both the msensilivily of agonist binding to guanine nucleotides
and the loss of agonist-mediated inhibition of cAMP accumulation (Wang ei al., 1991).
The suggestion was made that the Asp7 residue was critical for the agonist-induced
conformational change that catalyses G-protein activation and possibly involves cation
transfer. However, a significantly different scenario was seen with this mulant receplor
expressed in mouse pituitary cells (Surprenant ef al., 1992). In this system, a selective
loss of effector culput was shown in that agonist-induced inhibition of adenylyl cyclase
and voltage dependent Ca2* currcnts were preserved but the activation of inwardly
rectifying K* currents was lost. Two theories were suggested 1o explain this: either the
coupling to the Ca?* channel and adenylyl cyclase-associated G-proteins, but not the
K+ channel-associated G-protein(s), was preferentially retained by the Asn?9 mutant or
that the reduced receptor-G-protein coupling of Asn” is stiil sufficient to couple to the
Ca?t channels and adenylyl cyclasc but not to the activation of K+ currents. The latter
explanation now appcears to be more likely due to the work of Chabre and co-workers.
They demonstrated that although the asa adrenoceptor preferentially couples to Gy, it

could be 'forced' to couple G and G q by overexpression in HEK 293 cells. However,
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the Asn79 mutant was only able to couple 10 G; and inhibition of adenylyl cyclase, and
this was with lower potency (Chabrc et al., 1994). Therefore the mutation apparently
reduced the efficiency of coupling of this receptor to all G-proteins thus climinating the
signal transduction pathways which were coupled less efficiently to the ana
adrenaceptor. This explanation is, however, too simple to account for the nonreciprocal
disruption of receptor-G-proiein coupling which was detected in mouse pitvitary cells
by Ceresa and T.imbird (1994). They demonsirated that loss of the negative charge al
position 79 (glutamate could substitute for aspartate with limiled differences) produced
loss of altosteric regulation by Na*, as seen before. This was paralleled by an
attenuation, but not elimination, of anterograde information transfer (receptor to G-
protein) as seen by a reduction in GTPasc slimulation by agonist at the Asn? mutant.
Iowevcr, retrograde information transfer (G-protein to receptor) was completely lost as

demonsirated by the lack of sensitivity of agonist binding to guanine nucleotides.

The experiments using this mutant receptor described in this chapter altempted to
determine if this selective, or general loss of G-protein coupling, leads (o (he loss of
coupling to the Ras. MAPK cascade. In addition these experiments may also give an
indication as to the coupling efficiency of the receptor to this pathway in comparison to

the coupling io the other signalling effectors/G-proteins.
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3.2 Results and Discussion

The level of apA adrenoceptor expression in the 1C cell line was regularly monitored as
expression was not as stable or as great as previousty reported (Milligan e af., 1991).
The mean level of expression was found to be 850 + 140 fmol/ing membrane protein
(mean = SEM, n = 9) as determined by the specific binding of [?H]yohimbine at
saturaling concentrations (10-8 M). This level of expression was still sufficient to
substantially stimulate high affinity GTPase activity on agonist treatment, Maximally
effective concentrations (105 M) of UK 14304 increased the high atfinity GTPase
activity by 70 & 5 pmol/min/mg membrane protein (mean + SEM of triplicate assays) as

compared with the level in the absence of this ligand.

As mentioned previously, agonist stimulation of these cells had been reporied to
increase the GTP loading of p21™ and the level of phosphorylation of p42MAPK 45
determined by a mobility shifl after SDS-PAGE (Alblas ef al., 1993). This effect was
seen to be maximal afler 5 min of treatment with 5 x 107 M UK 14304. Ii was
therefore decided to determine if the coupling to the p212 MAPK cascade could also
be delected by an increase in the activity of the p44MAFPK | This was performed by
measuring the ability of immunoprecipitated p44MAPK to phosphorylate myelin basic
protein as an cxogenously added substrate. The phosphorylation can be measured by a
phosphorimager because a trace amount of [y—=32PJATP was added to the reaction
mixture. Figure 3.1 shows that the stimulation of cells of clone 1C with either 100 M
UK 14304 or 10-8 M EGF (a maximally elfective dose) for 5 min significantly activated
p44MAPK. | The percentage increase aver the basal activity of pa4MAPK op stimulation
with UK14304 from a number of experiments was calculated to be 160 + 25% and for

EGF was 240 = 35% (mean + SEM, n = 12 in each case).
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Figure 3.1 Stimulation of the activity of p44MAPK ip, cells of clone 1C by EGF and
UK14304.

Serum starved 1C cells were treated with serum free DMEM containing either no
agonist (basal), 106 M UK 14304 or 108 M EGF for 5 min and p44MAPK activity was
determined by the IP kinase method as described in Section 2.2.9.2. Representative

results of one of at least 12 observations are displayed.
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Pretreatment of the cells with 10-3 M dibutyryl cAMP (4 cAMP analogue) for 20 min
significantly attenuated the activation of pd4MAPK in response to maximally effective
concentrations of UK 14304 and EGF (Figure 3.2A and Table 3.1). This result is
consistent with the reported effects of elevated cAMP levels on growth factor and
GPCR-mediated activation of the Ras. MAPK cascade in Rat1 fibroblasts (Caok and
McCormick, 1993; Wu ef al., 1993; Hordijk ez af., 1994). [t has been suggested that
cAMP acts via PKA-mediated phosphorylation of Raf or MEKK (see Section 1.4.10)
and this would be consistent with the reporied lack of effect of elevated cAMP levels on
the GTP loading of p21% by the aga adrenoceptor as well as the resulis here.
Therefore, although the conclusion made by Alblas and co-workers that the activation
of the pd2/44MAFK cagcade was not secondary to the inhibition of adenylyl cyclase
(Alblas etal., 1993) is correct, these two signal transduction pathways do not exist

independently ol each other.

Pretreatment with 10-3 M forskolin for 15 min produced a similar attenuaiion of EGF-
mediated p44MAPK activation as would be expected because of the ability of forskolin
lo directly stimulate adenylyl cyclase activity in these cells. Forskolin pretreatment
also consistently reduced the activity of p44MAPK on UK 14304 treatment but the
attenuation was not as complete or as significant as with EGE (Figure 3.2B and Table
3.1). The reason for this is not certain, however UK 14304-mediated stimulation of the
oz adrenoceptor can reduce [orskolin amplified adenylyl cyclase activity in crude
membrane preparations (see Figure 3.8) and so the inhibitory effects of the forskolin-
mediaied increase in cAMP may be antagonised by the aga adrenoceptor. This may
iltustrate the point made earlier as to the fact that the Ras. MAPK cascade initiated by
the aga adrenoceptor could be influenced by the other effector pathways of the

receplor.



Table 3.1 The effect ol various pretreatments on UK14304 and EGI-mediated

pMMAPK activation in 1C cells.

% increase in p44MAPK activity

over basal
Pretreatment Agonist Control Pretreated Significance
Dibutyryl cAMP  UK14304 170+ 30 115 0.010
EGF 31060 40+ 25 0.007
Forskolin UK14304 170+ 40 110+ 20 0.130
EGF 240 = 30 306 0.030
Genistein UK14304 190+ 70 340+ 50 0.024
EGF 23580 340+ 90 0.270

The stimulation of p44MAPK activity by 5 min treatment with 10°6 M UK 14304 or 108
M EGF was determined by the [P kinase assay as described in Section 2,2.9.2 and in
the legends to Figure 3.2 and 3.3 after pretreatment with 10-3 M dibutyryl cAMP, 10-5
M forskolin or 5 x 10-5 M genistein. Data is displayed as mean + SEM (1 = 4 for
dibutyryl cAMP and n = 3 for forskolin and genistein) and the significance of the effcct

of cach of the treatments was calculated using the paired students t-test.
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Figure 3.2 The effect of elevated cAMP levels on p44MAPK activation in cells of
clone 1C.

A Serum starved 1C cells in 6 well plates were pretreated [or 20 min with serum free
DMEM with (shaded bars) and without (hatched bars) 103 M dibutyryl cAMP and
were then left unireated or treated with 10-6 M UK 14304 or 10-8 M EGF for a further 5
min. The activity of p44MAPK was then determined by the 1P kinase assay as described
in Section 2.2.9.2. The data displaycd is from one of four similar observations.

B 1C cells were treated as in Figure 3.2A but pretreatment for 15 min was with (shaded
bars) or without (hatched bars) 10-3> M forskolin prior to treatment with agonists and

p44MAPK activity determination. Data is from one of three similar observations.
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Genistein is a selective tyrosine kinase inhibitor that can inhibit the activation of
p42/44MAFPK by many but not all of the G; coupled receplors that have been studied (see
Section 1.4.13.3.3). In cells of clone 1C, however, very different cffects were observed.
A concentration of genistein (5 x 10-3 M) was uscd which was found to inhibit LPA

and thrombin receptor peptide-mediated p21%28 GTP loading but not that slimulated by
EGF in Ratl fibroblasts (van Corven et al., 1993). Oflen a reduction in the basal
activity after pretreatment with 5 x 10-5 M genistein for 10 min was observed, but this
was coupled with a consistent enhancement of the UK14304 and EGF-mediated
stimulation of pA44MAFK aciivity (Figure 3.3). As can be seen in Table 3.1 which was
calculaled from three separate experiments, the increase in activity after genistein
pretrecatment was not found to be significant for the EGF response, but a probability of

0.024 was calculated [or the increased response to UK14304.

Although this would seem to contradict most of the literature as to the effect of this
agent on Gi-coupled receptor-mediated stimulation ol the pd2/44MAPK cascade, there is
some similarity to the effect on the activation by muscarinic m2 receptor cxpressed in
Ratl fibroblasts (Winitz ezal., 1993). In this case, genistein (at a concentration of 3 x
104 M) did not display any inhibitory effect on the agonist-mediated stimulation of the
activity of p42/44MAFK or MEK, or on the (¥TP loading of Ras. However, penistein
did slightly enhance the agonist-mediated stimulation of Raf. The lack of an inhibitory
effect of genistein in these experiments could possibly be explained by the presence of
a genistein-insensitive tyrosine kinase involved in the p42/44MAPK pathway but the

reason [or the enhancement of stimulation is puzzling.
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p44MAPK activity (arbitrary units)

Basal UK14304 EGF

Figure 3.3 The effect on agonist-stimulated p44MAPK activity after pretreatment
with genistein of cells of clone 1C.

Serum starved 1C cells in 6 well plates were pretreated for 30 min with serum free
DMEM with (shaded bars) and without (hatched bars) 10-5M genistein and then left
untreated (basal) or treated with 10 M UK 14304 or 10-8 M EGF for a further 5 min.
The activity of p44MAPK was then determined by the IP kinase assay as described in
Section 2.2.9.2. The data displayed is from one of three observations. (Table 3.1

contains means of the data from all experiments).
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The next section of work attempted to determine whether the mutation of Asp7? to Asn
would prevent the coupling of the g4 adrenoceptor to the pd2/44MAPK cascade. Ratl
fibroblasts were stably co-transfected with cither the wild type or Asn79 muiant of the
haemaglutinnin-tagged porcine o4 adrenoceptor expressed in pemvy4 with the
hygromycin resistance expression vector pPBABE hygro ina 10: 1 ratio. Clones were
selected on the basis of resistance to 50 pg/ml hygromycin B and subsequently
analysed by the radioligand binding assay (with 10-8 M [*H}yohimbinc) in order to
identify and quantily the expression of the azs adrenoceptor. Clones expressing the
wild type and Asn79 mutant receptor were selected far further analysis (called ¢lones
TAGWT and ASN79 respectively). There was some degree of variation in the level of
expression throughout different passages, however, the receptor level was monitored
frequently and the mean expression level for each clone is shown in Table 3.2. From
this Table 1t can be clearty seen that three of the clones (FAGW'T 17, ASN79 4 and 9)
expressed reasopably similar levels of receptor (3 - 5.6 pmol/mg protein} and that clone

TAGWT 3 expressed the receptor at considerably lower levels (0.5 pmol/mg protein).

Table 3.2 Receptor expression levels of TAGWT and ASN79 clones.

Specific Binding
Clone (fmol/mg membranc protein)
TAGWT 3 460 £ 70
TAGWT 17 5600 + 550
ASN794 3000 + 430
ASN799 4300 =+ 580

Specific binding of 10-8M [3H]yohimbine to membranes prepared from cells of the
above clones as determined by the radioligand binding assay described in Section 2.2.3.
Non-specific binding was determined in the presence of 10 M idazoxan. Data is

presented as mean + SEM, from at least 8 observations.
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Scaichard analyses of the two higher expressing clones were performed using [ethyl-
SH]RS-79948-197 (a high alfinity ligand for the oga adrenoceptor) (see Figure 3.4).
Calculated values of Bax for TAGWT 17 and ASN79 9 were 7900 and 6900 fmol/mg
membrane protein and of K4 were 0.38 and 0.31 nM respectively. The similarity in the
dissociation constants {or the two clones would suggest that the Asn’? mutation does
not significantly affect the binding affinity of antagonists (o the receplor as described
previously (Wang et al., 1991). This would justify the use of the radioligand binding
results to compare the receptor expression levels in each of the clones. Any difference
between the radioligand binding in TAGWT and ASN79 clones was there{fore not due

to a difference in the affinity for the ligand but in the number of binding sites available.

High affinity GTPase assays were performed (o demonstrale and measure the coupling
of these transfected receptors to their G-proteins (Figure 3.5). As would be expected
the maximum UK 14304-mediated stimulation of GTPase activity over basal in
membranes prepared from cells of clone TAGWT 17 was much greater (p = 0.001) than
in the lower expressing clone TAGWT 3 (42 + 4 and 14 £ 2.5 pmol/min/mg membrane
protein respectively; mean + SEM, from at least three independent experiments). The
maximum possible stimulation by UK 14304 of GTPase activily in membranes prepared
from eclls of both of the ASN79 clones was also significantly (p < 0.0015) lower than
that seen with TAGWT 17 (6.9 * 1.3 and 8.5 = 1.5 pmol/min/mg membranc protein {or
clones ASN79 4 and ASN79 O respectively; mean + SEM, from at least three
independent experiments). In addition, the wild type receptor expressed in drastically
lower levels in TAGWT 3 stimulated a significantly greater Icvel of GTPase activity
than the much higher level of cxpression of the mutant receptor in ASN794 (p=
0.027). Therefore the Asn’® receptor expressed in Rat1 {ibroblasts displayed a much
reduced, but still measurable ability to coupic to the G-protein machinery compared to
the wild type receptor. A stmilar situation occurred when these receptors were
expressed in mouse anterior pituitary cells (Ceresa and Limbird, 1994), when the Asn?

muiation atienuated but did not eliminate the G-prolein coupling.
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Figure 3.4 Scatchard analysis of clones TAGWT 17 and ASN79 9.

A Saturation specific binding curves of [ethyl-3H]RS-79948-197 to membranes
preparcd from cells of clones TAGWT 17 and ASN79 9 were produced using the
radioligand binding assay as described in Section 2.2.3. Results are presented as
concentration of [PH]RS-79948-197 added (as determined by measuring the
radioactivity of samples of each dilution added to each tube) against specific binding to
thc membranes. Specific binding was determined as the difference between the total
binding and the binding in the presence of 104 M idazoxan. This data was then
subjected 1o Scatchard analysis (Scatchard, 1949) and displayed in panel B.

For both graphs, the open cireles and broken line represent clone TAGWT 17, and the

filled squares and full line represent clone ASN79 5.
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Figure 3.4
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Figure 3.5 Stimulation of high affinity GTPase activity in membranes of clones

TAGWT and ASN79 by UK14304.

High affinity GTPase activity was determined in membranes of cells of clones TAGWT
3 and 17 and of clones ASN79 4 and 9 according to Section 2.2.4. Hatched bars
represent basal activity and the shaded bars represent GTPase activity on treatment with
10-5M UK 14304. Activity is presented as mean + SEM of triplicate assays from a

representative experiment of at least three independent experiments.
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Concentration-response curves to UK14304 for high affinity GTPase activity in each of
the four clones are shown in Figure 3.6. As would be expected, the ECsg value was 10
fold lower for the clone expressing the wild type receptor at the higher level (ECsg
value for TAGWT 17 was 3.7 x 10-° M and for TAGWT 3 was 3.0 x 10 8M). This
was also reflected in the ECsp values for the mutant receptors (EC sp for ASN79 9 was
5.8 x 109 M and for ASN79 4 was 5.0 x 10-¥ M). Hill slopes of the concentration-
response curves ranged from .6 (0 0.9, It was noticeable that the differences in the
ECsq values were less pronounced compared to the dilferences seen in the maximum
sttmulation of GTPase and that there was no significant diffcrence in the concentration
of UK 14304 required o produce half-maximal stimulation of GTPase activity between
the lwo higher receplor level expressing clones (TAGWT 17 and ASN79 9).

Under normal circumstances, cholera toxin catalyses the ADP-ribosylation of G
proteins belonging to the Gg family. However, in the absence of guanine nucleotides,
cholera toxin can catalyse the ADP-ribosylation of Gi-like proteins if they are coupled
to an agonist-activated reccptor. A similar experimental approach has been used
previously to establish the coupling of the ap-C10 adrenoceptor expressed in Ratl
fibroblasts o two Gj-proteins (Milligan ef ., 1991). Maximally effective
concentrations of UK14304 stimulated « large increase in the level of [32PJADP-
ribosylation of Gi-like proteins by cholera toxin in membranes of clone TAGWT 17
(Figure 3.7). Results are displayed as the relative stimulation over the level of G,
labelling which was unaffected by the presence of UK14304. Very little increase in
labelling of Gj-like proteins occurred on treatment of membranes of clone TAGWT 3
with UK 14304 and there was litile or no detectable increase in the cholera (oxin-
catalysed [32P]ADP-tibosylation of Gj-like proteins in the ASN79 mutant cell lines.
This is consistent with the lower level of expression of the wild type aga adrenoceptor
in TAGWT 3 permitting coupling to fewer Gi-proteins and the lower ability of the
Asn” mutant to couple to the G-protein machinery. These results therefore concur

with those conclusions which were based on the high affinity GTPase assays.
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Figure 3.6 Concentration-response curves for UK14304 stimulated high affinity
GTPase activity in TAGWT and ASN79 clones.

A High affinity GTPase activily was measured (as in Section 2.2.4) in response to
various concentrations of UK 14304 in membranes from cells of clones TAGWT 3
(filled circles, full line), TAGWT 17 (open circles, broken line).

B High affinity GTPase activity was measured in response to various concentrations of
UK 14304 in membrancs from cells of clones ASN79 4 (open squares, broken line) and
ASNT79 9 (filled squares, full line).

