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Agonist activation of p42 and p44 mitogen-activated protein kinases
following expression of the mouse o opioid receptor in Rat-1 fibroblasts:
effects of receptor expression levels and comparisons with G-protein

activation
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Rat-1 fibroblasts were transfected with a cDNA encoding the
mouse & opioid receptor. Two separate clones, D2 (which
expressed some 6 pmol of the receptor/mg of membrane protein)
and DOE (which expressed some 0.2 pmol/mg of membrane
protein), were examined in detail. With membranes from both
clones, the opioid agonist [D-Ala*]leucine enkephalin (DADLE)
caused stimulation of high-affinity GTPase activity and of the
binding of guanosine 5’-[y-[**S]thio]triphosphate, and inhibition
of forskolin-amplified adenylate cyclase activity. DADLE also
induced phosphorylation and activation of both the p42¥4F¥
(42 kDa isoform) and p44™47¥ (44 kDa isoform) members of the
mitogen-activated protein kinase (MAP kinase) family. All of
these effects of DADLE were prevented in both clones by
pretreatment of the cells with pertussis toxin. The maximal
response that could be produced by DADLE in direct assays of
G-protein activation were substantially greater in clone D2 than
in clone DOE, but in both clones essentially full phosphorylation
of both p42"4PX and p44MAPX could be achieved. EC,, values for
DADLE stimulation of GTPase activity and for activation of
p44MATE were substantially lower in clone D2 than in clone DOE.

Moreover, in both clones the EC;, value for DADLE stimulation
of p44MAPK was substantially lower than that for stimulation of
GTPase activity, and the Hill coefficients for agonist activation
of pd4MATE (h > 1) displayed marked co-operativity whereas
those for G-protein activation did not (4 0.8-1.0). DADLE
activation of p44™+PX showed more sustained kinetics in clone
D2 than in clone DOE. By contrast, lysophosphatidic acid,
acting at an endogenously expressed G-protein-coupled receptor,
also activated p44™**X¥ in both clones in a pertussis toxin-
sensitive manner, but both the kinetics and the concentration—
response curve for activation of p44M4FX by this ligand were
similar. As with other systems, maintained cellular levels of a
cAMP analogue prevented the effects of both G-protein-coupled
receptors on activation of p44™+¥X. These results demonstrate
for the first time that an opioid receptor, at least when expressed
in Rat-1 fibroblasts, is able to initiate activation of the MAP
kinase cascade in a G;-dependent manner, and show that only a
very small proportion of the cellular G, population is required to
be activated to result in full phosphorylation of the p42™4** and
p44MATE M AP kinases.

INTRODUCTION

A considerable number of G-protein-coupled receptors (GPCRs)
have been shown in particular cell systems to be able to increase
the phosphorylation state and activity of the p424¥% (42 kDa
isoform) and p44™4*% (44 kDa isoform) members of the mitogen-
activated protein kinase (MAP kinase) family [1], an event that
has been more traditionally associated with activation of the
single-transmembrane-helix growth factor tyrosine kinase recep-
tors[1]. Much of the initial work in this area utilized endogenously
expressed receptors for lysophosphatidic acid (LPA) [2,3] and
thrombin [4,5]. However, due to the lack of knowledge of the
molecular structure of the LPA receptor and the very limited
available pharmacology at both of these receptors [6], further
work has also utilized cell systems transfected to express par-
ticular GPCRs [7-11]. We have previously transfected Rat-1
fibroblasts with the o, ,-adrenoceptor [7,12] and shown that, in
this environment, agonist occupation of the receptor results in
enhanced GTP loading of p21'* and phosphorylation of both
p42MAPE and p44MAPK Both of these effects were blocked by
pretreatment of the cells with concentrations of pertussis toxin

sufficient to cause maximal ADP-ribosylation of the o subunit of
the G,-like G-proteins. Others have used related systems to
implicate further components of the p21™ pathway in these
events and to show that elevation of intracellular cAMP levels
can limit agonist-induced MAP kinase phosphorylation [12—-17].
There is currently little information available, however, on the
quantitative aspects of the extent to which GPCRs must be
expressed in order to observe activation of the MAP kinase
cascade, and how this relates to the degree of G-protein stimu-
lation that can be achieved by a particular receptor.

In the present study we demonstrate that expression of the
mouse ¢ opioid receptor [18-20] in Rat-1 fibroblasts allows
agonist-mediated stimulation of p42M4FX and p44™Ar%. We (1)
examine the relative effectiveness of an agonist in clones of these
cells expressing different levels of the receptor, (2) show that the
clones display a large receptor reserve for agonist-induced
activation of p42MAFK and p44MAPK (3) demonstrate that this
activation displays co-operativity in agonist concentration—effect
curves, (4) is more sustained in cells expressing higher levels of
the receptor, and (5) requires activation of only a small fraction
of the cellular G, population.

