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ABSTRACT

Prolonged G;,, protein-coupled receptor activation has been
shown to lead to receptor internalization and receptor desen-
sitization. In addition, it is well established that although acute
activation of these receptors leads to inhibition of adenylyl
cyclase (AC), long-term activation results in increased AC ac-
tivity (especially evident on removal of the inhibitory agonist), a
phenomenon defined as AC superactivation or sensitization.
Herein, we show that chronic exposure to agonists of G;-cou-
pled receptors also leads to a decrease in cholate detergent
solubility of G protein subunits, and that antagonist treatment
after such chronic agonist exposure leads to a time-dependent
reversal of the cholate insolubility. With Chinese hamster ovary
and COS cells transfected with several G;,,-coupled receptors
(i.e., u- and k-opioid, and m,-muscarinic), we observed that

although no overall change occurred in total content of G ;- and
B4-subunits, chronic agonist treatment led to a marked reduc-
tion in the ability of 1% cholate to solubilize G, as well as G
This solubility shift is exclusively observed with G, and was
not seen with G_.. The disappearance and reappearance of G,
and G, subunits from and to the detergent-soluble fractions
occur with similar time courses as observed for the onset and
disappearance of AC superactivation. Lastly, pertussis toxin,
which blocks acute and chronic agonist-induced AC inhibition
and superactivation, also blocks the shift in detergent solubility.
These results suggest a correlation between the solubility shift
of the heterotrimeric G; protein and the generation of AC su-
peractivation.

The heterotrimeric G proteins serve as central signaling
molecules responsible for connecting cellular signals trans-
duced from seven transmembrane domain receptors to their
respective effectors. Early work focused on the G, subunit in
terms of its modulatory activity, but more recently, Gg,
dimers have been shown to have important signaling prop-
erties of their own and to regulate the activity of some well
characterized effectors, including several adenylyl cyclase
(AC) isozymes, Ca®?" and K* channels, phospholipase C-fs,
and the extracellular signal receptor-activated/mitogen-acti-
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vated protein kinase pathways (Federman et al., 1992; Wu et
al., 1993; Crespo et al., 1994; Herlitze et al., 1996; Clapham
and Neer, 1997).

Chronic G protein-coupled receptor activation has been
shown to lead (with most receptors) to a reduction in the
ability of the receptor to respond to its agonist. This process
is due to receptor desensitization (mediated by receptor phos-
phorylation) and by agonist-induced receptor internalization
(Krupnick and Benovic, 1998; Pitcher et al., 1998). However,
it seems that with many (or all) G,,-coupled receptors,
chronic agonist exposure has additional effects that are man-
ifested at both G protein and effector levels. For example,
acute activation of Gy/-coupled receptors by the appropriate
agonists has been shown to inhibit AC activity in a dose-
dependent manner. Conversely, long-term activation of these

ABBREVIATIONS: AC, adenylyl cyclase; PTX, pertussis toxin; CHO, Chinese hamster ovary; IBMX, 1-methyl-3-isobutylxanthine; FS, forskolin;
DMEM, Dulbecco’s modified Eagle’s medium; PAGE, polyacrylamide gel electrophoresis.
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inhibitory receptors was found to lead to an increase in AC
activity in a time- and dose-dependent manner. This phe-
nomenon has been termed AC superactivation, or sensitiza-
tion, and is especially prominent on removal of the inhibitory
agonist (Sharma et al., 1975; Avidor-Reiss et al., 1995a, 1996;
Thomas and Hoffman, 1996; Palmer et al., 1997; Nevo et al.,
1998). Loss of the superactivated state is also a time-depen-
dent process, and efficient wash or incubation with antago-
nist leads to a gradual decrease in AC superactivation until
the normal level of AC activity is reached. AC superactiva-
tion has been shown to be dependent on sustained activation
of heterotrimeric G/, proteins and is blocked by pertussis
toxin (PTX) treatment (Avidor-Reiss et al.,, 1995a, 1996;
Palmer et al., 1997). In addition, molecules that sequester
Gg,-dimers were found to block the superactivation of AC
isoforms V and VI, indicating a role for G4, in the mediation
of AC superactivation (Avidor-Reiss et al., 1996; Thomas and
Hoffman, 1996).

Various groups have investigated whether chronic activa-
tion of G;,-coupled receptors leads to a change in the concen-
tration of various G, and G, subunits in the exposed cells.
For example, a reduction in G,;; was found after chronic
exposure of mixed cultures of dorsal root ganglion-spinal cord
neurons to k-opioid agonists (Attali and Vogel, 1989). A de-
crease in G, G,3, and Gg subunits was reported after
chronic A3-adenosine agonist treatment, although it was
claimed that this reduction in G; proteins was not responsible
for the sensitization of AC (Palmer et al., 1997). In addition,
a reduction in G,; and an increase in G_, were reported on
chronic morphine exposure in primary cultures of rat striatal
neurons (van Vliet et al., 1991). In contrast, several other
laboratories did not observe any changes in G, or Gg, con-
centrations in cells treated chronically with opioids or with
other G,/,-coupled receptor agonists (Chen and Rasenick,
1995; Ammer and Schulz, 1997).

