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Plant y-Tubulin Interacts with «3-Tubulin Dimers and Forms
Membrane-Associated Complexes
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v-Tubulin is assumed to participate in microtubule nucleation in acentrosomal plant cells, but the underlying molecular
mechanisms are still unknown. Here, we show that y-tubulin is present in protein complexes of various sizes and dif-
ferent subcellular locations in Arabidopsis and fava bean. Inmunoprecipitation experiments revealed an association of
vy-tubulin with ap-tubulin dimers. y-Tubulin cosedimented with microtubules polymerized in vitro and localized along
their whole length. Large vy-tubulin complexes resistant to salt treatment were found to be associated with a high-
speed microsomal fraction. Blue native electrophoresis of detergent-solubilized microsomes showed that the molecular
mass of the complexes was >1 MD. Large y-tubulin complexes were active in microtubule nucleation, but nucleation
activity was not observed for the smaller complexes. Punctate y-tubulin staining was associated with microtubule ar-
rays, accumulated with short kinetochore microtubules interacting in polar regions with membranes, and localized in
the vicinity of nuclei and in the area of cell plate formation. Our results indicate that the association of y-tubulin com-
plexes with dynamic membranes might ensure the flexibility of noncentrosomal microtubule nucleation. Moreover, the
presence of other molecular forms of y-tubulin suggests additional roles for this protein species in microtubule organi-

zation.

INTRODUCTION

The successive replacement of microtubular arrays (cortical
microtubules, preprophase band, mitotic spindle, and phrag-
moplast) during cell cycle progression is unique to higher
plants. This flexibility in building microtubule structures at
different locations can be achieved in plants because the
dominating microtubule organizing centers, which are com-
parable to those of animal centrosomes, are missing in both
somatic and gametic cells. However, centrosomes are not
absolutely required for microtubule nucleation even in ani-
mal cells. It was shown that microtubules could be nucle-
ated in the absence of centrosomes, presumably by yet un-
defined cytoplasmic factors (Vorobjev et al., 1997). For an
understanding of how microtubules are nucleated and orga-
nized without the centrosome, the first step is to identify the
molecular composition of the dispersed microtubule nucle-
ation sites.
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v-Tubulin is a highly conserved member of the tubulin su-
perfamily that is located on the minus end of microtubules in
microtubule organizing centers, where such structures are
present in the cell (Wiese and Zheng, 1999). Although in ani-
mal cells, y-tubulin participates in the nucleation of microtu-
bules from microtubule organizing centers, the majority of
this protein is associated with other centrosomal proteins in
soluble cytoplasmic complexes. Large (~2.2 MD) vy-tubulin
ring complexes (y-TuRCs) and smaller (~280 kD) y-tubulin
complexes were identified in various species (Moritz et al.,
1995; Zheng et al., 1998; Oegema et al., 1999). y-Tubulin
complexes comprise two molecules of y-tubulin and one
molecule each of GCP2 and GCP3 (y-tubulin complex pro-
teins), which are homologs of the Saccharomyces cerevisiae
proteins Spc97p and Spc98p (Geissler et al., 1996). The
v-TuRCs are formed by small complexes and by other pro-
teins. In addition to nucleation from the microtubule organiz-
ing center, the large complexes also are involved in regulat-
ing the dynamics of the microtubule minus ends (Wiese and
Zheng, 2000). Recently, genetic data from Schizosaccharo-
myces pombe and Aspergillus nidulans showed that y-tubu-
lin might play other important roles in the organization of mi-
totic and cytokinetic microtubules (Hendrickson et al., 2001;
Jung et al., 2001).
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In plants, y-tubulin was immunolocalized preferentially on
microtubules (Liu et al., 1993). The association of y-tubulin
with kinetochore microtubules and the presence of y-tubulin
in premitotic nuclei suggested its role in microtubule and
spindle organization (Binarova et al., 1998, 2000; Petitpren
et al., 2001). Immunolocalization studies with different anti-
bodies reported a punctuated labeling for y-tubulin with nu-
clear and cortical membranes and with organelle-like struc-
tures (McDonald et al., 1993; Liu et al., 1994; Dibbayawan et
al., 2001). Soluble cytoplasmic vy-tubulin complexes were
identified in fava bean and maize cell extracts (Binarova et
al., 2000; Stoppin-Mellet et al., 2000). The latter authors re-
ported a vy-tubulin association with the microsomal fraction.
Despite many data suggesting that y-tubulin is an abundant
protein at various locations in acentrosomal plant cells, its
role in plant microtubule nucleation and organization is still
largely unknown.

