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Association of brain y-tubulins with of-tubulin dimers
Vadym SULIMENKO*, Tetyana SULIMENKO*, Slobodan POZNANOVIC+, Volodymyr NECHIPORUK-ZLOY, Konrad J. BOHMT,

Libor MACUREK*, Eberhard UNGERT and Pavel DRABER™’

*Institute of Molecular Genetics, Department of Biology of Cytoskeleton, Academy of Sciences of the Czech Republic, 142 20 Prague 4, Czech Republic
and Tlnstitute of Molecular Biotechnology, Department of Molecular Cytology and Electron Microscopy, D 07745 Jena, Germany

y-Tubulin is necessary for nucleation and polar orientation of
microtubules in vivo. The molecular mechanism of microtubule
nucleation by y-tubulin and the regulation of this process are not
fully understood. Here we show that there are two y-tubulin
forms in the brain that are present in complexes of various sizes.
Large complexes tend to dissociate in the presence of a high salt
concentration. Both y-tubulins co-polymerized with tubulin
dimers, and multiple y-tubulin bands were identified in micro-
tubule protein preparations under conditions of non-denaturing
electrophoresis. Immunoprecipitation experiments with mono-
clonal antibodies against y-tubulin and a-tubulin revealed inter-

actions of both y-tubulin forms with tubulin dimers, irres-
pective of the size of complexes. We suggest that, besides small
and large y-tubulin complexes, other molecular y-tubulin form(s)
exist in brain extracts. Two-dimensional electrophoresis revealed
multiple charge variants of y-tubulin in both brain extracts and
microtubule protein preparations. Post-translational modifi-
cation(s) of y-tubulins might therefore have an important role in
the regulation of microtubule nucleation in neuronal cells.

Key words: antibody, charge variant, microtubule protein,
tubulin complex.

INTRODUCTION

Microtubules, assembled from a- and g-tubulin heterodimers,
are highly dynamic polymers that are indispensable for many
cellular functions, such as intracellular organization, ordered
vesicle transport and cell division, to name but a few. To
accomplish their specialized functions, microtubules are organ-
ized into complex arrays by a microtubule-organizing centre
(MTOC), which, in animal cells, consists of a pair of centrioles
surrounded by electron-dense pericentriolar material. Micro-
tubules are nucleated at the pericentriolar material by their
‘minus ends’ [1]. One of the key components of MTOCs is
y-tubulin [2].

Although y-tubulin participates in nucleation of microtubules
from MTOC:s [3,4], the majority of it is associated with other
centrosomal proteins in soluble cytoplasmic complexes. Large y-
tubulin-ring complexes (yTuRCs) were first identified in Xenopus
eggs [5]. They were also found in Drosophila embryos [6] and
in various types of mammalian cells [7-9]. Besides yTuRCs,
there also exist smaller complexes [y-tubulin small complexes
(yTuSCs)] [10], which comprise two molecules of y-tubulin and
one molecule each of GCP2 and GCP3 (y-tubulin-complex
proteins) [11,12] and which are homologues of the Saccharomyces
cerevisiae proteins Spc97p and SPc98p associated with spindle
pole bodies [13]. The yTuRCs are formed by small complexes
and by other proteins. In addition to nucleation from the
MTOC, the yTuRCs are also involved in regulating the dynamics
of the microtubule minus ends [14].

The yTuRCs have different sizes, and they also differ in
protein composition. The question is still open as to whether o/-
tubulin dimer is an integral component of the large complexes.
Although, in the majority of analysed complexes, tubulin dimers
were not found [15], they were detectable in frog oocytes [5,16],
mammalian brains [9] and in a lymphoblastic cell line [§].

v-Tubulin itself has been found to be a microtubule minus-end
binding molecule in not-anchored microtubules [17], and binding
sites for a- and f-tubulin subunits on y-tubulin were identified

using synthetic peptides [18]. Structural models for self-assembly
and microtubule interactions suggest that vy-tubulin should be
capable of self-assembling into dimer or protofilament-like
oligomers, as well as of interacting laterally with a- or g-tubulin
[19]. Experiments in vitro showed that, under some circumstances,
y-tubulin might bind to surface regions of microtubules without
affecting the tubulin polymerization [I18]. An association of
v-tubulin along microtubule arrays in vivo is well described in
plants [20,21].

While a number of studies have concentrated on the charac-
terization of proteins that associate with y-tubulins, and on
positioning of y-tubulin at the minus end of microtubules, our
knowledge about the regulation of nucleation activities of
y-tubulin by post-translational modifications is very limited [22].

