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ABSTRACT: To be activated by cell surface G protein-coupled receptors, heterotrimeric G proteins must
localize at the cytoplasmic surface of plasma membranes. Moreover, some G protein subunits are able to
traffic reversibly from the plasma membrane to intracellular locations upon activation. This current topic
will highlight new insights into how nascent G protein subunits are assembled and how they arrive at
plasma membranes. In addition, recent reports have increased our knowledge of activation-induced
trafficking of G proteins. Understanding G protein assembly and trafficking will lead to a greater
understanding of novel ways that cells regulate G protein signaling.

Heterotrimeric G proteins, composed ofR, â and γ
subunits, function to transduce signals from agonist-bound
heptahelical G protein-coupled receptors (GPCR) to intra-
cellular effector proteins. G protein signaling pathways
mediate a vast number of physiological responses, and
dysregulation of these pathways contributes to many diseases,
including cancer, heart disease, hypertension, endocrine
disorders, and blindness (1-5). Extracellular ligands that bind
to and activate GPCRs to initiate G protein signaling
pathways include small molecule neurotransmitters, peptide
hormones, chemokines, lipids, and environmental stimuli,
such as light, odorants, and tastes. Because of such ubiquitous
importance, GPCRs are major targets for pharmaceutical
therapeutics.

For G proteins, the accepted mechanism of action is
visualized as a continuous cycle of activation and inactivation

of the G proteinR subunit (GR). Agonist binding to a GPCR
at the extracellular cell surface induces a conformational
change in the GPCR that allows it to directly promote GDP
release from the inactive GR, which is in the heterotrimeric
(Râγ) complex. Next, GTP binds to GR, and GR and the
âγ dimer (Gâγ) dissociate, giving rise to signaling-competent
GTP-bound GR and free Gâγ. With the exception of theâ5

subunit (6), â subunits (Gâ) andγ subunits (Gγ) appear to
irreversibly associate and exist asâγ dimers, whether as free
Gâγ or Gâγ bound to GR. To complete the G protein cycle,
GR hydrolyzes its bound GTP and then GDP-bound GR
reassociates with Gâγ (1).

To be activated by a cell-surface GPCR, G proteins must
be located at the intracellular surface of the cell’s plasma
membrane (PM). As peripheral membrane-associated pro-
teins, G proteins thus require mechanisms that allow tight
membrane binding. G proteins undergo covalent modification
by several different lipids, myristoylation and/or palmi-
toylation for GR, and isoprenylation for Gγ (Table 1), and
these attached lipids play an essential role in serving as
hydrophobic anchors to localize the G protein subunits to
membranes (7). However, the cellular pathways by which
G protein subunits are assembled and reach the PM after
their synthesis are not well understood. Moreover, it has
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become increasingly clear that G protein localization is
dynamic, and activation can promote a reversible redistribu-
tion of GR and Gâγ to discrete membrane subdomains or
different regions of the cell. This current topic will focus on
recent work that provides new insight into the cell biology
of G proteins, including chaperone proteins that facilitate
folding of nascent Gâ and assembly of Gâγ, mechanisms
and pathways involved in the targeting of nascent GR and
Gâγ to the PM, and activation-induced trafficking of G
proteins.

SYNTHESIS OF â AND γ, DIMER FORMATION,
AND ISOPRENYLATION

Although Gâ and Gγ subunits interact to form the
irreversible Gâγ dimer rapidly after synthesis (beginning
within 2.5 min) in cultured cells (8), new evidence has
demonstrated that this critical process ofâγ dimer formation
is regulated by proteins that act as chaperones for Gâ. The
chaperone protein CCT (chaperonin containing tailless
complex polypeptide 1) is involved in the proper folding of
proteins having the seven-bladedâ-propeller structure such
as that occuring in Gâ, and using in vitro transcription/
translation systems, it has been shown recently that the CCT
complex binds newly synthesized Gâ (9, 10). The CCT
complex is necessary to prevent the formation of Gâ
aggregates (9). Moreover, Gγ does not bind to the CCT
complex (10), suggesting that CCT is specifically involved
in the folding of Gâ.

Another protein involved in the folding of Gâ is the
phosducin-like protein (PhLP1), and it appears that PhLP1
functions in concert with the CCT complex (Figure 1).
Previous work suggested that PhLP1 functions to inhibit G
protein signaling by binding free Gâγ; however, it is now

clear that a major role of PhLP1 is to facilitate the formation
of Gâγ by promoting the folding of Gâ. In Dictyostelium
discoideumcells deficient in the phosducin-like protein
PhLP1 or in Hela and HEK 293 cells depleted of PhLP
proteins by siRNA, the level of the Gâ subunit was strongly
reduced, and G protein signaling was impaired (11, 12).
Conversely, overexpression of wild-type (wt) PhLP1 in-
creased the quantity of Gâ subunits in cultured cells (12).
Nascent Gâ, but not Gγ, was shown to interact with PhLP1
by co-immunoprecipitation (12). Previous studies had dem-
onstrated that PhLP1 binds to CCT and regulates the ability
of CCT to catalyze the folding of newly synthesized proteins
(13, 14), and indeed, PhLP1 could be immunoprecipitated
in a ternary complex containing CCT and Gâ subunits. Taken
together, the above studies suggest that PhLP1 functions as
a co-chaperone to facilitate the CCT-mediated folding of Gâ.

An analysis of the role of phosphorylation of PhLP1 in
Gâγ assembly has provided some mechanistic insight (15).
Mutation of N-terminal casein kinase 2 (CK2) phosphor-
ylation sites in PhLP1 prevented PhLP1 from promoting the
expression of Gâγ in cells (12, 16); however, expression of
the mutant PhLP1 strongly increased the binding of nascent
Gâ to CCT (15). Using a pulse-chase analysis, it was
observed that the expression of wt PhLP1, but not CK2
phosphorylation deficient PhLP1, stimulated the release of
nascent Gâ from CCT. Lukov et al. have presented the most
complete model to date for the assembly of Gâγ (15). The
key steps in the model are as follows: (1) Newly synthesized
Gâ cannot fold properly on its own and thus binds the
chaperone CCT. (2) PhLP1 binds, forming a ternary complex.
(3) Phosphorylation of PhLP1, likely by CK2, releases a
PhLP1-Gâ complex in which the Gâ subunit is now properly
folded into its seven-bladed propeller structure. (4) The Gγ
subunit then binds to form PhLP1-Gâγ. How and when Gâγ
is dissociated from PhLP1 is unclear. It is possible that Gâγ
binding to a membrane surface, likely the ER, and/or binding
to GR promotes PhLP1 release because the PhLP1 binding
site on Gâγ overlaps with both a basic membrane-association
region and the GR-binding surface (15, 17). Although aspects
of this model need to be confirmed and refined, these novel
demonstrations that Gâγ formation is a regulated process
(9-12, 15, 16) add a new layer of complexity to understand-
ing the regulation of G protein signaling. Particularly
intriguing is the speculation that cells may regulate the
phosphorylation of PhLP1 to control levels of G protein Gâγ
subunits under varying circumstances.

