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Abstract

G protein βγ subunits are central participants in G protein-coupled receptor signaling pathways. They
interact with receptors, G protein α subunits and downstream targets to coordinate multiple, different
GPCR functions. Much is known about the biology of Gβγ subunits but mysteries remain. Here, we
will review what is known about general aspects of structure and function of Gβγ as well as discuss
emerging mechanisms for regulation of Gβγ signaling. Recent data suggest that Gβγ is a potential
therapeutic drug target. Thus, a thorough understanding of the molecular and physiological functions
of Gβγ has significant implications.
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Heterotrimeric G proteins and signaling by Gβγ subunits

G protein β subunits were first discovered as components of G proteins almost 30 years ago.
Despite enormous advances since then, there remain multiple emerging and unanswered
questions about the fundamental details of the biochemical roles for Gβγ in GPCR-dependent
G protein activation, as well as questions about broader roles in novel signaling mechanisms,
physiology and pathophysiology.

Heterotrimeric G proteins consisting of multiple isoforms of distinct Gα, β and γ subunits
mediate the actions of a wide variety of cell surface receptors [1–3]. Receptors catalyze
exchange of tightly bound GDP for GTP on the α subunit in a process that requires the complete
heterotrimer. In the classical model for G protein signaling, binding of GTP results in activation
of the G protein and dissociation of the Gα subunit from the Gβγ subunits (Fig. 1A). In recent
years, a variety of reports have suggested additional modes of activation that could either add
complexity to the classical model or represent entirely independent mechanisms for
heterotrimeric G protein regulation [4–10]. Whatever the mode of G protein activation, the
Gα and Gβγ subunits both interact with effector molecules, such as phospholipases and ion
channels, in a manner that leads to their activation. Gβγ does not have a catalytic site and thus
acts as a modulator of G protein signaling through regulated protein-protein interactions. The
list of molecules that have been reported to bind to Gβγ continues to grow. While great progress
has been made in the understanding of Gβγ structure and function, fundamental mechanisms
for molecular recognition and effector regulation by Gβγ have yet to be fully elucidated.
Additionally, how all these interactions are coordinated to mediate various G protein signaling
processes in cells and tissues is not entirely clear. In this review we will discuss general
background concerning Gβγ structure and function with an emphasis on new and emerging
mechanisms and approaches for studying Gβγ signaling. These new data are leading to a greater

NIH Public Access
Author Manuscript
Cell Mol Life Sci. Author manuscript; available in PMC 2009 June 1.

Published in final edited form as:
Cell Mol Life Sci. 2008 July ; 65(14): 2191–2214. doi:10.1007/s00018-008-8006-5.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



understanding of how Gβγ functions at a mechanistic level and at a coordinated physiological
level in cells and tissues. Together, this information could establish a basis for development
of future therapeutic interventions.

General structure of the Gβγ subunits

The first high resolution structures of the Gβγ subunits arose from X-ray crystal structures of
G protein heterotrimers elucidated by the Sprang group [11], and independently by Paul
Sigler’s group [12]. Subsequently, the structure of the Gβγ dimer alone was solved [13]. The
Gβ subunits fold into a prototypical β-propeller comprised of four-stranded β sheets forming
each of the seven blades of the propeller (Fig. 1B). The first 57–70 amino acids N-terminal to
the β-propeller comprise an α-helical domain that forms a tight coiled-coil interaction with the
γ subunit. The most highly conserved regions of the protein are the β sheets of the propeller
and variable loops connect the β strands. Two independent structural elements of the Gα
subunits interact with different regions of Gβγ. The Gα N-terminal α helix (yellow, Fig. 1C)
interacts with the side of the β propeller at blade 1. The Gα switch II region that undergoes
conformational changes upon GTP binding interacts with the top of the β propeller (dark blue
helix, Fig. 1C). In the structures of Gβγ that have been solved there is very little difference in
overall structure, with and without bound Gα or other binding partners [13–15]. An exception
is a structure of Gβγ bound to phosducin showing a movement of blades 6 and 7 of the β
propeller creating a cavity between these two blades [16]. These movements have not been
seen in other structures of Gβγ [15] and their significance remains to be determined. The
apparent lack of significant conformation changes of the Gβγ subunit upon G protein activation
has led to the concept that Gβγ activity, with respect to downstream signaling, is regulated by
the mode of Gα subunit binding, with activation-dependent changes in Gα subunit
conformation leading to uncovering a signaling surface on Gβγ [1]. A current debate concerns
whether this involves subunit dissociation or subunit rearrangement.

Synthesis and Trafficking of Gβγ
G protein βγ subunits are membrane bound proteins that had been suggested to exist almost
exclusively on the plasma membrane (PM) tethered to the membrane through post-translational
modification. Recent data has led to significant insight into how G protein subunits are
synthesized, assembled, processed, and targeted to membranes. A comprehensive review of G
protein subunit assembly and trafficking has recently been published [17], but key points
relevant to Gβγ assembly and trafficking will be summarized here. Gβ and γ subunits have no
transmembrane hydrophobic domains and are synthesized in the cytoplasm. This process has
recently been shown to require specific chaperone proteins. Two chaperones are involved in
proper folding and stabilization of the newly synthesized Gβ subunit. The CCT1 (also known
as TRiC) chaperonin complex binds newly synthesized Gβ but not Gγ and is required for
folding into the seven bladed propeller structure [18]. Phosducin like protein (PhLP) appears
to act as a co-chaperone with CCT, regulating CCT mediated folding of Gβ [19]. Once folded,
CCT dissociates and PhLP remains bound until assembly with Gγ [20]. A potential chaperone
specific for Gγ subunits has also been recently identified as Dopamine Receptor-interacting
Protein 78 (DRiP78). DRiP78 binds to Gγ and PhLP and may be required for Gβγ assembly
[21]. DRiP78 is localized to the Endoplasmic Reticulum (ER), suggesting that some aspects
of the initial assembly process of Gγ with Gβ could occur on the ER.

Once assembled, the Gγ subunit is processed at the C-terminus to attach an isoprenoid moiety.
Gγ has signal sequences that direct prenylation with either a farnesyl or geranyl-geranyl moiety.
The first step in the C-terminal processing reaction is covalent attachment of the isoprenoid
group to a cysteine that is four amino acids from the C-terminus by either geranyl-geranyl or
farnesyl transferase. Once modified with lipid the Gβγ complex is targeted to the ER, where a
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protease, rasconverting enzyme (Rce1) removes the C-terminal three amino acids from the
Gγ subunit. Isoprenyl cysteine carboxy methyl transferase (Icmt) catalyzes carboxy-
methylation of the C-terminus of Gγ to yield the fully modified subunit. Assembly with Gα
may also occur on the cytoplasmic surface of the ER prior to trafficking to the PM through an
unknown mechanism.

Assembly with Gα is important for PM targeting of Gβγ. It was previously thought that geranyl-
geranylation of Gγ would be sufficient for PM targeting, but expression of Gβγ alone leads to
localization to intracellular membranous structures, primarily ER. However, when coexpressed
with Gα, Gβγ localizes primarily to the PM. It has been proposed that Gα lipid modification
provides an additional signal that is required for efficient PM targeting of both Gα and Gβγ
[22].

Recent data indicates that once Gβγ is fully processed it can translocate to intracellular
membranes. Initial work by Berlot and colleagues examined trafficking of Gαsβ1γ7 complexes
after activation by the β2AR [23]. Here, the receptor and the G proteins internalize but segregate
to different intracellular compartments upon stimulation with isoproterenol. The G protein
Gα and Gβγ subunits initially show diffuse cytoplasmic distribution followed by colocalization
on intracellular vesicles distinct from βAR containing vesicles. Subsequent work by others has
suggested GPCR- activation results in translocation of fluorescently tagged G protein γ
subunits or tagged β subunits to intracellular membranes such as the Golgi or ER [24]. Distinct
families of Gγ subunits were found that translocate, whereas other families do not [25]. For
example it was found that γ1, 5, 9, 10, 11 and 13 support M2 receptor-dependent translocation,
whereas γ2, 3, 4, 7, 8 and 12 do not [26]. Differences in translocation appeared to correlate with
specific sequences in the C-terminus of Gγ. These findings are intriguing and suggest specific
functional roles for Gγ subunit subtypes although the role of the translocation remains to be
defined.

G protein β and γ subunit subtypes

Five different Gβ subunit and 12 different Gγ subunit genes have been identified in the human
and mouse genomes [27]. The Gβ1–4 subunits share greater than 80% amino acid sequence
identity compared to 50% identity for Gβ5. There is significantly lower identity amongst the
γ subunit subtypes. These different subunit subtypes can pair to form unique Gβxγx
combinations. The functional significance of the diversity of individual Gβγ subunit
combinations is not well understood. Interpretation of phenotypes resulting from knockout of
individual Gβγ subunits is complicated by the fact that Gβγ participates in multiple, integrated
functional interactions with receptors, Gα subunits, and effectors. Thus, the resulting
phenotypes can be difficult to attribute to a specific functional interaction. Nevertheless, there
is evidence from knockout studies to suggest that specific Gβγ subtypes interact with particular
GPCRs. Ribozyme-directed Gγ7 subunit depletion impaired β-adrenergic receptor signaling
but not signaling by another Gs coupled receptor, PGE1 [28]. Genetic deletion of specific γ
subunits in mice results in specific phenotypes. For example, deletion of Gγ7 resulted in distinct
behavioral changes associated with specific loss of cAMP production in the striatum [29], and
deletion of Gγ3 results in changes in metabolism resulting in resistance to a high fat diet [30].
In both of these cases loss of the specific Gγ subunits also resulted in a loss in specific Gα
expression, indicating roles for specific Gαβγ combinations in these phenotypes.

One instructive example comes from a recent study of Gγ functions in the Arabidopsis

thaliana plant system. In this plant and other species there is one Gα subunit, one Gβ subunit,
and two Gγ subunits that share approximately 50% amino acid identity [31–34]. Knockout and
overexpression of these two Gγ subunits allowed for a relatively simple dissection of the
functional significance of the two Gγ subunit isoforms. In this system, many of the functional

Smrcka Page 3

Cell Mol Life Sci. Author manuscript; available in PMC 2009 June 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



effects appear to be mediated by Gβγ. For example, Gβ plays a specific role in plant pathogen
resistance and knockout of A. thaliana Gγ1 increased susceptibility to infection with a
pathogenic fungus, while Gγ2 deletion had no significant effect on this function [35]. Similar
specificity was seen with other processes involved in seed germination and root development.
Thus in this relatively simple G protein system, clear, distinct roles are observed for different
Gγ subunits. The mammalian system is obviously much more complex with many different
Gγ subunits, where many detailed experiments will be required to sort out their individual
specific functions.

To date, there is no specific, satisfactory mechanistic explanation for the selectivity for different
Gβγ subunits that is observed in intact cells. Although some selectivity has been observed in
some in vitro reconstitution systems, the difference between subtypes is generally not dramatic.
An exception is Gβγ complexes containing the Gγ1 subunit, which is strictly localized to the
retina as part of the transducin heterotrimer. These complexes are generally less potent for
activation of effectors such as adenylyl cyclase (AC) and phospholipase C (PLC) [36,37] and
couple less strongly to GPCRs other than rhodopsin. Gγ1 is modified with a 15 carbon farnesyl
rather than a 20 carbon geranylgeranyl lipid moiety and some of the difference may result from
this, but there is also evidence that there are sequence determinants on Gγ1 that may be partially
responsible for differences in efficacy and potency of this subunit [38]. Some other examples
of biochemical selectivity for effectors exist but, in general, the differences are not enough to
explain the striking differences observed in intact cell systems or in vivo.

Gβ5

Gβ5 is clearly an outlier with respect to sequence homology with other Gβ subunits, with 53%
identity to the most closely related Gβ subunit. Initial evidence that Gβ5 was a bona fide Gβ
subunit was its ability to assemble with Gγ subunits in transfected cells to activate PLCβ2
[39,40]. Further analysis of purified Gβ5γ2 complexes revealed that Gγ was loosely bound and
could be separated from the Gβ5 subunit under non-denaturing detergent conditions where
other Gβγ combinations are not separable [41,42]. This Gβ5γ2 complex was initially proposed
to be only capable of binding to Gαq [43] but other workers demonstrated interactions with
Gαi/o-GDP [42,44].

This latter data indicates that Gβ5 has the determinants to direct Gβ5 containing complexes to
GDP-bound Gα subunits. Siderovski and colleagues were the first to recognize that members
of the RGS7 (R7) subfamily of regulators of G protein signaling (RGS proteins) contained
regions with significant homology to Gγ subunits (ggl domains) and predicted that they could
potentially assemble with Gβ subunits [45] (Fig. 2A and B). Biochemical studies demonstrated
that R7 family members could form stable complexes with Gβ5 but not other Gβ subunits. In
parallel, Slepak and colleagues purified native Gβ5 from bovine retina and identified R7 family
members as tightly associated proteins that co-purified [46]. In neither of these studies was
Gγ found to co-purify or form stable complexes with Gβ5 [47]. This leads to a currently
unresolved debate as to whether Gβ5γx is present in native cells or tissues. It has been suggested
that the difficulty in finding Gβ5γx in native tissues is due to its inherent instability in detergent
that is required to extract Gβγ subunits from native tissue. A recent study examining Gβ5
complex formation with different Gγ subunits in cells using bifluorescence complementation
(BiFC) suggests that Gβ5 slightly prefers Gγ2 as a binding partner relative to RGS7. These data
suggest that in native tissues, if Gγ2 is present in significant quantity, it would assemble with
Gβ5 [44]. On the other hand, other factors such as molecular chaperones may add a level of
control to assembly that is not observed in the transfected HEK293 cells.

While the occurrence of this Gβ5 RGS complex is very novel and exciting it is not clear how
this complex is regulated and what the functional and physiological role of the complex is in
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GPCR signaling. Some exciting clues have come with the discovery of a protein, R7BP, that
binds to R7 family members [48,49]. This protein binds to the DEP (for Disheveled, EGL-10,
Pleckstrin) homology domain of R7 family members and can regulate the distribution of
Gβ5R7 complexes in cells [48,49]. R7BP can be palmitoylated near its carboxy-terminus, and
regulated palmitoylation depalmitoylation at this site determines the subcellular localization
of the R7BP/Gβ5/R7 complex [49]. Palmitoylated R7BP targets the complex to the PM where
it can efficiently inhibit GPCR mediated processes through its RGS domain, while the
depalmitoylated form undergoes nuclear-cytoplasmic shuttling that could be involved in
regulation of transcription [49,50]. Interestingly, the DEP domain of R7 is involved in an intra
molecular interaction with the Gβ5 subunit in the Gβ5/R7 complex [51,52]. In the recently
solved crystal structure of Gβ5-RGS9 complex, the DEP domain, in conjunction with the ggl-
DEP linker, occludes the Gα binding site on Gβ5 [52].

Regulatory mechanisms may exist that “uncap” the Gα binding site on Gβ5 to allow productive
interactions with Gα subunits for receptor catalyzed nucleotide exchange reactions [53,54].
For example, R7BP could affect this interaction which could, in turn, affect the activity of the
Gβ5/R7 complex (Fig. 2B and C). Binding of R7BP to Gβ5/R7 complex improves the activity
of the complex as a GAP through PM targeting, but additional mechanisms must exist that
involve reversible interactions of the DEP domain with Gβ5 to allow receptor-G protein
coupling.

While these regulatory mechanisms are emerging for the Gβ5/R7 complexes, the functional
purpose of Gβ5 association with this complex is still unclear. While β5γx complexes may not
be biologically relevant signaling complexes, analysis of the complexes provides information
on the molecular determinants that Gβ5 itself may bring to the Gβ5/R7 complex. For example,
studies with Gβ5γ2 indicate Gβ5 is capable of binding Gα subunits, interacting with Gβγ
regulated effectors, and participating in receptor mediated G protein nucleotide exchange. That
these functionalities exist in Gβ5 suggests that Gβ5 could bring some of these functions to the
Gβ5/R7 complex.

Central functional role in G protein coupled receptor signaling

G protein βγ subunits are required for GPCR signaling

Early reconstitution studies with receptors and purified G proteins indicate that Gβγ is required
for GPCR catalyzed nucleotide exchange [55,56]. Studies examining muscarinic receptor
coupling to Gαo initially suggested that a possible reason for the requirement for Gβγ was that
Gβγ was simply required to target Gαo to the membrane and that, once properly oriented at the
plasma membrane, Gα could productively engage the receptor [57]. While this may be part of
the requirement for Gβγ function in receptor coupling, it does not exclude other mechanisms
for promoting coupling and cannot, in itself, explain receptor selectivity for particular Gβγ
isoforms. Another possibility that is supported in part by structural data is that binding of Gα
to Gβγ organizes the structure of the Gα subunit such that it is a substrate for receptor
interactions. Free Gαi subunits are in a distinct conformation relative to the structures in the G
protein heterotrimer [11,12,58,59]. For example, in the structure of Gαi-GDP the amino
terminus forms a distinct globular domain that adopts an extended helical conformation in
direct contact with Gβγ in the Gαi-GDPβg complex [58]. The amino terminus of the Gα subunit
is important for engagement of phospholipid membranes through lipid modifications at the N-
terminus. Additionally, amino acids in the Gα N-terminus are important for receptor-G protein
coupling, suggesting that Gβγ may help present Gα in the appropriate conformation to the
receptor [60].