Abbreviations used: GPCR, G-protein-coupled receptor; MAP kinase, mitogen-activated protein kinase; p44"APX and p42"APK 44 kDa and 42 kDa
isoforms respectively of MAP kinase: LPA, lysophosphatidic acid; DADLE, [p-Ala’]leucine enkephalin; RT-PCR, reverse transcriptase-PCR; GTP[S],

guanosine 5’-[y-thio]triphosphate; EGF, epidermal growth factor.
1 To whom correspondence should be addressed.
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MATERIALS AND METHODS
Materials

Guanosine 5’-[y-[**S]thio]triphosphate ([**S]GTP[S]; 1026 Ci/
mmol) and [**P]NAD* (800 Ci/mmol) were obtained from
DuPont/New England Nuclear. [y-**P]GTP (> 10 Ci/mmol),
[y-**P]JATP (3000 Ci/mmol), [*H]diprenorphine (50 Ci/mmol)
and the Biotrak p42/p44 MAP kinase enzyme assay system were
obtained from Amersham International. Cholera toxin was from
Sigma and pertussis toxin was from Porton Products (Porton
Down, Wilts., U.K.). All reagents for tissue culture were from
Life Technologies (Paisley, Strathclyde, U.K.). Hygromycin B
was from Boehringer Mannheim (Mannheim, Germany). Opioid
ligands were from Research Biochemicals Inc., Torcis Cookson
or Sigma. The cDNA encoding the mouse & opioid receptor [20]
was kindly donated by Dr. Graeme Bell, Howard Hughes Medical
Institute, University of Chicago, Chicago, IL, U.S.A.

Generation and isolation of clones of Rat-1 fibroblasts expressing
the mouse o opioid receptor

A cDNA encoding the mouse & opioid receptor [20] was ligated
into plasmid pCMV-ms12. Rat-1 fibroblasts were co-transfected
with this cDNA (5 ug) and with the plasmid pBABEhygro
(0.5 ug), which is able to direct expression of the hygromycin B
resistance marker, using Lipofectin reagent (Life Technologies)
according to the manufacturer’s instructions. Clones that demon-
strated resistance to hygromycin B (200 xg/ml) were selected and
expanded. Expression of the § opioid receptor polypeptide in
membranes from these clones was assessed initially by the specific
binding of the opioid receptor ligand [*H]diprenorphine (see the
Results section) and detection of relevant mRNA using reverse
transcriptase-PCR (RT-PCR) (results not shown; but see [21]).

Cell culture

Cells of clones D2 and DOE were grown in Dulbecco’s modified
Eagle’s medium supplemented with 59, (v/v) donor calf serum,
penicillin (100 units/ml) and streptomycin (100 xg/ml) in 59,
CO, at 37 °C. Cells were grown in 75 cm? tissue culture flasks
and were harvested just prior to confluency. In a number of
cases, cells were treated with pertussis toxin (25 ng/ml) for 16 h
prior to cell harvest. Membranes were prepared from the cells by
homogenization with a Teflon-on-glass homogenizer and dif-
ferential centrifugation as described for a variety of other cells
[22].

[*H]Diprenorphine binding experiments

In experiments designed to define ligand specificity, membranes
from clones D2 and DOE (10 ug) were incubated at 30 °C for
45 min in 20 mM Tris/HCI (pH 7.5), 50 mM sucrose and 20 mM
MgCl, (buffer A) containing 10 nM [*H]diprenorphine in the
absence and presence of 10 M [p-Ala®[leucine enkephalin
(DADLE) to define maximal and non-specific binding respect-
ively of the & opioid receptor. Specific binding, defined as above,
represented more than 80 9, of the total binding of radioligand.
The radioligand was competed by addition of various concen-
trations of each of DADLE, DSLET ([p-Ser?]leucine enkephalin-
Thr), DAMGO (H,N-Tyr-bp-Ala-Gly-N-Me-Phe-Gly-ol) and U-
50488 {trans-(+)-3,4-dichloro- N-methyl-N-[2-(1-pyrrolidinyl)-
cyclohexyl]benzeneacetamide}, compounds that show selectivity
for the various opioid receptor subtypes (4, x4 and «). These
experiments confirmed the pharmacology of the expressed re-
ceptor as a ¢ opioid receptor (results not shown, but see [21]). All
binding experiments were terminated by rapid filtration through

Whatman GF/C filters followed by three washes (5 ml) with ice-
cold buffer A. Filters were maintained overnight in 10 ml of
Ultima-Flo AF scintillant before liquid scintillation counting.

RNA extraction

Total RNA was extracted from cells according to the acid
phenol/guanidinium thiocyanate method of Chomczynski and
Sacchi [23] using RNAzol B (Biogenesis). Purity and quanti-
fication of RNA were assessed by A,,/A4,q, ratios.

RT-PCR procedure

The RT-PCR procedure was carried out as follows. Samples of
5 ng of RNA (8 ul) were denatured by incubation at 65 °C for
10 min, chilled on ice and reverse-transcribed in 33 ul of reaction
mixture using a first-strand cDNA synthesis kit (Pharmacia LKB
Biotechnology) as detailed by the manufacturer. Incubation was
carried out at 37 °C for 1 h and the reaction was stopped by
heating samples at 95 °C for 5 min and then chilling on ice.

