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Abstract. Trimeric guanine nucleotide-binding proteins
(G proteins) function as the key regulatory elements in a
number of transmembrane signaling cascades where they
convey information from agonist-activated receptors to
effector molecules. The subcellular localization of G pro-
teins is directly related to their functional role, i.e., the
dominant portion of the cellular pool of G proteins re-
sides in the plasma membrane. An intimate association of
G protein subunits with the plasma membrane has been
well known for a long time. However, results of a number
of independent studies published in the past decade have
indicated clearly that exposure of intact target cells to
agonists results in subcellular redistribution of the cog-
nate G proteins from plasma membranes to the light-
vesicular membrane fractions, in internalization from the
cell surface into the cell interior and in transfer from the
membrane to the soluble cell fraction (high-speed super-
natant), i.e., solubilization. Solubilization of G protein

a subunits as a consequence of stimulation of G protein-
coupled receptors (GPCRs) with agonists has also been
observed in isolated membrane preparations. The mem-
brane-cytosol shift of G proteins was detected even after
direct activation of these proteins by non-hydrolyzable
analogues of GTP or by cholera toxin-induced ADP-ribo-
sylation. In addition, prolonged stimulation of GPCRs
with agonists has been shown to lead to down-regulation
of the relevant G proteins. Together, these data suggest
that G proteins might potentially participate in a highly
complex set of events, which are generally termed desen-
sitization of the hormone response. Internalization, sub-
cellular redistribution, solubilization, and down-regula-
tion of trimeric G proteins may thus provide an additional
means (i.e., beside receptor-based mechanisms) to
dampen the hormone or neurotransmitter response after
sustained (long-term) exposure.
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Introduction

Heterotrimeric G proteins composed of &, 8, and y sub-
units are employed as ubiquitous transducers and regula-
tors of cellular signaling in all eucaryotic cells. They
serve as universal switches in regulating transmission of
information from membrane-bound G protein-coupled
receptors (GPCRs) to various cellular effectors such as
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adenylyl cyclases, phospholipases, and ion channels
[1—6]. Eucaryotic cells are equipped with hundreds of
subtypes of GPCRs, which are typical seven-transmem-
brane helix receptors [7, 8]. GPCRs can be activated by a
great number of diverse stimuli, such as light, odorants,
hormones, and neurotransmitters. Agonist-activated re-
ceptors catalyze the exchange of GDP for GTP on the
subunits of their cognate G proteins; subsequently, the
ternary high-affinity complex hormone-receptor-G pro-
tein is dissociated to free agpp and By subunits. Both agyp
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and By are competent to modulate downstream compo-
nents of signaling cascades [9, 10]. The activated state
lasts until GTP is hydrolyzed to GDP by the intrinsic
GTPase activity present in the a subunit. Subsequent re-
association of a with By turns off signal transduction and
primes the system to respond to a new stimulus. Recently,
anew group of modulatory proteins, known as regulators
of G protein signaling (RGS), was identified [11, 12].
Since RGS act as potent GTPase-activating proteins, they
might be engaged in timely deactivation of signaling me-
diated by heterotrimeric G proteins.

Besides switching signal transmission on and off, there is
a complicated set of regulatory feedback mechanisms
called desensitization, refractility, or tachyphylaxis (used
as synonymous expressions). Desensitization protects
cells against excessive stimulation and is defined as a de-
crease in response detected after repeated or long-term
agonist exposure. This process is essential from a physio-
logical point of view, because it provides a means to reg-
ulate continuous receptor stimulation. The short-term de-
sensitization proceeding within minutes is generally ac-
cepted to take place primarily at the receptor level —
phosphorylation, sequestration, and internalization of
GPCRs [13—15]. Experimental data published during the
last 10 years have indicated that prolonged agonist expo-
sure induces transfer of G proteins from plasma mem-
branes to the cytosol and/or other subcellular compart-
ments distinct from plasma membranes. In this way, G
proteins might participate in the phenomenon of desensi-
tization, although within a significantly longer time scale
than that observed for the receptors. The present review
aims to summarize this published evidence and supports
the notion that the G proteins need not permanently reside
in the plasma membrane but can be released to the cy-
tosol in response to prolonged agonist stimulation.

GPCRs and trimeric G proteins reside
in plasma membranes

Plasma membrane localization of hormone-sensitive
adenylyl cyclase in liver and white fat cells has been
known since ‘transducer times,’ i.e., long before G pro-
teins were actually discovered [for a review see ref. 1].
Accordingly, trimeric G protein subunits were isolated
first from cell membrane preparations [16—18] and hor-
mone-responsive adenylyl cyclase and/or G,a reconstitu-
tive activity was demonstrated clearly to reside in plasma
membrane fractions purified on sucrose density gradients
[19—21]. Thus, in naive (hormone-unexposed cells), both
GPCRs and the dominant pool of G proteins are localized
in plasma membranes.