GPCRs also interact directly with G protein βγ subunits. A peptide mimic of the third loop of
the α2A adrenergic receptor catalyzed nucleotide exchange on Gαo in a purified system only
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in the presence of the Gβγ subunits [61]. The peptide was directly crosslinked to the G protein
β subunit, and the crosslinking site was mapped to the C-terminus [62]. Other studies have
demonstrated direct binding of receptor fragments to Gβγ subunits primarily using glutathione
S-transferase (GST) fusion protein binding assays. For example, a portion of the C-terminal
tail of the parathyroid hormone receptor bound directly to Gβγ subunits [63]. The specific
Gβγ binding site was disrupted in the full length PTH receptor by site directed mutagenesis
leading to a loss of downstream signaling to PLC and AC. In other studies with the third
intracellular loop of the M3 muscarinic receptor, disruption of the Gβγ binding site did not
affect downstream signaling but inhibited receptor desensitization [64]. The data suggest that
maintenance of Gβγ binding to this loop facilitated recruitment of G protein coupled receptor
kinase (GRK) to the receptor.

Another point of contact between Gβγ and receptors is the C-terminus of the Gγ subunit. As
discussed earlier, Gγ is prenylated at a C-terminal cysteine. This prenyl modification is required
for receptor-G protein coupling but, since it is also required for membrane targeting, it is
difficult to determine if the G protein coupling requirement simply reflects the need for Gβγ
to be at the membrane or if it is a direct physical coupling between the receptor and Gγ.
Evidence for direct physical interactions comes from experiments utilizing prenylated C-
terminal peptides from Gγ1. These peptides inhibit receptor-G protein coupling and alter the
activation state of rhodopsin, indicating a direct physical interaction [65]. NMR studies show
a specific conformational alteration of the peptide upon receptor activation [66,67]. In many
of the structures of Gβγ this region of Gγ is disordered, suggesting this region may be
conformationally flexible.

Still unanswered is how direct GPCR-Gβγ interactions are mechanistically involved in the G
protein activation process. This, in part, comes from our current lack of general understanding
of the mechanistic details of GPCR stimulated nucleotide exchange. As discussed, some
models of receptor activation portray the Gβγ subunit as a passive participant that scaffolds
Gα at the membrane, while others indicate an active role. Two models that include Gβγ as an
active participant include the lever hypothesis and the gearshift model. In the lever hypothesis,
the receptor has been proposed to engage both Gα and Gβγ and pry the two molecules apart
by pulling on the N-terminus of Gα, acting as a lever to open up the interface between the
switch II region of the Gα subunit contacting the Gβ subunit (Fig. 3A). As the subunits
rearrange, the Gβ subunit pulls open the nucleotide binding pocket on Gα, enhancing the off-
rate of GDP [68]. One line of evidence in support of this hypothesis is that mutation of amino
acids on Gβ that directly interact with Gα switch II prevents Gβ-dependent Gα activation. In
contrast, other data indicates that the Switch II Gβ interface can rapidly “breathe” without full
subunit dissociation. This model, depicted in figure 4A, is based on evidence that Gα N-
terminal interactions and Gα Switch II interactions with Gβ are individually weak but the
combined bivalent interaction is strong [69,70]. Peptides and proteins appear to be able to bind
to Switch II binding surface on Gβ during breathing and cause G protein βγ subunit activation
without nucleotide exchange on Gα, as discussed in section 6 (Fig. 4B and C). Since the Gα/
βγ interactions at these surfaces are weak, they may not be sufficiently stable to pry open the
nucleotide binding pocket as the subunits reorient relative to one another in the lever model.

The gear shift hypothesis suggests that the receptor increases interactions between the coiled-
coil amino terminus of the Gβγ complex and the helical domain of Gα, pushing the helical and
Ras-like domains of Gα apart to provide an exit route for GDP (Fig. 3B) [71]. Recent BRET
data examining Gα-βγ interactions in intact cells demonstrate that some parts of the helical
domain of Gα move away from the N-terminus of Gγ subunits upon activation, but the region
linking the helical and GTPase domains move closer to Gγ-N. The authors suggest that these
movements, where parts of Gβγ and Gα move closer together during the activation process,
are most consistent with the gearshift model for G protein activation [6]. In either mechanism,
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Gβγ is intimately involved in the process of nucleotide exchange. For a detailed discussion of
these models see Oldham and Hamm [60].

If, in fact, there are direct interactions between receptors and Gβγ that are important for the
mechanisms of nucleotide exchange and subunit dissociation, it has significant implications
for the specificity with which receptors recognize specific Gβγ isoforms. If the sole function
of Gβγ were to serve as a scaffold for Gα, the reported selectivity of receptors for particular
Gβγ subtypes would be unlikely to have been observed.

Mechanisms for activation of Gβγ signaling

In addition to its supporting role in GPCR-dependent Gα interactions, Gβγ acts to directly
regulate down-stream signaling in its own right. The first effector found to be activated by
Gβγ was the acetylcholine-regulated inwardly-rectifying K+ channel in atrial myocytes [72].
A key observation in isolated inside-out patches from atrial myocytes was that the acetyl
choline driven channel activation was independent of soluble second messengers, suggesting
that the subunits of the Gi protein could directly activate the channel. This led to attempts to
directly activate the channel in excised atrial membrane patches with Gβγ and Gα subunits
[72,73]. After considerable controversy a consensus emerged that Gβγ subunits are the primary
mediators of channel activation through direct binding to the channel [74,75]. At first,
recognition of Gβγ as the primary mediator of channel activation was controversial, in part,
because Gβγ mediating direct downstream functions had not been previously demonstrated,
and because precedent with adenylyl cyclase demonstrated that Gαs was responsible for direct
stimulation of adenylyl cyclase activity. Additional support for the idea that Gβγ is a signal
mediator in its own right came from genetic analysis of the pheromone signaling pathway in
yeast, indicating that Gβγ is the key activator of downstream signaling from the G protein
coupled pheromone receptor [76]. Today, the list of proteins that interact with Gβγ has
expanded to encompass a large number of targets (Table 1). In some cases, these are enzymes
or channels and it is clear that Gβγ-binding has a functional effect on the activity of the target.
In the case of ERK, Gβγ expression in cells leads to ERK activation, but the direct binding
target and the exact mechanism for this activation has not been defined. In many instances the
regulation of the target has a clearly documented physiological correlate whereas, in others,
the physiological significance of the Gβγ-target interaction is not clear. Overall, however, it is
now well established that the Gβγ subunits play major roles in mediating downstream signaling
from GPCRs and may be as prevalent as those mediated by Gα subunits.

When considering how G proteins are activated by GPCRs, it is the Gα subunit that undergoes
significant conformational changes upon binding of GTP, suggesting an obvious mechanism
for Gα activation. So how can Gβγ be “turned on” to propagate a down-stream signal? The
current model, as discussed earlier, is based on the subunit dissociation model where Gα
subunits occlude effector binding surfaces on G protein βγ subunits until activated by binding
of GTP. The conformational changes in Gα lead to dissociation from Gβγ to expose effector
interaction surfaces on Gβγ (Fig. 1). Some evidence for this idea stems from the observation
that addition of purified GαGDP to in vitro assays of Gβγ-dependent effector activation inhibits
effector regulation [72,77]. Since there is no apparently critical difference in Gβγ subunit
structure in either the free or heterotrimeric structure, it suggests that G protein activation does
not cause alteration of Gβγ subunit conformation [11–13]. A direct test of the hypothesis that
a signaling surface on Gβγ is covered by Gα involved alanine substitution of amino acids at
the Gα subunit-binding surface of the Gβ subunit and testing the purified mutant protein for
activation of effectors in various in vitro assay systems [78,79]. Many of these purified Gβγ
mutants were unable to efficiently regulate effectors. An important conclusion from this
analysis was that each effector utilized this surface with both overlapping and unique subsets
of amino acids within the Gα subunit binding surface. Complementary studies used a similar
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mutational approach to map effector binding sites in the blade regions of the Gβ propeller and
identified amino acids outside the Gα subunit interface important for effector regulation, with
some amino acids involved in unique effector interactions [80]. Thus, G protein α subunit
activation likely exposes surfaces on Gβ that form a core site for effector binding but multiple
other Gβγ surfaces also participate in effector binding and activation.

Pertussis toxin-sensitive signaling by G protein βγ subunits

As discussed above, acetyl choline-dependent regulation of the atrial K+ channel is now known
to be through Gβγ binding to the channel. This acetylcholine regulation of the potassium current
is inhibited in isolated atrial myocytes by pretreatment with pertussis toxin (PTX) which
selectively modifies Gαi family G proteins [81]. Many other processes dependent on Gβγ
downstream signaling are also inhibited by PTX. For example, GPCR-dependent PLC
activation is mediated by pertussis toxin-sensitive and -insensitive mechanisms [82,83]. The
PTX-insensitive pathways are primarily mediated by Gαq-dependent activation of PLCβ or
pathways involving Rho and PLCε [83–85]. PTX-sensitive pathways were presumed to be
mediated by members of the Gαi family yet purified PTX- sensitive Gαi family subunits were
unable to reconstitute activation of PLC. On the other hand purified Gβγ subunits were able
to activate PLCβ isoforms in vitro, albeit at relatively high concentrations compared to typical
activation by G protein αq subunits [86–88]. This suggested that Gβγ subunits released from
Gi heterotrimers were responsible for PTX-sensitive GPCR-dependent PIP2 hydrolysis. The
model for these and other related systems is that PTX-dependent ADP ribosylation of the Gα
subunits prevents productive interactions between the heterotrimer and receptors preventing
nucleotide exchange and activation of Gαi, keeping Gβγ sequestered in an inactive state (Fig.
1A). Many of the GPCR-dependent physiological processes inhibited by PTX are mediated by
Gβγ subunits rather than Gα [72,89–91]. Fewer examples of PTX-insensitive processes being
mediated by the Gβγ subunits have been reported but likely exist [92]. Thus, most Gβγ-
dependent signaling appears to arise from Gi proteins.

The apparent specificity of Gβγ-dependent signaling for Gi-coupled receptors presents a
conundrum in terms of what regulates the selectivity of Gβγ-dependent processes. In theory
GPCR-dependent activation of any G protein subtype would, upon nucleotide exchange-
dependent activation of the Gα subunit, lead to free Gβγ that could activate any of the Gβγ
effectors. Several hypotheses have been proposed to explain the observation that not all GPCRs
activate Gβγ-dependent signaling processes. 1) Gβγ subtypes are specifically associated with
particular receptors and G protein α subunits and confer effector activation selectivity. The
problem with this hypothesis is that specific Gβγ subtypes have not been shown to be selective
for particular effectors, so while specific subtypes may be associated with particular receptors;
it is not clear how these subtypes would confer selectivity for particular effector pathways. 2)
The potency for Gβγ subunit dependent activation of effectors is 10–100 fold lower than for
Gα subunit mediated effects (see [86] for example). This suggests that activation of receptors
that activate Gαs or Gαq would cause activation of Gα subunit-dependent effectors at levels of
G protein activation that would be significantly lower than that required to release enough
Gβγ to activate a Gβγ-dependent effector. So, for example, under conditions required to achieve
maximal inositol phosphate release through a Gq-coupled receptor, Gβγ-dependent processes
would not be activated. Since Gαi has a relatively low affinity for AC and Gi proteins are
relatively abundant, activation of Gi coupled receptors could release enough Gβγ to achieve
significant effector activation. Based on the ideas discussed in the above section, one would
still predict that Gi coupled receptor-activation would lead to stimulation of many of the
effectors listed in Table 1. Some other ideas that could account for the fact that not all Gβγ-
regulated effectors are activated by Gi coupled receptors, or other receptor types, include: 1)
Tissue specific expression of some of the components provides some constraint, with some
effectors expressed relatively specifically in certain tissues. For example, PLCβ2 and PI3-
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kinase γ are relatively restricted in expression to monocytic cells, and so would only be
activated by GPCRs in these cells, but for other effectors an additional mechanism must exist
in cells with multiple GPCRs, 2) Restricting the subcellular location of specific effectors and
receptors could impart specificity, 3) Precoupling of receptors G proteins and effectors could
confer specificity. For example, GIRK channels have been shown to preferentially form
complexes with hetero-trimers containing specific Gαi subunits and, while Gα subunits do not
regulate channel activation, they do bind directly to the channel [93,94]. If particular Gα
subunits provide a docking surface for Gβγ targets this could control specificity for specific
Gα subunit subtypes [95], 4) Simultaneous activation of GPCRs with other receptors could
lead to availability of Gβγ in concert with other cellular signals such as phosphorylation,
providing a coincidence detection mechanism for activation of specific effectors.

Effector recognition by Gβγ
The targets listed in Table 1 that are recognized by Gβγ comprise a diverse array of molecules,
many of which are unrelated in terms of structure and sequence. A key question is: What is the
nature of molecular recognition that allows Gβγ to interact specifically and productively with
this diverse array of targets? We will discuss here what is known about the nature of recognition
of targets by Gβγ based on both direct structural visualization of complexes as well as other
biochemical analyses.

Three dimensional crystal structures of Gβγ effector complexes: G protein coupled-receptor

kinase 2 (GRK2) and phosducin

The structure of Gβγ has been solved in complexes with Gα subunits, GRK2, and phosducin.
Detailed examination of the nature of the interactions supports the general hypothesis that there
are common and unique interactions amongst various Gβγ targets. This is exemplified best in
the co-crystal structure of Gβγ and phosducin [14,16]. Phosducin, a protein first identified as
a regulator in the visual signaling system, binds to Gβγ and is composed of distinct N and C-
terminal domains. Both of these domains are required for productive interactions with Gβγ. In
the three dimensional structure of the complex, the N-terminus of phosducin associates with
an area that overlaps with the GαGDP binding site on the top of the β-propeller, while the C-
terminus interacts with the sides of the propeller at blades 1 and 7, a region that does not overlap
with GαGDP binding [14,16]. On the other hand the GRK2-Gβ1γ2 interface is dominated by
interactions at the GαGDP binding site on the top surface of Gβ [15,96]. Interestingly while
both phosducin and GRK2 have interactions on the top of the β-propeller at the Gα subunit
interface, the modes of interaction are quite different when compared to Gα. For example the
GRK2 C-terminus is an extended α helix followed by a short C-terminal loop and it is the loop
that interacts with amino acids that also contact the Gα subunit [97]. In the Gα subunit the
major contacts with these same amino acids on Gβ are from the switch II α helix region and it
is the side chains extending from this helix that interact with Gβ. Thus, completely structurally
distinct motifs from Gα and GRK2 interact with a very similar contact surface on Gβ.

Peptide mapping approaches

While crystallography is invaluable in determining protein interaction surfaces, thus far only
a limited number of complexes of Gβγ with binding partners have been solved by this method.
As an alternative, biochemical methods have been used to map effector binding surfaces. A
particularly fruitful approach has been to use synthetic peptides from Gβγ target molecules.
Initial studies in this area identified a peptide from type II adenylyl cyclase that binds to Gβγ
and blocks Gβγ-dependent regulation of multiple, Gβγ-regulated effectors [98]. The authors
used a molecular modeling and chemical crosslinking approach to identify the binding site for
this peptide on Gβγ subunits [99,100]. This binding site mapped to a surface near the Gα switch
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II-binding site on Gβγ subunits and correlates well with the mutagenic mapping analysis of
ACII contacts on Gβ.

A similar approach was used to map interaction sites between PLCβ2 and Gβγ. Initial analysis
indicated that a protein fragment containing a region of the catalytic domain could block
Gβγ-dependent PLCβ2 activation in transfected COS cells and bound to purified Gβγ in
vitro [101]. Further analysis with peptides and chemical crosslinking mapped the binding site
for this peptide to two sites on G protein βγ subunits, one in the switch II binding region and
another at the amino terminus of the Gβ subunit near cysteine 25 (Fig. 1B, spacefilled CPK)
[42,102,103]. Crosslinking to both of these sites was blocked by preincubation by intact
PLCβ2 or PLCβ3 [102]. This indicated that the amino terminus of Gβ may function as an
effector binding site. Mutagenesis of this site in the Gβ subunit to disrupt PLC interactions
actually potentiated Gβγ-dependent activation of PLCβ2, suggesting that binding of this site
to PLCβ2 inhibits PLC activity [103]. Interestingly, this site plays a role in activation of
PLCβ2 in the presence of AGS8, as will be described in a later section. The observation that
the amino terminus of Gβ is an important interaction site in mammals awaits confirmation by
other laboratories, but it correlates directly with an effector binding site identified in yeast
Gβγ subunits [104,105].

