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G proteins mediate signals from membrane G protein coupled receptors to the cell interior, evoking significant
regulation of cell physiology. The cytoskeleton contributes to cell morphology, motility, division, and transport
functions. This review will discuss the interplay between heterotrimeric G protein signaling and elements of
the cytoskeleton. Also described and discussed will be the interplay between tubulin and G proteins that results
in atypical modulation of signaling pathways and cytoskeletal dynamics. This will be extended to describe how
tubulin and G proteins act in concert to influence various aspects of cellular behavior. This article is part of a
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1. Introduction

G proteins are well-established mediators of communication from
outside the cell to inside, in response to hormonal or neurotransmitter
action at G-protein coupled receptors, whose effects are mediated
through effectors such as adenylyl cyclases, phosphodiesterases,
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phospholipases, and ion channels. This review, however, will focus
on the reciprocal interactions between G-proteins and the cytoskeleton.
G protein coupled receptors (GPCRs) are a large and diverse group of
seven-transmembrane receptors for a variety of ligands, including
hormones, odorants, and even light. Upon ligand binding, the activated
receptor acts as a guanine nucleotide exchange factor for membrane-
associated G protein alpha subunit, causing release of GDP and binding
of GTP, resulting in an active G subunit. G subunits constitute a
family of 20 proteins and include Gas, which activates adenylyl cyclase
to produce cAMP; Gai, which decreases cAMP concentration by
inhibiting adenylyl cyclase activity or activating phosphodiesterases;
Gaq, which activates phopholipases to cleave membrane lipids to
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inositol trisphosphate (IP3) and diacylglycerol (DAG); and Ga12/13,
which regulates small GTPases affecting the actin and tubulin cytoskele-
ton. After activation, Ga subunits dissociate (although not necessarily
physically [1]) from their bound GBy subunits, enabling them to interact
with their effectors. Gy subunits may also activate effector molecules,
such as ion channels. Intrinsic GTPase activity and hydrolysis to the
GDP-bound form terminate G subunit signaling and promotes re-
association with the GB+y subunit. This intrinsic activity may also be pro-
moted by regulators of G protein signaling (RGS) proteins, which aug-
ment Go subunit GTPase activity to terminate signal propagation.
Similarly, guanine nucleotide dissociation inhibitors (GDIs) inhibit dis-
sociation of bound GDP, preventing exchange for GTP, and keeping
the alpha subunit in its inactive state. Additional mechanisms of signal
termination include receptor phosphorylation by GPCR kinases (GRKs),
arrestin binding, and subsequent internalization. G subunits may be in-
ternalized as well, though this occurs by a separate mechanism [2]. G pro-
teins associate with the inner layer of the cell membrane via both protein-
protein and protein-lipid interactions. Gy subunits are prenylated, while
Ga subunits require association with Gy subunits for proper membrane
targeting and acylation [3]. Other protein interactions, such as with the
cytoskeleton, will be discussed in the body of this review.

The cytoskeleton contributes to cell structure, motility, division, and
intracellular transport. Microtubules are formed by polymerization of
tubulin dimers, which consist of one a-tubulin and one [-tubulin
subunit; both bind GTP. While p-tubulin-bound GTP is hydrolysable
by the subunit's intrinsic GTPase activity, a-tubulin-bound GTP is
constitutive. The intrinsic GTPase activity of B-tubulin is an important
regulator of microtubule dynamics. Microtubule growth and stability
are promoted by the presence at its (+) end of a “GTP cap”, a series
of tubulin dimers containing GTP-bound RB-tubulin. GTP hydrolysis
by these subunits and loss of the cap results in microtubule catastro-
phe, in which rapid depolymerization occurs. Various microtubule-
associated proteins are known to stabilize or destabilize the microtu-
bule structure. Cytoskeletal microfilaments are composed of polymers
of globular actin. Like p-tubulin, actin subunits have intrinsic GTPase
activity, which is similarly related to microfilament stability. As with
microtubules, a variety of proteins are known to stabilize, destabilize,
fork, and cleave microfilaments. A third class of cytoskeletal proteins,
intermediate filaments, will not be considered in this review as there
is no evidence for regulation by heterotrimeric G proteins.

