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Abstract

Heterotrimeric G proteins (apy) and Ras proteins are activated by cell-surface receptors that sense
extracellular signals. Both sets of proteins were traditionally thought to be constrained to the
plasma membrane and some intracellular membranes. Live-cell-imaging experiments have now
shown that these proteins are mobile inside a cell, shuttling continually between the plasma
membrane and intracellular membranes in the basal state, maintaining these proteins in dynamic
equilibrium in different membrane compartments. Furthermore, on receptor activation, a family of
G protein By subunits translocates rapidly and reversibly to the Golgi and endoplasmic reticulum
enabling direct communication between the extracellular signal and intracellular membranes. A
member of the Ras family has similarly been shown to translocate on activation. Although the
impact of this unexpected intracellular movement of signaling proteins on cell physiology is likely
to be distinct, there are striking similarities in the properties of these two families of signal-
transducing proteins.

Introduction

Classically, the two important families of signal transducing proteins, heterotrimeric G
proteins (afy subunits) and Ras, were thought to be localized to the plasma membrane. This
localization was consistent with their role as intermediates in the signaling pathway that is
activated by receptors embedded in the plasma membrane: G-protein-coupled receptors
(GPCRs) in the case of G proteins and receptor tyrosine kinases in the case of Ras proteins.
G protein subunits and Ras proteins were later discovered to be present in intracellular
membranes and there were suggestions that the proteins were active in these membranes.
Early reports showed that G protein subunits were present in the Golgi [1-3] (see Glossary).
More recently, evidence has been obtained for G protein activity in endosomes [4-6], the
nucleus [7, 8] and mitochondria [9]. Similarly, Ras proteins have been shown to be active in
different intracellular membranes, Golgi, endoplasmic reticulum (ER), endosomes and
mitochondria [10-12]. However, it was not clear how G proteins or Ras proteins reached
these membranes. In the case of Golgi- and ER-localized G protein subunits it was also not
clear whether they were residents of these membranes or transient molecules on their way to
the plasma membrane. Live-cell-imaging methods have been used in the last few years to
directly address these issues, and the potential for spatial and temporal changes in the
localization of G proteins and Ras has been scrutinized. Fluorescent protein (FP)-tagged
signaling proteins and methods such as FRET (fluorescence resonance energy transfer),
FRAP (fluorescence recovery after photobleaching), FLIP (fluorescence loss in
photobleaching) and photoactivation have shown that the traditional diagrammatic
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representation of G proteins and Ras on the cytosolic face of the plasma membrane provides
only a partial picture. In this review, we discuss these unexpected findings, the possible
mechanisms underlying these events and the physiological implications of these events on
downstream cellular signaling events.

Shuttling of G proteins and Ras proteins

Initial evidence from imaging G protein subunits in living mammalian cells using FP-tagged
subunits showed them to be present on the plasma membrane and intracellular membranes
such as the Golgi and ER in the basal state [13, 14]. When the FRAP of FP-tagged G protein
a, B and y subunits in the Golgi membranes was measured, movement of these subunits was
detected in the retrograde direction from the plasma membrane to the Golgi [14] (Figure 1).
The tq, for recovery was less than 1 min, suggesting that the movement is rapid.
Photoactivation of G protein subunits tagged with a photoswitchable FP, Dronpa, showed
that the G protein subunits are also capable of equally rapid movement in the anterograde
direction. In FLIP experiments in which a region of the cytosol was photobleached
repeatedly, a loss in FP-tagged G protein subunits from the proximal regions of the plasma
membrane and Golgi was observed. The results suggested that the G protein subunits
traverse the cytosol while continually shuttling between the plasma membrane and Golgi
membranes in the basal state of the cell. This continual movement of G protein subunits in
the basal state in the absence of receptor stimulation was termed as “shuttling’, as in the
dictionary definition ‘moving or travelling back and forth frequently’. This term has been
used to describe similar protein movement across various parts of a cell [15-17].

Consistent with the rapidity of the movement, it was determined to be independent of
vesicle-mediated trafficking and is most likely to be diffusive. The movement that is part of
shuttling was not inhibited by vesicular trafficking inhibitors such as nocodazole, monensin
or low temperature [14]. Inhibition of protein synthesis did not alter the distribution of G
proteins observed on the plasma membrane and the Golgi. This result indicated that G
protein subunits are not present in the Golgi as molecules in transit, but they are resident
[14]. This result also suggested that the anterograde movement of G protein subunits might
occur in the absence of protein synthesis. Recent experiments show directly that inhibition
of protein synthesis does not prevent the anterograde movement of a G protein o subunit,
Guog [18]. These findings show that the anterograde movement of G proteins is likely to be
distinct from the conventional Golgi-to-plasma-membrane biosynthetic trafficking route that
has been extensively studied [19, 20]. However, the anterograde movement in shuttling is
diffusive similar to the observed anterograde trafficking of Gs and G, which were also not
vesicle mediated [20].

