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Receptor availability defines the extent of agonist-mediated G-protein
down-regulation in neuroblastoma x glioma hybrid cells transfected
to express the f2-adrenoceptor
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Abstract Sustained exposure of neuroblastoma x glioma hybrid, NG108-15, cells transfected to express the human S2-adrenoceptor (clone FN22)
to isoprenaline or iloprost (an agonist at the endogenously expressed IP prostanoid receptor) resulted in a substantial and selective down-regulation
of the & subunit of the G-protein G,. Treatment of these cells with the irreversible §-adrenoceptor antagonist bromoacetyl alprenolol menthane
diminished both the potency and the maximal ability of isoprenaline but not of iloprost to cause G,a down-regulation. These results demonstrate
that the extent of agonist-mediated G, down-regulation is dependent upon the availability of receptor to agonist.
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1. Introduction

Agonist-mediated selective down-regulation of the G-pro-
tein(s) activated upon receptor occupancy has become a well
established phenomenon [1]. However, despite this, in many
systems little or no detectable regulation is observed. For exam-
ple, in neuroblastoma x glioma hybrid, NG108-15, cells ag-
onists at each of the endogenously expressed IP prostanoid,
adenosine A2 and secretin receptors cause stimulation of ade-
nylyl cyclase but only those at the IP prostanoid receptor cause
down-regulation of G,a [2,3]. This effect is not mimicked by
analogues of cAMP [3] and we have hypothesised that G-pro-
tein down-regulation may reflect the levels of expression of the
individual receptors [4]. As there are technical limitations in the
ability to accurately quantitate each of these receptors we have
transfected NG108-15 cells to express the human f2-adreno-
ceptor [5,6] and in the present study regulate agonist access to
the receptor population by pretreatment of the cells with vary-
ing concentrations of an irreversible f-adrenoceptor antagonist
to determine directly the importance of receptor levels in the
observation of agonist-mediated down-regulation of G.a.

2. Materials and methods

2.1, Materials

All materials for tissue culture were from Gibco/BRL. [PH]|Dihydro-
alprenolol (56 Ci/mmol) was from Amersham International. Bro-
moacetyl alprenolol menthane (BAAM) was from RBI (Natick, MA,
USA). All other chemicals were from Sigma or BDH and were of the
highest purity available.

2.2. Generation of clone BN22

Has previously been described in detail {5-6]. A cDNA encoding the
human f2-adrenoceptor was ligated downstream of the f-actin pro-
moter of plasmid pJM16 {7] which harbours a copy of the neomycin
resistance gene. 10 ug of this purified DNA was stably transfected into
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Abbreviations: BAAM, bromoacetyl alprenolol menthane; DHA, dihy-
droalprenolol.

NG108-15 cells using Lipofectin reagent (Gibco/BR L) according to the
manufacturers instructions. Clone fN22 was one of those selected and
expanded [3-6].

2.3, Cell growth

Clone SN22 cells were grown in tissue culture as previously described
[5,6] in the presence of geneticin sulphate (800 ug/ml). Prior to conflu-
ency they were either split 1:10 into fresh tissue culture flasks or
harvested. Membrane fractions were prepared from cell pastes which
had been stored at —80°C fellowing harvest essentially as in [8]. Frozen
cell pellets were suspended in S ml 10 mM Tris-HCI, 0.1 mM EDTA,
pH 7.5 (buffer A) and rupture of the cells achieved with 25 strokes of
a hand-held teflon on glass homogenizer. The resulting homogenate
was centrifuged at 500 x g for 10 min in a Beckman L5-50B centrifuge
with a Ti 50 rotor to remove unbroken cells and nuclei. The supernatant
fraction from this treatment was then centrifuged at 48,000 x g for 10
min and the pellet from this treatment washed and resuspended in 10
ml buffer A. Following a second centrifugation at 48,000 x g for 10 min
the membrane pellet was resuspended in buffer A to a final protein
concentration between 1 3 mg/ml and stored at —80°C until required.

2.4. Treatment of cells

Cells of clone fN22 were ireated in culture with either iloprost (up
to 10 M) (Schering Health Care, Burgess Hill, Sussex, UK) or with
isoprenaline (up to 10 uM) (Sigma) including vehicle either without or
following pretreatment of the cells with BAAM (up to 10 M) for 4 h.
Preliminary studies indicated that the vehicles and BAAM alone had
no effect on levels of G.a over the time course of the treatments (data
not shown).