Because brain tubulin is used typically to study the microtubule
dynamics, and the heterogeneity of af-tubulin dimers is known
in detail, we have looked for the presence of y-tubulin forms in
pig brain. Here, we report for the first time on two +y-tubulin
isoforms, which persist at differently sized complexes and interact
with af-tubulin heterodimers, irrespective of the size of com-
plexes. Brain y-tubulin is post-translationally modified, and
these modifications could have an important role in the regulation
of microtubule nucleation.

EXPERIMENTAL
Materials

Immobilized Protein A Plus, Immobilized Protein L Plus and
SuperSignal WestPico Chemiluminescent reagents were bought
from Pierce (Rockford, IL, U.S.A.). Protease-inhibitor cocktail
tablets (‘Complete EDTA-free’) were from Roche Molecular
Biochemicals (Prague, Czech Republic), molecular-mass markers
for SDS/PAGE were obtained from Sigma—Aldrich (Prague,
Czech Republic), markers for two-dimensional electrophoresis
and Biolyte 3/10 were from Bio-Rad Laboratories (Munich,
Germany), CNBr-activated Sepharose 4B, IPG buffer (pH 4-7),

Abbreviations used: MTP-2 and MTP-3, microtubule protein after two or three cycles respectively of assembly and disassembly; MTOC, microtubule-
organizing centre; yTuRC, y-tubulin-ring complex; yTuSC, y-tubulin small complex.
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molecular-mass markers for native electrophoresis and carba-
mylyte calibration kit for isoelectric focusing were purchased
from Amersham Biosciences (Uppsala, Sweden). Peptides were
prepared in the Institute of Organic Chemistry and Biochemistry,
Academy of Sciences of the Czech Republic, Prague, as described
previously [23].

Antibodies

The following monoclonal antibodies were used: TU-01 (IgG1)
[24] and TU-16 (IgM) against «-tubulin [25]; TU-06 (IgM)
against f-tubulin [26]; TU-31 (IgG2b) and TU-32 (IgG1) anti-
peptide antibodies prepared against the EYHAATRPDYISW-
GTQ peptide corresponding to human y-tubulin sequence 434—
449 [23]; GTU-88 (IgG1) anti-peptide antibody prepared against
the EEFATEGTDRKDVFFY peptide corresponding to human
y-tubulin sequence 38-53 (Sigma cat. no. T6557); VI-01 (IgM)
against vimentin [27]; and N27F3-4 (IgG1) against heat-shock
protein Hsp70 (StressGen; cat. no. SPA-820). Actin was detected
by affinity-purified rabbit anti-actin antibody (Sigma cat. no.
A2066). Anti-mouse immunoglobulin and anti-rabbit immuno-
globulin antibodies conjugated with horseradish peroxidase, as
well as anti-mouse immunoglobulin conjugated with alkaline
phosphatase, were purchased from Promega Biotec (Madison,
WI, U.S.A)).

Protein preparation

Microtubule protein (MTP) was purified from pig brain by two
temperature-dependent cycles of assembly and disassembly [28].
A third polymerization was performed in the presence of DMSO
to partially deplete the microtubule-associated proteins [29],
before subsequent purification of tubulin by phosphocellulose
chromatography [30]. The high-speed extract for gradient centri-
fugation was prepared by homogenization of washed brains
in cold PEM buffer [100 mM Pipes (pH 6.9)/1 mM EGTA/
2mM MgSO,/1 mM 2-mercaptoethanol] supplemented with
1 mM ATP, 1 mM 4-(2-aminoethyl)benzenesulphonyl fluoride
and protease inhibitor cocktail. The homogenate was centri-
fuged at 41000 g for 20 min at 4 °C. The supernatant was then
re-centrifuged at 280000 g for 30 min at 4 °C, and immediately
subjected to sucrose-gradient centrifugation. When the presence
of salt was required, the high-speed extract was supplemented
with 500 mM NaCl. Carboxyamidomethylation of MTP-2 was
performed as described previously [31]. Protein concentration
was determined by means of the bicinchoninic acid kit (Sigma—
Aldrich) with BSA as the standard.

Sucrose-gradient centrifugation

Sucrose-gradient centrifugation was performed as described
previously [10]. The sucrose gradients (5409, in PEM bulffer)
were poured as step-density gradients (800 1 steps: 40, 30, 20, 10
and 59, sucrose), and allowed to diffuse into continuous
gradients overnight at 4 °C before use. In the case of salt-
containing extracts, the sucrose gradient was supplemented with
NaCl to a final concentration of 500 mM. A 75 ul aliquot of
high-speed extract was loaded on to each gradient, and the
gradients were centrifuged at 50000 rev./min in a Beckman
SW60 rotor for 4 h at 4 °C. Gradients were fractionated from the
top into 14 fractions. Protein standards (BSA, bovine liver
catalase and mouse IgM) at the same concentration (0.5 mg/ml
each) were loaded in an equivalent volume, and were run in
parallel over identical gradients. Samples for SDS/PAGE were
prepared by mixing with 2 x concentrated SDS/PAGE sample
buffer.