The proteins probably shuttle as heterotrimers and, thus, maintain a pool of activation-
capable G proteins in both the plasma and intracellular membranes. A G protein FRET
sensor indicated that the G proteins were indeed heterotrimeric in constitution in both the
plasma membrane and the Golgi [14]. The sensor also showed that the plasma-membrane-
bound species was entirely amenable to receptor activation [21]. An inhibitor of
palmitoylation, 2 bromopalmitate (2BP), inhibits the shuttling of the G protein subunits [14],
suggesting that it is mediated by a palmitoylation cycle. Recent evidence from examining Ggq
in live cells [18] is consistent with the results above obtained with the Ga, subtype. Through
photoactivation experiments with Gag—-Dendra2 fusion protein, rapid shuttling of Gog was
observed between the plasma membrane and the Golgi complex in a palmitoylation-
dependent manner [18]. The shuttling was observed in cells without GPCR activation and in
the presence of coexpressed B1y2, indicating that heterotrimeric species shuttle as observed
for Gag. The kinetics of the movement was comparable with that for Ga,, (see earlier).
Furthermore, the evidence suggested that the palmitoylation of Goy is regulated by two
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palmitoyl acyl transferases present in the Golgi, DHHC3 and DHHC7. Together, the results
from analyzing Ga, and Gag provide strong evidence for a model that involves G protein
shuttling occurring through a cycle in which depalmitoylation occurs on the plasma
membrane resulting in the movement of the G protein to the Golgi where it is
repalmitoylated and moves back to the plasma membrane (Figure 2).

The observation of palmitoylation-dependent G protein shuttling between the plasma
membrane and the Golgi is reminiscent of a similar movement seen in the case of two Ras
proteins, N-Ras and H-Ras. Results from live-cell-imaging experiments showed that N-Ras
and H-Ras are continually cycling between the plasma membrane and the Golgi [22, 23].
The movement that occurred from the plasma membrane to the Golgi was inhibited by 2BP
and by the attachment of a depalmitoylation-resistant analog to N-Ras suggesting that it was
palmitoylation dependent. Consistent with this acylation dependency, N-Ras, which contains
one palmitoyl group, moved more rapidly to the Golgi (t1/2 = 1-2 min) compared with H-
Ras, which contains two palmitoyl groups (t1» = 6-11 min). Thus, pools of H-Ras and N-
Ras proteins are maintained in the plasma membrane and Golgi. Unlike G protein shuttling,
Ras shuttling between the plasma membrane and Golgi follows two different routes. The
retrograde movement from the plasma membrane to the Golgi is a diffusion-driven process
regulated by depalmitoylation of Ras on the plasma membrane; by contrast, the anterograde
movement from the Golgi to the plasma membrane is likely to be vesicle mediated [22, 23]
(Figure 2). Although the palmitoyl attachment occurs on the Ga subunit and the prenyl
group is attached to the Gy subunit [24], in H-Ras and N-Ras both lipids are attached to the
same protein [25] (Figure 2). The impact of lipid modifications of Ras and G proteins on
their intracellular movement is discussed later. In both Ras and G proteins, shuttling
between the plasma membrane and intracellular membranes enables pools of proteins to be
maintained in intracellular membranes in which they can execute signal-transducing roles.
As discussed later, the shuttling also potentially enables G protein subunits to act as direct
and specific intermediates in communicating extracellular signals to intracellular
membranes.

Translocation of G proteins

On activation by a GPCR, heterotrimeric Ga and Gy subunits have been thought to
modulate effector activity at the plasma membrane that change the levels of cCAMP,
diacylglycerol (DAG), inositol trisphosphate (IP3) and ion conduction [26]. Intracellular
regulation by GPCRs has, thus, been thought to be mediated through diffusible small-
molecule second messengers. The presence of G protein subunits in intracellular membranes
[27] has suggested that G proteins might have a direct role in these membranes and has
raised questions about the mechanism that enables G protein subunits to reach these
membranes. The shuttling of G proteins between plasma membrane and intracellular
membranes is one mechanism that will enable such dynamic populations of membrane-
associated G protein populations to coexist. However, the shuttling of the o subunit and the
By complex suggests that this movement occurs in the inactive heterotrimeric state. In this
state, the active components of the G protein (the GTP-bound o subunit or the free By
complex) will not be accessible to effector molecules.