2. Initial evidence for the involvement of the microtubule
cytoskeleton in G protein signaling

Early studies identified the ability of colchicine or vinblastine, both
inhibitors of microtubule polymerization and stability, to cause predict-
able changes in cellular behavior, particularly with respect to cAMP
formation. These responses were first seen in leukocytes (lymphocytes
and macrophages). Upon lymphocyte activation by lectins such as
concanavalin A, cellular cAMP accumulation was increased several
fold, and was further potentiated in a dose-dependent fashion by colchi-
cine and vinblastine, but not by lumicolchicine, a congener of colchicine
which does not bind tubulin [4]. Modest increases in leukocyte cAMP
accumulation were also seen in response to colchicine alone, and
these increases were significantly potentiated by isoproterenol and
prostaglandin E1 (PGE1), which are now recognized as ligands of
Gas-linked GPCRs [5-8]. These increases in cellular cAMP could be
attributed to increased production by adenylyl cyclases, decreased
degradation by phosphodiesterases, or both. Notably, the potentiation
of cAMP production by isoproterenol or PGE1 was observed only in
the presence of the phosphodiesterase inhibitor IBMX, suggesting that
the responsible phenomenon was one of increased production [5]. Fur-
ther work in S49 lymphoma cells clarified the mechanisms through
which microtubule disruptors potentiated adenylyl cyclase as a likely
post-receptor effect involving disruption of microtubule interactions
with G proteins or adenylyl cyclase; additionally, radioligand binding

studies showed that the B-adrenoreceptor was unaltered by colchicine
or vinblastine treatment. Finally, the potentiation was not seen in cells
defective in receptor-adenylyl cyclase coupling. These data suggested
a model in which microtubules regulate some factor coupling adenylyl
cyclase and receptors for agonists of cAMP production [7,8].

Early studies on brain tissue similarly showed that adenylyl cyclase
activity in synaptic membrane fractions enriched from rat cerebral
cortex was enhanced by pretreatment with colchicine or vinblastine,
as well as treatment with unsaturated fatty acids, compared to untreated
controls. Membrane adenylyl cyclase activity was decreased by the addi-
tion of a membrane-washing step after treatment with colchicine or vin-
blastine, but not after fatty acid treatment. Furthermore, the supernatant
washings collected from membranes treated with colchicine or vinblas-
tine were able to reconstitute adenylyl cyclase activity in membranes
whose endogenous Gas activity was diminished via heat inactivation.
These data were synthesized into a model wherein the ability of Gas to
activate adenylyl cyclase was constrained by membrane diffusibility
and microtubule anchoring and can be increased by the described treat-
ments (microtubule disruptors or membrane fluidization with unsatu-
rated fatty acids) [9]. Subsequent studies demonstrated that Gas, but
not Gai, is liberated from synaptic membranes following microtubule
disruption, and that addition of tubulin in low nanomolar concentrations
causes significant decreases in the adenylyl cyclase activity of synaptic
membranes in vitro [10-12]. Since the time of these initial observations,
a far more elaborate picture of G protein effects on the cytoskeleton, and
vice versa, has developed.

3. Heterotrimeric G proteins directly interact with tubulin

Tubulin polymerized with the hydrolysis-resistant photoaffinity GTP
analog, azidoanilido-GTP (>2P-AAGTP), and incubated with synaptic
membranes, transferred directly 3>P-AAGTP to Gai. These results mir-
rored the findings of a previous study showing a similar transfer of
32p_AAGTP from Gai to Gas [13,14]. Complexes between the proteins
were thought to occur, since large excesses of GTP in the milieu did
not prevent this transfer of nucleotide (referred to as transactivation).
Expanding upon previous findings, tubulin inhibition of membrane
adenylyl cyclase activity was shown to require GTP- or hydrolysis resis-
tant GTP analog (AAGTP or Gpp(NH)p)-bound tubulin. Free Gpp(NH)p
was also able to similarly inhibit membrane adenylyl cyclase, but tubu-
lin from which GTP had been extracted with charcoal was unable to in-
hibit adenylyl cyclase. Extracts of adenylyl cyclase lacking G proteins
were neither stimulated nor inhibited with respect to cAMP production
by tubulin. These data were hypothesized to suggest activation via
guanine nucleotide transfer to Gai by tubulin. In contrast, transducin-
Gpp(NH)p was unable to inhibit neuronal membrane cyclase activity
in the manner of tubulin-Gpp(NH)p, suggesting that transactivation
requires specific protein—protein interactions and is not a general prop-
erty of GTP-binding proteins [14].

