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Abstract—To understand the role of tubulin, an integral component of neural membranes, in signal
transduction processes, the influence of anti-tubulin antibodies on the low K,,, GTPase activity associated
with transducer ‘G proteins was examined in rat striatum. Membranes were prepared from striatum by
conventional procedures, and the low K, GTPase activity (EC 3.6.1.-) was determined using [y->*P]GTP
at 37° in an ATP-regenerating buffer containing 0.2 to 2.0 uM unlabeled GTP. GTPase activity was
linear for up to 30 min and was directly proportional to protein concentration. Polyclonal anti-tubulin
antibodies, anti-a-tubulin antibodies, and anti-f-tubulin antibedies (10 ug) stimulated G protein GTPase
activity. Anti-S-tubulin antibody (10 ug) stimulated GTPase activity by about 60% at each time point,
while 10 ug of either anti-a~tubulin or polyclonal anti-tubulin antibodies stimulated GTPase activity by
only 20-30% at each time point. The V,,./K,, ratio, an index of the enzyme-substrate interaction,
increased by only 26% with the anti-a~tubulin antibody and by 52% with anti-f-tubulin antibody;
polyclonal anti-tubulin antibodies did not affect this ratio. GTPase activity was stimulated by ace-
tylcholine in an atropine-sensitive manner. At 100 uM, acetyicholine stimulated GTPase activity by
about 50%. Polyclonal anti-tubulin, anti-e-tubulin, or anti-f-tubulin antibodies (10 ug) potentiated
acetylcholine stimulation of GTPase activity. Two possible mechanisms by which anti-tubulin antibodies
could stimulate low K,, GTPase activity and potentiate the stimulatory effects of acetylcholine are: (1)
by inhibiting GTP binding to S-tubulin, and (2) by eliminating a chronic inhibitory effect of tubulin on
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G protein or receptor-G protein interaction.

Hormones and neurotransmitters stimulate adenyl-
ate cyclase through the interaction of receptors with
guanine nucleotide-dependent transducer proteins
(G proteins) [1-5]. G proteins are composed of three
subunits, «, 8, and ¥, and are associated with the
plasma membrane. The binding of an agonist to the
receptor facilitates, in the presence of Mg®*, an
exchange of GTP for GDP on the « subunit. The
activated agrp subunit dissociates from the Sy sub-
units, and one or both interact with effector mol-
ecules such as adenylate cyclase. An intrinsic GTPase
activity of the a subunit hydrolyzes GTP to GDP,
releasing inorganic phosphate (P;); agpe then recom-
bines with By, ending the activation cycle. Measure-
ment of this increased rate of GTPase activity (EC
3.6.1.-) in response to an agonist provides a simple
and direct assessment of the receptor-G protein
interaction.

Tubulin, the protein subunit from which micro-
tubules are polymerized, is a heterodimer containing
an « and a B subunit, with molecular weights of 50
and 60 kD respectively. Two molecules of GTP bind
to tubulin, one to a site on f-tubulin where it is
exchangeable with the GTP in the milieu (E-site),
and one to a non-exchangeable site on a-tubulin
{N-site). The N-site GTP can be removed only by
denaturation of the molecule [6]. Tubulin has the
capacity to hydrolyze GTP. Bhattacharyya and Wolff
{7] demonstrated that the synaptosomal fraction of
rat brain contains the greatest concentration of tubu-
lin. The tubulin found in this fraction is firmly
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attached to the membrane and is not an artifact of
the isolation procedure. In a subsequent study, the
membrane-bound tubulin was solubilized with Non-
idet P-40 and shown to be capable of polymerizing
into microtubules [8].

The purpose of the present study was to explore
the possibility that tubulin modulates receptor-G
protein—effector interactions on the cytosolic side of
neural membranes. Accordingly, we examined the
effect of anti-tubulin antibodies on the low K,
GTPase activity (basal and muscarinic receptor-
stimulated) associated with transducer G proteins in
membranes from rat striatum.