Here, we show that plant y-tubulin is present in the form
of protein complexes of various sizes and of different prop-
erties. Soluble y-tubulin interacts with tubulin dimers and
cosediments with microtubules in vitro. We report that large
v-tubulin complexes active in microtubule nucleation are
associated with membranes. This association of y-tubulin
with membranous structures might ensure the nucleation of
microtubule arrays from dispersed sites in acentrosomal
cells.

RESULTS

Anti-Peptide Antibodies Raised against Different Parts
of the y-Tubulin Molecule Recognize y-Tubulins in
Several Plant Species

As a prerequisite to the study of vy-tubulin in higher plant
cells, plant-specific polyclonal antibody (AthTU) was raised
against a 14-amino acid peptide (EYKACESPDYIKWG) cor-
responding to the Arabidopsis +y-tubulin sequence 437 to
450. Affinity-purified antibody recognized a single band of
56 kD in Arabidopsis and a slightly larger (by ~1 to 2 kD)
band in maize, fava bean, and pea (Figures 1A and 1B,
AthTU). A similar staining pattern was seen with a polyclonal
antibody raised against the human y-tubulin sequence 38 to
50, but the antibody reactivity was substantially weaker
(data not shown). Monoclonal antibody TU-31 raised against
a peptide corresponding to the human +y-tubulin sequence
434 to 449 gave similar immunoblot staining in all of the
species tested. One extra band of ~60 kD was detected in
Arabidopsis (Figures 1A and 1B, TU-31); higher resolution
conditions during electrophoresis revealed two correspond-
ing, very close bands in other plant species (data not shown).
The same staining pattern was obtained with extracts from
seedlings or cell cultures (Arabidopsis) or with extracts from
root meristems or whole seedlings (in all other species ana-
lyzed). Like the pattern shown previously for TU-31 antibody

A TU-31 AthTu B
At Ps. Zm. Vf

116 — AthTU
97 — kD b il
84 —
offias 55 — » WD W s "
55— - - TU-31
45 — e Dl J—
36 —

C TU-31 AthTU

1 2 3 4 5 6 7

D IP: AthTU
TU-31
- T e =
AthTU
B s - —

1 2 3 4

Figure 1. Immunoblot Analysis of Cell Extracts with Polyclonal and
Monoclonal Anti-y-Tubulin Antibodies.

(A) Affinity-purified AthTU antibody recognized one band in Arabi-
dopsis extracts. Two bands were recognized with monoclonal anti-
body TU-31.

(B) Immunoblot detection of y-tubulin in several plant species. Cell
extracts from Arabidopsis (A.t.), pea (P.s.), maize (Zm.), and fava
bean (V.f.) were separated by 10% SDS-PAGE and stained with
polyclonal antibody AthTU and monoclonal antibody TU-31.

(C) Immunostaining of y-tubulin on blots was abolished after preab-
sorption of antibodies with immunizing peptide. Antibodies TU-31
(lanes 1 to 4) and AthTU (lanes 5 to 7) were preabsorbed with the im-
munizing peptides and used to probe 10% SDS-PAGE-separated
Arabidopsis extracts. Lanes 1 and 6, peptide used to prepare the
TU-31 antibody; lanes 2 and 7, no peptide; lanes 3 and 5, peptide
used to prepare the AthTU antibody; lane 4; negative control pep-
tide. The arrowhead indicates the position of the 56-kD ~y-tubulin.
(D) y-Tubulin immunoprecipitated (IP) with AthTU antibody was im-
munodetected with both TU-31 and AthTU antibodies. Lane 1, ex-
tract before immunoprecipitation; lane 2, immunoprecipitated and
peptide-eluted y-tubulin; lane 3, control eluate from beads with pre-
immune serum; lane 4, supernatant after immunoprecipitation. Both
antibodies recognized immunopurified y-tubulin (56 kD). Arrow-
heads indicate the position of the 56-kD y-tubulin.