Further examination of the nature of tubulin-G protein interaction oc-
curred in the context of an expanding awareness of G proteins in general,
including the recognition of varied G protein isoforms. Four alternatively
spliced forms of Gas were known, along with three forms of Gai [15-18];
these, along with G proteins Goo and transducin, displayed differential
affinities for tubulin as demonstrated by '*'I-tubulin dot blot binding.
Specifically, labeled tubulin bound Gas and Gail with ~100 nM affinity
with insignificant binding of other Gai isoforms, Gowo, or transducin.
This binding could be abolished with excess cold tubulin as well as
heat denaturation of the G protein or tubulin, suggesting a specific tubu-
lin-G protein interaction. Furthermore, similar labeling by '*'I-tubulin
occurred on isolated G protein c-units as well as Go3y heterotrimers.
This suggested that the site of specific tubulin-G protein interaction dif-
fered that of Ga with GRy [19]. Partial digestion of o and  tubulin
with subtilisin to remove MAP2 and tau binding sites at the C terminal
did not affect '*'I-tubulin binding to these proteins. However, tubulin po-
lymerized into microtubules showed far less affinity for G protein than
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tubulin dimers. These data suggested a common site shared by tubulin
polymerization sites and tubulin-G protein binding sites. These studies
also suggested possible physiologic roles for tubulin beyond the formation
of microtubules [20].

In addition to binding and transactivation (Fig. 1), tubulin-G protein
association was also found [21] to stabilize the GTP-tubulin-G protein
complex as well as activate a GTPase in this complex. 3>2P-GTP-tubulin
was retained and protected from exchange after nitrocellulose filtration
in increasing amounts with the addition of Gail but not other Gai
isoforms or Gao. This interaction was apparently destabilized by the
concurrent addition of GB<y subunits, which is notable in light of previ-
ous results indicating a lack of inhibition by GRy subunits of tubulin
binding and likely reflecting the increasingly recognized combinatorial
diversity of G proteins including Gy subunits [22]. Also notable was
the observation that hydrolysis of the tubulin-bound GTP was promoted
by its association with Gail. This finding suggested cross-talk between
pathways of G-protein signaling and microtubule formation. The rich, in
situ, association of Gas and tubulin in rat cortical membranes further
suggested a role in mediation of signaling between G-protein and cyto-
skeleton [23].

G protein Ry subunits appear to promote assembly of microtubules,
and this effect is isoform-dependent. Specifically, GR31vy2 promoted
assembly of tubulin into microtubules in vitro, while G31vy1 did not. Fur-
thermore, when microtubules polymerized from sheep brain were em-
bedded, thin-sectioned, and examined by electron microscopy, GBy was
associated at regular intervals along the length of the microtubule [23].

GPR1vy1 and GB1+y2 differ in part by prenylation status: GB1vy1 is
farnesylated, while GP1v2 is geranylgeranylated [24-26]. A GPp1vy2
mutant lacking its prenylation site (C68S) also failed to promote micro-
tubule assembly [27]. The functional basis of the specific prenylation
requirement is unclear. Though this modification promotes membrane
association, these findings were gathered in vitro. Prenyl-specific
binding sites have been demonstrated [28], though not specifically in
tubulin, to our knowledge. Lipid modification (acylation) also occurs
in Gas and Gai subunits, which are palmitoylated and palmitoylated/
myristoylated, respectively [29]. While prenylation and myristoylation
are irreversible, physiologic depalmitoylation of the Gas subunits
occurs subsequent to receptor activation. Curiously, depalmitoylated,
active Gaes has been observed to remain associated with the cell mem-
brane [30].

4. Gas and Gai subunits can activate tubulin GTPase and destabilize
microtubules

Another notable aspect of G protein/tubulin interaction is Go
subunit potentiation of tubulin GTPase activity (Fig. 2). Whereas tubulin
contains intrinsic GTPase activity, this is quiescent absent the addition
of other tubulin dimers to the nascent polymer, which acts as a GTPase
activator protein(GAP) for the tubulin dimer [31]. Incubation of G pro-
teins Gas, Gai, and Goo with tubulin in vitro also promotes GTP hydro-
lysis. Use of a Q204L Gaii mutant, which is able to bind GTP but lacks
GTPase activity [32], demonstrated that tubulin GTPase, rather than G
protein GTPase, is activated when the complex is formed. Thus both
Gas and Gau are GAPs for tubulin.