As the amount of stimulation of GTPase activity was different for each clone (see
Figure 3.5), data is presented as % of the maximum level achieved by the agonist in

each of the clones, mean + SEM of triplicate assays.
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Figure 3.6
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Figure 3.7 UK14304 -driven cholera toxin-catalysed [ 32P]ADP-ribosylation of the
a subunit of Gi-like proteins in TAGWT and ASN79 clones.

Membranes of cells of the clones noted were subjected to cholera toxin-catalysed
[32P]ADP-ribosylation performed in the absence (hatched bars) or presence of 105 M
UK14304 (shaded bars). Quantitation of the phosphorimage is shown in the graph and
the data has been displayed as the relative labelling of G;-like proteins as compared
with that of Gg-like proteins (whose labelling does not significantly alter on agonist

treatment) for each of the samples analysed.
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The inhibition of forskolin-amplified adenylyl cyclase activity by UK 14304 was
deterimined in order to demonstrate the functional output of the receptors beyond the
level of the G-protein. Figure 3.8 demonstrates that the largest ievel of inhibition by
UK 14304 was achieved in clone TAGWT 17. The % inhibition of forskolin-amplified
adenylyl cyclase activity by UK 14304 was calculated to be 54 + 9% (mean = SEM, n =
3). The level of agonist-mediated inhibition possible in clone TAGWT 3 was smaller
than this (38 + 2%, mean = SEM, n = 3). Itis of interest to note however that the
difference in the maximal inhibition of adenylyl cyclase between these two clones was
not as pronounced as the difference at the GTPase level (Figure 3.5). This lesser
response at the level of adenylyl cyclase (o higher receplor expression has been reported
previously (Ashkenazi efal., 1987) and tends to implicate the adenylyl cyclase catalytic
element, rather than the receptor, as the limiting component in this pathway in thesc

cells.

The two mutant clonal cell lines also displayed a significant degree of ugonist-mediated
inhibition of forskolin-amplified adenylyl cyclase activity (Figure 3.8; mean = range of
two individual experiments for ASN79 4 was 24 + 11% and for ASN79 9 was 25 =
7%). Therefore the mutant receptor has a reduced ability to produce a functional
output, however this is not as pronounced as at the GTPase level. It was reported that
the Asn7 mutant receplor was able to couple to the inhibition of adenylyl cyclase and
Ca2* currents in mouse anterior pituitary cells, although the activation of K+ currents
was lost (Surprenaut et al., 1992) and when expressed in HEK 293 cclls, the mutant
receptor could also still couple to the inhibition of adenylyl cyclase but with reduced
potency (Chabre efal., 1994). In contrast, agonist stimulation of this mutant receptor
failed 10 produce any effect on cAMP production in CHO cells (Wang et al., 1991).
Therefore the Asn?? receplor in Ratl fibroblasts displayed a similar coupling ability to
when it was expressed in pituitary and HEK 293 cells in that coupling to at least one of

its effectors was still detectable.
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Figure 3.8 Inhibition of forskolin-amplified adenylyl cyclase activity by UK14304
in membranes of clones TAGWT and ASN79.

Adenylyl cyclase activity was determined as in Materials and Methods in membranes
prepared from cells of the clones TAGWT and ASN79 as indicated. The basal activity
was determined in the absence of any agonist and the stimulation over this activity on
treatment with 10-5 M forskolin is represented by the hatched bars. The shaded bars
represent the activity on treatment with both forskolin and 10-5 M UK 14304 and thus
the difference between these two values represent the inhibition of forskolin-amplified
adenylyl cyclase activity by the agonist-stimulated apa adrenoceptor. Results shown
are presented as mean + SEM of triplicate assays from one of two or three independent

experiments performed.



The extent of the similarity of signalling between the receptor expressed in Ratl
fibroblasts and pituitary cellular systems was then tested by attempiing to determine
whether the Asn7? receptor could still couple to the Ras. MAPK. cascade. From the
literature, coupling to the Ras.MAPK cascade can be mediated by the By complex (see
Section 1.4.14.3.1) and the X* channel in pituitary cells may be regulated by Gi-protein
coupled receptors via Gpy as well. It was of interest to determine if there was any
selective loss of signalling pathways regulated by this mutant receptor in Ratl
tibroblasts and also to determine whether the efficiency of coupling of the receptor to

the Ras. MAPK cascade was significantly less than to other effectors.

Figure 3.9 shows that treatment of scrum starved cells ol TAGWT and ASN79 cloncs
with 106 M UK 14304 for 5 min phosphorylaied a significant proportion of the
p44MAFK i the cells. The basal levels of phosphorylation in the absence of any ligand
were somewhat variable ranging from 0% for TAGWT 3 to 40% for ASN79 9. The
actual level of hasal phosphorylation was not consistent over a number of passages but
the significance of this observation is not clear. There was only a limited pattern to this
level of "basal' phosphorylation in that the cells expressing higher receptor levels
invarlably produced a larger basal level of phosphorylation (seen especially wiih
TAGWT clones). Therefore some level of empty-receptor activation of the p44MAFK

cascadc might possibly have been observed (see chapter 4 [or more on this).

1t 1s obvious, however, that both of the TAGWT clones produced a strong
phosphorylation of p44MAFK after treatment with UK 14304. This would suggest that,
in a similar fashion to what was obscrved at the level of adenylyl cyclase, there is no
requirement to produce the maximum level of G-protein activation possible in these
cells in order to produce a strong signal at the level of p44MAPK | For many years it was
suggested that the heterologously expressed Gj-coupled recepiors could couple to the
Ras. MAPK pathway because of the overexpression of such receptors in the experiments

performed (see Malarkey ez al., 1995). However, this data would suggesi that this is
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not necessarily the case as the much lower expression level in TAGWT 3 was able to

produce a substantial phosphorylation of p44MAPK

The UK14304-mediatcd phosphorylations of p44MAFK observed with both of the
ASN79 clopes (stronger in ASN79 9) are also in agreement with such a conclusion.
These results also demonstrated that the Asn?® mutation did not produce a selective loss
of coupling to the Ras. MAPK cascade but a reduction in coupling efficiency. Therefore
the coupling efficiency to the Ras. MAPK pathway appears not 1o be substantially lower
than that to adenylyl cyclase as both effects are reduced, but not eliminated by this
mutation. When this mutant receptor was expressed in HEK 293 cells, the coupling to
Gqand Gg-coupled effectors was selectively lost while the signalling through Gj-
proteins was reduced (Chabre et al., 1994). This was interpreted as a reduction in
general G-protein coupling efficiency due to the mutation of the receptor with the
selective elimination of those G-protein systems less efficiently coupled. Ceresa and
co-workers suggested that the apparenily selective effects of the mutation (such as in
Surprenant et ¢l., 1992) may be explained by the difference in the stoichiometry of
receptor-G-protein coupling required for each effect. They suggested that perhaps the
activation of the K* channel was mediated by [y subunits and that this would explain
the requirement for the greater stoichiometry. However, the results presented here
would not really support this view because the coupling to the Ras. MAPK cascade (also
mediated by Gy ) was appatently not affected to a significantly greater extent than the

inhibition of adenylyl cyclase (mediated sclectively by Gip o, McClue efal., 1992).

As would be expected with cells from the same parental Ratl {ibroblasts, EGF and 1.PA
stimulated very similar levels of pd4MAPK phosphorylation in all of the clones (Figure
3.9), demonsiraling that the differences in the response to UK 14304 was due to the

expressed apa adrenoceptors.
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Figure 3.9 Effect of UK14304, EGF and LPA on p44MAPK phosphorylation in
cells of clones TAGWT and ASN79.

A Serum starved cells of clones TAGWT 3 and 17 and ASN79 4 and 9 were treated for
5 min with serum free DMEM containing no agonist, 106 M UK 14304, 108 M EGF or
10-5M LPA. The cells were lysed according to the electrophoretic mobility shift assay
(see 2.2.9.1) and fractions were resolved by SDS-PAGE in 6 M urea-containing
polyacrylamide gels and immunoblotted for p44 MAPK  The shift from the higher
mobility to the lower mobility form is representative of the phosphorylation of
p44MAPK.

B The percentage of the total detectable p44MAPK which was present in the lower
mobility form was then be calculated by densitometric scanning and this represented
the percentage phosphorylation of p44MAPK in these cells. The quantitation of the
above immunoblot is shown where hatched bars represent no agonist, darkly shaded
bars 106 M UK 14304, striped bars with 10-8 M EGF and lightly shaded bars 10-5M
LPA.

% p44MAPK phosphorylated

ASN79 4 ASN79 9 TAGWT3 TAGWT 17
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The time courses of phospharylation of p44MAFK by UK 14304 were very similar in
both the wild type and mutant oA adrenoceptor clones, as shown in Figure 3,10, Ttis
obvious from Figure 3.10A that in both TAGWT clones, nearly all of the detectable
pA4MATK was phosphorylated after 5 min of UK 14304 trcatment and this was suslained
for at least 5 min. Thereatter the phosphorylation decreased, so that by 20 min,
approximately 40% remained phosphorylated in clone TAGWT 17 and 20% in clone
TAGWT 3. Therefore the only slight difference in the time courses between these (wo
clones appears to be that the phosphorylation of p44MAFK was slightly more sustained
in the higher receptor expressing clone. This would be consistent with the reported
effects on the time course of p42/44MAPK activation by insulin or EGF in PC12 cells
which overexpress either receptor and could be important for the determination of the
functional response to the activation of the Ras. MAPK cascade by the asa

adrenoceptor (see Section 1.4.15.1 and Chapter 4 discussion).

In the ASN79 clones, the highest detected level of phosphorylation was on average
approximately 50% (Figure 3.10B). These clones [ollowed a similar time cousse to the
wild type clones, although some differcnces were detccted. The maximum level of
phosphorylation was achicved by 10 min, while typically only 50-70% of this
maximum was seen after 5 min (the point al which the maximal level was achieved in
the TAGWT clones). Only very limited detectable phosphorylation of p44 MAPK
persisted beyond 20 min. Thesc diffcrences between the time courses can perhaps be
more clearly seen when the data is presented as a percentage of the maximum level of
phosphorylation over the basal level achieved in each experiment for each clone
(displayed in Figure 3.10C). Therefore the maximum effect and time course of
phosphorylation of p44MAFX. can be correlated to some extent to the level of G-protcin
coupling (as measuted by the GTPase assay) in each of the clones. This will be

discussed further in Chapters 4 and 5.
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Figure 3.10 Time courses of the phosphorylation of p44MAPK by 10-5 M UK 14304
in cells of clones TAGWT and ASN79.

Cells of TAGWT and ASN79 clones were treated with 10-5 M UK 14304 for various
times and the levels of phosphorylation of p44MAFK in these samples were determined
as in Section 2.2.9.1.

A Percentage of the total detectable p44MAPK which was present after various times of
treatment with 10-3 M UK 14304 for clones TAGWT 3 (filled circles, full line) and for
TAGWT 17 (open circles and broken line). Data is presented as mean + SEM (n = 3).
B Percentage aof the total detectable p44MAPK which was present after various times of
treatment with 10-5 M UK 14304 for clones ASN7S 4 (open squares, broken line) and
for ASN79 9 (filled squares and {ull line). Data is presented as mean + SEM (n = 3).

C Results used to produce Figures 3.10A and B were converted to the percentage of the
maximal phosphorylation of p44MAPK achieved over the basal lcvel in cach of the
clones for cach expeniment, and the data was averaged. The clones are represented by

the same symbols but SEM are not displayed in this graph for clarity of presentation.
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The assumption made above was that the observed dif{erences between the time
courses of the clones was solely due o the transfected adrenoceptors and their level of
expression. This would seem reasonable becausc they were produced from the same
parcntal cell line. The similarity in the time course of LPA-mediated p44MAPK
phosphorylation {acting on endogenous receptors) in TAGWT 17 and ASN79 9 (Figure
3.11) clearly demonstrated that indeed there werce no intrinsic differences in the (ime

courses of phosphorylation of p44MATK jp these two clones.

Concentration-response curves to UK14304 in clones TAGWT 3 and 17 (Figure 3.12)
clearly demonstrated that signiticantly (p = 0.008) hi gher concentrations of 1JK 14304
were required to give half maximal agonist-mediated phosphorylation of p44MATK jp
the lower expressing cell line (ECs0 for TAGWT 17=13 2 0.6x 109 M (mean =
SEM, n=4) and for TAGWT 3 = 1.7 £ 0.5 x 108 M (mcan = range, n = 2)). These
values are similar to the HC 5o values determined for the stimulation of high affinity
GTPase activity in the same clones (3.7 x 10° M for TAGWT 17 and 3.0 x 10-8 M for
TAGWT 3) and so can be explained in the context of a higher concentration of agonist
being required in the lower expressing cclls io provide the required level of G-protein

stimulation to achieve stimnulation of the MAPK cascade.
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Figure 3.11 Time courses of the phosphorylation of p44MAPK Ly 10-5 M LPA in
cells of clones TAGWT 17 and ASN79 9,

Cells of clones TAGWT 17 (open circles, broken line) and ASN79 9 (filled squares,
full line) which had been serum starved for 24 hours were treated with 10-5 M LPA for
various times and the levels of phosphorylation of p44MAPK in these samples were

determined as in Scction 2.2.0.1.
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Figure 3.12 Concentration-response curves to UK14304 for p44MAPK
phosphorylation in cclls of clone TAGWT 3 and TAGWT 17.

Serum starved cells of clones TAGWT 3 and TAGWT 17 werc treated with various
concentrations of UK 14304 for 5 min and samples were analysed by SDS-PAGE and
immunoblotied to determine the percentage of the total detectable p44MAPK which was
in iis phosphorylated statc as described in Section 2.2.9.1. Resuits were converted into
percentages of the maximal level of phosphorylation achieved over the basal level in
each experiment and are presented as the mcan = SEM (n = 4) for TAGWT 17 (open

circles, broken line) and mean + range (n = 2) for TAGWT 3 (lilled circles, full line).
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Howeyver there is some inconsistency with this data. Maximal phosphorylation of
pdAMATK after 5 min UK 14304 treatment was achieved in both TAGWT 3 and 17
clones. However, the level of G-protein activation which produced this maximal
phosphorylation of p44MATK in TAGWT 3 cells occusred in TAGWT 17 cells at a
concentration of agonist which stimulated less than 50% of total p44MAPK
phosphorylation. In other words, maximum phosphorylation ol p44MAPK yequired
nearly maximum G-protein activation in both clones. However, this mauximum level ol
G-protein aclivation was very different in cach of the clones and so different levels of
G-protein activation in cach clone were required to stimulate the activation p44MAPK,
A possible contribution to this inconsistency may be a variation of the receptor
expression levels between the various passages. In addilion the averaging of data from
a number of experiments could magnify this inconsistency. A comparison between
assays using membrane preparations and those in whole cells may be expected to
produce inconsisiencies like this, however no such problems were seen in similar

experiments presented in Chapter 4.

It is of interest to note that the Hill coefficient for p44MAPK. phosphorylation for clone
TAGWT 17 was on average 1.2 +0.3 (n=4), and for TAGWT 3 was 0.6 = 0.06 (n=
2). These values are also similar to those achieved for GTPase activity (0.8 and 0.7
respectively). Therefore no co-operative nature was seen in the concentration-response
curves for these receptors. The significance of these observations will be discussed in

more detail in Chapler 4.
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3.3 Conclusions

The work presented in this chapier attempted to further the knowledge of the control of
the p42/44MAPK cascade by the ugp adrenocepior when expressed in Ratl fibroblasts.
The first part of this chapter measured the activation of p44MAPK by the agonist-
stimulated human oz-C10 adrenoceptor expressed in the 1C cell line and studied the
effccts of cAMP-clevating agents and a tyrosine kinase inhibitor in these cells.
Although it is clear that the aga adrenoceptor's aclivation of the Ras. MAPK cascade is
not mediated by an inhibition of adenylyl cyclase, the attenuation of UK14304
-mediated activation of pA44MATK by dibutyryl cAMD or forskolin preireatment
demonstrated that these pathways do not act independently of each other. The data may
also suggest that the inhibitory effect of the w2 adrenoceptor on adenylyl cyclase
could enhance the cffect of the coupling to the p42/44MAYK cascade. The enhanced
cffect of UK14304 and EGF on p44MAPK aciivation after genistein pretreatment is in
contrasl with most of the reported effects of this agent and would appear to be

unexplainable at this stage.

The scecond part of the chapter was concerned with determining the relative efficiency
of the coupling of the adrenoceptor to the Ras. MAPK cascade and the effect of site
directed mutagenesis of this receptor at residue Asp?®. Clones of Ratl {ibroblasts
transfected with the wild type a2 adrenoceptor displayed greater ability to couple to
the G-protein machinery than clones expressing the Asn7? mutant receptor as measured
by the agonist-mediated stimulation of GTPase activity and cholera toxin-catalysed
ADP-1ibosylation of Gi-like proteins. A similar effect was seen at the level of adenylyl
cyclase, but the magnitude of the differences were less, possibly because the limiting
factor in this system is the catalytic element of adenylyl cyclase. The effects seen in the
two wild type clones could also be correlated to their relative receptor expression

[evels.
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Bath the wild type and Asn7 mutant receptors coupled to the phosphorylation of
pa4MALK in all four clones studied. The time course of activation was studied for all
clones as was the concentration-response relationships for both wild type clones. From
the data produced it was concluded that significant phosphorylation of p44MAFPK
occurred with much less than full G-protein stimulation, indicating that the coupling
efliciency of the receptor to the Ras.MAPK cascade is not exceptionally less than to
adenylyl cyclase. Thus a large overexpression is not required in order for significant
stimulation of the cascade to accur, although increased expression led to a more
sustained time course and so perhaps a greater functional response. 'These results
would indicatc that the rate of phosphorylation and dephosphorylation is related to the

level of G-protein activation achieved on agonist stimulation.

No selective loss of signalling ability to the Ras. MAPK cascade was determined for the
Asn” mutation but rather it appeared thal a general reduction in coupling efficiency
could explain the results presented. This manifested itself as a reduction in the
maximum level of stimulation of pd4MAPK phosphorylation achieved, coupled with a
time course which displayed a delay in reaching the maximum level and a reduction in

the length of time this level was sustained.

The concentration-responsc curves were difficult to interpiet as they appeared not o be
consistent with previous results. However, they did appear to correlate the level of G -
protein stimulation with the level of phosphorylation of p44MAPK and showed that
there was no co-operativity in this response The relation of G-protein activation to

pdaMAPK phosphorylation will be discussed further in the next chapter.
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Chapter 4: Agonist-mediated regulation of p42MAPK
and p44MAFK following expression of the mousc 3
opioid receptor in Ratl fibroblasts:
effects of receptor expression levels and comparison
with G-protein activation and coupling to other
effectors.