Another approach to examining effector binding surfaces on Gβγ and regulation of target
molecules has been to use peptides from Gβ subunits and test them in effector regulation assays.
Peptides from different blades of the Gβ propeller were shown to inhibit Gβγ dependent
regulation of type II adenylyl cyclase [99] or PLCβ2 while others stimulated PLCβ2
independent of Gβγ [106]. This led to the concept that there are distinct effector-binding and
signal-transfer surfaces on Gβγ. This is based on the hypothesis that blocking peptides
correspond to binding surfaces that contribute to the energetics of the Gβγ-target binding, but
are not involved in altering target activity. On the other hand, activating peptides from Gβγ
have been proposed to represent signal transfer surfaces that mediate the activation of the
effector. This interesting concept remains to be developed further with mutagenic analysis of
intact Gβγ subunits.

Protein Interaction “Hot Spot” on Gβγ
Identification of the specific amino acids in Gβγ involved in individual target recognition does
not explain the molecular basis for Gβγ-dependent recognition of diverse effector structures.
Various Gβγ binding motifs within effectors have been proposed [98] but it has become clear
that there is no single consensus sequence or structural motif that mediates binding to Gβγ. As
an approach to understanding this, Gβγ subunits were used as targets inarandom peptide phage
display screen in an attempt to identify consensus sequences for binding to distinct surfaces
on Gβγ [107]. Multiple, distinct peptides were identified that apparently bound to the same
surface on Gβγ based on competition and mutational analysis. This result, where large protein
surfaces are subjected to selection in naïve random peptide-binding screens, and only a small
portion of the overall surface mediates binding of diverse sets of peptide sequences, is
indicative of a preferred protein binding surface [108,109]. Combining these data with alanine
scanning mutagenesis and structural analysis has led to the concept of energetic “hot spots”
that provide key energetic residues for binding at a protein-protein interface, but also have
intrinsic physical-chemical characteristics that are optimal for mediating multiple protein-
protein interactions [109]. Some characteristics of these surfaces are flexibility and the
opportunity for mediating multiple types of chemical interactions (ionic, hydrophobic) without
strict geometric requirements for binding [110]. In this way a single binding site can
accommodate multiple structural and chemical motifs.

Crystallographic determination of the structure of a phage display selected peptide (SIGK)
bound to Gβγ identified the preferred binding surface as a site corresponding to the Gα subunit
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switch II binding region on Gβ [111]. Alanine substitution of all of the amino acids within 6Å
of this peptide binding site defined amino acids required for peptide binding. Each of these
alanine substituted mutants was then tested for ability to affect binding of other peptides
identified in the original phage display screen. Each of the peptides had a unique pattern of
requirements for interactions with specific amino acids within the binding site. This
demonstrated that the “hot spot” has the inherent ability to bind multiple binding sequences
with unique sets of interactions that can be exploited by natural binding partners and suggests
a mechanism for Gβγ interaction with multiple different sequences and structures.

Mechanisms for effector regulation by Gβγ
In the previous section, modes of binding and recognition of targets by Gβγ were discussed,
but how Gβγ-binding translates into alterations in functional activity of downstream targets
has also been investigated by multiple laboratories. Two general mechanisms for effector
regulation by Gβγ depend on whether the target is cytosolic or membrane bound. In the case
of cytosolic proteins such as PLCβ2 or GRK2, whose substrates are localized to the plasma
membrane, a potential mechanism for activation is recruitment to the plasma membrane by
membrane-bound Gβγ. For other targets, such as adenylyl cyclases or GIRK channels, that are
transmembrane proteins, regulation must occur through conformational alteration. While many
effectors are activated by Gβγ, the potential mechanisms for regulation of each of these are too
numerous to be discussed here. GRK2 and GIRK regulation will be discussed briefly because
mechanisms of activation of GRK2 and GIRK have been well studied and represent examples
of either translocation-based or allosteric regulation. The mechanism for activation of PLCβ
by Gβγ is less clear and may, in fact, be regulated by both translocation and allosteric regulation,
as will be discussed in greater detail.

Activation of GRK2 by Gβγ
An example of an enzyme whose activity is regulated by Gβγ-dependent translocation is GRK2.
GRK2 is normally cytoplasmic and there is strong evidence that, during receptor activation,
free Gβγ subunits are released that provide a binding site for GRK2. In cooperation with
phosphatidylinositol 4,5 bisphosphate (PIP2), Gβγ subunits recruit GRK2 to the membrane,
where it can interact with and phosphorylate activated GPCRs [112]. In addition to its role in
membrane recruitment, Gβγ could allosterically modulate GRK2 function. Complexes
between Gβγ and GRK2 have been crystallized and the structures solved [15,96]. Since the
GRK2 structure in the absence of Gβγ was not solved, it could not be determined whether
Gβγ-binding alters the structure of GRK2. Biochemical analyses suggest subtle rearrangements
of the GRK2 structure upon Gβγ-binding, but the functional significance of these alterations
are not clear [97].

Activation of GIRK channels by Gβγ
In the case of all membrane bound proteins such as ion channels and adenylyl cyclases the
activation mechanism requires structural alterations rather than translocation. No direct
structural data yet exists that demonstrates specific alterations of effector conformation upon
Gβγ binding. For Gβγ-dependent regulation of GIRK, a combination of mutagenic analysis,
biophysical studies of channel properties, and homology modeling based on a bacterial voltage-
dependent K+ channel, have been used to develop a proposed mechanism for Gβγ-dependent
activation. The model suggests that Gβγ binding to an intracellular soluble domain of the
channel strengthens interactions between the channel and PIP2 and alters the position of a helix
at the mouth of the conductance pore to increase the activity of the channel [113,114]. For this
and other targets the details of conformational changes that occur upon Gβγ binding are
unknown and await detailed atomic level structural determination of an effector with and
without bound Gβγ.
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Activation of PLCβ by G protein βγ subunits

Two independent analyses examined whether translocation is necessary for Gβγ-dependent
activation of PLC activity. Both found that PLCβ has an intrinsic capacity to bind to membrane
surfaces that is independent of interactions with Gβγ subunits [115,116]. In these experiments,
Gβγ subunits did not alter the proportion of PLC associated with membrane surface but, at the
same time, increased PLC activity. This indicates that one mechanism for activation of PLC
isoforms is to alter its enzymatic activity either through conformational alteration of the active
site or modulating the orientation of PLC with respect to the membrane surface.

Key to understanding how Gβγ activates PLC that is bound at the membrane is to understand
the mode of interaction of Gβγ with PLC. Structures of PLCδ1 and PLCβ2 have been solved
that provide a detailed picture of the domain organization of these enzymes (Fig. 5A and B)
[117, 118]. PLCδ and PLCβ2 share very similar domain structures. Both contain an N-terminal
pleckstrin homology domain followed by an EF hand domain, conserved X and Y domains
that comprise the catalytic domain and a C2 lipid binding domain. In PLCβ2 the C2 domain
is followed by an extended C-terminal domain that interacts with Gαq GTP. The PH domain
of PLCδ was deleted in the expressed protein used to solve the PLCδ structure and the C-
terminal extension beyond the C2 domain was removed in the protein used to solve the
PLCβ2 structure. Early biochemical studies indicated that deletion of the PLCβ2 C-terminus
eliminates regulation by Gαq without affecting Gβγ-dependent regulation [119]. While a
structure has been solved for a Rac-PLCβ2 complex, no structural data exists as yet for the
Gβγ/PLCβ complex. On the other hand, biochemical approaches have yielded information
about the nature of Gβγ-PLC interactions. Two sites for interaction of Gβγ on PLCβ2 have
been proposed, one on the catalytic domain and one on the PH domain. Here, the data
supporting these two sites will be presented and the implications with respect to regulation of
PLC enzymatic activity by Gβγ will be discussed.

The first evidence that the catalytic domain could interact with Gβγ came from a screen of
fragments of PLCβ2 for their ability to compete for PLCβ2 activation by Gβγ in transfected
tissue culture cells [101]. Two overlapping fragments from the catalytic Y domain of PLC
blocked activation by Gβγ or a Gi coupled C5A receptor but not the Gq coupled α1-adrenergic
receptor. A GST fusion protein comprising a portion of one of these fragments, L580-V641
within the conserved Y domain, bound directly to purified Gβγ in vitro, demonstrating a direct
interaction between the catalytic domain of PLCβ2 and Gβγ. To further narrow down the
interaction region, examination of a homology model of PLCβ2 based on the structure of
PLCδ identified surface exposed regions likely to be accessible to Gβγ [102]. Overlapping
peptide fragments corresponding to these exposed regions were synthesized and shown to
inhibit Gβγ-dependent activation of PLCβ2 in a purified system leading to identification of
E574-K583 as a Gβγ binding region on PLCβ2 (Fig. 5B, light blue helix). Direct interaction
of these peptides from the PLCβ2 catalytic domain with Gβγ was confirmed by chemical
crosslinking to both Gβ and Gγ in a manner that was competed with excess PLCβ2 or PLCβ3
holoenzyme [102]. To confirm that this region was important for PLCβ2 activation in the
context of the PLCβ2 holoenzyme, triple alanine substitutions in the PLCβ2 E574-K583 helix
inhibited activation of PLCβ2 by Gβγ subunits with minimal effects on PLC basal enzymatic
activity [103]. Finally, triple alanine mutation of E574, L575 and K576 disrupted direct binding
of purified PLCβ2 to Gβγ [120]. Together, these data strongly suggest that this region of the
catalytic domain is involved in direct interactions with the Gβγ subunit and that interaction of
Gβγ with these amino acids regulates PLCβ2 activity.

In support of the idea that the pleckstrin homology domain confers binding and activation by
Gβγ is the observation that the isolated PH domain from PLCβ2 interacts with Gβγ on
membrane surfaces as detected by fluorescence resonance energy transfer [121]. A second key
observation is that splicing of the PLCβ2 PH domain onto PLCδ confers the ability of PLCδ
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to be activated by G protein βγ subunits [122]. This chimeric PLC bound to lipid membranes
with properties similar to PLCβ2, suggesting the activation involved conformational activation
rather than membrane translocation. Point mutations in the PH domain of the chimera inhibited
Gβγ-dependent activation. On the other hand, in chimeras of PLCβ2 with the PH domain of
PLCβ1, there is no substantial lossin activation of the enzymeby Gβγ despite the fact that
PLCβ1 is not activated by Gβγ [123]. This suggests that domains other than the PH domain
are required for activation of PLC by Gβγ, consistent with the observed binding of Gβγ to the
catalytic domain. How might Gβγ binding to the PH domain or the catalytic domain of PLC
alter enzymatic activity, since Gβγ can cause enzyme activation without enzyme translocation?
Recent studies of Rac-dependent activation of PLC show that Rac can activate PLCβ2 but not
PLCβ1 and that this requires interaction with the PH domain [123]. Structures of PLCβ2, with
and without bound Rac2, have recently been solved [118]. Rac2 interacts with the PH domain
of PLCβ2 but there is no significant conformational difference between the structures of free-
and Rac2-bound PLCβ2. This indicates Rac2 may activate PLCβ2 by causing either
translocation of PLCβ2 or alterations in interactions of the enzyme with the membrane. In the
structures of PLCβ2 solved by Sondek’s group, a linker region between the X and Y domains
of the catalytic domain is folded back to occlude access of substrate to the enzyme active site
(Fig. 5B). This suggests a potential mechanism for activation that involves removal of this
inhibitory linker from the active site [124]. Since the linker still occludes the active site in the
RacGTP-bound PLCβ2 co-structure, the investigators propose that Rac causes alterations in
interactions of the active site with charged lipids in the membrane that lead to displacement
from the active site. Overall, the inhibitory linker model could allow for multiple modes of
protein binding to achieve increases in enzyme activity. These could involve reorientation of
PLC at the membrane that would allow negatively charged lipid head groups to pull this domain
from the active site, for proteins to bind directly to this region, or for proteins to bind at a
distance to cause conformational alterations that relieve this constraint.

Scarlata and colleagues propose that binding of Gβγ to the PH domain alters the orientation of
the PH domain relative to the catalytic domain, allowing the catalytic domain to productively
interact with the substrate at the membrane surface [125,126]. In favor of this hypothesis,
measurements of interdomain movements of a PLCδ/PLCβ chimera by FRET indicate that
Gβγ causes alterations in interactions between the catalytic domain and the PH domain. This
mechanism could be operating as an independent mechanism for PLC activation or it could
work in concert with direct binding of Gβγ to the catalytic domain. Binding of Gβγ at the
catalytic domain, or the PH domain, could alter interactions of the catalytic domain with the
membrane that would relieve autoinhibition or could cause displacement of the linker through
conformational alterations in the protein. Further biochemical and structural analysis will be
required to determine the validity of these proposed mechanisms.

Receptor-independent mechanisms for activation of G protein signaling through Gβγ
An emerging area is non-receptor and nucleotide exchange-independent mechanisms for G
protein activation [7,127]. Some of these mechanisms involve binding of proteins to Gα
subunits leading to release of free Gβγ subunits, but other proteins and peptides have been
recently found that activate G protein βγ subunit signaling through direct binding to Gβγ. Since
Gβγ is not thought to undergo conformational changes that could lead to nucleotide exchange
on Gα or result in subunit dissociation, the mechanisms for action of these molecules that bind
directly to Gβγ are not obvious. In most cases, detailed studies of these mechanism have not
been done, but some examples are discussed that shed new light on potential roles of Gβγ in
G protein activation are discussed below.
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Activation of Gβγ signaling by Gβγ binding peptides SIRK/SIGK

An instructive study is based on the observation that some of the peptides identified through
phage display screening that bind to the Gβγ “hot spot” cause activation of G protein dependent
signaling pathways in cells. SIRK peptide was discovered in a the phage display screen using
G protein βγ subunits as a target for binding [107]. Despite being discovered in a naive random
peptide screen, the peptide bound to a biologically relevant signaling surface, as demonstrated
by its ability to block Gβγ-dependent PLCβ2 and PI3Kγ activation in vitro. It did not affect
Gβγ-dependent inhibition of adenylyl cyclase in vitro or inhibition of N-type Ca2+ channels in
SCG neurons, demonstrating selectivity for inhibition of some Gβγ targets. A surprise came
when studying the effects of cell-permeable versions (either tat-modified or myristoylated
versions) of SIRK (mSIRK or tatSIRK) and a related peptide SIGK in intact cells. These
peptides, predicted to inhibit G protein signaling, rapidly, potently and effectively activated
the ERK/MAP kinase pathway in intact cells in a Gβγ-dependent manner [128]. To confirm
that Gβγ was the target of these peptides in intact cells, the effects of mSIRK on CHO cells,
transfected with mutant Gβ(βW332A), which does not bind the peptide, were examined. In
these cells, with strong constitutive expression of Gβ(W332A) and Gγ2, the expressed subunits
appear to substitute for a significant proportion of the endogenous Gβγ complexes, and
substantially inhibit mSIRK dependent ERK activation [129]. This strongly supports the idea
that mSIRK activates Gβγ subunit signaling in intact cells by binding directly to Gβγ subunits.
To explain this observation it was proposed that the peptide must be binding to Gβγ in a way
that leads to exposure of Gβγ signaling surfaces involved in ERK activation that are not
themselves blocked by binding of the peptide. The direct Gβγ-binding effector responsible for
ERK activation is not known, but the effector-binding surface required for activation of the
ERK pathway must be different from the peptide binding site and the PLCβ2 binding site. To
understand the mechanism of action of these peptides their effects on Gα/βγ interactions were
examined. Kinetic and equilibrium analysis indicated that SIRK and SIGK enhanced the rate
of G protein subunit dissociation in the presence of excess GDP and the absence of GTP [10,
128]. Additionally, other peptides known to bind to Gβγ and compete for Gα subunit
interactions did not influence Gα subunit dissociation kinetics. This argues that the basis for
the effect is not a strict competition for Gαβγ subunit interactions, since this would be expected
to alter equilibrium binding without affecting dissociation kinetics of a preformed complex.
The solved structure of SIGK peptide/Gβγ complex showed SIGK bound to the Gα subunit
switch II-binding region on Gβγ [111] (See Fig. 1C and Fig. 6). This suggests that SIGK/SIRK
should directly compete for Gα binding to Gβγ. A proposed model for how Gβγ could enhance
subunit dissociation that can explain most of the data is depicted in figure 4B. As described
previously, the Gα/βγ switch II interface is in a dynamic state of association and dissociation
(“breathing”) while overall Gβγ/α interactions are maintained by the Gα N-terminal helix. We
propose that SIRK/SIGK can insert into this interface during this transient breathing and block
this part of the Gβγ/α interaction. The resulting dissociation rate would then only be limited
by the off rate for the weakly interacting N-terminal α helix, leading to rapid subunit
dissociation. This model fits much of the data and provides supporting evidence that this surface
“breathes”. On the other hand, the model predicts that any peptide that binds at this interface
and competes for Gα/βγ interactions in an equilibrium experiment should enhance subunit
dissociation, which is not what is observed. This discrepancy suggests the effects of the peptide
involve a mechanism other than simple competition [10,111]. Such a mechanism remains to
be established.