2.5. Production of antisera and immunablotting

Antiserum C§ was produced by a New Zealand White rabbit follow-
ing immunization with a glutaraldehyde conjugate of keyhole limpet
haemocyanin (Calbicchem) and a synthetic peptide, RMHLRQYELL,
which corresponds to the C-terminal decapeptide of all forms of the &
subunit of G,. The specificity of this antiserum for G,z has previously
been demonstrated [9]. Immunoblotting with this antiserum was per-
formed as previously described [10]. Mclecular mass determinations
were based on pre-stained molecular-mass markers (Bethesda Research
Laboratories). SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
(10% (wfv) acrylamide) was carried out overnight at 60 V.

2.6. Quaniitation of immunoblots

Following SDS-PAGE, proteins were transferred to nitrocellulose
(Schleicher and Schuell) and blocked for 2 hin 5% gelatin in phosphate-
buffered saling, pH 7.5 (PBS). Primary antisera were added in 1%
gelatin in PBS containing 0.2% Nonklet P40 (NP 40} and incubated for
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at least 2 h. The primary antiserum was then removed and the blot
washed extensively with PBS containing 0.2% NP40. Secondary antise-
rum (donkey anti-rabbit IgG coupled to horseradish peroxidase {Scot-
tish Antibody Production Unit, Wishaw, Scotland) was added (1:200
dilution in 1% gelatin in PBS containing 0.2% NP 40) and incubated
with the nitrocellvlose for 2 h. The antiserum was then removed and
following extensive washing of the blot with PBS containing 0.2% NP40
and finally with PBS alone, the blot was developed using o-dianisidine
hydrochloride (Sigma) as the substrate for horseradish peroxidase as
previously described [10]. The developed immunoblots were scanned
with a Biorad model GS-670 Imaging densitometer. Background was
subtracted by scanning of equivalent sized areas of nitrocellulose which
did not contain immunoreactive protein.

2.7 Binding experiments with [* H Jdihydroalprenolol

Were routinely performed with 2.0 nM [*H]dihydroalprenolol
(PH|DHA) at 30°C for 30 min in 20 mM Tris-HCI (pH 7.5), 50 mM
sucrose, 20 mM MgCl, (buffer B) in the absence and presence of 10 uM
propranolol to define maximal and non-specific binding respectively.
Specific binding, defined as above, represented greater than 90% of the
total binding of PHJDHA. All binding experiments were terminated by
rapid filtration through Whatman GF/C filters followed by three
washes (5 ml} with ice-cold buffer B.

2.8. Adenylyl cyclase assays

These were performed as described by Milligan et al. [11]. Each assay
contained 100 mM Tris-HCI, pH 7.5, 20 mM creatine phosphate, 50
mM NaCl, 5 mM MgCl,, 1 mM cAMP, | uM GTP, 10 units creatine
phosphokinase and 0.2 mM ATP containing | #Ci {a-**PJATP. Separa-
tion of radiolabelled cyclic AMP and ATP was achieved using the
double column method described by Johnson and Salomon [12].

2.9. Data analysis
All data were analysed using the Kaleidograph (Version 2.1) curve
fitting programme driven by an Apple Mclntosh computer.

3. Results

Membranes derived from cells of clone SN22, which was
generated following transfection of neuroblastoma x glioma
hybrid, NG108-135, cells with a plasmid containing a cDNA
encoding the human f2-adrenoceptor [3,6], were examined for
expression of this receptor by measuring the specific binding of
3500
3000
2500
2000

1500

1000

HIDHA binding
{fmol/mg membrane protein)

500

0 _,.‘_,) 1 1 1 1 ]
0 1078 1078 1077 10
[BAAM] (M)

Fig. 1. Treatment of clone AN22 cells with BAAM prevents subsequent
binding of PH]DHA. Clone SIN22 cells in tissue culture were untreated
or treated with varying concentrations of BAAM for 4 h. Cells were
subsequently harvested and membranes prepared. The specific binding
of PHIDHA (2 nM) to these membranes was subsequently assessed as
described in section 2.
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Fig. 2. Treatment of clone SN22 cells with BAAM restricts 52-adreno-
ceptor but not [P prostanoid receptor agonist-mediated down-regula-
tion of G,a. AN22 cells were untreated (control) or treated with BAAM
(10 M) for 4 h, washed extensively and then either lefl in the absence
of ligand (CON) or challenged with iloprost (10 #M) (ILO} or isopre-
naline (10 zM) (ISO} for 8 h. The cells were harvested, membranes
generated and immunoblotted for the presence of G,2. Data are pre-
sented as means * 8.D. from 3 separate experiments.

the B-adrenoceptor antagonist PH]DHA (2 nM). Exposure of
clone AN22 cells to varying concentrations of the irreversible
[-adrenoceptor antagonist BAAM for 4 h prier to cell harvest
and membrane preparation resulted in a decrease in the number
of detectable specific binding sites for ["HJDHA (Fig. 1). In the
absence of BAAM some 3000 fmol/mg membrane protein of
B2-adrenoceptor binding sites were available in the passapes of
the cells used to specifically bind [PH]JDHA and this was re-
duced by approximately 90% by treatment with 10 4uM BAAM.
Half-maximal reduction in specific PHJDHA binding was ob-
tained by treatment with some 30 nM BAAM.