© 2002 Biochemical Society

Immunoprecipitation

Immunoprecipitation was performed as described previously
[32], using TBST [10 mM Tris/HCI (pH 7.4)/150 mM NaCl/
0.059% (v/v) Tween 20] for dilution of extracts and for washings.
High-speed pig brain extracts were incubated with beads of: (i)
immobilized Protein A saturated with anti-(y-tubulin) antibody
TU-31; (i1) immobilized Protein A saturated with control anti-
body NF-09; (iii) immobilized Protein A alone; (iv) immobilized
Protein L saturated with anti-(«-tubulin) antibody TU-16; (v)
immobilized Protein L saturated with control anti-vimentin anti-
body VI-01; or (vi) immobilized Protein L alone. The
antibodies were used in the form of culture supernatants to avoid
immobilization of other mouse antibodies. Sedimented beads
(50 ul) were incubated with shaking at 4 °C for 2 h with 1.2 ml of
the corresponding antibody, prepared by mixing 0.4 ml of 10 x
concentrated supernatant with 0.8 ml of the TBST buffer. The
beads were pelleted by centrifugation at 5000 g for 1 min, washed
four times (5 min each wash) in cold TBST, and incubated
further with shaking for 3 h at 4 °C with 1 ml of pig brain high-
speed supernatant diluted 1:7 with TBST. The beads were then
pelleted and washed four times (5 min each) in cold TBST, before
boiling for 5 min in 100 xl of SDS sample buffer to release the
bound proteins. Alternatively, the TU-31 antibody, purified from
ascitic fluid on Protein A, was directly bound to CNBr-activated
Sepharose 4B and used for precipitation.

Gel electrophoresis and immunoblotting

SDS/PAGE, electrophoretic transfer of separated proteins on to
nitrocellulose and details of the immunostaining procedure are
described elsewhere [33]. Under routine conditions, lower-grade
SDS (Sigma cat. no. L-5750; 66 9% SDS) was used throughout
the whole procedure, because it facilitates the separation of
a- and S-tubulin subunits [34]. Alternatively, high-grade SDS
(Sigma cat. no. L-6026; 99 9, SDS) was used, as indicated in the
text. The antibodies TU-01, TU-06 and TU-32 in the form of
spent culture supernatants were used undiluted, whereas the anti-
body GTU-88, in the form of ascitic fluid, was diluted 1:4000.
The antibody against Hsp70 was diluted 1:2000, and the anti-
body against actin was diluted 1:200. After incubating the
samples with secondary antibodies conjugated with horseradish
peroxidase diluted 1:10000, followed by washing, bound anti-
bodies were detected by a chemiluminescence reaction, according
to the manufacturer’s instructions. Autoradiography films
X-Omat AR were from Eastman Kodak (Rochester, NY,
U.S.A.). Alternatively, bound antibodies were detected with
secondary antibodies conjugated with alkaline phosphatase
diluted 1:7500 and chromogenic substrates [33].

In some experiments, the TU-32 antibody was pre-absorbed
with the peptide used for immunization, i.e. the 16-amino-
acid peptide EYHAATRPDYISWGTQ that corresponds to
amino acid residues 434-449 of human y-tubulin. The other
16-amino-acid peptide, EEFATEGTDRKDVFFY, correspond-
ing to amino acid residues 38-53 of human vy-tubulin, was used
as a negative control. Two molar ratios of antibody to pep-
tide were used: 1:5 and 1:50. Mixtures of antibody and
peptides were incubated for 30 min at room temperature.

Non-denaturing PAGE was performed using the Laemmli
system [35], except that SDS was completely omitted and
electrophoresis was performed at 4 °C. Sample buffer consisted
of 62.5 mM Tris/HCIL, pH 6.8, 109, (v/v) glycerol and 0.01 %,
(w/v) Bromophenol Blue.