PCR reactions on the reverse-transcribed samples or on 200 ng
of appropriate cDNA species were carried out using the following
primers: mouse & sense, 5 GCTGTGCAAGGCTGTGCTCT
3’; mouse ¢ antisense, 5 CCAGACGATGACGAAGATGTG
3’. Amplifications were performed in 100 xl of buffer containing
20-40 pmol of primers and 2.5 units of Tag polymerase (Pro-
mega) in a HYBAID Omnigene temperature cycler. Cycles were
as follows: 95 °C/5 min, 55 °C/1 min, 72 °C/1 min (one cycle);
95°C/305s, 55°C/1 min, 72 °C/1 min (30 cycles); 95°C/30s,
55°C/1 min, 72 °C/5 min (one cycle). Reaction products were
separated by 1.5-1.759, agarose gel electrophoresis. These
experiments confirmed the expression of mRNA encoding the &
opioid receptor in both clones D2 and DOE, but not in parental
Rat-1 fibroblasts (results not shown).

High-affinity GTPase assays

These were performed essentially as described in [24] using
[y-**P]GTP (0.5 uM; 60000 c.p.m.) and various concentrations
of DADLE. Non-specific GTPase activity was assessed by
parallel assays containing 100 M GTP.

[*S]GTP[S] binding studies

These were performed as described in [25]. Briefly, membranes
were incubated at 4 °C for 1 h in a final assay volume of 100 xl
in a reaction mixture comprising 50 mM triethanolamine hy-
drochloride (pH 7.4), 5 mM MgCl,, | mM EDTA, 1 mM dithio-
threitol, 150 mM NaCl, 100 uM GDP and 0.3-0.5nM
[?*SIGTP[S] (50 nCi) in the presence or absence of ligand as
described in the Results section. The incubation was terminated
by the addition of 2.5 ml of ice-cold washing buffer B (50 mM
Tris/HCl, pH 7.5, 5mM MgCl,) and rapid filtration through
Whatman GF/C filters followed by three washes (5 ml) with ice-
cold buffer B. Filters were maintained overnight in 10 ml of
Ultima-Flo AF scintillant before liquid scintillation counting.

Agonist regulation of cholera toxin-catalysed [*?P]ADP-ribosylation

[*2P]ADP-ribosylation of membranes of cells of clones D2 and
DOE was performed in the absence of added guanine nucleotides
basically as in [26,27], except that sodium phosphate (pH 7.0)
replaced potassium phosphate (pH 7.0). Further additions to the
assays were as detailed in the Results section. Dried gels were
exposed to a phosphor storage plate for 24 h and then analysed
using a FUJIX BAS1000 image analyser.
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Adenylate cyclase assays

These were performed as described in [28]. Separation of [*?P]JATP
and [**P]cAMP was achieved by the method of Salomon et al.
[29].

Regulation of p42"*** and p44"**% phosphorylation/mobility and
activity

The phosphorylation of p42M4*¥ and p44M4*X was determined by
an electrophoretic mobility shift assay. Cells were stimulated
with the appropriate ligand for various times (see the Results
section for details) following maintenance in serum-free medium
for 48 h, and subsequently lysed at 4 °C in a buffer containing
25 mM Tris/HCl, 40 mM p-nitrophenol, 25 mM NaCl, 109,
(v/v) ethylene glycol, 10 xM dithiothreitol, 0.2 9% (v/v) Nonidet
P40, 1 pg/ml aprotinin, 1 mM sodium orthovanadate, 3.5 pg/ml
pepstatin A and 200 uM PMSF at pH 7.5. Following centri-
fugation of the lysed samples in a Microfuge (13000 rev./min,
5 min), SDS/PAGE loading buffer was added to a sample of the
supernatant and applied to an SDS/PAGE gel [10% (w/v)
acrylamide, 0.063 9, (w/v) bisacrylamide, containing 6 M urea]
following heating of the sample in a boiling-water bath for 5 min
[30]. Samples were transferred from the gel to nitrocellulose and
immunoblotted with an anti-peptide antiserum raised against
amino acids 325-345 of p44M+*¥ or with a monoclonal antibody
that specifically recognizes p42™4*¥, These gel conditions provide
excellent ‘gel shift’ of this polypeptide upon ligand regulation,
a feature that is synonymous with its phosphorylation and
activation [15]. The intensities of the phosphorylated and non-
phosphorylated forms of p44™4*¥ were assessed using a Bio-Rad
model GS 670 imaging densitometer.

In a number of cases the activity state of p44™**¥ was assessed.
Following stimulation as described above, cells were lysed at
4°C in a buffer containing 20 mM Tris/HCI (pH 8), 137 mM
NaCl, | mM EGTA, 19, (v/v) Triton X-100, 10 9%, (v/v) glycerol,
3 mM MgCl,, 100 uM orthovanadate, 25 mM NaF, 10xg/ml
aprotinin and 200 yM PMSF, and MAP kinase activity was
measured using the Biotrak p42/p44 MAP kinase enzyme assay
system (Amersham International).

Data analysis

Analysis of data curves was performed using the Kaleidagraph
curve-fitting package driven by an Apple Macintosh computer.
All of the immunoblots displayed represent examples of at least
three experiments performed on separate cell cultures.