Evidence that activation of GPCRs leads to the relocalization of a family of G protein By
complexes from the plasma membrane to the Golgi and ER [13, 28] provides a potential
mechanism that makes an active component of the G protein available for effector regulation
inside the cell in a signal-dependent manner. Because the observed relocalization of specific
G protein By complexes occurs in response to receptor activation, the movement was termed
as ‘translocation’, as in the dictionary definition ‘changing position from one place to
another’. Translocation is distinctly different from the basal shuttling movement described
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earlier. Translocation of By is selective, the a subunit does not translocate and it occurs with
all the important subtypes of a subunits [29]. The selective translocation occurs through
dissociation of the By complex from the palmitoylated o subunit on receptor activation.
Although free GBy generated after heterotrimer dissociation translocates to the cytosol and
then the endomembranes, the free Ga is retained on the plasma membrane probably owing
to the affinity of the palmitoyl for the plasma membrane. The depalmitoylation—
palmitoylation cycle that regulates Ga. shuttling does not, therefore, regulate translocation.

Translocation of GBy shows spatially and temporally distinct properties dependent on the y
subunit type associated with the By complex. Translocation is targeted predominantly to the
Golgi (Figure 3a) or the ER [28]. When the rate of translocation of By complexes containing
different y subunits was measured by activating M5 acetylcholine receptors, the t1, varied
from ~6 to 85s [28]. These results suggest that members of the large and diverse mammalian
v subunit family possess qualitatively different translocation properties. The differential
spatiotemporal characteristics of translocation of different y subtypes suggest that receptor
activation in cells expressing the different subtypes might have distinctly different py-
mediated signaling properties. On deactivating a receptor, equally rapid reversal of
translocation occurs. The rapidity of the translocation and the equally rapid ability of the
translocated G protein By complex to reverse translocate to the plasma membrane on GPCR
inactivation suggests that by continually shuttling between plasma membrane and the Golgi,
G proteins are constantly sensing the state of the receptor on the plasma membrane. G
protein shuttling is, thus, harnessed to translocate the By complex to internal membranes
(Figure 2). The ability of By11 modified with the hydrophobic farnesyl (C15) moiety or By13
with the even more hydrophobic geranylgeranyl (C20) moiety to translocate rapidly (t1/,
~10 s) through the hydrophilic cytosol is surprising. One possibility is that a sequestering
protein that binds to Gy and masks the prenyl moiety of the y subunit enables it to diffuse
through the cytosol (Box 1). The presence of a similar protein has been suggested to
facilitate the movement of farnesylated H-Ras and N-Ras through the cytosol [30]. A Rab
escort protein is known to sequester the prenyl moiety of Rab, and a RhoGDI (Rho GDP-
dissociation inhibitor) acts similarly in the case of Rho to facilitate the movement of these
proteins through the cytosol [31, 32].

Box 1

Mechanism and function of shuttling and translocation

The unexpected finding that two families of signal-transducing proteins are capable of
directed movement between membrane compartments inside a cell raises new questions.
How are the G protein By complex and Ras proteins that are prenylated capable of
diffusion through the cytosol? One of the puzzles about the shuttling of G proteins and
Ras proteins between the plasma membrane and the Golgi is that both are modified with
hydrophobic prenyl moieties that are expected to impede free movement through the
cytosol. The ability of free By complexes to translocate from the plasma membrane to the
Golgi is also a surprise for the same reason. One possibility is that there is a sequestering
protein that masks the hydrophobic prenyl moiety facilitating the diffusion of these
proteins through the cytosol.

How does acylation mediate the translocation of By complexes? There is evidence for the
a subunits of G proteins being palmitoylated and shuttling of the heterotrimer being
mediated by a depalmitoylation—palmitoylation cycle. But there is no evidence that the By
complex is palmitoylated. So, the possibility that translocation is aided by an unidentified
protein that undergoes transient palmitoylation is attractive.

What are the physiological roles of the receptor-mediated By complex translocation to the
Golgi and ER? Does removal of the By complex on the plasma membrane and lowered
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concentration of the heterotrimer lead to signal attenuation? Do the G protein By
complexes and Ras have specific roles in regulating Golgi function? How and why are
the By complexes targeted to the Golgi complex or the ER? Are there protein targets in
the intracellular membranes that recognize specific By complexes?