Sustained (8 h) exposure of clone AN22 cells to maximally
effective concentrations of either the IP prostanoid receptor
agonist, iloprost (10 zM) or the f-adrenoceptor agonist isopre-
naline (10 uM) resulted in some 50% down-regulation of cellu-
lar levels of the a subunit of the stimulatory G-protein of the
adenylyl cyclase cascade, G, (Fig. 2). Such treatments did not
alter cellular levels of other G-proteins expressed by these cells
(data not shown but see [5]). Following pretreatment of the cells
with BAAM (10 2M, 4 h) no alteration in the ability of this
concentration of iloprost to down-regulate G,a was noted. By
contrast, a substantial reduction in the effect of 10 4M isopre-
naline was observed (Fig. 2). This pattern of reduced effective-
ness of isoprenaline to cause down-regulation of G,@ was ob-
served over a range of isoprenaline concentrations (Fig. 3a,b)
following treatment with 10 uM BAAM. At all concentrations
of isoprenaline tested the degree of down-regulation of G, was
reduced and there was a substantial shift (some 50-fold) to
higher concentrations in the requirement for isoprenaline to
cause half-maximal reduction in G, levels (Fig. 3b). By con-
trast, no significant alteration in the dose-effect curve for
iloprost-mediated G,x down-regulation was observed following
such treatment with BAAM (data not shown).

Preincubation of cells of clone AN22 with varying concentra-
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tions of BAAM (1 nM-10 M) followed by subsequent expo-
sure to a maximally effective dose of isoprenaline (10 uM)
demonstrated that the ability of the agonist to cause G down-
regulation was compromised as increasing numbers of the §2-
adrenoceptor were eliminated (Fig. 4). Half-maximal reduction
in the ability of 10 4M isoprenaline to cause elimination of G.a
was obtained following treatment with 100 nM BAAM (Fig. 4).
Even following treatment with 10 4M BAAM the maximal
ability of isoprenaline to stimulate adenylyl cyclase activity in
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Fig. 4. The effect of BAAM on isoprenaline-induced down-regulation
of G.a; dose—effect analysis. Cells of clone AN22 were untreated or
treated for 4 h with varying concentrations of BAAM and subsequently
with isoprenaline (10 4M, 8 h). Relative levels of G,2 in membranes
from these cells were then assessed immunologically. Data is presented
as the % of the membrane G, which was downregulated by isoprenal-
ine at each concentration of BAAM.

membranes of JN22 cells was only slightly lower than in mem-
branes of untreated cells although the dose—effect curve for
isoprenaline was shifted to significantly higher concentrations
(Fig. 5). Overall, these results demonstrate that the degree of
agonist-mediated down-regulation of G, reflects the number
of receptors available to agonist.

4. Discussion

Although agonist-induced down-regulation of receptors has
been studied for many vears and is appreciated to provide a
means to regulate cellular sensitivity to agonist ligands [13] the
concept that agonist treatment can also regulate the cellular
content of G-proteins has taken longer to be accepted and has
been more recalcitrant to analysis. In a variety of circumstances
sustained exposure of a cell to an agonist ligand does result in
a substantial reduction in cellular levels of the G-protein(s)
which is activated by the receptor (see [1] for review). However,
such effects are not observed for all systems and for all agonists.
For example, in the neuroblastoma x ghioma hybrid cell line,
NG108-15, treatment with agonists at the IP prostanoid recep-
tor but not with agonists at either the adenosine A2 or secretin