It was recently shown that agonist stimulation (e.g., bra-
dykinin bound to B,BK receptors) promotes sequestration of
G,, and G, into the detergent-insoluble caveolin-rich frac-
tions (de Weerd and Leeb-Lundberg, 1997). It was therefore
of interest to investigate whether the changes in AC activity
after chronic agonist exposure and after removal of the
chronic agonist could be correlated with changes in detergent
solubility.

In this article, we demonstrate with COS and Chinese
hamster ovary (CHO) cells transfected with either p-opioid,
k-opioid, or m,-muscarinic receptors that chronic receptor
activation leads to a decrease in the cholate detergent solu-
bility of G,; subunits and Gg, (probably present as Gg,
dimers), whereas it did not change the solubility of G or the
total content of G,; and Gg, in the cells. This detergent
solubility shift occurs in a time-dependent manner that cor-
relates with the onset of AC superactivation. In addition, the
phenomenon is reversible and blocked by PTX. This data
shows that chronic receptor activation leads to changes at the
G protein level and allows us to present a model for the role
of G;,, heterotrimers in AC superactivation.

Experimental Procedures

Materials. [°’H-2]adenine (18.0 Ci/mmol) was purchased from
American Radiolabeled Chemicals (St. Louis, MO). Morphine was
obtained from the National Institute on Drug Abuse, Research Tech-
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nology Branch (Rockville, MD). The phosphodiesterase inhibitors
1-methyl-3-isobutylxanthine (IBMX) and RO-20-1724 were from
Calbiochem (La Jolla, CA). Forskolin (FS), BSA, cAMP, sodium
cholate, and carbachol were purchased from Sigma Chemical Co. (St.
Louis, MO). Tissue culture reagents were from Gibco-BRL (Be-
thesda, MD).

Cell Cultures. COS-7 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 5% fetal calf serum,
100 U/ml penicillin, and 100 pg/ml streptomycin in a humidified
atmosphere consisting of 5% CO, and 95% air, at 37°C. CHO cells
expressing k- (CHO-k) or u- (CHO-u) receptors have been described
previously (Avidor-Reiss et al., 1995a,b), and were cultured in
DMEM supplemented with 8% fetal calf serum, nonessential amino
acids, 2 mM L-glutamine, 100 U/ml penicillin, and 100 pg/ml strep-
tomycin in a humidified atmosphere consisting of 5% CO, and 95%
air, at 37°C.

Transfection of COS Cells. COS-7 cells in 10-cm culture plates
were transfected by the DEAE-dextran chloroquine method (Avidor-
Reiss et al., 1996) with 2 pg/plate of either rat p-opioid receptor
c¢DNA in pCMV-neo (obtained from Dr. H. Akil, University of Mich-
igan, Ann Arbor, MI), human m,-muscarinic receptor cDNA in pcD
(provided by Dr. T. Bonner, National Institutes of Health, Bethesda,
MD), or B-galactosidase cDNA in pcDNAIII. Transfection efficiency,
determined by transfection with the cDNA for p-galactosidase and
cell staining (Avidor-Reiss et al., 1997) was in the range of 60 to 80%.

AC Assay. The assay was performed as described previously
(Avidor-Reiss et al., 1995a; Bayewitch et al., 1998a). In brief, CHO-n
cells cultured in 24-well plates were incubated for 2 h with 0.25
ml/well of fresh growth medium containing 5 wCi/ml of [*’H]adenine.
This medium was replaced with DMEM containing 20 mM HEPES
(pH 7.4), 1 mg/ml BSA, 0.5 mM IBMX, and 0.5 mM RO-20-1724. F'S
at 1 uM final concentration was then added and the cells incubated
at 37°C for 10 min. The reactions were terminated by adding to the
cell layer 1 ml of 2.5% perchloric acid containing 0.1 mM unlabeled
cAMP. Aliquots of 0.9 ml were then neutralized with 100 ul of 3.8 M
KOH and 0.16 M K,CO5 and applied to a two-step column separation
procedure. The [*H]cAMP was eluted into scintillation vials and
counted.