RESULTS

Rat-1 fibroblast cells, which do not endogenously express an
opioid receptor, were co-transfected in a 1:10 ratio with the
plasmid pBABEhygro, which allows expression of resistance to
hygromycin B, and plasmid pCMV-msl12, into which a cDNA
encoding the mouse § opioid receptor had been ligated [20].
Colonies displaying resistance to hygromycin B (200 ug/ml)
were selected, expanded and examined for both mRNA cor-
responding to the § opioid receptor by RT-PCR (results not
shown, but see [21] for details) and expression of high-affinity
binding sites for the opioid ligand [*H]diprenorphine. Clone D2
expressed considerably higher levels (6400+ 100 fmol/mg of
membrane protein) of the § opioid receptor than did clone DOE
(170+30 fmol/mg of membrane protein) (means+S.E.M.,
n = 3 in each case).

In both of these clones the expressed ¢ opioid receptor was
effectively coupled to the cellular G-protein signal transduction

Table 1 DADLE stimulation of high-affinity GTPase activity in clone D2 is
greater than in clone DOE and is prevented by pretreatment with pertussis
toxin

High-affinity GTPase activity and its regulation by a maximally effective concentration of DADLE
(10 M) was measured as described in the Materials and methods section in membranes
derived from cells of clones D2 and DOE, which were either untreated or pretreated with
pertussis toxin (25 ng/ml, 16 h) prior to harvest of the cells. Data represent means + S.E.M.
from three independent experiments.

High-affinity GTPase activity (pmol/min per mg of protein)

Treatment D2 DOE
Basal 233409 259407
DADLE 456421 324412
Pertussis toxin 125410 187411
Pertussis toxin 4+ DADLE 124+13 20.0+04
in Gsﬂ[ L)
— G, (S)
LGa

Figure 1 DADLE stimulation of cholera toxin-catalysed [*P]JADP-ribosyl-
ation of the o subunit of G, in clones D2 and DOE

Membranes (20 xg) of either clone DOE (lanes 1 and 2) or clone D2 (lanes 3 and 4) were
subjected to cholera toxin-catalysed [**PJADP-ribosylation performed in the absence (lanes 1
and 3) or presence (lanes 2 and 4) of DADLE (10 x«M), as described in the Materials and
methods section. The autoradiograph shown is representative of those produced in four
independent experiments. Gyee(L) and Ggee(S) are splice variants of Gye.

machinery, as shown by the ability of the opioid agonist DADLE
to stimulate high-affinity GTPase activity. The maximal effect of
DADLE in these assays was considerably greater in membranes
of clone D2 than in those of clone DOE (Table 1), as anticipated
from the higher level of receptor expression in the former clone.
This coupling of the § opioid receptor was predominantly, if not
exclusively, to members of the G, subfamily of G-proteins (Rat-
1 cells express each of G,1, G,2 and G,3 [31]), as indicated by the
large decrease in the ability of DADLE to stimulate high-affinity
GTPase activity in these membranes following pretreatment of
the cells with pertussis toxin (Table 1). A further demonstration
of the coupling of the expressed & opioid receptor to the cellular
G-protein population was obtained by measuring DADLE
stimulation of the binding of [**S]JGTP[S] to membranes of both
clones D2 and DOE. As with agonist stimulation of high-affinity
GTPase activity, a substantially greater effect of DADLE was
recorded in membranes of clone D2 (clone D2: basal binding,
72.1+£2.0 fmol/mg of membrane protein; 10 xM DADLE,
272.6+7.3 fmol/mg; clone DOE: basal binding, 32.5+1.6
fmol/mg; 10 uM DADLE, 49.1 +0.7 fmol/mg; means + S.E.M.,
n = 3 in each case). Further proof of the functional interaction of
the ¢ opioid receptor in these two clones with G;-like G-proteins
was the observation that DADLE was able to allow cholera
toxin-catalysed [**P]JADP-ribosylation of these proteins in mem-
branes from each of these two clones (Figure 1). As anticipated
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Table 2 DADLE-mediated inhibition of adenylate cyclase activity in membranes of clones D2 and DOE is attenuated by pretreatment with pertussis toxin

Adenylate cyclase activity and its regulation by ligands was measured as described in the Materials and methods section. Forskolin and DADLE were each present at 10 x«M. Results are presented
as means +S.EM., n= 4 independent experiments. Values in parentheses are the percentage inhibition caused by DADLE.

Adenylate cyclase activity (pmol/min per mg of protein)

Untreated Pertussis toxin-treated

D2 DOE D2 DOE
Basal 536428 99.6+5.7 871+ 39 119.6+34
Forskolin 1129426 175.8+5.1 1475440 167.7+2.8

Forskolin 4 DADLE 91.944.3 (35%)

1566432 (27%)

1457425 (3%) 1720424 (—9%)

pa“llﬂ.Pf\ s

— — - — paqMAFE

Figure 2 Pertussis toxin pretreatment of clone DOE cells prevents
stimulation of p44"*°% phosphorylation by DADLE and LPA, but not that by
EGF

Clone DOE cells were deprived of serum for 48 h and then exposed to various agonists for
5 min. Some of these cells were treated with pertussis toxin (25 ng/ml; 16 h) prior to
stimulation with agonists. The cells were lysed as described in the Materials and methods
section, and fractions were resolved by SDS/PAGE and the phosphorylation state of p44MAP
determined by immunablotting. A representative immunoblot is shown for clone DOE cells
treated with 1 M DADLE (lanes 2 and 6), 10 nM EGF (lanes 3 and 7) or 10 «M LPA (lanes
4 and 8), or left unstimulated (lanes 1 and 5) for 5 min. Lanes 5—8 were pretreated with
pertussis toxin; lanes 1—4 were not.

from the data decribed above, a considerably greater activation
of the cellular G;-like population was achieved with a maximally
effective concentration of DADLE in clone D2 compared with
clone DOE (Figure 1).