Another key question is to understand where in the cell
newly synthesized Gâ, likely as a PhLP1-Gâ complex,
interacts with Gγ and whether Gâγ dimer formation precedes
or follows isoprenylation of Gγ. Previous work with purified
subunits showed that Gâ could bind to either isoprenylated
or non-processed Gγ, although there was a preference for
non-processed Gγ (18). In addition, pulse-chase studies in
cultured cells are consistent with Gâγ formation in the
cytoplasm, that is, before attachment of the hydrophobic
isoprenyl group (8). Consistent with this, when PhLP1 is
depleted inDictyostelium discoideum, Gγ is not isopren-
ylated, as measured indirectly by a detergent partitioning
assay, suggesting that Gγ isoprenylation is dependent on
PhLP1-mediated Gâγ formation (11). Moreover, Gγ protein
levels are decreased when Gâ protein levels are reduced by
depletion of TCP-1 (tailless complex polypeptide-1), one of

Table 1: Sites of G Protein Lipid Modificationsa

GR subunits N-termini ofR subunits lipid modification

Ri1 MGCTLSAEDKAAVERSKMID- myristoylation,
palmitoylation

Ro1 MGCTLSAEERAALERSKAIE- myristoylation,
palmitoylation

RZ MGCRQSSEEKEAARRSRRID- myristoylation,
palmitoylation

Rt MGAGASAEEKHSREL- myristoylation
Rs MGCLGNSKTEDQRNEEDAQR- palmitoylation
Rq MTLESIMACCLSEEAKEARR- palmitoylation
R14 MAGCCCLSAEEKESQRISAE- palmitoylation
R16 MARSLRWRCCPWCLTEDEKA- palmitoylation
R12 MSGVVRTLSRCLLPAEAGAR- palmitoylation
R13 MADFLPSRSVLSVCFPGCVL- palmitoylation

Gγ subunits C-termini ofγ subunits lipid modification

γ1 -KGIPEDKNPFKELKGGCVVIS farnesylation

γ2 -TPVPASENPFREKKFFCVAIL geranylgeranylation
aThe N-terminal sequences of several GR and the C-terminal

sequences of two Gγ are shown. Myristate links through an amide bond
to an N-terminal glycine after the removal of the initiating methionine
as indicated byG. Palmitate attaches via a thioester bond to cysteine
(in bold and italics) residues in the N-terminus of GR. γ1 andγ2 are
isoprenylated through a thioether bond to a cysteine, indicated by C.
After isoprenylation, the C-terminal three amino acids are removed
(V), and the new C-terminus is carboxyl methylated. This is a
representative listing of G protein subunits. In humans, 16 genes encode
GR (plus additional splice variants), 5 genes encode Gâ (Gâ proteins
are not known to be lipid-modified), and 12 genes encode Gγ.
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the CCT subunits, or by expression of dominant negative
phosphorylation-deficient PhLP1 (15, 16). These results
indicate that the formation of the Gâγ dimer stabilizes the
Gγ protein. Thus, most studies support a model in which
nascent Gâγ is assembled in the cytoplasm, and subse-
quently, the Gγ subunit of the Gâγ dimer is isoprenylated.

Does Gγ, like Gâ, also require auxiliary proteins for its
proper folding and stability? Because Gγ is a small protein
(∼70 amino acids) consisting mostly of two helices, it may
not require as much help as Gâ to attain its proper structure.
However, a recent report provided the first evidence that a
chaperone protein exists for Gγ (19). It was found that an
ER-resident protein termed DRiP78 interacts with Gγ, and
Gâ can compete with DRiP78 for binding to Gγ. Further-
more, siRNA-mediated knockdown of DRiP78 resulted in
reduced protein levels of overexpressedγ2 or γ3 in HEK
293 cells. Intriguingly, DRiP78 also interacted with PhLP,
as analyzed by BRET studies with overexpressed proteins,
suggesting the possibility that DRiP78 and PhLP could
coordinate in the formation of Gâγ dimers. It will be
important in future studies to look more closely at the role
of DRiP78 or similar proteins in the stability of endogenous
Gγ. In addition, the ER location of DRiP78 suggests that
Gâγ assembly could take place at the ER rather than in the
cytoplasm.

Processing of Gγ involves not only lipid modification but
also subsequent modification of the isoprenylated C-terminus.
Gγ subunits are members of a specific set of proteins in
eukaryotic cells that contain covalently attached C-terminal
isoprenyl groups (15-carbon farnesyl or 20-carbon gera-
nylgeranyl). The protein isoprenyl transferases, which attach
isoprenyl groups to proteins, have been well characterized
(20). A carboxyl-terminal CaaX motif (where C) cysteine,
a ) aliphatic amino acid, and X) any amino acid) is a
feature common to Gγ subunits and other known isopren-
ylated proteins such as Ras (21, 22). The X residue specifies
which isoprenyl group will be linked to the cysteine via a
thioether bond. Among 12 human Gγ, γ1, γ 9, andγ11 have
serine in the X position and are farnesylated, and the rest of
them have leucine and are modified with a geranylgeranyl
group (Table 1). This process occurs in the cytoplasm, as
has been shown for other isoprenylated proteins such as Ras
(23). Isoprenylated proteins are then targeted to the cyto-
plasmic surface of the ER, through an unknown mechanism,
for further processing (Figure 1). Mutation studies have
shown that isoprenyl modification at the C-terminal CaaX
motif is a prerequisite for ER targeting (22, 24-26). At the
ER the-aaX is cleaved by a protease called Ras converting
enzyme-1 (RCE-1) (27, 28). Upon removal of the C-terminal
three amino acids (i.e.,-aaX), the C-terminal isoprenylated