Two-dimensional PAGE was performed essentially as de-
scribed previously [36]. Samples (30-50 ug of protein) were
diluted with IPG sample buffer containing 7 M urea, 2 M



~-Tubulin in brain 891

thiourea, 20 mM Tris, 49, (w/v) CHAPS, 19% (w/v) Triton
X-100, 19, (w/v) dithiothreitol and 0.8 9%, (w/v) Biolyte 3/10.
Immobiline DryStrip gels with a linear pH 4-7 gradient, 11 cm
long (Amersham Biosciences), were rehydrated using 250 ul of
prepared sample (in IPG sample buffer). Each strip was overlaid
with mineral oil, and left overnight at room temperature. Strips
were focused for a total of 22.2 kV - h on Multiphor I apparatus
(LKB, Bromma, Sweden). The second dimension was performed
using SDS/8.5% (w/v) polyacrylamide gels, and separated
proteins were transferred on to nitrocellulose by electroblotting.

RESULTS
Distribution of p-tubulin in brain extracts and MTPs

The distribution of y-tubulin was monitored during isolation
of pig brain MTP by repeated temperature-dependent cycles of
polymerization and depolymerization. The third polymerization
occurred in the presence of DMSO, which partially depleted the
microtubule-associated proteins (Figure 1A, lane 4), before
the purification of «f-tubulin dimers on phosphocellulose (Fig-
ure 1A, lane 5). y-Tubulin was present in supernatants after low-
speed (Figure 1B, lane 1) and high-speed (Figure 1B, lane 2)
centrifugation of pig brain extract, as well as in MTP prepared
by two (Figure 1B, lane 3) and three cycles (Figure 1B, lane 4)
of temperature-dependent polymerization/depolymerization
(MTP-2 and MTP-3 respectively). Under the conditions em-
ployed, which partially stripped away the high-molecular-mass
microtubule-associated proteins, y-tubulin was still detectable
(Figure 1B, lane 4). During the isolation, y-tubulin was not en-
riched in MTPs, and no y-tubulin was detected in purified
aff-tubulin dimers separated from microtubule-associated pro-
teins by chromatography on phosphocellulose (Figure 1B,
lane 5). It was possible to elute y-tubulin, like other microtubule-
associated proteins, from the column with 1 M KCI. The same
staining pattern was obtained with antibodies against the con-
served human vy-tubulin amino acid regions 38-53 (GTU-88)
and 434—449 (TU-31 and TU-32).
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Figure 1 Distribution of p-tubulin during isolation of MTPs

(R) Coomassie Blue staining of separated proteins. Low-speed supernatant of brain extract
(lane 1), high-speed supernatant of brain extract (lane 2), MTP-2 (lane 3), MTP-3 (lane 4) and
tubulin (lane 5) were separated on SDS/7.5% polyacrylamide gels. (B) Immunostaining with
anti-(-y-tubulin) antibody TU-32. Aliquots of protein (10 4g) were loaded in lanes 1-4, and
12.5 ug of protein in lane 5. Molecular-mass markers (in kDa) are indicated to the left of ().
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Figure 2 Behaviour of y-tubulin during sucrose-density gradient centrifu-
gation

Samples were sedimented through a 5-40% sucrose gradient without or with 500 mM NaCl;
fractions were then separated on SDS/7.5% polyacrylamide gels and immunoblotted for
~y-tubulin (), ee-tubulin (ex) or heat-shock protein Hsp70 (hp). Calibration standards (in kDa)
are indicated on the top. Numbers at the bottom denote individual fractions.

Size distribution of y-tubulin in high-speed extracts was
assessed by gradient centrifugation. Immunoblotting experiments
with separated fractions revealed that y-tubulin was distributed
in a large zone, and was present in complexes of various sizes
(Figure 2, panel labelled ‘y’). Complexes of various sizes were
also found for a-tubulin; however, the distribution pattern was
different, and lower-molecular-mass complexes were found to
prevail there (Figure 2, panel labelled ‘«’). The distribution
pattern of S-tubulin was similar to that of a-tubulin (results not
shown). On the other hand, the heat-shock protein Hsp70 was
absent in high-molecular-mass complexes, indicating that not all
proteins had the same size distribution under the separation
conditions used (Figure 2, panel labelled ‘hp’). Large complexes
of y-tubulin were disrupted in samples containing 500 mM NaCl
(Figure 2, panel labelled ‘y NaCl’). On the other hand, the same
salt concentration had little effect on large complexes containing
tubulin dimers (Figure 2, panel labelled ‘o NaCl’). This indicates
that brain y-tubulin is present in high-molecular-mass complexes,
which are susceptible to a change in salt concentration, and that
these complexes differ in their properties from those that contain
tubulin dimers.

