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Heterotrimeric G proteins (af3y) mediate the majority of sig-
naling pathways in mammalian cells. It is long held that G pro-
tein function is localized to the plasma membrane. Here we
examined the spatiotemporal dynamics of G protein localiza-
tion using fluorescence recovery after photobleaching, fluores-
cence loss in photobleaching, and a photoswitchable fluorescent
protein, Dronpa. Unexpectedly, G protein subunits shuttle rap-
idly (ti, < 1 min) between the plasma membrane and intracel-
lular membranes. We show that consistent with such shut-
tling, G proteins constitutively reside in endomembranes.
Furthermore, we show that shuttling is inhibited by 2-bromo-
palmitate. Thus, contrary to present thought, G proteins do
notreside permanently on the plasma membrane but are con-
stantly testing the cytoplasmic surfaces of the plasma mem-
brane and endomembranes to maintain G protein pools in
intracellular membranes to establish direct communication
between receptors and endomembranes.

Heterotrimeric G proteins are known to function on the
cytosolic surface of the plasma membrane (PM)? in response to
the stimulation of transmembrane receptors by most of the
extracellular signals a mammalian cell senses (1-4). The PM
localization of a G protein is facilitated by individual lipid mod-
ifications of the a and By subunits (5). Consistent with a model
of G protein action on the PM, activated G protein subunits
have been shown to modulate the functions of effectors such as
adenylyl cyclase, phospholipase C, and ion channels which are
also PM-localized (1-4). However, the spatiotemporal dynam-
ics of G protein localization in a living cell has not been exam-
ined to determine whether G protein subunits are stably con-
strained to the PM. Although there is longstanding evidence for
the existence of G protein subunits in intracellular membranes
such as the Golgi complex and suggestions that they affect pro-
tein trafficking (6 —11), it has been unclear as to how they reach
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endomembranes and if they are native to these membranes or
in transit to the PM.

Here we used a variety of imaging methods on live cells with
fluorescent protein-tagged G protein subunits including pho-
toswitchable Dronpa (12) to observe G protein movement. A
fluorescence resonance energy transfer (FRET)-based G pro-
tein sensor was used to examine whether G proteins reside
constitutively in the endomembranes. The results show that G
protein subunits shuttle rapidly between the PM and endo-
membranes in cells in the basal state maintaining a pool of G
proteins in the endomembranes. We show that the shuttling is
likely diffusive and not vesicle-mediated. Furthermore, 2-bro-
mopalmitate (2BP), an inhibitor of palmitoylation (13), inhib-
ited shuttling, suggesting that it may be regulated by acylation.

MATERIALS AND METHODS

Details of chemicals, expression constructs, cell lines, trans-
fection, and treatment of cells are as in Saini et al. (41). Dronpa
fluorescent proteins were introduced downstream of Gly-92 in
a, as in the o -CFP construct that we have shown previously to
possess normal functional properties (14) or at the N terminus
of vy subunits.

Image Acquisition and Processing—Cells were cultured in
35-mm glass bottom dishes (World Precision Instruments) or
on acid-washed glass coverslips and transiently transfected
with appropriate combinations of different G protein subunits
as described in the text and figure legends. After 16 —24 h post-
transfection the cells were processed for imaging. Cells were
washed with Hanks’ buffer saline solution supplemented
with 10 mm HEPES, pH 7.4, and maintained in this buffer
during imaging experiments. For FRET experiments, the
coverslips were mounted on an imaging chamber with an
internal volume of 25 ul (Warner Instruments). Details are
available in Saini et al. (41).