FIGURE 1: Model of G protein assembly and trafficking to the plasma membrane. Recent studies have suggested a model for the plasma
membrane targeting of nascent G protein subunits. The following key steps are indicated in the figure and further discussed in the text: (1)
the CCT chaperone complex binds to nascent Gâ and promotes proper folding. (2) PhLP1 binds to form a ternary complex, and then PhLP1
phosphorylation stimulates the release of PhLP1-Gâ. (3) Nascent Gγ then binds to form PhLP1-Gâγ. It is not clear when and where PhLP1
and Gâγ dissociate. In addition, proteins such as DRiP78 may facilitate the folding of Gγ. (4) Gγ is farnesylated or geranylgeranylated by
a cytoplasmic farnesyl transferase or geranylgeranyl transferase (FT/GGT), and then Gâγ is targeted to the cytoplasmic surface of the ER.
(5) An ER-localized protease (Rce or ras-converting enzyme) specifically cleaves the C-terminal three amino acids (i.e., the-aaX of the
CaaX motif) from isoprenylated Gγ. (6) The new isoprenylcysteine carboxyl terminus of Gγ is methylated by a specific ER-localized
carboxyl methyl transferase (Icmt). (7) Similar to Gâ, chaperone proteins may exist to promote proper folding and membrane targeting of
GR. Ric-8 or similar proteins have been speculated to play such a role for GR; however, this remains to be defined. (8) Unanswered
questions include exactly where in the cell GR and Gâγ interact to form the heterotrimer and where GR is palmitoylated. Specific palmitoyl
acyl transferases (PATs) have not been clearly defined for GR, although many PATs are localized at Golgi or ER membranes. On the basis
of several studies (see text), we speculate that the ER is a site of heterotrimer formation and GR palmitoylation. (9) Finally, in this model
the newly formed heterotrimer moves from an intracellular location to the PM. The details of this process are mostly unknown. Some
evidence supports a Golgi-independent pathway, but a role for the Golgi cannot be ruled out.
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cysteine is methylated by the isoprenyl cysteine carboxyl
methyl transferase (Icmt)(28, 29). Although the isoprenyl
group provides a hydrophobic membrane anchor, the physi-
ological role for-aaX proteolysis and carboxyl methylation
is not clear. However, for proteins that are modified by the
less hydrophobic farnesyl rather than geranylgeranyl, car-
boxyl methylation appears to provide an added hydrophobic-
ity that is important for efficient membrane binding. Con-
sistent with this, farnesylated Gγ failed to localize to
membranes when overexpressed in cells lacking Icmt, while
geranylgeranylated Gγ were not affected in their ability to
localize to endomembranes (24).

SYNTHESIS OF r SUBUNITS AND LIPID
MODIFICATION

In contrast to the strong evidence implicating CCT and
PhLP1 in folding and assembly of Gâγ, less is known
regarding potential chaperones for GR subunits. Pulse-chase
experiments in cells indicate that newly synthesized GR are
produced on free ribosomes in the cytoplasm (8, 30), but
whether additional proteins promote folding and/or eventual
interaction with Gâγ is not clear. However, such a role has
been speculated recently for a protein called Ric-8, which
has been demonstrated to function as a non-GPCR guanine-
nucleotide exchange factor (GEF) for certain GR (31).
Recently, it has become clear that G proteins are involved
in regulating asymmetric cell division, and three parallel
studies showed that loss-of-function Ric-8 mutants inDroso-
phila caused defects in gastrulation, neuroblast differentia-
tion, spindle orientation, and asymmetric division (32-34).
The surprising finding from these studies was thatRi, Ro,
and Gâ were mislocalized in the Ric-8 mutant; instead of
localizing to plasma membranes as in wild-typeDrosophila
cells, Ri, Ro, and Gâ were found in the cytoplasm. A
diminution of the amount ofRi as well as theDrosophila
Gâ, â13F, was also detected by western blot and immun-
ofluorescence in Ric-8 mutants compared to those in wild-
type cells. Moreover,â13F did not interact withRi in Ric-8
mutant cells. These results argue that Ric-8 is somehow
involved in the targeting ofRi, Ro, and Gâ to plasma
membranes (32-34), and it was speculated that Ric-8 might
function as a chaperone that bindsRi and promotes the
assembly of a G protein heterotrimer (33). BecauseDroso-
phila Gâ and Ric-8 did not interact with each other in these
studies, and mammalian Ric-8 did not interact with mam-
malian Gâγ (31), the mislocalization of Gâ in the Ric8
mutant is likely a consequence of the unavailability ofRi

andRo to interact with Gâγ (32-34); as discussed below,
GR and Gâγ require interaction with each other for proper
plasma membrane targeting. An additional study inC.
elegansshowed that Ric-8 was required for cortical localiza-
tion of one GR, GPA-16, but not for another one termed
GOA-1 (35). Further elucidation of the role of Ric-8 or
similar proteins in assembly and plasma membrane localiza-
tion of G proteins is eagerly awaited. It is tempting to
speculate that all GR require interaction with specific proteins
that would facilitate folding, heterotrimer assembly, and
plasma membrane targeting.

The critical membrane-binding determinant for GR is lipid
modification by myristoylation and/or palmitoylation (Table
1). Myristoylation only occurs on GR of the Ri family,
includingRi, Ro, Rz, andRt subunits. Myristoylation, attach-

ment of the 14-carbon fatty acid myristate to a glycine at
the free N-terminus, is catalyzed byN-myristoyl transferase
(NMT). The glycine at position 2 becomes the extreme
N-terminal residue after removal of the initiating methionine.
In addition to the key glycine, other N-terminal residues are
important for recognition by NMT; particularly important
is a serine or threonine at position 6 (36). Myristoylation is
an irreversible co-translational modification and thus con-
stitutes the earliest event that promotes membrane targeting
for GR of the Ri family.

Palmitoylation, however, is a reversible post-translational
modification occurring on all GR, with the exception ofRt.
The 16-carbon fatty acid palmitate is attached via a thioester
bond to one or more cysteine residues within the N-terminal
20 amino acids (Table 1). The mechanisms of palmitoylation
have long been unclear and controversial in terms of much
debate as to whether palmitoylation is an enzymatic or
nonenzymatic reaction. However, numerous reports over the
last several years have identified a family of palmitoyl
acyltransferases (PATs). These enzymes were initially identi-
fied in and purified from yeast. One called Erf2 palmitoylates
Ras in vitro (37) and another called Akr1 palmitoylates the
casein kinase Yck2 (38). This family of PATs are also termed
DHHC proteins because they all contain a conserved Asp-
His-His-Cys motif (for review see ref39). Seven DHHC
genes have been identified in yeast and at least 22 exist in
the human genome, but their physiological and pathological
importance have not been well described. Defining the
palmitoylated proteins that are substrates for specific DHHC
PATs is the focus of current studies in this field. In terms of
specificity for GR, a recent study showed that overexpressed
DHHC-3 and 7 could enhance the palmitoylation of co-
expressedRs (40), whereas another report showed that
DHHC-9/GCP16, which shows specificity for H-Ras and
N-Ras, had no PAT activity forRi (41). As mentioned above,
palmitoylation is reversible, and an acyl-protein thioesterase
(APT1) that can depalmitoylate GR has been identified (42,
43). APT1 was able to depalmitoylate bothRi and Rs in
purified preparations, and coexpression of APT1 withRs in
HEK293 cells resulted in a faster turnover of palmitate on
Rs compared toRs in the absence of APT1 coexpression (43).
Furthermore, an APT1 was identified inS. cereVisiae and
shown to be responsible for virtually all of the depalmi-
toylating activity in yeast. Accordingly, yeast mutants lacking
the APT1 gene failed to depalmitoylate the yeast GR, Gpa1.
Unfortunately, APT1 deletion strains showed no defect in
the G protein-mediated pheromone response. Thus, a clear
physiological role for depalmitoylation remains to be defined
(42). Finally, a novel site and type of palmitoylation ofRs

has been detected by mass spectrometry. In this study,
palmitate was attached to the N-terminal glycine via a stable
amide bond, but the role of this modification is unknown
(44).