MATERIALS AND METHODS

Materials. Monoclonal anti-S-tubulin antibodies
(No. T-4026, clone TUB 2.1), monoclonal anti-a-
tubulin antibodies (No. T-9026, clone DM 1A), poly-
clonal anti-tubulin antibodies (No. T-3526}, control
mouse ascites fluid (No. M8273), and normal rabbit
serum {No. R-4505) were purchased from the Sigma
Chemical Co. (St. Louis, MO). The monoclonal
antibodies utilized in this report were produced
against the whole a or B subunit of tubulin. The
clones employed in the present study (DM 1A and
TUB 2.1) were produced originally by Blose et al.
[9] and Gozes and Barnstable [10] and are now made
available through Sigma. The specificities of the anti-
bodies were confirmed by Western blots, solid phase
radioimmunoassay and immunofluorescence. Clone
DM 1A (anti-a-tubulin antibody) was shown to
cross-react specifically with a-tubulin; it exhibited a
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weak cross-reactivity with f-tubulin, approximately
10% of the activity observed with a~tubulin. Clone
TUB 2.1 (anti-B-tubulin antibody), highly specific
for fB-tubulin, also had a weak secondary activity
against a~tubulin.

Radiolabeled  guanosine-3'-triphosphate  ([y-
2PIGTP; 1500 Ci/mmol) was purchased from ICN
Radiochemicals (Irvine, CA). All other chemicals
used in the present study were purchased from the
Sigma Chemical Co.

Striatal membrane preparation. Adult, male Wistar
rats (125-150g, Harlan Sprague-Dawley, Indi-
anapolis, IN) were housed in pairs in an env-
ironmentally-controlled room with free access to
food and water. Rats were killed by decapitation and
their brains removed; the striatum was dissected and
homogenized in 5 mM TED buffer (Tris-HCl, 1 mM
EDTA, 1 mM dithiothreitol, pH 7.4) containing 10%
sucrose {w/v) using a motor-driven Teflon—glass tis-
sue grinder. The homogenate was centrifuged at
800 g for 10 min. The supernatant fraction was main-
tained on ice, while the pellet was resuspended in
TED-sucrose and centrifuged at 800 g. The com-
bined supernatant fractions were then centrifuged at
9000 g for 20 min. The pellet was washed once with
TED buffer by resuspension and centrifugation at
9000 ¢ for 20 min. The pellet was resuspended in
TED buffer, pH 8.0, and incubated on ice for 30 min.
This suspension was centrifuged at 35,000g for
10 min. The pellet was resuspended in TED buffer,
pH 7.4, and used for the GTPase assay. Protein
content was estimated using the method of Bradford
[11].

G TPase assay. GTPase activity was determined in
quadruplicate according to the method of Cassel
and Selinger [12]. The reaction mixture (100 uL)
contained 75 mM Tris—-HCI (pH 7.4), [y-*P]|GTP
{70,000-100,000 cpm), unlabeled GTP at different
concentrations, 2 mM MgCl,, 0.5 mM ATP, 0.5 mM
adenylylimidodiphosphate, 5 mM phosphocreatine,
creatine phosphokinase (50 units/mL}), bovine serum
albumin (50 ug), 0.1 mM EDTA, 0.2 mM ethylene-
glycolbis(aminoethylether)tetra-acetate (EGTA),
1 mM cAMP, 100 mM NacCl, and 10-20 ug protein.
All these components were added to 12x75
mm glass tubes on ice, and the reaction was initiated
by immersion of the tubes in a 37° water bath. The
reaction was stopped by transferring the tubes to an
ice bath followed by the addition of 5% activated
charcoal in 20mM phosphoric acid (pH 2.5).
Samples were kept on ice for 10 min and centrifuged
at 700 g for 10 min. An aliquot (100 yL) from the
supernatant fraction was mixed with 5 mL of Scin-
tiverse BD (Fisher Scientific, Pittsburgh, PA), and
the radioactivity content was determined using a
Beckman (Palo Alto, CA) liquid scintillation
counter. Low K,, GTPase activity (EC 3.6.1.) was
routinely calculated by subtracting activity measured
in the presence of 100 uM unlabeled GTP from total
activity. Data were subjected to kinetic analyses
employing Eadie-Hofstee plots; the K, and Vi,
were determined by linear regression analysis. Stat-
istical significance within various treatment groups
was determined by analysis of variance.