For confocal microscopy cells were visualized with an Olym-
pus LSM Fluoview FV300 microscope using a 40X oil immer-
sion objective (1.3 NA). Images of cells expressing YFP, Dronpa,
and green fluorescent protein (GFP) were acquired with a
Multi-line argon laser using 488-nm excitation and with emis-
sion filter BA 505-525. Images of galactosyl transferase-DsRed
monomer were acquired using a Green HeNe laser line for exci-
tation at 543 nm with emission filter BA 560 — 600. Images were
acquired with Fluoview FV300 software and then processed
with MetaMorph software (Molecular Devices Corp., Down-
ingtown, PA). For FRAP, FLIP, and analysis using Dronpa,
images were acquired with the lasers mentioned above. Laser
intensity for YFP/GFP/Dronpa excitation was 0.5-1% (488 nm)
and for Gal-T-DsRed-monomer excitation was 5-10% (543
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nm). To restrict UV damage in Dronpa photoactivation (PA)
experiments, selective PA of the Golgi was performed at 458 nm
(100% intensity) for 2—-3 s after whole cell bleaching (488 nm at
100% laser intensity). In FRAP and FLIP experiments Golgi or
cytosolic region was bleached for 1-2 s at 488 nm with 100%
laser intensity. All bleaching and photoactivation was done
using iterative scanning (10 times for bleaching and 20 times for
PA). The first point in the FRAP and PA plots includes the time
for bleaching or PA and confocal lag time, which was constant
at4ds.

All FRAP experiments were performed with transiently
transfected cells except for vy, ;, which was analyzed using pre-
viously characterized CHO cells stably expressing muscarinic
M2 receptor (M2-CHO) (15) and G protein subunits «,-CFP,
B, and YFP-vy,,. Image brightness and contrast were altered
equally for the entire series of images using Metamorph to
allow better visualization of the recovery in the Golgi complex.
Intrinsic pixel intensity values were not altered by these
changes.

For FRET analysis through photobleaching experiments, the
FRET was determined by monitoring gain in CFP emission
intensity in PM or Golgi by photobleaching of YFP (acceptor
photobleaching) (14). Cells with equal expression levels of CFP
and YFP were selected. CFP and YFP images were acquired.
YFP was then photobleached for 2—3 min using YFP excitation
without any neutral density filter. After photobleaching of
YFP, another CFP image was captured and subsequently CFP
intensity from PM or Golgi was analyzed from pre- and post-
photobleaching images for calculating FRET efficiency. Per-
centage change in CFP signal was calculated using the for-
mula (CCg.i — CCiitiat/CCinitia) X 100, where CC is CFP
emission intensity. Initial and final values were those before
and after photobleaching. The emission intensity was cor-
rected for CFP bleaching by determining it in cells express-
ing a -CFP alone. In agonist-treated cells, the cells were first
stimulated with 100 um carbachol, and FRET was examined
in the same way as described above.

RESULTS

G Protein Subunits Shuttle between PM and Endomembranes—
To explore the spatiotemporal dynamics of G protein subunit
localization in a live cell, we expressed the «, subunit tagged
with either GFP or Dronpa, a photoswitchable fluorescent pro-
tein (12), in CHO cells. Fluorescent proteins were independ-
ently introduced downstream of Gly-92 in «, as in the «,-CFP
construct that we have shown previously to possess normal
functional properties (14). Apart from the PM, «_-GFP was
localized to the endomembranes, predominantly to the Golgi
complex based on colocalization with a Golgi marker (galacto-
syl transferase (GalT)) (Fig. 1). When Golgi fluorescence was
bleached and the recovery in the bleached region was deter-
mined (FRAP), fluorescence recovered rapidly, indicating ret-
rograde movement (Fig. 1A4). The recovery seen indicated a t1,
less than 1 min. We similarly examined a G protein 8 subunit,
B, the predominant 8 subunit in mammalian tissues. Similar to
the o subunit, it was distributed in the PM and in endomem-
branes, predominantly Golgi (Fig. 14). The resolutions of the
images that we have obtained do not preclude the possibility
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that some of the signal from the tagged G protein subunits in
the PM is from endosomes in proximity to the PM. In FRAP
experiments fluorescence recovered rapidly in the Golgi region
of cells expressing YFP-B3, (Fig. 1A4). The recovery seen with the
fluorescent protein-tagged G protein subunits in the FRAP
experiments could not be ascribed to intrinsic recovery of GFP
or YFP fluorescence or new protein synthesis because it was
<5% in cells that were fully bleached over the period of the
experiment (e.g. Fig. 14, right, black line in YFP-3,). Because 3
subunits are tightly bound to a y subunit (16), these results also
indicated that y subunits in the cell capable of binding 3, were
also shuttling. We then examined different y subunit types with
distinct receptor-induced translocation properties (41). y, and
v:; translocate rapidly from the PM to endomembranes on
receptor activation, whereas y, and y; do not translocate. FRAP
experiments showed that all four subunits, however, shuttle
between the PM and endomembranes. The recovery of y, and
v, is shown in Fig. 1A. Fig. 2, right, blue, shows recovery from
several different cells for y;;. v, also demonstrated recovery
in a similar FRAP experiment (supplemental Fig. 1). The
recovery observed in FRAP experiments cannot be ascribed
to the movement of fluorescent protein from the Golgi com-
plex in other planes, since the bleaching is complete along
the z axis. (supplemental Fig. 2). The recovery of the «, 3, and
v subunits was incomplete in each case, consistent with the
relatively large size of the Golgi in CHO cells and the high
concentration of the tagged subunits in the Golgi of cells
examined similar to Ras in Madin-Darby canine kidney cells
(17). The partial recovery may also result from the presence
of immobile subunits in the membranes.