As trimeric G proteins do not contain hydrophobic trans-
membrane sequences like their cognate GPCRs, the
membrane binding or association of these proteins has to
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take place in some other way. Contrary to the relatively
hydrophilic a subunits, both B and y turned out to be
highly hydrophobic proteins which form tightly packed
heterodimers in all conditions except strongly denaturing
media [22]. Therefore, the By dimer was initially thought
to be crucial for anchoring the o subunit to the plasma
membrane [2, 22]. Further experimentation and progress
in this field indicated, however, that the interaction with
By is not necessarily the only way o subunits bind to the
plasma membrane. Independent attachment of G protein
a subunits to the plasma membrane was demonstrated
first by Simonds and co-workers [23] in COS cells over-
expressing most of the G protein o subunits cloned at that
time — Gya-1, G,a-2, G,a-3, G, o, and G,a. Despite the
huge excess of a over f (an a: Bratio greater than 25: 1),
the a subunits were predominantly membrane bound
[23]. Thus, besides By, there had to be some additional
binding links responsible for association of G protein «
subunits with the membrane.

Soon afterwards, G protein «a (as well as y) subunits were
discovered to be targets for various types of covalent lipid
modifications which represent additional binding links or
‘membrane anchors’ for attachment of Ga to the mem-
brane. G proteins from G;&/G,o/G,a/G,ox families were
found to be myristoylated and palmitoylated at glycine 2
and cysteine 3, respectively [24—27], G,a was found to
be palmitoylated at cysteine 3 but not myristoylated
[28—-30] and G,a/G ;& proteins were found to be modi-
fied by two palmitic acid residues at cysteine 9 and 10
[29, 31]. Myristoylation is a stable co-translational mod-
ification which is essential for signaling regulation of ef-
fector enzymes as well as for membrane attachment and
subsequent palmitoylation [32—35]. Myristoylation per-
mits continued membrane association when Ga dissoci-
ates from Gy [36, 37], increases affinity of a subunits
for By [38], and facilitates formation of the heterotrimeric
forms of G proteins [39, 40]. On the other hand, palmi-
toylation is an unstable post-translational lipid modifica-
tion of Ga, which is readily reversible and thus has the
potential to be regulated [41—43]. Palmitate may be em-
bedded in the lipid bilayer and/or may influence protein-
protein interactions. Importantly, G protein By subunits
were found to enhance palmitoylation and protect Ga
against the cleavage of palmitate by palmitoyl esterase
[42]. A cycle of palmitoylation and depalmitoylation has
been proposed to control protein distribution between
subdomains of the plasma membrane and/or between
membrane and cytoplasm [43].

Hormone stimulation redistributes GPCRs

and G proteins from plasma membranes

to the light-membrane vesicles

Many investigators in the early 1980s observed that long-
term hormone stimulation and desensitization was asso-
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ciated with the shift of G protein-coupled receptors from
plasma membranes to the light vesicular or low-density
membrane fractions distinct from plasma membrane
fragments [19—-21]. The evidence for agonist-induced in-
tracellular redistribution was based on fractionations of
tissue homogenates by differential or sucrose density gra-
dient centrifugation. In addition, redistribution of GPCRs
was also manifested as disappearance of hydrophilic ra-
dioligand binding sites from the cell surface [44].

The first direct evidence for subcellular redistribution of
trimeric G proteins was provided by Haraguchi and
Rodbell [45]. These authors reported that isoproterenol
stimulation of white fat cells led to translocation of a sig-
nificant portion of G, and G, proteins from plasma
membranes to light-density vesicles. In parallel, isopro-
terenol-stimulated adenylyl cyclase and 5’-nucleotidase
enzyme activities were shifted as well, though to a
smaller extent. Therefore, the non-plasma membrane na-
ture of these low-density membrane fragments could not
be unambiguously proven. Even so, these data clearly in-
dicated the hormone-induced change in sedimentation
profile of a significant portion of membrane fragments
containing G protein « subunits. Similar data were later
published by other investigators [46—49].

Cytosolic forms of G proteins

Rodbell [50], in an at that time new and still speculative
theory of hormone action, suggested that activated a sub-
units might be released from the plasma membrane as a
consequence of agonist stimulation, and mediate the
transfer of hormonal signal (i.e., alongside secondary
messengers) into the cell interior. Chabre [51] was the
first to characterize the G proteins as peripheral proteins
and to present the theoretical background explaining why
and how these proteins could be solubilized. However,
his ideas were based on the characteristics of membrane
association of the rather atypical G protein, transdu-
cin (G,).

