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Review 

Is Signal Transduction Modulated 
by an Interaction Between Heterotrimeric G-Proteins 
and Tubulin? 

Rudravajhala Ravindra 

Endocrine-Metabolic Division, Veterans Affairs Medical Center 
and Finch University of Health Sciences~The Chicago Medical School, North Chicago, IL 

Although it is generally accepted that tubulin plays an 
important role in G-protein-mediated signal transduc- 
tion in a variety of systems, the mechanism of this 
phenomenon is not completely understood. G-protein- 
tubulin interaction at the cell membrane and the cyto- 
sol, and the influence of such an interaction on cellular 
signaling are discussed in this review article. 

Because the diameter of a microtubule is 25 nm and the 
plasma membrane is 9-11 nm thick, it is not possible 
for membrane-associated tubulin to assemble into a 
complete microtubule in the membrane environment. 
However, tubulin heterodimers may be able to func- 
tion in the membrane environment as individual 
heterodimers or as polymers arranged into short 
protofilaments. At the cell membrane, membrane- 
associated tubulin may influence hormone-receptor 
interaction, receptor-G-protein coupling, and G-pro- 
tein-effector coupling. Structural proteins, such as 
tubulin, can participate in cellular signaling by com- 
municating through physical forces. By virtue of its 
interaction with the submembranous network of 
cytoskeletal proteins, tubulin, when perturbed in one 
locus, can transmit large changes in conformations to 
other points. Thus, GTP binding to membrane-associ- 
ated tubulin might lead to a conformational change in 
either receptors or G proteins. This may, in turn, influ- 
ence the binding of an agonist to its receptor. 

On the other hand, in the cell cytosol, subsequent to 
agonist-induced translocation of G-proteins from the 
membrane compartment to the cytosol, G-proteins 
may affect microtubule formation. In GH 3 and AtT-20 
cells (stably expressing TRH receptor), transiently 
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transfected with Gq(~ cDNA, soluble tubulin levels 
decreased in Gq(z-transfected GH 3 and AtT-20 cells, 
by 33% and 52%, respectively. These results suggest 
that G-proteins may have a direct effect on the micro- 
tubule function in vivo. 

Because tubulin and G-protein families are ubiquitous 
and highly conserved, an interaction between these 
two protein families may occur in vivo, and this, in 
turn, can have an impact on signal transduction. How- 
ever, the physiological significance of this interaction 
remains to be demonstrated. 

Key Words: Tubulin; G-proteins; colchicine; pac- 
litaxel; GTP. 

Introduction 

The discovery of cAMP had a great impact on the field 
of signal transduction (1), finally leading to the discovery 
of heterotrimeric guanine nucleotide binding proteins 
(G-proteins). G-proteins are a family of closely related pro- 
teins involved in the transfer of information from surface 
receptors to biochemical effector mechanisms in a variety 
of systems (2). At about the same time that cAMP was 
discovered, Peters (3) proposed that hormones act on cells 
by modifying their cytoskeleton. This interesting theory 
was not received with much enthusiasm at that time, prob- 
ably owing to the general perception of cytoskeleton as a 
rigid structure, merely involved in cellular movements and 
the maintenance of cell shape. We now know that some of 
the components of the cytoskeleton, such as actin and tubu- 
lin, are dynamic proteins, with a number of different func- 
tions, including the ability to bind ATP or GTP, and 
hydrolyze them (4). Although these proteins can also 
polymerize into large filamentous structures known as 
microtubules or microfilaments, they also appear to have 
a number of important functions while in the unpolymerized 
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state. There is a general consensus that actin and tubulin 
play an important role in signal transduction in a variety 
of systems (5-7). 

A comprehensive review of the role of cytoskeletal pro- 
teins in signal transduction was published (5). The role of 
actin in signal transduction was described in several recent 
reviews (6-9). 

This article will critically examine the following: 

�9 G-protein-tubulin interaction at the cell membrane and 
the cytosol. 

�9 The influence of such an interaction on cellular signaling. 
�9 The importance of this interaction for signal transduction. 

G - P r o t e i n s  

G-proteins are a family of closely related proteins 
involved in the transfer of information from surface recep- 
tors to biochemical effector mechanisms in a variety of 
systems (2,10-22). G-protein-linked responses regulate 
many cellular processes in vivo, such as the hormonal regu- 
lation of metabolic pathways (e.g., lipolysis, glycogenoly- 
sis, and gluconeogenesis). In addition to defining the 
specificity by which a particular receptor modulates a cer- 
tain intracellular signaling system, G-proteins regulate the 
duration of the signal. G-proteins consist of a variable m-sub- 
unit (39-46 kDa) and ~- and y-subunits (35-36 and 8 kDa, 
respectively). Several species of G~-subunits have been 
identified: Gsc ~ mediates stimulation of adenylyl cyclase by 
13-adrenergic (and other) receptors, Gic ~ mediates inhibition 
of adenylyl cyclase by muscarinic (and other) receptors 
(23-26); Gqc ( regulates phospholipase C in liver and brain 
(27-30). Goc~ mediates signaling pathways that regulate 
the locomotion, egg-laying, and male mating behavior in 
the roundworm Caenorhabditis elegans (31,32). Other 
G-proteins transduce signals from special sense recep- 
tors. Gustducin is implicated in the transduction of taste 
in the rat taste buds (33). The expression of transducin 
in some taste receptor cells suggests that transducin, in 
addition to its function in vision (34-36), is involved in taste 
transduction (37,38). 

The regulation of a particular effector is determined by 
the type of G-protein that is coupled to a specific hormone 
receptor. For example, in the pituitary, corticotropin-releas- 
ing hormone receptor coupling to Gs~ results in the stimu- 
lation of adenylyl cyclase, somatostatin receptor coupling 
to Gic ~ causes the inhibition of adenylyl cyclase, and 
thyrotropin-releasing hormone (TRH) receptor coupling to 
Gqc ( results in the stimulation of phospholipase C (2). 

Until recently, it was thought that the ~-subunit interacts 
with effector molecules, such as adenylyl cyclase and phos- 
pholipase C, and [3- and y-subunits merely regulate the lev- 
els of the free (z-subunits. However, recent evidence 
emerging from various laboratories suggests that [~y-sub- 
units directly interact with receptor as well as effector 
molecules (39,40). For example, purified [3y-subunits 

associate with 131-adrenoceptor purified from turkey eryth- 
rocyte membranes (41), and somatostatin receptors from 
rat brain and AtT-20 pituitary cells (42). ~y-subunits 
enhance the agonist-stimulated receptor phosphorylation 
and desensitization in the ~-adrenergic and rhodopsin 
systems (43). [3y-subunits stimulate type II adenylyl 
cyclase (44-46), and different isoforms of phospholipase 
C (47-49). These results suggest that an agonist bind- 
ing to its receptor can stimulate one effector pathway 
through the c(-subunit and an entirely different pathway 
through the ~y-subunits. 

T u b u l i n  

Tubulin has a mol wt of 100 kDa and is composed of two 
nonidentical subunits, (~ and ~ (50,51). A new member of 
the tubulin family, the y-tubulin (50 kDa), is associated 
with microtubule nucleating structures, such as spindle- 
pole bodies in fungal cells and centrosomes in vertebrate 
cells (52,53). y-Tubulin was first discovered in the fungus 
Aspergillus nidulans (54). Subsequently, using homology- 
based approaches, y-tubulin genes were cloned from ani- 
mals (55,56), plants (57), and other fungi (55). Recently, a 
y-tubulin-like protein was identified in the yeast Saccharo- 
myces cerevisiae (58,59). 7-Tubulin binds with high affin- 
ity to the minus end of microtubules and is present mainly 
at the ends of microtubules occurring near the micro- 
tubule-organizing centers, suggesting that large amounts 
of 7-tubulin are unlikely to be present in microtubules (60). 
y-Tubulin nucleates tubulin assembly by interacting with 
~-tubulin, and is essential for centrosome function in vivo 
(61) and in vitro (62,63). Microinjection of anti-y-tubulin 
antibodies into mammalian cells inhibits the assembly of 
mitotic spindles (61). 

Tubulins have remained very stable in evolution, his- 
tones apparently being the only class of proteins that have 
undergone less change since the origin of eukaryotes; for 
example, common antigenic determinants in microtubules 
from mammals, birds, reptiles, teleosts, and diptera have 
been reported (64,65). 