The G protein a subunits also promoted microtubule dynamic insta-
bility, directly visualized as an increase in microtubule catastrophe fre-
quency and likely due to the hydrolysis of GTP-tubulin to the less
polymer-stable GDP-tubulin [33]. This effect on tubulin/microtubules
also required the activated, GTP-bound Ga [34], suggesting a role in
the sequence of GPCR signaling. The common effects of Gas and Gai
on microtubule instability, suggest that the microtubule's response is
based upon the existence of a signal, rather than the content of the
signal, and perhaps contributes to an action common to both pathways.
It is noteworthy, however, that unlike Gas, Gai is not internalized in
response to activation [2], so the ability of Gai to modulate cytosolic mi-
crotubules is a physiologic curiosity.

Following (3-adrenergic receptor activation in C6 glioma cells, Gas is
internalized on vesicles via lipid rafts/caveolae [2]. This is not seen with
any other G protein. This likely facilitates its interaction with microtu-
bules, with activation of tubulin GTPase and subsequent destabilization
of microtubules and sequestration of GDP-bound tubulin by active Gas.
Upon hydrolysis of its bound GTP, Gas affinity for tubulin decreases,
tubulin is released, and can re-enter a dynamic pool for polymerization
into microtubules [35]. Such a mechanism is observed in PC12 pheochro-
mocytoma cells: active Gass is internalized, destabilizing microtubules.
This is followed by an increase in neurite outgrowth. Furthermore, this
effect occurs in a cCAMP-independent manner, and is an example of
a unique and direct G protein regulation of cytoskeleton and cellular
remodeling [36].

Furthermore, when chimeras of Glal and transducin (which does
not bind to tubulin) were produced, these proteins bound to tubulin

Transactivation of Ga subunits by tubulin
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Fig. 1. Transactivation of Gas and Gail by tubulin. Tubulin, in its GTP-bound form, complexes with Gaes or Gaiil and transfers its GTP directly to these G proteins, activating them in the
absence of an activated GPCR (transactivation). The activated G proteins then interact with adenylyl cyclase, either activating (Gas) or inhibiting (Gai) that molecule. GDP is released from

the Gow without requiring an activated GPCR.
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Fig. 2. Gas promotes microtubule dynamics. Activated Gas internalizes and associates with tubulin at the microtubule plus end. Gas then acts as a GTPase activator for tubulin, and the
resulting loss of the “GTP-cap” allows for increased microtubule dynamics. 3-Tubulin-GTP is shown in blue and B-tubulin-GDP in white.

but blocked the binding of endogenous Gas. Expressing these constructs
in cells resulted in a profound inhibition of microtubule-based cellular
extensions [37]. Since these outgrowths require dynamic microtubules,
it appeared that the inhibition of the normal association between Gsa
and tubulin plays a role in the regulation of microtubule dynamics.

Recent structural studies localize the tubulin-Gas association to the
cyclase interaction region on Gas, and on the exchangeable GTP site of
3-tubulin [38]. Peptide fragments of this Gas region are able to promote
tubulin GTPase activity in the manner of full-length Gas, supporting
these structural data [39].

5. Gag—-tubulin interactions

Several of the phenomena observed in the interaction of tubulin,
Gas, and adenylyl cyclase have functional counterparts in the Gog-
phospholipase system, as well as additional behaviors not observed
with the Gas—-adenylyl cyclase system. Similar to their activation of
Goas and adenylyl acyclase, the GTP analog, Gpp(NH)p, alone or
complexed with tubulin, is able to activate Goq, which stimulates
phospholipase C(3; to cleave membrane phosphatidylinositol-4,5
bisphosphate (PIP,) into membrane diacylglycerol (DAG) and the
cytosolic second messenger inositol trisphosphate (IP3) (Fig. 3).
This occurs in a receptor-independent fashion as demonstrated in
membranes of Sf9 cells transfected with only Gaq and phospholi-
pase CB1 (PLCR1) and incubated with Gpp(NH)p-tubulin, suggesting
transactivation of Gaq. Further increases in IP; production were seen
in membranes of SF9 cells (optimal for Gaq production) coinfected
with muscarinic M, receptor baculovirus and treated with the mus-
carinic agonist carbachol. While Gpp(NH)p promoted steady and
significant increases in IP; production over a range of submicromolar
to low micromolar concentrations, incubation of membranes with
Gpp(NH)p-tubulin caused a biphasic pattern of IP; production, with
significant increases followed by a dramatic falloff over the same