RESULTS

Striatal membrane preparations were routinely
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Fig. 1. Acetylcholine stimulation of G-protein GTPase
activity. Rat striatal membrane protein (10 ug) was pre-
incubated at 37° for 10 min and then transferred to an ice
bath; other components of the GTPase assay, including
various doses of acetylcholine, were added, and the enzyme
activity was determined using 1 uM GTP. Each point is the
mean * SD of four determinations. Asterisks (*) indicate
values significantly different from basal level (P < 0.05).

preincubated with anti-tubulin antibodies for 10 min
at 37°. At the end of this time period, the tubes
were transferred to an ice bath and the remaining
components of the GTPase assay were added. The
tubes were then incubated at 37° for 30 min, and
GTPase activity was determined. GTPase activity at
4° was negligible, ranging from 3-9 pmol P;/min/mg
protein. However, the 10-min preincubation at 37°
decreased basal GTPase activity by 50%. Hence,
it was important to determine how this treatment
affected the muscarinic receptor-coupled G protein
GTPase  activity.  Preincubated membranes
responded to acetylcholine in a concentration-depen-
dent manner (Fig. 1). Acetylcholine (100 M) stimu-
lated low K, GTPase activity by about 60% with an
ECsq of less than 1 uM (Fig. 1). Basal low K, GTPase
activity increased linearly for up to 30 min of incu-
bation (Fig. 2). Acetylcholine (100 uM) stimulated
the GTPase activity at 10, 20 and 30 min; for
example, at 30 min the level of stimulation was 58%
(Fig. 2). Kinetic analysis revealed that the Vi,
increased by 55% in the presence of 100 uM ace-
tylcholine compared to the basal level (Fig. 3); the
K, was not altered. K, values were .55 and 0.75 uM
in the absence and presence of acetylcholine respect-
ively; V.. values were 398 and 619 pmol/min/mg in
the absence and presence of acetylcholine respect-
ively. Acetylcholine-stimulated GTPase activity was
inhibited by atropine with an ICs; of 2 uM (Fig. 4).
The high concentration of atropine required to block
ACh-stimulated activity is not surprising in light of
the slow onset of atropine action and the lack of an
atropine preincubation period.

Normal mouse ascites fluid (a control for mono-
clonal anti-a- and anti-S-tubulin antibodies), normal
rabbit serum {a control for polyclonal anti-tubulin
antibodies) and the three antibody preparations did
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Fig. 2. Time course of high-affinity GTPase activity in the
presence of acetylcholine. Rat striatal membrane protein
(10 ug) was preincubated at 37° for 10 min and transferred
to an ice bath; remaining components of the GTPase assay,
including 100 uM acetylcholine, were added, and the
enzyme activity was determined using 1 uM GTP. Each
point is the mean + SD of four determinations. Asterisks
(*) indicate significantly different activities in the presence
and absence of acetylcholine at that time point (P < 0.05).
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Fig. 3. Eadie-Hofstee analysis of G-protein GTPase
activity in the presence and absence of acetylcholine. Rat
striatal membrane protein (10 ug) was preincubated at 37°
for 10 min and transferred to an ice bath; remaining com-
ponents of the GTPase assay, including 100 uM acetyl-
choline, were added, and the enzyme activity was
determined in quadruplicate at various GTP concentrations
(0.2 to 2.0 uM).

not hydrolyze GTP. However, normal ascites fluid
and rabbit serum stimulated low K,, GTPase activity
of the striatal membrane protein preparation (data
not presented), albeit to a lesser extent than the
antibody preparations (see below). Therefore, for
each concentration of the antibody, the same con-
centration of either normal ascites fluid or rabbit
serum was employed as a control, and the amount
of stimulation that was obtained in the control tubes
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Fig. 4. Effect of atropine on acetylcholine stimulation of G
protein GTPase activity. Rat striatal membrane protein
(10 pug) was preincubated at 37° for 10 min and transferred
to an ice bath; then various doses of atropine were added,
followed by other components of the GTPase assay. Ace-
tylcholine (100 uM) was added just before the initiation of
the assay. Each point is the mean + SD of four deter-
minations. Asterisks (*) indicate significant inhibition of
acetylcholine-stimulated activity by atropine (P < 0.05).
Basal activity measured in the absence of acetylcholine is
indicated by the dashed line (atropine did not affect this
activity).
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Fig. 5. Effect of anti-tubulin antibodies on G-protein
GTPase activity. Rat striatal membrane protein (10 ug) was
preincubated with various doses of antibodies at 37° for
10 min and then transferred to an ice bath; the remaining
components of the GTPase assay were added and enzyme
activity was determined using 1 uM GTP. Each point is the
mean * SD of four determinations. Asterisks (*) indicate
values significantly greater than the basal level (P < 0.05).