The a subunit of transducin, Ga,, does indeed behave like
a peripheral membrane protein, because light exposure,
small changes in ionic strength, or chelation by EDTA re-
lease G,a from membranes to the high-speed supernatant
[52]. This is, however, not the case for other types of G
proteins. Here, a number of conflicting observations have
been published [29, 30, 53—55]. Easy solubilization of
transducin is apparently based on the fact that it is the
only G protein which is non-palmitoylated. Ge, is hetero-
geneously modified by myristate and three other less hy-
drophobic fatty acids at the N terminus, but this modifi-
cation does not permanently anchor the protein in the
membrane [56]. The heterogeneous fatty acylation of G,
is not dictated by a unique structural feature of this mol-
ecule but it is specific for retinal photoreceptor cells [57].
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The explanation for such tissue- or cell-specific differ-
ences in fatty acid acylation of a G protein N terminus
lies in the fact that in different cells, the fatty acyl-CoA
pool contains different fatty acids [40].

Solubilization of G protein & subunits

by direct activation of G proteins

The very first evidence showing the release of activated
G, subunits from plasma membranes to cytosol was pro-
vided by Lynch and co-workers [58] by measurement of
cholera toxin-mediated ADP-ribosylation of rat liver
plasma membranes. Following cholera toxin stimulation,
a substantial portion of ADP-ribosylated G, was no
longer membrane associated, but could be recovered in a
high-speed supernatant.

Similar results were reported by Milligans group
[59—63]. Incubation of crude membranes from glioma
C6 BUI cells with poorly hydrolyzed analogues of
GTP caused the release of G,a from the membrane to
cytosol fraction. This redistribution was already de-
tectable after Smin [61, 63]. Experiments on intact L6
skeletal myoblasts confirmed that cholera toxin-mediated
ADP-ribosylation results in depletion of G, from
plasma membranes [62].

Hormone-induced solubilization

of G protein a subunits

In 1989, Ransnas and co-workers [53] showed for the
first time that G protein might be released from plasma
membranes as a direct consequence of hormone action.
Using ELISA and specific rabbit antipeptide antisera,
they were able to detect the increase of free G, in a high-
speed (200,000 g) supernatant after isoproterenol stimu-
lation of intact S49 lymphoma cells. The agonist-induced
solubilization of G,a was subsequently also demon-
strated in in vitro experiments with membranes isolated
from S49 lymphoma cells [64, 65]. Under these condi-
tions, isoproterenol-induced release of G,a from mem-
branes was clearly concentration dependent and could be
inhibited by the S-adrenergic blocking agent propranolol,
free By subunits, and somatostatin. All data obtained by
immunochemical detection of Gy were convincingly
supported by functional analysis using a cyc~-reconstitu-
tion assay which clearly indicated a significant increase
in G,-reconstitutive activity in a high-speed supernatant.
Solubilization of G, was also observed in mastocytoma
P-815 cells after stimulation with the prostacyclin ana-
logue iloprost in the presence of GTPyS [66]. In rat pitu-
itary GH4Cl cells, G, was transferred from membranes
to the cytosol (high-speed supernatant) after stimulation
with vasoactive intestinal peptide (VIP) [67]. Recently,
Witte and co-workers [68] described isoproterenol-in-
duced solubilization of G,a from rat cardiac membranes.
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Takahashi and co-workers [69—71] detected soluble
G,a-2 in mouse mastocytoma P-815 cells, and in subse-
quent studies they demonstrated that thrombin induces a
dramatic release of G,a-2 from the membranes to the
high-speed supernatant prepared from these cells. Fur-
thermore, Yajima and co-workers [72] reported that incu-
bation of GH4C1 rat pituitary membranes with somato-
statin leads to release of G,a-2, G,a-3 as well as G,a from
membranes and translocation to the soluble (cytosol)
fraction.

Besides G,a and G,a/G,ax, evidence for solubilization of
a subunits of G/Gy, proteins has also been provided. In a
set of experiments on transfected HEK-293 cells, we
were able to demonstrate that prolonged treatment with
thyrotropin-releasing hormone induced not only down-
regulation of total cellular G,a/G,,;« but caused a dra-
matic shift of these proteins from plasma membranes to
the high-speed supernatant [48, 49, 73]. The appearance
of G,a/Gy;« in the cytosol fraction of GH3 and AtT-20
cells was reported by Ravindra [74]. Arthur and co-
workers [75] have shown that even short-term treatment
of MDCK cells with bradykinin leads to translocation of
a significant portion of G,&/G;;a from plasma mem-
branes to the cytosol.