concentration range as Gpp(NH)p. This suggested an inhibition of this
system by tubulin at higher concentrations [40,41]. This phenomenon
has not been observed in tubulin regulation of adenylyl cyclase via
Gas. The actin-associated protein profilin has been shown to associate
with PIP, micelles, with a resulting decrease in PLC activity [42,43]. Tu-
bulin similarly associates with PIP, micelles [40], suggesting a possible
shared mechanism of PLC inhibition. PIP, inhibits microtubule polymer-
ization in vitro [40,44], demonstrating direct and possibly regulatory in-
teraction of these species. This phospholipid-tubulin interaction
appears to be specific to PIP,, as other prominent membrane lipids in-
cluding phosphatidylinositol, phosphatidylcholine and phosphatidyl-
ethanolamine do not inhibit microtubule polymerization [45].
Activation by carbachol of M1 receptors in SK-N-SH cells evoked a
transient association of tubulin with the cell membrane after musca-
rinic stimulation, suggesting another possible point of regulation
[41]. Indeed, pretreatment of SK-N-SH cells with colchicine, which
not only destabilizes microtubules but also promotes GTP hydrolysis
of tubulin [46], prior to application of carbachol, results in significantly
diminished IP3 production. Taxol, which exerts a stabilizing influence
on microtubules causes a similar decrease in IP3 production [47],
suggesting a requirement for dynamic microtubules in the process.
Thus, G protein, dynamic tubulin/microtubules, and phospholipase
C operate in concert to mediate Gq signaling.

G protein 37y subunits also play a role in this scheme. Addition of pu-
rified Gy subunits to purified SK-N-SH membranes inhibits carbachol-
stimulated association of tubulin with the membrane, and this inhibi-
tion is potentiated by PIP,. Rapid internalization of GB3~y-tubulin occurs
following carbachol stimulation as demonstrated by microscopy
and coimmunoprecipitation [47]. Furthermore, Gy preferentially
associates with GDP-bound tubulin, contrasting the slightly preferential
association of G units with GTP-tubulin [19,21,23,45]. These observa-
tions could be explained by the flowing sequence: 1) receptor activation;
2) membrane association of GTP-tubulin; 3) transactivation of Goiq; and
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Fig. 3. Coordinated effects of Ca> and Gy on microtubule dynamics following Gauq activation. Activation of Gaq increases cellular Ca®*, which destabilizes microtubules, particularly
those subjacent to the plasma membrane. After a short time lag, GBv is released from the plasma membrane, where it binds to and stabilizes microtubules [47]. 3-Tubulin-GTP is

shown in blue and B-tubulin-GDP in white.

4) subsequent GDP-tubulin/GRy association and internalization [47].
While Gas has been shown to internalize via a clathrin-independent,
lipid raft/caveolar mechanism, GPCRs internalize separately via a
clathrin-dependent mechanism [2]. GB<y subunits studied in the
above context of M; receptor activation by carbachol show co-
internalization of receptor, tubulin, and GRv, suggesting a role for
GPRy in the association of these components [48].

6. Cytoskeletal regulation by Ga12/13 proteins

Ga12/13 proteins primarily regulate slow events like cell prolifera-
tion, transformation, shape change, locomotion and gene transcription
[49]. They are activated by several receptors including serotonin
5-HT(4)R and 5-HT(7)R, angiotensin receptor AT1, endothelin recep-
tors ETA and ETB, galanin receptor GAL2, lysophosphatidic acid receptor
LPA, muscarinic M3 receptor, protease activated receptors PAR1, PAR3
and PAR4, sphingosine-1 phosphate S1P(2-5) receptors, and a few
others [50-52]. Purified Ga12 demonstrates slower guanine nucleotide
kinetics than other Ga subunits [53,54], which is consistent with the
preferential role of these molecules in sustained reactions like modula-
tion of cytoskeleton. The slow GTPase activity ensures that the Regula-
tors of G Protein Signaling (RGS) proteins terminate G12/13 signaling
by activating intrinsic G protein GTPases.

7. G12 proteins regulate cytoskeleton via small GTPases

Downstream effectors of G12 proteins are small (20-25 kDa)
G-proteins which, like heterotrimeric G protein o subunits, exchange
GDP for GTP to assume the active state, and upon hydrolysis of their
bound GTP become inactive. The primary mediators of G12 activation,
the Rho GTPases, RhoA, Cdc42 and Racl, are regulated by GTPase
activating proteins (GAPs), guanine nucleotide exchange factors (GEFs),

as well as guanine nucleotide dissociation inhibitors (GDIs) [55]. These
proteins primarily regulate dynamics of the actin cytoskeleton (Fig. 4).