«—

Fig. 3. BAAM treatment of clone SN22 cells reduces the potency of
isoprenaline-mediated G,o down-regulation. Cells of clone FN22 were
untreated ot treated with BAAM (10 uM, 4 h) and subsequently chal-
lenged with varying concentrations of isoprenaline for 8 h. Membranes
were prepared and the relative levels of Gy determined immunologi-
cally. (a) Jmmunobiots. (A) Treated with BAAM, (B) not treated with
BAAM. Subsequent treatment with isoprenaline: 1, control; 2, 100 pM;
3, 1 nM; 4, 10 nM: 5, 100 nM; 6, 1 uM; 7, 10 uM. (b) Quantitative
analysis. The data of Fig. 3a was analysed and is displayed as the %
of maximal effect of isoprenaline {produced by 10 zM) cn membrane
levels of G,2. In the example displayed the estimated ECy, for isoprenal-
ine-induced down-regulation of G was 1.3 nM in the cells which had
not been exposed to BAAM (filled symbols) and 78 nM in the cells
which had been pretreated with BAAM (open symbols). Similar results
were obtained in two other independent experiments.
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Fig. 5. The effect of BAAM on isoprenaline stimulation of adenylyl
cyclase activity. Membranes were prepared from control {(open sym-
bols) and BAAM (10 M, 4 h)-treated (filled symbols) SN22 cells and
the ability of varying concentrations of isoprenaline to stimulate ade-
nylyl cyclase activity measured. Results are presented as % of the
maximal effect of isoprenaline in membranes of untreated cells.

receptors results in a substantial down-regulation of G even
though all of these receptors couple to Gy and thus cause
activation of adenylyl cyclase [2,3]. As addition of analogues of
CAMP or agents able to elevate intracellular cAMP in a non-
receptor-dependent fashion is unable to mimic the effect of
prostanoid agonists [3] we have argued that the differences
between the receptor ligands is unlikely to represent the ability
of each receptor to activate adenylyl cyclase and may reflect the
levels of cellular expression of each receptor [4]. This, however,
has been difficult to establish clearly in these cells as only
agonist *H-ligands are available for use in binding studies for
the IP prostanoid and secretin receptors and there have been
concerns as to whether ligands for the adenosine A2 receptor
may label other sites [14] such as the adenosine transporter.
We have recently established clonal cell lines following trans-
fection of NG108-15 cells with a ¢cDNA encoding the human
[B2-adrenoceptor [5,6] and indeed a clone expressing high levels
of the receptor (some 4,000 fmol/mg membrane protein) re-
sponded to challenge with isoprenaline by down-regulating lev-
¢ls of G,a whereas little effect was observed in a Ilcone express-
ing much lower levels (300 fmol/mg membrane protein) of the
receptor [S]. While such results provide strong supportive evi-
dence for the concept that agonist-mediated G-protein down-
regulation is likely to reflect levels of expression of a receptor
they suffer from the fact that they had to be performed on
different individual clonal isolates. To counteract this concern
in the present study we have used a single clone (N22) which
expresses relatively high levels of the f2-adrenoceptor and then
limited access of isoprenaline to the receptor by pretreating the
cells with varying concentrations of the irreversible S-adreno-
ceptor antagonist BAAM. We make a number of key observa-
tions. (i) BAAM (10 M, 4 h) treatment of clone fN22 cells
results in a substantial reduction in the maximal down-regula-
tion of Ga which can be achieved by isoprenaline without
altering the amount of down-regulation of Ga produced by
occupancy of the IP prostanoid receptor by iloprost (Fig. 2).
(ii} Half-maximal down-regulation of G, which can be pro-
duced by isoprenaline required substantially higher levels of the
agonist following treatment with BAAM (10 uM) compared to
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the control cells (Fig. 3). (iii) Dose-effect curves for iloprost-
mediated down-regulation of G were unaffected by treatment
with BAAM. (iv) Treatment of clone SN22 cells with a concen-
tration of BAAM sufficient to reduce the amount of PHIDHA
to some 300 fmol/mg membrane protein substantially reduced,
but did not eliminate entirely, isoprenaline-induced down-regu-
lation of G,. Such treatment, however, resulted in only a small
reduction in the maximal ability of isoprenaline to stimulate
adenylyl cyclase activity. (v} A 50% reduction in the maximal
ability of isoprenaline to regulate G, levels was produced by
treatment of the cells with 100 nM BAAM, a concentration able
to block agonist access to some 70% of the receptor population.

These data demonstrate directly that the degree of G-protein
down-regulation observed is related to the number of receptors
available for the agonist ligand to occupy and not to the ability
of this receptor occupancy to result in the activation of adenylyl
cyclase. This should be anticipated as previous studies have
shown that such effects are restricted to the G-protein activated
by the receptor [1,3,15], that the effect is a reflection of en-
hanced degradation of the G-protein without significant tran-
scriptional of translational control [1,16], that it is not mim-
icked by treatment with analogues of cAMP [3] and because
mutationally activated G-protein a subunits are known to have
reduced half-lives compared with the wild type proteins [1,17].
Thus, if greater levels of available receptors are able to activate
more copies of the G-protein then greater down-regulation of
this polypeptide should be anticipated. However, the observa-
tions that reduction of f2-adrenoceptor availability levels in
clone AN22 cells to some 300 fmol/mg membrane protein still
resulted in a detectable down-regulation of G,& whereas this
was not observed in clone AN17 which expresses this level of
receptor endogenously [5] clearly demonstrates that it is unwise
to extrapolate results from data obtained in different clonal
isolates.