Preparation of Crude Membrane Fraction and Cholate De-
tergent Extraction. CHO-u, CHO-k, as well as - or m,-muscarinic
transfected COS-7 cells, were grown to 70 to 80% confluency on
10-cm plates and exposed to the appropriate agonists as indicated.
Cells were then scraped in 1 ml/plate of lysate buffer (10 mM Tris,
pH 7.4, 150 mM NaCl, 50 mM KCl, and 1 mM EDTA) containing the
protease inhibitors aprotinin (2 ug/ml), pepstatin (2 wg/ml), phenyl-
methylsulfonyl fluoride (100 uM), and benzamidine (100 nM), and
lysed by transferring the suspension 10 times through a 21-gauge
needle. Nuclei were cleared from the lysates by centrifugation in
Eppendorf tubes at 5,000 rpm (2,000g) for 5 min at 4°C. Superna-
tants (1 ml, corresponding to one culture plate) were then trans-
ferred to fresh tubes and centrifuged at 14,000 rpm (16,000g) for 45
min at 4°C. We found that under these centrifugation conditions, >
98% of the G protein 3;-subunits were recovered in the pellet fraction
compared with airfuge centrifugation (40 min at 100,000g). The
resulting pellets containing the crude membrane fraction (~125 ug
of protein) were then resuspended in 20 ul of 50 mM Tris, pH 8.0, 10
mM EDTA, and 1% sodium cholate, and the mixture was allowed to
stand on ice for 30 min. All samples were then centrifuged at 14,000
rpm (16,000g) for 10 min at 4°C. The supernatants containing the
cholate-soluble membrane proteins and the pellets containing the
cholate-insoluble proteins were separately mixed with final concen-
tration of 1X Laemmli sample buffer containing 0.1 M dithiothreitol
and boiled for 5 min, and equivalent fractions (each originating from
one quarter of a culture dish containing ~22 ug of cholate-soluble
and 8 pg of cholate-insoluble protein) were analyzed by SDS-poly-
acrylamide gel electrophoresis (PAGE). In a few control experiments,
we have used airfuge centrifugation (40 min at 100,000g) to pellet
the cholate-insoluble fraction. We found that this change in proce-
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dure did not appreciably affect the ratio of cholate-soluble to cholate-
insoluble G protein subunits. More than 90% of the Gg; pelleted at
100,000g after cholate treatment could be sedimented by a 10-min
spin at 16,000g. The 16,000g centrifugation had the advantage of
easier handling of the pellets, which could be treated with Laemmli
sample buffer in the same tube used for the centrifugation.

SDS-PAGE and Western Blotting. Proteins were separated on
10% polyacrylamide gel and transferred to nitrocellulose. The nitro-
cellulose was blocked in PBS containing 5% w/v fat-free powdered
milk and 0.5% Tween 20 for 1 h followed by 1.5-h incubation with the
appropriate antibodies at room temperature in blocking buffer. The
following antibody preparations, all at dilutions of 1:1000, were used:
RA-polyclonal against Gg, (Bayewitch et al., 1998a), AS-polyclonal
against G,; (Goldsmith et al., 1987), and RM-polyclonal against G
(Simonds et al., 1989). The blots were then washed three times with
1X PBS containing 0.3% Tween 20 for 15 min each. Secondary
antibody was horseradish peroxidase-coupled goat anti-rabbit (Jack-
son ImmunoResearch, West Grove, PA), diluted 1:20,000 in blocking
buffer. The secondary antibody was incubated with the blot for 1 h
and the blot extensively washed (>2 h) with PBS containing 0.3%
Tween 20. The peroxidase activity on the blots was visualized by the
enhanced chemiluminescence technique (Amersham, Arlington
Heights, IL).

Results

Chronic Opioid Treatment Leads to Reduction in
Cholate Solubility of Heterotrimeric G; Subunits and
Does Not Affect Solubility of G_.. In search of long-term
effects of agonist treatments on the heterotrimeric G pro-
teins, we investigated the membrane content of G; proteins
after chronic opioid agonist exposure. It was shown previ-
ously that heterotrimeric G proteins can be readily extracted
from crude cell membrane preparations with sodium cholate
(Northup et al., 1980). Figure 1 shows that chronic morphine
treatment (18 h with 1 uM morphine) of CHO-u cells leads to
a marked decrease (~70%) in the amount of Gg; in the
cholate-soluble membrane fraction. Conversely, an increase
in Gy, levels was observed in the particulate fraction that
was resistant to solubilization by cholate. Moreover, with
antibodies that selectively bind to G_;-subunits, we found
that the same pattern of solubility shift occurs for the G;-
subunit on chronic exposure to morphine, indicating a trans-
location of G,; and G, (and probably of the heterotrimeric G;
protein) from the detergent-soluble to the insoluble fraction

Particulate Soluble
Chronic ﬁh *
morphine = + = 4
GBI - e
chi —— s e

Cas— oy - o o -

Fig. 1. Chronic activation of u-opioid receptor leads to a loss of G, and
Gy, from the cholate-soluble crude membrane fraction and to their in-
crease in the particulate fraction. CHO-pu cells were either treated or not
treated with morphine (1 uM; 18 h). Both cholate-soluble extracts and
nonsoluble (particulate) fractions (see Experimental Procedures) were
analyzed for G,;, Gg;, and G, with the appropriate antibodies. A repre-
sentative gel is shown of three experiments that yielded similar results.

on chronic morphine exposure. As a control, we investigated
the pattern of solubility of G, both the long and short
isoforms of G_, are present in CHO cells, although the long
form predominates (Fig. 1; Newman-Tancredi et al., 1999).
We did not observe any changes in the solubility of either
form when comparing nontreated and morphine-treated
cells. This difference between G, and G, is in agreement
with the lack of coupling between opioid receptors and G
subunits.