When MTP-2 and purified tubulin were separated under non-
denaturing conditions, multiple tubulin oligomers were detected
in both samples, and BSA at the same protein concentration ran
primarily as a single band (Figure 3A). The presence of micro-
tubule-associated proteins in MTP-2 was without an observable
effect on the mobility of tubulin oligomers, as revealed by the
staining with anti-(a-tubulin) antibody (Figure 3B) or anti-
(p-tubulin) antibody (results not shown). Multiple resolvable
bands were also detected in MTP-2 using the antibody against
y-tubulin (Figure 3C). In contrast with the tubulin oligomers
‘ladder’, y-tubulin was not detected at the position corresponding
to the fastest migrating species of tubulin subunits, which are
primarily monomers [37]. The fastest migrating band stained
with anti-(y-tubulin) antibody was in the position of putative « /-
tubulin heterodimers [37]; the other bands with lower mobilities
were in positions different from those occupied by oligomers
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Figure 3 Immunoblot analysis of MTP and purified tubulin separated by
native PAGE

BSA (lane 1), MTP-2 (lanes 2, 4 and 6) and tubulin (lanes 3, 5 and 7) were separated on non-
denaturing 7% polyacrylamide gels. (R) Staining of transferred proteins; (B) immunostaining
with anti-(ec-tubulin) antibody TU-01; (G) immunostaining with anti-(y-tubulin) antibody GTU-88.
Aliguots of protein (3 zg) were loaded in lanes 1, 2, 4 and 6, and 5 g aliquots of protein were
loaded in lanes 3, 5 and 7. Molecular-mass markers (in kDa) are indicated on the left.

formed by af-tubulin dimers. These data indicate that y-tubulin
itself and/or y-tubulin with another (unidentified) protein has
the ability to form oligomers under conditions of native electro-
phoresis. The mobilities of these oligomers differ from those
formed by a/-tubulin heterodimers.

Assaciation of p-tubulin with of-tubulin dimers

Immunoprecipitation experiments showed that y-tubulin could
be precipitated specifically from high-speed extracts with mono-
clonal antibody TU-31 (IgG2b) (Figure 4A, lane 2). When the
immobilized antibody was incubated without extract, no staining
in the position of y-tubulin was observed (Figure 4A, lane 3). No
binding of y-tubulin to immobilized Protein A was detected
(Figure 4A, lane 4), and the control antibody NF-09 (IgG2b)
produced no precipitation of y-tubulin (results not shown). The
possibility of an unspecific attachment of cytoplasmic proteins
to possible y-tubulin complexes was obviated, since no Hsp70
was detectable in the immunoprecipitated material with anti-
Hsp70 antibody (Figure 4B, lane 2). Neither was there any
co-precipitation of actin when the material was probed with anti-
actin antibody (results not shown). y-Tubulin precipitation was
also observed with a low amount of purified antibody TU-31
directly bound covalently to Sepharose 4B (Figure 4C, lane 2).
Probing of the precipitated material with anti-tubulin antibody
revealed the presence of a-tubulin (Figure 4D, lane 2). The
band corresponding to a-tubulin was discernible just under the band
pertaining to the immobilized TU-31 antibody (marked with an
arrow in Figure 4), so that it could potentially reflect a proteolytic
fragmentation of the antibody. When the immobilized antibody
alone was incubated without the extract, no band in this position
was detected, therefore excluding the presence of a proteolytic
fragment of antibody (Figure 4D, lane 3). Moreover, no band in
this position was detected when the blot was probed with anti-(y-
tubulin) antibody (Figure 4C, lane 2). The reactivity with a
protein in the position of a-tubulin was clearly recognized only
when a less sensitive method of immunoglobulin detection with
chromogenic substrate for alkaline phosphatase was applied.

© 2002 Biochemical Society
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Figure 4 Immunoprecipitation of pig brain extract with anti-(y-tubulin)
antibody

Samples were precipitated with antibody TU-31 (IgG2b) bound to immobilized Protein A (A, B),
or TU-31 covalently bound to Sepharose 4B (C, D). Proteins remaining after precipitation (lane 1),
immunoprecipitated proteins (lane 2), immobilized immunoglobulins not incubated with cell
extract (lane 3) and proteins bound to Protein A without antibody (lane 4) were separated on
SDS/7.5% polyacrylamide gels. (A and C) Immunostaining with anti-(y-tubulin) antibody GTU-
88. (B) Immunostaining with control antibody raised against heat-shock protein Hsp70.
(D) Immunostaining with anti-(ec-tubulin) antibody TU-01. Bound antibodies were detected by
chemiluminescent reagents (A, B) or by chromogenic substrates for alkaline phosphatase
(C, D). Molecular-mass markers (in kDa) are indicated to the left of (A). The arrow on the right
indicates the position of heavy chains of IgG.

During chemiluminescent detection, the two closely spaced bands
appeared on the film as a single broad band.