G is expressed at some 1.25 x 10° copies per cell and the
IP prostanoid receptor at some 10° copies per cell in NG108-15
cells and in the transfected clonal cell lines derived from it [18].
In clone fN22 the A2-adrenoceptor is expressed at some 3-4-
fold higher levels than the IP prostanoid receptor [5,6]. We have
previously calculated that the IP prostanoid receptor can acti-
vate some 65% of the cellular G,a in NG108-15 cells [19] and
therefore if the f2-adrenoceptor is able to activate the G-pro-
tein with similar stoichiometry then less than maximal occu-
pancy of this receptor would be expected to result in maximal
down-regulation of G,@ as indeed we observe herein.

It should be noted that in this system each 10% down-regula-
tion represents a loss of some 10° copies per cell of G, The
inability to observe detectabie G-protein down-regulation in a
range of systems may thus be a reflection of a combination of
the levels of receptor expression and that of the G-protein.
Clearly in cells which express high levels of a G-protein, agonist
may be able to cause down-regulation of only a small fraction
of the polypeptide and this would be virtually undetectable
when measured immunologically. Equally it is unlikely to be
observed with agonists at receptors which are expressed at only
low levels. This may then provide the explanation for the inabil-
ity of either secretin or an A2 adenosine receptor agonist to
alter G, levels detectably in NG108-15 cells [2,20]. The use of
irreversible antagonists at a range of receptor systems will allow
assessment of whether the conclusions reached in this study are
widely applicable.



170

Acknowledgements: These studies were supported by a MRC project
grant to G.M.

References

[1] Milligan, G. (1993) Trends Pharmacol. Sci. 14, 413-418.

[2] Kelly, E., Keen, M., Nobbs, P. and MacDermot, J. (1990) Br. I.
Pharmacol. 99, 306-316.

[3] McKenzie, FR. and Milligan, G. (1990) J. Biol. Chem. 265,
17084--17093.

[4] Milligan, G. and Green, A. (1991) Trends Pharmacol. Sci. 12,
207-209,

[5] Adie, E.J. and Milligan, G. (1994) Biochem. J. 300, 709-715,

[6] Adie, E.J. and Milligan, G. (1994) Biochem. J. 303, 803-808.

[7] Gunning, P., Leavitt, J.,, Muscat, G., Ng, 8.Y. and Kedes, L.
(1987) Proc. Natl. Acad. Sci. USA 84, 4831-43835.

[8] Milligan, G. {1987) Biochem. J. 245, 501-505,

[9] Milligan, G. and Unson, C.G. (1989) Biochem. J. 261, 837-841.

G.-D. Kim, G. Milligan! FEBS Letters 355 (1994) 166-170

[10] McKenzie, F.R. and Milligan, G. (1990) Biochem. J. 267, 391-398.

[11] Milligan, G., Streaty, R.A., Gierschik, P., Spiegel, A.M. and Klee,
W.A. (1987) ). Biol. Chem. 262, 8626-8630.

[12] Johnson, R.A. and Salomon, Y. (1991) Methods Enzymeol. 195,
3-21.

[13] Lohse, M.J. (1993) Biochim. Biophys. Acta 1179, 171-189,

[14] Keen, M., Kelly, E., Nobbs, P. and MacDermot, J. (1989) Bio-
chem. Pharmacol. 38, 3827-3833.

[15] Mullaney, L., Dodd, M.W.,, Buckley, N.J. and Milligan, G. (1993)
Biochem. J. 289, 125-131.

f16] Mitchell, F.M., Buckley, N.J. and Milligan, G. (1993) Biochem.
J. 293, 495-499.

[17] Levis, M.J. and Bourne, H.R. (1992) I. Cell. Biol. 119, 1297-1307.

[18] Kim, G.D., Adie, E.J. and Milligan, G. (1993) Eur. J. Biochem.
219, 135-143.

[19] Adie, E.J., Mullaney, 1., McKenzie, F.R. and Milligan, G. (1992)
Biochem. J. 285, 529-516.

[20] McKenzie, F.R., Adie, E.J. and Milligan, G. {1991) Biochem. Soc.
Trans. 19, 818.