PLASMA MEMBRANE TARGETING OF G
PROTEINS

As described above, both GR and Gγ are covalently
modified by lipids, and these modifications are essential for
membrane targeting. However, our current understanding
suggests that PM targeting of G proteins is a complex process
requiring assembly of the heterotrimer, specific trafficking

7668 Biochemistry, Vol. 46, No. 26, 2007 Current Topics



pathways, and additional potential membrane binding motifs
in the G protein subunits.

One lipid modification alone may not provide enough
energy to keep a protein anchored to a cellular membrane,
and a lipid modification often occurs in conjunction with
another membrane-targeting signal (45-48). In this two-
signal model, the other signal can be a second lipid
modification, an interaction with a plasma membrane protein,
or a polybasic motif in the sequence of the targeted protein
(49). For example, inRi, Ro, andRz, two membrane-targeting
signals are myristoylation and palmitoylation; co-translational
myristoylation is considered the first signal, whereas palmi-
toylation is the second signal (7). Moreover, the two-signal
model definition can be extended to include the idea that
more than two membrane-targeting signals can function
together.

The interaction of GR with Gâγ, that is, formation of the
heterotrimer, appears to function as a key additional signal
for PM targeting. Several recent studies, discussed below,
using expression of G protein subunits in cultured cells or
genetic deletion of select subunits are consistent with a model
in which GR or Gâγ alone are not properly targeted to the
PM but instead require interaction with each other. First,
overexpression of GR or Gâγ in cultured cells often results
in inefficient PM localization of the individual subunits, but
coexpression of GR and Gâγ leads to very strong PM
localization of both GR and Gâγ. Although it had been well
documented that coexpression of Gâγ could increase the
amount of membrane-bound GR in various expression
systems, including insect cells (50), more recent observations
indicated that in a reciprocal manner, GR was necessary for
efficient membrane targeting of Gâγ. This was demonstrated
by showing that overexpression of several different combina-
tions of Gâ and Gγ followed by detection by fluorescence
microscopy resulted in weak localization of the Gâγ at the
PM and an accumulation of the majority of the Gâγ at
intracellular structures, predominantly ER (24, 26, 51). In
contrast, coexpression ofRs, Rq, or Ri resulted in strong PM
localization of different Gâγ (24, 26, 51). A second line of
evidence demonstrating a reciprocal role for GR and Gâγ
in the subcellular localization of each other is that when one
subunit, either GR or Gâγ, is intentionally mistargeted, the
other subunit also mislocalizes. Whenâ1γ2 was targeted to
the cytoplasmic surface of mitochondria via a mitochondria-
targeting signal fused toγ2, coexpressed wild-typeRz was
also found localized to mitochondria (52). Using an identical
strategy,Rs was targeted to mitochondria, and coexpressed
wild-type â1γ2 could be recruited to that organelle (26).

Third, a role for heterotrimer formation in PM targeting
of GR and Gâγ has been shown through the generation of
mutant subunits that are defective in binding to their partner.
When a mutant Gâγ in which the Gâ subunit contains several
mutations that disrupt binding to GR was expressed in
HEK293 cells, this GR-binding-defective Gâγ remained at
endomembranes even when a GR was coexpressed (26).
Similarly, GR mutants containing mutations in N-terminal
residues that contact Gâ fail to localize to the PM when
expressed in cells. Such Gâγ-binding-defective mutants of
Rs andRq appeared to be predominantly cytoplasmic (53),
whereas a Gâγ-binding-defectiveRz was localized to en-
domembranes (52). This difference in the localization of
Gâγ-binding-defectiveRz versus Gâγ-binding-defectiveRs

andRq is likely due to co-translational myristoylation ofRz

(Table 1). Moreover, there appears to be cooperation between
GR palmitoylation and interaction with Gâγ for proper PM
targeting of G proteins. Gâγ-binding-defectiveRs andRq are
poorly palmitoylated (53), and palmitoylation site mutants
of several GR fail to promote PM localization of coexpressed
Gâγ (26). In other words, palmitoylation of GR is necessary
for PM localization of the heterotrimer, and interaction with
Gâγ is necessary for the palmitoylation of GR.

Last and possibly most compelling, genetic deletion of GR
or Gâγ in model organisms confirm the reciprocal role of
GR or Gâγ for proper PM localization of each subunit. In
the yeastS. cereVisiae, Gâγ is not able to properly localize
at the PM in a null mutant for the yeast GR, Gpa1 (54).
When two critical GR, GOA-1 and GPR-16, were disrupted
by RNAi in C. elegansembryos, the Gâ GPB-1 failed to
localize at the PM but instead was detected intracellularly
(55). Similar results were also obtained using a third model
system, theDrosophila eye. Rq, which mediates light-
dependent signaling of rhodopsin inDrosophila photo-
receptors, is predominantly found in a membrane fraction;
however, in fractions prepared from a mutant that expresses
very low amounts of an eye-specific Gâ, Rq shows a
substantial shift into a cytosolic fraction (56, 57). Conversely,
Drosophila eye-specific Gâ shifts from being equally
distributed between a membrane and cytosolic fraction in
wild-type flies to being 80% in the cytosolic fraction in
mutant flies having negligible amounts ofRq (57). Taken
together, an abundance of recent data supports a model in
which a key determinant of PM localization of G proteins is
the proper formation of the heterotrimer. As discussed later
in this current topic, these results beg the question of where
in the cell GR and Gâγ interact because this model seems
incompatible with heterotrimer formation after the subunits
reach the PM. Instead, the above results suggest that GR
and Gâγ would interact before reaching the PM.

Polybasic stretches of amino acids can also act as an
additional signal in conjunction with lipid modifications to
promote membrane targeting in a multitude of proteins (46,
47, 58). In the case of Gâγ, although membrane association
is due primarily to the attachment of the isoprenyl group on
the Gγ subunit, structural studies of transducin Gâγ (â1γ1)
indicate that there is a region of positive electrostatic potential
on a surface ofâ1 that surrounds the site of farnesylation
(59). It has been shown thatâ1γ1 binds more strongly to
vesicles formed from the acidic lipid phosphatidylserine (PS)
than to vesicles formed from the neutral lipid phosphatidyl-
choline (PC) (60, 61), supporting a role for ionic interactions
in the membrane association ofâ1γ1. When calculations of
electrostatic interactions betweenâ1γ1 and 2:1 PC/PS phos-
pholipid membranes were made, it was found that electro-
static interactions were predicted to enhance the membrane
partitioning of â1γ1 by about an order of magnitude (62).
This is not as strong as the electrostatic contribution of other
basic proteins (58, 63, 64) but is still significant. The residues
that form the basic surface patch onâ1 are conserved inâ2,
â3, andâ4, suggesting that the electrostatic contribution is a
common feature among these Gâ as well. When the
sequences of Gâ isoforms from a wide range of species were
examined through homology modeling, prominent basic
surface patches were found in sequences that possessed at
least 50% identity toâ1 (62). Taken together, the demon-
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strated electrostatic attraction betweenâ1γ1 and PC/PS
membranes combined with the conservation of basic residues
among other Gâ isoforms and across related species strongly
suggests that this polybasic patch plays a role in regulating
the membrane association of Gâγ. We can speculate that
the positive patch on Gâ may have a greater influence on
the membrane binding of Gâγ combinations in which the
Gγ is farnesylated, that is,γ1, γ9, andγ11, compared to Gâγ
containing a more hydrophobic geranylgeranylated Gγ.