Tubulin has two guanosine nucleotide binding sites per 
dimer. One is exchangeable (E-site on ~-tubulin), the other 
nonexchangeable (N-site on (z-tubulin). Although at both 
sites, GTP is bound noncovalently, the N-site GTP can only 
be removed by denaturing the protein, whereas the E-site 
GTP is exchangeable with free GTP, and is hydrolyzed 
during tubulin polymerization (66-72). Tubulin migrates 
on electrophoresis columns with several associated pro- 
teins of higher molecular weight. The presence of these 
microtubule-associated proteins (MAPs), often in stoichio- 
metric relation to tubulin, suggests a regulatory role of 
MAPs in the structure of microtubules (73). Tubulin from 
the rat brain can be assembled in vitro to form microtubules 
with an exterior diameter of 25 nm. Microtubules generally 
grow in definite directions from initiation centers, such as 
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basal bodies or centrioles, and studies conducted in vitro on 
the directionality of microtubule growth from such initia- 
tion sites reveal that microtubules increase their length 
mainly in one direction. Tubulin assembly appears to be a 
sequential process, consisting of nucleation, elongation, 
monomer-polymer equilibrium, and length redistribution. 
Tubulin polymerization appears to be regulated by phos- 
pholipids. For example, in brain extracts having the capac- 
ity to form microtubules, polymerization is inhibited by 
phospholipase A (74-78). 

In addition to serving as a component of cytoarchitec- 
ture, microtubules, because of their ability to depolymerize 
and repolymerize, are an integral part of mitotic spindle, 
cilia, and flagella (79,80). Moreover, tubulin is involved in 
the intracellular transport and secretion of proteins (81), 
chromosome movement (82), protein mobility in cell mem- 
branes (83,84), axoplasmic transport in nerve tissue (85), 
and signal transduction (86-89). Microtubule function is 
generally investigated by the use of colchicine, vinblastine, 
paclitaxel, and deuterium oxide (D20). Colchicine and vin- 
blastine inhibit the assembly of tubulin monomers into 
microtubule polymers. Paclitaxel alters the equilibrium 
between the soluble and polymerized forms of tubulin by 
overstabilizing them in their polymerized form (90-98). 
D20 increases the initial rate of tubulin polymerization as 
well as the final extent of the polymers; the total number 
and the length of microtubules is increased by D20 (99). 
Antitubulin antibodies, which inhibit the formation of 
microtubules (100), are also used as probes to investigate 
the role of tubulin in cellular processes. 

Most of the information regarding the biochemical prop- 
erties of tubulin is derived from tubulin purified from 
cytosol of mammalian brain, since this is an abundant 
source of this protein. Data obtained in various species 
suggest that a small amount of tubulin is associated with the 
cell membranes. The identification and physicochemical 
properties of membrane-associated tubulin from various 
sources, such as nerve synaptosomes and myelin, platelets, 
thyroid, brain, liver, cilia, and cell cultures, were exten- 
sively reviewed (101). When identifying membrane-asso- 
ciated tubulin, it is important to rule out the contamination 
of plasma membranes with soluble tubulin (of cytosolic 
origin) as a consequence of homogenization and isolation 
procedures. Tubulin comprises of 13-15% of the soluble 
protein of mouse brain (102,103); in the synaptosomal frac- 
tion tubulin content is 28% of the total protein (103). In cell 
cultures, the amount of tubulin is about 3.5% of total cell 
protein in 3T3 (102) and HeLa cells (104). Therefore, it is 
imperative that the enrichment of plasma membranes is 
monitored using plasma membrane marker enzymes. In 
addition, membrane-associated tubulin should be unambigu- 
ously identified using two-dimensional gel electrophoresis. 
One-dimensional gel electrophoresis and immunoblotting 
techniques are not sensitive enough to detect the small 
amounts of membrane-associated tubulin. 

The molecular weight of membrane-associated tubulin, 
isolated from various sources, is similar to that isolated 
from brain cytosol. It appears that c~-tubulin is more tightly 
associated with plasma membranes. In purified synaptoso- 
mal membranes (105,106) and scallop ciliary membranes 
(101), c~-tubulin is more abundant than [3-tubulin. Using 
immunofluorescence and two-dimensional gel electro- 
phoresis, the presence of c~- and [3-tubulin subunits in asso- 
ciation with purified plasma membranes in the rat anterior 
pituitary lobe and GH 3 cells was demonstrated (107). The 
total amount of membrane-associated tubulin (c~ + 13 tubu- 
lin subunits) in GH 3 cells is approx 40% of that present in 
the rat pituitary. Twenty-seven percent of the membrane- 
associated tubulin in the rat pituitary is ~3-tubulin and 73% 
is ~-tubulin; 17% of the GH 3 cell tubulin is [3-tubulin, and 
83% is ~-tubulin. That this disproportionate distribution of 
the two subunits may have some functional significance is 
suggested by the observation that in GH 3 cell membranes, 
GqccGTPase activity is stimulated by c~-tubulin antibody 
and inhibited by [3-tubulin antibody (86). 

Membrane-associated tubulin appears to differ from 
cytosolic tubulin in the ability to associate with lipids, the 
lack of carboxy-terminal tyrosine, and in isoetectric point 
(101). One important difference between these two tubu- 
lins is that tubulin in the cytosol can assemble into micro- 
tubules. On the other hand, membrane-associated tubulin 
cannot form into microtubules in the membrane environ- 
ment. Tubulin heterodimers can polymerize into linear 
protofilaments, which are roughly 2 nm in diameter and 
assemble into a complete microtubule, which is a hollow 
cylinder made up of 13 protofilaments (75). Since the 
diameter of a microtubule is 25 nm and the plasma mem- 
brane is 9-11 nm thick, it is not possible for membrane- 
associated tubulin to assemble into a complete microtubule 
in the membrane environment. However, tubulin hetero- 
dimers may be able to function in the membrane environ- 
ment as individual heterodimers or as polymers arranged 
into short protofilaments. Tubulin obtained from the mem- 
branes of brain, thyroid, algae, and avian erythrocytes can 
copolymerize with pure tubulin (obtained from the rat brain 
cytosol) in vitro (101). 

G-protein-Tubulin Interaction at Cell Membrane 

Heterotrimeric G-proteins and tubulin are both "G-pro- 
teins" in the sense that their activity is regulated by gua- 
nine nucleotides (108). Similarities between G-proteins 
and tubulin include: 

1. Considerable homology and a highly conserved nature 
(108,109). 

2. ADP ribosylation sites for both cholera and pertussis tox- 
ins: ADP ribosylation inactivates both Gic ~ and Gsc ~ (14), 
and inhibits tubulin assembly into microtubules (110). 

3. Mg2+-dependent binding and hydrolysis of GTP; GTP 
causes the dissociation of Gc(subunit from ~7-subunits 
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and GDP promotes the association of Gccsubunit with 
~7-subunits; GTP-bound Gc~ is active, whereas GDP- 
bound Gc~ is inactive (12). On the other hand, the polymer- 
ization of tubulin into microtubules is accompanied by 
tubulin-induced hydrolysis of GTP (68,69). The K m of 
G-protein GTPase activity (EC 3.6.1.-) is quite low, for 
example, 0.4-0.7 BM in the rat striatum (111,112), O. 1 gM 
in the turkey erythrocytes (113), and 0.6 I.tM in the rat 
anterior pituitary lobe (Ravindra and Aronstam, unpub- 
lished results). Tubulin-GTPase activity is not a typical 
enzyme activity and hence a K m value for this reaction has 
not been determined (66,67). K d values of GTP binding to 
tubulin, reported by various laboratories, range from 0.01- 
1 gM; this large variation may be owing to the use of 
different experimental conditions and methods. It appears 
that pH of the reaction mixture has a profound influence 
on nucleotide affinity for tubulin. K a for GDP was 0.02 
and 1.0 gM at pH 7.0 and 6.0, respectively; K d values for 
GTP are also in a similar range (for references, see 90). 
K d values for GTP[TS], GTP, and GDP binding to Gic ~ are 
12, 25, and 25 nM, respectively (114). K d for GDP binding 
to Goc ~is approx 40 nM, and in the presence of ~7-subunits, 
it is 0.1 nM (12). Thus, GDP/GTP binding to Ga-subunits 
is highly dependent on 137-subunits. 

Hormone-ReceRtor Interaction 

It is generally believed that the magnitude of the response 
of a particular receptor system is directly proportional to 
the number of receptors activated by an agonist. In addi- 
tion, according to the prevailing dogma, G-protein-coupled 
receptors exist in an inactive form, and become active on 
binding of an agonist to its receptor. Recent evidence using 
transgenic mice suggests that a reappraisal of this dogma is 
in order. In one transgenic model, a class of excitatory car- 
diac receptor is overexpressed by 200-fold. Even in the 
absence of the physiological agonist, the animals' hearts 
behave as if they are maximally stimulated. These results 
suggest that in a pool of unoccupied receptors, some can 
always exist in an active form. According to the new model 
of ligand-receptor interaction, on exposure to an agonist, 
the inactive receptors become active and join the already 
active ones. The net result would be an increase in the 
responsiveness of a particular system in response to the 
newly added agonist (115). 