Soluble forms of G protein & subunits

under resting conditions

All the above-mentioned results indicate that G protein «
subunits might be solubilized as a result of G protein
activation. There are a number of observations indicating
that in some cells or tissues, a certain amount of « sub-
units is present in the cytosol fraction even under resting,
i.e., unstimulated conditions. Roth and co-workers [76]
quantitated G,a by both immunoblotting and cholera
toxin ADP-ribosylation in atrial and ventricular prepara-
tions of porcine heart and detected about 30% of total
G,a in the soluble (cytosol) cell fraction. Interestingly,
functional assays utilizing reconstitution of cardiac G,
with S49 cyc- membranes revealed that a high-speed
supernatant contained about 16% of total cellular G,
activity [76]. This disproportion suggests that a substan-
tial part of the soluble population of G,a may not be func-
tional, at least with respect to adenylyl cyclase activation.
High cytosolic levels of G o have also been demonstrated
in rat myocardial preparations. Primary cultures of
neonatal rat cardiocytes contained about one-third of to-
tal Gy in a 200,000 g preparation [77]. A similar ratio of
cytosolic and membrane-bound G, was found in ven-
tricular myocardium of immature as well as adult rats
[78]. Intriguingly, high amounts of functional G,a were
also recently detected in cytosol fractions obtained from
different regions of rat brain [79]. Cytosolic forms of per-
tussis toxin-sensitive G;a/G,a proteins were also demon-
strated for the first time in neutrophils [80]. The presence
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of soluble a subunits of Gy/G, proteins in neutrophils was
subsequently independently confirmed by two other
groups [81-83]. Recently, the cytosolic localization of
all three G;a proteins has been described in MDCK cells
and cytosolic Gja-2 was detected in Dictyostelium
discoideum [84, 85]. Similarly to G,a, a substantial por-
tion of G;a proteins in cultured hepatocytes (in contrast to
cells in tissue) was found in the cytoplasm [86]. Our re-
cent study dealing with the distribution of G proteins in
the developing rat myocardium has shown that substantial
amounts of a subunits of G;, G/G,, and G, proteins oc-
cur in the cytosol fraction under control conditions [87].
A cytosolic localization of various G protein a subunits
has also been reported in human platelets. Whereas mem-
brane-bound G,a, G;a, and G a prevailed over their cy-
tosolic forms, platelet G,,a and G, were predominantly
localized in the cytosol [88].

Membrane association and soluble forms

of GBy subunits

G protein y subunits undergo post-translational modifi-
cation by isoprenoid geranylgeranyl (C20) or farnesyl
(C15) groups [36, 89, 90]. These covalent modifications
certainly contribute to the hydrophobic character of the
By subunit dimer and support the firm association of the
whole (trimeric) G protein complex with the membrane
lipid bilayer [91, 92]. An essential role of prenylation in
targeting By to the plasma membrane was demonstrated
in experiments with lovastatin. After prolonged treatment
of Neuro 2A or PC12 cells with this isoprenylation-
blocking drug, a substantial portion of Gy was found in
the cytoplasm, compared with 100% membrane-bound
Gpy in control cells [91, 93]. Further analysis revealed
that beside the isoprenoid moiety, y subunits bear a
methyl group at the C terminus [94]. The carboxyl-
methylation of the y subunits does not enhance mem-
brane attachment of Gfy but is required for interaction
with a subunits and optimal G protein-mediated signal-
ing [95].

Based on the results outlined above, G protein By
subunits are generally considered as tightly membrane-
bound proteins. The only exception is transducin Sy,
which is soluble [96]. In accordance with this view,
Gpy subunits remained membrane bound in isopro-
terenol-stimulated S49 lymphoma cells [97] or in recep-
tor-transfected CHO and HEK cell lines which were
drastically stimulated by carbachol and thyrotropin-re-
leasing hormone (TRH), respectively [47, 48]. Neverthe-
less, there are two literature reports claiming the detec-
tion of Gf subunits in the soluble (cytosol) fraction
of myocardial cells. A predominant localization of Gp,
and Gf; in the cytosol fraction of rat ventricles was re-
ported by Muramoto and co-workers [98]. A dramatic
decrease in cytosolic Gf; and concomitant increase in
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membrane-associated Gf; as a consequence of rat heart
perfusion with isoproterenol or epinephrine was detect-
ed by Kageyama [99]. The influence of isoproterenol
stimulation on the subcellular localization of Gp;
appeared to be highly selective, because the distribu-
tion of GB, and GB, was unchanged under these condi-
tions.