4.1 Introduection

The results presented in Chapter 3 provided information concerning the quantitative
aspects of GPCR-regulation of the p42/44MAPK cascade. However, there were some
inconsistencies within this data which were difficult to reconcile. Another system was
therefore chosen to attempt to reconcile some of these inconsistencies and to determine
how general these observations were for Gj-coupled receptors expressed in fibroblasts.
Previous work in the laboratory provided clones which expressed the mouse & opioid
receptor in Ratl fibroblasts at two markedly different levels, and there is considerable
pharmacology and signalling information available for this receptor. Therefore this

seemed to be a potentially useful system.

The opioid recepiors have been extensively studied because opioid drugs are the
principal agents used for treating chronic severe pain. There are numerous ligands [or
these receptors (scc Knapp et al., 1995) displaying a range of effects und specificities
and some of these will be used in Chapter 5. Pharmacological studies suggested the
presence of three opioid receptor types (8, v and x) and these have now been cloned
and sequenced and shown to helong to the seven transmembrane-spanning GPPCR
family (Knapp et al., 1995; Zaki et al., 1996). These three Lypes are very similar and
display an overall homology of approximalely 70%. Rccent reports have suggested the
presence of additional subtypes (Zaki ez al., 1996). Primary cellular responses of

opioid receptors culminate in the inhibition of neuronal activity via inhibition of
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adenylyl cyclase, increase in K+ current, or inhibition of Ca2+ channel activity which

are all mediated by pertussis toxin-sensitive G-proteins.

In a similar obscrvation to that for the ap adrencceptor, the § opicid receptor which is
expressed endogenously in mouse neuroblastoma x rat glioma hybrid (NG108-15) cells
was shown Lo specifically couple to Gy to inhibit adenylyl cyclase activity {McKenzie
and Milligan, 1990). However, also in common with the o adrenoceptor, functional
coupling to multiple G subunits and other effectors has been demonstrated. Coupling
of the & opioid recepior to multiple members of the G;-protein family was demonstrated
in stably transfected CHO cells, and there was no requirement for overexpression of the
reeeptor to [orce these interaclions (Prather ez al., 1994). Coexpression studies in HEK
293 cells demonsirated the ability of the & epioid receptor to couple to G, (2 member of
the Gi-protein family which lacks the requircd Cys residue for pertussis toxin
modification) and this coupling permitted opicid agonist-mediated inhibition of cAMI?
accumulation in a pertussis toxin-insensitive manner (Tsu ezal., 1995). Coupling ol
opioid receptors (p and/or ) to the stimulation of basal adenylyl cyclase activity,

mediated apparcntly by Gg, has also been demonstrated (Cruciani et al., 1993).

Other etfectors of the & opioid receptor have been described. These include a
stimulatory effect on intracellular Ca?* in differentiated NG108-15 cclls which was
abserved at a tower agonist conceniration than that required for the inhibitory effect
(Jin etal., 1992). A & opioid receptor-mediated stimulation of type I phosphodiesterase
activity in a pertussis toxin-insensitive manner was demonstrated in NG108-15 cclis
(Law and Lobh, 1993). This was shown not to be due to an increase in intracellular
Ca?t levels, In addition, stimulation of PI-PLC activity has been observed as a
consequence of agonist stimulation of the & opioid receptor (Tsu ef al., 1995). In this

case, the stimulation was sensitive to inhibition by pertussis toxin.
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Previous studies on the & opioid receptor in our laboratory have included an
investigation of the spontaneous activity of the receplor to couple to Gi-like proteins in
the absence of agonist (reatment when expressed in Rat1 fibroblasts (Mullaney ez al.,
1996). Agonist treatment ([D-Ala2, D-Leu”| enkephalin or DADLY) enhanced this
aclivity and ICI 174864 acting as an inverse agonist attenuated this activity. These
studies used a clonal cell line named clone D2 which expressed a considerable lcvel
(some 6 pmol/mg membrane protein) of the mouse & opioid receptor cloned from a
mouse brain cDNA library (Yasuda ez al., 1993) and measured the functional output at

the level of the G-protein.

The & opioid receptor displays many signalling properties similar (but not identical) to
those described for the wpa adrenoceptor (see Chapler 3) and so it was expected that
this receptor would also display an ability to couple to the p42/44MAPK cascade. This
was indeed shown, and the availabilily of another clone which expressed the receptor in
considerably lower levels (170 fmol/mg membrane protein, called clone DOE)
provided data o support some of the conclusions made in chapter 3 such as the relation
of expression levels to the time course of activation of p42/44MAPK | Further study of
this signalhing ability uncovered some surprising conclusions in regard Lo the receptor
angd aciivated G-protein reserve and to the co-operativity which was present in these

clones for the activation of pd2/44MAPK
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4.2 Results and Discussion

Ratl fibroblasts (which do not endogencusly express an opioid receptor) were
cotransfected ina 10 : 1 ratio with pCMV-ms12 encoding the mouse & opioid receptor
(Yasuda et al., 1993) and pBABE hygro, which permits the expression of resistance to
hygromycin B. Clones which demonstrated resistance to 200 gg/ml hygromycin B
were selected and expanded and the expression of the heterogenous receptor was
determined by reverse transcriptase-polymerase chain reaction (RT-PCR) (resuits not
shown but see Mullaney et al., 1996) and expression of high-affinity binding sites for
the opioid ligand [3H]diprenorphine. T'wo clones of interest were chosen because of
their considerably different levels of receptor expression. Clone D2 was found to
express 6400 x 100 (mol/mg membrane protein of the O opioid receptor while clone
DOE expressed considerably lower levels of 170 + 30 fmol/mg membrane protein

(mean + SEM, n =3 in each case).

The 3 optoid receptor expressed in these clonal cell lines was effectively coupled to the
cellular G-protein signal transduction machinery as evidenced by the ability of the §
opioid agonist DADLE to stimulate high affinity G'I'Pasc activity in both these clones
(Figure 4.1). The stimulation of activity by a maximally effective concentration of
DADLE (10-5 M) was found to be significantly (p = 0.0001) greater in membranes of
clone D2 (20.9 + 1.0 pmol/min/mg protein, mean + SEM, n = 4) compared to clone
DOE (6.9 + 1.2 pmol/min/mg protein, mean + SEM, n = 4). This is consistent with the
higher receptor expression level in D2 cells which would be anticipated to permit
greater coupling (o the G-protein machinery. This coupling was predominantly, il not
exclusively, to G-proteins which are members of the G;-subfamily as pretreatment of
these cells with pertussis toxin drastically attenuated the DADLE-mediated stimulation

of GTPase activity.
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Figure 4.1 The effect of pertussis toxin on DADLE-mediated stimulation of high
affinity GTPase activity in membranes of clones D2 and DOE.

Membrane preparations from cells of clone D2 and clone DOE which were either
untreated or treated with 25 ng/ml pertussis toxin for 16 hours prior to harvesting, were
assayed for basal and 10-5> M DADLE-stimulated high affinity GTPase activity as
described in Section 2.2.4. Basal activity is represented by the hatched bars, DADLE-
stimulated activity by the shaded bars, both in membranes from untreated cells.
GTPase activities of membranes from pertussis toxin treated cells are represented by
striped bars (basal) and speckled bars (10-5 M DADLE stimulated). Results represent

mean + SEM, of triplicate assays.
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The coupling of the d opioid receptor to the G-protein population in both clones was
further demonstrated by the stimulation by DADLE of [33S]GTPYS binding to
membranes from these cells (Figure 4.2). It was obvious again that the stimulation of
[35S]GTIVS binding after DADLE treatment was greater in membranes of the higher
expressing clone D2 compared to DOE (200 + 8 compared to 17 + 2 fmol/mg protein).
In contrast, the stimulation of [35S]GTPYS binding by 10-5M LPA, acting at
endogenous GPCRs (Figure 4.2), was very similar in both of the clones (32 +2 and 27
+ 2 fmol/mg protein for clone D2 and clone DOE respectively). This would indicate
that the observed differences on stimulation with DADLE was indeed due to the icvel
of expression of the d opioid receptor and not some intrinsic propeity of the clonal cell

line such as variation in G-protein level,

‘I'he functional interaction of these heterogenously expressed receptors and the Gy-like
population of the cellular G-proteins was further shown by the ability of DADLE to
stimulate cholera toxin-catalysed [32PJA DP-ribosylation of Gy-likc proteins in
membranes from both clonc D2 and DOE (Figure 4.3), The greater coupling to the G-
protein machinery in D2 cells was again obvious from the considerably grealter
stimulation of cholera toxin-catalysed [32PJADP-ribosylation by maximally effective
concenirations of DADLE in membranes of clone D2 as compared with membranes
from clone DOE. Therefore three separate strategics demonstrated the ability ol the &
opioid receptor expressed in Ratl fibroblasts to functionally couple to Gj-like G-
proteins and the considerably greater possible activation of the cellular Gi-like

population in the higher expressing clone D2.
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Figure 4.2 The effect of DADLE and LPA treatment on [ 35S]GTPyS binding to

membranes of clones D2 and DOE.

[35S]GTPYS binding to membrane preparations of clones D2 and DOE was assessed
with and without treatment with 10-> M DADLE or 10-5 M LPA according to Section
2.2.5. Basal binding is represented by hatched bars, binding stimulated by 10-5M
DADLE is represented by the shaded bars and 10-5 M LPA by speckled bars. Results

are presented as mean + SEM, of triplicate assays.
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Figure 4.3 DADLE-mediated stimulation of cholera toxin-catalysed [ 32P]ADP-
ribosylation in membranes of clones D2 and DOE.

Cholera toxin-catalysed [32P]ADP-ribosylation was performed as in Section 2.2.12 on
membranes (20 pg) of either clone DOE (lanes 1-2) or clone D2 (lanes 3-4) in the
absence (lanes 1 and 3) and presence (lanes 2 and 4) of 105M DADLE. One

representative autoradiograph is shown from four produced.

118



The greater level of expression of the recepior also altered the concentration of agonist
which was required to produce stimulation of G-protein activation. This was illustrated
by the concentration-response curves for DADLE-mediated stimulation of high affinity
GTPasc activily as shown in Figure 4.4. As the maximuin output in the two clones wag
markedly different (see Figure 4.1), the results are presented as a percentage of the
maximum achievable stimulation over the basul level in each of the clones. A
significantly {(p = 0.03) higher concentration of DADLE was required to produce half -
maximal GTPase activity in cells of clonc DOE (ECsp = 4.2 + 0.6 x 108 M, mean +
range, n = 2) compared to the higher expressing D2 cells (ECsp= 5.7 £ 2.2 x 109 M,
mean = yange, n = 2). The Hill coefficients for both clones ranged from 1.2 to 0.7 for
the experiments performed. The significance of this observation will become clearer

later.

These previous two conclusions that a greater activation of the Gi-like proteins was
possible in the higher expressing clone D2 and that the concentrations of agonist
required Lo produce a half-maximal response was less in the higher expressing clone
were similar to those made for the <pa adrenoceptor (Chapter 3). However, these
results are distinctly different from observations made with the & opioid receptor
expressed in CHO cells where although the maximal G-protein response was grealer
with higher expression levels, the ECsg values did not show any change (Prather ez al.,

1994),
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Figure 4.4 Concentration-response curves for DADLE-mediated stimulation of
high affinity GTPase activity in membranes of clones D2 and DOE.

High affinity GTPase activity in response to various concentrations of DADLE was
determined in membranes from cells of clone D2 (open circles and full line) and DOE
(filled circles and broken line) as described in Scction 2.2.4. The maximum DADLE-
mediated stimulation of GTPase activity in the two clones were markedly different
(between 27.1 and 29.1 pmol/min/mg protein for clone D2, and between 6.9 and 7.3
pmol/min/mg protein for clone DOE) and so the resulis are presented as a percentage of
the maximum achievable stimulation over the basal level in each of the clones. Resulls
are presented as mean + SEM of triplicate assays, from onc of two experiments

perfomed.
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As previously illustrated for both endogenously and heterologously expressed 8 opioid
receptors {e.g Knapp et af., 1995; McKenzie and Milligan, 1990), agonist stimulation
of the & opioid receptor expressed in Ratl fibroblasts inhibited forskolin-amplified
adenylyl cyclasc activity (Figure 4.5). This was mediated by Gi-like proteins as shown
by the attenuation of this response after pretreatment of the cells with pertussis toxin.
The percentage inhibition of forskolin-amplified adenylyl cyclase activity on treatment
with a maximally effective concentration of DADLE was higher in clone D2 (37.7 +
7.5%, mean = SEM, n = 4) than in clone DOE (24.6 + 5.2%, mean + SEM, n = 5). This
was as expected because of their respeciive receptor expression levels and a similar
observation has been made before for this receptor (Tsu ef af., 1995). However, the
difference in maximum output due to the receptor level was not as pronounced as that
demonstrated at the level of G-protein activation (Figures 4.1 to 4.3). This supports the
similar observation with the apa adrenoceptor expressed in these fibroblasts (Figure
3.8) which was interpreted to indicate that the catalytic element ol adenylyl cyclase was

the limiting factor in this system.

It is of interest to note that the basal level of adenylyl cyclase activity was consistently
higher in. membranes from cells of clone DOE in comparison with cells of clone D2
(Figure 4.5). This is consistent with the suggestion that a higher level of spontaneous
aclivity would he produced when the receptor was expressed to higher levels (Mullaney
etal., 1996). This conclusion was also supported by the [35S]GTPYS binding and
agonist driven, cholera toxin-catalysed [32PJADP-ribosylation experiments. However,
for some unknown reason, such an increased basal G-protein activation was not

detected with the high alfinity GTPase assays.
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Figure 4.5 Inhibition of forskolin-amplified adenylyl cyclase activity by DADLE
in membranes of clones D2 and DOE.

Adenylyl cyclase activity was assayed in membranes from cells of clone D2 and clone
DOE, with and without pertussis toxin pretreatment (25 ng/ml for 16 hours) as
described in Section 2.2.6. Basal activity is represented by the hatched bars, the
activity on treatment with 10-5 M forskolin is represented by the speckled bars and the
activity after treatment with both 10-5 M forskolin and 10-5> M DADLE is represented

by the shaded bars. Results are presented as mean + SEM of triplicate assays.
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When the aps adrenoceptor was expressed in Ratl fibroblasts, agonist treatment
stimulated PLD-mediated hydrolysis of phosphatidylcholine in addition to adenylyl
cyclase inhibition and both effects were mediated by (Gj-like proteins (MacNuily et al.,
1992). In addition, opioid peptide mediated-stimulation of PLD activity has been
reported (Mangoura and Dawson, 1993). It was subsequently discovered that the 8
opioid rcceptor displayed a similar signalling ability when expressed in Ratl fibroblasts
as evidenced by the stimulation of transphosphalidylation in [3H]palmitate labetled
cells. Figure 4.6 shows that in cells of both clones D2 and DOE, 10-5 M DADLE
stimulated the transphosphatidylation activity as determined by the radioactivity
present in the phosphatidylbutanol-containing band after thin layer chromatography.
As was expecled, maximally effective concentrations of ET-1 (acting on endogenousty
expressed G 11-coupled receptors) and LA also stimulated PLD activity, ET-1
consistently demonstraied the strongest stimulation of PLD activity in both clenes
which was also cxpected due to its known signalling properties, However it is obvious
that the tyrosine kinase linked recepior agonist, EGF, did not significantly stimulate

this activity.

Direct comparison of the absolute levels of transphosphatidylation activity between the
clones was not possible as correction for variation in the numbers of cells assayed or
the labelling efficicncy in each clone was not performed. Each experiment therefore
depended on plating down similar numbers of cells in each well when the plates were
seeded. However, DADLE-mediated transphosphatidylation aclivity was consistently
stronger in cells of D2 as compared with DOE. This can be clearly demonstrated if the
DADLE-mediated stimulation is calculated as a percentage of the stimulation obtained
with ET-1 (34 + 1.5% of the ET-1 response in D2 cells, and 16 + 1.6% in DOE cells,
mcan + SEM, n = 3). Therefore, once again the greater expression of the & opioid
receptor in clone D2 permitted coupling of the receptor to the effector (in this case

PLD) to a greater extent than in clone DOE.
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Figure 4.6 Transphosphatidylation activity in response to various ligands in
[3H]palmitate-labelled cells of clones D2 and DOE.

The transphosphatidylation activity was determined in cells of clone D2 (hatched bars)
and clone DOE (shaded bars) which had been labelled with 4 yCi/ml [3H]palmitate for
24 hours. Stimulation by 10-5M DADLE, 107 M ET-1, 108 M EGF and 10-5M LPA
was performed in HBGbutanol as described in Section 2.2.10 for 15 min prior to
stopping the reaction with ice-cold methanol. Phase separation was performed and the
aqueous layers were subjected to thin layer chromatography and bands containing
phosphatidylbutanol (as detected by an internal standard after iodine staining) were
counted by liquid scintillation. Results (mean + SEM, of triplicate assays) are

presented as the percentage activation achieved by each of the agonists over the basal

activity in each of the clones.
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The coupling of the § opioid receptor to PLD was indeed mediated by Gi-like proteins
as shown by the complete attenuation of this response after pertussis toxin pretrealment
{Figure 4.7). As stated before, ET-1 acts on Ggyyq-coupled receptors and so 1ts response

was, not surprisingly, unaffected by pertussis toxin,

The time cowse of DADLE-mediated activation of PLD was quite distinct {rom that
induced by ET-1 (Figure 4.8). Production of phosphatidylbutanol was complete within
2 min of stimulation with 10-> M DADLE, and levels were maintained thereafter. In
contrast, the rate of production of phosphatidytbutancl was greater with ET-1 and
continued beyond 2 min although the rate of production began to decrease after S min.
These differences may be produced because the d opioid receptor activated PLD
through Gj-proteins but the endothelin receptor used Ggj11-proteins. However, the
stumulation of PL.D activity was apparently rapidly descnsitised for both receptors and
so the difference in lime courses may reflect variation in rates of receptor
desensilisation. This result is similar to the observed time cowrse of activation of PLLD
by agenist-stimulated thrombin and m1 muscarinic receptors in hamster lung

fibroblast-derived ccll lines (McKenzie et al., 1992),
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Figure 4.7 The effect of pertussis toxin pretreatment on ET-1 and DADLE-
mediated stimulation of transphosphatidylation activity in cells of clone D2.

The transphosphatidylation activity in [3H]palmitate (4 #Ci/ml) labelled D2 cells was
determined as in Section 2.2.10 with (shaded bars) and without (hatched bars) pertussis
toxin pretreatment (25 ng/ml for 16 hours). Stimulation by no agonist (basal), 107 M
ET-1 and 10-> M DADLE was performed for 15 min. Results are presented as mean +

SEM, of triplicate assays from one experiment of two performed.
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Figure 4.8 Time course of ET-1 and DADLE-mediated stimulation ot

transphosphatidylalion activity in [3H}palmitate labelled cells of clone D2.