To show that this finding is not limited to CHO cells and
the u-opioid receptor, we have investigated transiently trans-
fected COS-7 cells expressing the p-opioid or m,-muscarinic
receptors, as well as stably transfected CHO cells expressing
the k-opioid receptor (Fig. 2). Initial observations with
wp-transfected COS cells indicated that the total amount of
membrane-associated G proteins (with respect to both G_;
and Gg, content in crude membrane fractions directly solu-
bilized in 1X Laemmli sample buffer) was not altered by the
chronic exposure to morphine (Fig. 2a). Conversely, cholate-
soluble extracts from crude membrane preparations con-

A. Total SDS-Solubilized Protein (COS-11)
Chronic

morphine - + - +
G o e GBr"‘ -
B. Cholate Solubilization of G, Protein
Chronic  COS-Bgal COS- COS-m,
agonist - + - + i +
o o B — -
Chronic M CHO-x

agonist

-+ -+
GBT"’- -

C. Cholate Solubized Gg; (CHO-y)
Chronic
morphine = + = +

GBI—F

-PTX

+ PTX

Fig. 2. Reduction in cholate solubility of G, subunits after chronic acti-
vation of G;,,-coupled receptors. A, Western blot analysis of G, and G, in
crude membrane fractions (originating from one quarter of a 10-cm cul-
ture dish) from p-transfected COS cells with and without chronic mor-
phine (1 pM; 18 h) treatment. B, transfected COS cells or CHO cells were
treated where indicated for 18 h with the appropriate receptor agonist.
The figure shows the results of separate experiments showing Western
blot analysis of Gg, in aliquots (see Experimental Procedures) of 1%
cholate-solubilized membrane fractions obtained from control COS cells
(transfected with B-galactosidase) and from COS cells transfected with
either u-opioid or m,-muscarinic receptor; as well as from CHO cell lines
expressing either u- or k-opioid receptors. Agonist concentrations were 1
uM morphine (for u-opioid receptor and B-gal transfected cells), 0.1 uM
carbachol for m,-muscarinic, and 1 uM U69593 for «-opioid receptors. C,
CHO-p cells were pretreated with 100 ng/ml PTX for 18 h. During the last
8 h, the cells also were exposed to 1 uM morphine. The cholate-soluble
membrane extracts were analyzed for Gg,. The results shown with COS
cells represent one of four repetitions, and the results with CHO-u and -«
are representatives of two repetitions with similar results.
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tained less Gp,; after chronic agonist treatment compared
with control, untreated cells (Fig. 2b). This was shown herein
for COS-7 and CHO cells expressing the p-opioid receptor
after 18 h morphine treatment, as well as for CHO cells
expressing the k-opioid receptor chronically treated with the
k-agonist U-69593, and for COS cells transfected with the
m,-muscarinic receptor after treatment with the muscarinic
agonist carbachol (1 uM; 18 h). On average, the decrease in
detergent solubility of G, was between 50 and 80% (based on
density quantitation of the developed Western blots). In ad-
dition, Fig. 2b shows that COS-7 cells that were control
transfected with B-galactosidase cDNA lacked the sensitivity
to chronic morphine treatment, and the G, subunit’s cholate
solubility did not differ in morphine-treated compared with
control cells. These results demonstrate that the solubility
shift is dependent on receptor activation and appears to be a
general phenomenon associated with chronic activation of
G;,,-coupled receptor signaling.

PTX Pretreatment Blocks G Protein Solubility Shift.
To further correlate G protein activation and the G protein
solubility shift, we studied whether treatments that block G
protein signaling could affect the change in G protein cholate
solubility. Herein, we show (Fig. 2¢) that PTX pretreatment,
which ADP-ribosylates the G;,, subunit and thus interferes
with the agonist-induced activation of G, and release of
Gyg,, also blocks the decrease in Gg, cholate solubility ob-
served in CHO-u cells treated chronically with morphine.
This demonstrates that G protein signaling is required for
the G protein detergent solubility shift.