Since the described experiments indicated that tubulin dimers
could be present in y-tubulin complexes, immunoprecipitation
was also performed with the immobilized anti-(a-tubulin) anti-
body, TU-16 (IgM). This antibody specifically precipitated
a-tubulin (Figure 5A, lane 2), and no binding of «-tubulin to
immobilized Protein L was detected (Figure 5A, lane 4). Probing
of the immunoprecipitated material with anti-(/-tubulin) anti-
body TU-06 confirmed the presence of f-tubulin subunits (results
not shown). Probing of the immunoprecipitated material with
anti-(y-tubulin) antibody revealed that the precipitated of-
tubulin dimers also contained y-tubulin (Figure 5B, lane 2).
When the immobilized antibody was incubated without extract,
no staining in the position of y-tubulin was observed (Figure 5B,
lane 3). Control antibody VI-01 (IgM) did not elicit precipitation
of vy-tubulin (results not shown). To test the possibility that
cytoplasmic proteins might be unspecifically attached to the
complexes containing of-tubulin dimers, the immunoprecipi-
tated material was probed with anti-actin antibody, but no actin
was detected (Figure 5C, lane 2). Similarly, probing with anti-
Hsp70 antibody showed no co-precipitation of the relevant
protein (results not shown). When the pooled fractions from
gradient centrifugation corresponding to y-tubulin complexes of
low- (Figure 2, fractions 3 and 4) and high- (Figure 2, fractions
8 and 9) molecular mass were used for precipitation with TU-16
antibody, a large amount of tubulin dimers was precipitated
from the low-molecular-mass fraction, whereas a substantially
lower amount was precipitated from high-molecular-mass frac-
tions. y-Tubulin was specifically co-precipitated in both cases,
but the yield was again higher with low-molecular-mass fractions.
v-Tubulin was also co-precipitated from fraction 2 (Figure 2).
This suggests that tubulin dimers can interact with y-tubulin
irrespective of the size of complexes.

y-Tubulin isoforms

To compare the electrophoretic behaviour of af-tubulin dimers
and y-tubulin, we have used different types of SDS for denatur-
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Figure 5 Immunoprecipitation of pig brain extract with anti-(c-tubulin)
antibody

Samples were precipitated with antibody TU-16 (IgM) bound to immobilized Protein L. Proteins
remaining after precipitation (lane 1), immunoprecipitated proteins (lane 2), immobilized im-
munoglobulin not incubated with cell extract (lane 3) and proteins bound to Protein L without anti-
body (lane 4) were separated on SDS/7.5% polyacrylamide gels. (R) Immunostaining with
anti-(ee-tubulin) antibody TU-01. (B) Immunostaining with anti-(y-tubulin) antibody GTU-88.
(C) Immunostaining with control anti-actin antibody. Molecular-mass markers (in kDa) are
indicated on the left of (A). The arrow on the right indicates the position of heavy chains of IgM.
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Figure 6 Influence of SDS-composition on electrophoretic properties of
y-tubulin

High-speed supernatant of brain extract (lane 1), MTP-2 (lane 2) and carboxyamidomethylated
MTP-2 (lane 3) were separated on SDS/7.5% polyacrylamide gels using (A) 66 %-purity SDS
or (B) 99%-purity SDS. ‘a//8” denotes immunostaining with a mixture of antibodies TU-01 and
TU-06 against o~ and S-tubulin respectively, “y " denotes immunostaining with anti-(y-tubulin)
antibody TU-32. (G) Sucrose-gradient centrifugation fractions separated on SDS/7.5%
polyacrylamide gels in the presence of 99% SDS, immunostained with anti-(y-tubulin) antibody
GTU-88. Lanes 2—5 and 8—11 represent fractions shown in Figure 2. Molecular-mass markers
(in kDa) are indicated on the right.

ation and gel electrophoresis. For separation of tubulin dimers,
we have routinely used lower-grade SDS, from Sigma, that con-
tains hexadecyl and tetradecyl sulphate contaminants [34]. Under
such conditions, clear two bands of tubulin dimers could be
recognized in blots from a high-speed extract (Figure 6, lane 1),
MTP-2 (lane 2) or carboxyamidomethylated MTP-2 (lane 3),
where the separation between tubulin subunits was prominent
(Figure 6A, panel labelled ‘a/f’). On the other hand, in the same
samples y-tubulin provided one band (Figure 6A, panel labelled
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Figure 7 Immunoblot analysis of pig brain extract (A and B) and MTP-2 (C)
separated by two-dimensional electrophoresis

Immunostaining with antibodies against ec-tubulin (A) and y-tubulin (B, C). The basic and acidic
ends in the first dimension are marked by minus and plus signs respectively. The immunoblots
depict the same region in the first dimension. Molecular-mass markers (in kDa) are indicated
on the right. The pl scale is shown along the bottom of the Figure. IEF, isoelectric focusing.