To test for a subunit anterograde movement, «-Dronpa was
photoactivated in the Golgi (Golgi PA) (Fig. 1B). Fluorescence
increased over time in the PM, suggesting rapid movement
through the cytosol to the PM. The #i, was <1 min, consistent
with the rapidity of the retrograde movement. Golgi PA exper-
iments with Dronpa-vy, and -y, showed that both subunits
show anterograde movement similar to «, (Fig. 1B and supple-
mental Fig. 1). Additional experiments show that the recovery
of fluorescence detected in the PM in the Golgi PA experiments
is not the result of photoactivation of Dronpa-tagged proteins
on the PM above and below the confocal plane. (i) Photoactiva-
tion of a relatively small region of the Golgi in Dronpa-vy,-ex-
pressing cells results over time in the appearance of fluores-
cence uniformly over the entire PM, whereas similar PA of a
region on the PM results in localized appearance of fluores-
cence on the PM (supplemental Fig. 4). (ii) Selective bleaching
of fluorescence in the PM of a YFP-v, ; -expressing cell results in
the appearance of fluorescence in the PM over time and a
decrease in Golgi region fluorescence (supplemental Fig. 5).

Similar FRAP and Dronpa PA experiments with vy, showed
that this subunit type also shuttles between the PM and endo-
membranes. Together these results show that regardless of
translocation properties, vy subunits shuttle rapidly between the
PM and intracellular membranes in the basal state. The ability
of By, and By, to shuttle rapidly between PM and Golgi but not
translocate on receptor activation is consistent with the predic-
tion that the relative affinities of y subunits for an activated
receptor determine their ability to translocate (18).
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FIGURE 1. Shuttling of G protein subunits between PM and endomembranes. Confocal images of CHO cells expressing a Golgi marker galactosyl transferase
(GalT)-DsRed-monomer (red) with fluorescent protein-tagged subunits as labeled (green). A, FRAP. The Golgi region identified with galactosyl transferase-DsRed-
monomer was bleached (Bleach). Recovery was monitored by acquiring images every 15 s. Representative images at selected times and the corresponding plots of
mean pixel intensity in a selected Golgi region (within yellow circle) are shown. Plots showing fluorescence recovery in the endomembranes are normalized to the
prebleach intensity value. Recovery is shown for a,-GFP (n = 4); B, (n = 6), y, (n = 5),and 75 (n = 4). Plots of different colors show recovery in different cells. The second
pointin the FRAP plots includes the time for bleaching and confocal lag time. Recovery after whole cell photobleaching was measured in YFP-B, (black line indicated
by the arrow) as a control. Bar, 5 um. B, Golgi PA. Dronpa-tagged «,, (n = 4) and vy, (n = 3); the Golgi region within the yellow square was selected and photoactivated
at458 nm (to restrict UV damage). Images were acquired immediately (post PA) and subsequently every 50 s. Bar, 5 um. The longer time interval compared with FRAP
experiments reduced Dronpa bleaching. The PM recovery is shown in corresponding plots from different cells. Dronpa bleached 5% every time animage was acquired
at this laser intensity. Plots were corrected for this loss. The uncorrected plots are shown in supplemental Fig. 3. Plots showing fluorescence recovery in the PM are
normalized to the last intensity value. The first point in the PA plots includes the time for PA and confocal lag time.