In terms of the mechanistic basis of the By complex translocation, it is diffusion mediated,
palmitoylation dependent and is independent of whether the subunit type is modified with
farnesyl or geranylgeranyl [28]. Translocation is strikingly dependent on the amino acid
sequence of the y subunits. A phylogenetic tree of the y subunit family shows that subunits
with shared translocation properties also are more closely related at the level of their
primary structures (Figure 4). Based on extensive evidence for the interaction of the C-
terminal domain of the y subunit with a receptor [33-37], this domain has been mutated and
shown to regulate translocation capability [28, 38, 39]. Although the prenyl moiety at the C
terminus of y subunits influences receptor interaction [40, 41], it is clear that it is the specific
amino acid residues at the C-terminal domain that dictate the translocation behavior of a y
subunit. For instance, geranylgeranylated By13 translocates as rapidly as farnesylated py9 or
Byl11, and a geranylgeranylated non-translocating y3 subunit can be mutated at the C
terminus to confer translocation capability [28].

The simplest model underlying receptor-mediated By translocation is shown in Figure 3b. In
the basal state, the y subunit has a high affinity for the inactive receptor, and the By complex
present as inactive heterotrimer with the a subunit is retained on the plasma membrane.
Translocating y subunits have a lower affinity for the activated state of a receptor and, when
the receptor is activated, By containing these y subunits dissociate from the Ga subunit and
move to the Golgi or ER where a protein target with a relatively high affinity for the
complex is present. Receptor deactivation results in reversal of the translocation because the
inactive receptor has a high affinity for the By complex. The ability to rapidly reverse
suggests that the By complex is continually sensing the cytosolic surfaces of the intracellular
and plasma membranes. y Subunits, which are translocation incompetent, do not have
lowered affinity for the activated receptor, and the By complexes containing these subunits
are retained on the plasma membrane. In this model, the translocation of By complexes is
controlled by the relative affinities of activated and deactivated GPCRs for By subunits.

Although a G protein heterotrimer is inactive, activation leads to the generation of two
active species: the o subunit and the By complex. Thus, the translocation of GBy potentially
enables it to directly modulate the function of effectors in the Golgi. It has been shown that
free GPBy introduced into cells through permeabilization or overexpression breaks down the
Golgi into vesicles [42]. The formation of these vesicles is mediated by protein kinase D
(PKD) suggesting that these vesicles transport cargo to the plasma membrane [43, 44].
However, the stimulus for G protein action on the Golgi and the source of any By that might
act on the Golgi complex in intact cells has not been identified. GPCR-activated By
translocation to the Golgi provides a mechanism that enables Gy to reach the Golgi from
the plasma membrane and regulate secretory-vesicle formation in an extracellular-stimulus-
dependent manner. Consistent with such a possibility, the M3 acetylcholine receptor
regulation of insulin secretion has been demonstrated to be mediated by PKD recently [45].
The translocation of GBy away from the plasma membrane can also modulate G-protein-
mediated signaling responses downstream because it reduces the concentration of
heterotrimer available to the receptor and also the By available for acting on plasma
membrane effectors. Consistent with this expectation, there are suggestions that light
adaptation in rod photoreceptors is mediated by the translocation from the rod outer to the
inner segment of the subunits of Gy, the G protein specific to these cells [46, 47]. G; subunit
translocation occurs in response to rhodopsin activation by light [46]. This translocation is
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consistent with the ability of the rod y subunit to translocate rapidly in mammalian cells in
response to GPCR activation [28]. Furthermore, light-activated translocation seems to be
mediated by simple diffusion as in the case of Gy described earlier, although reversal is
dependent on the cytoskeleton [48, 49]. In contrast to the translocation of GBy complexes
discussed earlier, both the Gio and By subunits translocate and seem to do so independently
(ty/2: ot ~5 min and By; ~12 min) [46]. Also, reversal of translocation on dark adaptation is a
very slow process lasting 200 min for o [50]. It is not clear whether under basal conditions
G; shuttles between the rod outer and inner segments.