Complex consequences of agonist-induced depletion
of the plasma membrane pool of G proteins:
internalization, solubilization, and down-regulation

Long-term stimulation of G proteins results in down-
regulation [100—103], i.e., a decrease in the total cellular
amount of these proteins. Although not examined as
widely as the agonist-induced decrease of GPCR levels,
down-regulation of G protein « subunits has been ob-
served in a number of systems [for a review see ref. 104].
In general, this phenomenon requires extended periods of
cellular exposure to the agonist, it is restricted to the G
protein(s) expected to be activated by the agonist-GPCR
complex, and it requires cells or tissues which express
relatively high levels of the appropriate GPCRs. The last
point can be understood on the basis that the cellular lev-
els of G proteins are usually considerably higher (molar
excess of several orders) than those of any particular
GPCR [105]. Thus, even when considering the capacity
of an agonist-occupied GPCR to catalytically activate the
G protein population, the fraction of the cellular pool of a
specific G protein which becomes activated by a GPCR is
likely to be relatively small unless GPCR levels are very
high (similar to G proteins). In the studies which have ex-
amined the mechanisms responsible for agonist-mediated
reduction in cellular G protein levels, an enhanced rate of
degradation was routinely observed for the cognate
G protein but not for other cellular G proteins which were
not activated by that agonist [54, 100, 106, 107]. In con-
trast, relatively few studies have provided evidence for
decreased rates of G protein synthesis or reduction in
mRNA levels [104].

As proteolytic degradation proceeds inside the cell, some
mechanism must transport, i.e., internalize, proteins into
the cell interior. Even in the case of widely studied
GPCRs, whether sequestration and internalization is or is
not a prerequisite for agonist-induced down-regulation
was not clear for a relatively long time. The direct evi-
dence for internalization of GPCRs was missing. The
process of sequestration, in which receptors remain de-
tectable by lipophilic ligands but become increasingly
inaccessible to hydrophilic, membrane-impermeable
ligands was proposed to represent internalization of re-
ceptors into an intracellular compartment(s) and to serve
as a prerequisite for down-regulation [44, 108, 109]. An-
other piece of indirect evidence for internalization of
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GPCRs was based on subcellular fractionation studies.
Since the early 1980s prolonged agonist stimulation was
known to induce a shift of GPCRs from plasma mem-
branes to the low-density or light-vesicular membrane
fractions distinct from plasma membranes [19-21, 44].
This transfer was interpreted as evidence for internaliza-
tion of GPCRs. The first direct demonstration of inter-
nalization of GPCRs, however, was obtained much later
by confocal fluorescence microscopy by Zastrow and Ko-
bilka [110, 111] and has been subsequently replicated for
a variety of other receptors [112—117].

The same sequence in development of experimental evi-
dence (i.e., from subcellular fractionation studies to con-
focal fluorescent microscopy) can be traced in the course
of demonstrating the internalization of trimeric G pro-
teins. After the pioneering work by Haraguchi and
Rodbell [45], isoproterenol stimulation of S49 lymphoma
cells was found to transfer G o as well as Gf from plasma
membrane to light-vesicular, low-density membrane
fractions [46, 97]. Direct evidence for internalization of
G,a was brought by immunofluorescence analysis of
doubly transfected HEK-293 cells (f,-adrenergic recep-
tor and G,ar) which indicated internalization of G,a pro-
tein as a consequence of isoproterenol stimulation [118].
Similarly, prolonged agonist (carbachol) stimulation of
CHO cells transfected with hm! receptor resulted in
transfer of G,a/G, & from plasma membrane fractions to
low-density vesicles isolated on sucrose density gradients
[47]. Subsequent study on HEK-293 cells showed clearly
that transfer of G protein from plasma membranes to light
vesicles, solubilization, and down-regulation do not
represent mutually exclusive phenomena (as originally
thought), but may exist simultaneously in a single cell
type [48]. Prolonged agonist stimulation of HEK-293
cells doubly transfected with TRH receptor (TRH-R) and
G, a resulted in (i) dramatic transfer of both exogenously
and endogenously expressed G, from plasma mem-
brane to low-density membrane fragments, (ii) transfer
from plasma membrane fractions to a high-speed
(250,000 g) supernatant (solubilization), and (iii) de-
crease in total cellular amount of these proteins (down-
regulation) [48]. Subsequent immunofluorescent analysis
of this cell line demonstrated internalization of G,,« pro-
tein as depletion of surface signal combined with the ap-
pearance of distinct patches of fluorescent material inside
the cell (endosomes) (fig. 1). Simultaneously, a diffuse
signal appeared distributed randomly along the cell inte-
rior, which might be correlated with the solubilized pool
of G protein. Thus, the results of fluorescence mi-
croscopy of intact cells correlated closely with results of
subcellular fractionation studies performed with cellular
homogenates and fractionation on sucrose density gradi-
ents [49]. Agonist-induced internalization of G,a/G;,a
proteins has also been demonstrated in MDCK cells after
stimulation by bradykinin [75].
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Figure 1. Agonist-induced subcellular redistribution of trimeric G
proteins G,a/G,;a. HEK cells double transfected with thyrotropin-
releasing hormone (TRH) receptor and G« protein were exposed
to TRH and G,a/G,,a proteins detected by indirect immunofluo-
rescence with FITC-labeled secondary antibodies. (4, B) Clustering
of plasma membrane-associated G,a/G,,a proteins after short-term
agonist stimulation. The fluorescence signal distributed uniformly
across the cell surface of control cells (4) appeared to cluster into
discrete patches (arrows) of fluorescent material after 10 min of ag-
onist (TRH) exposure (B). (C, D) Internalization and down-regula-
tion of G,a/G,, «x after prolonged agonist stimulation. Further incu-
bation (for 3 h) of the cells with TRH resulted in transfer of plasma
membrane-localized G,a/G,, immunofluorescence to the cell in-
terior (C). Long-term (16 h) treatment with TRH led to a decrease
of total immunofluorescence signal, i.e., down-regulation (D).