The present understanding of the mechanism of the 
G-protein signal transduction pathway is mainly obtained 
by studies with reconstituting purified components. Although 
the information gained with such elegant biochemical 
approaches is very valuable, the physiological significance 
of the data remains uncertain, since the cell membranes of 
eukaryotic cells are more complex than the reconstituted 
systems. The membrane is made up of heterogeneous com- 
ponents, and its dynamic properties are probably governed 
by localized interactions. 

Therefore, it is conceivable that a particular region of the 
membrane may behave in a different manner compared to 

another region. Moreover, compared to intact cells, the 
specificity of receptor-G-protein interaction appears to be 
less in the reconstituted systems. Furthermore, in view of 
the observations that G-proteins and receptors interact with 
cytoskeletal proteins in the membrane environment, it 
seems prudent to reconsider the topology of the compo- 
nents of the signal transduction system. 

The organization of receptors, G-proteins, and cyto- 
skeletal proteins in the native membrane environment is 
not clear. It is generally believed that receptors, G-proteins, 
and effectors are freely floating around in the plasma mem- 
brane, and the specificity of their interaction is governed by 
the three-dimensional structure of the sites of protein-pro- 
tein interaction. However, several studies suggest that 
receptors exist in the native membrane environment in a 
more orderly manner. In the frog erythrocyte membranes, 
using steady-state fluorescence depolarization, it was 
observed that propranolol- (a high-affinity [3-adrenergic 
receptor antagonist) receptor complex is dynamically con- 
strained. When the membranes were exposed to colchicine, 
a release in the constraint was observed, suggesting that 
receptors are complexed with tubulin in situ (116). Using 
target size analysis, it was determined that the functional 
size of the transduction system (prior to activation by glu- 
cagon) in the rat liver membranes is approx 1500 kDa; after 
activation with the hormone, the functional size is reduced 
by a factor of 4. In addition, the combined molecular weight 
of glucagon receptor, Gsc~, and adenylyl cyclase is not more 
than about 210 kDa, suggesting that in order to account for 
1500 kDa, the transduction system should comprise of other 
structures than these three components (17,18,117,118). In 
the rat brain synaptoneurosomes, crosslinking of proteins 
causes the formation of crosslinked G-protein subunits 
similar to that of crosslinked actin or tubulin (119). Since 
detergents, such as Lubrol and sodium cholate, are gener- 
ally used to extract G-protein subunits, the possibility that 
these detergents disrupt the multimeric structure of G-pro- 
teins was considered. The size of G-protein structures, 
extracted with various detergents, was determined by 
hydrodynamic properties on sucrose gradients, and it 
appears that octyl glucoside preserves the multimeric struc- 
ture. Extraction of main classes of G-proteins with octyl 
glucoside results in large, polydisperse structures sensitive 
to disaggregation by GTP[TS] and agonists (120,121). In 
addition, G-proteins extracted with digitonin and subjected 
to crosslinking do not enter the stacking gel, suggesting that 
multimeric structures are obtained with this detergent; in 
contrast, Lubrol-extracted G-proteins are much smaller in 
size (122). Taken together, these observations suggest that 
G-proteins occur in the native membrane environment as 
part of larger complexes, and that agonist activation promotes 
the disaggregation of a putative multimeric structure con- 
taining receptors, G-proteins, and effector molecules (17,18). 

GTP[yS] binding to purified brain G-proteins is poten- 
tiated by the addition of PC-12 cell membrane prepara- 
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tions, supporting the theory that G-proteins associate with 
other protein factors in the native membrane environment 
(123). Association of the erythrocyte cytoskeleton with G s 
(124) and the ~-subunit of a G-protein with the cytoskeleton 
of $49 mouse lymphoma cells (125) have been observed. In 
WRK 1 cells, a rat mammary tumor cell line, using immuno- 
fluorescence and immunoblotting techniques, it was 
observed that actin and Gqc ~ are closely associated (126). 
Actin cytoskeleton may play a role in the association of 
P2y-purinergic receptor, Gqct, and phospholipase C in the 
turkey erythrocytes (127). CD2, a 50-kDa glycoprotein 
located on the surface of human T-lymphocytes, interacts 
with tubulin; this interaction appears to take place at the 
membrane-proximal part of the cytoplasmic domain of the 
CD2 molecule. Activation of CD2 with anti-CD2 antibod- 
ies disrupts the CD2-tubulin complex, suggesting that T-cell 
activation involves the dynamic interaction of CD2 with 
tubulin (128). Thus, these results suggest the interaction of 
G-proteins and receptors with cytoskeletal proteins. 

Influence of CyWskeletal Proteins 
o n  Agonist-Receptor Interaction 

It was proposed that certain cell-surface receptors inter- 
act reversibly with membrane-associated tubulin, and both 
the components influence each other. The state (conforma- 
tion or nucleotide binding) oftubulin may be altered by one 
set of receptors leading to perturbation in another set of 
receptors (129). Alteration of cytoskeletal proteins may 
influence the mobility of integral membrane proteins, lead- 
ing to the expression of more ligand binding sites on cell 
surfaces. Recent results suggest that cell-surface receptors 
are linked by membrane proteins to structures (possibly 
cytoskeletal proteins) within the cytoplasmic domain. 
Glycophorin A, an integral protein in the red cell mem- 
brane, was observed to be one such protein (130). Gephyrin, 
a 93-kDa microtubule binding protein, appears to link gly- 
cine receptor to tubulin in synaptic membranes (131). In the 
rat brain membranes, y-aminobutyric acid A (GABAA) 
receptors copurify with tubulin, and coassemble with exog- 
enous tubulin through three cycles of polymerization and 
depolymerization, suggesting that GABAA receptors are 
associated with tubulin (132). Muscimol- (a GABA ago- 
nist) stimulated chloride uptake by mouse cerebral cortical 
microsacs is inhibited by drugs known to influence micro- 
tubule function (133). Guanine nucleotides mimic gonado- 
tropin-releasing hormone (GnRH) in that they stimulate 
luteinizing hormone (LH) secretion and inositol phosphate 
accumulation in the rat anterior pituitary cell cultures (134). 
GTP and GTP[yS] decrease the affinity of pituitary mem- 
branes for GnRH and stimulate LH secretion in the rat 
anterior pituitary cell cultures (135). Guanine nucleotides 
inhibit the binding of [125I]GnRH agonist to bovine anterior 
pituitary membranes without affecting the binding of 
[I25I]GnRH antagonist (136). TRH binding to plasma mem- 
brane receptors leads to the phospholipase C-mediated 

hydrolysis of phosphatidlylinositol, which gives rise to 
inositol phosphate and diacylglycerol, as weld as an 
increase in cytosolic free calcium ion concentration (137); 
these effects of TRH are potentiated in the presence of GTP 
and its analogs (138-140). GTP and GTP analogs also 
inhibit [3H]TRH binding to pituitary cell membranes by 
decreasing receptor affinity (141). These observations raise 
the possibility that the effects of guanine nucleotides might 
be owing to their interaction with membrane-associated 
tubulin and/or G-proteins. 

Structural proteins, such as tubulin, can participate in 
cellular signaling by communicating through physical 
forces. By virtue of its interaction with the submembranous 
network of cytoskeletal proteins, tubulin, when perturbed 
in one locus, can transmit large changes in conformations 
to other points (142). Thus, GTP binding to membrane- 
associated tubulin might lead to a conformational change in 
either receptors or G-proteins. This may in turn influence 
the binding of the agonist to its receptor. 