Because a mammalian cell in the basal state contains most G the different G protein subunits suggests that endogenous e, 3,
proteins in the inactive heterotrimer form so that constitutive and vy subunits shuttle between the PM and endomembranes. It
activity of the dissociated subunits is curtailed, the shuttling of  also suggests that G proteins most likely shuttle as heterotrim-
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FIGURE 2. Effect of 2BP on G protein subunit shuttling. Cells were treated with 50 um 2BP for 30 min at 37 °C. A, FRAP of CHO cells transfected with «,-GFP
(n = 4 each) in treated and untreated cells was determined as in Fig. 1. B, FRAP of YFP-v, , (n = 6 each) stably co-expressed with «-CFP and 3, in M2-CHO cells.
Experimental conditions for FRAP recovery are as in Fig. 1. Plots show changes in fluorescence intensity from individual cells untreated (blue) and treated with
2BP (red). Bar, 5 um. Yellow circles show the Golgi area monitored for recovery after photobleaching. Plots are normalized to the prebleach intensity value.
G, cytosolic FLIP (C-FLIP) of YFP-v;, stably co-expressed with a,-CFP and 3, in M2-CHO cells. A small area in the cytosol was bleached (yellow square) (6 X, 1's
every 15 s). Intensity after each photobleaching event was measured in selected regions on the PM and the Golgi proximal and distal to the bleached region
(colored rectangles). In our experimental conditions only 50% of cells treated with 2BP do not show reduction in both proximal PM and Golgi regions, and only
the values from those cells are plotted. Plots show the ratio of the mean pixel intensity * S.E. (n = 5 each) in the proximal/distal regions of the PM (top) and the
Golgi (bottom). The values are normalized to the prebleach values. Plots are significantly different at each time point after the second photobleachingin a t test
(in the PM, p < 0.01; in the Golgi, p < 0.005).

ers. The shuttling of G protein subunits seen here is not peculiar G Protein Shuttling Is Likely Diffusion-mediated—The rapid-
to CHO cells because both FRAP and PA experiments using a ity of shuttling and the transient appearance of a cytosolic signal
different cell line, HeLa cells, showed rapid shuttling of «, and  in photoactivation experiments suggested that the shuttling of
Y, between PM and endomembranes (supplemental Fig. 6). G protein subunits is diffusion-mediated. In addition, the
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FIGURE 3. A FRET-based G protein sensor shows G protein activation in 2BP-treated cells and the pres-
ence of heterotrimers in the Golgi. A, in the deactivated heterotrimer FRET occurs from a,,-CFP to YFP-7y,,.0n
activation with an agonist, carbachol (100 um) and G protein subunit dissociation, FRET is abrogated both in
control and 2BP-treated cells. FRET efficiency was determined by monitoring gain in CFP emission by photo-
bleaching YFP (acceptor). Cells with equal expression levels of CFP and YFP were selected. Results are the
means = S.E. (n = 10 for each condition). Details are under “Materials and Methods” and in supplemental Fig.
9. B, images of M2-CHO cells stably expressing a,-CFP, B;, and YFP-vy;,. &, and v, are present in the PM and

Golgi. The bar diagram shows FRET from the G protein sensor in cells treated
Results are the means = S.E. (n = 15).

anterograde diffusion of G protein subunits in the basal state
and reverse translocation of By on receptor inactivation are
much faster than the known rate of vesicular transport from
Golgi to PM, which is estimated to be 3% per min (19, 20).
Consistent with these indicators, nocodazole and monensin,
which block vesicular trafficking through different mechanisms
(21), did not have any effect on the retrograde or anterograde
movement of a or 7y subunits detected using FRAP or Golgi
PA (not shown). Supplemental Fig. 7 shows a control for
nocodazole action. Rapid retrograde movement of YFP-v,
occurred at 10 °C. Vesicle-mediated trafficking in cells has been
shown to be inhibited at temperatures below 16 °C (22). These
results suggest that shuttling between the Golgi and PM is likely
to be diffusive.