In the case of GR, a polybasic motif can be detected in
the N-termini of nonmyristoylated subunits through homol-
ogy modeling and electrostatic surface maps (65). Helical
wheel diagrams show that this motif maps to one face of
the helix at the opposite side of the residues contacting Gâγ.
Consequently these positively charged residues are free to
interact with the negatively charged interface of the plasma
membrane whether or not GR is bound to Gâγ. Indeed,
substitution of N-terminal basic residues results in decreased
membrane localization ofRs and Rq (Crouthamel, M., and
Wedegaertner, P., unpublished results). Also, given that this
positively charged motif is much less pronounced in members
of the myristoylatedRi family, it was proposed that the
polybasic motif substitutes for myristoylation as a membrane-
targeting signal in the non-myristoylated GR (65). These
results, combined with the fact that other proteins, such as
growth-associated protein-43 (GAP43) and RGS proteins
(66-69), that undergo palmitoylation also haveR-helical
polybasic motifs in their N-termini, suggest the likelihood
that this motif serves as a membrane-targeting signal for GR.
On the basis of the above evidence, the two-signal model
for G proteins can be extended to state that forRi family
members myristoylation is the first membrane-targeting
signal, and interactions with Gâγ and palmitoylation are
critical additional signals. For the non-myristoylated GR
(Table 1), Gâγ binding can be considered the first signal
with palmitoylation and the polybasic region of the N-
terminus comprising critical additional signals. However, for
Gâγ, isoprenylation likely functions as the first membrane-
targeting signal with polybasic surfaces in Gâ and interaction
with GR as key second signals.

In summary, it is clear that G protein localization at the
PM is a complex process, requiring lipid modifications,
polybasic motifs, and chaperone proteins. Moreover, a
number of recent studies suggest a model in which the
heterotrimer is assembled before the subunits reach the PM.

ROLE OF ORGANELLES IN G PROTEIN
TRAFFICKING

It has become increasingly clear that G proteins are not
simply directly transferred to the PM after synthesis in the
cytoplasm but instead utilize intracellular organelles as
intermediates in trafficking. A strong indication of this is
the organelle localization of enzymes involved in lipid
modification and processing of GR and Gâγ. As mentioned
above, after Gγ is isoprenylated, likely as a Gâγ dimer, by
cytoplasmic isoprenyl transferases, further CaaX processing
of -aaX proteolysis and carboxyl methylation is carried out
by ER-localized enzymes. Thus, Gâγ localize to the cyto-
plasmic surface of the ER as a key step in their eventual
targeting to the PM (Figure 1).

Intracellular organelles may also be sites of palmitoylation
of GR and assembly of the heterotrimer, two interrelated

processes. Although a specific DHHC enzyme that serves
as a PAT for any GR has not been clearly identified yet, a
number of studies are consistent with a model for intracellular
organelle palmitoylation of GR. Localization studies of all
members of the DHHC family indicate that most of the
DHHC proteins are found at intracellular organelles, mainly
the ER and Golgi, at least when overexpressed (70). DHHC
PATs have been identified for yeast and mammalian Ras,
and they localize to the ER and Golgi, respectively (37, 41).
Finally, DHHC-3 can enhance palmitoylation ofRs when
coexpressed, and overexpressed DHHC-3 is found predomi-
nantly at the Golgi (70, 71). However, PM-enriched fractions
contain a PAT activity that can palmitoylate certain GR (72),
suggesting that a relevant GR PAT may exist at the PM.
Identifying specific PATs for GR and determining where they
are localized and how they influence PM targeting are current
challenges that will lead to great insight into G protein
trafficking.

The assembly of the G protein heterotrimer has been
proposed to occur on intracellular organelles. The reciprocal
requirement for GR and Gâγ interaction for PM targeting is
most consistent with a model in which assembly occurs prior
to the subunits reaching the PM. On the basis of the
colocalization of a palmitoylation site mutant of GR with
Gâγ in a region of cells containing the Golgi, it was proposed
that GR and Gâγ first interact together at this organelle and
that the Golgi would be the site of palmitoylation of GR
(24). However, the expression of a dominant negative mutant
of Sar1, a small GTPase involved in ER to Golgi trafficking,
or the treatment of cells with the Golgi disruptor Brefeldin
A perturbed neither the PM targeting ofRs, Rq, andRz nor
the palmitoylation ofRq, Ri, andRz (30, 73, 74). Moreover,
a recent report did not detect Golgi localization of either a
non-palmitoylatedRs or Rq mutant or a coexpressed Gâγ
(73). Thus, the lack of requirement for an intact Golgi and
the observed lack of GR and Gâγ localization at the Golgi
in some studies (30, 73, 74) suggest an alternative trafficking
pathway that does not require the Golgi. Although ER-
restricted palmitoylation of GR and assembly of the hetero-
trimer has not been demonstrated, we propose the ER as a
likely site (Figure 1). A recent report provided a possible
explanation to some of the discrepancies of whether or not
the Golgi is required for G protein trafficking to the PM.
The authors showed that overexpressed GR and Gâγ
displayed Golgi-independent PM localization; however, when
a GPCR was also overexpressed, PM targeting of over-
expressed GR and Gâγ was Golgi-dependent (75). The
implication was that when GR and Gâγ assembled into an
intracellular complex with a GPCR, the complex followed
the typical secretory pathway, as would be expected for a
transmembrane GPCR. Thus, G proteins may utilize different
trafficking pathways depending upon additional proteins that
might pre-form signaling complexes. An alternative explana-
tion for the requirement for organelles, such as ER and
potentially Golgi, in the PM targeting of G proteins is that
these organelles are not required to move G proteins along
the typical secretory pathway, but instead, the importance
of the organelles is that they are sites for critical enzymes
such as DHHC PATs. In this scenario, if a key DHHC PAT
was localized to the Golgi, secretory pathway disruptors
would not affect the ability of a GR to be palmitoylated
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because the DHHC PAT may dynamically redistribute to
other organelles that can be accessed by GR.