[PH]paimitate labelled (4 xCi/ml) cells of clone D2 were treated with 10-5 M DADLE

(open circles, full line) or 107 M ET-1 (open squares, broken line) in the presence of

butan-I-o0] for various times and transphosphatidylation activity was assayed as

described in Scction 2.2.10. Results are presenled as mcan = SEM (of triplicate assays)

for ET-1, and mecan + SEM (ol threc independent experiments) for DADLE, of

measured DPM in the phosphatidylbutanol-containing band of the thin laycr

chromatography plate.
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It can be seen from Figure 4.8 that 15 min treatment of agonisi produced a response
that was maximal for both ET-1 and DADLE. This result therefore justifies the use of
a 15 min time point for treatments in the experiments presented in Figures 4.6 and 4.7.
In subsequent concentration-response curves, treatments with various concentrations of
DADLE in cells of clone D2 and DOE were also performed for 15 min (Figuie 4.9),
There was only a very limited response to DADLE in cells of clone DOE and so the
concentration-response curves were difficult to produce and the shape of the curve was
quite differcnt from clone D2. Therefore, although the calculated ECsq value (2.3 X
10-° M) is apparently lower than that for D2 cells, it can be seen that this is not because
the stimulation of PLD activity is detectable at a lower concentration of DADLE, but
rather that the maximal stimulation is achieved very abruptly. The average ECsp value
calculated from the concentration-response curves to DADLE in clone D2 was 2.5 +
0.6 x 108 M (mean + SEM of three independent experiments) and the Hill coefficient
was 1.0 £03. These values were very similar to those for the GTPase activity and so
would correlate the level of transphosphaltidylation activity with the level of G-protein

aclivation,

128



DEM in phosphatidylbutanol

5000

4000

3000

2000

1000

[

ra

/771 1 I i I t I |

0 107 10" 10" 10° 10% 107 10° 105

(DADLE] (M)

10"

Figure 4.9 Concentration-response curves of DADLE-mediated stimulation of

transphosphatidylation activity in cells of clones D2 and DOE.

[*H]palmitate labelled (4 #Ci/ml} cells of clone D)2 (open circles, [ull linc) and DOE

(filled circies, broken line) were trealed with various concentrations of DADLE for 15

min in the presence of butan-1-ol and the iransphosphatidylation activity was assayed

as described in Section 2.2.10. Results are presented as mean + SEM of triplicate

assays from one representative experiment of three performed.
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The activation of PLC by the aga adrenoceptor in Ratl fibroblasts was reported as
neghigible (MacNulty ¢z al., 1992), however an activation of PLC activity was reported
for the O opioid receptor expressed in Ltk fibI:obIasts (Tsu etal., 1995). This was also
detected in cells of clone D2 on treatment with 10-5 M DADLE (Figure 4.10). The
response was rather variable over the cxperiments which were performed with between
480% and 100% incrcase of activily over basal levels on treatment with DADLE.
Pretreatment of the cells with pertussis toxin attenuated the response to DADLE, and so
would indicate that this response was mediated by Gj-like proteins, however some
DADLE-mediated activation was still detectable over the basal level (which also was
often increased on pertussis toxin preireatment). The response to ET-1 was of a similar
magnitude, and as expected for a Ggq;-protein coupled agonist, was largely unaltered
after pretreatment with pertussis toxin. However, some reduction in ET-1-mediated
activation was sonietimes seen after pertussis toxin treatment, but may be partly
explained by the previously mentioned altered basal levels. The significance of the

slightly unusual aspects of these results is not known.
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Figure 4.10 The effect of pertussis toxin pretreatment on the stimulation of
production of total inositol phosphates by DADLE and ET-1 in cells of clone D2.
Cells of clone D2 were labelled with [3H]inositol (1.5 uCi/ml, 24 hours) in inositol free
medium with (shaded bars) and without (hatched bars) pertussis toxin pretreatment (25
ng/ml for 24 hours) and stimulated with 10-5M DADLE or 107 M ET-1 in the
presence of Li* for 10 min as described in Section 2.2.11. The radioactivity associated
with the total inositol phosphates was determined by batch elution from Dowex
formate. Results are presented as percentage stimulation of activity over the basal
level, mean + SEM of triplicate assays, and is a representative experiment of three

performed.



The above results demonsirated the coupling of the & opioid receptor via Gj-like
proteins to adenylyl cyclase, PLD and PLC. As mentioned previously, the signalling of
this receptor in Ratl fibroblasts was very similar to that described for the apa
adrenocepior (Chapter 3) and so it was no swprise that the agonist-stimulated & opioid
receptor was able to activate p42/44MAPK  Treaiment of scrum starved cells of clone
D2 and clone DOR with maximally effective concentrations of DADILE for 5 min
stimulated the phosphorylation of virtually the entire population of p44MAFK »5
detected by immunoblotiing with a specific anti-p44MATK antibody (Figure 4,11). This
phosphorylation was seen as a gel shift from the higher mobility unphosphorylated
form 1o the lower mobility, phosphorylated form and the data is presented as the
percentage of the total detected p44MAPK which was in the phosphorylated form.
DADLE failed to have any effect on the phosphorylation of p44MAFK iy seram starved
parental Ratl {ibroblasts but in all three cell lines, 5 min ireatment with maximally
effective concentrations of EGF phasphorylated the entire population of p44MAFK
(Figure 4.11). For cells of clone D2 the average percentage phosphorylations of
pAMATK. wwere 22 + 6% (basal), 92 + 3% (10-5M DADLE) and 99 = 1% (108 M EGF)
and for cells of clone DOE were 12 + 5% (basal), 94 + 2% (10‘5 M DADLE) and 99 +
1% (10-8 M EGF), mean + SEM from at least 6 independent experiments. Stimulation
of the phosphorylation on tyrosine residues of proteins apparcnity corresponding to
p42MAFK and p44MAFK by DADLE and EGF in cells of clone D2 was also
demonstraled by mcans of immunoblotting with a phosphotyrosine specific antiserum

(dala not shown),

Therefore in contrast to the other effcets measured, apparently maximum output could
be achicved in the lower receptor expressing clone DOE, In these cloncs (in a similar
manner to what was seen with clone TAGWT 3 in Chapter 3), maximum G-protcin
activation was not required in order to stimulate maximal phosphorylation of p44MAPK

as measured afier S min agonist treaiment.
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Figure 4.11 Effect of DADLE and EGF on the phosphorylation of p44 MAPK i,
cells of clones D2 and DOE and in parental Ratl fibroblasts.

Serum starved cells of clone D2, DOE or parental Ratl fibroblasts were treated for 5
min with serum free DMEM containing no agonist (hatched bars), 10->M DADLE
(shaded bars) or 108 M EGF (speckled bars). The phosphorylation of p44MAPK ag
then measured by the electrophoretic mobility shift assay as described in Section
2.2.9.1. This assay involved subjecting the cell lysates to SDS-PAGE (in the presence
of 6 M urea) and immunoblotting with an antiserum specific for p44MAPK  The
proportion of the total detectable p44MAPK which was present in the lower mobility,
phosphorylated form was then calculated by densitometric scanning. Results for clones

D2 and DOE are representative of at least six experiments performed.
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As expecied, the phosphorylation of p44MAPK was associated with an increase in the
activity of p42/44MAPK (Figure 4.12). These results were obtained with the Biotrak
pa2/d44 MAP kinase activity assay (Amersham) which measured the labelling of a
peptide specific for p42 MAFK and p44MAPK with [32P] which was determined by liquid
scintillation counting (Section 2.2.9.3). Wit this assay, the measured aclivity
stimulated by maximally etfective concentrations of DADLE in cells of clone DOE was
often lower than that seen in cells of clone D2, This was also commoniy seen for
ireatment with EGF, but the maximum response of DADLE was of a similar magnitude
to the maximum EGF response. This was interpreted to imply that a similar maximum
level of activation was achieved in each clone on DADLE treatment and that the
differences in actual levels of activily was somehow related to clonal differences. The
actual measured activity did vary quite substantially between different experiments,
however the same basic effects of the ligands were noted each time. DADLE and EGF-
mediated stimulation of p44MAFK gctivity was also demonstrated using the IP kinase
method (Section 2.2.9.2) where the activity of immunoprecipitated pd44MAPK wag
determined by its ability to |32P)-label cxogenously added myelin basic protein (data

not shown).

The phosphorylation of p44MAPK stimulated by DADLE in clones DOE and D2 was
atienuated by pretreating the cells with pertussis toxiu (Figure 4.13 and data not
shown). Pertussis toxin displayed a similar cffect on the LPA-mediated
phosphorylation of p44MATK ‘but had no effect on the phosphorylation stimulated by
EGF. This is consistent with both LPA and DADLE signalling via Gj-like proteins and
EGF acting on a tyrosine kinase-linked receptor. Pertussis toxin pretreatment also
sometimes reduced the basal level of phosphorylation of p44MAPK 'however, this was

not always observed.
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Figure 4.12 Stimulation of p42/44MAPK activity in cells of clones D2 and DOE by
EGF and DADLE.

Serum starved cells of clone D2 or clone DOE were treated for 7.5 min with serum free
DMEM containing no agonist (hatched bars), 10-> M DADLE (shaded bars) or 108 M
EGF (speckled bars). The activity of p42/p44MAPK ip cellular lysates was then
measured by the Biotrak p42/44 MAP kinase activity assay (Amersham) as described in
Section 2.2.9.3. The activity of the p42/44MAPK wag calculated as pmol phosphate
transferred/min/mg protein. Results are presented as mean + range of duplicate assays

from a representative experiment of two (D2) or three (DOE) performed.

135



simmsnargy Ay i, ——, B p44l"f|/-\PK-@
' R p44MAPK

Figure 4.13 Effect of pertussis toxin on p44MAPK phogphorylation stimulated by
DADPLE, LPA and EGF in cells of clone DOE.

Serum starved cells of clone DOE, some of which had been pretreated for 16 howrs
with 25 ng/ml pertussis toxin, were stimulated for 5 min with serum free DMEM
containing no agonist (fanes | and 5), 106 M DADLE (lanes 2 and 6), 108 M EGF
(lanes 3 and 7) or 10-3 M LPA (lanes 4 and 8). The celis were lysed according 10
Section 2.2.9.1, fractions resolved by SDS-PAGE (in the presence of 6 M urea) and
immunoblotted with a specific antiserum raised against p44MAFPK A representative
immunoblot is shown. Lanes 5-8 werc pretreated with pertussis toxin, lanes 1-4 were

not.
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In order to prove that DADLE-mediated phosphorylation of pd4MAPK was indeed
mediated by the transfected d opioid receptor, the ability of naloxone {a general opioid
receptor antagonist (Knapp et al., 1995)) fo prevent the cffect of DADLE was
investigated in DOE and D2 celis (Figure 4.14 and data not shown). In cells of clone
DOE, the presence of 10-5 M naloxone significantly reduced and totally prevented the
phosphorylation of pd4MAPK giiimulated by 10-6 M and 10-8 M DADLE, respectively.
In D2 cells, an inhibitory effect could only be seen on 108 M DADLE-mediated
phosphorytation. Therefore, it would appear that higher concentrations of the agonist
can compensate for the actions of the antagonist as anticipated for a competetive
interaction. However, the ability of this antagonist to bave any inhibitory effect would
supporl the conclusion that the phosphorylation of p44MAPK by DADLE is indeed
mediated by the opioid rcceptor. As expected naloxone had no effect on EGF-mediated

phosphorylation of p44MAFK ip either clone.

[t was noted in several experiments that p44MAPK wag not always totally
unphosphorylated after 5 min of treatment with serum free DMEM withoul any agonist.
There seemed to be some pattern to this in that the basal levels of phosphorylation in
the DOE cells and in the parental Ratl fibroblasts were conumonly lower than that seen
in cells of clone D2 (for an example see Figurc 4.11). It was suggested that this could
be a manifestation of spontaneous activity (mentioned above). In order (o investigate
this, the phosphorylation of p44MAPK in serum starved cells of clone D2, clone DOE
and parental Ratl fibroblasts was monitored after various limes of incubation with
scrum free DMEM (Figurc 4.15). In cells of clone D2, a peak of p44MAPK
phosphorylation which was stimulated only by the change of medium was commoniy
seen, but the magnitude of this peak was highly variable and sometimes it was not
detected at all. A much more limited agonist-independent phosphorylation was
observed in cells of clone DOE, and no cffect was seen in the parental Ratl fibroblasts.
p42/44MAFK qactivity in these ‘basal' conditions as measured with the Biotrak aclivity

assay, followed a similar pattern as the phosphorylation of p44MAFK (data not shown).
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Figure 4.14 The antagonistic effects of naloxone on DADLE-mediated
phosphorylation of pd4MAPK ip cells of clone DOE.

Cells of clone DOE were serum starved for 24 hours and treated with no agonist, 106
or 108 M DADLE or 108 M EGF in the presence (shaded bars) or absence (hatched
bars) of 10-5 M naloxone. The phosphorylation status of p44MAPK wag determined

using the electrophoretic mobility shift assay as described in Section 2.2.9.1.
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Figure 4.15 Time course of phosphorylation of p44MAPK on treatment with
'control' serum free DMEM in cells of clones D2 and DOE and parental Rat1
fibroblasts.

Cells of clone D2 (open circles, fuil line), clonc DOE (filled circles, broken line) or
parental Ratl fibroblasts (open squarcs, full line) were serum starved for 24 hours and
then treated with fresh scrum free DMEM for various times as noted. The
phosphorylation level of p4dMAFK wag determined by the electrophoretic mobility shift
assay (as described in Section 2.2.9.1) and the percentage of the total dctectable
pa4MAPE. which was present in the lower mobility, phosphorylated form was

calculated.
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The variation according to the receptor level would suggesl that this observation may
indeed be due to an 'empty' receptor-activation of the Gi-mediated-p42/44MATK
cascade. These results could also be consistent with the presence of [ow levels of un
opioid agonist in DMEM (which could be studicd further by determining the effect of
naloxone on the 'basal' peak of activity). Some agonist-independent phosphorylation of
pAAMAFK was siill detected after perlussis Loxin pretreatment in control time courses
(data not shown) which would suggest a different, but at this stage unknown,
mechanism. The significance which should be attached to thesc observations is not
obvious and they might just be an artefact of the mcthod used in these experiments,
however, they do present the possibility that the & opioid receptor has some sort of
agonist-independent activity on this cascade which becomes observable when the

receptors are expressed (o a high level.

By pretreating the cells with serum free DMEM for 30 min after the serum starvation
but prior o the agonist ireatment, the 'control' peak had decayed 10 negligibie levels
and the stimulation induccd solely by the added ligand could be observed. Time
courses and conccntration-response curves (see later) were nol significantly altered
depending on whether the cells were pretreaied as above or whether the percentages of
the maximum response achieved over the various basal levels were calculated,
Therefore this slightly odd observation is not thought to have any bearing on the

conclusions drawn from any of the experiments performed.
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The time coursc of phosphorylation of p44MAFK stimulated by maximally effective
concentrations of DADLE was more prolonged in cells of clone D2 as compared with
clone DOE (Figure 4.16). In both clones the phosphorylation was rapid and was easily
detected within 1 min, and maximal by 5 min of agonist treatment. This maximum
level of phosphorylation of p44MAFK iy cells of clone DOE was not maintained so that
levels had returned close o basal by 15 min. In cells of clone D2, however, the
clevaled level of phosphorylation was still detectable w 30 min after the agonist had
been added. The time course of phosphorylation of p42MAPK by 10-5 M DADLE was
found to be very similar to that observed for p44MAFPK (Figure 4.17). The same
increased duration of the phosphorylation of p42MAPK was seen in clonc D2 as

compared to clone DOE.

Very simtilar time courses were displayed at the level of the activity of p42/44MAFPK a5
measured by the Biotrak p42/44 MAP kinase activity assay (Figure 4.18). The slight
delay on the activation of pd2/44MATK i cells of clone D2 was observed to be the only
consequence of the 30 min pretreatment with serum free DMEM (after the 24 hour
serum starvation) prior to treatment with 10-3 M DADLE. The reduced duration of the
activation in these cells as compared with the phosphorylation data is not thought to be
significant and can be explained in terms of variation over the different passages of

cells involved.
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Figure 4.16 Time course of DADLE-mediated phosphorylation of p44MAFPK jp
cells of clones D2 and DOE.

A and B Serum starved celis of clone D2 (A) and clone DOE (B) were trcated with 10-5
M DADLE for various times. The phosphorylation of p44MAPK was then assesscd by
the electrophoretic mobility shift assay as described in Section 2.2.9.1. Representative
immuncblots from such experiments are shown in A (clone D2) and B (clone DOE).

C Scanning by densitometry was used to quantify immunoblots such as in A and B
from a number of experiments and the data was calculated as the percenlage of the
maximal {evel of phosphorylation achieved over the basal level. Results are
represented by open circles and full line for D2 and filled circles and broken line for
DOE. Data is presented as mean + SEM, irom three (clone DOE) and six (clone D2)

independent observations.
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Figure 4.17 Time course of DADLE-mediated phosphorylation of p42MAFK iy
celis of clones D2 and DOE.

A and B In similar experiments to Figure 4.16, serum starved cells of clone D2 (A) and
clone DOE (B) were treated with 10-3 M DADLE for various times. Samples were
processed as described in Section 2.2.9.1 by the electrophoretic mobility shift assay and
after SDS-PAGE, immunoblotting was performed with a specific anti-p42MAPK
antiserum and the immunoblots are displayed.

C Scanning by densitometry was used to quantify the immunobiots in A and B and the
data was calculated as the percentage of the maximal level of phosphorylation of
p42MAPK achieved over the basal level. Results are represented by open circles and
full line for D2 and filled circles and broken line for DOE.
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Figure 4.18 Time course of stimulation of pd2/44MAPK activity by DADLE in cells
of clones D2 and DOE.

Serum starved cclls of clone D2 and clone DOE were pretreated for 30 min in serum
frece DMEM and then treated with a final concentration of 10-5 M DADLE for various
times. Cellular lysates were prepared as described in Section 2.2.9.3 and the aclivity of
p42/44MAPK in these samples was assessed by the Biotrak p42/44 MAP kinase aclivity
assay from Amersham. Results are presented as % of maximum activity over basal,
mean =+ range of duplicate assays from one of two experiments performed. Data is
represented by open circles and full line for clone D2 and filled circles and broken line

for clone DOE.
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These three separate pieces of evidence therefore support the idea suggested in Chapter
3 that a greater leve] of GPPCR expression can produce a more sustained stimulation of
p42/44MAFK | The importance of this observation lies in the fact that the final effect on
the cell of the stimulation ol the Ras. MAPK cascade is believed to be dependent on the
length of time the activation is sustained as this determines it significant nuclear
iranslocation of activated pd42/44MAFK can occur (see Section 1.4.15.1). Therefore,
although the clone expressing lower levels of the receptor can stimulate the
phosphorylation of essentially all the detectable p42/44MATX in these cclls, this
activation is morc transient and so the effect of DADLE on these cells may be very
different from the cffect on clone D2. Similar effccts on the time course of activation
of p42/44MATK have becn demonstrated for the overexpression of tyrosine kinase
linked receptors, including receptors for EGF and insulin in PC12 cells (Marshall,

1995; Schlessinger and Bar-Sagt, 1994).