Shuttling and Translocation Are Inhibited by 2BP—The G
protein a subunits belonging to the G;/,, G, and G, families are
palmitoylated (5), and the palmitoyl moiety can be turned over
in the basal deactivated state (t, > 60 min for «;; 90 min for «)
(23-25). We tested whether acylation played a role in the shut-
tling of G protein subunits and the translocation of the 8y com-
plex between PM and endomembranes by examining the effect
of 2BP, an inhibitor that has been used for identifying palmitoy-
lation (13) of proteins. Although 2BP has been used to demon-
strate the acylation dependence of protein movement (e.g. Refs.
17 and 26), it is also known to inhibit other processes unrelated
to palmitoylation (13, 27). In FRAP experiments 30 min of
treatment with 50 um 2BP inhibited the recovery of fluores-
cence in the Golgi region of cells expressing «,-GFP, YFP-vy,,,
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or YFP-v, (Fig. 2 and supplemental
Fig. 8). The variation in inhibition is
consistent with previous results
using 2BP and is due to the variable
effective concentration of 2BP
inside cells due to variations in cell
density (17, 28). The inhibition of
0 retrograde movement of +y,; oc-
—J_—I curred in a cell that stably expressed

a,-CFP, B;, and YFP-vy,, (Fig. 2B).
Control This result showed that retrograde
movement occurs regardless of
whether G protein subunits are
transiently introduced or stably
expressed.

To further examine the G protein
subunit movement between the PM
and Golgi, cells stably expressing
YFP-v,,, By, and «,-CFP were ex-
amined. A region of the cytosol was
selected in these cells after scanning
along the z axis to ensure lack of
overlap with the Golgi and bleached
repeatedly (1 s each) with 15-s
pauses to allow recovery (cytosolic
FLIP, C-FLIP). The resulting images
showed a rapid decrease in the
proximal but not distal portions of
the PM and the Golgi regions (Fig.
2C). When the YFP-v,; stable cells
were treated with 2BP, half the cells examined did not show the
differential decrease in fluorescence between the proximal and
distal regions of the PM or Golgi seen in untreated cells. The
variation in the response to 2BP among cells is consistent with
the FRAP results and previous 2BP experiments (17). One
interpretation of this behavior of YFP-v,, is that there is acyla-
tion-dependent two-way movement of the protein through the
cytosol between the PM and Golgi. Although such rapid shut-
tling of G proteins from Golgi to PM is unanticipated, it has
been previously suggested based on the localization of palmi-
toyl lacking « subunits that acylation at endomembranes facil-
itates PM localization of a G protein (29, 30). The 2BP inhibi-
tion may also inhibit an unidentified process that is not related
to palmitoylation of a G protein subunit or a binding protein
(13, 27).

Based on the design of a G protein FRET sensor that we have
previously characterized extensively (Fig. 34, diagram) (14), we
stably expressed «,-CFP-B,-YFP-v,; heterotrimer in CHO
cells that also stably express M2 muscarinic receptors. The
M2-expressing cells (M2-CHO) have been characterized before
(15). A FRET signal was detected in the PM of the cells (Fig. 34,
right, left gray bar). FRET was abrogated on receptor activation
with an agonist showing that the G protein present on the PM
was capable of getting activated (Fig. 3A, right, left white bar).
When the same cells were treated with 2BP, although the rela-
tive intensity of YFP and CFP was lower, basal FRET was
obtained in 75— 80% of the cells (Fig. 34, right, right gray bar).
The FRET was abrogated by agonist addition (Fig. 34, right,

4 1@ Basal O Carbachol
T

2BP

7 Cycloheximide
L T

Golgi‘ PM

with cycloheximide for 6-8 h.
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right white bar). This result shows that G protein activation per
se is not affected by 2BP treatment.

We notice that the G protein subunits are present in the PM
and Golgi after 30 min of 2BP treatment. Similar to the G pro-
tein subunits, H-Ras is also present on the PM after 30 min of
treatment with 2BP (17, 26). Much longer periods of exposure
to 2BP leads to the accumulation of G protein subunits and
H-Ras in the Golgi (26, 29). The reasons for these differences
are unclear.

G Proteins Are Residents of Endomembranes—There has
been evidence for the presence of G protein subunits in endo-
membranes and suggestions from assays that they may have
roles in protein trafficking through the endomembranes and
Golgi disassembly (6, 8—11). However, it has been unclear how
G protein subunits reach endomembranes and if they are resi-
dent therein rather than molecules in transit to the PM through
the endomembrane system. Here we detected «,-CFP and YFP-
7v:: at approximately equal levels in the Golgi and PM in stably
transfected M2-CHO cells (Fig. 3B). Cycloheximide treatment
for 6 —8 h had no effect on this distribution (not shown). FRET
signals of similar efficiencies in the PM and Golgi of cells were
detected even in the absence of protein synthesis (Fig. 3B).
These results suggest that G proteins exist as heterotrimeric
residents of endomembranes.