Overall, these studies highlight a novel potential mechanism for G protein activation that could
be exploited physiologically by receptors, by Activators of G protein signaling (AGS proteins),
or pharmacologically.
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AGS proteins—Activators of G protein signaling (AGS proteins) are a group of structurally
distinct proteins discovered in a yeast-based screen for activation of the Gβγ dependent
pheromone response pathway [4,7,127]. The mechanisms for G protein activation by proteins
that bind Gα subunits (Class I and Class II AGS proteins) are simple to understand. For
example, Class I AGS proteins include DexRas and promote nucleotide exchange on Gα
subunits, releasing free Gβγ through a mechanism similar to receptors. Class II AGS proteins
contain a GPR or Goloco motif that binds to Gαi/o family subunits and promotes Gβγ subunit
dissociation through a nucleotide exchange-independent mechanism leading to accumulation
of free Gβγ subunits that can activate downstream targets. The GPR/Goloco motif in these
proteins binds to the switch II region of the Gα subunit near the interface between Gα and
Gβγ subunits [130]. This results in a conformational change in switch II at the Gα/βγ interface,
disrupting Gα/βγ interactions and leading to subunit dissociation.

Class III AGS proteins that bind directly to Gβγ are less well investigated or understood. Since
Gβγ is not thought to undergo significant conformational alterations, it is difficult to imagine
a mechanism that does not involve binding of the AGS protein to the Gα/βγ interface. But if
the AGS protein bound to the region on Gβγ at the Gα/βγ interface, it would obscure this critical
signaling surface on Gβγ required for activation of target proteins. Thus a conundrum is
presented where somehow these activating proteins that bind the Gβγ subunits must relieve
the constraints of the GDP bound heterotrimer yet still allow Gβγ to signal downstream.

Some insight into the mechanism of action of these proteins comes from a recent analysis of
AGS8. AGS8 was found in the yeast-based screen using a cDNA library derived from a rat
model of transient cardiac ischemia. AGS8 binds to Gβγ subunits but does not significantly
affect Gβγ-dependent PLCβ2 activation when Gβγ is transfected into COS cells in the absence
of Gα subunits [131]. However, AGS8 relieves the inhibition of PLC seen when Gα subunits
are transfected with Gβγ subunits and Gβγ-dependent PLC activation is inhibited due to
formation of the heterotrimer. The AGS8 binding site on the G protein βγ subunit appears to
reside at the Gα/Gβγ interface at a site that overlaps with the SIGK binding site. This
observation was puzzling since AGS8 did not block PLC activation, yet amino acids at the
SIGK binding surface are required for PLC activation. Another surprise is that AGS8 does not
promote subunit dissociation or block Gαi1 subunit binding to Gβγ. These observations are
difficult to reconcile with the SIGK data demonstrating that peptide binding at this site led to
dissociation of Gα from Gβγ, until it was found that AGS8 could also bind to the Gαi1 subunit
in a nucleotide-independent manner. SIGK promotes subunit dissociation by binding at the
Gα/Gβγ interface but binds only to Gβγ, so Gα subunits are released. AGS8 binds both Gα and
Gβγ resulting in retention of Gα subunit binding in the complex (Fig. 4C). Thus, AGS8 binds
to the G protein heterotrimer by binding the Gβγ and Gα subunits simultaneously and does not
cause dissociation of these subunits, yet it activates PLCβ2 signaling by a GaGDPbg
heterotrimer.

In this AGS8/Gα/Gβγ complex, the mechanism by which Gβγ could activate PLCβ2 is not
easily explained based on our current understanding of regulation of Gβγ-dependent signal
transduction. A critical Gβγ surface for signaling to PLCβ2 activation is bound to AGS8. In
our model, when AGS8 binds to the “hot spot” and forms a signaling complex with Gα and
Gβγ subunits, the PLCβ2 inhibitory site at the amino terminus becomes a stimulatory binding
site. This PLCβ2 binding site was previously identified as an inhibitory site by chemical
crosslinking and mutagenesis [103] (discussed in section 7). This implies that AGS8 alters
Gβγ conformation or orientation at the membrane to make the bound complex competent for
downstream signaling. An alternative model is that AGS8 itself provides binding determinants
for PLC binding in conjunction with amino acids at the Gβγ N-terminus that participate in PLC
activation. More direct evidence to address these ideas awaits further structural investigation.
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These two examples (SIGK and AGS8) of Gβγ-dependent, nucleotide exchange-independent,
signaling mechanisms suggest additional modes of G protein activation outside of the well
defined classical paradigm for G protein activation. How these biochemically characterized
mechanisms operate in a physiological context remains to be determined. With emerging
evidence that receptors bind directly to G protein βγ subunits these observations may also be
relevant to GPCR signaling. It is possible that some receptors, in addition to causing nucleotide
exchange, can also promote subunit dissociation that is mechanistically independent of the
nucleotide exchange process on Gα subunits. On the other hand there is increasing evidence
that under some GPCR-dependent G protein activation conditions the subunits may not
dissociate [5,6,132]. The molecular model described for the action of AGS8 suggests potential
mechanisms for non-dissociated G protein signaling complexes to promote downstream
signaling. Overall, it is clear that the current simple picture of Gβγ as a passive participant in
the G protein activation and signaling process needs revision.

NDPK phosphorylation of Gβγ
G protein β subunits have been found to be substrates for phosphorylation in a variety of tissues
[133,134]. A model has been developed where transient high-energy phosphorylation of a
histidine residue serves as a phosphate donor involved in transfer of phosphate from the Gβ
subunit to GDP associated with Gα subunits leading to activation of the Gα subunit and
subsequent signaling in a GPCR-independent manner. The amino acid phosphorylated in Gβ
is His 266, and requires nucleotide diphospho (NDP) kinase. Direct reconstitution of
phosphorylation with purified NDP kinase has not been achieved, suggesting a requirement
for an additional cofactor in the reaction. The significance of this process was unclear until a
recent study in cardiac myocytes suggested a role in regulation of cAMP levels [135]. In these
studies a Gβ1 His 266 Leu mutant was transduced into neonatal or adult cardiac myocytes
where the mutant is functionally incorporated into endogenous heterotrimers replacing the
endogenous subunits. Basal cAMP levels were reduced in both neonatal and adult cardiac
myocytes in cells transduced with Gβ1 His 266 L compared to cells transduced with wild type
Gβ1. Interestingly, baseline contractility was reduced by this mutant in adult myocytes without
any affect on stimulation by a β-adrenergic receptor agonist. These data suggest that, in a
physiological system, this receptor-independent signaling mechanism that relies on transient
phosphorylation of Gβ, regulates baseline cAMP levels and contractility in the heart.

Physiological significance of Gβγ activation

G protein βγ subunit-mediated activation of effectors has diverse roles in regulating of cell
physiology. In excitable cells, Gβγ subunits released from Gi modulate membrane potential
through activation of K+ channels and inhibition of voltage gated Ca2+ channels. In neurons
this suppresses excitability and inhibits neurotransmitter release. In atrial myocytes vagal
release of acetylcholine suppresses heart rate through Gβγ-dependent activation of K+ channels
[74]. In migrating immune cells, chemokine receptors, such as the IL-8 receptor or CXCR4,
are coupled to the release of Gβγ subunits from Gi [136,137] that is critical for mediating
directional chemotaxis as well as release of superoxide and other inflammatory mediators.
Several mouse knockout studies implicate Gβγ-regulated effectors in various physiological
functions; For example, in mice lacking Gβγ-regulated PLCβ3, morphine acting at Gi linked
opioid receptors produced painkilling effects at much lower doses [138]. Genetic deletion of
Gβγ-regulated PI3Kg resulted in decreased neutrophil migration and a reduction in
inflammation [139,140].

Activation of multiple Gi and Gq-coupled receptors, including thrombin, lysophosphatidic acid
(LPA), and acetylcholine receptors, results in a mitogenic response in several cell types. MAP
kinases are critical components in the growth-promoting pathways regulated by these
receptors. Gβγ subunits indirectly activate MAP kinase, suggesting that Gβγ subunits may
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mediate the growth-promoting effects of many G protein-coupled receptors [141,142].
Sequestering Gβγ in smooth muscle cells inhibits serum stimulated growth and vascular
restenosis [143].

G Protein βγ subunits as a target for therapeutic development

The diverse functionality of Gβγ signaling in cellular physiology suggests that manipulating
Gβγ function could have significant therapeutic potential. On the other hand Gβγ is known to
be required for G protein activation by all G protein coupled receptors, so blocking all Gβγ
functions would be predicted to have side effects. The potential therapeutic usefulness of
targeting Gβγ signaling has been investigated extensively using the carboxy terminus of GRK2
(GRK2ct) [143–147] and, to a lesser extent, with other Gβγ binding peptides such as QEHA
[148]. GRK2ct, despite binding at the Gα/βγ “hot spot” interface, interferes with Gβγ signaling
to downstream targets without disrupting GPCR dependent G protein activation in general.
The basis for this selectivity is unclear. This has strong implications for small molecule
development, indicating that a strategy that targets the Gα/βγ interface “hot spot” could
successfully block downstream Gβγ signaling without disrupting G protein signaling in
general.

Gβγ and heart failure—One well studied example where GRK2ct has been used to
demonstrate the therapeutic potential of targeting Gβγ is in cardiac function and failure. One
of the characteristics of heart failure is the loss of β-adrenergic receptor (βAR)-dependent
cardiac reserve. A prominent hypothesis is that the underlying mechanism involves an increase
in the activity of GRK2, a kinase that phosphorylates and desensitizes the βAR as well as other
GPCRs. During progression to heart failure, chronically elevated catecholamine levels lead to
chronic stimulation of βAR resulting in chronic desensitization of the receptor by GRK2.
GRK2 activity is controlled by Gβγ which, upon GPCR activation, is released and recruits
GRK2 to the receptor, leading to its phosphorylation and desensitization. GRK2ct blocks this
recruitment and enhances βAR function. A seminal study indicating successful application of
this strategy was the demonstration that transgenic cardiac over-expression of GRK2ct in mice
increased cardiac performance in response to βAR stimulation [147]. Later, it was
demonstrated that cardiac over-expression of GRK2ct in murine models of heart failure
dramatically rescued cardiac function [146] and expression of GRK2ct in cardiac myocytes
isolated from biopsies of human heart failure patients significantly improved contractile
function [149]. These and a plethora of other studies have shown the value of blocking Gβγ
signaling function in improving cardiac functions in disease [145].

Gβγ and inflammation—Chemokines and chemokine receptors have been the subject of
anti-inflammatory pharmaceutical development [150–156]. A potential problem is the
overwhelming complexity of these signaling molecules (multiple chemokines, chemokine
receptors, and redundancy) making it difficult to know which specific receptors to target for
conditions such as arthritis. Polychemokine [157] or combinations of different chemokine
[158] antagonists have been suggested, but there may be chemokines that act as an agonist at
one receptor and an antagonist at another [159]. Of recent interest is the demonstration that
deletion of PI3Kγ in mice inhibits neutrophil migration in response to chemoattractants and
inhibits inflammation. PI3Kγ activity is directly regulated by Gβγ released from chemokine
and chemotactic peptide receptors and is relatively selectively expressed in monocytic cells,
suggesting that blocking Gβγ-regulation of PI3Kγ could be an effective strategy for treating
inflammatory diseases that may overcome the necessity to target mutliple chemokine receptors
[139]. In a related study it was demonstrated that deletion of PI3Kγ protected apoE−/− mice
from development of atherosclerosis, potentially through disabling macrophage migration and
inflammatory functions [160]. An alternate approach that is currently being investigated is
specific pharmacological targeting of PI3K catalytic activity with inhibitors that are relatively
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selective for PI3Kγ relative to other PI3K isoforms [161]. In this approach blocking PI3Kγ
would circumvent the problems associated with chemokine receptor redundancy by blocking
a common signaling target of chemokines. An alternate approach may be to inhibit Gβγ-
dependent activation of PI3Kγ, which would selectively block PI3Kγ relative to other PI3K
isoforms since these isoforms are not regulated primarily by Gβγ.

These are just two of multiple examples where Gβγ binding proteins or peptides have been
used to demonstrate the involvement of Gβγ in pathology and disease and where inhibition of
Gβγ with these agents has ameliorated the pathology. Other examples include vascular
restenosis [143], drug addiction [162] and prostate cancer [144].

Small Molecule Targeting of Gβγ
Screening the NCI diversity library against the “hot spot”

Given that Gβγ may be a suitable target for therapeutic development, our laboratory screened
for small molecules that could be used in vivo to inhibit Gβγ signaling. The “hot spot” was
targeted because this is a major site of protein-protein interactions and our studies with peptides
suggested that differential modulation of G protein signaling functions could be accomplished
by binding to this site. In this screen a number of molecules that bound to the “hot spot” were
identified based on the ability to compete with SIGK binding and bound with IC50 values
ranging from 0.2 to 50 µM [107]. More recently direct binding of M119 and a related molecule,
gallein, to Gβγ was examined by surface plasmon resonance [163]. In the SPR assay, gallein
bound to immobilized Gβγ with an apparent Kd that was similar to the IC50 value obtained for
M119- or gallein-dependent inhibition of SIGK binding. Structurally related molecules that
did not compete for SIGK peptide binding did not bind in the SPR assay, confirming the
specificity of the SPR assay for active compound binding.

Protein-protein interactions

While the compounds identified in the screen inhibited interactions between Gβ1γ2 and the
peptide SIGK, it is thought to be relatively difficult for small compounds to disrupt true protein-
protein interactions. Thus, selected compounds were tested for their ability to disrupt protein
interactions with bona fide Gβγ binding partners: Gαi1 and effectors. The overall Gαi1-βγ
interaction surface spans 1800 Å2 [11,12] and the dissociation constant (Kd) for Gαi1 binding
to Gβγ is approximately 1 nM [164]. One compound, M119, potently inhibited Gαi1 binding
to Gβ1γ2. M119 and other compounds inhibited binding of effector molecules to Gβγ both in
direct binding assays and in functional reconstitution experiments.

Based on the selectivity of phage displayed peptides that bound to the “hot spot”, and the idea
that each target has a unique “foot print” on the Gβγ surface, it was predicted that different
small molecules, binding in different ways to the “hot spot”, would have distinct effects on
individual Gβγ-target interactions. Initial support for this idea came from comparative analysis
of M119 and M201 with respect to target interactions. While both compounds were able to
compete for Gβγ-GRK2 interactions with similar potency, M119, and not M201, blocked
Gβγ-dependent activation of PLCβ2 in vitro. This indicates that both compounds can bind to
Gβγ but have differential effects on Gβγ protein-protein interactions. Other compounds also
have similar selectivity characteristics (unpublished data).

Analysis of compound efficacy and selectivity in intact cells

Based on the biochemical selectivities described in the previous section, it would be predicted
that the compounds should be able to differentially modulate Gβγ-dependent signaling
processes downstream of GPCRs. This was tested in neutrophils where Gβγ mediates signaling
responses to chemoattractants and chemokines that are responsible for directing chemotactic
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migration and superoxide production involved in inflammatory responses. The pathways
regulated in these cells include activation of PI3-kinase γ, PLC activation, ERK1/2 activation
and GRK2 regulation. Compounds that inhibited Gβγ-dependent PLC and PI3-kinase
activation in vitro were able to inhibit these pathways in neutrophils in response to
chemoattractants. These compounds did not block activation of ERK1/2 by fMLP, indicating
that GPCR signaling was intact and demonstrating a level of selectivity of the compounds for
G protein βγ subunit signaling in intact cells. Compounds shown to be selective for particular
pathways in vitro displayed similar characteristics in cells. M201, for example, blocked GRK2
recruitment but did not affect Gβγ-dependent PLC activation, while M119 was able to inhibit
both, consistent with their in vitro properties.

In vivo evaluation of small molecules

Based on the discussion of therapeutic relevance it would be predicted that compounds that
inhibit Gβγ signaling would have predictable and potentially beneficial effects in vivo. Some
areas with clear potential include heart failure and inflammation. As discussed earlier, knockout
of PLCβ3 leads to increased potency of morpine-dependent analgesia. Since PLCβ3 is
regulated by Gβγ, one would predict that Gβγ-blocking compounds, if introduced into analgesic
centers in the brain, would have similar effects.