The time courses of phosphorylation of p44MAPK ypon treatment with 10-5 M LPA
were not noficeably different between clone D2 and clone DOE (Figure 4.19).

Maximal phosphorylation was achieved 5 min after LPA treatment and this decayed to
greally reduced levels by 30-60 min. LPA acts on GPCRs which are endogenous to the
parental Ratl fibroblasts and so should be present in similar levels in each of the
clones. The observed differences between the clonal cell lines for DADLE-mediated
activation of p42/44MAFK are clearly due to the levels of expression of the §opioid

receptor and not because of some variation in the individual clonal cell lines.
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Figure 4,19 Time course of the phosphorylation of p44MAFK i cells of clones D2
and DOE on treatment with LA,

Celis of clone D2 and clone DOE were serum starved for 24 hours and then subjected
to 105 M LPA for varicus times. The phosphorylation level of pd4MAPK as then
assessed by the electrophoretic mobilily shift assay (Section 2.2.9.1). p44MAFK
immunoblots were scaied by densitomelry and the data was calculated as the
percentage of the maximal phosphorylation of p44MAPK gver the basal which was
present at each of the time points. Results are presented as mean =+ range from two
indcpendent experiments. Data is represented by open circles and full line for clone D2

and filled circles and broken line for clone DOE.
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Twuo proposals could possibly explain the sustained kinetics in clone D2: possibly the
receptor level in clone D2 but not clone DOE was high enough such that full
desensitisation could not occur therby the receptor could continue to stimulate the
phosphorylation of p42/44MAPK or the higher receptor expression was able to
stimulate a greater level of G-protein activation which stimulated the Ras. MAPK
cascade 10 a greater extent which could not be overcome as rapidly by ihe cellular turn
off mechanisms (presumably MAPK phosphatases). In order to test these ideas {urther
the time courses of phosphorylation of p44MAPK mediated by different concentrations
of DADLE were determined in cells of clone D2 (Figure 4.20). The time courses of
106 M and 10-8 M DADLE were very similar, Maximal phosphorylation was
achieved alter 5 min of agonist treatment and this was maintained for a further 10 min.
However, the dephosphorylation was slighlly more rapid in cclls which had been
treated with 10-8 M DADLE as near basal levels were seen after 20 min while 50% of
pddMAPK wag still phosphorylated at this time in 10-6 M DADLE-treated cells, 10-10
M DADLE stimulated nearly complete phosphorylation of the p44MAPX population but

10 min was required for this to be reached, and the dephosphorylation was morc rapid.

These results can be very approximately correlaied with the level of high affinity
GTPase stimulation which can be achieved by each of these concentrations of ligand in
clones D2 and DOE. 108 M DADLE (and 10-6 M DADLE) produced greater G'TPase
activity than could be achieved by maximally effective concentrations in clonc DOE
and so produced a more sustained time course of phosphorylation of p44MAPK  j0-10
M DADLE produced a stimulation of GTPase activity which was less than the maximal
level in clone DOE and so the time course of phosphorylation of p44MAPK far this
conceniration of DADLE was more delayed and possibly more transient than for clone
DOE cells. These results therefore support the model in which the maguitude and
duration of the phosphorylation of p42/44MAFK {5 dependent on the level of G-protein
stimulalion achieved and indicate that an inability to desensitise the receptors was not

the reason for the more sustained Kinetics in clone D2.
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Figure 4.20 Time course of p4dMAPK phosphorylation stimulated by treatment
with various concentrations of DADLE in cells of clone D2,

Serum starved cells of clone D2 were treated with DADLE at 106 M (open circles, Full
line), 10-8 M (filled circles, broken line) and 10-10 M (open squares, dotted lines) for
various times. The phosphorylation status of p44MAPK in cach sample was assessed by
the electrophoretic mobility shift assay as described in Section 2.2.9,1. Results are

presented as mean - SEM from three independent experiments.
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Concentration-response curves of DADLE-mediated p44MAPK phosphorylation
demonstrated that a significantly (p = 0.04) larger concentration of DADLE was
required to produce half-maximal phosphorylation of p44MAFK ip cells of clone DOE
comparcd with clone D2 (Figure 4.21). This was similar to what was expected on the
basis of the GTPase results in these cclls and the p44MAPK phogphorylation results in
Chapter 3. The average ECs for phosphorylation of p44MAIK by 5 min treatment of
DADLE in ¢lone DOE was 3.1 0.9 x 10-9 M which was some 40 fold higher than for
clone D2 which displayed an EC 59 value of 7.3 + 2.4 x 10-11 M (mean + SEM, n =3
for clonc D2, n = 4 for clone DOE). It is of note that these concentration-response
curves werc co-operative in nature as shown by the Hill ceefficients of 2.3 + 0.4 for

clone 122 and 1.9 + 0.2 for clone DOE.

The concentration-response curves of DADLE-mediated stimutation of p42/44MAPK
activity in ¢lones D2 and DOE were very similar to those for phosphorylation (Figure
4.22). The EC s values displayed for each clone were siinilar to the phosphorylation
data, with a signilicantly (p = 0.005) larger conceniration required to produce a half -
maximal effect in cells of clone DOE as compared to clone D2 (EC3g value for clone
D2 was 1.4+ 0.3 x 10-10M and for DOE was 2.8 + 0.2 x 102 M, mean + range, n = 2
for each clone). Hill coefficicnis were typically calculated at approximately 2.5,

showing co-opcrativity in these concentration-response curves,
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Figure 4.21 Concentration-response curves of DADLE-mediated phosphorylation
of p44MAFK in cells of clone D2 and clone DOE.

A and B Serum starved cclls of clones D2 and DOE were treated with various
concentrations of DADLE for 5 min. Samples were prepared as described in Section
2.2.9.1 for the electrophoretic mobility shift assay and resolved by SDS-PAGI. and
immunoblotted with an anti-p44MAFPK aptiserum. Representative immunoblots are
shown for clone D2 (A) and DOE (B).

C Immunoblots such as in A and B were scanned by densitometry and the percentage
of the maximal phosphorylation of p44MAFPK which was produced with each
concentration was calculated. Resuits are presented as mean += SEM, n = 3 for clone

D2 (open circles, full line) and n = 4 for clone DOE (filled circles, broken line).
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Figure 4.22 Concentration-response curves of DADLE-mediated stimulation of the
activity of p42/44MAPK jp cells of clone D2 and clone DOE.

The activity of p42/44MAPK jn serum starved cells of clone D2 and DOE was
determined by the Biotrak activity assay (as described in Section 2.2.9.3) in response to
7.5 min treatment of various concentrations of DADLE after a 30 min pretreatment
with scrum free DMEM. Results are presented as mean + range of duplicate assays of
the percentage of the maximal response achieved over the basal level in cells of clone
D2 (open circles, full line) and clone DOE (filled circles, broken line). Data is shown

from one of two experiments performed.
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In contrast, the conceniration-response curves to LPA-mediated phosphorylation of
p44MAPK wore not significantly (p = 0.11) different between the two clones (Figure
4.23), The ECsp [lor clone D2 was 1.2 + 0.3 £ 10-7 M and for clone DOE was 1.1 +0.5
x 106 M, mean &+ SEM, n =3 in each casc, Therefore the above marked differences in
the concentration-responsc curves for DADLE werc clearly due to the difference in the
cxpression levels of the & opioid receptor in the clones. The LPA-mediated
concentration-response curves surprisingly did not show any co-operativity. The
values of the 11ill cocfficients were calculated as 1.1 + 0.2 for clone D2 and 0.8 + (.2
for clone DOE and were significantly (p = 0.04 for clone D2 and p = 0.007 for clone
DOE) different (o that calculated for the DADLE-mediated p44MAFPK phogphorylation.

As displayed in Figure 4.4 the concentration-response curves of DADLE-mediated high
affinity GTPase activity also displayed a requirement for a higher concentration of
DADLE to produce a half-maximal effect in clone DOE compared to clone D2.
However, this was not as pronounced as for the p44MAPK phosphorylation. Direct
comparison of the concentration-response curves to DADLE-mediated p44MAFPK
phosphorylation and high affinity GTPase activity demonstrated that in cells of clone
D2, only a very small proportion of the celluiar Gi-protein population was required to
be activated to cause maximal phosphorylation of p44MAPK (Figure 4.24A). Thercfore
only a small fraction of the & opioid receptor population was required to be occupied to
producc this maximal effect and a large receptor and activated Gi-prolein reserve exists
in these cells. This is consistent with the maximum padMAPK phosphorylation
response to0 DADLE (5 min treatment) in clone DOL where the maximal agonist-
stimulated GTPase responsc is much lower than in clone D2. However, the receptor
and activated G-protein reserve was also obvious in cells of clone DOE (Figure 4.24B),
although the magnitude of this was significanily (p = 0.03) smaller: a 94 % 23 fold
higher concentration of DADLE was required to produce the half-maximal GTPase
activation compared with p44MAPK phosphorylation in clone D2, whereas this was

only 27 + 14 fold higher in clone DOE (mean + SEM, n =3 (D2) or 4 (DOE)).
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Figure 4.23 Concentration-response curves of LPA-imediated phosphorylation of
p44MAPK iy cells of clone D2 and clone DOE.

The level of phosphorylation of pd4MAPK was determined by the electrophoretic
mobility shift assay (Section 2.2.9.1) in serum starved cells of clones D2 and DOE in
response to 5 min treatment of various concenirations of LPA. The results from
densitometric scans of the immunoblots were calculated as the percenlage of the
maximal response achieved aver the basal levcl for each of the clones and the data is
presented as mean + SEM from three independent experiments. The resulis for clone
D2 are represented by open circles and {ull line and for clone DOE by filled circles and

broken linc.
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Figure 4.24 Comparison of the concentration-response curves of the stimulation of
high affinity GTPase activity and phosphorylation of p44MAPK by DADLE in cells
of clone D2 and DOE,

Data from concentration-response curves to DADLE for high affinity GTPasc {(as in
Tiigure 4.4) and for phosphorylation of p44MAPK. (45 in Figure 4.21) for cells of clone
D2 (A) and clone DOE (B) are presented as the percentage of the maximal effect
produced by DADILE. Experimental details are ag in the legends to the figures
mentioned.

A For cells of clone D2, the phosphorylation of p44MAFK g represented by open circles
and full line, and high affinity GTPase activity by open squares and dotted line.

B For cells of clone DOE, the phosphorylation of p44MAPK i represented by filled
circles and broken line, and high affinity GTPase activity by filled squares and dottcd

line.
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The suggestion was macle that these differences in concentration-responses mighl oceur
because the comparison is between the response to a treatment with DADILE on whole
cells (p44MAPK. bhosphorylation) and treatment on membrane preparations (GTPasc
activity). In order to exclude this explanation, the concentiation-response curve for
clone D2 of p44MAPK. phosphorylation was compared with that for
transphosphatidylation activity (from Figure 4.9) as both involve whole cell treatments.
Again the curves displayed a similarly significant (p = 0.02) difference in the EC 50
values (Figure 4.25) indicating that the large receptor and activated G;-protein reserve
in the response ol d opioid reccptor-mediated activation of pA4MAPK was not general
for all effectors of this receptor and was not just a consequence of the experimental

method.

As noted previously, the Hill coefficients for the concentration-response curves [or
DADLE-mediated phosphorylation of p44MAPK displayed marked co-operativity. In
contrast the Hill coefficients for the transphosphatidylation assay in clone D2 and the
GTPase assays in both clones were significantly (p = 0.04) smaller, with values less
than or equal to 1. Thus there was no co-operativity at the level of the G-protein or
PLD activation. This might suggest that the receptor feeds into the Ras.MAPK
pathway at more than one distinct point which would creale the co-operativity as well

as the observed highly potent effect.
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Figure 4.25 Comparison of the concentration-response eurves for DADLE-
mediated stimulation of transphosphatidylation activity and phosphorylation of
p44MAPK iy cells of clone D2.

Data [rom concentration-response curves to DADLE for transphosphatidylation aclivity
(as in Figure 4.9) and for phosphorylation of p44MAFK (a5 in Figure 4.21) for cells of
clone D2 are presented as the percentage of the maximal effect produced by DADLE.
The phosphorylation of p44MAPK js represented by open circles and a {ull line, and
transphosphatidylation activity by open squares and a dotted line. The experimental

details are as reported in the legends to the figures mentioned.
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That Lhese observations were not just arlefacts of the experimental methods used was
further demonstrated by the fact that they were not common to other Gi-protein coupled
receptors expressed in these cells. The activation of endogenous receptors with LIPA,
led to the phosphorylation of p44MAPK i 4 manner which did not display any co-
operalivity but displayed a similar EC5g value to that calculated for GTPase activation
in parental Ratl fibroblasts (Carr et al., 1994), In addition, the results presented in
Chapter 3 with the w24 adrenoceptor expressed in Ratl fibroblasts did not show any
co-operativity and were inconsistent as to the presence of a receptor or activaled G-
protein reserve. Therefore, although there were many similarities between the
signalling of the a4 adrencceptor and the d opioid receptor when expressed in these
cells, they display quantitatively different features in their ability to couple to the
p42/44MATK cascade. Since the & opioid receptor in these experiments demonsirated a
peculiarly cfficient coupling ability to the aclivation of p42/44MAPK it would be
intcresting to determine if there is any variation in the pathways used by these three

GPCRs 10 activate the cascade which might explain these results.

The rcason for this difference between the signalling of these receptors is puzzling and
at this stage is a matter of pure speculation. The coupling to the Ras. MAPK cascade by
Gi-protein coupled receplors has been suggested to be mediated by By subuniis released
{rom pertussis toxin sensilive G-proteins (see Section 1.4.13.3.1). These resulls may
suggest that the § opioid receptor may couple to the Ras.MAPK cascade not only by
this pathway, in common with the other Gj-protein coupled receptors, but also through
another as yet undefined point in the pathway which is exclusively available to the d
opioid receptor. Other speculations to explain this property may include an ability of
the & opicid reeeptor to sclectively couple (o G-proteins containing fy subunits with
greater (and selective) potency to couple to the Ras.MAPK cascade. It would be
interesting to determine il these observations are specific for the 8 opioid receptor or if
other receptors could reproduce these resulls creating a subset of Gi-protein coupled

receptors which would display these properties.

157



Prevtous studies which recorded the various conceniration-response relationships for
pa2/44MAPK and other effectors have failed to demonstrate any markedly greater
efficiency of coupling to the MAPK cascade in contrast with other effectors. Such
examples include the activation of p42/44MAPK by apenis which use perlussis toxin
inscnsitive pathways such as prostaglandin o (Watanabe ef al., 1995), pertussis toxin
sensitive pathways such as thrombin (Chen ef af., 1994) and pathways which are
partially sensitive fo pertussis toxin such as platelet activating factor (Honda et of.,
1994). Therefore, although the stoichiometry of the GPCR-mediated activation of
pa2/44MAYK. had not previously been studied to any great cxtent, the available data
docs suggest that the observations described for the & opioid receptor expressed in the

Ratl fibroblasts cannot be applied in general to all GPCRs.
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4.3 Conclusions

For the first time, the activation of p42/44MAPK by the § upioid recepior has been
described and su the range of GPCRs which can activate this cascadc has been
extended. However, this result is perhaps not surprising considering the opioid
receptor's previously described ability to signal via the G-proteins of the G family and
the knowledge of a mechanism of Gj-protein-mediated activation of the Ras. MAPK
pathway by Ggy. Much more surprising and novel conclusions, however, were made
regarding the quantitation of this coupling and the relationship between the receptor

expression level and the response to agonist stimulation.

The d opioid receptor expressed in Ratl [ibroblasts at a high and low density couid
functionally couple Lo the G-protein machincry as shown with three different assays:
agonist stimulation of high affinity GTPase activity, [3°S]GTPYS binding and chojera
loxin catalysed [32P]JADP ribosylation of Gi-like proteins. The maximal agonist-
medialed stimulation was dependent on the receptor level in the two clones and the
concentration of agonist which produced a half-maximal GTPase stimulation was lower
in the higher receptor expressing clone. A greater inhibition of [orskolin-stimulated
adenylyl cyclasc activity was also possible in the higher receptor expressing clone. In
keeping with previously described mulliple signalling ability, the receptor could also
stimulate transphosphatidyliation activity in a dose and receptor level-dependent
manner. In addition, a somewhal variable § opioid agonist-stimulated PI.C activity was
demonstrated. All these responses were mediated by pertussis toxin-sensitive, Gi-like,

G-proteins.

Maximally effeciive concentrations of DADLE stimulated the phosphorylation of all
the deiectable pd2MAFK and pa4MAPK ip both of these clones at a S min time point.
This was sensitive to inhibition by both naloxone and pertussis toxin and therefore
indicated that it was indced mediated by the & opioid receptor signalling through G-

like proteins. An increasc in activity of p42/44MATK accompanied their
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phosphorylation in both clones. The iime courses of activation and phosphorylation
demonstrated distinct differences between the two clones which supported the idea
proposed in chapter 3 that a greater expression of the GPCR would produce a more
sustained time course due (o the activation of a greater proportion of the G-protein
population. This was further supported by the time course of pd4MAPK
phosphorylation in response to different concentrations of DADLE which appeared to
allow some correlation between the possible GTPase activation and the activation of
pa2/44MAPK - The more sustained activation of p42/44MAPK i cione D2 may make a
great difference to the functional outcome of DADLE-treatment in these cells. 1t has
been shown that DADLE-treatment of D2 cells is mitogenic as determined by its ability
to stimulate DNA synthesis (Wilson et al., submitted), however, it vemains to be scen if
this occurs with DADLE-treatment of cells of clone DOE. Itis unlikely that
pA2/44MAPK aciivation is sufficient for this effect as p7056K activity appears 1o be

required.