Microtubules in a cell are in a state of dynamic equilib- 
rium, undergoing polymerization and depolymerization, 
and any alteration in the monomer/polymer status can lead 
to a change in the number of receptors and/or the affinity of 
a hormone to its receptor. Ward and Hammer (143) postu- 
lated that polymerization of ligand receptor-cytoskeleton 
complexes leads to receptor clustering and that the forma- 
tion of this complex is sensitive to changes in the affinity of 
cytoskeletal proteins. Data from various systems suggest 
that the integrity of the cytoskeletal proteins that are asso- 
ciated with the plasma membrane plays an important role in 
receptor mobility and surface distribution. Vinblastine 
blocks GnRH-induced patching and capping on cul- 
tured rat pituitary cells (144). Cytochalasin B (which dis- 
rupts microfilaments) treatment of Xenopus oocytes 
inhibits muscarinic (m3-1ike) receptor expression. In 
Xenopus oocytes transfected with TRH receptor, colchi- 
cine and vinblastine do not affect the expression of TRH 
receptor, whereas cytochalasin B inhibits the expression of 
TRH receptor by 70% (145). Cytochalasin B causes a sig- 
nificant increase in the binding of fMet-Leu-Phe (formyl 
peptide receptor agonist) to the human leukemia cells with- 
out altering the affinity of the ligand to the receptors (146). 
fMet-Leu-Phe or GTPyS (which directly activates G-pro- 
teins) promotes the association between formyl peptide 
receptor and actin-cytoskeleton in the human neutrophils; 
it appears that subsequent to this association, Gi~2-subunits 
are released from actin-cytoskeleton. Interestingly, GDP[3S, 
a GDP analog that inhibits the activation of G-proteins, 
prevents the association of the receptor with the cytoskel- 
eton as well as the release of Gic~2-subunits, leading to the 
proposal that the interaction of cytoskeleton with formyl 
peptide receptor is governed by G-proteins (147). In AtT-20 
cells (stably expressing TRH receptors), colchicine, vin- 
blastine, and paclitaxel stimulate [3H]mTRH binding to 
cell-surface receptors, without altering the K a of the ligand 
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to the receptor. Thus, perturbation of cytosolic microtu- 
bules leads to a reorganization of the spatial location of 
hormone receptors (148). Conceivably, either depoly- 
merization or polymerization of the cytosolic microtubules 
appears to unmask new receptor binding sites. These results 
suggest that under normal conditions, a significant portion 
of receptors are cryptic and not available for ligand bind- 
ing. It is plausible that microtubules provide one of the 
mechanisms to prevent desensitization. In view of the evi- 
dence that colchicine interacts with and modifies the 
behavior of membrane proteins in the ciliate eukaryote Tet- 
rahymena pyriformis (149), the increase in cellular TRH 
receptor concentration by colchicine suggests that in addi- 
tion to polymerization and depolymerization cycles of 
tubulin, perturbation of membrane proteins may be respon- 
sible for the action of the drug. Since this work (148) 
was carried out with intact cells, it is not clear whether 
the effect on TRH receptors is mediated via the drug 
action on cytosolic microtubules or a direct action of the 
drugs on membrane proteins, independent of the drug effect 
on microtubules. 

Receptor-G-Protein Coupling 
According to the generally accepted model of G-protein 

function, the binding of an agonist to its receptor facilitates 
an exchange of GTP for GDP on the c~-subunit. The acti- 
vated c~GTP-subunit dissociates from the [37-subunits, and 
interacts with effector molecules, such as adenylyl cyclase; 
this dissociation of G-protein subunits was shown to take 
place in solution as well as in situ (i.e., for membrane-bound 
G-proteins; 13). An intrinsic GTPase activity of the m-sub- 
unit hydrolyzes GTP to GDP, releasing inorganic phos- 
phate (Pi); c~GDP then recombines with 13y, ending the 
activation cycle. However, the observation that in verte- 
brate rod photoreceptors, deactivation of signal transduc- 
tion occurs without concomitant GTP hydrolysis suggests 
an alternative mechanism for ending the G-protein activa- 
tion cycle (150). Moreover, phospholipase C 131 stimulates 
the GTPase activity of Gqa, suggesting that the ability to 
generate second messengers as well as G-protein GTPase 
activity can reside in the effector molecule itself (151). 

To examine the role of tubulin in receptor-G-protein 
coupling, the effect of various compounds that influence 
tubulin function was studied on G-protein GTPase activity 
(EC 3.6.1 .-) associated with cell membranes. The GTPase 
activity determined was identified as being associated with 
G-proteins on the basis of: 

1. Its low Km. 
2. Its stimulation by G-protein-coupled receptor agonists. 
3. Its inhibition by specific anti-Gc~ protein antibodies. 
4. Its copurification with G-proteins during chromatographic 

procedures (86,152). 

Colchicine inhibits acetylcholine- (ACh) stimulated 
G-protein GTPase activity in the rat striatal membranes; 

lumicolchicine, an inactive isomer of colchicine, does not 
influence ACh action. Interestingly, colchicine inhibition 
of ACh-stimulated GTPase activity was observed only at a 
lower concentration of the neurotransmitter and not at 
100 l.tM ACh, suggesting that higher concentrations of the 
neurotransmitter can override the inhibitory effects of the 
drug (152). Colchicine and paclitaxel inhibit TRH- and 
GnRH-stimulated G-protein GTPase activity in membranes 
from the rat anterior pituitary lobe (153). In GH 3 cell mem- 
branes colchicine, but not paclitaxel, inhibits TRH-stimu- 
lated G protein GTPase activity (86). Independent of its 
effects on tubulin polymerization, and depending on the 
buffer conditions employed, colchicine either stimulates or 
inhibits tubulin-dependent GTP hydrolysis. For example, 
in the presence of glutamate, colchicine stimulates tubulin- 
GTP hydrolysis (154); in the presence of glycerol, this drug 
inhibits tubulin-GTP hydrolysis (155). It was determined 
that under the buffer conditions used to assay G-protein 
GTPase activity, purified tubulin does not hydrolyze GTP 
(86). Moreover, in view of the similarity between tubulin 
and G-proteins, the possibility that colchicine acts directly 
on G-proteins was investigated. The drug does not affect 
the GTPase activity of a mixture of partially purified bovine 
brain G-proteins comprising Gic~, Gsc~, and Gqa (86). 

Anti-~-tubulin and I]-tubulin antibodies stimulate basal 
G-protein GTPase activity in the rat striatal membranes and 
potentiate ACh-stimulated activity (112). In contrast, in 
GH 3 cell membranes, anti-~-tubulin antibody stimulates 
the GTPase activity, whereas anti-13-tubulin antibody 
inhibits the enzymatic activity. However, in the presence of 
either of these antibodies, TRH-stimulated GTPase activ- 
ity is inhibited (86). Tubulin-G-protein interaction might 
be perturbed in the presence of tubulin antibodies, leading 
to a destabilization of hormone receptor-G-protein interac- 
tion. In some tissues, such as the rat striatum, this destabi- 
lization can cause excessive activation of G-protein(s) by 
an agonist (112), and in other systems, such as the GH 3 
cells, it can depress the activation of G-protein(s) by the 
hormone (86). The possibility that tubulin antibodies used 
in this study may crossreact with G-proteins present in GH 3 
cell membranes (156,157) was investigated by immuno- 
blotting purified bovine brain Go~-subunits with tubulin 
antibodies. The tubulin antibodies used in this study do not 
crossreact with Gic~, Gsa, and Gqc ~ (86). 

Phosphocellulose-purified tubulin, devoid of MAPs, was 
used at concentrations (0.4-1.4 nM) that probably reflect 
those in the native membrane environment; tubulin was not 
subjected to charcoal treatment, and therefore, the nucleotide 
binding site should be occupied by GTP. Tubulin (1.4 nM) 
inhibits basal and TRH-stimulated GTPase activity of GH 3 
membranes. Tubulin is capable of hydrolyzing GTP under 
specific buffer and pH conditions, different from those used to 
assay G-protein GTPase activity (90). Under the buffer con- 
ditions employed to assay G-protein GTPase activity, purified 
tubulin (1-100 nM) does not hydrolyze GTP (86). 
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Since tubulin antibodies inhibit TRH receptor-G-pro- 
tein coupling, one might have expected purified tubulin to 
have an opposite effect. In fact, purified tubulin also inhib- 
its hormone receptor-G-protein interaction. Addition of 
purified tubulin to GH3 cell membranes may alter the 
dynamics of an interaction between Gq and endogenous 
membrane-associated tubulin. Whether tubulin-induced 
inhibition of TRH-stimulated GTPase activity results from 
an indirect effect of tubulin interaction with other protein(s) 
in the membrane remains to be investigated. It appears that 
in GH 3 cells, an excess of tubulin in the membrane environ- 
ment may cause the system to be refractory to hormone 
stimulation (86). 

Colchicine, purified tubulin, and tubulin antibodies only 
modestly inhibit [3H]TRH binding to GH 3 cell membranes; 
the inhibition ranged from 7-26% (86). These results are 
similar to previous observations with $49 mouse lymphoma 
cells, wherein the binding of [~-adrenergic antagonist, 
[3H]dihydroalprenolol, is not significantly influenced by 
colchicine (158). The partial inhibition of [3H]TRH bind- 
ing does not explain the complete suppression of TRH- 
stimulated GTPase activity by these compounds. These 
results suggest that these compounds act at a site beyond 
hormone-receptor interaction to bring about their complete 
inhibition of TRH-stimulated GTPase activity (86). How- 
ever, an inhibitory effect of the compounds on receptor 
activation after TRH binding cannot be ruled out. 