was subtracted from the activity in the antibody
tubes. Moreover, the protein concentration of the
three antibody preparations, normal ascites fluid,
and serum were estimated in the same assay to
eliminate any possible inter-assay variation.

The three types of tubulin antibody stimulated low
K., GTPase activity (Fig. 5). Anti-f-tubulin antibody
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Fig. 6. Time course of G protein GTPase activity in the
presence of anti-tubulin antibodies. Rat striatal membrane
protein (10 ug) was preincubated with 10 ug each of poly-
clonal anti-tubulin, anti-f-tubulin or anti-a-tubulin anti-
bodies at 37° for 10min; the assay tubes were then
transferred to an ice bath and the remaining components
of the GTPase assay were agdded. Enzyme activity was
determined using 1 uM GTP. Each point is the mean = SD
of four determinations. Asterisks (*) indicate values sig-
nificantly greater than the basal value at that time point
(P < 0.05).

was more effective than anti-a-tubulin and poly-
clonal anti-tubulin antibodies in stimulating the
GTPase activity. Two micrograms of anti-S-tubulin
increased GTPase activity by 20%; 8.0 ug of anti-g-
tubulin stimulated the GTPase activity by 67%, and
no further stimulation was observed at higher con-
centrations. In contrast, 7.0 ug of anti-a-tubulin
stimulated the GTPase activity by only 20%, and no
further stimulation was observed at higher con-
centrations. The low K, GTPase activity was stimu-
lated by 20% by 2.5 ug of polyclonal anti-tubulin
antibody with no further stimulation at higher con-
centrations (Fig. 5). A time course study revealed
that basal low K,, GTPase activity was linear for
up to 30 min and that the three types of antibody
stimulated GTPase activity at each time point (Fig.
6). Anti-f-tubulin antibody (10 ug) stimulated
GTPase activity by about 60% at each time point,
whereas 10 ug of either anti-a~tubulin or polyclonal
antibodies stimulated the GTPase activity by only
20-30% at each time point (Fig. 6). The kinetics of
the reaction were studied by varying the substrate
concentration in the absence or presence of the anti-
bodies, and the data were analyzed by Eadie-
Hofstee plots and linear regression analysis (Fig. 7).
Regression analysis revealed the following kinetic
parameters: K, (uM) basal, 0.57; anti-a-tubulin anti-
body, 0.58; anti-B-tubulin antibody, 0.55; and poly-
clonal anti-tubulin antibody, 0.48. V., (pmol/min/
mg) basal, 118; anti-a-tubulin antibody, 151; anti-§-
antibody, 173; and polyclonal anti-tubulin antibody,
101. None of the three types of antibody, employed
at a concentration of 10 ug, produced a significant
change in K,, compared to the basal value. V,,,
increased by 28 and 47% in the presence of 10 ug
anti-a- and 10 ug anti-B-tubulin antibodies respect-
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Fig. 7. Eadie~Hofstee analysis of the effect of anti-tubulin
antibodies on G-protein GTPase activity. Rat striatal mem-
brane protein (10 ug) was preincubated with 10 ug each
of polyclonal anti-tubulin, anti-g-tubulin or anti-a-tubulin
antibodies at 37° for 10 min; the assay tubes were then
transferred to an ice bath, the remaining components of
the GTPase assay were added, and the enzyme activity was
determined in quadruplicate at various GTP concentrations
(0.2 to 2.0 uM).

ively; there was no change in the V., with 10 ug
polyclonal anti-tubulin antibodies (Fig. 7).