Reduction of G,; and G; Subunit Cholate Solubility
by Chronic Morphine Is Time-Dependent and Corre-
lates with AC Superactivation. We and others have pre-
viously shown that chronic agonist activation of G,,,-coupled
receptors can lead to AC superactivation (Sharma et al.,
1975; Avidor-Reiss et al., 1995a,b, 1997; Thomas and Hoff-
man, 1996; Ammer and Schulz, 1997; Palmer et al., 1997).
The kinetics of the onset of AC superactivation for both
transiently transfected COS-7 cells expressing u-opioid or
D,-dopaminergic receptors and CHO cells that stably express
the p-opioid or Aj-adenosine receptor were previously ex-
plored (Avidor-Reiss et al., 1995a, 1996; Palmer et al., 1997;
Nevo et al., 1998). For example, with CHO-u cells, we re-
ported that AC superactivation reached half-maximal effect
after ~2 h of exposure to 0.32 uM morphine, with maximal
activity observed 4 to 6 h after the start of chronic treatment
(Avidor-Reiss et al., 1995a). In addition, we have shown that
the shift of AC to the superactivated state is dependent on
sustained activation of opioid receptors (Avidor-Reiss et al.,
1995a, 1996). To determine whether the shift observed
herein in G protein solubility could be related to the phenom-
enon of AC superactivation, we have investigated if the ki-
netics of the solubility shift observed on chronic morphine
treatment parallels the kinetics of the induction of AC super-
activation. Indeed, as shown in Fig. 3, CHO-p cells that were
treated with 1 uM morphine for increasing periods of time
showed a time-dependent decrease in the cholate solubility of
both G; and G, subunits. Quantitative densitometric anal-
ysis of Western blots for G,; and Gg; shows that maximal
decrease of these subunits in the cholate-soluble fraction was
observed to occur at ~4 h of morphine treatment. Half-
maximal decrease in the intensity of the bands was observed
at 1.5 h for both G,; and Gg,. These kinetics follow very
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closely those previously observed for the development of AC
superactivation in cells on exposure to 0.32 uM morphine
(Fig. 3b; Avidor-Reiss et al., 1995a).

We have previously shown that the superactivated state of
AC is gradually lost after the withdrawal of the chronically
applied agonist (Avidor-Reiss et al., 1995a, 1996). We have
therefore studied whether the chronic agonist-induced de-
crease in cholate solubility of G,; and G, could be reversed
after agonist withdrawal. CHO-p cells that were chronically
treated (for 18 h) with 1 uM morphine were extensively
washed (to remove the morphine) and were allowed to incu-
bate for increasing periods of time in the absence of mor-
phine. Subsequently, the cholate-soluble amounts of G_; and
Gy, were determined. The results show (Fig. 4) that after
agonist withdrawal, the G,; along with the Gz, subunits
returned to the cholate detergent-soluble fraction in a time-
dependent manner. This return to the cholate-soluble frac-
tion achieved a plateau level after 1.5 to 2 h of antagonist
treatment. The half-life of this recovery for both G,; and Gg,
was ~1 h. Again, this time course resembles the kinetics of
the disappearance of AC superactivation after withdrawal in
chronic morphine-treated cells (Avidor-Reiss et al., 1995a,
1996). In addition, withdrawal conditions induced by the
addition of an opioid antagonist (e.g., naloxone, 1 uM) yielded
similar results as those obtained after wash-induced with-
drawal (data not shown). As a control, the levels of the G,

A.
GB—II- R - — - -
G| == — — -
Morphi
skt (HO) D 1 2 4 8 12
B.

400 ~

300 -

cAMP accumulation (% of control)

100 4

T T T T T T T T
o 3 I 15 20 25 30 35
Preincubation with morphine (hr}

Fig. 3. G, and Gy, disappear from the cholate-soluble fraction over a
time course that parallels the onset of AC superactivation. A, CHO-p cells
were treated for the indicated times with 1 uM morphine. At the end of
each treatment, the cell membranes were cholate extracted and aliquots
were applied to SDS-PAGE and Western blot analysis for G4, and G,,;.
The figure shows a representative gel of two experiments that yielded
similar results. B, kinetics of the onset of AC superactivation. CHO-u
cells were incubated with 0.32 uM morphine for the indicated times,
followed by withdrawal of the inhibitory agonist by rapid wash and the
immediate addition of 1 uM naloxone and 1 uM F'S at the start of the AC
assay. Control represents FS-stimulated AC activity in the absence of
morphine preincubation. Data show the increase in cAMP accumulation
as a function of time with morphine and represent the means = S.E. of
triplicate determinations of a representative experiment of three exper-
iments that gave similar results; 100% represents 1283 + 55 cpm of
cAMP.
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isoforms were examined and it was found that their cholate
solubility was not affected by the withdrawal process, indi-
cating that the changes occurring during the chronic treat-
ment and their reversal after withdrawal are specific to the G
protein subtypes that are coupled to the activated receptor.

Discussion

The molecular mechanism underlying opiate drug addic-
tion relies on the ability of opioid agonists to activate both
short- and long-term signal transduction events, with the
latter leading to alterations in the state of the signaling
complex. One of the changes observed to occur on chronic
exposure to morphine is the generation of AC superactiva-
tion. The observation that increased levels of cAMP are found
in mammalian cells and tissues chronically exposed to opioid
agonists is not new (Sharma et al., 1975; Nestler et al., 1993),
but it is only recently that some of the molecular events that
could lead to such changes in AC regulation have begun to be
revealed (Avidor-Reiss et al., 1996; Ammer and Schulz, 1997;
Bayewitch et al., 1998b). Herein, we present evidence for an
intrinsic change in the biochemical characteristics of the
heterotrimeric G proteins based on their ability to be solubi-
lized in the anionic detergent cholate, and suggest that this
alteration in solubility could represent a change in cellular
signaling, including the regulation of AC activity in response
to long-term activation of G;,,-coupled receptors.