Recently, a protein called GR-interacting vesicle (GIV)-
associated protein was identified in GC pituitary cells. As
shown using a pull-down assay, this GIV interacts via its
C-terminus withRi3. GIV interacts also with other members
of theRi family and withRs. Using fluorescent microscopy,
GIV has been detected in vesicles in the cytoplasm and
enriched in COPI vesicles co-localizing withRi; GIV was
also associated with the cis Golgi region and detected close
to the ER. More precisely, GIV has been detected in a
specific fraction of liver extract enriched in ER/Golgi
transport vesicles. Interestingly it interacts weakly with a
GTP-bound form ofRs, suggesting that GIV would be a
partner of the inactive GDP-boundRs. On the basis of these
results, the authors proposed thatRs would regulate vesicle
trafficking through its interaction with GIV (76), but it is
also possible that conversely, GIV would be involved in the
trafficking of inactiveRs. Experiments taking advantage of
advances in live cell imaging may help define G protein
trafficking pathways. In addition, most of the studies to date
have used overexpression of proteins, and much more
difficult studies of endogenous proteins are required to
increase our understanding of organelle involvement in G
protein trafficking to the PM. Figure 1 presents a model
showing our current state of knowledge regarding the
trafficking of nascent G proteins to the PM.

PLASMA MEMBRANE DISTRIBUTION OF THE
THREE SUBUNITS

Another level of organization in the localization of G
proteins is their organization into cell surface microdomains
termed lipid rafts. Because of the enrichment in cholesterol
and glycosphingolipids of these membrane domains, they
resist solubilization by non-ionic detergent and display low-
buoyant density in sucrose density gradients (77). Caveolae
are a subset of these domains, and they are defined
morphologically by flask-shaped invaginations of the plasma
membrane and biochemically by the residence of caveolin
(78-80).

There is substantial evidence that GR localize to lipid raft
and caveolae membrane microdomains (81). Numerous
studies using immunofluorescence microscopy, electron
microscopy, and density gradient fractionation have dem-
onstrated that various GR, namely, Ri, Rs, and Rq, are
significantly enriched in lipid rafts and caveolae in several
cell lines and tissues (82-87). Dual acyl chains, composed
of either tandem palmitoylation or myristoylation plus
palmitoylation, are well characterized signals for targeting
proteins to these microdomains (88-90), and thus, lipid
modifications play a critical role in localizing GR to
membrane microdomains (91, 92). In addition, lipid rafts
contain a PAT activity capable of palmitoylatingRi (93).
Another key mode of targeting GR to microdomains may
be interactions with other microdomain-associated proteins;
in particular, interaction with caveolin could allow differential
targeting of GR to caveolae versus caveolin-lacking lipid
rafts. Interaction of GR with caveolin has been demonstrated
(92, 94, 95), but others have not observed direct binding of
GR to caveolin (83, 94). Overall, while the existence of an
interaction between GR and caveolin seems debatable, it

appears clear that at least a portion of GR localize in caveolae
and lipid rafts.

However, the situation with Gâγ is less clear. Gâγ has
been found present but not enriched in microdomains with
techniques that utilize Triton X-100 extraction (8, 85, 94,
96), but Gâγ has been found in these domains to a greater
extent using detergent-free methods (86). In contrast, purified
Gâγ did not incorporate into detergent-resistant membranes
(DRM), that is, lipid rafts, of reconstituted sphingolipid- and
cholesterol-rich liposomes (91). Another study found that
in reconstituted PS/SM/Ch (phosphatidyl serine/sphingo-
myelin/cholesterol) membranes, tryptophans and tyrosines
of Gâγ are less accessible to quenching by iodide ions over
a large concentration range compared to that when Gâγ is
bound to PS/PC (phosphatidyl serine/phosphatidyl choline)
membranes. This indicates that the presence of lipid rafts
protects a portion of tryptophan and tyrosine residues from
anionic quenchers. Moreover, when Gâγ is bound to PS/
SM/Ch membranes, it is more susceptible to trypsin digestion
than when it is bound to PS/PC membranes, implicating a
difference in the disposition of Gâγ when it is bound to
membranes containing lipid rafts. It was speculated that while
excluded from lipid rafts, Gâγ may localize close to the
domain interface, which occludes a portion of the protein
(97). The reason for the differences in lipid raft localization
of Gâγ in extracts from cells versus reconstitution approaches
is unclear; it is possible that Gâγ may transiently associate
with lipid rafts or have a weaker association with them than
GR (91).

Localization of G proteins to membrane microdomains
may serve as a mode of regulation of G protein signaling
pathways. The colocalization of G proteins, GPCRs, and
effectors in microdomains may enhance signaling by increas-
ing their local concentration and promoting interactions
among them (98-100). If this were the case for a particular
signaling pathway, then disruption of lipid rafts and caveolae
would disrupt signaling of the pathway. For example, in
platelets, thrombin stimulation causes a translocation ofRq

to lipid rafts, and cyclodextrin (CD) treatment, which depletes
cholesterol, impairs this recruitment ofRq to rafts along with
the production of phosphatidylinositol second messengers
and consequent activation of platelets (101). CD treatment
also leads to a loss of PIP2 andRq from caveolin-enriched
membrane fractions in A431 cells (102). This redistribution
is associated with a decrease in EGF- or bradykinin-
stimulated inositol phosphate production. However, choles-
terol depletion had no effect on bradykinin-stimulated
phospholipase A2 activation (103). This suggests that the
effects of cholesterol depletion may differ among signaling
pathways, and microdomains may serve to modulate signal-
ing specificity.

Alternatively, membrane microdomains may serve to
negatively regulate signaling. In this model, caveolae and
lipid rafts would sequester G proteins from other proteins
of the pathway that are not present in these microdomains,
thus inhibiting interactions among components. For example,
recent results using reconstitution of purified proteins suggest
that lipid rafts could inhibit association of PLCâ2 and Gâγ
and the subsequent activation of PLCâ2 (97). In rat salivary
epithelial A5 cells, isoproterenol-stimulated cAMP ac-
cumulation was slightly but significantly increased when cells
were depleted of cholesterol via treatment with CD (104).
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In cardiac myocytes, theâ2-adrenergic receptor (â2AR) and
Ri are found in caveolae, whereas the majority of theâ1AR
and Rs are not (105). Filipin treatment, another technique
for cholesterol depletion, increasesâ2AR physiological
signaling and has no affect onâ1AR signaling (106).
Treatment with pertussis toxin, which inactivatesRi, in
conjunction with filipin caused an even greater increase in
â2AR signaling, implying that the filipin-induced increase
is due to enhanced activation ofRs and not to a decrease in
interaction withRi in caveolae. These results could imply
that lipid rafts serve as a mode of inhibiting interactions of
proteins in theRs signaling pathway. An alternative explana-
tion is that since lipid rafts may facilitate internalization, then
disruption of lipid rafts would lead to increased receptors,
Rs, and adenylyl cyclase at the membrane. This is another
possible mechanism of regulation of G protein signaling by
membrane microdomains (98-100, 106).