Perhaps the most novel and surprising conclusions arose from the concentration-
response curves for DADLE-mediated phosphorylation and activation of p42/44MATK
These results displayed a very large receptor and activated G-protein reserve in both
clones, although the magnitude was greater in the higher expressing clonc D2. This
would indicate that the coupling between the receptor and this cascade is highly
efficient. The inconsistencies whiclh could not be reconciled in Chapter 3 do not arise
{rom the data presented in this chapier. Another intcresting observation was that the
concentration-response curves for DADLE-mediated phosphorylation of p44MAPK
dispiayed marked co-operativity (Hill coefficients were approximately 2.5). ‘L'his was
not observed, however, for the DADLE-mediated siimulation of GTPase activity and
PLD aclivity nor for the phosphorylation of p44MAFK by L PA nor by the aa
adrenoceptor. Therefore this indicates that the & opioid receptor, when expressed in the
Rat! fibroblasts, has some novel signalling ability with rcgards to the p42/44MAPK

cascade which may involve an additional input site into this pathway.
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Chapter 5: Further studies on the regulation of the
phosphorylation of p42/44MAPK by the & opioid
receptor:
partial agonists, inhibitors and cross-talk.

5.1 Introduction

The previous chapter quantitatively described the regulation of p42/44MAPK aciivity by
the d opioid receptor following cxpression in Ratl fibroblasts. This chapter initially
will continue this work and provide evidence in support of the conclusions of the
coupling efficiency to this cascade by a study on the ability of opioid agonists with a
range of intrinsic activities al this receptor to stimulate the phosphorylation of
pd2/44MAPK 'he influence that other signalling pathways have on the p42/44MATK
acuivation by the & opioid receptor will be cxamined by means of second messenger

analogues and selective enzyme inhibitors in the second part of this chapter.

The diffcrent expression levels of the 8 opioid receptor in clone D2 and clone DOE
were used in Chapter 4 to study the relationship between the level of Gj-protein
activation and stimulation of the p42/44MAPK cascade. In this chapter, the regulation
will be studied wsing ligands which have different levels of intrinsic activity and so
would be expected to stimulate the G-protein machinery and the p42/44MAYK cagcade
to different extents. These ligands have been described as full agonists, partial agonists
(which display lower intrinsic activily as measured by their inability to produce a
maximal response, even at maximal receptor occupancy), neutral antagonists (which
have no intrinsic activity), and one ligand has been described as an inverse agonist
because it reduced the spontaneous activity of the receptor (Mullaney et al., 1996). The
relative efficacy of the ligands used in these experiments was determined in NG108-15
cells (Klee ezal., 1984). A ligand can display a range of intrinsic activities and
potencies at a given receptor depending on a combination of different factors including

the receptor expression level, receptor reserve and the level at which the output is
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measured (Hoyer and Boddeke, 1993) and, to some extent, these factors will be

Hlustrated in this system.

The activation of p42/44MAPK by GPCRs docs not occur in isolation of the other signal
transduction pathways in a cell but rather the cross-talk between pathways provides a
further level of complexity and control. This could be of benelit to the cell because the
functional output of the p42/44MAPK cascade (for example mitogenesis or
differentiation) is synchronised with various environmental and cellular conditions. An
example of this is the inhibitory effect of elevated cAMP levels on the G-protein
coupled receplor-mediated activation of p42/44MAPK a5 described in Section 1.4.10
and illustrated for the ca adrenoceptor in Chapter 3. This chapter will extend this
abservation to include the 8 opioid receptor and will further examine cAMP's inhibitory

effect on the time course of activation.

Phospholipases have been inmtplicated in the control of mitogenesis by a number of
GPCRs. The activation of p42/44MAFK by many but not all Gg-protein coupled
receptors has been shown to be dependent on PKC activation following Lhe activation
of PLC (for examples see Section 1.4.13.2). The activation of pd2/44MAPK by many
Gi-protein coupled receptors has becn shown to be independent of PKC activity,
however, it was thought that because the § optoid receptor stimulated a measurable
PLC activity, it would be worthwhile to determine whether a PKC-selective inhibitor
(chelerythrine) alfected the  opioid-induced activation of p42/44MAPK - A slightly less
well defined relationship is the role of PILD activity in the mitogenic response io both
tyrosine kinase and G-protein-linked receptors (discussed in Boarder, 1994). PLD-
derived phosphatidic acid has been implicated in the mitogenic response to ET-1 and
angiotensin II in vascular smooth muscle cells (Wilkes ez al., 1993; Wilkie et al.,
1996). This was demonsirated by the selective inhibition mediated by butan-1-ol which
diverted the PLD-formed phosphatidic acid to phosphatidylbutanol. However, there is

no evidence to link the activitics of p42/44MAPK and PLD and, for example, the
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vasopressin-mediated activation of p42/44MAPK and PID in rat vascular smooth
muscle cclls were shown 1o be concurrent, but independent of cach other (Jones et al.,
1994). The relationship between the stimulation of PLD and p42/44MAPK activity was
examined in these cells as agonist stimulation of the & opioid receptor expressed in cells

of clone D2 led to a strong stimulation of PLD activity (see Chapter 4).

As discussed in Chapter 1, the EGFR Lyrosine kinasc, PI3-kinase and a genistein-
sensitive tyrosine kinase have been implicated in Gi-protein-mediated activation of
p42/44MAPK " The final part of this chapter will attempt to determine if these kinases
are involved in the pathway initiated by the & opioid receptor by use of tyrphostin
AG1478, wortmannin and genistein. In addition, the effect of the level of receptor

expression on the potency of the inhibitors will be examined.
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5.2 Results and Discussion

Maximally effective concentrations of opioid ligands, which displayed a range of
intrinsic activities at the level of adenylvl cyclase inhibition and GTPase activation in
the NG108-15 cell line (Klee ez al., 1984), produced a range of stimulations of high
affinity GTPase activity in membranes {rom cells of clone D2 and clone DOE (Figure
5.1). DADLE stimulated the greatest GTPase activily in both of the clones, although
the maximal effect was larger in membranes of clone D2 compared with clone DOE as
observed earlier (Figure 4.1). In membranes of clonc D2, the other ligands, cxcept
TIPPYW, produced a range of stimulations of GTPase activity which were greater than
the stimulation with DADLE in clone DOE. However, these ligands struggled to
produce a measurable stimulation of GTPase aciivily in membrancs from clone DOL
and DADILE and possibly levorphanol were the only ligands which produced a
stimulation over the basal level. TIPPW was previously described as a neutral
antagonist and no cfficacy of this ligand was detected at this level in either clone. The
relative order of intrinsic activity of the ligands for GTPase aclivity in clone D2 was
similar to that previously observed (Klee et al., 1984):

DADLE > Levorphanol > Diprenorphine > Morphine > Buprenorphine > TIPP¥

‘This order of intrinsic activity in cells of clone D2 was also observed using other assays
of G-protein coupling numely [35S]GTHyS binding and cholera toxin-catalysed
[32P}ADP-ribosylation experiments (data not shown). Thereforc DADLE could be
described as a full agonist, TIPPY' as a neutral antagonist and the other four ligands as

partial agonists.
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Figure 5.1 Effect of various opioid ligands on the high affinity GTPase activity in
membranes from cells of clone D2 and clone DOE.

High affinity GTPase activity was measured as described in Section 2.2.4 on treatment
of membranes derived from cells of clone D2 (hatched bars) and clone DOE (shaded
bars) with various ligands (all at 10-6 M). Results are presented as mean + SEM of
triplicate assays of the activity in pmol/min/mg membrane protein and were calculated
from one representative experiment from two (DOE) and three (D2) independent

experiments performed.
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Treatment of cells of clone D2 and DOE with maximally effective concentrations of
these ligands for 5 min stimulated the phosphorylation of p44MAPK 4 an extent which
was generally consistent with the observed stimulation of GTPase activity (Figurc 5.2).
As was expected from the previous chapter, DADLE stimmulated the phosphorylation of
the entire detectable population of p44MAPK in both clones, In cells of clone D2, every
other opioid ligand produced a near maximal phosphorylation of p44MAPK white only
levorphanol produced a measurablc cffcet in cells of clone DOE. "The effect of the
partial agonists in clone D2 is not surprising as the level of stimulation of GTPase
activity by these ligands in these cells was greater than that achieved by DADLE in
clone DOE. TIPPW, however, was not expected to produce this maximal (or any)
cffect as it is classed as a neutral antagonist. This ligand may stimulate the Gi-protein
machinery to a slight degree which cannot be measured at the level of GTPase activity
(there is no data to support this), but which is sufficient to induce the phosphorylation
of p44MALK | This explanation, however, is inadequaule as the level of GTPuase
activation by TIPPW in clone D2 is lower than that produced by levorphanol in DOE
cells, which can stimulate only a partial phosphorylation of p44dMAPK | The other
unexpected result was that ICI174864 consistently stimulated the phosphorylation of
pA4MAFK over the basal levels in clone D2. This ligand has been reported to be an
inverse agonist in these cells (Mullaney et al., 1996) and so stimulation of
phosphorylation of p44MAPK wag (otally unexpected. Although difficult to explain, the
stimulation by TIPPY and I1CI174864 does appear to have been mediated by the 8
opioid receptor and not through some other cffect on the cells as neither ligand
displaycd any detectable effcet on the lower recepior expressing clone DOE. The lack
of eftect of the partial agonists in cells of clone DOE can perhaps be understood in
ierms of the low or undeteciable level of Gj-protein stimulation as mcasured by the

GTPasc assay.
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These results are similar in some ways to the effect of ligands with a range of intrinsic
activities on the fiz-adrenoceptor-mediated activation of adenylyl cyclase in two clones
with differing levels of receptor expression (MacBwan ef al., 1995). Thesc ligands
displayed higher intrinsic activities in the higher receplor expressing clone and the
ligands with a relatively lower intrinsic activity were more sensitive (0 a reduction in
receptor expression level. Therefore, the elimination of a greater fraction of the
receptor population was required to reduce the effect of a full agonist compared to that
of a partial agonist. As presented in Figuare 5.2, DADLE produced essentially maximal
phosphorylation of p44MAPK (at this time point) in both clone D2 and in clone DOE,
whercas the agonists with lower intrinsic activity could produce a maximal response
onty in the clone expicssing the higher level of receplors, and struggled to produce any
effect in the lower expressing cell Jine. Therefore a similar differential sensitivity to

the level of receptor expression was seen with partial agonists in this system.

EGF stimulated maximal phosphorylation of p44MAPK in both cell lines, again
indicating that both clones were sensitive in this assay. ‘I'reatment with ET-1 was
included in this experiment because there were conflicling reports of the cffect of this
agonist in Ratl {ibroblasts (discussed in Section 1.4.13.2). In cells of clone D2 and
DQOL, the effect of 5 min treatment with ET-1 was somewhat inconsisient, however,
usually a strong (but not maximal) stimulation of p44MAPK phosphorylation was
detected. E1-1 stimulated PLD and PLC aclivity more strongly than DADLE in clone
132 (see Figure 4.6 and 4.10) and the DADLE-mediated stimulation of PLD activity in
clone DOE was very limited. This data indicates that it is highly unlikely that DADLE-
miediated activation of PLD or PLC was responsible for the activation of p42/44MAPK
but would not rule out the involvement of PLD or PL.C activity in this pathway (see

below).
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Figure 5.2 Phosphorylation of p44MAPK after 5 min treatment with maximally
effective concentrations of various agonists in cells of clones D2 and DOE.

Serum starved cells of clone D2 (hatched bars) and clone DOE (shaded bars) were
treated with various agonists for 5 min at a concentration of 10-¢ M apart from EGF
(108 M) and ET-1 (107 M). The percentage of p44MAPK which was present in its
phosphorylated form in each sample was measured by the electrophoretic mobility shift
assay as described in Section 2.2.9.1. The result is representative of two (DOE) or

three (D2) experiments performed.
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Although the opioid partial agonists could maximally phosphorylate p44MATK in clone
D2, differences were seen in the duration of this response (Figure 5.3A).
Buprenorphine and morphine were chosen to be compared with DADLE as they were
two of the less efficacious partial agonists and so it was asswimed that any differences
would be greater and more easily observed for these ligands. Although the average
maximum phosphorvlation rcached was perhaps slighily less than 100%, cssentially the
ounly difference between the time courses was that the duration of phosphorylation was
consistently less for buprenorphine and morphine compared to that for DADLE (Figure
3.3A). By 15 min of buprenorphine or morphine treatment, phosphorylation levels of
pa4AMAFK had fallen to approximately 45%, whereas on average 90% was stiil
phosphorylated after treatment with DADLE. This is consistent with the differcnces in
the DADLFE-mediated time courses betwecen cloncs D2 and DOEL (sce Figure 4.16) and
time courses produced by different concentrations of DADLE in clone D2 (Figure 4.20)
and supports the conclusion that a greater level of G-protein stimulation induces a more
suslained activation of p42/44MAFK  The phosphorylation of p44MAPK op treating
clonc D2 with TIPPW or IC1174864 was rather inconsistent and 100% phosphorylation
was not usually deiccted, However, the time course of phosphorylation stimuftated by
these ligands, as shown in Figure 5.3, followed similar paticins {o that seen for the
other partial agonists with perhaps a more transient peak of activity which would be

consistent with a lesser degree of G-protein stimulation,

The time courses of two of the more efficacious opioid partial agonists in cells of clonc
DOE are displayed in Figure 5.4. The phosphorylation by diprenorphine and
levorphanol was also rather variable {rom experiment to experiment (perhaps because
they are more sensitive to variations in receptor expression levels over different
passages) but it was noied that the phosphorylation was more delayed than that
observed with DADLE in these cells (seen in Figure 4.16). These results are consistent
with a lower level of G-protein stimulation (detected by the GTPase assay) producing a

delayed, weaker and more transient stimulation of the phosphorylation of p44MAPK,
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Figure 5.3 Time course of phosphorylation of pd4MAPK hLy various opioid ligands
in cells of clone D2.

Serum starved cells of clone D2 were treated for various times with different opioid
ligands (all at 10-3 M) and the phosphorylation status of p44MAFK in each of the
samples was mecasured by the electrophoretic mobility shift assay (according to Section
2.2.9.1). Results are prescnted as the percentage of the total detectable p44MATE. which
was prescnt in its phosphorylated form.

A Time courses for DADLE (open circles, full line), buprenorphine (closed circles,
broken line) and morphine (open squares, dotted line). Results presented are mean +
SEM from at least three independent expcriments.

B Time courses for TIPPY (open triangles, broken line) and ICI174864 (closcd

triangles, dotted line). Results presented are from one of two experiments performed.
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Figure 5.4 Time course of phesphorylation of pd4MAPK Ly diprenorphine and
levorphanol in cells of clone DOE.

Serum starved cells of clone DOE were treated with 10-5 M diprenorphine (open
squares, full line) or 10-% M levorphanol (closed squares, broken line) for various times.
The percentage of phosphorylation of p44MAPK present in cach of the samples was
mcasured by the electrophoretic mobility shift assay as desecribed in Section 2.2.9.1 and

resuits presented are from onc of two cxperiments performed.
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Therefore the resulis produced with these opioid ligands confirm the conclusions
presented in Chapter 4 concerning the relationship of the extent of G-protein
stimulation by the rcceptor and the magnitude and time course of activation of

p42/44MAFK,

It has alrcady been stated that the ET-1-mediated phosphorylation of p44MAPK jn cells
of clone DOE and D2 indicated that PLD activity was not responsible for the DADLE-
mediated phosphorylation of p42/44MAPK | The involvement of PLD activity in the
rcgulation of p44MAPK wag investigated further by pretreating the cells with 0.3% (v/v)
butan-1-ol which trapped the PLLD-derived phosphalidic acid as phosphatidylbutanol
and prevenied its action (Wilkes etal., 1993). This treaiment produced no effect on the
stimulation of p44MAFK phogphorylation in clone D2 by maximally effective
concentrations of DADLE or EGF, however, there was some inhibition of the ET-1
response (Figure 5.5A), (a reduction in basal phosphorylation of p44MAPK was also
sometimes detected). The results were insufficient to conclusively prove that butanol
had a significant effect on ET-1, and although work described later in this chapter
would suggest that inhibitor studies using only cells which express high levels of
receplor should be interpreted with caution, the data presented here would support the
conclusion that PI.D activity is not involved in the & opioid receptor-mediated
aclivation of p44MAPK The stimulation of PLD activity may still play a role in the
mitogenic response to agonist-activation of the 8 opioid receptor as demonstrated for
angiotensin [I-mediated mitogenesis in vascular smooth muscle cells (Wilkie etal.,
1996). Activation of p42/44MAPK wug necessary, but not sufficicnt, for the mitogenic
response to angiotensin II, and the inhibitory effect of butan-1-ol on this response

suggested that PLD activity was one of the other required signalling components.
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Chelerythrine similarly displayed no consistent, inhibitory, effect on DADLE-mediated
phosphorylation of p44MATPK in clone D2 (Figure 5.5B). This compound is a prolein
kinasc inhibitor which displays selectivity for PKC (Herbert et al., 1990) and so this
ddta would tend 1o rule out an involvement of PKC in the & opioid receptor-mediated
activation of p44MAPK (consistent with previous results for Gj-coupled receptors as
discussed in Section 1.4.13.3). However, these results should be treated with caution as
although chelerythrine did inhibit the phosphorylation induced by ET-1, this was not a
complete effect and so the lack of ef{ect on the response 10 DADLE could conceivably
be due to the strong stimulation of the MAPK cascade being able to overcome a weak
inhibition (see later for a similar observation with tyrphostin AG1478). Therefore,
although not proved conclusively, the dala would tend to exclude the involvement of
PLD or PKC activity in the & opioid mediated phosphorylation of pd4MAPK but would
indicate that these activities contribute to the ET-1-induced phosphorylation of

pa4MAPK u5 was observed in vascular smooth muscle cells (Wilkes ezal., 1993).

The involvement of the adenylyl cyclase pathway in the MAPK cascade was
investigaled by elevating cAMP levels with either dibutyryl cAMP or [orskolin.
Pretreatment of cells of clone D2 and DOE with 10 M dibutyry] cAMP significantly
(p < 0.05) attenuated the phosphorylation of p44MAPK stimulated by 5 min treatment
with maximally etfective concentrations of DADLE and EGF (Figure 5.6 and data not
shown). 10-5 M forskolin pretreatment of cells of clone D2, however, only altenuated
the phosphorylation in response to EGF and not to DADLE. A similar observation was
madc with the aga adrenoceptor (see Table 3.1) and is possibly because of d opivid
receplor-medialed inhibition of forskolin-amplified adenylyl cyclase activity (see
Tigure 4.5). Therefore, the d opioid receptor-mediated phosphorylation of p44MAFK ip
Ratl fibroblasts was also attenuated by elevated cAMP levels as abserved for

numerous other GPCRs (see Section 1.4.10).
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Figure 5.5 The effcct of pretreatment of butanol and chelerythrine on the
phosphorylation of pd4dMAPK by DADLE, EGF and ET-1 in cells of clone D2.

A Scrum starved cells of clone D2 were pretreated for 10 min with serum free DMEM
containing 0.3% (v/v) butan-1-ol (shaded bars) or with no additions (control - hatched
bars). The cells were then treated for a further 5 min by the addition to final
concentrations of 10-8 M EGF, 10-3M DADLE, 10-7 M ET-1 or no addition (basal).
The percentage phosphorylation of p44MAPK wag then assessed by the electrophoretic
mobility shilt assay as described in Section 2.2.5.1.