A functional output from the expressed ¢ opioid receptors in
these clones was inhibition of forskolin-amplified adenylate
cyclase activity, which was produced by DADLE in both clones
(Table 2). A maximally effective concentration of DADLE
(10 uM) was able to produce a somewhat greater inhibition of
forskolin-stimulated adenylate cyclase in membranes from clone
D2 (37.7+7.5%; mean+S.E.M., n =4) than in those from
clone DOE (24.6+5.29%,; n = 5). This signalling effect of the &
opioid receptor was also produced via activation of a G-like G-
protein, as this effect of DADLE was attenuated following
pertussis toxin treatment of the cells (Table 2).

Treatment of D2 or DOE cells with DADLE (1 #M for 5 min)
led to phosphorylation of virtually the entire cellular population
of both the p44 (Figure 2, and results not shown) and p42 (see
below) members of the MAP kinase family, as assessed by the
reduced mobility of these polypeptides through SDS/PAGE. A
similar pattern was produced by treatment of these cells with
either the tyrosine kinase receptor ligand epidermal growth
factor (EGF) (10 nM) or LPA (10 uM), both of which have
previously been reported to cause activation of these kinases in
Rat-1 fibroblasts (e.g. see [7,12]) (Figure 2). Pertussis toxin
pretreatment of both D2 and DOE cells prior to stimulation with
the same ligands prevented the enhanced phosphorylation of

Table 3 EGF and DADLE increase MAP kinase activity in both clones D2
and DOE

MAP kinase activity was measured in cells of clones D2 and DOE as described in the Materials
and methods section. Data are presented as means + range from a representative experiment
of two performed.

MAP kinase activity (pmol/min per mg of protein)

Condition D2 DOE

Basal 24242 60 +1
DADLE (10 zeM) 800+10 416 +11
EGF (10 nM) 920+20 600+8

p44MArE (Figure 2, and results not shown) produced by both
DADLE and LPA, but did not alter the effect of EGF. Treatment
of cells of clones D2 and DOE with DADLE (10 xuM) or EGF
(10 nM) also resulted in an enhancement of MAP kinase activity
(Table 3). The basal MAP kinase activity was routinely noted to
be higher in cells of clone D2 compared with clone DOE and,
although the maximal MAP kinase activity that could be achieved
in response to DADLE in clone D2 was higher than in clone
DOE, this was also the case when stimulations were performed
with EGF. The relative stimulation of MAP kinase activity by
DADLE compared with that produced by EGF was similar in
the two clones.

Concentration-response curves with DADLE indicated that
considerably lower concentrations of this agonist were required
to cause phosphorylation of p44™+*¥ in clone D2 (Figures 3a and
3c) compared with clone DOE (Figures 3b and 3c) (P = 0.04), as
assessed by the gel-shift assay. Half-maximal stimulation of
phosphorylation of p44™4** was achieved with 0.073 £ 0.024 nM
DADLE (mean+S. E. M., n = 3) in cells of clone D2, whereas
an approx. 40-fold higher concentration of this agonist was
required to elicit the same effect in cells of clone DOE (EC,, =
3.1+0.9nM; n=4). Direct measurements of MAP kinase
activity also confirmed that substantially lower concentrations of
DADLE were required to cause activation of MAP kinase in
clone D2 compared with clone DOE (Figure 3d). Concentration—
response curves for LPA stimulation of p44™*X phosphorylation
in the two clones were, in contrast, not significantly different
(P =0.11) (clone D2, 0.12+0.03 xM; clone DOE, 1.14+0.5 uM;;
means + S.E.M., n = 3 in each case) (Figure 4). Interestingly, the
concentration—response curves both for DADLE-mediated
p44MArE phosphorylation and for enhanced MAP kinase activity
in both clones D2 and DOE were co-operative in nature, with
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Figure 3 Concentration—response curves for DADLE-mediated phosphorylation of p44"*** in clones D2 and DOE

Cells of either clone D2 (a, and open symbols) or clone DOE (b, and closed symbols), deprived of serum for 48 h as described in the Materials and methods section, were exposed to various
concentrations of DADLE for 5 min. The cells were lysed, and fractions were resolved by SDS/PAGE (a—6) and then immunoblotted to detect the presence and mobility of p44"A”X. Decreased
mobility of p44MA"€ is a reflection of its dual phosphorylation and activation. (a) Representative immunoblot of D2 cells; (b) representative immunoblot of DOE cells. The results in (€) were constructed
following scanning of three pairs of immunoblots such as those in (a) and (b) and are means 4 S.E.M. Direct MAP kinase activity measurements in cells of clones D2 and DOE are displayed

in (d).
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Figure 4 Concentration—response curves for LPA-mediated phosphoryla-
tion of p44"*" in clones D2 and DOE

Serum-starved D2 (QO) and DOE (@) cells were stimulated with various concentrations of LPA
for 5 min. Fractions of lysates of these cells were resolved by SDS/PAGE and immunoblotted
for p44MA* as described in the Materials and methods section. The immunoblots were scanned
and quantified as described in the legend to Figure 3. Data represent means + S.E.M. from three
independent experiments.