Concentration-response curves for acetylcholine
stimulation of GTPase activity were obtained in the
presence of saturating concentrations of each of the
three antibodies. In the absence of antibody, ace-
tylcholine stimulated the G protein GTPase in a
concentration-dependent manner; at 100 uM, ace-
tylcholine stimulated the GTPase activity by 50%
(Fig. 8A). Polyclonal anti-tubulin, anti-a-tubulin,
or anti-f-tubulin antibodies (10 ug) stimulated the
GTPase activity by 30, 15 and 45% respectively.
Acetylcholine stimulation was potential in the pres-
ence of each antibody (Fig. 8B). For example, at 10
and 100 uM acetylcholine stimulated GTPase activity
by 32 and 50% respectively. In the presence of anti-
B-tubulin antibody, acetylcholine stimulation was
increased to 61 and 64% respectively (above the
level of activity measured in the presence of anti-$-
tubulin antibody alone).

DISCUSSION

The present results demonstrate that anti-tubulin
antibodies, and especially anti-S-tubulin antibodies,
stimulated the low K,, GTPase activity of striatal
membranes. Moreover, these antibodies enhanced
the ability of acetylcholine to stimulate this activity.
Striatal neurons predominantly express muscarinic
receptors of the m4 and m1 subtypes [13]. These
receptors are coupled most efficiently, via G
proteins, to adenylate cyclase (inhibition) and
phospholipase C (stimulation) respectively [14]. The
GTPase activity measured using 1 uM GTP as sub-
strate appears to be associated with muscarinic
receptor-linked G protein insofar as it (1) possesses
a low K,,, and (2) is stimulated by acetylcholine.
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Fig. 8. Effect of acetylcholine on G-protein GTPase activity in the presence of anti-tubulin antibodies.
Rat striatal membrane protein (10 ug) was preincubated with 10 ug each of polyclonal anti-tubulin, anti-
B-tubulin or anti-a-tubulin antibodies at 37° for 10 min as indicated. The assay tubes were transferred
to an ice bath, the remaining components of the GTPase assay (including various concentrations of
acetylcholine) were added, and the enzyme activity was determined using 1 uM GTP. Each point is the
mean * SD of four determinations. The actual values obtained are shown in panel A. The percent
stimulation obtained at each concentration of acetylcholine over the corresponding control level (i.e.
the activity measured in the presence of 10 ug antibody but no acetylcholine) is depicted in panel B.
Asterisks (*) in panel A indicate values significantly different from corresponding control values
(P <0.05).

In contrast, tubulin-associated GTPase activity is
inhibited by anti-tubulin antibodies [15].

Two possible mechanisms by which anti-tubulin
antibodies could stimulate low K,, GTPase activity
and potentiate the stimulatory effects of ace-
tylcholine are (1) by inhibiting GTP binding to -
tubulin, and (2) by eliminating a chronic inhibitory
effect of tubulin on G protein function or receptor—
G protein interaction.

The anti-S-tubulin antibody stimulated low K.,
GTPase activity to the greatest extent. The GTP
binding site (E-site) on the 8 subunit is exchangeable
with the GTP present in the reaction mixture. The
regions associated with GTP binding are located
within the N-terminal domain of S-tubulin. Residues
in regions B63-67 bind to the purine moiety, side
chains in the region $155-174 bind the ribose, and a
flexible loop in 137-146 appears to regulate access
to the binding site [16]. Antibodies to B-tubulin
residues $154-165 inhibit GTP binding to the E-site
[16] and anti-tubulin antibodies (polyclonal) inhibit
GTPase activity of phosphocellulose purified tubulin
by about 80% [15]. In synaptosomal membranes,
anti-g-tubulin antibodies may prevent the binding of
GTP to tubulin. Since GTP has a 14-fold higher
affinity for tubulin than for G; {6, 17], anti-tubulin
antibodies may remove a GTP sink, increasing the
concentration of available GTP in the milieu. The
excess of GTP thus made available is hydrolyzed by
the G protein. Based on the results of Bhattacharyya
and Wolff [7], we estimate that 1.0 to 2.0 uM tubulin
is present in the GTPase assay reaction mixture. The
GTPase assay was routinely conducted with 1.0 uM
GTP. Thus, there is sufficient tubulin present in the
reaction mixture to act as a significant GTP sink.
The observation of an exchange of a nonhydrolyzable

GTP analogue between tubulin and G; also supports
this possibility [18].