In conclusion, it seems clear that at least some portion of
G proteins are targeted to membrane microdomains, and the
degree of enrichment in lipid rafts and/or caveolae may vary
among G protein families and among cell types. This
localization can serve as a means of modulating signaling
specificity and may either positively or negatively regulate
interactions among G proteins, receptors, and effectors, at
least for some signaling pathways.

G PROTEIN TRAFFICKING AFTER RECEPTOR
STIMULATION

Once G proteins reach the PM, they do not necessarily
statically reside there. Instead, similar to the well-studied
internalization of GPCRs, G proteins, at least select subunits,
can undergo activation-dependent translocation from the PM
to the cytoplasm followed by recycling back to the PM
(Figure 2). The trafficking of G proteins after receptor
activation has been mostly based on observations ofRs

redistribution after agonist stimulation of theâ2-AR. How-
ever, new reports have described receptor-dependent traf-
ficking of Rq and Gâγ as well as provided new data about
Rs trafficking, and these new findings are highlighted below.
Additionally, the vertebrate photoreceptor-specific G protein
transducin, consisting ofRt and â1γ1, has been well-
documented to translocate off of membranes upon activation;
this has been well reviewed recently (107) and will be only
briefly discussed in this section.

Activation of Rs by mutational activation, cholera toxin-
mediated ADP ribosylation, or agonist-stimulatedâ2-AR
causesRs to translocate off of the PM, as assayed by
fractionation, immunofluorescence microscopy, and live cell
imaging (82, 108-113). Most studies agree that theâ2-AR-
dependent release ofRs from the PM is fairly rapid,
observable within 1-5 min after agonist addition (82, 111-
113), and in addition,â2-AR and Rs show a similar time
course of internalization (111, 112). The exact subcellular
location of internalizedRs remains to be well-defined.
Mutationally activatedRs appears diffusely localized through-
out the cytoplasm by immunofluorescence and is found
predominantly in a soluble cytosolic fraction (109, 110, 112,
114). â2-AR-activatedRs also appears by immunofluores-
cence to be somewhat diffusely localized throughout the
cytoplasm (110, 112), but fractionation studies reveal only
a very small increase in solubleRs upon agonist stimulation

(112, 113). A possible explanation for the lack of solubleRs

after receptor activation is that the internalizedRs is actually
bound to membrane vesicles; indeed, recent studies using
live cell imaging ofRs-GFP orRs-CFP indicate that internal-
ized Rs is, at least partially, localized to vesicle structures
(82, 111, 113).

Compared toRs, there has been much less evidence for
activation-induced internalization of other GR. However, two
recent reports provide strong evidence forRq redistribution
in Drosophilaeyes (56, 115). Using subcellular fractionation
and electron microscopy,Rq was shown to internalize when
rhodopsin is activated with light (56, 115). Consistent with
demonstrations ofRq translocation inDrosophilaeyes, earlier
reports showed that endogenousRq/11 was also detected inside
cultured cells when the angiotensin II receptor or thyrotropin-
releasing hormone receptor-1 were stimulated with their
respective ligands (116-118). In theDrosophilastudies and
the study with the angiotensin II receptor in HEK293 cells,
Rq/11 redistribution into the cytoplasm occurred in 5-20 min,
on a time scale similar to that forRs described above (56,
115, 117). However,Rq/11 translocation in response to agonist
activation of thyrotropin-releasing hormone receptor-1 was
much slower, requiring more than 2 h of stimulation, and
showed an intracellular punctate pattern of internalization
(116). Small shifts into the cytoplasm and soluble fractions
have also been observed for mutationally activatedRq (110,
119). Clearly, at least under some conditions,Rq, in addition
to Rs, can redistribute from the PM upon activation.

FIGURE 2: Model for agonist-induced trafficking of GPCRs and G
proteins. (a) After the addition of the agonist, a typical GPCR, e.g.,
â2-AR, internalizes following a classical endocytic pathway de-
pending on dynamin and clathrin (pink).Rs(green) is enriched in
rafts (thick line), and its palmitoylation state is modified (orange).
(b) Rs internalizes (in some casesRq too). This internalization is
dependent on cholesterol, a lipid raft constituent (82). The location
of Rs after internalization is not clear; maybe it diffuses in the
cytoplasm or accumulates in small vesicles containing raft markers.
GPCR is detected in endosomes.â andγ subunits (blue) also can
internalize and would accumulate in vesicles or close to the Golgi.
(c) The removal of the agonist induces the recycling of GPCR and
alsoR, â, andγ subunits to PM. Forâ2-AR and a number of other
GPCRs, the recycling follows an actin-dependent pathway (red).
Rq recycling is dependent on an actin-dependent molecular motor
myosin III Ninac and Gâγ in Drosophilaphotoreceptor cells (56,
115).
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Interestingly, Gâγ also appears to be capable of receptor-
dependent redistribution from the PM, as revealed by recent
live cell imaging studies. Whenâ1γ7 was visualized with
the technique of bimolecular fluorescence complementation
(BiFC) and was coexpressed withRs-CFP,â1γ7 showed a
similar co-internalization withRs into apparent vesicle
structures uponâ2-AR stimulation (111). In another series
of recent studies in which either Gâ or Gγ was fused to
YFP, â1γ11 rapidly (<20 s) translocated from the PM to a
Golgi region of CHO cells upon agonist stimulation of M2
muscarinic acetylcholine receptors (120). â1γ5 showed
significantly less and slower translocation (120, 121). γ5 is
geranylgeranylated, whereasγ11 contains a less hydrophobic
farnesyl group. However, this only partially explained the
difference in translocation betweenâ1γ11 and â1γ5; the
authors provided evidence to support a model in which a
high-affinity interaction of theγ subunit with a GPCR
inhibits Gâγ translocation, but a lower-affinity Gγ-GPCR
interaction allows rapid translocation of Gâγ (121). In
addition, the same group showed that coexpression ofâ1γ11

with Rs, Rq, Ro, or Ri allowed different GPCRs to stimulate
PM to Golgi translocation ofâ1γ11 (122). The kinetics of
the internalization ofâ1γ11 depended on which GR was
coexpressed and correlated with the rate of GTP/GDP
exchange for the particular GR (122). The recent studies
described above suggest that Gâγ can redistribute in the cell
in response to GPCR activation. Additional studies should
help clarify a number of important questions such as whether
Gâγ translocates to the Golgi (120-122) or other subcellular
locations (111).

The mechanisms of the trafficking of G protein subunits
after receptor stimulation are poorly understood. There is a
strong correlation between activation, depalmitoylation and
internalization, particularly in the case ofRs: mutational
activation ofRs or activation ofRs via theâ2-AR induces a
fast turnover of the palmitate group attached toRs as observed
by pulse/chase and palmitate-labeling experiments (123, 124).
GPCR-regulated changes in palmitoylation have also been
observed for other GR (123-127), suggesting that it is a
general phenomenon. Consistent with the importance of the
rapid turnover of palmitate onRs for activation-induced
internalization, replacing the N-terminus ofRs with other PM-
targeting motifs produces anRs that does not internalize in
response to activation (110); however, a causative role for
the depalmitoylation of GR controlling internalization re-
mains to be formally established.