Hill coefficients (%) substantially greater than 1 (these varied
between 1.4 and 3.0 in individual experiments) (Figure 3c). This
was in contrast both to the effects of LPA on p44MAPX phos-
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Figure 5 Concentration—response curves of DADLE-mediated stimulation
of high-affinity GTPase activity in clones D2 and DOE

High-affinity GTPase activity was measured in membranes of clone D2 (O) and DOE (@) cells
in the presence of various concentrations of DADLE. As the amount of stimulation produced by
DADLE was higher in clone D2 than in clone DOE (see Table 1), results are presented as a
percentage of the maximal effect of agonist (i.e. the effect produced in the presence of 0.1 mM
DADLE), and were calculated as means + S.E.M. (7 = 3). In individual experiments with clone
D2, basal GTPase activity varied between 22.5 and 23.7 pmol/min per mg of protein and the
maximal effect of DADLE was between 49.6 and 52.8 pmol/min per mg of protein. In clone DOE,
basal activity was between 13.6 and 21.7 pmol/min per mg of protein and that in the presence
of DADLE was 20.9—28.6 pmol/min per mg of protein.

phorylation (Figure 4) (& = 0.75-0.92) and to the concentration—
effect curve for DADLE stimulation of high-affinity GTPase
activity in these two clones (Figure 5), where /i = 0.8-1.0.
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Figure 6 Comparisons of the stimulation by DADLE of high-affinity GTPase
activity and the phosphorylation of p44"*"* in clones D2 and DOE

Data from concentration—response curves with DADLE when measuring either phosphorylation
of p44"A"K (D) or stimulation of high-affinity GTPase activity (@) are presented for clone D2
(upper panel) and clone DOE (lower panel) as a percentage of the maximal effect produced by
DADLE.

Concentration—response curves for DADLE stimulation of
high-affinity GTPase activity in clones D2 and DOE also
indicated a requirement for higher concentrations of DADLE to
produce a half-maximal response in this measure of G-protein
activation (EC,; values: D2, 5.74+2.2nM; DOE, 4246 nM)
(Figure 5), but this was considerably less marked than for
p44MArE phosphorylation. Direct comparison of the concen-
tration—response curves for activation of p44*4*% and stimulation
of high-affinity GTPase activity demonstrated that only a very
small fraction of the ¢ opioid receptor population (and thus only
a small percentage of the cellular G, population that can be
activated by the receptor) of clone D2 cells was required to be
occupied by agonist to cause maximal phosphorylation of
p44MArE lindicating a very large receptor reserve in these cells for
this function (Figure 6, upper panel). An obvious receptor and
activated G, protein reserve for p44¥*"® phosphorylation was
also evident in clone DOE (Figure 6, lower panel), but this was
considerably less (P = 0.028) than in clone D2 (compare the two
panels of Figure 6).

The phosphorylation of p44™4*® produced by addition of a
maximally effective concentration of DADLE was more pro-
longed in duration in clone D2 than in clone DOE (Figures
7a—7c¢). This was also noted in direct MAP kinase activity assays
(Figure 7d). In both clones, activation of p44™4** by DADLE
was rapid and was easily detected within 1 min. In clone DOE
maximal phosphorylation of these kinases was achieved at 5 min,
but this was not maintained and by 15 min exposure to the ligand
it had returned close to basal levels. By contrast, in clone D2 a

high degree of activation of p44™4*X in response to DADLE was
observed for up to 30 min. The effect of LPA (10 M) on the time
course of p44MAPK phosphorylation was not noticeably different
in the two clones, being maximal following some 5 min exposure
to the ligand and decaying thereafter such that levels of phos-
phorylation were greatly decreased within some 30-60 min
(Figure 7e). The time courses of phosphorylation of p42MAFX in
response to DADLE in clones D2 and DOE were very similar to
those for p44™4*% (Figure 8).

Treatment of D2 and DOE cells with the cell-permeant
analogue of cAMP, dibutyryl cAMP, prevented the ability of
each of DADLE, LPA and EGF to cause p44™4*¥ phosphoryl-
ation (Figure 9 and Table 4), as anticipated from previous
studies.

DISCUSSION

Considerable progress has been made in recent times towards
understanding the molecular components and interactions in-
volved in coupling agonist occupation of certain GPCRs to
enhanced phosphorylation and activation of the p44 and p42
members of the MAP kinase family of dually regulated kinases
[1]. A key element in this cascade appears to be the fy complex
of heterotrimeric G-proteins [8-10,32]. As the o subunits of the
G-like G-proteins are often highly expressed in cells, then levels
of fy complexes associated with these o subunits will also be
high. This provides a potential rationale as to why many of the
studies on MAP kinase regulation by GPCRs have utilized
receptor species that interact with these G-proteins.