PLCβ3 and Opioid-dependent antinociception—Co-administration of M119 with
morphine intracerebro-ventricularly (i.c.v) resulted in an 11-fold increase in the analgesic
potency of morphine, whereas administration of M119 alone had no effect on antinociception.
Importantly, M119 also had no effect on morphine-dependent antinociception in PLCβ3−/−

mice. Gβγ may block interactions with PLCβ3 but not Gα or other effectors such as K+ or
Ca2+ channels critical for the actions of opioid agonists [165]. If M119 were globally blocking
Gβγ subunit functions, morphine-induced antinociception would have been attenuated rather
than potentiated with M119 co-administration. These data highlight the specificity of M119
actions and the selective nature of M119 both in vitro and in vivo.

Neutrophil Chemotaxis and inflammation—As discussed, Gβγ-dependent activation of
PI3kγ in neutrophils is important in directing neutrophil migration in response to
chemoattractants. Activation of this receptor system leads to a gradient of PIP3 production with
enhanced accumulation at the leading edge of the cell that is important for polarizing the cells
in the direction of the chemo-attractant [166,167]. In animal models of neutrophil chemotaxis,
deletion of PI3Kγ results in defects in neutrophil accumulation and reduced inflammation
[139,140]. Since PI3Kγ and other molecules important for chemoattractant-dependent
chemotaxis are activated by Gβγ, M119 and the related molecule, gallein were tested for their
ability to inhibit chemoattractant-dependent neutrophil migration [163]. M119 and gallein
significantly blunted fMLP-, but not Gβγ-independent GM-CSF-dependent, neutrophil
migration, supporting the idea that blocking Gβγ-dependent signaling in neutrophils inhibits
migration. Consistent with this data, gallein inhibited inflammation in a whole animal model
of inflammatory processes. In a carrageenan-induced footpad inflammation assay,
intraperitoneal and oral administration of gallein inhibited inflammatory responses with a
potency similar to a cyclo-oxygenase inhibitor, indomethacin. Thus, inhibiting Gβγ signaling
with small molecules could be a novel approach to treat inflammation.

Basis for Gβγ targeting and selectivity by small molecules

Molecules were found that bound to Gβγ and selectively inhibited Gβγ protein-protein
interactions in a limited screen of a small set of organic molecules. Two readily apparent
questions that arise are: 1) What is the molecular basis for small molecule selectivity and, 2)
what are the properties of the Gβγ “hot spot” that allow it to bind to small molecules with
relatively high affinity?
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With regard to the first question, one hypothesis is that small molecule selectivity is based on
differential spatial occupancy of the “hot spot”. The basic premise as discussed in section 7 is
that different Gβγ targets interact with the “hot spot” utilizing different subsets of amino acids
on Gβ for binding. If the small molecules occupy different spatial regions of the hot spot and
the basis for their effects is steric occlusion of effector interactions, the prediction is that the
compounds would have distinct effector inhibition profiles based on where they bound in the
“hot spot”. An alternate hypothesis is that the chemistries of the compounds, rather than steric
effects, alter target binding. For example, a compound containing a carboxylic acid moiety
could introduce a negative charge at the surface that could differentially alter effector binding.
Currently, direct evidence in support of either of these hypotheses is lacking, but identification
of the binding modes for each compound, either by mutagenesis or structural methods, should
provide some illumination.

A prevalent idea is that finding small molecules that bind at protein interaction surfaces to
disrupt protein-protein interactions is difficult. In contrast either to active sites of enzymes or
cell surface receptors, protein-protein interaction surfaces have been thought to be generally
flat and may not have a clearly defined three dimensional binding pocket that can support the
multiple interactions in three dimensions that are likely required for high affinity binding of a
small molecule to a protein [168,169]. A second issue is that protein interfaces are generally
large, often greater than 1500 Å2, suggesting that occupation of a small portion of this surface
with a small molecule might not disrupt enough of the binding energy to disrupt the interaction.
Increasingly, however, examples of small molecules that bind to crevasses in protein
interaction surfaces and disrupt protein-protein interactions are emerging [170]. In the case of
Gβγ, because of the hole in the middle of the β-propeller, the protein-protein interaction surface
is concave rather than flat, providing 3-dimensionality to the surface that may provide more
binding interactions for small molecules. This interaction surface is also a “hot spot”, as
previously discussed, that contributes a large portion of the binding energy for Gβγ-target
interactions. Thus, binding of small molecules to this surface would be predicted to disrupt
this critical binding site and inhibit interactions between Gβγ and its effectors. This
combination of having a good binding site for small molecules overlapping with a critical
protein interaction surface may not be coincidental and could reflect the inherent “binding”
capability of this site.

Concluding remarks

G protein βγ subunits are central participants in G protein signaling, scaffolding receptors, G
protein α subunits, and effectors. As investigations of this protein continue to move forward,
its importance in a myriad of physiological functions is increasingly appreciated. Despite years
of investigations by many investigators, novel and interesting properties, mechanisms and
functions for these proteins continue to emerge, and this will likely continue. Some of the major
questions still remaining concern how signaling specificity is maintained with such a
promiscuous signaling protein and what is the molecular significance of the very large isoform
diversity of these Gβγ combinations. Given the biological potential of these proteins as
therapeutic targets, answering these questions could contribute significantly to development
of novel pharmacologic approaches to therapeutics for a number of important diseases.

Acknowledgements

I would like to thank Drs. Mark Dumont, Patricia Hinkle and Rachel Niemer for critical reading of this review and to
Pramodh Seneviratne for proof reading. Work on Gβγ signaling in our laboratory is supported by NIH NIGMS grants
GM060286 and GM053536.

Smrcka Page 20

Cell Mol Life Sci. Author manuscript; available in PMC 2009 June 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



References

1. Hamm HE. The many faces of G protein signaling. J Biol Chem 1998;273:669–672. [PubMed:
9422713]

2. Sprang SR. G protein mechanisms: Insights from structural analysis. Ann Rev Biochem 1997;66:639–
678. [PubMed: 9242920]

3. Gilman AG. G proteins: transducers of receptor-generated signals. Ann Rev Biochem 1987;56:615–
649. [PubMed: 3113327]

4. Sato M, Blumer JB, Simon V, Lanier SM. Accessory Proteins for G Proteins: Partners in Signaling.
Ann Rev Pharmacol Toxicol 2006;46:151–187. [PubMed: 16402902]

5. Bunemann M, Frank M, Lohse MJ. Gi protein activation in intact cells involves subunit rearrangement
rather than dissociation. Proc Natl Acad Sci USA 2003;100:16077–16082. [PubMed: 14673086]

6. Gales C, Van Durm JJJ, Schaak S, Pontier S, Percherancier Y, Audet M, Paris H, Bouvier M. Probing
the activation-promoted structural rearrangements in preassembled receptor-G protein complexes. Nat
Struct Mol Biol 2006;13:778–786. [PubMed: 16906158]

7. Blumer JB, Smrcka AV, Lanier SM. Mechanistic pathways and biological roles for receptor-
independent activators of G-protein signaling. Pharmacol Ther 2007;114:488–506. [PubMed:
17240454]

8. Siderovski DP, Diverse-Pierluissi M, De Vries L. The GoLoco motif: a Gαi/o binding motif and
potential guanine-nucleotide exchange factor. Trends Biochem Sci 1999;24:340–341. [PubMed:
10470031]

9. Tall GG, Krumins AM, Gilman AG. Mammalian Ric-8A (Synembryn) Is a Heterotrimeric Gα Protein
Guanine Nucleotide Exchange Factor. J Biol Chem 2003;278:8356. [PubMed: 12509430]

10. Ghosh M, Peterson YK, Lanier SM, Smrcka AV. Receptor and nucleotide exchange independent
mechanisms for promoting G protein subunit dissociation. J Biol Chem 2003;273:34747–34750.
[PubMed: 12881533]

11. Wall MA, Coleman DE, Lee E, Iniguez-Lluhi JA, Posner BA, Gilman AG, Sprang SR. The structure
of the G protein heterotrimer Giα1β1γ2. Cell 1995;83:1047–1058. [PubMed: 8521505]

12. Lambright DG, Sondek J, Bohm A, Skiba NP, Hamm HE, Sigler PB. The 2.0 Å crystal structure of
a heterotrimeric G protein. Nature 1996;379:311–319. [PubMed: 8552184]

13. Sondek J, Bohm A, Lambright DG, Hamm HE, Sigler PB. Crystal structure of a G-protein βγ dimer
at 2.1Å resolution. Nature 1996;379:369–374. [PubMed: 8552196]

14. Gaudet R, Bohm A, Sigler PB. Crystal structure at 2.4 angstroms resolution of the complex of
transducin βγ and its regulator, phosducin. Cell 1996;87:577–588. [PubMed: 8898209]

15. Lodowski DT, Pitcher JA, Capel WD, Lefkowitz RJ, Tesmer JJG. Keeping G Proteins at Bay: A
Complex Between G Protein-Coupled Receptor Kinase 2 and Gβγ. Science 2003;300:1256–1262.
[PubMed: 12764189]

16. Loew A, Ho YK, Blundell T, Bax B. Phosducin induces a structural change in transducin βγ. Structure
1998;6:1007–1019. [PubMed: 9739091]

17. Marrari Y, Crouthamel M, Irannejad R, Wedegaertner PB. Assembly and Trafficking of
Heterotrimeric G Proteins. Biochem 2007;46:7665–7677. [PubMed: 17559193]

18. Wells CA, Dingus J, Hildebrandt JD. Role of the Chaperonin CCT/TRiC Complex in G Protein βγ-
Dimer Assembly. J Biol Chem 2006;281:20221–20232. [PubMed: 16702223]

19. Lukov GL, Hu T, McLaughlin JN, Hamm HE, Willardson BM. Phosducin-like protein acts as a
molecular chaperone for G protein βγ dimer assembly. EMBO J 2005;24:1965–1975. [PubMed:
15889144]

20. Lukov GL, Baker CM, Ludtke PJ, Hu T, Carter MD, Hackett RA, Thulin CD, Willardson BM.
Mechanism of Assembly of G Protein βγ Subunits by Protein Kinase CK2-phosphorylated
Phosducin-like Protein and the Cytosolic Chaperonin Complex. J Biol Chem 2006;281:22261–
22274. [PubMed: 16717095]

21. Dupre DJ, Robitaille M, Richer M, Ethier N, Mamarbachi AM, Hebert TE. Dopamine Receptor-
interacting Protein 78 Acts as a Molecular Chaperone for Gγ Subunits before Assembly with Gβ. J
Biol Chem 2007;282:13703–13715. [PubMed: 17363375]

Smrcka Page 21

Cell Mol Life Sci. Author manuscript; available in PMC 2009 June 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



22. Takida S, Wedegaertner PB. Heterotrimer Formation, Together with Isoprenylation, Is Required for
Plasma Membrane Targeting of Gβγ. J Biol Chem 2003;278:17284–17290. [PubMed: 12609996]

23. Hynes TR, Mervine SM, Yost EA, Sabo JL, Berlot CH. Live Cell Imaging of Gs and the β2-Adrenergic
Receptor Demonstrates That Both αs and β1 γ7 Internalize upon Stimulation and Exhibit Similar
Trafficking Patterns That Differ from That of the β2-Adrenergic Receptor. J Biol Chem
2004;279:44101–44112. [PubMed: 15297467]

24. Azpiazu I, Akgoz M, Kalyanaraman V, Gautam N. G protein βγ11 complex translocation is induced
by Gi, Gq and Gs coupling receptors and is regulated by the α subunit type. Cell Signal 2006;18:1190–
1200. [PubMed: 16242307]

25. Akgoz M, Kalyanaraman V, Gautam N. G protein βγ complex translocation from plasma membrane
to Golgi complex is influenced by receptor γ subunit interaction. Cell Signal 2006;18:1758–1768.
[PubMed: 16517125]

26. Saini DK, Kalyanaraman V, Chisari M, Gautam N. A Family of G Protein βγ Subunits Translocate
Reversibly from the Plasma Membrane to Endomembranes on Receptor Activation. J Biol Chem
2007;282:24099–24108. [PubMed: 17581822]

27. Hurowitz EH, Melnyk JM, Chen YJ, Kouros-Mehr H, Simon MI, Shizuya H. Genomic
Characterization of the Human Heterotrimeric G Protein α, β, and γ Subunit Genes. DNA Res
2000;7:111–120. [PubMed: 10819326]

28. Wang Q, Mullah B, Hansen C, Asundi J, Robishaw JD. Ribozyme-mediated Suppression of the G
Protein γ7 Subunit Suggests a Role in Hormone Regulation of Adenylylcyclase Activity. J Biol Chem
1997;272:26040–26048. [PubMed: 9325341]

29. Schwindinger WF, Betz KS, Giger KE, Sabol A, Bronson SK, Robishaw JD. Loss of G Protein γ7
Alters Behavior and Reduces Striatal αolf Level and cAMP Production. J Biol Chem 2003;278:6575–
6579. [PubMed: 12488442]

30. Schwindinger WF, Giger KE, Betz KS, Stauffer AM, Sunderlin EM, Sim-Selley LJ, Selley DE,
Bronson SK, Robishaw JD. Mice with Deficiency of G Protein γ 3 Are Lean and Have Seizures. Mol
Cell Biol 2004;24:7758–7768. [PubMed: 15314181]

31. Ma H, Yanofsky MF, Meyerowitz EM. Molecular Cloning and Characterization of GPA1, a G Protein
α Subunit Gene from Arabidopsis thaliana. Proc Natl Acad Sci USA 1990;87:3821–3825. [PubMed:
2111018]

32. Weiss CA, Garnaat CW, Mukai K, Hu Y, Ma H. Isolation of cDNAs Encoding Guanine Nucleotide-
Binding Protein β- Subunit Homologues from Maize (ZGB1) and Arabidopsis (AGB1). Proc Natl
Acad Sci U S A 1994;91:9554–9558. [PubMed: 7937804]

33. Mason MG, Botella JR. Isolation of a novel G-protein γ-subunit from Arabidopsis thaliana and its
interaction with Gβ. Biochim Biophys Acta 2001;1520:147–153. [PubMed: 11513956]

34. Mason MG, Botella JR. Completing the heterotrimer: Isolation and characterization of an Arabidopsis
thaliana G protein γ-subunit cDNA. Proc Natl Acad Sci U S A 2000;97:14784–14788. [PubMed:
11121078]

35. Trusov Y, Rookes JE, Tilbrook K, Chakravorty D, Mason MG, Anderson D, Chen JG, Jones AM,
Botella JR. Heterotrimeric G Protein γ Subunits Provide Functional Selectivity in Gβγ Dimer
Signaling in Arabidopsis. Plant Cell 2007;19:1235–1250. [PubMed: 17468261]

36. Ueda N, Iñiguez-Lluhi JA, Lee E, Smrcka AV, Robishaw JD, Gilman AG. G protein βγ subunits:
Simplified purification and properties of novel isoforms. J Biol Chem 1994;269:4388–4395.
[PubMed: 8308009]

37. Iñiguez-Lluhi JA, Simon MI, Robishaw JD, Gilman AG. G Protein βγ Subunits synthesized in Sf9
Cells. J Biol Chem 1992;267:23409–23417. [PubMed: 1429682]

38. Myung CS, Yasuda H, Liu WW, Harden TK, Garrison JC. Role of Isoprenoid Lipids on the
Heterotrimeric G Protein γ Subunit in Determining Effector Activation. J Biol Chem
1999;274:16595–16603. [PubMed: 10347226]

39. Watson AJ, Aragay AM, Slepak VZ, Simon MI. A novel form of the G protein β subunit Gβ5 is
specifically expressed in the vertebrate retina. J Biol Chem 1996;271:28154–28160. [PubMed:
8910430]

Smrcka Page 22

Cell Mol Life Sci. Author manuscript; available in PMC 2009 June 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



40. Watson AJ, Katz A, Simon MI. A fifth member of the mammalian G-protein β–subunit family.
Expression in brain and activation of the β2 isotype of phospholipase C. J Biol Chem
1994;269:22150–22156. [PubMed: 8071339]

41. Jones MB, Garrison JC. Instability of the G-protein β5 subunit in detergent. Anal Biochem
1999;268:126–133. [PubMed: 10036171]

42. Yoshikawa DM, Hatwar M, Smrcka AV. G Protein β5 Subunit Interactions with α subunits and
Effectors. Biochem 2000;39:11340–11347. [PubMed: 10985779]

43. Fletcher JE, Lindorfer MA, DeFilippo JM, Yasuda H, Guilmard M, Garrison JC. The G protein β5
subunit interacts selectively with the Gq α subunit. J Biol Chem 1998;273:636–644. [PubMed:
9417126]

44. Yost EA, Mervine SM, Sabo JL, Hynes TR, Berlot CH. Live Cell Analysis of G Protein β5 Complex
Formation, Function, and Targeting. Mol Pharmacol 2007;72:812–825. [PubMed: 17596375]

45. Snow BE, Krumins AM, Brothers GM, Lee SF, Wall MA, Chung S, Mangion J, Arya S, Gilman AG,
Siderovski DP. A G protein γ subunit-like domain shared between RGS11 and other RGS proteins
specifies binding to Gβ5 subnits. Proc Natl Acad Sci USA 1998;95:13307–13312. [PubMed:
9789084]