G proteins and their cognate GPCRs

are internalized via different pathways

Surprisingly, internalization of G proteins has been found
to follow different pathway(s) when compared with their
cognate GPCRs [49, 118]. Receptor-activated G,a did not
co-localize with internalized p, adrenergic receptor
(B,AR) in endosomes and incubation of cells in hyper-
tonic sucrose to inhibit clathrin-coated pit-mediated en-
docytosis of B,AR failed to block isoproterenol-induced
internalization of Ga [118]. In the case of G,a/G,,a, in-
ternalization was not manifested before 1 h of continuous
agonist (TRH) stimulation. Significant transfer to the cell
interior was detected between 2 and 4 h and the longer
time intervals of TRH stimulation resulted in a decrease
of total immunofluorescence signal, i.e. down-regulation
[49]. Contrarily, internalization of the cognate receptor
(TRH-R) proceeded within minutes, and its character-
istics agreed with the clathrin-dependent pathway
[119-121].

The difference between TRH-R and G,,« internalization
pathways was subsequently verified under in vivo con-
ditions in cells expressing VSV-epitope-tagged TRH-
R-GFP fusion protein [73]. The fluorescent version of
TRH-R was rapidly transferred into the cell interior,
while G,a/G,a proteins, identified by indirect fluores-
cence, remained at the cell surface. This situation per-
sisted for more than 1 h. At longer time periods, a fraction
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of plasma membrane G,a/G,;& was also internalized. As
before, the results of confocal fluorescent microscopy
agreed well with an immunoblot analysis of subcellular
fractions. A portion of VSV-TRH-R-GFP fusion protein
(detected by GFP- or VSV-directed antibodies) was trans-
ferred from plasma membrane to a light-vesicular frac-
tion within 30 min of TRH stimulation, but distribution of
G,a/G,a was unchanged. At longer time intervals, redis-
tribution of G proteins to light-vesicular and soluble frac-
tions occurred as well [73]. The independent nature of
GPCR and G protein internalization pathways has also
been demonstrated for oxotremorine-induced redistribu-
tion of muscarinic receptors and G,a/G,a [122]. Inter-
estingly, hormone-induced internalization of TRH-R was
absent in embryonic fibroblasts prepared from mice lack-
ing G,a/G,,a [123].

Hormone-induced solubilization of G proteins:
reality or artifact?

Molecular mechanisms underlying hormonal regulation
of membrane attachment of G,a have recently been pro-
posed to involve reciprocal regulation by palmitate and
By subunits [42]. According to this view (fig. 2), hor-
monal activation promotes dissociation of G,a from Gpy,
accelerates removal of covalently attached palmitate and
finally triggers release of G,a from plasma membranes to
the cytosol. Contrarily, GBy binding and palmitoylation
reciprocally potentiate each other in promoting mem-
brane attachment of G,a. Hormone-induced dissociation
of G,a-GTP from Gy thus mediates depalmitoylation
and translocation of the G,a protein to the cytoplasm
[42].