The selective receptor-stimulated translocation of By is also a distinctly different process
compared with the internalization of the receptor [51], which does not involve the Golgi and
is temporally separated from By translocation (D.K.S. and N.G., unpublished,). The receptor-
induced By translocation is also distinctly different from G4 internalization that was observed
first several years back [52, 53] and again more recently [54, 55]. The internalized G
localizes to cytosolic vesicles [52, 54, 55] on receptor activation. The rate of this
internalization is relatively slow, ranging in minutes [55], compared with the selective
translocation of Gfy, which takes place in the order of seconds [13, 28, 29]. Furthermore,
the internalization of Gog and GBy occur together reminiscent of G; translocation on
rhodopsin activation discussed later. Finally, it has been shown that receptor-stimulated Gg
internalization occurs as a result of enhanced depalmitoylation of Gag [52, 53]. Reports from
other laboratories have, however, been unable to detect internalization of Gg from the
plasma membrane to the cytosol on activation or depalmitoylation [56, 57]. The relationship
between the translocation of G; subunits on rhodopsin activation or G internalization on -
adrenoceptor activation and the rapid, directed and selective translocation of the By complex
on receptor activation to the Golgi or ER remains unclear.

Translocation of Ras proteins

In the case of Golgi-localized Ras, direct activation by a plasma-membrane-bound
epidermal growth factor receptor has been observed in live cells using a sensor that detects
Ras activity [12, 58]. Activation on the plasma membrane has been shown to be rapid,
whereas on the Golgi it is slower and sustained. Ras shuttling is thought to distribute Ras
subtypes differentially in intracellular membranes leading to the activation of different
effectors enriched specifically in these compartments [10, 12]. These temporal and spatial
distinctions in activity enable Ras activated pathways to provide different responses. A more
refined picture of the physiological consequences of these differential responses is likely to
emerge in the future. As in the case of G proteins, it is unclear whether Ras has a direct role
in regulating Golgi function.

Similar to the G protein subunits, translocation of a Ras protein, K-Ras, from the plasma
membrane to the Golgi and endosomes has been observed in hippocampal neurons in
response to stimulation that induces Ca?* influx in neurons [59]. The translocation is slower
than that of the rapidly translocating GBy complexes (t1/, ~4.5 min compared with ~10 s for
GpBy). This translocation is consistent with the dynamic association of K-Ras with
membranes [60]. It occurs through cytosolic diffusion aided by binding to calmodulin,
which probably helps to mask the hydrophobic prenyl moiety [59]. In contrast to H-Ras and
N-Ras, which contain palmitoyl moieties in addition to the prenyl modification, K-Ras
contains only the prenyl moiety. It is thought to interact with membranes through the prenyl
moiety and a C-terminal polybasic domain [25]. Other evidence suggests that K-Ras can
translocate from the plasma membrane to the mitochondria through phosphorylation, which
counteracts the affinity of the polybasic domain for membranes [61]. Similar to the G
protein By complex, reverse translocation of K-Ras probably occurs through a non-vesicular
pathway involving simple diffusion.
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Role of lipid modifications in the intracellular movement of G proteins and

Ras

Although the shuttling of both G proteins and Ras is controlled by a depalmitoylation—
palmitoylation cycle, both families of proteins are also modified with other lipids that could
potentially influence the intracellular movement between hydrophobic membranes.
Although G protein y subunits and Ras are modified with a prenylfarnesyl or geranylgeranyl
at the C terminus, some Ga types such as Gag are modified with an additional myristoyl
group at the N terminus. However, no distinct impact of type of prenyl moiety on Gy subunit
shuttling or receptor-activated translocation has been observed. GBy2, which is
geranylgeranylated, and GBy11, which is farnesylated, show similar shuttling properties
[14]. Gy11, which is farnesylated, and Gy13, which is geranylgeranylated, translocate
equally rapidly on receptor activation [28]. Evidence from the observation of Ga, and Gayg
suggest that there are no substantial differences in the shuttling kinetics of these subunits
despite Go, being modified by an additional myristoyl moiety [14, 18]. Experiments with H-
Ras have revealed that the C-terminal prenyl moiety plays no part in Ras shuttling [23]. A
geranylgeranylated H-Ras shuttles with equal efficiency as a farnesylated H-Ras [23]. The
Ras proteins, H-Ras, N-Ras and K-Ras, are modified with farnesyl at the C terminus but
only H-Ras and N-Ras are palmitoylated, whereas K-Ras contains a polybasic domain with
affinity for negatively charged groups of phospholipids, which provides the membrane-
binding capability [62]. Similarly Rapla and Rap2b are geranylgeranylated but only the
latter is palmitoylated [59]. When C-terminal domains of K-Ras, H-Ras, Rapla and Rap2b
were tagged with FPs and examined, only the protein fusions with non-palmitoylated tails
translocated on stimulating neuronal activity [59]. However, both farnesylated and
geranylgeranylated domains translocated, showing overall that the prenyl moiety similar to
the G protein y subunits has no role in the translocation process but the palmitoylation
hinders it.