B Scrum starved cells of clone D2 were pretreated for 30 min with serum free DMEM
coritaining 10-3 M chelerythrine (shaded bars) or with 0.1% (v/v) DMSO (control -
hatched bars). The cells were then treated and p44MAFK phosphorylation was assessed
asin part A,

Results for both parts are from one of two cxperiments performed.
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Figure 5.5
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Figure 5.6 The effect of pretreatment of cells of clone D2 with dibutyryl cAMP or
forskolin on DADLE and EGF-mediated phosphorylation of p44 MAPK

Serum starved cells of clone D2 were pretreated with serum free DMEM containing no
addition (hatched bars), 103 M dibutyryl cAMP (shaded bars), or 10-3 M forskolin
(speckled bars) for 20 min prior to 5 min treatment with 10-5M DADLE, 108 M EGF
or no ligand (basal). The percentage phosphorylation of p44MAPK was assessed in
each of the samples by the electrophoretic mobility shift assay (Section 2.2.9.1) and the

data is presented as mean + SEM, from three independent experiments.
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The attenuation by dibutyryl cAMP of the phosphorylation of p44MAPK in response to
5 min treatment with DADLE in clone D2 was not usually complete (on average 20%
phosphorylation remained). It was subsequently discovered that pretreatment of these
cells with 103 M dibutyryl cAMP did not climinatc the DADLE-mediated
phosphorylation of p44MAPK byt rather produced a time course which was delayed,
more transient and had a reduced maximum (Figure 5.7A). It typically took a further 5
min after the maximum was achieved in the control cells for the maximal
phosphorylation to be reached in the dibutyryl cAMP-treated cells and this maximum
was only 70% phosphorylation. This level was not sustained, in contrast with the
elevated phosphorylation in the control cells which was still detected after 30 min. A
similar but greater effect was observed in cells of clone DOE (Figure 5.7B). The delay
of phosphorylation was perhaps even more obvious and the greater magnitude of
inhibition of phosphorylation was somotimes such that a complete elimination of
DADI E-medtated phosphorylation was observed. This perhaps was because the
stimulation of this cascade by the lower expression icvel of & opioid receptors in clone
DOE was sometimes unable to overcome the inhibitory cffect of the dibutyryl cAMP.
Alterations in the time course of activation can have profound effects on the functional
outcome of the stimulation of the MAPK cascade (as discussed in Section 1.4.15.1) and
so these results iltustrate how the functional effect on a cell of the stimulation of the

MAPK cascade could be modified by other signal transduction pathways.
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Figure 5.7 Effect of dibutyryl cAMP pretreatment on the time course of DADLE-
mediated phosphorylation of p44MAPK in cells of clone D2 and DOE.

Serum starved cells of clonc D2 ( A) or clone DOE (B) were pretreated for 20 min with
serum free DMEM containing 10-3 M dibutyryl cAMP (closed circles, broken lincs) or
left untreated (vpen circles, full lines). The cells were then treated with the addition of
DADLE to a final concentration of 10-3 M and incubated for various times. The
phosphorylation of p44MAPK was assesscd in each of the samples by the
clectrophoretic mobility shift assay (Section 2.2.9.1) and the results are presented as
percentage of the total detectuble p44MAPK which was phosphorylated. Data in part A
represents mean += SEM from three independent experiments, data in part B is from one

of two experiments performed.
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Figure 5.7
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The effect of elevated levels of cAMP is thought to be mediated by a PKA-directed
phosphorylation of Rat or other MEKK (see Scction 1.4.10). These results would
therefore suggest that this inhibition can be overcome by a greater stimulatory signal on
these MEKKS or thal the greater expression of the & opioid receplor in clone D2
permits the activation of a cascade which does not involve a PKA-sensilive component.
They might also suggest (hat the second input into the MAPK cascade suggested from
the co-operativity observed in the concentration-response curves of DADILE-mediated
activation of p42/44MAYK (see Figure 4.21-4.23) could possibly be provided by a
reduction in cAMP (by an inhibition of adenylyl cyclase or stimulation of a
phosphodiesierase). Although this idea is cuirently purely speculative a similar dual
input (o the p42/44MATK cagcade has been proposed for the -adrenoceptor in COS-7
cells (Crespo et al., 1995). In this case the simultaneous signuls are opposing with the
balance between the stimulatory signal (inediated by Gspy) and the inhihitory signal (by
Gsq-mediated elevation of cAMP and PKA activation) determining the outcome.
However, in the case of the & opioid receptor, the two signals appear to be stimulatory

which could possibly produce the observed co-operativity.

Pretreatment with 10-3 M dibutyryl cAMP also reduced the transphosphatidylation
activity in response to DADLE in cells of clone D2 (Figure 5.8A). However the results
are not conclusive because the basal activity was rednced by the pretreatment so that
although the actual activity in the presence of DADLE was reduced, there was still a
substantial sttmulation over basal in the prescncc of dibutyryl cAMP. The pretreatment
had no consistent effect on the response to ET-1. There was no obvious change in the
time course of DADLE-mediated activation of PLD other than a slight decrease in the
maximal activation (Figure 5.8B). Elevaied cAMP levels in these cells, therefore, did
nol have the samc cffect on the PLD activity as it does on the MAPK cascade which
would indicate that the inhibitory effect of this compound did not occur at the level of

the receptor.
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Figure 5.8 The effect of pretreatment with 10-3 M dibutyryl cAMP on the ET-1
and DADLE-mediated activation of transphosphatidylation activity in cells of
clone D2.

A Cells of clone D2 were labelled with [3H]palmitate (4 uCi/ml) for 24 hours and then
pretreated with HBGbutanol for 20 min with (shaded bars) or without (hatched bars)
102 M dibutyryl cAMP (after the usual washes of HBG and HBGbutanol). The cells
were treated for 15 min by the addition of agonists to final concentrations of 10-5 M
DADLE or 10-7 M ET-1 or there was no addition (basal activity). The
transphosphatidylation activity was then measured as described in Section 2.2.10 and
the activity in each sample is presented as the radioactivity measured in
phosphatidylbutanol in DPM. Results displayed are mean + SEM of triplicate assays
from one of three experiments performed.

B Cells were treated, in an identical fashion to part A, with a final concentration of 10-5
M DADLE for various periads of time. Transphosphatidylation activity was then
assayed as before, Results arc mean = SEM of triplicatc assays from one of two
experiments performed. Control cells are represented by the open circles and full line,
cells which were pretreated with 10 M dibutyryl cAMP are represented by filled

squarcs and broken line.
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Tyrphostin AG1478, at the lowest concentration used (2.5 x 10-8 M), attenuaied the
phosphorylation of p44MAFK in response (0 5 min DADLE to almost hall of the control
level in cells of clone DOE (Figure 5.98). Slightly more inhibition was produced by
higher concentrations of this inhibitor, but il was never complete. This was in contrast
to the lack of effect of tyrphostin AG1478 (at up to 2.5 x 107 M) on the stimulation of
phosphorylation of p44MAFK by 5 min of DADLK treatment in cells of clone D2
(Figure 5.9A). The attenuation of § opioid receptor-mediated phosphorylation of
p44MAFK by tyrphostin AG1478 is consistent with its previously reported inhibitory
effects on GPCR-mediated activation of p42/44MAFK ip Rat1 fibroblasts (Daub et al.,
1996). However, the allenuation was never complete in clone DOE and was not
detected in clone D2. This, presumably, reflects the greater receptor expression level in
clone D2 and would suggest that the tyrphostin AG1478-mediated inhibition can be
overcome by a greater stimulation of the MAPK cascade. A {oss of sensitivity of
insulin-mediated phosphorylation of p44MAPK 1 pertussis toxin and BARKet was
reporied following overexpression of the insulin receptor in Rat1 fibroblasts (Iutirell ef
al., 1995b). The suggestion was made that this indicated that the insulin receptor at
high density could utilisc a G gy-independent pathway or that G gy was only required at
low receptor cxpression when efficient signalling wus essential. Another interprelation
of the response for the 8 opioid recepior-mediated effect could be thal the tyrphostin
AG1478-sensttive step can similarly be by-passed, but only in clone D2 can this

alternative pathway be sufficiently stimulated to produce maximal phosphorylation of

p44MAPK .

In both ciones, tyrphostin AG1478 inhibitcd EGF-mediated phosphorylation of
p44MAFK ijy o dose-dependent manmer (Figure 5.9). It was rcported that the G-protein
coupled activation of p44MAFK was more scnsitive to inhibition by tyrphostin AG1478
than was the stimulation by EGF (Daub ef af., 1996). The results presented here
demonsiraied that this conclusion depends on the GPCR expression level. ‘I'hese

results therefore implicate the EGFR kinase in the p44MAPK cascade activaied by the d
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opioid receptor. However, this conclusion depends on the specificity of tyrphostin
AG1478 for the EGFR kinase which may not be as exclusive as previously reported as
shown by an inhibition of the PDGF-mediated pd44MAPE activation at similar levels to
that required for the inhibition of the EGF-mediated response (Wilson, Milligan and

Anderson, unpublished observations).

Some tyrphostins have been reported to display inhibitory effects on GTPase aclivities.
However, tyrphostin AG1478 did not display any ability to interfere with the & opioid
receptor-mediated activation of G-proteins in clone D2 or DOE as demonstrated by the
lack of effect of this compound on DADLE-mediated stimulation of high affinity
GTPase activity in membranes prepared from either clone (data not shown). Therelore
tyrphostin AG1478 must act at a point downstream of the G-protein machinery in order

to inhibit the activation of the p42/44MAPK cagcade,

Pretreatment of cells of clonc DOE with 2.5 x 108 M tyrphostin AG1478 did not
significantly alter the time course ol DADLE-mediated phosphorylation of p44MAFK
(Figure 5.10). Although the magnitude of the inhibition was not always identical,
consistently a reduction in the maximal phosphorylation was detected without any
drastic altcration to the time course. Therefore the effect of tyrphostin AG1478 in
clone DOE was a true inhibition and not just a delay of the time course of

phosphorylation.
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Figure 5.9 The effect of various concentrations of tyrphostin AG1478 on DADLE
and EGF-mediated phosphorylation of p44MAPK iy cells of clone D2 and DOE.
Serum starved cells of clone D2 (A) and clone DOE (B) were pretreated for 10 min
with serum free DMEM containing 10-3% (v/v) DMSO (control - hatched bars) or
tyrphostin AG1478 at the following concenirations: 2.5 x 108 M (shaded bars), 1.25x
107 M (striped bars) or 2.5 X 107 M (speckled bars). Cells were then treated for a
further 5 min with no agonist (basal), 10-8 M EGF or 10-¢ M DADLE and the
phosphorylation status of p44MATK was assessed by the electrophoretic mobility shift
assay (Section 2.2.9.1). Data is presented as the percentage of the tolal detectable
pddMAPK which was present in its phosphorylated form, mean * range, from two

independent experiments for each clone.
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Figure 5.9
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Figure §,10 The effect of tyrphostin AG1478 on the time course of
phesphorylation of p44d MAPK by DADLE in cells of clone DOE.

Serum starved cells of clone DOE were pretreated for 10 min with serum free DMEM
containing 10-4% (v/¥v) DMSO (control - open circles, full line) or 2.5 x 10-8 M
tyrphostin AG1478 (filled circles, broken line). Cells were then treated with 10-6 M
DADLE for various times and the phosphorylation status of pd4MAFPK wag assessed by
the electrophoreiic mobility shift assay (Section 2.2.9.1). Data is presented as the
percentage of the total deteciable p44MAPK which was present in its phosphorylated

form, and is from one of three experiments performed.

183



The concentration-responsc curve of DADLE-mcdiated phosphorylation of p44MAPK
in cells of clone D2 was basically unafTected by pretreatment with 2.5 x 10-8 M
tyrphostin AG1478 (Figure 5.11A). There was, however, a consistent, slight increase
in the required concentration of DADLE for half-maximal elfect in these cells and so
there may have been some inhibition which could be easily overcome. This shift to the
right in the concentration-response curves o DADLE-mediated phosphorylation of
p44MAFK was also demonstrated in cells of clone DOE, although this was not as
striking as the reduction in the maximum effect (Figure 5.11B). The magnitude of the
inhibition was rather variable over different experiments, however, in each experiment
with clone DOE, an obvious reduction in the maximum phosphorylation of p44MAPK
and an increase in the ECsp value was observed afier pretreatment with tyrphostin

AG1478.

Pretreatment with 2.5 x 10-8 M tyrphostin AG1478 also produced a rightward shift in
the concentration response curves of EGF-mediated phosphorylation of p44 MAPK i
both clone D2 and clone DOE (Figure 5.12). The ECjsq values were increased between
1.5 and 4.5 fold. Therelore, although this concentration of inhibitor was unable to
prevent 100% phosphorylation of p44MATK | the concentration of EGF which was
required in order to produce this effect was consistently increased. It is of interest that
these concentration-response curves also displayed a large Hill coefficient as was
calculated for the DADLE-mediated phosphorylation of p44MAPK (see Chapter 4).
Tyrphostin AG1478, therefore, appears to have a similar effect on the phosphorvlation
of pa4MATE mediated by the & opioid receptor and by the EGFR which may imply the

involvement of a common Kinase in the cascades induced by either receptor.
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Figure 5.11 Effect of tyrphostin AG1478 on the concentration-response curves for
DADLE-mediated phosphorylation of pd4MAPK jy cells of clone D2 and DOE.
Serum starved cells of clone D2 (A) or clone DOE (B) were pretreated for 10 min with
serum free DMIM containing 10-4% (v/v) DMSO (control - open circles, full line) or
2.5 x 108 M tyrphostin AG1478 (filled circles, broken line). Cells were then treated
for 5 min with varions concentrations of DADLE and the phosphorylation status of
pdAMAFK was assessed as described in Section 2.2.9.1 by the electrophoretic mobility
shift assay. Data is presented as the percentage of the total detectable p44MAFK which
was present in its phosphorylated form, and is from one of two (D2) and three (DOE)

experiments performed.
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Figure 5.12 Effect of tyrphostin AG1478 on the concentration-response curves for
EGF-mediated phosphorylation of p44MAFK ij cells of clone D2 and DOE.

Serum starved cells of clone D2 (A) or clone DOE (B) were pretreated for 10 min with
serum free DMEM containing 10-4% (v/v) DMSO {control - open circles, full line) or
2.5 x 108 M tyrphostin AG1478 (filled circles, broken line). Cells were then treated
for 5 min with various concentrations of EGF and the phosphorylation status of
p44MAPK was assessed as described in Section 2.2.9.1 by the electrophoretic mobility
shift assay. Data is presented as the percentage of the total detectable p44MAFK which

was present in its phosphorylated form, and is {Tom one of two experiments performed.
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Genistein (a tyrosine kinase specific inhibitor) has been reported to attenuate the
activation of p42/44MAPK by some, but not all, Gj-coupled reccptors (see Section
1.4.13.3.3). As discusscd in Chapter 3, genistein failed to display any inhibitory effect
on the azp adrenoceptor-mediated activation of p44MAPK (see Figure 3.3). Similarly,
in cells of both clone D2 and clone DOE, 5 x 10-5 M genistein pretreatment failed to
affect the stimutlation of phosphorylation of p44MATK by a 5 min treatment with 10-6 M
DADLE (Figure 5.13). This was observed even although, in these experiments, the
DADLE-mediated phosphorylation of p44MAPK i;y clone DOE was much less than
maximal. This concentration of genistein did consistently reduce the phosphorylation
of p44MAPK by EGF to u small extent in cells of clone D2, but not (for some unknown
reason) in cells of clone DOE. The data, however, would demonstrate that the dopioid

receptor-mediated phosphorylation of p44MAFK ig insensitive to genistein.

Pretreatment of cells with 10-7 M wortmannin significantly (p < 0.05) attenuated the
phosphorylation of p44MALK i response to 5 min treatment of maximally effective
concentrations of DADLE in cells of clone DOE (Figuic 5.14B). In a similar
observation to the effect of tyrphostin AG1478, only a limited attenuation of the

DADL E-mediated phosphorylation of pd4MAPK wag observed in clone D2 (Figure
5.14A). The phosphorylation in responsc (o 5 min treatment of EGF in either clone
was unaffected. This would implicate a wortmannin-sensitive PI3-kinase activity in the
cascade leading (o phosphorylation of pda4MAPK by the 8 opioid receptor in these cells
as has been reported for other GPCRs (see Section 1.4.14.1). A different cxplanation
could be that wortmannin acted at a different target which is involved in this MAPK
cascade. Wortmannin-scnsitivity has been reported for the activation ol p705K by the &
opivid receptor (Wilson ef af., submiiled) and the oga adrenccepior (Wilson et al.,
1996) expressed in Ratl {ibroblasts and so there is a possibility that wortmannin acts at
a step which is common to the Gi-protein coupled receptor-mcdiated activation of

pd2/44MAFK and p70s6k,
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Figure 5.13 Effect of pretreatment with genistein on the phosphorylation of
pMMAFK by DADLE and EGF in cells of clone D2 and DOE.

Serum starved cells of clone D2 (A) and clone DOE (B) were pretreated with serum
{ree DMEM containing 1% (v/v) DMSO (control - hatched bars) or 5 x 10-5M
genistein (shaded bars) for 10 min. Cells were then stimulated with no agonist (basal),
10-8 M EGF or 10-®* M DADLE for a further 5 min and the phosphorylation level of
p44MAPK yag assessed by the electrophoretic mobility shift assay (Section 2.2.9.1).
The percentage of the total detectable pd4MAPK which was in its phosphorylated form
is represented as mean + range from two independent experiments performed for each

clone .
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Figure 5.14 The effect of wortmannin on the pd4MAPK phosphorylation stimulated
by DADLE and EGF in cells of clone D2 and clone DOE.