46. Cabrera JL, de Freitas F, Satpaev DK, Slepak VZ. Identification of the Gβ5-RGS7 complex in the
retina. Biochem Biophys Res Commun 1998;249:898–902. [PubMed: 9731233]

47. Witherow DS, Wang Q, Levay K, Cabrera JL, Chen J, Willars GB, Slepak VZ. Complexes of the G
protein subunit Gβ5 with the regulators of G protein signaling RGS7 and RGS9. Characterization in
native tissues and in transfected cells. J Biol Chem 2000;275:24872–24880. [PubMed: 10840031]

48. Martemyanov KA, Yoo PJ, Skiba NP, Arshavsky VY. R7BP, a Novel Neuronal Protein Interacting
with RGS Proteins of the R7 Family. J Biol Chem 2005;280:5133–5136. [PubMed: 15632198]

49. Drenan RM, Doupnik CA, Boyle MP, Muglia LJ, Huettner JE, Linder ME, Blumer KJ. Palmitoylation
regulates plasma membrane-nuclear shuttling of R7BP, a novel membrane anchor for the RGS7
family. J Cell Biol 2005;169:623–633. [PubMed: 15897264]

50. Drenan RM, Doupnik CA, Jayaraman M, Buchwalter AL, Kaltenbronn KM, Huettner JE, Linder ME,
Blumer KJ. R7BP Augments the Function of RGS7 Gβ5 Complexes by a Plasma Membrane-targeting
Mechanism. J Biol Chem 2006;281:28222–28231. [PubMed: 16867977]

51. Narayanan V, Sandiford SL, Wang Q, Keren-Raifman T, Levay K, Slepak VZ. Intramolecular
Interaction between the DEP Domain of RGS7 and the Gβ5 Subunit. Biochem 2007;46:6859–6870.
[PubMed: 17511476]

52. Cheever ML, Snyder JT, Gershburg S, Siderovski DP, Harden TK, Sondek J. Crystal structure of the
multifunctional Gβ5-RGS9 complex. Nat Struct Mol Biol 2008;15:155–162. [PubMed: 18204463]

53. Hajdu-Cronin YM, Chen WJ, Patikoglou G, Koelle MR, Sternberg PW. Antagonism between G(o)
α and G(q)α in Caenorhabditis elegans: the RGS protein EAT-16 is necessary for G(o)α signaling
and regulates G(q)α activity. Genes Dev 1999;13:1780–1793. [PubMed: 10421631]

54. Robatzek M, Niacaris T, Steger K, Avery L, Thomas JH. eat-11 encodes GPB-2, a Gβ5 ortholog that
interacts with Goα and Gqα to regulate C. elegans behavior. Curr Biol 2001;11:288–293. [PubMed:
11250160]

55. Fung BKK. Characterization of transducin from bovine retinal rod outer segments. I. Separation and
reconstitution of subunits. J Biol Chem 1983;258:10495–10502. [PubMed: 6136509]

56. Florio VA, Sternweis PC. Mechanisms of Muscarinic Receptor Action on Go in Reconstituted
phospholipid Vesicles. J Biol Chem 1989;264:3909–3915. [PubMed: 2492992]

57. Sternweis PC. The purified α subunits of Go and Gi from bovine brain require βγ for association with
phospholipid vesicles. J Biol Chem 1986;261:631–637. [PubMed: 3079758]

58. Mixon MB, Lee E, Coleman DE, Berghuis AM, Gilman AG, Sprang SR. Tertiary and quaternary
structural changes in Giα1 induced by GTP hydrolysis. Science 1995;270:954–960. [PubMed:
7481799]

59. Lambright DG, Noel JP, Hamm HE, Sigler PB. Structural determinants for activation of the α-subunit
of a heterotrimeric G protein. Nature 1994;369:621–628. [PubMed: 8208289]

60. Oldham WM, Hamm HE. Structural basis of function in heterotrimeric G proteins. Q Rev Biophys
2006;39:117–166. [PubMed: 16923326]

Smrcka Page 23

Cell Mol Life Sci. Author manuscript; available in PMC 2009 June 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



61. Taylor JM, Jacob-Mosier GG, Lawton RG, Remmers AE, Neubig RR. Binding of an α2 adrenergic
receptor third intracellular loop peptide to Gβ and the amino terminus of Gα. J Biol Chem
1994;269:27618–27624. [PubMed: 7961678]

62. Taylor JM, Jacob-Mosier GG, Lawton RG, VanDort M, Neubig RR. Receptor and membrane
interaction sites on Gβ. A receptor- derived peptide binds to the carboxyl terminus. J Biol Chem
1996;271:3336–3339. [PubMed: 8631928]

63. Mahon MJ, Bonacci TM, Divieti P, Smrcka AV. A Docking Site for G Protein βγ Subunits on the
Parathyroid Hormone 1 Receptor Supports Signaling through Multiple Pathways. Mol Endocrinol
2006;20:136–146. [PubMed: 16099817]

64. Wu GY, Bogatkevich GS, Mukhin YV, Benovic JL, Hildebrandt JD, Lanier SM. Identification of
Gβγ binding sites in the third intracellular loop of the M-3-muscarinic receptor and their role in
receptor regulation. J Biol Chem 2000;275:9026–9034. [PubMed: 10722752]

65. Kisselev O, Pronin A, Ermolaeva M, Gautam N. Receptor-G Protein Coupling is Established by a
Potential Conformational Switch in the βγ Complex. Proc Natl Acad Sci USA 1995;92:9102.
[PubMed: 7568081]

66. Gautam N. A conformational switch regulates receptor-G protein interaction. Structure 2003;11:359–
360. [PubMed: 12679009]

67. Kisselev OG, Downs MA. Rhodopsin Controls a Conformational Switch on the Transducin γ Subunit.
Structure 2003;11:367–373. [PubMed: 12679015]

68. Rondard P, Iiri T, Srinivasan S, Meng E, Fujita T, Bourne HR. Mutant G protein α subunit activated
by Gβγ: A model for receptor activation? Proc Natl Acad Sci U S A 2001;98:6150–6155. [PubMed:
11344266]

69. Denker BM, Neer EJ, Schmidt CJ. Mutagenesis of the amino terminus of the α subunit of the G protein
Go. In vitro characterization of αo βγ interactions. J Biol Chem 1992;267:6272–6277. [PubMed:
1556134]

70. Neer EJ, Pulsifer L, Wolf LG. The amino terminus of G protein α subunits is required for interaction
with βγ. J Biol Chem 1988;2638996-8970

71. Cherfils J, Chabre M. Activation of G-protein Gα subunits by receptors through Gα-Gβ and Gα-Gγ
interactions. Trends Biochem Sci 2003;28:13–17. [PubMed: 12517447]

72. Logothetis DE, Kurachi Y, Galper J, Neer EJ, Clap-ham DE. The βγ subunits of GTP-binding proteins
activate the muscarinic K+ channel in the heart. Nature 1987;325:321–326. [PubMed: 2433589]

73. Codina J, Yatani A, Grenet D, Brown AM, Birnbaumer L. The α subunit of the GTP binding protein
Gk opens atrial potassium channels. Science 1987;236:442–444. [PubMed: 2436299]

74. Clapham DE, Neer EJ. G Protein βγ subunits. Ann Rev Pharmacol Toxicol 1997;37:167–203.
[PubMed: 9131251]

75. Wickman KD, Iñiguez-Lluhi JA, Davenport PA, Taussig R, Krapivinsky GB, Linder ME, Gilman
AG, Clapham DE. Recombinant G-protein βγ-subunits activate the muscarinic-gated atrial potassium
channel. Nature 1994;368:255–257. [PubMed: 8145826]

76. Whiteway M, Hougan L, Dignard D, Thomas DY, Bell L, Saari GC, Grant FJ, O’Hara P, MacKay
VL. The STE4 and STE18 genes of yeast encode potential β and γ subunits of the mating factor
receptor-coupled G protein. Cell 1989;56:467–477. [PubMed: 2536595]

77. Camps M, Carozzi A, Schnabel P, Scheer A, Parker PJ, Gierschik P. Isozyme-selective stimulation
of phospholipase C-β2 by G protein βγ-subunits. Nature 1992;360:684–686. [PubMed: 1465133]

78. Ford CE, Skiba NP, Bae H, Daaka Y, Reuveny E, Shektar LR, Rosal R, Weng G, Yang C-S, Iyengar
R, Miller R, Jan LY, Lefkowitz RJ, Hamm HE. Molecular basis for interactions of G protein βγ
subunits with effectors. Science 1998;280:1271–1274. [PubMed: 9596582]

79. Li Y, Sternweis PM, Charnecki S, Smith TF, Gilman AG, Neer EJ, Kozasa T. Sites for G-α binding
on the G protein β subunit overlap with sites for regulation of phospholipase C β and adenylyl cyclase.
J Biol Chem 1998;273:16265–16272. [PubMed: 9632686]

80. Panchenko MP, Saxena K, Li Y, Charnecki S, Sternweis PM, Smith TF, Gilman AG, Kozasa T, Neer
EJ. Sites important for PLC-β2 activation by the G protein βγ subunit map to the sides of the β
propeller structure. J Biol Chem 1998;273:28298–28304. [PubMed: 9774453]

81. Pfaffinger PJ, Marin JM, Hunter DD, Nathanson NM, Hille B. GTP-binding proteins couple cardiac
muscarinic receptors to a K channel. Nature 1985;317:536–540. [PubMed: 2413367]

Smrcka Page 24

Cell Mol Life Sci. Author manuscript; available in PMC 2009 June 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



82. Cockcroft S, Stutchfield J. G-proteins, the inositol lipid signalling pathway, and secretion. Philos
Trans R Soc Lond B Biol Sci 1988;320:247–265. [PubMed: 2906137]

83. Singer WD, Brown HA, Sternweis PC. Regulation of Eukaryotic Phosphatidylinositol-Specific
Phospholipase C and Phospholipase D. Ann Rev Biochem 1997;66:475–509. [PubMed: 9242915]

84. Kelley GG, Kaproth-Joslin KA, Reks SE, Smrcka AV, Wojcikiewicz RJH. G-protein-coupled
Receptor Agonists Activate Endogenous Phospholipase Cε and Phospholipase Cβ3 in a Temporally
Distinct Manner. J Biol Chem 2006;281:2639–2648. [PubMed: 16314422]

85. Citro S, Malik S, Oestreich EA, Radeff-Huang J, Kelley GG, Smrcka AV, Brown JH. Phospholipase
Cε is a nexus for Rho and Rap-mediated G protein-coupled receptor-induced astrocyte proliferation.
Proc Natl Acad Sci U S A 2007;104:15543–15548. [PubMed: 17878312]

86. Smrcka AV, Sternweis PC. Regulation of purified subtypes of phosphatidylinositol specific
phospholipase C β by G protein α and βγ subunits. J Biol Chem 1993;268:9667–9674. [PubMed:
8387502]

87. Camps M, Hou C, Sidiropoulos D, Stock JB, Jakobs KH, Gierschik P. Stimulation of phospholipase
C by G-protein βγ-subunits. Eur J Biochem 1992;206:821–831. [PubMed: 1606965]

88. Boyer JL, Waldo GL, Harden TK. βγ-Subunit activation of G-protein-regulated phospholipase C. J
Biol Chem 1992;267:25451–25456. [PubMed: 1460039]

89. Stephens L, Smrcka A, Cooke FT, Jackson TR, Sternweis PC, Hawkins PT. A novel, phosphoinositide
3-kinase activity in myeloid-derived cells is activated by G-protein βγ-subunits. Cell 1994;77:83–
93. [PubMed: 8156600]

90. Welch HCE, Coadwell WJ, Ellson CD, Ferguson GJ, Andrews SR, Erdjument-Bromage H, Tempst
P, Hawkins PT, Stephens LR. P-Rex1, a PtdIns(3,4,5)P3- and Gβγ-Regulated Guanine-Nucleotide
Exchange Factor for Rac. Cell 2002;108:809–821. [PubMed: 11955434]

91. Ikeda SR. Voltage-dependent modulation of N-type calcium channels by G-protein βγ subunits.
Nature 1996;380:255–258. [PubMed: 8637575]

92. Stehno-Bittel L, Krapivinsky G, Krapivinsky L, Perez-Terzic C, Clapham DE. The G Protein βγ
Subunit Transduces the Muscarinic Receptor Signal for Ca2+ Release in Xenopus Oocytes. Journal
of Biological Chemistry 1995;270:30068–30074. [PubMed: 8530411]

93. Huang C-L, Jan YN, Jan LY. Binding of the G protein βγ subunit to multiple regions of G protein-
gated inward-rectifying K+ channels. FEBS Lett 1997;405:291–298. [PubMed: 9108307]

94. Huang C-L, Slesinger PA, Casey PJ, Jan YN, Jan LY. Evidence that direct binding of Gβγ to the
GIRK1 G protein gated inwardly rectifying K+ channel is important for channel activation. Neuron
1995;15:1133–1143. [PubMed: 7576656]

95. Riven I, Iwanir S, Reuveny E. GIRK Channel Activation Involves a Local Rearrangement of a
Preformed G Protein Channel Complex. Neuron 2006;51:561–573. [PubMed: 16950155]

96. Tesmer VM, Kawano T, Shankaranarayanan A, Kozasa T, Tesmer JJG. Snapshot of Activated G
Proteins at the Membrane: The Gαq-GRK2-Gβγ Complex. Science 2005;310:1686–1690. [PubMed:
16339447]

97. Lodowski DT, Barnhill JF, Pyskadlo RM, Ghirlando R, Sterne-Marr R, Tesmer JJG. The Role of
Gβγ and Domain Interfaces in the Activation of G Protein-Coupled Receptor Kinase 2. Biochem
2005;44:6958–6970. [PubMed: 15865441]

98. Chen J, DeVivo M, Dingus J, Harry A, Li J, Sui J, Carty DJ, Blank JL, Exton JH, Stoffel RH, Inglese
J, Lefkowitz RJ, Logothetis DE, Hildebrandt J, Iyengar R. A region of adenylyl cyclase 2 critical for
regulation by G protein βγ subunits. Science 1995;268:1166–1169. [PubMed: 7761832]

99. Chen Y, Weng G, Li J, Harry A, Pieroni J, Dingus J, Hildebrandt JD, Guarnieri F, Weinstein H,
Iyengar R. A surface on the G protein β -subunit involved in interactions with adenylyl cyclases.
Proc Natl Acad Sci USA 1997;94:2711–2714. [PubMed: 9122261]

100. Weng GZ, Li JR, Dingus J, Hildebrandt JD, Weinstein H, Iyengar R. G-β subunit interacts with a
peptide encoding region 956–982 of adenylyl cyclase 2: Cross-linking of the peptide to free G βγ
but not the heterotrimer. J Biol Chem 1996;271:26445–26448. [PubMed: 8900107]

101. Kuang Y, Wu Y, Smrcka A, Jiang H, Wu D. Identification of a phospholipase C β2 region that
interacts with Gβγ. Proc Natl Acad Sci USA 1996;93:2964–2968. [PubMed: 8610151]

Smrcka Page 25

Cell Mol Life Sci. Author manuscript; available in PMC 2009 June 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



102. Sankaran B, Osterhout J, Wu D, Smrcka AV. Identification of a structural element in phospholipase
C β2 that interacts with G protein βγ subunits. J Biol Chem 1998;273:7148–7154. [PubMed:
9507029]

103. Bonacci TM, Ghosh M, Malik S, Smrcka AV. Regulatory interactions between the amino terminus
of G-protein βγ subunits and the catalytic domain of PLCβ2. J Biol Chem 2005;280:10174–10181.
[PubMed: 15611108]

104. Leeuw T, Wu C, Schrag JD, Whiteway M, Thomas DY, Leberer E. Interaction of a G-protein β-
subunit with a conserved sequence in Ste20/PAK family protein kinases. Nature 1998;391:191–
195. [PubMed: 9428767]

105. Leberer E, Dignard D, Hougan L, Thomas DY, Whiteway M. Dominant-negative mutants of a yeast
G-protein β subunit identify two functional regions involved in pheromone signalling. EMBO J
1992;11:4805–4813. [PubMed: 1464310]

106. Buck E, Li J, Chen Y, Weng G, Scarlata S, Iyengar R. Resolution of a signal transfer region from
a general binding domain in Gβ for stimulation of phospholipase C-β2. Science 1999;283:1332–
1335. [PubMed: 10037604]

107. Scott JK, Huang SF, Gangadhar BP, Samoriski GM, Clapp P, Gross RA, Taussig R, Smrcka AV.
Evidence that a protein-protein interaction ’hot spot’ on heterotrimeric G protein βγ subunits is used
for recognition of a subclass of effectors. EMBO J 2001;20:767–776. [PubMed: 11179221]