These strikingly similar observations with G proteins and Ras proteins suggest a model
encompassing the roles of different lipid modifications for the movement of these proteins
between cellular membranes. Both palmitoyl and a prenyl group enable retention of these
proteins on the plasma membrane. G protein heterotrimers are retained on the membrane
because of the palmitoyl present on the o subunit and the prenyl moiety on the By complex.
H-Ras and N-Ras are retained on the membrane by the palmitoyl and prenyl moieties,
whereas K-Ras binding is dependent on the prenyl moiety and the polybasic domain. Most
members of the Ga family are palmitoylated, and depalmitoylation will reduce their affinity
for the plasma membrane similar to depalmitoylated H-Ras and N-Ras. It is possible that the
affinity of the prenyl moiety alone is insufficient for membrane binding. Alternatively, a
masking sequestering protein might prevent membrane interaction. Thus, shuttling of
proteins between the plasma membrane and endomembranes is entirely dictated by a
palmitoylation cycle. Although K-Ras does not shuttle between membranes regulated by a
depalmitoylation—palmitoylation cycle, it is nevertheless rapidly and continually associating
and dissociating from membranes [63, 64], which enables it to be potentially redistributed to
specific endomembranes where it might have specific functions. It is possible that, similar to
K-Ras, the non-palmitoylated but prenylated Gy subunits enable By complexes to
continually sense different membranes through a similar rapid process of dissociation and
reassociation. The ability of the translocated Gpys to rapidly reverse translocation from the
Golgi to the plasma membrane on receptor inactivation [13, 28] suggests that they might be
continually sensing these two membrane surfaces.

In contrast to basal level shuttling, only the non-palmitoylated proteins are capable of
translocation on receptor activation. Weakened association between the palmitoylated Ga
and GPy subunits results in By translocation. Again, it has to be considered that a
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sequestering protein might mask the hydrophobic prenyl moiety during translocation of Gy
preventing retention on the plasma membrane and facilitating diffusion through the
hydrophilic cytosol. For K-Ras, Ca*/calmodulin has been identified as such a sequestering
protein [59, 65, 66].

When a phylogenetic tree is generated using amino acid sequences of Gy subunits and Ras,
an unexpected finding emerges (Figure 4). The translocation-capable K-Ras protein is more
related to the rapidly translocating Gy subunits (Figure 4). This relationship suggests that the
translocation capabilities of these proteins lie in their specific amino acid sequences.

Conclusions

The movement of signal-transducing intermediates is a requirement for intracellular
communication of biological messages emanating from outside a cell. Small molecules
enable this communication to occur rapidly through cytosolic diffusion. Classically, it has
been thought that when GPCRs sense an extracellular signal, second messengers such as
cAMP and IP3 diffuse away from the plasma membrane to regulate intracellular effectors.
The unexpected movement of G proteins and their active subunits provides an alternative
mechanism for the direct transfer of extracellular input to the interior of a cell. Because
diffusion of molecules through the cytosol is much more rapid compared with movement
along a membrane surface, this mechanism enables speedy communication between
extracellular signal and intracellular membranes. The ability to target activated Gy to
specific membrane components inside a cell such as the Golgi or ER provides a more
specific mode of regulation compared with the diffusion of second messengers. Classically,
Gpy effectors such as adenyl cyclases [67], phospholipase CB [68, 69], potassium channels
[70], PI3K [71] and mitogen-activated protein kinases [72, 73] are plasmamembrane bound
[74]. But several effectors are also present at various intracellular locations: PKD [43] in the
Golgi; glucocorticoid receptors [8] and histone deacetylases [75] in the nucleus; phosducin
[76], phosducin-like protein [77, 78], nucleotide exchange factor P-Rex1 [79] and cool-2
[80] in the cytosol; and tubulin in the cytoskeleton [81]. Extracellular- signal-stimulated
translocation of Gy to these intracellular effectors can modulate important physiological
processes such as secretion. Temporal differences in the translocation of different By
subtypes enable variations in the time of induction and duration of activity. Spatial
differences in the target of the translocated By subtypes also enable different effectors to be
activated in different cell compartments. The variety in the rate and spatial target of the
translocation of the By subunit type complexes thus enables more complex encoding of the
signaling output so that physiological responses can be distinct.