The mechanism of activation of small GTPases by G12 proteins is
best described for RhoA. RhoA is a downstream target of both Gou12
and Ga13. The first RGS protein discovered for Ga12 and Ga13 was
p115 RhoGEF [56,57]. Soon after, two additional RhoGEFs for G12
proteins were discovered: PDZ-RhoGEF/GTRAP48 [58,59] and LARG
(leukemia-associated RhoGEF [60,61]). These RhoGEFs are able to
recognize activated G12 proteins (GTP-Ga12 and GTP-Ga13) in vitro
via their N-terminal RH (RGS homology) domains. However, only RH
domains of p115RhoGEF and LARG exhibit GAP activity for G12 proteins.
These RhoGTPases also contain centrally located DH/PH (Dbl homology/
pleckstrin homology) domain known to act as GEFs for small GTPases.
These findings demonstrated that the RhoGEFs act as direct couplers of
Ga12/13 proteins to small GTPases, and their role in this process is
dual: by promoting GTP hydrolysis as inactivating GAPs on Ga12/13,
and acting as activating GEFs for Rho GTPase [62,63]. RhoA is an impor-
tant regulator of cell morphology, locomotion, actinomyosin contractil-
ity, and microtubule dynamics [55], with numerous RhoA downstream
effectors described. RhoA activates diaphanous-related formins (DRFs;
Dia) which promote the addition of actin monomers to the fast growing
(barbed) end of actin filaments [64]. In addition, GTP-RhoA directly
binds to and activates serine/threonine protein kinase ROCK which, co-
operatively with DRF, mediates actin stress fiber formation [65]. ROCK
also activates LIM kinase to phosphorylate and inhibit actin severing
protein cofilin, thereby indirectly stabilizing actin filaments [66,67].
Cell locomotion additionally requires coordinated action of dynamic
and stable microtubules oriented toward the leading edge of migrating
cell [68]. RhoA-ROCK signaling also mediates cell locomotion by stabi-
lizing microtubules due to phosphorylation of microtubule associated
proteins [69,70].

Establishment of cell polarity is a crucial step in determining cell fate.
During cell polarization, Goe12 signaling regulates Cdc42 effects on
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Fig. 4. G12 and G13 regulate cytoskeleton via activation of small GTPases. GPCR activation of G12 or G13 leads to activation of RhoA, cdc42, and Rac1, which then participate in cytoskeletal
remodeling. These molecules cycle between an inactive (GDP-bound) form and an active (GTP-bound) form, regulated by proteins that activate GTPase (GAP), exchange GTP for GDP
(GEF) or release GDP (GDI). p115RhoGEF acts as GAP for both G12 and G13 proteins and as a GEF for RhoA, whereas LARG functions as GEF for both RhoA and Cdc42. Tiam1 acts as

GEF for Racl. It is established that G12 activates directly Tiam1.

microtubule dynamics and positioning of the microtubule organizing
center (MTOC), and is additionally mediated by LARG [71]. Cdc42 is
thus an important intracellular effector that links extracellular cues to
organelle rearrangements during cell polarization [72].

Racl is a downstream effector of Ga12 as its activation by Go12
induces transformation of NIH-3T3 cells [73]. It remains unknown
which GEF mediates this signaling. Rac1 is directly linked to the regula-
tion of microtubule dynamics via activation of p21-activated kinase 1
(PAK1). It was observed that lysophosphatidic acid receptor 1 (LPA1),
which couples to Ga12 [74], can induce Tiam1 activation [75]. Tiam1
acts as a GEF for Rac1 [76] and regulates neuronal morphology [77].

Thus, Goe12/13 proteins represent a unique continuum between
GPCRs, heterotrimeric G proteins, small G proteins and the cytoskeleton.

8. Physiologic significance of G protein-tubulin/microtubule
interactions

While the most numerous and best understood examples of G
proteins influencing cellular physiology follow the canonical pathway
of ligand-receptor-G protein-effector and involve target phosphoryla-
tion as well as activation of transcriptional pathways, evidence exists
for the role of unique pathways as described in this review. Affected
processes include cytoskeletal dynamics, cell growth and division, and
morphology.