Despite the progress noted above, virtually nothing is known
about the stoichiometry of this signalling process. In the present
study we address this question by examining agonist regulation
of the phosphorylation and activation of p44™A* and p42M4*X in
clones of Rat-1 fibroblasts expressing differing levels of the &
opioid receptor that we have isolated following transfection with
a murine § opioid receptor cDNA, and by comparing the
effectiveness of this process with the ability of agonist occupation
to cause activation of the cellular population of the Gj-like
pertussis toxin-sensitive G-proteins.We have previously demon-
strated in the genetic background of Rat-1 fibroblasts that the
total cellular level of the « subunits of G,-like G-proteins is in the
region of 60 pmol/mg of membrane protein, with the bulk of this
being contributed by G2« [31]. Functional interactions of the
expressed & opioid receptor with the cellular G-proteins in these
two clones was defined by both agonist stimulation of high-
affinity GTPase activity and stimulation of the binding of
[**S]GTP[S]. Both effects of the agonist were prevented in both
cell lines by pretreatment with pertussis toxin, indicating that the
relevant G-proteins are members of the G,-like family. Further
direct evidence for opioid receptor activation of G; in these two
clones was obtained in studies that examined agonist stimulation
of [**P]JADP-ribosylation of the G,-like G-proteins catalysed by
thiol-activated cholera toxin. This assay provides a diagnostic
detection only of G-proteins activated by a receptor ligand (see
[26,27] for examples and a theoretical basis).

In each of these assays, substantially greater G-protein ac-
tivation was evident in clone D2 than in clone DOE, consistent
with the greater levels of receptor expression in the former and
with the G-protein population not being a limiting factor for
cellular information transfer. By contrast with the markedly
greater levels of G-protein activation achieved by the agonist
DADLE in clone D2 compared with clone DOE, differences in
the degree of maximal inhibition of forskolin-amplified adenylate
cyclase were less pronounced in membranes from the two clones.
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Figure 7 Prolonged phosphorylation of p44"*" by DADLE but not by LPA in clone D2 compared with clone DOE

Cells of clone D2 (a, c—e) or clone DOE (b, c—e) were exposed to DADLE (10 «M) (a—d) or LPA (10 xM) (e) for various times. Samples were then processed and p44MAPK mability/phosphorylation
assessed (a—¢, e). Representative p44"A" immunoblots of samples derived from cells of clone D2 () and clone DOE (b) are shown. Data from immunoblots such as those shown were scanned

and the data are presented in (€) as the percentage of p44"APK

in the phosphorylated state at differing times in clones D2 (O) and DOE (@). Data are presented as means+S.EM. (n= 6

for clone D2 and n = 3 for clone DOE). (d) MAP kinase activity measurements (means +range) in clones D2 (O) and DOE (@). (e) Cells of clones D2 (O) and DOE (@) were exposed to
LPA (10 «M) for various times and samples analysed as in (a)—(c). Data represent means + range from 1 = 2 independent experiments.

Such data tend to implicate the adenylate cyclase catalytic
element as the limiting component in this cascade in these cells.
In both D2 and DOE cells, addition of DADLE resulted in
maximal phosphorylation of both p44MA¥% and p42MAPE| ag
determined by the decreased mobilities of these polypeptides
through SDS/PAGE. These effects were also attenuated by
pretreatment of the cells with pertussis toxin, whereas the
stimulation of p44™4*® phosphorylation in response to EGF was,
as anticipated, unaffected by this manipulation.

Comparisons of the concentration—response curves for stimu-
lation of GTPase activity and for MAP kinase phosphorylation
and activation by DADLE in clones D2 and DOE revealed two
novel and interesting features. Firstly, in both clones the Hill
coefficient for DADLE-induced p44™4"™ phosphorylation was
substantially greater than 1, thus indicating marked co-opera-
tivity. By contrast the Hill coefficients for agonist stimulation of
high-affinity GTPase activity were close to 1. Interestingly, but
perhaps rather surprisingly given the shape of the concentration—
response curves with DADLE, phosphorylation of p44™4*X in
these clones in response to LPA did not show this feature of co-
operativity (Figure 4). The receptor for LPA, although it has not
been identified at a molecular level [33], is believed to be a
GPCR, as effects of this lysophospholipid in Rat-1 fibroblasts
have been demonstrated to be blocked by pertussis toxin treat-

ment [2], and this agent has also been shown to activate G, and
to stimulate high-affinity GTPase activity [34]. It will be interest-
ing to explore these differences more fully when the molecular
structure of the LPA receptor becomes known. Secondly, the
difference in the EC,, values for DADLE stimulation of p44™AF¥
phosphorylation (0.073 nM) and for stimulation of high-affinity
GTPase activity (5.7 nM) was some 80-fold in the high-receptor-
expressing clone D2, whereas in clone DOE this difference for
DADLE stimulation of p44Y*"% phosphorylation (3.1 nM)
and for stimulation of high-affinity GTPase activity (42 nM) was
only some 15-fold. These observations indicate both that there is
a large reserve of the & opioid receptor for MAP kinase
phosphorylation in both of these clones (more so in clone D2)
and that only a very small fraction of the cellular G,-like G-
protein population is required to be activated by the receptor to
result in maximal phosphorylation of these MAP kinases. This
may be relevant to why we routinely observed a degree of
phosphorylation of p44M4*X and p42MA*® and higher MAP
kinase activity in the absence of the opioid agonist following
serum starvation of clone D2, while this was not obvious in clone
DOE. § Opioid and other GPCRs display differing degrees of
spontaneous, empty-receptor, signal generation [21,35-38], and
the higher levels of expression of the § opioid receptor in clone
D2 cells compared with clone DOE may be sufficient to produce
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Figure 8 Time courses of phosphorylation of p42"**% by DADLE in clones
D2 and DOE