It is possible that receptor-stimulated translocation of Gpy will be observed to be widespread
and seen to occur between the plasma membrane and other intracellular membranes such as
endosomes, the nucleus and mitochondria. But many questions still remain unanswered
regarding the mechanistic basis of the intracellular mobility of G protein subunits in addition
to Ras proteins (Box 1). Their identification, apart from providing a template for
understanding protein movement, is also likely to be of pharmacological value because
GPCRs are the single most important target for commercially available therapeutic drugs
[82, 83] (Box 2). The regulation of G protein shuttling, translocation and Ras shuttling by a
depalmitoylation—palmitoylation cycle points to a central role for palmitoylation in the
regulation of signaling activity. Palmitoylation of G protein a subunits and the Ras proteins
was identified many years back [84] but the role was unclear. Palmitoylation-dependent
mechanisms are now known to be important mediators of the intracellular movement of G
protein subunits and Ras. But this is not the only mechanism because the mobility of G;
subunits in rod photoreceptors and that of K-Ras in different cell types is likely to be
regulated by mechanisms that do not involve palmitoylation. Overall, various mechanisms
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seem to have been recruited to induce and control the movement of these signal-transducing
proteins inside cells in an evolutionarily convergent manner.

Box 2

Potential therapeutics

The discovery of both constitutive and activation-dependent movement of G proteins and
Ras in mammalian cells raises the possibility of using this knowledge pharmacologically.
Heterotrimeric G proteins mediate the vast majority of physiological responses to signals
from outside the cell. These signals include light, neurotransmitters, hormones and
odorant molecules. The Ras family is an important mediator of cell proliferation and
differentiation that is triggered by growth factor receptors. Unraveling the mechanistic
bases of the basal level shuttling or the activity-dependent translocation of these two
crucial families of proteins can provide novel targets for directing newly designed
therapeutic drugs. Such drugs can potentially regulate the activity-dependent
translocation of Gfy. If the receptor-mediated translocation of the By complex is involved
in regulating a Golgi function such as secretion, GPCR regulation of important secretory
hormones such as insulin can be regulated by using small molecules or by suitably
engineering the translocation properties of G protein subunits in cells. Similarly, if By
translocation leads to lowered cellular responses to stimuli, inhibiting By translocation
would result in heightened responses in cells. Such an intervention would be of help in
cells that display weakened responses in the diseased state.

Additionally, the ability to image FP-tagged Gpy translocation in live cells rapidly
enables novel direct assays that screen for GPCR directed drugs. This translocation-
dependent assay is a direct readout of GPCR activation without involving monitoring
classical secondary messengers such as Ca2*, IP3 or CAMP. The assay measures the first
step in the activation of a GPCR signaling pathway. It eliminates the non-specific
molecules that act at downstream steps in this pathway. The rapid reversibility of the By
translocation on GPCR deactivation further enables this assay to be used for both GPCR
activator (agonist) and inhibitor (antagonist) screens. Because translocation and reversal
occurs with ty» s of ~10 s and a cell can be used repeatedly, the assay provides a rapid
way to screen for multiple drug compounds using same cell. The translocation-based
assay thus has advantages over existing technologies used for identifying compounds that
act on GPCRs, which still form the single largest target family for the drug discovery
process.
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Glossary
Diffusion the process that leads to movement of molecules inside the cell from
a region of high concentration to a region of low concentration by
energy-independent random molecular motion
Fluorescent a protein that fluoresces in living cells when excited with light of a
protein (FP) specific wavelength and can be genetically tagged to any protein of

interest to study their behavior by fluorescence imaging. Availability
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of spectrally distinct proteins for tagging enables simultaneous
imaging of many cellular proteins at the same time

fluorescence recovery after photobleaching; a technique in which the
mobility of a FP-tagged protein of interest is studied inside a cell. It
is performed by bleaching the FP in a selected part of a cell and then
monitoring the recovery in the bleached region

an intracellular membrane organelle localized to the perinuclear
region and composed of membrane stacks. It is involved in the post-
translational processing of proteins and serves as a site of packaging
and trafficking of secretory and plasma-membrane-bound molecules
inside a cell

techniques to image dynamics of protein movement and localization
in living cells. It is performed by genetically tagging proteins under
study with FPs such as green FP (GFP) and then studying them
inside a living cell in their actual milieu

depalmitoylation—palmitoylation events that lead to the removal and
reattachment of a 16-carbon palmitoyl modification to various
proteins

an optical process in which a bleached FP can be reactivated using
light of a specific wavelength. Photoactivation of a protein of interest
tagged with a photoactivatable FP such as Dronpa can enable
migration of the protein to be studied

post-translational addition of an isoprenoid lipid group such as the
15C farnesyl or the 20C geranylgeranyl at the C-terminal end of a
protein. Presence of a -CAAX motif at the C-terminal sequence
determines prenylation. The X’ amino acid determines whether the
cysteine within the CAAX box is farnesylated or geranylgeranylated.
If X is serine, methionine or glutamine it leads to farnesylation of
proteins and if it is leucine or phenylalanine the protein is modified
with geranylgeranyl

bidirectional movement of proteins between two target sites inside a
living cell

relocalization of proteins from one part of the cell to another part,
usually as a result of a stimulation or perturbation

movement of molecules from the Golgi to the plasma membrane or
cell exterior through small lipid carriers called vesicles. These lipid
vesicles require the cytoskeleton for their movement
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Basal Bleach
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Figure 1.