Long-term agonist exposure has been shown to lead to
changes in the intensity of signaling. Most of the mechanisms
reported so far have been concerned with alterations of sig-
naling at the receptor level. For example, it was shown that
the receptor can be uncoupled from the G protein due to 1)
agonist-induced receptor phosphorylation (Krupnick and
Benovic, 1998; Pitcher et al., 1998), 2) receptor sequestration
(Raynor et al., 1994), and 3) receptor down-regulation
(Campbell et al., 1990). Herein, we would like to suggest that
the chronic treatment also leads to a change at the G protein
level, whereby the G protein undergoes a biochemical or
compartmental alteration that is manifested by a change in
its detergent solubility. We have shown herein that chronic
activation of the u-opioid receptor leads to a time-dependent
shift in the detergent solubility of both G,; and G4, subunits.
The change in Gg, solubility very likely signifies a change in
detergent solubility of G, dimers because most, if not all, of
G is known to be tightly bound to y-subunits (Simonds et al.,
1991). Moreover, because this detergent solubility shift has

Time(r) 0 05 1 15 2 3

Fig. 4. Reappearance of G,; and Gy, in the cholate-soluble fractions after
withdrawal from chronic morphine treatment. CHO-u cells were incu-
bated with 1 uM morphine for 18 h followed by extensive wash of the cells
and replacement of the culture medium with morphine-free medium for
the times indicated before the preparation of membranes and cholate
extraction of membrane proteins. Soluble cholate fractions were analyzed
by Western blotting for G,;, Gg,, and G,,.. The figure shows a represen-
tative experiment of three with similar results.

been found with all three G;,, -coupled receptors tested (i.e., u,
k, and m,), this phenomenon is likely to be common to all, or
most, G,,,-coupled receptors. This conclusion is in agreement
with the finding that G is changing its detergent solubility
due to G,,-coupled receptor activation, whereas G, is not
affected.

The exact nature of the mechanism of the detergent solu-
bility shift in heterotrimeric G proteins after chronic treat-
ment is not clear, but there is room for speculation among a
number of possibilities. The protein may undergo a time-
dependent physical or chemical modification induced by the
chronic agonist exposure that alters its ability to be solubi-
lized, or the G protein may interact with other protein part-
ners that prevent its solubilization. For example, it may
translocate to detergent-insoluble microdomains that are
rich in glycosphingolipids, cholesterol, and glycosylphos-
phatidylinositol-anchored proteins (Varma and Mayor,
1998), or to caveolin-rich domains, termed caveolae, which
have been previously described (Kurzchalia et al., 1995).
Indeed, high concentrations of G proteins have been found in
detergent-insoluble caveolin-rich domains, and various G,
proteins (but not Gg,; Carman et al., 1999) were shown to
bind to the N-terminal domain (residues 61-101) of caveolin
1 (Li et al., 1995). Moreover, it was reported that receptor
activation (e.g., bradykinin activation of the B,BK receptor)
promotes the recruitment and sequestration of the occupied
receptors and of the receptor-coupled G,, proteins (e.g., G,
and G_,) into caveolae (de Weerd and Leeb-Lundberg, 1997).
It should however be noted that the results obtained by
several other laboratories suggested that G proteins are not
enriched in caveolae (Stan et al., 1996), and that there are no
obvious interactions between G proteins (a or By) and caveo-
lin (Huang et al., 1997).

Alternatively, the G proteins may bind to cytoskeletal ele-
ments of cells, such as actin or microtubules. In this regard,
it is of interest to note that there are reports suggesting that
Gg, (Roychowdhury and Rasenick, 1997), as well as G,, sub-
units (Aronin and DiFiglia, 1992), interact with the microtu-
bule cytoskeleton. Although further studies are necessary to
clarify the exact cause of the G protein solubility shift, there
is no doubt that these changes are specific because G,; is
affected by chronic opioid treatment, whereas G, is not.
Moreover, the phenomenon is reversible with both G_; and
Gg,, because these subunits return to the cholate-soluble
fraction after removal of the chronically applied agonist.

As described in Results, the level of the decrease in G
protein cholate solubility after chronic agonist exposure was
very high (amounting in several cases to 50-70% of the total
soluble G protein fraction). This recruitment of G proteins
into the insoluble fraction has rather slow kinetics. This
would tend to suggest that the receptor chronic activation
leads to a continuous turnover of G proteins into the cholate
insoluble pool. At this stage, we cannot distinguish whether
the large fraction of G proteins mobilized represents those
previously directly coupled to the overexpressed receptor, or
whether receptor coupling of only a small pool of the total G;
heterotrimer is sufficient to induce a wider G protein mobi-
lization due to cyclic recruiting of “new” G proteins.