Cells of clone D2 (top and bottom panels) or clone DOE (middle and bottom panels) were
exposed to DADLE (10 M) for various times. Samples were then processed and p42"AP
mobility/phosphorylation assessed. Representative p42MA*% immunoblots of samples derived
from cells of clone D2 (top panel) and clone DOE (middle panel) are shown. The immunoblots
displayed were scanned and the data are presented in the bottom panel as the percentage of
p42MA" i the phosphorylated state at differing times in clones D2 (QO) and DOE (@).

MARK:

| pad
—— — — m— | p44"““

Time (min)

Figure 9 Dibutyryl cAMP attenuates DADLE stimulation of p44"A"
phosphorylation in DOE cells

A representative immunoblot is shown for DOE cells unstimulated (lanes 1 and 4) or stimulated
with 1 «M DADLE (lanes 2 and 5) or 10 nM EGF (lanes 3 and 6), after pretreatment with
dibutyryl cAMP (1 mM, 20 min) (lanes 4—6) or with carrier only (lanes 1-3).

enough G-protein activation in the absence of agonist to result in
measurable basal phosphorylation of the MAP kinases.

MAP kinase phosphorylation has been reported by a number
of laboratories to be inhibited in the presence of maintained
elevated concentrations of cAMP [14,16,17,39,40]. Addition of
the membrane-permeant analogue of cAMP, dibutyryl cAMP, to
clone D2 or clone DOE was sufficient to attenuate DADLE
activation of p44™4*% phosphorylation. DADLE was also able to
inhibit adenylate cyclase activity in both clones (Table 2). Thus
part of the observed co-operativity of DADLE activation of
p44MAr*E phosphorylation may result from a combination of the
agonist-induced decrease in cellular cAMP levels and the direct
effects of the subunits of the activated G-protein with elements of

Table 4 Dibutyryl cAMP attenuates DADLE stimulation of p44"**¥ phospho-
rylation in clone D2

Serum-starved cells of clone D2 were stimulated with various agonists for 5 min after 20 min
of pretreatment with or without 1 mM dibutyryl cAMP (dbcAMP). Cells were lysed and the
phosphorylation status of p44M** was determined by immunoblotting after SDS/PAGE as
described in the Materials and methods section. Data represent means + S.E.M. from three
independent experiments.

p44™A* in phosphorylated state (%)

—dbcAMP + dbcAMP
Control 16.9+7.2 03+03
DADLE (10 zM) 92.7+31 23.0+11.2
EGF (10 nM) 98.0+14 16.14+17.2

the MAP kinase cascade upstream of p42M4*¥ and p44¥+*¥_ This
is purely speculation at this point; however, a related dual effect
of a f-adrenoceptor on MAP kinase activity has been suggested
by Crespo et al. [41].

Since the kinetics of the phosphorylation state of p44™ArX in
response to LPA were not different in clones D2 and DOE
(Figure 7d), then the differences noted in the kinetics of sustained
phosphorylation of the MAP kinases in the clones in response to
DADLE (Figure 7c) must clearly be related to the levels of
expression of the & opioid receptor. The greater level of G-
protein activation that can be obtained by maximally effective
concentrations of DADLE in clone D2 compared with clone
DOE was clearly demonstrated by the greater stimulation of
high-affinity GTPase activity in membranes derived from the
former, and more graphically by the markedly greater degree of
DADLE-induced, cholera toxin-catalysed, [**P]JADP-ribosyl-
ation of G,a in membranes of clone D2 compared with clone
DOE (Figure 1). As a sustained period of activation of this
cascade seems to be reflected in greater mitogenic potential
[42,43], it will be interesting, in time, to explore whether levels of
G-protein activation produced by various partial agonists at a
defined receptor will result in marked differences in either the
maximal activation or the phosphorylation maintenance kinetics
of the MAP kinases.

The studies reported herein extend our knowledge of the range
of GPCRs that are able to interface with the MAP kinase
cascade. Given the current understanding of a key role for G-
protein £y subunits in this process, it was not entirely unexpected
that the ¢ opioid receptor would be able to cause activation of
p42VAPK and p44MAPK. However, for the first time we have
provided data on how the degree and the kinetics of activation
can vary in clones expressing differing levels of a GPCR, and we
have shown that only a small fraction of the G-protein population
available to a GPCR is required to be activated to cause maximal
phosphorylation of p42M4¥¥ and p44M4FK,

These studies were supported by the Biotechnology and Biological Sciences
Research Council. A. R. B. thanks the BBSRC for a studentship. We thank Dr. Graeme
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