108. Fairbrother WJ, Christinger HW, Cochran AG, Fuh G, Keenan CJ, Quan C, Shriver SK, Tom JY,
Wells JA, Cunningham BC. Novel peptides selected to bind vascular endothelial growth factor
target the receptor-binding site. Biochem 1998;37:17754–17764. [PubMed: 9922141]

109. Delano WL. Unraveling hot spots in binding interfaces: progress and challenges. Curr Opin Struct
Biol 2002;12:14–20. [PubMed: 11839484]

110. Ma B, Wolfson HJ, Nussinov R. Protein functional epitopes: hot spots, dynamics and combinatorial
libraries. Curr Opin Struct Biol 2001;11:364–369. [PubMed: 11406388]

111. Davis T, Bonacci TM, Sprang SR, Smrcka AV. Structural Definition of a Preferred Protein
Interaction Site in the G protein β1 γ2 heterodimer. Biochem 2005;44:10593–10604. [PubMed:
16060668]

112. Pitcher JA, Touhara K, Payne ES, Lefkowitz RJ. Pleckstrin homology domain-mediated membrane
association of the β-adrenergic receptor kinase requires coordinate interaction with Gβγ subunits
and lipid. J Biol Chem 1995;270:11707–11710. [PubMed: 7744811]

113. Mirshahi T, Jin T, Logothetis DE. Gβγ and KACh: Old Story, New Insights. Science’s STKE
2003:e32.2003

114. Jin T, Peng L, Mirshahi T, Rohacs T, Chan KW, Sanchez R, Logothetis DE. The βγ Subunits of G
Proteins Gate a K+ Channel by Pivoted Bending of a Transmembrane Segment. Mol Cell
2002;10:469–481. [PubMed: 12408817]

115. Romoser V, Ball R, Smrcka AV. Phospholipase C β2 association with phospholipid interfaces
assessed by fluorescence resonance energy transfer. G protein βγ subunit-mediated translocation is
not required for enzyme activation. J Biol Chem 1996;271:25071–25078. [PubMed: 8810260]

116. Runnels LW, Jenco J, Morris A, Scarlata S. Membrane binding of phospholipases C-β 1 and C-β 2
is independent of phosphatidylinositol 4,5-bisphosphate and the α and βγ subunits of G proteins.
Biochem 1996;35:16824–16832. [PubMed: 8988021]

117. Essen LO, Perisic O, Cheung R, Katan M, Williams RL. Crystal structure of a mammalian
phosphoinositide-specific phospholipase C δ. Nature 1996;380:595–602. [PubMed: 8602259]

118. Jezyk MR, Snyder JT, Gershberg S, Worthylake DK, Harden TK, Sondek J. Crystal structure of
Rac1 bound to its effector phospholipase C-β2. Nat Struct Mol Biol 2006;13:1135–1140. [PubMed:
17115053]

119. Wu D, Katz A, Simon MI. Activation of phospholipase C β2 by the α and βγ subunits of trimeric
GTP-binding protein. Proc Natl Acad Sci USA 1993;90:5297–5301. [PubMed: 8389480]

120. Lehmann DM, Yuan C, Smrcka AV. Analysis and Pharmacological Targeting of Phospholipase
Cβ Interactions with G Proteins. Meth Enzymol 2007;434:29–48. [PubMed: 17954241]

121. Wang T, Pentyala S, Rebecchi MJ, Scarlata S. Differential association of the pleckstrin homology
domains of phospholipases C-β 1, C-β 2, and C-δ 1 with lipid bilayers and the βγ subunits of
heterotrimeric G proteins. Biochem 1999;38:1517–1524. [PubMed: 9931017]

Smrcka Page 26

Cell Mol Life Sci. Author manuscript; available in PMC 2009 June 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



122. Wang T, Dowal L, El-Maghrabi MR, Rebecchi M, Scarlata S. The pleckstrin homology domain of
phospholipase C-β(2) links the binding of Gβγ to activation of the catalytic core. J Biol Chem
2000;275:7466–7469. [PubMed: 10713048]

123. Illenberger D, Walliser C, Nurnberg B, Lorente MD, Gierschik P. Specificity and Structural
Requirements of Phospholipase C-β Stimulation by Rho GTPases Versus G Protein βγ Dimers. J
Biol Chem 2003;278:3006–3014. [PubMed: 12441352]

124. Harden TK, Sondek J. Regulation of Phospholipase C Isozymes by Ras Superfamily GTPases. Ann
Rev Pharmacol Toxicol 2006;46:355–379. [PubMed: 16402909]

125. Drin G, Scarlata S. Stimulation of phospholipase Cβ by membrane interactions, interdomain
movement, and G protein binding – How many ways can you activate an enzyme? Cell Signal
2007;19:1383–1392. [PubMed: 17524618]

126. Drin G, Douguet D, Scarlata S. The Pleckstrin Homology Domain of Phospholipase Cβ Transmits
Enzymatic Activation through Modulation of the Membrane-Domain Orientation. Biochem
2006;45:5712–5724. [PubMed: 16669615]

127. Blumer JB, Cismowski MJ, Sato M, Lanier SM. AGS proteins: receptor-independent activators of
G-protein signaling. Trends Pharmacol Sci 2005;26:470–476. [PubMed: 16084602]

128. Goubaeva F, Ghosh M, Malik S, Yang J, Hinkle PM, Griendling KK, Neubig RR, Smrcka AV.
Stimulation of cellular signaling and G protein subunit dissociation by G protein βγ subunit binding
peptides. J Biol Chem 2003;278:19634–19641. [PubMed: 12649269]

129. Malik S, Ghosh M, Bonacci TM, Tall GG, Smrcka AV. Ric-8 Enhances G Protein βγ-Dependent
Signaling in Response to βγ-Binding Peptides in Intact Cells. Mol Pharmacol 2005;68:129–136.
[PubMed: 15802611]

130. Kimple RJ, Kimple ME, Betts L, Sondek J, Siderovski DP. Structural determinants for GoLoco-
induced inhibition of nucleotide release by Gα subunits. Nature 2002;416:878–881. [PubMed:
11976690]

131. Sato M, Cismowski MJ, Toyota E, Smrcka AV, Lucchesi PA, Chilian WM, Lanier SM. Identification
of a receptor-independent activator of G protein signaling (AGS8) in ischemic heart and its
interaction with Gβγ. Proc Natl Acad Sci USA 2006;103:797–802. [PubMed: 16407149]

132. Digby GJ, Lober RM, Sethi PR, Lambert NA. Some G protein heterotrimers physically dissociate
in living cells. Proc Natl Acad Sci USA 2006;103:17789–17794. [PubMed: 17095603]

133. Wieland T, Nürnberg B, Ulibarri I, Kaldenberg-Stasch S, Schultz G, Jakobs KH. Guanine
Nucleotide-specific Phosphate Transfer by Guanine Nucleotide-binding Regulatory Protein β-
Subunits. J Biol Chem 1993;268:18111–18118. [PubMed: 8349688]

134. Wieland T, Ronzani M, Jakobs KH. Stimulation and Inhibition of Human Platelet Adenylylcyclase
by Thiophosphorylated Transducin βγ-Subunits. J Biol Chem 1992;267:20791–20797. [PubMed:
1400395]

135. Hippe HJ, Luedde M, Lutz S, Koehler H, Eschenhagen T, Frey N, Katus HA, Wieland T, Niroomand
F. Regulation of Cardiac cAMP Synthesis and Contractility by Nucleoside Diphosphate Kinase B/
G Protein βγ Dimer Complexes. Circ Res 2007;100:1191–1199. [PubMed: 17363702]

136. Littman DR. Chemokine receptors: keys to AIDS pathogenesis? Cell 1998;93:677–680. [PubMed:
9630212]

137. Kuang Y, Wu Y, Jiang H, Wu D. Selective G protein coupling by C-C chemokine receptors. J Biol
Chem 1996;271:3975–3978. [PubMed: 8626727]

138. Xie W, Samoriski GM, McLaughlin JP, Romoser V, Smrcka A, Hinkle PM, Bidlack JM, Gross RA,
Jiang H, Wu D. Genetic alteration of phospholipase Cβ3 expression modulates behavioral and
cellular responses to µ opioids. Proc Natl Acad Sci USA 1999;96:10385–10390. [PubMed:
10468617]

139. Li Z, Jiang H, Xie W, Zhang Z, Smrcka AV, Wu D. Roles of PLCβ-2 and β-3 and PI3K γ in
Chemoattractant-Mediated Signal Transduction. Science 2000;287:1046–1049. [PubMed:
10669417]

140. Hirsch E, Katanaev VL, Garlanda C, Azzolino O, Pirola L, Silengo L, Sozzani S, Mantovani A,
Altruda F, Wymann MP. Central Role for G Protein-Coupled Phosphoinositide 3-Kinase γ in
Inflammation. Science 2000;287:1049–1053. [PubMed: 10669418]

Smrcka Page 27

Cell Mol Life Sci. Author manuscript; available in PMC 2009 June 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



141. Gutkind JS. Regulation of mitogen-activated protein kinase signaling networks by G protein-coupled
receptors. Sci STKE 2001:RE1.2000

142. Luttrell LM, van Biesen T, Hawes BE, Koch WJ, Krueger KM, Touhara K, Lefkowitz RJ. G-protein-
coupled receptors and their regulation: activation of the MAP kinase signaling pathway by G-
protein-coupled receptors. Adv Second Messenger Phosphoprotein Res 1997;31:263–277.
[PubMed: 9344257]

143. Iaccarino G, Smithwick LA, Lefkowitz RJ, Koch WJ. Targeting Gβγ signaling in arterial vascular
smooth muscle proliferation: a novel strategy to limit restenosis. Proc Natl Acad Sci USA
1999;96:3945–3950. [PubMed: 10097143]

144. Bookout AL, Finney AE, Guo R, Peppel K, Koch WJ, Daaka Y. Targeting Gβγ Signaling to Inhibit
Prostate Tumor Formation and Growth. J Biol Chem 2003;278:37569–37573. [PubMed: 12869546]

145. Iaccarino G, Koch WJ. Transgenic mice targeting the heart unveil G protein-coupled receptor kinases
as therapeutic targets. Assay Drug Dev Technol 2003;1:347–355. [PubMed: 15090200]

146. Rockman HA, Chien KR, Choi DJ, Iaccarino G, Hunter JJ, Ross J Jr, Lefkowitz RJ, Koch WJ.
Expression of a β-adrenergic receptor kinase 1inhibitor prevents the development of myocardial
failure in gene-targeted mice. Proc Natl Acad Sci U S A 1998;95:7000–7005. [PubMed: 9618528]

147. Koch WJ, Rockman HA, Samama P, Hamilton R, Bond RA, Milano CA, Lefkowitz RJ. Cardiac
function in mice overexpressing the β-adrenergic receptor kinase or a βARK inhibitor. Science
1995;268:1350–1353. [PubMed: 7761854]

148. Yao L, Arolfo MP, Dohrman DP, Jiang Z, Fan P, Fuchs S, Janak PH, Gordon AS, Diamond I. βγ
Dimers mediate synergy of dopamine D2 and adenosine A2 receptor-stimulated PKA signaling and
regulate ethanol consumption. Cell 2002;109:733–743. [PubMed: 12086672]

149. Williams ML, Hata JA, Schroder J, Rampersaud E, Petrofski J, Jakoi A, Milano CA, Koch WJ.
Targeted β-Adrenergic Receptor Kinase (βARK1) Inhibition by Gene Transfer in Failing Human
Hearts. Circulation 2004;109:1590–1593. [PubMed: 15051637]

150. Ogata H, Takeya M, Yoshimura T, Takagi K, Takahashi K. The role of monocyte chemoattractant
protein-1 (MCP-1) in the pathogenesis of collagen-induced arthritis in rats. J Pathol 1997;182:106–
114. [PubMed: 9227349]

151. Gong JH, Ratkay LG, Waterfield JD, Clark-Lewis I. An Antagonist of Monocyte Chemoattractant
Protein 1 (MCP-1) Inhibits Arthritis in the MRL-lpr Mouse Model. J Exp Med 1997;186:131–137.
[PubMed: 9207007]

152. Barnes DA, Tse J, Kaufhold M, Owen M, Hesselgesser J, Strieter R, Horuk R, Daniel Perez H.
Polyclonal Antibody Directed Against Human RANTES Ameliorates Disease in the Lewis Rat
Adjuvant-induced Arthritis Model. J Clin Invest 1998;101:2910–2919. [PubMed: 9637726]

153. Plater-Zyberk C, Hoogewerf AJ, Proudfoot AEI, Power CA, Wells TNC. Effect of a CC chemokine
receptor antagonist on collagen induced arthritis in DBA/1 mice. Immunology Letters 1997;57:117–
120. [PubMed: 9232436]

154. Halloran MM, Woods JM, Strieter RM, Szekanecz Z, Volin MV, Hosaka S, Haines GK III, Kunkel
SL, Burdick MD, Walz A, Koch AE. The Role of an Epithelial Neutrophil-Activating Peptide-78-
Like Protein in Rat Adjuvant-Induced Arthritis. J Immunol 1999;162:7492–7500. [PubMed:
10358204]

155. Podolin PL, Bolognese BJ, Foley JJ, Schmidt DB, Buckley PT, Widdowson KL, Jin Q, White JR,
Lee JM, Goodman RB, Hagen TR, Kajikawa O, Marshall LA, Hay DWP, Sarau HM. A Potent and
Selective Nonpeptide Antagonist of CXCR2 Inhibits Acute and Chronic Models of Arthritis in the
Rabbit. J Immunol 2002;169:6435–6444. [PubMed: 12444152]

156. Yang YF, Mukai T, Gao P, Yamaguchi N, Ono S, Iwaki H, Obika S, Imanishi T, Tsujimura T,
Hamaoka T, Fujiwara H. A non-peptide CCR5 antagonist inhibits collagen-induced arthritis by
modulating T cell migration without affecting anti-collagen T cell responses. Eur J Immunol
2002;32:2124–2132. [PubMed: 12209624]

157. Carter PH. Chemokine receptor antagonism as an approach to anti-inflammatory therapy: ‘just right’
or plain wrong? Curr Opin Chem Biol 2002;6:510–525. [PubMed: 12133728]

158. al Mughales J, Blyth TH, Hunter JA, Wilkinson PC. The chemoattractant activity of rheumatoid
synovial fluid for human lymphocytes is due to multiple cytokines. Clin Exp Immunol
1996;106:230–236. [PubMed: 8918567]

Smrcka Page 28

Cell Mol Life Sci. Author manuscript; available in PMC 2009 June 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



159. Xanthou G, Duchesnes CE, Williams TJ, Pease JE. CCR3 functional responses are regulated by
both CXCR3 and its ligands CXCL9, CXCL10 and CXCL11. Eur J Immunol 2003;33:2241–2250.
[PubMed: 12884299]

160. Chang JD, Sukhova GK, Libby P, Schvartz E, Lichtenstein AH, Field SJ, Kennedy C, Madhavarapu
S, Luo J, Wu D, Cantley LC. Deletion of the phosphoinositide 3-kinase p110 γ gene attenuates
murine atherosclerosis. Proc Natl Acad Sci USA 2007;104:8077–8082. [PubMed: 17483449]

161. Camps M, Ruckle T, Ji H, Ardissone V, Rintelen F, Shaw J, Ferrandi C, Chabert C, Gillieron C,
Francon B, Martin T, Gretener D, Perrin D, Leroy D, Vitte PA, Hirsch E, Wymann MP, Cirillo R,
Schwarz MK, Rommel C. Blockade of PI3Kγ suppresses joint inflammation and damage in mouse
models of rheumatoid arthritis. Nat Med 2005;11:936–943. [PubMed: 16127437]

162. Yao L, Fan P, Jiang Z, Mailliard WS, Gordon AS, Diamond I. Addicting drugs utilize a synergistic
molecular mechanism in common requiring adenosine and Gi-βγ dimers. Proc Natl Acad Sci USA
2003;100:14379–14384. [PubMed: 14605213]

163. Lehmann DM, Seneviratne P, Smrcka AV. Small Molecule Disruption of G Protein βγ Subunit
Signaling Inhibits Neutrophil Chemotaxis and Inflammation. Mol Pharmacol 2008;73:410–418.
[PubMed: 18006643]

164. Sarvazyan NA, Remmers AE, Neubig RR. Determinants of Giα and βγ binding: Measuring high
affinity interactions in a lipid environment using flow cytometry. J Biol Chem 1998;273:7934–
7940. [PubMed: 9525890]

165. Connor M, Christie MJ. Opioid Receptor Signaling Mechanisms. Clin Exp Pharmacol and Physiol
1999;26:493–499. [PubMed: 10405772]

166. Servant G, Weiner OD, Hezmark P, Balla T, Sedat JW, Bourne HR. Polarization of Chemoattractant
Receptor Signaling During Neutrophil Chemotaxis. Science 2000;287:1037–1040. [PubMed:
10669415]