Exactly how activation of a GR leads to more rapid
turnover of its attached palmitate is not completely under-
stood. Studies with purified proteins indicate that association
of Gâγ with Rs inhibits Rs depalmitoylation, and thus, it
appears that a key factor in activation-induced depalmitoy-
lation is the decreased affinity of interaction of the activated
GR with Gâγ (7, 128). This may simply allow access of a
palmitoyl thioesterase. It is worthwhile mentioning that GR
and Gâγ may not always fully dissociate upon activation.
Although this is contrary to the G protein dogma, several
recent studies using a variety of experimental approaches,
including coprecipitation, FRET, and GR-Gâγ fusions, have
obtained results consistent with the proposal that G protein
signaling can occur in the absence of subunit dissociation
(129-132). As the mechanisms of activation-induced traf-
ficking of G proteins are explored further, it will be important

to consider that GR and Gâγ may remain associated. Finally,
several studies have determined that downstream signaling
pathways do not influence receptor-dependent changes in GR
redistribution or palmitate turnover (56, 115, 133). Thus, at
least the initial events involved in depalmitoylation and
release from the PM ofRs and Rq are a direct result of
activation (GTP binding) of the GR.

Light-driven translocation of vertebrate transducin is also
clearly dependent on activation but does not involve de-
palmitoylation becauseRt is the only GR that does not
undergo palmitoylation (Table 1). For transducin, the key
to its translocation ability is thatRt is modified by myristate
only and thatγ1, of transducin Gâγ, is modified by farnesyl.
In the transducin heterotrimer, these two lipids together
provide tight binding to membranes. However, upon activa-
tion-dependent dissociation, either myristate or farnesyl does
not provide strong membrane binding, andRt and â1γ1

redistribute off of membranes (107, 134-136).
Several studies have indicated that internalization of GR

does not require internalization of the activating GPCR and
occurs independently of typical endocytic pathways used by
GPCRs. First,Rs can be activated independently of GPCR
activation, for example, by mutational activation or cholera
toxin, and exhibits redistribution off the PM. Second,Rs and
Rq retain internalization in response to GPCR activation
under conditions in which the internalization of the GPCR
has been blocked by mutation of the GPCR, expression of a
dominant negative dynamin, or treatment of cells with
hypertonic sucrose, a disruptor of clathrin-coated pit-medi-
ated endocytosis (111, 112, 115, 117). In contrast, a dominant
negative dynamin preventedâ2-AR-stimulated internalization
of Rs-GFP in C6 glioma cells (82). Dynamin can be involved
in both clathrin-coated pit-mediated endocytosis and lipid-
raft-mediated endocytosis, and these differing results in terms
of the requirement for dynamin in GR internalization may
indicate that GR utilize different mechanisms for internaliza-
tion depending upon the cell type. Indeed, a role for caveolae/
lipid rafts is indicated by a recent report (82). Rs and also
Rq were enriched in a detergent-resistant membrane fraction
after the addition of agonists (82, 137); the depletion of
membrane cholesterol blocked the internalization ofRs (82),
and internalizedRs-GFP co-localized with the lipid-raft
marker cholera toxin B (82). Last, internalizedRs appears
not to associate with early endosomes (82, 111), consistent
with translocation independent of a GPCR endocytic path-
way. In summary, activatedRs, and possiblyRq, traffic from
the PM into a cell’s interior following a pathway that is
independent of GPCR endocytic pathways and may involve
lipid rafts.

After internalization,Rs andRq recover localization at the
PM when the GPCR agonist is removed, suggesting an active
recycling process (56, 112, 115). Recycling to the PM
occurred somewhat slowly, taking approximately 1 h for
either internalizedRs in HEK293 cells or internalizedRq in
Drosophilaeyes, and this time course ofRs recycling to the
PM was identical to the time course ofâ2-AR PM recycling
(112). Very little is known about the mechanisms of recycling
of internalized G proteins, although the first clues were
provided recently. InternalizedRs-CFP was shown to co-
localize with Rab11 containing vesicles in HEK293 cells
(111), suggesting the possibility thatRs utilizes these vesicles
to recycle to the PM (111). Moreover, one of the studies
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usingDrosophilaeyes showed that recovery of internalized
Rq at the PM was much slower in mutant flies that possessed
much reduced levels of Gâγ (56). Thus, it seems that both
the initial targeting of a GR to the PM as well as its recycling
require interaction with Gâγ. Finally, the other recent study
usingDrosophilaeyes showed that PM recycling ofRq was
specifically defective in flies lacking the photoreceptor-
specific myosin III NINAC (115). It will be important to
determine whether similar motor proteins also play a role in
trafficking/recycling of G proteins in cells other than
photoreceptor cells.

In summary, observations of activation-induced G protein
trafficking have recently moved beyond onlyRs, and live
cell imaging studies and studies using model systems have
begun to provide novel insights into the trafficking itineraries
and mechanisms of G proteins after GPCR activation at the
PM. The physiological function of activation-induced G
protein translocation remains elusive. In photoreceptors,
translocation of G proteins likely plays a role in light
adaptation (138). Activation-induced G protein internalization
may be a general mechanism contributing to desensitization
and may also provide a regulatable mechanism for transport-
ing G proteins to diverse subcellular locations to carry out
signaling functions.

CONCLUSIONS

A number of exciting recent studies have increased our
understanding of how G proteins are assembled and targeted
to the PM and how G proteins redistribute in response to
activation. Yet, many important questions remain unan-
swered, including a detailed mechanistic understanding of
G protein trafficking and its functional consequences. G
proteins typically need to be localized at the cytoplasmic
surface of plasma membranes to couple an activated GPCR
to downstream effectors, and thus understanding how G
proteins arrive at the PM is of fundamental importance.
However, it is becoming increasingly clear that G proteins
have signaling roles at subcellular locations in addition to
the PM (3). A recent study demonstrated that a constitutively
active form of Gpa1, a yeast GR, can be found at endosomes,
where it can activate a phosphatidylinositol 3-kinase (139).
In addition, a series of studies have implicated Gâγ in
functioning at the Golgi to direct a protein kinase D and
protein kinase C-dependent pathway that promotes the
formation of Golgi transport vesicles (140-142). Not only
can G proteins signal at various intracellular membranes,
Gâγ appears to function in the nucleus where it can regulate
the glucocorticoid receptor (143). Thus, it will be essential
to understand how G proteins localize to diverse subcellular
locations, and understanding mechanisms of G protein
trafficking will certainly provide insight into novel G protein
signaling functions.
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