G-Protein-Effector Coupling 
To study the role of tubulin in G-protein-mediated signal 

transduction, many investigators used the cAMP-adenylyl 
cyclase system. Association of adenylyl cyclase with 
microtubules has been reported (159,160). Microtubule- 
disrupting drugs increase cAMP accumulation in $49 
mouse lymphoma cells (158,161), mixed human leukocytes 
(162), leukemia cells (163), human lymphocytes (164), rat 
synaptosomal membrane-enriched fractions (165), and 
myometrium (166). In contrast, colchicine inhibits adreno- 
corticotropic hormone- (ACTH) stimulated cAMP produc- 
tion in primary cultures of the rat adrenal glomerulosa cells 
(167). In $49 cells, colchicine and vinblastine potentiate 
isoproterenol- and cholera toxin-stimulated cAMP produc- 
tion in $49 lymphoma cells, suggesting that the drugs influ- 
ence the interaction of G-protein with adenylyl cyclase (89). 
This conclusion is supported by the potentiation of cholera 
toxin-stimulated cAMP production by colchicine in UNC 
$49 cells with impaired receptor-G-protein coupling (owing 
to a mutation in Gsc~) 

Tubulin, purified from rat brain, was stripped of bound 
GTP by charcoal treatment, and then polymerized at 37~ 
in the presence of 5'guanylylimidodiphosphate (Gpp [NH]p); 
this process yields tubulin bound to Gpp(NH)p at the 
exchangeable site on 13-tubulin subunit of the heterodimer. 
Incubation of 400 gg of the rat synaptic membrane-enriched 
fractions with 1-10 gM tubulin-Gpp(NH)p causes a con- 

centration- dependent inhibition of adenylyl cyclase activ- 
ity; this inhibition is not reversible after washing the mem- 
branes. Charcoal-extracted tubulin (i.e., without GTP at 
~-tubulin) is unable to inhibit adenylyl cyclase activity, 
whereas Gpp(NH)p alone inhibits the enzymatic activity 
(168). The use of very high concentrations of tubulin (1- 
10 gM) raises the question of whether the native membrane 
environment is ever exposed to such high levels of tubulin. 
Tubulin-Gpp(NH)p stimulates adenylyl cyclase activity in 
C6 glioma cell membranes and inhibits the enzymatic 
activity in the rat cerebral cortex cell membranes (88,169). 
Using immunoblotting, it was observed that Gsa and Gic~l 
are present in the cortex membranes, whereas only Gsa is 
detectable in C6 cell membranes. Therefore, it was con- 
cluded that the lack of Gi~ 1 in C6 membranes allows 
tubulin-Gpp(NH)p to interact with Gsc ~, leading to the 
stimulation of adenylyl cyclase activity (88). In spite of the 
presence of both Gic~l and Gs~ in the rat cortex membranes, 
it is not clear why Gic~l interacts specifically with tubulin- 
Gpp(NH)p; specific binding of [125I]tubulin was reported 
to both Gie~l and Gsc ~ (170). Based on detergent extraction 
and photoaffinity labeling studies, it was postulated that 
most of the Gsc ~in the rat cortex membranes is already bound 
to tubulin; therefore, exogenous tubulin-Gpp(NH)p would 
have to bind Gic~l (88). Tubulin polymerized in the presence 
of GTP was also shown to inhibit adenylyl cyclase activity 
in the rat synaptic membrane-enriched fractions; this is 
reversible after washing the membranes. In the rat synaptic 
membrane-enriched preparations, monoclonal anti-~-tubu- 
lin and [3-tubulin antibodies block the inhibition of adenylyl 
cyclase activity by tubulin-Gpp(NH)p. These antibodies 
do not influence the basal enzymatic activity (171). It would 
be interesting to know the effect of the antibodies on 
agonist-stimulated adenylyl cyclase activity, since this 
would indicate whether endogenous tubulin participates in 
the regulation of the cAMP-adenylyl cyclase system. 

COS 1 cells were transiently transfected with Gsc ~ and 
then permeabilized with saponin. Cells were removed 
from the culture dish and challenged with isoproterenol 
(a [3-adrenergic receptor agonist), Gpp(NH)p, or tubulin- 
Gpp(NH)p; tubulin-Gpp(NH)p potentiates isoproterenol- 
stimulated adenylyl cyclase activity. These observations 
led to the hypothesis that tubulin-Gpp(NH)p binds to 
heterotrimeric G s, and facilitates the release of GDP from 
Gsc ~ and the dissociation of Gsa from the ~y-subunits. Sub- 
sequently, tubulin-Gpp(NH)p-Gsc~ complex activates 
adenylyl cyclase (172). In this scheme, the effect of ~7-sub- 
units on adenylyl cyclase activity was not taken into con- 
sideration. 137-subunits stimulate type II adenylyl cyclase 
(44-46) and different isoforms of phospholipase C (47-49). 
Moreover, some agonists acting via G-protein-coupled 
receptors induce the reorganization of the cytoskeleton 
(see Hormone-Induced Reorganization of Cytoskeleton); 
it is not known whether isoproterenol is one of these ago- 
nists. In addition, cytoskeletal reorganization might influ- 
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ence receptor-G-protein and/or G-protein-effector coupling 
(see Influence of Cytoskeletal Proteins on Agonist-Recep- 
tor Interaction). Therefore, the effect of tubulin-Gpp(NH)p 
on adenylyl cyclase activity using intact cells may not solely 
reflect the association of membrane-associated tubulin with 
Gsc e The potentiation of adenylyl cyclase activity by 
tubulin-Gpp(NH)p could be owing to the cumulative effect 
of both cytosolic and membrane-associated tubulin. 

G-Protein-Tubulin Interaction in Cell Cytosol 

In addition to an interaction at the plasma membrane, 
recent studies suggest an interaction between these two 
protein families in the cytosol. 

Agonist-lnduced Translocation 
of G-Proteins into Cytosol 
That G-proteins act as shuttles between the plasma mem- 

brane and cytoplasm was proposed by Chabre (173). It was 
proposed that although G-proteins interact transiently with 
receptors and effectors, the important interactions are not 
in the membrane, but in the cytosol. This theory is sup- 
ported by the demonstration of G-proteins in the cytosol of 
neutrophits (174-176), and in primary cultures of the rat 
anterior pituitary lobe (157,177). Furthermore, agonist- 
induced translocation of G~-proteins from the plasma mem- 
brane to nonplasma membrane compartments of cells has 
been demonstrated in various systems (i 78). 

In human embryonal kidney cells using immunofluores- 
cence and immunoblotting methods, it was observed that 
isoproterenol activation of [~-adrenergic receptor causes a 
shift of Gsa from the plasma membrane to the cytosol. A 
threefold increase in Gs~ is observed in the soluble fraction 
on receptor activation. As a fraction of the total amount of 
Gsa in the cell, the quantity of Gsc ~ in the soluble fraction is 
quite small. Approximately 90% of Gs~ is found to be 
associated with the particulate fraction after activation of 
the cells with isoproterenol (I 79). In mouse mastocytoma 
cells, addition of cytosol to [32p]ADP-ribosylated cell 
membranes potentiates GTP[TS]-induced release of Gi2c~ 
from the membranes; the cytosolic factor, which promotes 
the release, is heat-labile. By gel filtration, it is found that 
the molecular weight of [32p] AD]P-ribosylated Gi2 a released 
by cytosol and GTP[~S] is about 100 kDa, whereas the 
molecular weight of [32p]ADP-ribosylated Gi2c~ released 
by GTP[~S] alone is about 40 kDa, suggesting that Gi2c~ 
associates with a protein in the cytosol. Moreover, in cells 
exposed to thrombin, the amount of Gi2 a in the membranes 
is dramatically reduced with a concomitant increase in the 
cytosol; the agonist-stimulated translocation is blocked in 
cells pretreated with pertussis toxin (180). In mouse mas- 
tocytoma cells, iloprost, a stable prostacyclin analog, pro- 
motes the translocation of both 42- and 45-kDa Gs~ from 
the membrane to the cytosol. The higher-tool wt Gs~ 
remains in the cytosol for a longer period of time and 
appears to form a complex with unidentified components in 

the cytosol; using Superose-12 gel filtration, the molecular 
weight of this complex is estimated to be about 120 kDa 
(181). In $49 lymphoma cells, ~3-adrenergic receptor acti- 
vation by isoproterenol causes the translocation of Gsa from 
the cell membrane into the cytosot. Cytosolic Gsa levels 
increased from 11% (of total detectable cellular Gsc~) under 
basal conditions to 50% after activation of the cells by iso- 
proterenol (182). Activation of platelets by thrombin 
involves an alteration in cell shape, reorganization of the 
cytoskeleton, and the translocation of Gccsubunits to actin- 
cytoskeleton. In addition, immunoprecipitation studies 
suggest that Gic~2, Gsa, and Gqc ~ are associated with actin 
(183). In contrast, in the human leukemia cells, the 
amount of Gi~-subunits associated width microfilaments is 
decreased by cytochalasin B and is accompanied by an 
increase in the amount of Gic ~ in the membrane fraction, 
suggesting the translocation of G-proteins from the cytosol 
to the cell membrane (146). 