167. Wang F, Herzmark P, Weiner OD, Srinivasan S, Servant G, Bourne HR. Lipid products of PI(3)Ks
maintain persistent cell polarity and directed motility in neutrophils. Nat Cell Biol 2002;4:513–518.
[PubMed: 12080345]

168. Arkin MR, Wells JA. Small-Molecule Inhibitors of Protein-Protein Interactions: Progressing
Towards the Dream. Nat Rev Drug Discov 2004;3:301–317. [PubMed: 15060526]

169. Whitty A, Kumaravel G. Between a rock and a hard place? Nat Chem Biol 2006;2:112–118.
[PubMed: 16484997]

170. Wells JA, McClendon CL. Reaching for high-hanging fruit in drug discovery at protein-protein
interfaces. Nature 2007;450:1001–1009. [PubMed: 18075579]

171. Krapivinsky G, Kennedy ME, Nemec J, Medina I, Krapivinsky L, Clapham DE. Gβ binding to
GIRK4 subunit is critical for G protein-gated K+ channel activation. J Biol Chem 1998;273:16946–
16952. [PubMed: 9642257]

172. Pitcher JA, Inglese J, Higgins JB, Arriza JL, Casey PJ, Kim C, Benovic JL, Kwatra MM, Caron
MG, Lefkowitz RJ. Role of βγ subunits of G proteins in targeting the β-adrenergic receptor kinase
to membrane-bound receptors. Science 1992;257:1264–1267. [PubMed: 1325672]

173. Park D, Jhon D-Y, Lee C-W, Lee K-H, Goo Rhee S. Activation of phospholipase C isozymes by G
protein βγ subunits. J Biol Chem 1993;268:4573–4576. [PubMed: 8383116]

174. Tang W-J, Gilman AG. Type-specific regulation of adenylyl cyclase by G protein βγ subunits.
Science 1992;254:1500–1503. [PubMed: 1962211]

175. Taussig R, Tang W-J, Hepler JR, Gilman AG. Distinct Patterns of Bidirectional Regulation of
Mammalian Adenylylcyclases. J Biol Chem 1994;259:6093–6100. [PubMed: 8119955]

176. Diel S, Klass K, Wittig B, Kleuss C. Gβγ Activation Site in Adenylyl Cyclase Type II: Adenylyl
Cyclase Type III is Inhibited by Gβγ. J Biol Chem 2006;281:288–294. [PubMed: 16275644]

177. Sunahara RK, Taussig R. Isoforms of Mammalian Adenylyl Cyclase: Multiplicities of Signaling.
Mol Interv 2002;2:168–184. [PubMed: 14993377]

178. Herlitze S, Garcia DE, Mackie K, Hille B, Scheuer T, Catterall WA. Modulation of Ca2+ channels
by G-protein βγ subunits. Nature 1996;380:258–262. [PubMed: 8637576]

179. Stephens LR, Erdjument-Bromage H, Lui M, Cooke F, Coadwell J, Smrcka AV, Thelen M,
Cadwallader K, Tempst P, Hawkins PT. The Gβγ Sensitivity of a PI3K is Dependent upon a Tightly
Associated Adaptor, p101. Cell 1997;89:105–114. [PubMed: 9094719]

Smrcka Page 29

Cell Mol Life Sci. Author manuscript; available in PMC 2009 June 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



180. Blackmer T, Larsen EC, Bartleson C, Kowalchyk JA, Yoon EJ, Preininger AM, Alford S, Hamm
HE, Martin TFJ. G protein βγ directly regulates SNARE protein fusion machinery for secretory
granule exocytosis. Nat Neurosci 2005;8:421–425. [PubMed: 15778713]

181. Gerachshenko T, Blackmer T, Yoon EJ, Bartleson C, Hamm HE, Alford S. Gβγ acts at the C terminus
of SNAP-25 to mediate presynaptic inhibition. Nat Neurosci 2005;8:597–605. [PubMed: 15834421]

182. Wang J, Frost JA, Cobb MH, Ross EM. Reciprocal signaling between heterotrimeric G proteins and
the p21-stimulated protein kinase. J Biol Chem 1999;274:31641–31647. [PubMed: 10531372]

183. Pumiglia KM, LeVine H, Haske T, Habib T, Jove R, Decker SJ. A Direct Interaction between G-
Protein βγ Subunits and the Raf-1 Protein Kinase. J Biol Chem 1995;270:14251–14254. [PubMed:
7782277]

184. Lin HC, Gilman AG. Regulation of dynamin I GTPase activity by G protein βγ subunits and
phosphatidylinositol 4,5-bisphosphate. J Biol Chem 1996;271:27979–27982. [PubMed: 8910402]

185. Mattingly RR, Macara IG. Phosphorylation-dependent activation of the Ras-GRF/CDC25Mm
exchange factor by muscarinic receptors and G-protein βγ subunits. Nature 1996;382:268–272.
[PubMed: 8717044]

186. Nishida K, Kaziro Y, Satoh T. Association of the proto-oncogene product Dbl with G protein βγ
subunits. FEBS Lett 1999;459:186–190. [PubMed: 10518015]

187. Tsukada S, Simon MI, Witte ON, Katz A. Binding of βγ Subunits of Heterotrimeric G Proteins to
the PH Domain of Bruton Tyrosine Kinase. Proc Natl Acad Sci U S A 1994;91:11256–11260.
[PubMed: 7972043]

188. Popova JS, Rasenick MM. Gβγ Mediates the Interplay between Tubulin Dimers and Microtubules
in the Modulation of Gq Signaling. J Biol Chem 2003;278:34299–34308. [PubMed: 12807915]

189. Roychowdhury S, Rasenick MM. G Protein β1 γ2 Subunits Promote Microtubule Assembly. J Biol
Chem 1997;272:31576–31581. [PubMed: 9395495]

190. Spiegelberg BD, Hamm HE. Gβγ Binds Histone Deacetylase 5 (HDAC5) and Inhibits Its
Transcriptional Corepression Activity. J Biol Chem 2005;280:41769–41776. [PubMed: 16221676]

191. Niu J, Profirovic J, Pan H, Vaiskunaite R, Voyno-Yasenetskaya T. G Protein βγ Subunits Stimulate
p114RhoGEF, a Guanine Nucleotide Exchange Factor for RhoA and Rac1: Regulation of Cell
Shape and Reactive Oxygen Species Production. Circ Res 2003;93:848–856. [PubMed: 14512443]

192. Dowal L, Elliott J, Popov S, Wilkie TM, Scarlata S. Determination of the contact energies between
a regulator of G protein signaling and G protein subunits and phospholipase C β1. Biochem
2001;40:414–421. [PubMed: 11148035]

193. Shi CS, Lee SB, Sinnarajah S, Dessauer CW, Rhee SG, Kehrl JH. Regulator of G-protein signaling
3 (RGS3) inhibits Gβ1 γ2-induced inositol phosphate production, mitogen-activated protein kinase
activation, and Akt activation. J Biol Chem 2001;276:24293–24300. [PubMed: 11294858]

194. Wada Y, Yamashita T, Imai K, Miura R, Takao K, Nishi M, Takeshima H, Asano T, Morishita R,
Nishizawa K, Kokubun S, Nukada T. A region of the sulfonylurea receptor critical for a modulation
of ATP-sensitive K(+) channels by G-protein βγ-subunits. EMBO J 2000;19:4915–4925. [PubMed:
10990455]

195. Preininger AM, Henage LG, Oldham WM, Yoon EJ, Hamm HE, Brown HA. Direct Modulation of
Phospholipase D Activity by Gβγ. Mol Pharmacol 2006;70:311–318. [PubMed: 16638972]

196. Zeng W, Mak D-OD, Li Q, Shin DM, Foskett JK, Muallem S. A New Mode of Ca2+ Signaling by
G Protein-Coupled Receptors: Gating of IP3 Receptor Ca2+ Release Channels by Gβγ. Current
Biology 2003;13:872–876. [PubMed: 12747838]

197. DePuy SD, Yao J, Hu C, McIntire W, Bidaud I, Lory P, Rastinejad F, Gonzalez C, Garrison JC,
Barrett PQ. The molecular basis for T-type Ca2+ channel inhibition by G protein β2 γ2 subunits.
Proc Natl Acad Sci U S A 2006;103:14590–14595. [PubMed: 16973746]

198. Wolfe JT, Wang H, Howard J, Garrison JC, Barrett PQ. T-type calcium channel regulation by specific
G-protein βγ subunits. Nature 2003;424:209–213. [PubMed: 12853961]

199. Ueda H, Nagae R, Kozawa M, Morishita R, Kimura S, Nagase T, Ohara O, Yoshida S, Asano T.
Heterotrimeric G Protein βγ Subunits Stimulate FLJ00018, a Guanine Nucleotide Exchange Factor
for Rac1 and Cdc42. Journal of Biological Chemistry 2008;283:1946–1953. [PubMed: 18045877]

200. Chen S, Lin F, Hamm HE. RACK1 Binds to a Signal Transfer Region of Gβγ and Inhibits
Phospholipase C β2 Activation. J Biol Chem 2005;280:33445–33452. [PubMed: 16051595]

Smrcka Page 30

Cell Mol Life Sci. Author manuscript; available in PMC 2009 June 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



201. Sachdev P, Menon S, Kastner DB, Chuang JZ, Yeh TY, Conde C, Caceres A, Sung CH, Sakmar
TP. G protein beta gamma subunit interaction with the dynein light-chain component Tctex-1
regulates neurite outgrowth. EMBO J 2007;26:2621–2632. [PubMed: 17491591]

202. Crespo P, Xu N, Simonds WF, Gutkind JS. Rasdependent activation of MAP kinase pathway
mediated by G-protein βγ subunits. Nature 1994;369:418–420. [PubMed: 8196770]

203. Jelsema CL, Axelrod J. Stimulation of phospholipase A2 activity in bovine rod outer segments by
the beta-gamma subunits of transducin and its inhibition by the alpha subunit. Proc Natl Acad Sci
USA 1987;84:3623–3627. [PubMed: 3108876]

Smrcka Page 31

Cell Mol Life Sci. Author manuscript; available in PMC 2009 June 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 1.

(A) The G protein cycle. The Gα subunit bound to GDP interacts with the Gβ subunit with two
contacts involving the N-terminal domain and the GTP binding domain. This is the inactive
resting state. This complex is a substrate for the activated GPCR (R*) which catalyzes an
increase in the dissociation rate of GDP from the Gα subunit leading to the nucleotide free
Gαβγ complex. This complex is very short lived in the cell where high concentrations of GTP
in the cell bind to the empty nucleotide binding site to drive a conformational change in the
Gα subunit. This conformation change leads to the active GαGTP subunit, perhaps separated
from signaling competent free Gβγ subunits. The Gα subunit has the intrinsic capacity to
hydrolyze GTP to GDP, allowing reassembly with Gβγ to return to the resting state. Regulators
of G protein signaling (RGS proteins) can bind to Gα and enhance the rate of GTP hydrolysis.
Pertussis Toxin (PTX) modifies the G protein α subunit and prevents interactions of the
GαGDPβγ heterotrimer with R*. Also shown are myristoyl and isoprenoid lipid groups at the
Gα N-terminus and Gγ C-terminus respectively. (B) Ribbon diagram representing the three
dimensional crystal structure of the Gβγ subunits. The blades of the propeller are numbered as
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in Wall et al. [11]. The Gβ N-terminal helix is in red and forms a coiled coil interaction with
the Gγ subunit in blue. (C) Ribbon diagram of the G protein heterotrimer with the Gβγ subunit
rotated 90° relative to B. The Gα N-terminus is represented as a yellow helix and the Gα Switch
II region is in dark blue.
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Figure 2.

(A) Domain organization of the R7 family of RGS proteins. DEP is the Disheveled, EGL-10,
Pleckstrin homology domain, R7H is the R7 homology domain, ggl is the G protein γ like
domain, and RGS is the RGS homology domain. (B) Depiction of the interactions of an R7
protein with Gβ with the ggl domain interacting with Gβ5 instead of Gγ and the DEP domain
potentially interacting with the Gα subunit binding site on Gβ. (C) Model depicting
palmitoylated R7 binding protein bound to the DEP domain of R7. Evidence suggests that this
binding could alter DEP domain interactions with Gβ5 to expose binding surfaces on Gβ5. The
palmitoylated R7BP could then direct binding to the plasma membrane.
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Figure 3.

Models for participation of Gβγ subunits in regulation of nucleotide exchange. (A) Lever arm
model for Gβγ dependent activation of Gα subunit nucleotide exchange. In this model R*
interaction with the N-terminus of the Gα subunit and the C-terminus of Gγ results in Gβγ
acting as a lever to pull open the nucleotide binding site on Gα to enhance the rate of GDP
release. Critical interactions at the Gα switch II/Gβγ interface (GβD228 and GαK206) are
required for Gβ to pull on Gα switch II to open the nucleotide binding pocket. (B) Gear shift
model for Gβγ-dependent activation of nucleotide exchange. Here the receptor causes the
Gβγ subunits to move closer to the Gα subunit. This results in a potential physical interaction
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between the N-terminal helical Gβγ coiled-coil extension and the helical domain of Gα, leading
to opening of the nucleotide binding pocket and release of GDP.
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Figure 4.

Models for “breathing” of Gα/βγ interfaces and non-receptor dependent activation
mechanisms. (A) In the center is a ribbon diagram depicting Gα binding to Gβγ showing the
two components of a bivalent interaction of Gα with Gβγ, the Gα N-terminal helix interaction
with the side of blade one of the Gβ β-propeller and the Gα switch II interaction with the top
of the Gβ β-propeller (see Fig 1.). In this model either of these two interfaces can open and
close in rapid equilibrium without subunit dissociation. Only when both contacts are broken
simultaneously can subunit dissociation occur. (B) SIGK-dependent subunit dissociation. In
this model when the Gα switch II Gβ interfaces open up, SIGK can bind and prevent closure
of this interface, resulting in an enhanced rate of subunit dissociation. (C) AGS8-dependent G
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protein activation. Similar to, B., when the Gα switch II Gβ interface opens AGS8 binds, but
since AGS8 can bind to Gα and Gβ, the bivalent interaction of Gα with the complex is
maintained and subunit dissociation does not occur.

Smrcka Page 38

Cell Mol Life Sci. Author manuscript; available in PMC 2009 June 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 5.

(A) Domain organization of PLCδ and PLCβ. Pleckstrin homology domain (PH), EF hand
domain (EF), catalytic domain (X and Y), C2 domain (C2). (B) Ribbon representation of
PLCβ2 (from coordinates 2FJU) with domains color coded as for A: in turquoise, the helical
region of the PLCβ2 catalytic domain (574–583) found to interact with Gβγ; in dark blue, the
X-Y linker domain that caps the enzyme active site; in purple, a region of the PH domain
important for Gβγ-dependent PLC activation; in CPK spacefill, the catalytic histidine required
for PIP2 hydrolysis.
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Figure 6.

Surface potential representation of Gβγ with SIGK (blue ribbon) bound at the “hot spot”. Blue
areas are positively charged, red areas are negatively charged and white areas are neutral.
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Table 1

Gβγ subunit targets1.

Physiological Gβγ effectors (direct)

    inwardly rectifying K+ channel (GIRK1/GIRK2, GIRK1/GIRK4) [72,75,171]

    GPCR kinase 2 and 3 [172]

    PLC β1, β2 and β3 [77,86–88,173]

    Adenylyl cyclase (activation), II, IV, VII [174,175]

    Adenylyl cyclase (inhibition), I, III, V, VI [174–177]

    N type Ca2+ channels [91]

    P/Q type Ca2+ channels [178]

    Phosphoinositide 3 kinase γ [89,179]

    SNAP-25 [180,181]

    P-Rex1 Rac GEF [90]

Proteins regulated by Gβγ

    PAK (p21 activated kinase) [182]

    Raf-1[183]

    Dynamin [184]

    Ras GRF [185]

    Dbl [186]

    Btk kinase [187]

    Tubulin/microtubules [188,189]

    Histone deacetylase 5 (HDAC5) [190]

    P114 RhoGEF [191]

    RGS4 [192]

    RGS3 [193]

    ATP sensitive K+ channel [194]

    Phospholipase D1 [195]

    IP3 receptor 1 [196]

    T type Ca2+ channels [197,198]

    FLJ008 Rac/cdc42 GEF [199]

Gβγ binding proteins

    RACK I [200]

    Group III AGS proteins [4,131]

    AGS2 TcTex1 [201]

    AGS7 Thyroid receptor Interacting Protein (TRIP13)

    AGS8 KIAA1866

    AGS9 Rpn10

Gβγ effectors (indirect)

    MAP kinase [202]

    PLA2 [203]

1
Physiological Gβγ effectors are those proteins that directly bind Gβγ and for which a clear physiologic role for Gβγ interaction has been established.

Proteins regulated by Gβγ are proteins known to bind and have activity regulated by Gβγ but for which the physiological role for the interaction has not
been established. Gβγ-binding proteins are proteins that bind to Gβγ but where regulation of an activity has not been demonstrated.
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