The membrane-cytosol shift of Ga subunits, if proceed-
ing as suggested above [42], should already be detectable
after short-term G protein activation. Such a rapid re-
lease, however, was not detected in the case of G«
[46, 124], G;a [124], or G,a/G,, a proteins [47]. G protein
o subunits remained firmly attached to particulate mem-
brane structures after short-term treatment with appropri-
ate agonists. The difficulties in accepting the simple ‘ac-
tivation = solubilization” hypothesis may be further docu-
mented by the presence of constitutively active and
depalmitoylated « subunits in membrane fractions of
MA-104 and HEK-293 cells [124].

When trying to find some rational basis for these dis-
crepancies, it should be stressed that this sort of experi-
ment is difficult to perform without major artificial alter-
ations of the plasma membrane structure, compared with
the native, ‘hormone-relevant’ state of intact cells. This
alteration is an unavoidable consequence of the subcellu-
lar fractionation procedure. The first potential source of
artifacts is time. Hormonal exposure proceeding for a few
minutes is much shorter than the 1-2 h of high-speed
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Figure 2. Membrane association of Ga and the palmitoylation-de-
palmitoylation cycle [modified from ref. 42]. In the resting state,
agpp associates with By and the plasma membrane. Palmitoylation
enhances affinity of a for fy and strengthens its attachement to the
lipid bilayer. By promotes the palmitoylated state by enhancing
palmitoylation catalyzed by palmitoyl transferase and by protecting
a from attack by palmitoyl esterase. Stimulation of a receptor (‘R”)
by agonist (‘A’) triggers activation of its cognate G protein, which
results in dissociation of activated agyp from By. Free By remains at
the membrane by virtue of its isoprenyl group, but free agrp is
rapidly depalmitoylated by palmitoyl esterase and released from the
membrane. Intrinsic GTPase activity converts agrp to agpp (€X-
hibiting high affinity for By), agpp returns to the plasma membrane
by re-association with By and the palmitoylation state is restored.

centrifugation needed for separation of the particulate
(membrane) and soluble (cytosol) fractions. The second
source of artifacts is homogenization which by itself
causes: (1) degradation of intact plasma membrane struc-
ture, (i) changes in association of plasma membrane
components with adjacent intracellular structures such as
cytoskeleton, (iii) dilution of plasma membrane frag-
ments into the large volumes of homogenization media,
and (iv) spontaneous formation of small vesicles origi-
nally derived from large plasma membrane sheets.

The third source of difference between native and isolated
plasma membrane is a temperature shift from 37 to
0—4°C and a high hydrostatic pressure affecting the
membrane state in the course of isolation and high-speed
centrifugation. All these factors, combined and individu-
ally, may alter the membrane association of peripheral
proteins such as G protein a subunits. One can therefore
logically assume that the fast release of G o from plasma
membranes to a high-speed supernatant (soluble fraction)
in intact cells shown by liri and co-workers [42], and sol-
ubilization of G, assessed after homogenization and
long-term high-speed centrifugation need not represent
the same phenomenon because the experimental systems
and conditions differ.
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in G protein-plasma membrane interactions?

When considering the above arguments, in full agreement
with the ideas of liri and co-workers [42] and with exper-
imental findings of other investigators [46, 47, 124], the
suggestion can be made that short-term agonist exposure
reversibly alters (through the depalmitoylation-palmitoy-
lation cycle) the distribution of G proteins among various
plasma membrane compartments which differ in sensitiv-
ity toward homogenization and/or subsequent steps in-
volved in separation of the particulate (membrane) and
cytosol (soluble) fractions. Depending on the cell type,
characteristics of hormone action (such as receptor num-
ber, agonist concentration, and time of exposure), and any
details of subcellular fractionation procedure, the less
firmly associated G protein pools may be solubilized and
recovered in a high-speed supernatant.

A heterogeneous distribution of G proteins in plasma
membranes has indeed been demonstrated both in intact
cells [49], detergent-resistant [125], and sonicated
plasma membrane fragments [126]. In intact doubly
transfected HEK-293 cells (TRH-R and G, ), localiza-
tion of G,,a was restricted exclusively to plasma mem-
branes within 10—60 min of agonist stimulation [49].
Nevertheless, a fraction of G, & fluorescence signal
appeared to cluster to discrete segregated patches of the
plasma membrane (compared with the largely homoge-
neous plasma membrane distribution prior to addition of
TRH) after 10 min of TRH exposure (fig. 1). Accord-
ingly, in detergent extracts of these cells, G,a/G,,a pro-
teins were distributed in a wide range of low-density
membrane domains isolated by flotation in sucrose den-
sity gradients as well as in the ‘bulk membrane phase’ lo-
cated in the non-floating, high-density area of the gradi-
ent [125]. Sustained hormone stimulation of these cells
induced a significant shift of G proteins from detergent-
insensitive membrane domains to the bulk membrane
phase. In S49 lymphoma and MDCK cells, Ga;, Ga,,
and G were distributed over a wide range of sonicated
membrane fragments isolated by flotation on OptiPrep
density gradients [126].