Hormone-Induced Reorganization of Cytoskeleton 
It is established that biological response to hormones 

and growth factors is associated with an alteration of cellu- 
lar cytoskeleton (reviewed in 5,184,185). Preincubation of 
cultured rat renal proximal tubule cells (186), the frog 
adrenals (187), and the rat adrenal glomerulosa cells 
(Gallo-Payet, personal communication) with colchicine or 
cytochalasin D prevents angiotensin II-stimulated produc- 
tion of inositol phosphates, indicating that microtubules 
and microfilaments play a role in angiotensin II-mediated 
signal transduction. In addition, angiotensin II causes a 
rapid reorganization of microfilamentous as well as micro- 
tubular network in the rat adrenal glomerulosa cells 
(Gallo-Payet, personal communication). The alteration in 
the morphological appearance of osteoblastic cells induced 
by parathyroid hormone (PTH) is accompanied by a rapid 
decrease in the amount of polymerized actin (188). PTH 
causes a 40-64% decrease in the levels of polymerized 
actin and tubulin in the human osteoblastic cells (189). In 
the mouse osteoblastic cells, PTH inhibits the synthesis of 
actin and tubulin (190). In the mouse fibroblast cell lines 
expressing human cholecystokinin (CCK) receptors, physi- 
ological concentrations of CCK induce the formation of 
microfilaments (191). In the prothoracic glands of tobacco 
hornworm Manduca sexta, prothoracicotropic hormone 
(PTTH) stimulates the specific synthesis of [3-tubulin; this 
newly synthesized [3-tubulin is capable of assembling into 
microtubules (I 92). In the rat ovarian granulosa cells, con- 
comitant follicle-stimulating hormone-induced changes in 
cell shape, cAMP production, and steroidogenesis may be 
mediated by alterations in the microfilament system 
(193,194). The reorganization of microfilamentous and 
microtubular network as well as a marked alteration of cell 
morphology is observed in duck, rat, bovine, and human 
adrenocortical cells exposed to ACTH (reviewed in 195). 
For example, incubation of the rat adrenal glomerulosa cells 
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with ACTH for 1 and 15 rain causes a dramatic increase and 
decrease, respectively, in the amount of actin in the mem- 
brane fraction; a concomitant increase in the amount of 
polymerized actin in the cytosol is observed at 15 min (167). 
In contrast, ACTH induces a rapid increase in the amount 
of tubulin associated with the membrane fraction; this is 
accompanied by a commensurate decrease in polymerized 
tubulin concentration in the cytosol (167). GH4C 1 cells 
exposed to TRH exhibit a decrease in actin-rich staining, 
suggesting that TRH causes depolymerization of microfila- 
ments (196). In GH 3 cells exposed to TRH, the appearance 
of fluorescent tubulin-rich blebs at the periphery of the 
cells is accompanied by an attenuation of the cortical 
microtubular network. Five minutes after incubation with 
TRH, the blebs disappear, and the microtubular network is 
similar to that of control cells (197). In another study, 
exposure of GH3 cells to physiological concentrations of 
TRH for 1 min causes a 50% increase in polymerized tubu- 
lin levels and a 50% increase in soluble tubulin levels at 
5 rain. At 10 rain, TRH does not cause any appreciable 
change in the tubulin pools, suggesting that the tubulin- 
microtubule system may have reached an equilibrium in 
preparation for the next cycle of depolymerization and 
polymerization (198). Thus, hormones acting via G-pro- 
teins modulate the function of cytoskeletal proteins in con- 
cert with their eliciting other biological responses. 

Effect of G-Proteins on Microtubules 

Goc ~, but not Gia and Gsa, is colocalized with the mitotic 
spindle apparatus in normal and malignant cell lines (199), 
suggesting that G-proteins may participate in cellular sig- 
naling in the cytosol, away from their generally accepted 
role at the cell membrane. In the rat adrenal glomerulosa 
cells, immunoprecipitation analyses indicate that Gqc ~ or 
Gs~ associates with tubulin and actin; in addition, when 
these cells are challenged with angiotensin II or ACTH, a 
marked increase in the amount of Gqc ~ or Gsa association 
with both microtubules and microfilaments is observed 
(Gallo-Payet, personal communication; 167). 

To study Gq-tubulin interaction in the cytosol, GH 3 and 
AtT-20 cells (stably expressing TRH receptor) were tran- 
siently transfected with Gqc ~ cDNA. Forty-eight hours after 
transfection, TRH-stimulated prolactin (PRL) secretion by 
Gqa-transfected GH 3 cells increased by 90% compared to 
mock-transfected cells. In addition, using immunocyto- 
chemistry, it was observed that GqccSpecific staining was 
much more prominent in Gq~-transfected GH 3 and AtT-20 
cells (also transfected with Gqc~) compared to mock-trans- 
fected cells. Thus, transfection results in successful 
overexpression of functional Gqc e Forty-eight hours after 
transfection, cells were challenged with TRH and pro- 
cessed to obtain soluble and polymerized tubulin fractions, 
and tubulin levels were determined in these fractions by 
immunoblotting. Compared to mock-transfected cells, 
soluble tubulin levels decreased in Gq~-transfected GH 3 

and AtT-20 cells by 33% and 52%, respectively. Moreover, 
compared to mock-transfected cells, a 50% reduction in the 
ratio (an index of the flux between tubulin pools) of soluble 
and polymerized tubulin levels is observed in Gq~-trans- 
fected GH 3 and AtT-20 cells. These results suggest that Gqc~ 
has a direct effect on the polymerization/depolymerization 
cycles of microtubules in vivo (87). It would be important 
to ascertain the specificity of Gqc ~ effect; can TRH influence 
tubulin levels in cells overexpressing Gic ~ or Gsa? In addi- 
tion, it is important to recognize that overexpression of 
proteins might relocate signaling components from their 
normal environment into an abnormal compartment. 

To determine whether the changes in soluble and poly- 
merized tubulin levels observed subsequent to over- 
expression of Gqc ~ were mediated by Gq directly, the 
influence of purified heterotrimeric Gq on tubulin polymer- 
ization in GH 3 cell cytosol was investigated. The method to 
estimate the formation of microtubule polymers in a crude 
cell lysate was developed by Sandoval and Cuatrecasas 
(200). Crude cytosol (100,000g supernatant) preparation 
was polymerized in the presence of GTP. The reaction 
mixture consisted of 7.4 mg/mL of cytosol fraction (assum- 
ing that tubulin comprises of 2% of the total protein in GH3 
cell cytosol preparation, tubulin concentration is estimated 
to be 1.5 gM), purified Gq (0.5 ~tM), and 1 mM GTP. 
Samples were incubated for 30 min at 37~ and then spun 
at 100,000g at 37~ to sediment the polymers formed dur- 
ing incubation with GTP. An aliquot of the supernatant was 
removed, and the unpolymerized tubulin present therein 
was detected by immunoblotting and quantified by densi- 
tometric scanning of the immunoblots. The amount of poly- 
mers formed was determined by subtracting the amount of 
monomers remaining in the supernatant after the incuba- 
tion at 37~ from those present before the reaction. Gq 
inhibited tubulin polymerization, suggesting an interaction 
between Gq and the tubulin-microtubule system in the 
cell cytosol (87). 

Examination of G-Protein-Tubulin Interaction 
Using Purified Proteins 

Binding of G-Proteins to Tubulin 

Evidence suggests a physical interaction between G-pro- 
teins and tubulin. Tubulin binds to a Gi-affinity column. 
However, colchicine-bound tubulin does not bind to 
Gi-Sepharose column, suggesting that tubulin-G-protein 
interaction may reside at the colchicine binding site on the 
tubulin molecule (201). [125I]tubulin specifically binds to 
Gic~l or Gsc ~. In these experiments, purified G-proteins were 
first dotted on to a nitrocellulose sheet, and [125I]tubutin 
was added to the G-protein spots. After autoradiography, 
the nitrocellulose spots were cut out and the radioactivity 
counted. K d values for tubulin binding to Gia I ranged from 
110-140 nM, immobilized Gic~l bound 0.3-0.6 mol of tubu- 
lin/mol of Gi~ a (170). 
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Transfer of Guanine Nucleotide 
from Tubulin to G-Proteins 

The observations that guanine nucleotides are trans- 
ferred from tubulin to Gc~ subunits suggest that tubulin 
facilitates G-protein function. Charcoal-extracted tubulin 
(i.e., without GTP at [3-tubulin) was polymerized in the 
presence of [32p]AAGTP (azidoanilido GTP; a non- 
hydrolyzable analog of GTP). Tubulin-AAGTP was incu- 
bated with the rat synaptic membranes, and the membranes 
were washed and exposed to UV irradiation. [32p]AAGTP 
incorporation into Gic ~ is observed, suggesting that on a 
physical association between tubulin and Gi~, nucleotide is 
transferred from tubulin to Gia (168). Tubulin-nucleotide 
complex has a different conformation in the presence of 
GTP than when GDP is bound (202). In addition, enhanced 
microtubule stability following Gpp(NH)p-induced assem- 
bly has been reported (90), suggesting that tubulin bound to 
Gpp(NH)p has a different conformation than when bound 
to GTP. In another study (203), at a 1:4 molar ratio of tubu- 
lin and Gic(1, a fourfold increase in GTP binding is observed. 
Incubation of tubulin with Gic~l appears to form a complex, 
leading to the stabilization of GTP binding. Without Gic~l, 
very little GIP binds to tubulin, suggesting that only after an 
interaction between tubulin and Gic(1, an increase in GTP 
binding to the complex is observed. The presence of either 
Gic(1 or tubulin (bound to GTP) does not cause the hydroly- 
sis of GTP; however, when both the proteins are added 
together, about 70% of the GTP is hydrolyzed; in this 
experiment, 1 gM tubulin and 2.5 p.M Gic~l were added 
together. These results suggest that on a physical interac- 
tion between these two proteins, GTP is transferred 
from tubulin to Gic~l (203). Since extremely low amounts 
of tubulin associated with plasma membranes were 
observed (101,107), the stoichiometry of tubulin and 
G-proteins in this study does not allow us to conclude that 
these elegant biochemical studies (203) are of physiologi- 
cal significance. 