‘y’). When high-grade SDS was used for the preparation of
samples and following electrophoresis, «- and #-tubulin subunits
were not separated in either high-speed extracts or in MTP-2. In
carboxyamidomethylated MTP-2, the separation of tubulin sub-
units was easily distinguishable, but less prominently so (Fig-
ure 6B, panel labelled ‘o /f”). However, y-tubulin provided two
bands in all samples tested (Figure 6B, panel labelled ‘y’).
Carboxymethylation was without any effect on separation of the
two y-tubulin bands. The staining of two y-tubulins was inhibited
after pre-incubation of TU-32 antibody with the peptide used for
immunization, but not with a control peptide from the N-
terminal region of y-tubulin. Two y-tubulins were also detected
with antibody GTU-88 against y-tubulin amino acid region
38-53 (Figure 6C). These experiments eliminated the possibility
that the reactivity was with a polypeptide of a similar electro-
phoretical mobility, but unrelated to y-tubulin. The double band
of y-tubulins was easily recognizable when the detection method
made use of a chromogenic substrate for alkaline phosphatase.
With the chemiluminescence detection method, the two closely
spaced bands were not so easily discernible. When high-grade
SDS (99 9%) was used in SDS/PAGE during the separation of
fractions from gradient centrifugation, doubling of the y-tubulin
band was observed in complexes of both low- and high-molecular
mass (Figure 6C). Similarly, under the same conditions, a
double y-tubulin band was also detected in precipitates with
anti-(y-tubulin) and anti-(a-tubulin) antibodies.

The two-dimensional analysis revealed that soluble forms of y-
tubulin existed in multiple charge variants for which isoelectric
points were more basic in comparison with «-tubulin isoforms
(Figure 7A). At least five isoelectric variants of yy-tubulin were
detected by immunoblotting in the high-speed extract (Fig-
ure 7B). The relative position of y-tubulin isoforms with respect

© 2002 Biochemical Society
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to a-tubulin, and the number of v-tubulin charge variants, in
high-speed extracts were similar to those in MTP-2 (Figure 7C).
The pl of the major y-tubulin isoform was 6.00.

DISCUSSION

Fractionation of high-speed pig brain extracts by gradient centri-
fugation revealed the presence of y-tubulin in complexes of
different molecular masses. Large complexes dissociated in the
presence of a high-salt concentration. The o/f-tubulin dimers
were also distributed in a wide range of molecular masses. In the
latter case, however, high-salt concentration did not induce a
dissociation of large complexes. Non-denaturing PAGE of
MTP-2 revealed disparate mobilities of oligomers containing o.f-
tubulin dimers and oligomers containing y-tubulin. In spite of
that, y-tubulin has the ability to interact with af-tubulin dimers
in brain extracts. This was confirmed by partial cycling of y-
tubulin with tubulin dimers during repeated cycles of polymeriz-
ation and depolymerization, as shown by Détraves et al. [9] and
confirmed in the present study, and by our immunoprecipitation
experiments. Our previous failure to detect y-tubulin in pig brain
MTP preparations with monoclonal antibodies [23] can most
probably be ascribed to low titres of the used antibody batches.

The co-precipitation of «f-tubulin dimers and y-tubulin effec-
ted by monoclonal anti-(y-tubulin) antibody, and co-precipitation
of y-tubulin and af-tubulin dimers effected by monoclonal anti-
(a-tubulin) antibody, confirmed independently an association of
soluble y-tubulin with af-tubulin dimers in cold pig brain high-
speed extracts. Multiple control tests have proved that the
association is specific, and does not merely reflect a binding of
abundant cytoplasmic proteins. The GTU-88 antibody directed
against the amino acid region y38-53 failed to precipitate
vy-tubulin. This suggests that this region in brain y-tubulin is not
accessible for binding the antibody, in contrast with the y434-449
region recognized by TU-31. However, it was reported that
GTU-88 was effective in specific precipitation of y-tubulin from
leopard frog (Rana pipiens) oocytes [16]. This indicates that this
vy-tubulin epitope is exposed differentially in separate model
systems.