The kinetics of both solubility shifts (out of the soluble
fraction and back into the soluble fraction) are similar to the
kinetics of the onset and loss of the superactivated state of
AC. Thus, the shift in solubility of the G, protein indicates a
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change whose main consequence could be an alteration of the
activity of the effector system (in this case AC). In addition,
CHO-p cells pretreated with PTX failed to show the charac-
teristic regulatory pattern described in non-PTX-treated cells
(i.e., inhibition of AC activity by acute agonist exposure and
AC superactivation on withdrawal from chronic agonist
treatment) (Avidor-Reiss et al., 1995b, 1996; Palmer et al.,
1997). These results lend support to the hypothesis that the
phenomenon of AC superactivation and the G protein solu-
bility shift are correlated.

References

Ammer H and Schulz R (1997) Enhanced stimulatory adenylyl cyclase signaling
during opioid dependence is associated with a reduction in palmitoylated Gy,. Mol
Pharmacol 52:993-999.

Aronin N and DiFiglia M (1992) The subcellular localization of the G-protein Gi
alpha in the basal ganglia reveals its potential role in both signal transduction and
vesicle trafficking. o Neurosci 12:3435-3444.

Attali B and Vogel Z (1989) Long-term opiate exposure leads to reduction of the
ai-subunit of GTP-binding proteins. J Neurochem 53:1636-1639.

Avidor-Reiss T, Bayewitch M, Levy R, Matus-Leibovitch N, Nevo I and Vogel Z
(1995a) Adenylylcyclase supersensitization in u-opioid receptor-transfected chi-
nese hamster ovary cells following chronic opioid treatment. J Biol Chem 270:
29732-29738.

Avidor-Reiss T, Nevo I, Levy R, Pfeuffer T and Vogel Z (1996) Chronic opioid
treatment induces adenylyl cyclase V superactivation. JJ Biol Chem 271:21309—
21315.

Avidor-Reiss T, Nevo I, Saya D, Bayewitch M and Vogel Z (1997) Opiate-induced
adenylyl cyclase superactivation is isozyme-specific.  Biol Chem 272:5040-5047.

Avidor-Reiss T, Zippel R, Levy R, Saya D, Ezra V, Barg J, Matus-Leibovitch N and
Vogel Z (1995b) k-Opioid receptor-transfected cell lines: Modulation of adenylyl
cyclase activity following acute and chronic opioid treatments. FEBS Lett 361:70—
74.

Bayewitch ML, Avidor-Reiss T, Levy R, Pfeuffer T, Nevo I, Simonds WF and Vogel
Z (1998a) Differential modulation of adenylyl cyclases I and II by various Gf
subunits. J Biol Chem 273:2273-2276.

Bayewitch ML, Avidor-Reiss T, Levy R, Pfeuffer T, Nevo I, Simonds WF and Vogel
Z(1998b) Inhibition of adenylyl cyclase isoforms V and VI by various G, subunits.
FASEB J 12:1019-1025.

Campbell P, Hnatowich M, O’Dowd B, Caron M, Lefkowitz R and Hausdorff W (1990)
Mutations of the human B,-adrenergic receptor that impair coupling to G, inter-
fere with receptor down-regulation but not sequestration. Mol Pharmacol 39:192—
198.

Carman CV, Lisanti MP and Benovic JL (1999) Regulation of G protein-coupled
receptor kinases by caveolin. J Biol Chem 274:8858—8864.

Chen J and Rasenick M (1995) Chronic antidepressant treatment facilitates G
protein activation of adenylyl cyclase without altering G protein content. J Phar-
macol Exp Ther 275:509-517.

Clapham DE and Neer EJ (1997) G protein By subunits. Annu Rev Pharmacol
Toxicol 37:167-203.

Crespo P, Xu N, Simonds W and Gutkind J (1994) Ras-dependent activaton of MAP
kinase pathway mediated by G-protein By subunits. Nature (Lond) 369:418—420.

de Weerd WFC and Leeb-Lundberg LMF (1997) Bradykinin sequesters B2 bradyki-
nin receptors and the receptor-coupled Ga subunits Gaq and Gai in caveolae in
DDT1 MF-2 smooth muscle cells. J Biol Chem 272:17858-17866.

Federman A, Conkiln B, Schrader K, Reed R and Bourne H (1992) Hormonal
stimulation of adenylyl cyclase through Gj-protein By subunits. Nature (Lond)
356:159-161.