Influence of G-Proteins on Tubulin Polymerization 
Conversely, recent reports indicate that G-proteins 

influence tubulin polymerization. Fifteen micromolars of 
tubulin (free of MAPs) were preincubated with 20 gM Gic ( 
or Goa for 2 h, the samples were placed in a recording spec- 
trophotometer at 37~ and microtubule formation was 
monitored by changes in turbidity. Polymerization was 
inhibited by 57 and 40% by Gi~ and Goa, respectively (204). 
The stoichiometry of tubulin and G-proteins used in this 
study may not reflect that found in vivo. Extremely low 
amounts of G-proteins were observed in the cytosol of 
various systems (157,179). 

In another study (87), the effect of low concentrations of 
purified heterotrimeric Gq on phosphocellulose-purified 
tubulin (free of MAPs) polymerization was investigated 
(87). It was determined that 0.12 ~M Gq stimulated by 160% 
the polymerization of 28.2 gM tubulin. 

The observation that Gq inhibits tubulin polymerization 
in GH 3 cell cytosol preparation (see Effect of G-Proteins on 
Microtubules) appears to contradict the finding that Gq 
promotes the polymerization of purified tubulin. This may 
be explained in two ways. First, the dynamic properties of 
tubulin in the cytosol fraction may differ from those of 
highly purified tubulin. The MAPs present in the cytosol 
preparation may influence tubulin-Gq interaction. Purified 
tubulin used in this study (87) is devoid of MAPs. Second, 
the relative concentrations of Gq and tubulin present in the 
reaction mixture might determine whether tubulin poly- 
merization is promoted or inhibited. It was reported that 
20 ~ of Gic ( or Goc ( inhibits the polymerization of 15 gM 
purified tubulin (204). In contrast, it was observed that 
0.12 gM Gq promotes the polymerization of 28.2 gM puri- 
fied tubulin (87). On the other hand, using GH 3 cell cytosol 
preparation it was determined that 0.5 gM Gq inhibits the 
polymerization of 1.5 gM tubulin (87). Taken together, it 
appears that local compartmental domains of G-proteins, 
GTP/GDP, and tubulin as well as their concentrations 
may influence the nature of this regulation, i.e., stimula- 
tion or inhibition. 

In the future, with the availability of sufficient quantities 
of purified G-proteins, the assembly reaction should be 
conducted using fixed amount of G-proteins and variable 
amounts of tubulin, and fixed amount of tubulin and 
variable amounts of G-proteins. Once the stoichiometry of 
G-proteins and tubulin is determined, experiments should 
be conducted to confirm the hypothesis that excess GDP 
in the reaction mixture inhibits the stimulation of tubulin 
polymerization by Gq; the effect of G-proteins on tubulin 
polymerization should be investigated in the presence of 
various concentrations of GTP. In order to determining if 
G-proteins decorate the microtubule polymer, samples 
should be processed for pre-embedding electron micro- 
scopic immunocytochemistry using colloidal gold markers. 

Is G-Protein-Tubulin Interaction Essential 
for Signal Transduction? 

Many hormones and growth factors acting via enzyme- 
linked receptors are also known to induce cytoskeletal 
reorganization in a variety of systems. In the murine 
embryonic epithelial cells, epidermal growth factor (EGF) 
may directly affect the organization of the intermediate 
filament system (205). In the chick brain, nerve growth 
factor (NGF) appears to modulate actin polymerization 
(184,206). Colchicine causes the total disappearance of 
intact microtubules in rat hepatocytes. However, when cells 
were exposed to colchicine in the presence of insulin, a 
higher microtubular stability was observed, suggesting that 
insulin can override the inhibitory effect of colchicine 
(207). In addition, insulin causes the depolymerization of 
microfilaments in fibroblasts (208). Therefore, a direct 
coupling of receptors to G-proteins may not be required to 
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alter cellular cytoskeleton. On the other hand, perturbation 
of cytoskeletal proteins alters the nature of many cell-sur- 
face receptors; these receptors do not directly interact with 
G-proteins. Colchicine and vinblastine treatment of the 
human erythroleukemia cells cause a significant, time- 
dependent increase in cell-surface binding of [125I]trans- 
ferrin, suggesting that disruption of cytoplasmic microtubules 
may be the cause of increased expression of transferrin 
receptors (209). High-affinity transferrin receptors on the 
surfaces of retinal pigment epithelial cells are associated 
with the cytoskeleton (210). Colcemid and cytochalasin D, 
which disrupt microtubules and microfilaments, respec- 
tively, stimulate the number of NGF receptors in PC12 
neuronal cells; paclitaxel also has a similar effect in these 
cells (211). The centripetal movement of fibrinogen 
receptor-ligand complexes requires an intact microfila- 
merit system as indicated by the inhibition of this move- 
ment by the treatment of platelets with cytochalasins D and 
E (212). Hyaluronic acid-induced receptor capping in plate- 
lets is blocked by cytochalasin D, but not by colchicine 
(213). In the human myogenic cells, disruption of microfila- 
merits decreases the stiffness and stiffening response mea- 
sured by magnetic twisting cytometry, suggesting that 
urokinase receptor is coupled to the cytoskeleton (214). 
High-affinity EGF receptors in epidermoid carcinoma cells 
are associated with the cytoskeleton (215). Thus, in many 
enzyme-linked receptor systems, signal transduction across 
membranes appears to be influenced by an interaction of 
receptor proteins with cytoskeletal proteins. The propo- 
nents of the view that tubulin-G-protein interaction is 
essential for the downstream events in signal transduction 
might argue that the effects of ligands acting via enzyme- 
linked receptors is owing to the transactivation of a G-pro- 
tein-mediated pathway. In fact, recent evidence from 
various laboratories suggests that integration of information 
between tyrosine kinase and G-protein-mediated pathways 
takes place: 1 ) In a variety of systems, insulin binding to its 
receptor was followed by an activation of G-protein(s). 
Insulin stimulates GDP release by G-proteins in the rat and 
human membranes (216), G-protein GTPase activity in 
membranes from human platelets (217) and BC3H- 1 murine 
myocytes (218), and [35S]GTPyS binding to membranes 
from BC3H-1 murine myocytes (218). In addition, insulin 
receptor directly phosphorylates 132-adrenergic receptors 
(219). Moreover, using antisense RNA to block the produc- 
tion of Gic~2 in mice, it was recently demonstrated that Gic~2 
is critical for insulin action in that Gic~2 deficiency in adi- 
pose tissue and liver produces hyperinsulinemia, impaired 
glucose tolerance, and resistance to insulin in vivo (220). 
2) Ligands known to activate the G-protein signaling sys- 
tem led to the stimulation of enzyme-linked receptors. For 
example, EGF receptor becomes rapidly tyrosine-phospho- 
rylated on stimulation of Rat-1 cells with G-protein- 
coupled receptor agonists endothelin- 1 and thrombin (221). 
In addition, insulin receptor substrates 1 and 2 in the heart 

are rapidly tyrosine-phosphorylated in angiotensin II- 
injected rats (222). 

The association between tubulin and G-protein(s) in the 
plasma membranes should be demonstrated by both indi- 
rect immunofluorescence and immunoelectron microscopy 
using colloidal gold markers. Colocalization studies using 
both antitubulin and anti-G-protein antibodies on the same 
cells with contrasting fluorochromes (using rhodamine and 
fluorescein isothiocyanate) should confirm the coincident 
spatial localization of these two proteins. In addition, 
immunoelectron microscopy should be used to confirm a 
structural association and determine how a G-protein(s) is 
spatially deployed along the length of the microtubule in 
the cytosol. The demonstration of this association in situ 
will strengthen the hypothesis that an interaction between 
these two proteins takes place. However, to establish 
unequivocally that tubulin-G-protein interaction is crucial 
for signal transduction, physiological significance of this 
interaction should be determined. 