DISCUSSION

The results here suggest that G proteins shuttle rapidly, con-
tinually, and diffusively in the basal state between the PM and
endomembranes. The observation here that tagged «, 3, and y
subunits shuttle when expressed independently indicates that
endogenous G protein subunits in mammalian cells shuttle
between the PM and endomembranes. The results also suggest
that shuttling occurs in the heterotrimeric form. The G protein
heterotrimer is known to be inactive (1—4). Thus, the constant
redistribution of G protein molecules occurring between the
PM and endomembranes is unlikely to result in changes in
downstream signaling activity. However, receptor stimulation
allows this shuttling to be harnessed for the translocation of
free and potentially active 3y complexes to specific endomem-
branes at different rates (41).

The rapid shuttling of G protein subunits identified here
allows pools of G proteins to coexist in the PM and intracellular
membranes in dynamic equilibrium. Proteins diffuse at rates
that are at least an order of magnitude more in the cytosol
compared with the PM (31). Cytosolic diffusion of G protein
subunits thus allows the more rapid movement necessary for
constantly sensing the surfaces of internal membranes.

Similar to these unexpected G protein properties, H-Ras and
N-Ras have been definitively demonstrated to be functional res-
idents of intracellular membranes and to shuttle between the
PM and Golgi controlled by an acylation cycle with £, values
ranging from 1 to 10 min (17, 26, 31-33). Acylation-regulated
binding of Ras to the PM was predicted earlier based on the
analysis of Ras peptides (34). K-Ras has been shown to translo-
cate on neuronal activation (£, > 10 min) (35) consistent with
the dynamic nature of its binding to the PM (36). But the rapid
kinetics of By shuttling and translocation here is more reminis-
cent of protein kinase C translocation to the PM from the
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cytosol in response to Ca®" increase (t, < 10 s) (37, 38),
although reverse translocation of By occurs directly in response
to receptor inactivation.

It is possible that an acylation cycle similar to that recently
discovered in Ras (17, 26) may be at the basis of the shuttling
and translocation of G protein subunits (41). YFP-tagged H-
and N-Ras were shown to be present in the Golgi and in FRAP
experiments to show retrograde movement from the PM to the
Golgi (17, 26). In the case of G proteins, a high rate of « subunit
acylation and deacylation could potentially mediate G protein
shuttling. Although the known palmitoyl turnover rates of «
subunits are not in agreement, the rapid FRAP kinetics of a
32-residue N-terminal peptide specific to the ¢;; subunit (17) is
consistent with such a likelihood. However, a subunit acylation
cycling cannot explain 2BP inhibition of receptor-induced By
translocation (41) because the « subunit never cotranslocates
with By. Alternative possibilities are that 8y subunit acylation
has remained unidentified or an unknown protein that under-
goes acylation cycles binds to the By complex. Importantly,
given the known effects of 2BP on other cellular processes (13,
27), there is also the possibility that 2BP acts on an unidentified
cellular process that has an effect on G protein movement.

It is notable that lipidated hydrophobic G protein subunits
are able to diffuse rapidly through the cytosol. It is possible that
an unidentified protein masks the lipid moieties, allowing cyto-
solic diffusion. Protein partners that facilitate cytosolic traffick-
ing by masking the hydrophobic prenyl moiety are known; for
instance, specific guanine nucleotide dissociation inhibitors in
the case of Rab and Rho proteins, which are prenylated similar
to By (39, 40). Several potential candidates in the form of G
protein subunit-binding proteins are known whose functions
are not fully defined (11).

Opverall, the shuttling of G protein subunits seen here allows
heterotrimeric G proteins to continuously and rapidly test the
cytoplasmic surfaces of the PM and internal membranes, main-
tain populations of G proteins in intracellular membranes, dif-
ferentially act at a distance in response to receptor activation,
and reverse on receptor inactivation, properties that appear to
be uniquely suited for G protein-coupled receptor signaling and
have not been anticipated previously.
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