There are conflicting reports on the presence of «f-tubulin
heterodimers in yTuRC. Variable amounts of a/-tubulin dimers
have been found to co-precipitate with y-tubulin in preparations
from Xenopus oocytes [5], Rana oocytes [16], sheep brain [9] and
cells of the lymphoblastic cell line KE37 [8]. No evidence of the
presence of of-tubulin heterodimers in yTuRCs could be inferred
from other studies [15,38]. One possible explanation of such
discrepancies is that the interaction of y-tubulin with af-tubulin
dimers in cells is weak, and can be easily modified by sample
preparation or by procedures used for the assessment of the
composition of vy-tubulin complexes. Alternatively, y-tubulin
can be present in cells in other forms, except for yTuSC and
yTuRC, which interact with tubulin dimers. y-Tubulin dimer
was identified under natural conditions in HeLa cells [39].
However, the significance of vy-tubulin interaction with o/f-
tubulin dimers outside of yTuRCs remains to be elucidated.
Experiments using in vitro-translated monomeric y-tubulin
showed that a single y-tubulin subunit was sufficient to nucleate
pig brain microtubules [40]. y-Tubulin might also stabilize
nucleation-competent stable oligomers formed by «/-tubulin
dimers or other types of tubulin oligomers. The capability of
tubulin molecules to form various types of oligomers is widely rec-
ognized, and these oligomers have been assigned the role of regu-
lators in microtubule dynamics [41].

It appeared relevant in this context to find out whether it
would be possible to discriminate between y-tubulin variants
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differing in their electrophoretic behaviour. To this end, the effect
of SDS purity on the electrophoretic mobility of y-tubulin was
assessed in MTP and carboxyamidomethylated MTP. Although
the hexadecyl and tetradecyl sulphate contaminants had a
substantial effect on the mobility of a-tubulin subunit, as shown
previously [26,34], they were without any effect on y-tubulin
mobility. On the other hand, SDS free of the contaminants led to
a reproducible dissociation of y-tubulin into its slow- and fast-
migrating forms. Both polypeptides were detected by antibodies
TU-32 and GTU-88 recognizing an epitope in the C-terminal
and the N-terminal regions, respectively, of y-tubulin molecule.
The two isoforms were not drawn apart by gradient centrifu-
gation, by cycling of MTP and by immunoprecipitation with
anti-(y-tubulin) or anti-(a-tubulin) antibodies. Two y-tubulin
isoforms were also detected in extracts from adult mouse brain
(T. Sulimenko and P. Draber, unpublished work). Although
electrophoretic variants of y-tubulin that can be discriminated
by one-dimensional electrophoresis were not detected up to now
in mammalian cells, fast- and slow-migrating y-tubulin isoforms
were distinguished in plants [42], Physarum [43] and Drosophila
[44]. In Drosophila, they represent diverse gene products that are
differentially expressed during development [45], and a loss of
their function results in distinct phenotypes [46]. Two functional
vy-tubulin genes were identified in mammals [47]. The observed
fast- and slow-migrating y-tubulin isoforms could represent the
relevant proteins. Although both gene products differ in humans
only in 12 amino acids [47], one cannot exclude a differential
binding of SDS to polypeptides. Alternatively, cell heterogeneity
in brain tissue or post-translational modification(s) could be
responsible for the observed differences in mobility.

Neuronal a- and f-tubulin subunits are characterized by their
high-charge heterogeneity, which stems not only from multiple
gene expression, but also from numerous post-translational
modifications [48]. Substantial changes in the number of tubulin
isoforms were observed during brain development [49,50]. We
have detected multiple charge variants of y-tubulin in brain
extracts, as well as in MTP-2. At least five clearly distinguishable
isoelectric variants were identified in pig brain extract. This
exceeds the number of functional y-tubulin genes, and points to
post-translational modification of y-tubulin. Two major and two
minor y-tubulin isoforms were recognized by two-dimensional
electrophoresis in sheep brain [9]. Phosphorylation of the
v-tubulin residue Tyr**>, which is invariant in all y-tubulins and
regulates the microtubule organization in budding yeast, has
been reported recently [22]. y-Tubulin was found in mouse
mammary carcinoma cells in association with serine/threonine
‘polo-like” kinase [51] and in rat basophilic leukaemia cells in
complexes containing protein tyrosine kinase p53/p56"™™ [52]. It
is possible that phosphorylation or other post-translational
modifications of neuronal y-tubulin modify its interaction with
tubulin dimers or other associated proteins.

In conclusion, the presented data demonstrate for the first time
that there exist in brain two y-tubulin isoforms, which persist in
differently sized complexes and co-polymerize with tubulin
dimers. An interaction of y-tubulins with tubulin heterodimers
irrespective of the size of y-tubulin complexes reflects the presence
of other y-tubulin forms apart from yTuSC and yTuRC. Brain
y-tubulin is post-translationally modified, and these modifi-
cations possibly have an important role in the regulation of
microtubule nucleation.
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