Molecular approaches might also prove futile. Since 
tubulin is an essential gene, blocking the production of 
tubulin using antisense RNA will not be successful. 
Overexpression of tubulin in cells is complicated by the 
fact that the protein comprises c~- and ~-subunits, and both 
these subunits appear to be balanced in some systems. 
Excess ~-tubulin is degraded in a Drosophila mutant that 
produces an unstable [3-tubulin (223). A similar degrada- 
tion of ~-tubulin was reported in mammalian cells that 
express unstable [3-tubulin (224). Excess [~-tubulin is rap- 
idly degraded after overexpression of normal ~-tubulin in 
mammalian cells (225). A cell line that constitutively 
overexpresses ~-tubulin has not been identified, suggest- 
ing that cz-tubulin overexpression is lethal to mammalian 
cells (226). An avenue that might be fruitful is to use 
antisense technology to inhibit the production of G-pro- 
teins and then investigate whether a particular hormone 
that acts via a certain G-protein retains the ability to reor- 
ganize the cytoskeletal proteins. 

Summary 

Role of Membrane-Associated Tubulin 
in Signal Transduction 

Evidence presented in this article suggests that com- 
pounds that interact with tubulin influence agonist-stimu- 
lated G-protein GTPase as well as adenylyl cyclase 
activities. Since both GTPase and adenylyl cyclase activi- 
ties are membrane-associated, we propose that these com- 
pounds (e.g., colchicine, antitubulin antibodies, or purified 
tubulin) interact with membrane-associated tubulin, lead- 
ing to alteration in either receptor-G-protein coupling or 
G-protein-effector interaction. Colchicine and antitubulin 
antibodies inhibit microtubule polymerization; given the 
right conditions, addition of purified tubulin isexpected to 
increase the length of microtubules. These assumptions are 
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Normal  State A 

B Perturbed State 

# 
Intracellular compartment 

H//H 
lntracellular compartment 

Fig. 1. Model depicting the role of membrane-associated tubulin in hormone receptor-G-protein--effector coupling. (A) Under normal 
conditions, tubulin protofilaments (T) are associated with the cytoplasmic face of the cell membrane. The binding of tubulin 
protofilaments to a heterotrimeric G-protein (comprising c~-, ~-, and 7-subunits) modulates hormone receptor-G-protein and/or 
G-protein-effector interaction. (B) Any alteration in the length of the protofilaments might influence the equilibrium between tubulin 
protofilaments and G-protein(s). Thus, the length of tubulin protofilaments can be reduced by colchicine or tubulin antibody, and 
increased by tubulin heterodimers. This might, in turn, impair the ability of G-protein(s) to interact with the hormone receptor. It should 
be pointed out that an effect of tubulin on hormone-induced receptor activation p e r  se  cannot be ruled out. H, hormone; R, receptor; 
T, tubulin heterodimer; t~-, ~-, 7-subunits of G-proteins; E, effector (adenylyl cyclase or phospholipase C). 

based on our knowledge of the effect of these compounds 
on cytosolic microtubules, in vitro or in vivo. However, we 
do not know how these compounds influence membrane- 
associated tubulin. Taking these limitations into consider- 
ation, and based on the data from various laboratories, we 
propose the following theory regarding the role of mem- 
brane-associated tubulin in signal transduction. As dis- 
cussed in the Tubulin section, membrane-associated tubulin 
cannot form into microtubules in the membrane environ- 
ment. Tubulin heterodimers may be able to function in the 
membrane environment as individual heterodimers or as 
polymers arranged into short protofilaments. Under nor- 
mal conditions, tubulin protofilaments are associated with 
the cytoplasmic face of the cell membrane. An interaction 
of tubulin protofilaments with a G-protein modulates hor- 
mone receptor-G-protein interaction. Any alteration in the 
length of the protofilaments might influence the equilib- 
rium between tubulin protofilaments and G-protein(s). 
Thus, the length of tubulin protofilaments can be reduced 

by colchicine or tubulin antibody, and increased by tubulin. 
This might, in turn, influence the ability of G-protein(s) to 
interact with receptors and/or effectors (Fig. 1). 

In general, beyond the fact that there is an increased 
GTP-GDP exchange by G-proteins in response to hormone 
binding, very little is known about receptor coupling to 
G-proteins. What are the mechanisms operating in the bind- 
ing of GTP to the site vacated by GDP? Is there a mecha- 
nism for sequestering GTP so that an indiscriminate end to 
G-protein cycles can be prevented? In other words, are the 
cellular levels of GTP regulated? If so, other GTP binding 
proteins might have to participate in the GDP-GTP 
exchange of the G-proteins. Can tubulin regulate the local 
GTP concentrations in the native membrane environment? 
How does the transfer of guanine nucleotides from tubulin 
to Gccsubunits fit into this scheme? In the absence of an 
agonist, tubulin might inhibit GDP-GTP exchange of 
G-proteins; this inhibition can be overcome on agonist 
stimulation of the receptor. Potentiation of isoproterenol- 
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compartment 

. . - -  

gl P ~ n R u ~ ~ ~  Ca 2+ 

0 

Mlcrotu u es Mobilization of cold-stable microtubules 

Fig. 2. Model depicting the role of Gqc ~ in modulating tubulin function in the cell cytosol. In response to TRH stimulation, Gq~ is 
translocated into the cytosol, and once in the cytosol, it interacts with tubulin pools to influence the monomer-polymer equilibrium. 
G stimulates phospholipase C, leading to the production oflP3; IP.-induced release of Ca2+ might mobilize cold-stable microtubules. 
H~hormone; R, receptor; T, tubulin heterodimer; c~-, [3-, y-subunitsof G-proteins; PRL, prolactin; PLC, phospholipase C; IP 3, inositol 
triphosphate; Ca 2+, calcium. 

stimulated adenylyl cyclase activity in COS l cells by 
tubulin-Gpp(NH)p, and stimulation of basal G-protein 
GTPase activity and potentiation of ACh-stimulated G-pro- 
tein GTPase activity by antitubulin antibodies in the rat 
striatum support this idea. In contrast, the inhibitory effect 
of tubulin antibodies as well as purified tubulin on TRH- 
stimulated G-protein GTPase activity in GH 3 ceils does not 
support this hypothesis. Moreover, the amount of GTP in 
cells does not appear to be in short supply (227). Thus, 
with plenty of GTP around, what can prevent its binding 
to G-proteins or tubulin? Since G-proteins may exist 
in the native membrane environment as multimeric struc- 
tures complexed with other G-proteins as well as tubulin 
and/or actin, it is difficult to envisage GTP binding to 
these multimeric structures; high-affinity GTP binding to 
Gccsubunit occurs after the dissociation of ~y-subunits. 
Since the intracellular concentration of GTP appears to be 
abundant, is there a need for the transfer of GTP from 
tubulin to G-proteins? 

G-Protein Modulation of Cytosolic Tubulin 

To propose a function for G-proteins in the cytosol, I 
will use TRH-stimulated PRL secretion by the pituitary as 
a model (Fig. 2). According to this hypothesis, immedi- 
ately after TRH receptor couples to Gq, the c~-subunit of Gq 
is translocated into the cytosol. The observation that Gq~ is 
present in GH 3 cell cytosol supports this idea (157). Once 
in the cytosol, Gqc ~ influences tubulin monomer-polymer 

equilibrium (Fig. 2). Although the actual mechanism is not 
clear, it is generally accepted that in the pituitary, microtu- 
bules are involved in the transport of PRL secretory gran- 
ules from the Golgi to the cell membrane (81). Apart from 
facilitating the secretion ofpolypeptide hormones and other 
proteins, G-proteins in the cytosol may play a role in a 
variety of other functions (228). The recent demonstration 
of Goc~ in association with the mitotic spindle apparatus in 
proliferating malignant and normal cells suggests a role for 
G-proteins in cell division (199). Future work in various 
other systems should be conducted to elucidate the involve- 
ment of G-proteins in other cellular functions in the cytosol. 

Exposure to Ca 2+ causes the depolymerization of 
those microtubules not depolymerized by cold alone 
(229). This "Ca 2+ labile" pool is generally referred to as 
"cold-stable" microtubules. Although the presence of 
cold-stable microtubules has been reported in the mam- 
malian brain (229, 230), the physiological role of this 
particular population of microtubules is not clear. Gq 
mediates IP 3 production, which in turn mobilizes intra- 
cellular stores of Ca 2+ (2 7). In view of the reorganization 
of the tubulin-microtubule system by TRH (see Hor- 
mone-Induced Reorganization of Cytoskeleton), it is 
tempting to speculate a role for cold-stable microtubules 
in signal transduction (Fig. 2). 

Given the ubiquitous and highly conserved nature of 
both G-proteins and tubulin, it is conceivable that these 
two protein families interact with each other, leading to 
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the modulation of signal transduction in a variety of 
receptor systems. Until the physiological significance of 
this interaction can be established, this hypothesis will 
remain just that. 
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