Over the past few years, targeting of different GPCRs,
G proteins, and other signaling molecules to plasma
membrane microdomains has been described for a num-
ber of cell lines and tissues [127—133]. A critical role of
lipid modifications of G proteins for their recruitment
and partitioning into these microdomains has recently
been evaluated [134]. At least two distinct types of mi-
crodomains can be distiguished morphologically, bio-
chemically, and functionally — lipid rafts and caveolae
[135, 136]. These membrane structures may serve to
compartmentalize signals, thereby optimizing signal
transduction between an agonist and specific effectors
[137]. In addition, such a compartmentation of G protein-
mediated transmembrane signaling might play an impor-
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tant role in desensitization of the hormone response
[125, 138].

In conclusion

All the above-gathered literature data and views dealing
with the hormone-induced subcellular redistribution of
trimeric G proteins along with some other speculative
ideas for future research have inspired us to formulate the
following model.

In the resting state, the entire population of plasma mem-
brane-bound G protein a subunits is palmitoylated, asso-
ciated with By, and localized both in the bulk membrane
phase and membrane microdomains. Under these condi-
tions, membrane microdomains are small and not visible
by light microscopy. G proteins in microdomains are re-
stricted in their lateral motion by protein-protein interac-
tions with other proteins present in these structures (as
suggested by Neubig [139]), while G proteins in the bulk
membrane phase are freely mobile, as assumed by the
collisional coupling hypothesis [140].

Under physiological conditions of G protein activation
(low agonist concentration, low receptor number, short-
term exposure), signal transduction is preferentially
realized through the G proteins localized in plasma
membrane microdomains (‘signalosomes’) packed with
signaling molecules. In this case, a relatively small
portion of Ga is depalmitoylated and freed from Sy.
The depalmitoylated o subunits, however, are not re-
leased from the plasma membrane and remain in the
same place (microdomain) as in the resting state.

G proteins upon hormone stimulation

Caveolin (a major structural protein of caveolae) might
directly bind and stabilize Ga within caveolae [136,
141]. Thus, not only the specific lipid composition of
membrane microdomains [134], but also protein-protein
interactions can protect the free, depalmitoylated
Ga from being solubilized. This rather labile arrange-
ment may be affected by homogenization and/or mem-
brane isolation procedures and, therefore, diverse results
might be obtained under different experimental condi-
tions (see discussion above). The freely mobile pool of G
proteins in the bulk membrane phase is not activated un-
der physiological conditions because of the low proba-
bility of efficient collisional coupling to activated recep-
tors (spare receptors?), and there is no overall change in
the cellular distribution of G proteins under these condi-
tions.

In contrast, drastic stimulation (high agonist concentra-
tion, high receptor number, long-term exposure) alters
the cellular distribution of G proteins. Under these condi-
tions, plasma membrane microdomains associate into
larger clusters visible by light microscopy [49]. Subse-
quently, these clustered formations are separated from the
membrane in the form of small (light) vesicles and inter-
nalized. In parallel, the randomly distributed G proteins
in the bulk membrane phase also become activated by
collisional coupling to activated receptors. The activated
Ga from this pool, however, is not stabilized by protein-
protein interactions and the specific lipid environment of
the microdomain. In this case, depalmityolated G protein
a subunits are released from the plasma membrane and
may be recovered in the soluble cell fraction. Some of
these speculations are outlined in figure 3.

Figure 3. A simplified model of membrane organization of trimeric G proteins and agonist-induced solubilization. In the resting state (4),
G proteins as well as GPCRs are distributed both in the bulk membrane phase (depicted in blue) and membrane microdomains (depicted
in red). Upon mild stimulation by an agonist, activated a and fy are separated but still remain in plasma membrane microdomain (B, lef?).
Contrarily, drastic stimulation may cause release of a substantial portion of G protein a subunits into the cytosol (B, right). R, G protein-
coupled receptor; a, f, and y, subunits of a G protein; AC, adenylyl cyclase; ag, , solubilized (cytosolic) form of Ger; NNV, palmitic
acid; P, sites of potential phosphorylation.
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Taken together, experimental evidence demonstrating the
subcellular redistribution of G protein subunits as a con-
sequence of agonist stimulation might well support the
notion for a potential role of G proteins in the process of
desensitization. Regulation of cellular G protein levels
and localization can obviously provide an appropriate lo-
cus to generate heterologous desensitization and thus
contribute to the control of cellular sensitivity.
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