Goldsmith P, Gierschik P, Milligan G, Unson CG, Vinitsky R, Malech HL and Spiegel

Agonists and Detergent Solubility of G Proteins 825

AM (1987) Antibodies directed against synthetic peptides distinguish between
GTP-binding proteins in neutrophil and brain. J Biol Chem 262:14683-14688.
Herlitze S, Garcia D, Mackie K, Hille B, Scheuer T and Catterall W (1996) Modu-
lation of Ca?" channels by G-protein By subunits. Nature (Lond) 380:258—262.
Huang C, Hepler JR, Chen LT, Gilman AG, Anderson RGW and Mumby SM (1997)
Organization of G proteins and adenylyl cyclase at the plasma membrane. Mol Biol

Cell 8:2365-2378.

Krupnick JG and Benovic JL (1998) The role of receptor kinases and arrestins in G
protein-coupled receptor regulation. Annu Rev Pharmacol Toxicol 38:289-319.
Kurzchalia T, Hartman E and Dupree P (1995) Guilt by insolubility—Does a pro-

tein’s detergent insolubility reflect caveolar location? Trends Cell Biol 5:187-189

Li S, Okamoto T, Chun M, Sargiacomo M, Casanova JE, Hansen SH, Nishimoto I
and Lisanti MP (1995) Evidence for a regulated interaction between heterotri-
meric G proteins and caveolin. J Biol Chem 270:15693-15701.

Nestler EJ, Hope BT and Widnell KL (1993) Drug addiction: A model for the
molecular basis of neural plasticity. Neuron 11:995-1006.

Nevo I, Avidor-Reiss T, Levy R, Bayewitch M, Heldman E and Vogel Z (1998)
Regulation of adenylyl cyclase isozymes upon acute and chronic activation of
inhibitory receptors. Mol Pharmacol 54:419—-426.

Newman-Tancredi A, Cussac D, Audinot V, Pasteau V, Gavaudan S and Millan MJ
(1999) G protein activation by human dopamine D3 receptors in high-expressing
Chinese hamster ovary cells: A guanosine-5-O-(3-[35S]thio)-triphosphate binding
and antibody study. Mol Pharmacol 55:564-574.

Northup JK, Sternweis PC, Smigel MD, Schleifer LS, Ross EM and Gilman AG
(1980) Purification of the regulatory component of adenylate cyclase. Proc Natl
Acad Sci USA 11:6516-6520.

Palmer TM, Harris CA, Coote J and Stiles GL (1997) Induction of multiple effects on
adenylyl cyclase regulation by chronic activation of the human A3 adenosine
receptor. Mol Pharmacol 52:632—640.

Pitcher JA, Freedman NJ and Lefkowitz RJ (1998) G protein-coupled receptor
kinases. Annu Rev Biochem 67:653—692.

Raynor K, Kong H, Hines J, Kong G, Benovic J, Yasuda K, Bell GI and Reisine T
(1994) Molecular mechanisms of agonist-induced desensitization of the cloned
mouse kappa opioid receptor. J Pharmacol Exp Ther 1381:-1386.

Roychowdhury S and Rasenick M (1997) G protein f1y2 subunits promote microtu-
bule assembly. J Biol Chem 272:31576-31581.

Sharma SK, Klee WA and Nirenberg M (1975) Dual regulation of adenylate cyclase
accounts for narcotic dependence and tolerance. Proc Natl Acad Sci USA 72:3092—
3096.

Simonds WF, Butrysnki JE, Gautam N, Unson CG and Spiegel AM (1991) G-protein
By dimers: Membrane targeting requires subunit coexpression and intact y C-A-
A-X domain. J Biol Chem 266:5363—-5366.

Simonds WF, Goldsmith PK, Woodard CJ, Unson CG and Spiegel AM (1989) Recep-
tor and effector interactions of Gs. Functional studies with antibodies to the alpha
s carboxyl-terminal decapeptide. FEBS Lett 249:289-294.

Stan RV, Roberts WG, Predescu D, Thida K, Saucan L, Ghitescu L and Palade GE
(1996) Immunoisolation and partial characterization of endothelial plasmalemmal
vesicles (caveolae). Mol Biol Cell 8:595-605.

Thomas JM and Hoffman BB (1996) Isoform-specific sensitization of adenylyl cyclase
activity by prior activation of inhibitory receptors: Role of By subunits in trans-
ducing enhanced activity of the type VI isoform. Mol Pharmacol 49:907-914.

van Vliet BJ, De Vries TJ, Wardeh G, Mulder AH and Schoffelmeer ANM (1991)
n-Opioid receptor-regulated adenylate cyclase activity in primary cultures of rat
striatal neurons upon chronic morphine exposure. Eur J Pharmacol 208:105-111.

Varma R and Mayor S (1998) GPI-anchored proteins are organized in submicron
domains at the cell surface. Nature (Lond) 394:798—-801.

Wu D, Katz A and Simon M (1993) Activation of phospholipase C B, by the « and By
subunits of trimeric GTP-binding protein. Proc Natl Acad Sci USA 90:5297-5301.

Send reprint requests to: Zvi Vogel, Department of Neurobiology, The
Weizmann Institute of Science, Rehovot 76100, Israel. E-mail: zvi.vogel@
weizmann.ac.il.

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