Serum starved cells of clone D2 (A) and clone DOE (B) were pretreated in serum free
DMEM containing 10-3% (v/v) DMSO (control - hatched bars) or 10-7 M wortmannin
(shaded bars) for 5 min. Cells were treated for a further 5 min in the presence of no
agonist (basal), 10-8 M EGF or 10-6M DADLE and the electrophoretic mobility shift
assay was performed to determine the phosphorylation status of p44MAFK in each of
the samples according to Section 2.2.9.1. Results are presented as the percentage of the
total detectable pa4MAPK which is present in its phosphorylated form, mean + SEM

{from three (D2) or four (DOE) observations.
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5.3 Conclasions

The work described in this chapter continued the study of the regulation of
p42/44MAPK by the § opioid receptor following its expression into Ratl fibroblasts as
described in Chapter 4. Specifically, the [irst section of this chapter provided evidence
in support of the conclusions made regarding the quantitative relationship betwecn the
activation of p42/44MATK and the stimulation of G-proteins. Opioid ligands with
various intrinsic activitics at this recepior demonsirated a much greater ability to
stimulatc p44MAPK phosphorylation in cells of clone D2 than in cells of clone DOE.
Ligands which displayed partial agonism at the level of G-protein activation displayed
activities at the level of p44MAFK phosphorylation which could permit their description
as [ull agonists in that they induced maximal phosphorylation by 5 min treatment in D2
cells. However, in cells of clone DOE, these ligands struggled to stimulate
phosphorylation over the basal level. This can be explained in the light of the large
receptor and activatcd G-protein reserve present for the activation of pd4MAPK jp clone
D2 {described in Chapter 4), which would enable a ligand which can stimulate only a
limited G-protein coupling to significantly activate the p42/44MAFK cascade. A
surprising and unexplainable observation, however, was the stimulation of
phosphorylation in cells of clone 132 produced by previously described neutral

anlagonists and inverse agonists.

This work also supported the conclusion that the time course of activation was closely
regulated by the extent to which the G-protein machinery was stimulated. Therefore, in
clone D2, the opioid ligands which had a lower efficacy producced a delayed and more
transient activation of pd4MAPK | the difference seen with the time courses
corresponding to the differences measured at the level of G-protein stimulation. In
clone DOE, although the efficacies of the ligands were insufficient to maximally
phosphorylate p44MAPK two of the partial agonists were able to stimulaie a limited
phosphorylation of p44MAPK which displayed a more delayed and transient time course

in comparison to that produced by DADLE.
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The second section of work considered the involvement of other signalling pathways
and kinascs in the 8 opioid receptor-mediated phosphorylation of p44MAPK | Data was
presented which indicated that PLD and PKC activity was nol sufficient for, and
probably not involved in, the regulation of p44MAPK by this receptor. In contrast,
clevated cAMP displayed a definitc inhibitory effect on the stimulation of p44MAPK
phosphorylation which was consistent wilh the results with the «pp adrenoceptor
(Chapter 3). Elcvated levels of cAMP did not completely eliminate the & opioid
receptor-mediated phosphorylation of p44MAPK iy cells of clone D2 and DOR, but
rather produced a delayed and more transient time course coupled with the reduction in
maximal output. These effecis were more substantial in the lower receptor expressing
cell line and so raised the possibility of an alternative PK A-insensitive pathway which
could be stimulated to a greater cxtent by a greater receptor density. This data also
proposed a reduction in cAMP levels as a possible secondary input by the opioid
receptor into the MAPK cascade. Elevated levels of cAMP also displayed very limited
ability to attenuatc the DADLE-mediated activation of PLD in clone D2 which was
considered as evidence to indicate that the effect of elevated cAMP on the activation of

p2/44MALK did not occur at the level of the receptor.

The final part of this chapter made use of inhibitors which had been previously reported
as having inbibitory effects on selective kinases. The data in general supported the
conclusion that the 8 opioid receptor-mediated phosphorylation of p44MAPK wag
achieved through a genistein-insensitive, but wortmannin and tyrphostin AG1478-
sensitive pathway, This implicates both a PI3-kinase and an EGFR kinase in the
cascade leading to the aclivation of p44MAPK Tt was also clear that the overexpression
of the receptor in clone D2 allowed DADLE to activate the MAPK cascade even'in the
presence of these inhibitors. This would cither suggest that the inhibitory effects can be

overcome or that alternative pathways arc possible.
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Chapter 6: Final Discussion

Understanding of GPCR-mediated stimulation of the p42/44MAPK cascade has
progressed rapidly in the lasi few years. However, there was only a limited amount of
quantitative information availuble on this regulation and it was this deficit that my thesis
initially aimed to mcet. It had been proposed that Gi-proiein coupled p42/44MAFPK
aclivation occurred as a result of receptor overexpression which forced unphysiological,
or at least incfficient, coupling io the pathway to give a detectable response (e.g.
Malarkey ez al., 1995). This was conclusively shown to be incorrect as low level
expression of the a4 adrenoceptor or the & opioid recepior in Ratl fibroblasts permitted
significant (maximal at 5 min time point) activation of p42/44MATK, The coupling of
these receptors Lo the MAPK cascade would thus appear to be highly efficient, because
the coupling to other effectors and to G-protein activation was severely fimited in these
lower receptor expressing cells. This conclusion was reinforced by the ability of opioid
ligands with little intrinsic activily in GTPase activily measurements to significantly

phosphorylate p44MAPK in clone D2.

The presence of a large receptor and activated G-protein reserve for the stimulation of
p42/44MAPK by the § opioid receptor was further demonstrated by comparison of the
coneentration-response curves for DADLE-mediated phosphorylation/activation of
p42/44MATK and high affinity GTPase activity (Figure 4.24). ECsp values for the
activation of GTPase activity in clones D2 and DOE were 5.7 x 10° M and 4.2 x 108 M,
respectively, which are in a similar range as the Kgfor DADIE binding to the 6 opioid
receptor (approximately 2 (o Sx 102 M). This would possibly indicate the absence of a
receptor reserve for the coupling to the G-protein population in these cells. However, the
difference in EC3¢ values between clone D2 and DOE would perbaps suggest that in
clone D2, such a receptor reserve does exist because in a situation of no receptor rescrve,
it might be expected to only see a reduction in the maximal output with no change to ECsg

value when comparing a high and low receptor expressing cell linc, This could be
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investigated further by means of increasing concentrations of an irreversible antagonist
which would increasingly ‘knock owt” proportions of the receptor population.
Determination of the ability of these various funclional receptor populations to stimulate
high alTinity GTPase activity (or another measure of G-prolein activation) would
determine whether a receptor rcserve is present in clone D2. A receptor reserve would be
seen as a shift in the concentration-responsc curves to the right with no reduction in the
maximum cuiput with incrcasing concentrations of irreversible antagonist, until the
receptor reserve was abolished (Figure 6.1). Further increases in irreversible antagonist
concentrations would reduce the maximum output without further affecting the EC sy, as
might be anticipated to be observed if clone D2 contained no receptor reserve for G-
protein activation. Itis of interest to notice that earlier work (MacNulty efai., 1992) with
Rat1 fibroblast clonal cell lines expressing the o4 adrenoceptor to various levels,
demonstraled the absence of a receptor reserve for the activation of high affinity GTPase
activity by the high correlation between receptor expression level and maximal agonist-
stimulated high affinity GTPase activity, although the receptor expression levels observed

in clone D2 were never produced in those experiments.

Although it is diflicult to interpret the resulls [rom the concentration-response curves to
DADLE for the stimulation of fransphosphatidylation (PLLD) activity for DOE cells, it
woulld appear that there is no receptor reserve for this effector in the D2 cell line. This
was concluded because the ECsg value for DADLE in clone DOE was not greater than for
clone D2 but rather there was a significant reduction in the maximum output (Figurc 4.9).
Once again the the EC59 value for clone D2 was very similar to the Kq for this receptor

(Figure 4.9).

Even if some degree of receptor reservce for the activation of the G-proteia population in
clone D2 does exist, it is dramatically smaller than that which exists for the activation of
p42/44MAPK ipy these cells. This was clearly demonstrated by the significantly smaller

ECs0 value (7.3 x 10-H M), and so for this effect there exists a large receptor and
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Figure 6.1 Illustration of receptor reserve

Hypothetical results from an experiment proposed in the main text to investigate the effect
of treatment with increasing concenirations of an irreversible antagonist prior o
concentration-response determinations for an agonist in a situation where a large receptor

reserve exists 1n the conirol siate.
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activated G-protein reserve (Figure 4.21 and 4.22). In clone DOE, such a reserve was
also obvious, although it was significantly smaller as is consistent with the lower level of
receptor expression in this clone. Thus, there would appear to be a very low receplor
expression requirement in order for the d opioid receptor to maximally activate (at 5 min)
the pd2/44MAPK. cagcade. The use of au irreversible antagonist acting on the & opioid
receplor in clone DOE which would further reduce the level of functional recepiors in the
cells, or an inducible receptor expression sysiem to control the level of receptor
cxpresssion would facilitaie further study of the receptor reserve and may aliow a
determination of the minimum receptor expression fevel which is required to maximally
activate p42/44MAFK. 1t would then be of interest to compare this required level of
receptor expression with other GPCRs expressed in Ratl fibroblasts and various other
ceilular backgrounds, to investigate the generality ol these cbservations and the
possibilily of receptor/cell specificity in the coupling efficiency 1o the p42/44MAFPK
cascade. As the coupling 1o the p42/44MAPK cagcade is assumed to be mediated by the
Gy subunits, (he large activated G-protein reserve for p42/44MAPK aetjvation in both
clone D2 and DOE would appear o contradict the previous ideas that effectors which use
such a coupling mechanism display a requirement for greater stoichiometry of G-protein

and effector activation (higher receptor occupancy) than do G, -coupled responses.

The situation 1s not as clear for the aza adrenoceptor expressed in Ratl fibroblasts. A
receptor reserve for the agonist-stimulated, high affinity GTPase response (Figure 3.6)
could possibly exist based on the same reasons noted above for the & upioid receptor.
The ability of the lower expressing clonc TAGWT 3 to maximally stimulate p42/44MAFPK
on ireatment with UK14304, and the ability of the ASN79 clones to stimulate the
phosphorylation of p44MAPK (Figure 3.10), when they displayed a much reduced
signalling capacity to G-proteins and effectors (Figures 3.5, 3.7 and 3.8), would suggest
that a receptor and aclivated G-protein reserve did exist for this effect. However, the
concentration-response curves appeared io contadict such a conclusion. Unfortunately

this inconsistency was not resolved in these experiments and so further work is stifl
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required 1o determine if highly efficient coupling to the p42/44MAPK cascade is a selcctive

property of the d opioid recepior,

Another dilference betwecn the GPCRSs studied 1n this thesis was that the d opicid
receptor-mediated p42/44MAFK yctivation/phosphorylation was co-operative in nature
(Figurc 4.21), whereas this was not observed for the oy A adrenoceptor (Figure 3.12) or
LPA receptor (Figure 4.23). This suggests that there may be additional input sites into
the MAPK pathway for the 6 opioid receptor which are not available for the other
GPCRs. The ability of the d optoid receptor to inhibit adenylyl cyclase activily (Tigurc
4.5) and the inhibitory effect of elevated cCAMP levels on p42/44MAPK activation in these
cells (Figurc 5.6) could suggest that a secondary input into the MAPK pathway may
occur at this level. However, this suggestion is unable to explain the selective rature of
this regulation because co-operalivity has only been recorded for the 8 opioid receptor,
whereas the other GPCRSs studied also displayed agonist-mediated inhibition of adenylyl
cyclase (Figure 3.8). It would be of interest to know o what extent the co-operativity
can be observed for other receptor/cell systems. This might help explain the exclusive
ability of the d opioid receptor as well as suggest whal signalling component is
responsible [or the proposed secondary input into the MAPK cascade. In addition, the
level in the cascade at which co-operativity can stilt be observed could also focus the

investigalion into possible secondary input points.

The time course of activation of p42/44MATK appeared to be closely regulated by the
level of G-protein activation produced by the receptor. Therefore, a greater G-protein
coupling produced a more rapid and sustained stimulation. 'U'he time coursc varicd
greatly with the GPCR ¢xpression levels, the coupling efficiency of the receplor (wild
type versus Asn’? mutant), and the concentration and intrinsic activity of ligands used
(see Figures 3.10, 4.16, 4.20, 5.3 and 5.4). As discussed previously (Section
1.4.15.1), the functional outcome of the MAPK cascade is closely dependent on the

duration of activation and so in this way the outcome of the GPCR-mediated

196



p42/44MAPK activation in each cell could possibly be modified and controiled by all of
the above factors as well as by cross-tulk [rom other signalling pathways (such as the

CAMP pathway).

Understanding the involvement of various kinases and other signalling pathways in the
regulation of p42/44MAPK by GPCRs was the final objective of this thesis. Agents with
reported inhibitory aclivity at selective kinases were used to address some of these issues
and the conclusions from such experiments necessarily depend heavily upon the
selectivity of these agents. The influence of the cAMP signalling pathway on the GPCR-
mediated p42/44MATK cascade has been discussed above. It would appear, however,
that PLD or PKC activity does not influence the MAPK pathway initiatcd by the & opioid
receptor (Figure 5.5) as expected for G;-protein coupled recepiors (see Section

1.4.13.3), although the resulis presented in Chapter 5 do not exclude the possibility of
the 8 opioid receptor using a PKC activity to provide an additional or alternative
mechanism for stimulating the p42/44MAPK pathway. The dala does support the view
that & opicid-mcdiated stimulation of PLIJ activity was not sufficient for the observed
level of activation of p42/44MATK but further study would be required in arder to

conclude that these pathways are completely independent.

The scnsitivity io wortmannin may imply the involvement of a PI3-kinase v-like (G-
protein activated) PI3-kinase isotype (Stoyanov etal., 1995) in the regulation of & opioid-
induced pd2/44MAPK activation (Figure 5.14), although the experiments performed made
no attempt at identifying the wortimannin-sensitive species in the pathway. A role fora
P13-kinase y-like enzyme would be consistent with a recent report of agonisi-mediaied
activation of p42/44MAPK by the muscarinic m2 acetylcholine receptor expressed in
COS-7 cells which appeared to signal via PI3-kinase v in a Ggy-dependent manner
(Lopez-Ilasacaetal., 1997). In this cell system, PI3-kinasc y was placed directly

downstream of Ggy leading to a pathway involving a tyrosine kinase, She, Grb2, mSos,
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Ras and Raf. However, the mechanism connecting the acttvation of the PI3-kinase to ithe

tyrosine phosphorylation of She was not investigated.

The ECT'R tyrosine kinase was implicaled by the inhibitory effect of tyrphostin AG 1478
on DADLE-mediated phosphorylation of p44MAPK i clone DOE (Figure 5.9). This
could imply that the 8 opioid receptor can activate the p42/44MAPK pathway through
activation of the EGFR tyrosine kinase in the absence of EGY as concluded previously
for other GPCRs (Daub etal., 1996). The majority of the data in this thesis would not be
inconsistent with this role for EGFR kinase in the & opioid receptor-stimulated MAPK
pathway, apart from possibly the lack of effecet of forskolin on DADLE-mediated
ptiz-ﬁ\‘if‘*‘l’K phosphorylation when EGF-mediated activation was significantly attenuated
(see Figure 5.6). However, this might perhaps be explained by the ability of the 6 opioid
recepior (o mediate inhibition of adenylyl cyclase (Figure 4.5). The wortmannin-
sensitive step would appear to be upstream of the EGFR kinase (or on a parallel pathway)
as shown by the insensitivity of EGF-mediated phosphorylation of p42/44MAPK (q

wortmannin at concentrations which inhibit DADLE-mediated phosphorylation of

pAAMAFE

The ability of DADLE to stimulate apparently maximal phosphorylation of p44MAPK jn
clone D2 in the presence of a concentration of tyrphostin AG 1478 which significantly
attenuates the EGF-mediated phosphorylation of p44MAFK would perhaps suggest that
the greater reeeptor expression level achieved in clone D2 permitted activation of a
pathway distinct {rom the EGFR kinase to such an extent that fufl p44MAFK
phosphorylation could be induced. Alternative kinases could be provided from the Src
family of tyrosine kinascs and/or by a PYXK2-like kinase which have been implicated in
the activation of p42/44MAFK by some GPCRs (see Section 1.4.13.3 and 1.4.13.5),
The majorily of the literature has implicated a genistein-sensitive kinase in the GPCR-
mediated activation of p42/44MAPK and although genistein was apparently without effect

in clone D2 and DOE (Figure 5.13) there could be a role for such a kinase under
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conditions in which the EGFR kinase is inhibited. The EGFR kinase is thought to
mediate the signal from GPCRs to p42/44MAPK via She tyrosine phosphorylation and
Grb2.mSos association (Daub ef al., 1996) and these other kinases could also perlonn
such arole. 1t would therefore be of some interest to determine whether a similar level of
DADLE-stimulated Shc tyrosine phosphorylation is achieved in tyrphostin AG1478-
treated cells as was observed in uninhibited D2 cells {(Mullaney etal., 1997) which might
indicate il the tyrphostin insensitivity is the result of the direct substitution ol another
tyrosine Kinuse into the role of the EGFR or whether a distinet input into the pathway at a

different level in the pathway is possiblc for the  opioid receptor.

These results would thercfore again raise the possibility of multiple inputs into the MAPK
pathway by the & opioid receptor as was discussed in relation to the observed co-
operative nature of p42/44MATK activation. Investigaling the effect of tyrphostin
AGI478 (and wortmannin) on the g adrenocepior agonist and LPA-mediated
activation of p44MAPK 1o determine if this apparent choice of pathways is available for
these receptors, may suggest whether a lack of such alternative pathways explain the lack

of co-aperativity in the responses seen with these ligands.

The above conclusions suggest a possible model pathway of agonist-mediated activation
of p42/44MAPK by the § opioid receptor when expressed in Ratl fibroblasts as shown in
Figure 6.2. The data discussed here does not address the quesiion of whether the
wortmannin-sensitive step and the EGFR kinase lie on the same pathway or represent
alternative/parallel pathways which are both required for full activation {at least in the
abscnce of a large receptor overcxpression) and have been drawn as they are for the sake
of simplicity. It is not inconsistent with the data presented for the wortmannin-sensitive
step to lie on the alternative pathway which was speculated to permit full stimulation of
p44MAPK in the presence of tyrphostin AG1478 in the D2 clone. These aspects of this

model could be tested from a more thorough study of the maximum inhibition possible by
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Figure 6.2 Model of pd42/44MAPK pegulation by the agonist-activated §

opioid receptor when expressed in Ratl fibroblasts.

Possible model of activation of p42/44MAPK by the agonist activated 8 opioid rcceptor

after heterologous expression in Rat1 fibroblasts in order to explain the cffects of

tyrphostin AG 1478 and wortmannin on this pathway. See main text for details.
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tysphostin AG 1478 and wortmannin and the effect of both compounds when they are
allowed to act together, Src and PYK2-like kinasces and PKC are included in this model
only to demonstrate possible secondary inputs and their involvement in this regulation in

these cells is purely speculative at present.

This thesis has described the regulation of p42/44MAPK i terms of receptor expression
level and G-protein activation required for coupling, the relation between G-protein
activation and duration of MAPK response, the possible involvement of multiple input
points inte the pathway and the cross-regulation and involvement of kinases of other
signal transduction pathways. Although many of these observations could possibly be
described as general for Gi-protein coupled receptors, there is certainly a degree of
receptor (and possibly ccll) specificity, the extent of which will require further

investigation.
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