Overexpression of Gauq in GH3 cells, a rat pituitary lactosomatotrophic
cell line, resulted in significant increases in TRH (Gog-associated recep-
tor) stimulated production of prolactin, demonstrating a functional role
for the overexpressed Gaq, as well as altered tubulin dynamics. These
cells also showed a 50% decrease in the ratio of soluble/polymerized

tubulin compared to vector-transfected cell. Additionally, Gaq produced
differential effects on polymerization of crude vs. purified extracts of
tubulin (inhibition and promotion, respectively), suggesting an important
role for other cellular factors in the regulation of this process [78]. G
proteins of various classes including Gas, Gail, and Gowo undergo cellular
redistribution and directly associate with microtubules during nerve
growth factor (NGF)-promoted differentiation of PC12 pheochromocyto-
ma cells. Similar changes are seen in N2A neuroblastoma cells, which
differentiate spontaneously. This may signify a G protein-mediated effect
on microtubules in development occurring in response to a variety of sig-
nals [79]. Expression of Gail in COS7 cells resulted in sequestration of
GPy by Gail and decreased receptor-mediated endocytosis, suggesting
arole for GPBy in endocytosis [80]. G protein 37y units have demonstrated
specific ability to inhibit transfer of GTP~S, to small GTPase actin cytoskel-
etal regulators RhoA and Rac1, but not CDC24 [81], and have also been
demonstrated to associate with actin fibers [82]. These findings display
the potential for multiple, interacting levels of regulation: G protein as
regulators of other G proteins, which in turn regulate factors involved in
cytoskeletal structure.

GPy units may have a role in early embryonic spatial organization. In
Caenorhabditis elegans, for example, G is most strongly expressed at
the membrane but transiently associates with asters (peri-centrisomal
microtubular structures) during early mitotic cycles. In experimental
embryos created deficient in Gf3, the mitotic spindle assumes random
orientations, with differentiating but disorganized tissue resulting.
Overexpression of G likewise results in abnormalities, including slow
growth and impairments in movement and egg-laying [83]. Dictyostelium
development also illustrates the importance of G3 action, as cells lacking
these proteins do not undergo normal aggregation [84]. Multicellular
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Dictyostelium development is also dependent on G subunit G5, as de-
creased or increased expression of this G protein results in slower or faster
tip formation, respectively [85].

Adding to the likely complexity of spindle orientation regulation are
the influences of guanine nucleotide dissociation inhibitors (GDIs), and
guanine nucleotide exchange factors (GEFs), which promote the GDP or
GTP-bound state of G protein a-subunits, respectively. Several GDIs
containing GoLoco motifs make important associations in regulating
spindle orientation: GPR1/2 in C. elegans [86], Pins in Drosophila [87],
and mammalian AGS3 and LGN [88,89]. These proteins bind Go and
promote dissociation of GPRvy subunits, and stabilize the GDP-bound
Go subunit. The GDI-bound Gor then complexes with microtubule-
associated proteins (NuMA in mammals [89], Mud in Drosophila [90],
and Lin-5 in C. elegans [86]) to influence spindle orientation. Conversely,
Ric-8A acts as a GEF activator of AGS3-bound Gail, and the effect of in-
terplay between GEF and GDI on the activated state (GTP-bound) of G
protein ai-subunit may coordinate the role of G subunit in this process
[91]. Importantly, these effects are independent of GPCR agonists, and
represent poorly understood, yet potentially critical G protein functions
[35].

The effect of GEF and GDI interaction on G protein may extend
beyond the realm of cell division to organism-level behavior. In
C. elegans, AGS3 and Ric-8 act upon Gao to regulate food-seeking behav-
ior. Animals deficient in Goo or AGS3 fail to modify certain behaviors in
response to short-term food deprivation, such as egg-laying rates and
food-seeking [92]. Furthermore, AGS3 moves from a Triton X-100 insol-
uble to a soluble fraction in whole animal lysate within several hours of
food deprivation [93]. This likely reflects intracellular information trans-
fer involving cytoskeletal components that is mediated by G proteins and
their associates.

9. Conclusion

This chapter has illustrated a complex series of interactions between
cytoskeletal components and heterotrimeric G proteins. It is designed to
illustrate how tubulin/microtubules participate in the process of G pro-
tein signaling as well as how G proteins, often acting as second messen-
gers, regulate cytoskeletal dynamics and resulting cellular morphology.
Much is left to learn about this process and it is hoped that the coming
years will help to polymerize our knowledge.
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