Shuttling of the G protein y2 subunit from the plasma membrane to the Golgi. Chinese
hamster ovary (CHO) cells transiently expressing yellow fluorescent protein (YFP)-y2 were
used. Arrows indicate the Golgi region, which was photobleached in the basal cell by laser
and was monitored for fluorescence recovery (FRAP). The recovery shown in the right
panel reflects the retrograde movement of YFP-y2 from the plasma membrane to the Golgi,
corresponding to the shuttling movement of this protein. Note that the y2 subunit types are
not capable of translocation on receptor activation, indicating that the ability to shuttle
between plasma membrane and intracellular membranes in the basal state does not
necessarily confer the ability to translocate on receptor activation.
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Figure 2.

Palmitoylation-dependent shuttling of signaling proteins. Shuttling of G protein
heterotrimers occurs with equal rapidity in both retrograde and anterograde directions
through simple diffusion (solid arrows). Shuttling of the Ras proteins involves retrograde
movement from the plasma membrane to the Golgi by simple diffusion, whereas the
anterograde movement is through vesicle-mediated trafficking and is distinctly slower.
Palmitoyl (red) attached to the a subunit and Ras is removed resulting in reduced affinity for
the plasma membrane even though the y subunit and Ras contain a prenyl moiety (black).
Palmitoyl transferase in the Golgi acylates the depalmitoylated a subunit and is thought to
acylate Ras. Thus, a common mechanism — deacylation at the plasma membrane and
palmitoylation at the Golgi — is thought to mediate the shuttling of these two signaling
proteins.
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Figure 3.

Translocation of G protein By9 to the Golgi from the plasma membrane in response to M,
cetylcholine receptor activation. CHO cells stably expressing the M, acetylcholine receptor
and transiently transfected with G protein a,, B1 and YFP-y9 subunits were used. Left hand
side: images of the YFP-y9 subunit from the cells were captured before agonist treatment
and followed by agonist and antagonist treatment at 20 s intervals. Cells were exposed to
100 pM carbachol (an agonist) followed by 100 uM atropine (an antagonist) at defined time
points. (a) Images showing translocation of YFP-y9 to the Golgi. Arrows represent the
regions in the cell where intensity changes in response to receptor activation and
deactivation are observed. Yellow arrows indicate the plasma membrane and black arrows
indicate the Golgi region. The decrease in fluorescence intensity over time is due to
photobleaching. Right hand side: plot representing YFP intensity changes over time in the
Golgi. Arrows indicate the time of addition of agonist and antagonist. Points shown in red
represent the images shown in left panel. (b) Model for the mechanistic basis of
translocation. After receptor activation by an agonist (steps 1 and 2), the G protein follows
pathways (i) or (ii) depending on its y subunit type. (i) Non-translocating y subunits enable
the By complex to stay on the activated receptor after the release of the o subunit (step 3).
Competing affinities for an effector (blue diamond) and the receptor determine dissociation
of By from the receptor (step 4). (ii) Translocation-capable y subunits have low affinity for
the activated receptor compared with a target in the Golgi or ER and translocate as a By
complex to these membranes (step 3). Orange arrows indicate that translocation rates vary
among Py types depending on their relative affinities for the activated receptor or effectors.
Receptor inactivation leads to an increase in affinity for the By complex and higher a-GDP
concentration (step 4). Both pathways finally lead to increased a-GDP By binding to the
inactivated receptor (step 5).
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Figure 4.

The evolutionary relationship between the primary structures of G protein y subunits and
Ras proteins. Protein sequences of y subunits and Ras proteins of human origin were used to
generate a phylogenetic tree based on sequence alignment at ClustalW website
(www.ebi.ac.uk/ClustalW). Color codes are given to proteins based on their intracellular
movement observed in living cells: red, Ras proteins; blue, rapidly translocating Gy
subunits; green, slowly translocating Gy subunits; black, non-translocating Gy subunits.
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