Since the N-site GTP on the a-tubulin is non-
exchangeable with that in medium, we would not
expect to observe any effect with the anti-a~tubulin
antibody. However, 7 ug of anti-a-tubulin antibody
stimulated the GTPase activity by 20%. A similar
amount of stimulation was achieved by the anti-$-
subunit antibody at a concentration of only 2 ug. It
is possible that the anti-a-tubulin antibody cross-
reacted with the S-subunit. In fact, it was reported
previously that the monoclonal anti-a-tubulin anti-
body (clone DM 1A) employed in the present study
exhibits a weak cross-reactivity with the f-tubulin,
approximately 10% of the activity observed with the
a-tubulin [9]. This would not be surprising con-
sidering the 40-50% homology in the primary struc-
tures of & and B tubulin {19]. Furthermore, it was
reported previously that anti-a~subunit antibodies
cross-react with the S-tubulin in certain regions of
the N-terminal domain, although the anti-a~subunit
antibody binds to the S-tubulin two orders of mag-
nitude less tightly than the anti-f-subunit antibody
[20]. A 20% stimulation in the GTPase activity was
observed with 2.5 ug polyclonal anti-tubulin anti-
bodies; no further stimulation of the GTPase activity
was obtained even with 10 ug antibody. This weak
activity of the polyclonal antibody may reflect its low
titer. Eadie~Hofstee analysis of the kinetics appears
to be in agreement with results obtained under
steady-state conditions: the K, was not altered
appreciably with any of the antibodies; the V,,,/
K, ratio, an index of enzyme-substrate interaction,
increased by 26% with the anti-a~tubulin antibody
and by 52% with anti-S-tubulin antibody; there was
no change in this ratio with polyclonal anti-tubulin
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antibody. Thus, it appears that among the three
antibodies, anti-G-tubulin antibody promoted the
best conditions for enzyme-substrate interaction.

A second explanation which could account for
the observed results is that tubulin exerts a chronic
inhibitory effect on G protein GTPase activity. Bind-
ing of neurotransmitter or hormone to the receptor
facilitates the exchange of GTP for GDP on the a
subunit of protein, ultimately leading to increased
hydrolytic activity [3]. GDP release is the rate-limit-
ing step in the G protein cycle. It is possible that
tubulin interacts with the G protein to depress this
nucleotide release. Agonist stimulation of the recep-
tor might eliminate this inhibitory effect through an
interaction with either the G protein or tubulin itself.
Such a scheme could account for the synergistic
actions of tubulin antibodies and acetylcholine on G
protein GTPase activity.

Qur observations that normal mouse ascites fluid
and rabbit serum stimulate the low K, GTPase
activity of the striatal membrane protein preparation
are similar to those reported by McKenzie et al. [21].
The protein present in the fluid may protect the heat-
labile G-protein from inactivation during the 10-min
preincubation period. We have observed previously
that exposure of striatal membranes to 50° inactivates
the G-protein, resulting in a rapid and complete loss
of low K,, activity [22]. Hence, it was essential to
examine the effect of preincubation of the membrane
preparation at 37° on the GTPase activity. The kin-
etics of the basal GTPase activity in the preincubated
samples were similar to those reported previously
[23]. Although the 10-min preincubation resulted in
a 50% loss in the basal GTPase activity, the ability
of the membranes to respond to acetylcholine was
not impaired. The fact that acetylcholine stimulation
of the GTPase activity was concentration-dependent
and atropine-sensitive is consistent with previous
results obtained with striatal membranes not pre-
incubated at 37° [23, 24].

In summary, we have demonstrated that anti-tubu-
lin antibodies, especially anti-S-tubulin antibody,
stimulate the low K,,, GTPase activity associated with
G-proteins in rat striatal membranes and potentiate
the ability of acetylcholine to stimulate this activity.
We suggest that tubulin may be acting as a GTP sink
or may exert a chronic inhibitory influence on G
protein function or receptor-G protein interactions.
Given the ubiquitous and highly conserved nature
of both tubulin and G proteins, similar regulatory
mechanisms may be present in a variety of other
receptor systems as well.
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