(Binarova et al., 2000), the AthTU antibody recognized y-tubu-
lin in nuclear extracts (data not shown).

Preabsorption of TU-31 with the peptide used for immuni-
zation (Figure 1C, lane 1) or with the Arabidopsis-specific
homologous peptide used for the preparation of AthTU anti-



body (Figure 1C, lane 3) prevented the staining of both
bands on blots from extracts of Arabidopsis. Both peptides
also prevented immunolabeling with AthTU antibody (Figure
1C, lanes 5 and 6). On the other hand, immunolabeling was
not influenced by the preabsorption of TU-31 with human
v-tubulin peptide from the N-terminal region of the molecule
(Figure 1C, lane 4).

Immunoprecipitation of +y-tubulin from Arabidopsis ex-
tracts with AthTU antibody followed by specific elution with
corresponding immunizing peptide revealed that the immu-
noprecipitated 56-kD protein is recognized by both antibod-
ies (Figure 1D, TU-31 [lane 2] and AthTU [lane 2]). When im-
munoglobulins isolated from preimmune serum were used
for precipitation instead of AthTU antibody, no y-tubulin was
eluted with the immunizing peptide (Figure 1D, lane 3).
These data demonstrate that both the plant y-tubulin—spe-
cific polyclonal antibody AthTU and the monoclonal anti-
body TU-31 can be used as markers for y-tubulin.

Immunofluorescence Analysis Indicates an Association
of y-Tubulin with Microtubules and Membranes

The immunofluorescence staining pattern obtained with af-
finity-purified AthTU antibody was similar to that described
previously for the monoclonal anti-y-tubulin antibody TU-32
(Binarova et al., 1998, 2000). Punctate ~vy-tubulin staining
was associated with microtubule arrays, localized in the vi-
cinity of nuclei and the cell cortex and in the area of cell
plate formation, and provided cell cycle-dependent nuclear
staining. Double-label staining of cells with AthTU and anti-
a-tubulin antibody showed an association of y-tubulin with
kinetochore microtubules and an accumulation of signal on
poles on which acentrosomal spindle is seemingly anchored
to the plasma membrane and/or the membranes of polar
vacuoles (Figure 2A). To characterize the interaction of
v-tubulin with membranes, antibodies visualizing the trans-
Golgi network and/or the nuclear membrane were used in
double-labeling experiments with anti-y-tubulin antibodies.
Spindle-associated vy-tubulin was on the poles localized
close to the Golgi membranes in metaphase (Figure 2B)
as well as in anaphase (Figure 2C), when the majority of
v-tubulin accumulated, with the shortening kinetochore fi-
bers focused on the poles. When chromosomes reached
the poles, an intensive granular signal of y-tubulin was as-
sociated with remnants of kinetochore microtubules (Figure
2D, arrow). These y-tubulin-decorated polar structures were
localized in the vicinity of the Golgi membranes (Figure 2E,
arrow). The inhibitory effect of brefeldin A on Golgi traffick-
ing in plant cells was characterized (Ritzenthaler et al.,
2002). Using this pharmacological approach, we observed
that 30 min of treatment of fava bean roots with 200 pwg-ml~1
brefeldin A induced the formation of multipolar spindles,
with y-tubulin accumulated with aberrantly located spindle
poles (Figure 2F).

v-Tubulin remained in the kinetochore area oriented to the
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cell cortex (Figure 2D, arrow) even after kinetochore micro-
tubules disappeared and the anaphase spindle was rear-
ranged into the early phragmoplast. The majority of y-tubu-
lin in telophase was present in the phragmoplast area, but
punctate labeling also was localized around the newly
formed nuclear envelope. Double labeling of cells with anti-
v-tubulin antibody and with antibody staining the nuclear
envelope marker importin revealed that +y-tubulin is not
colocalized with importin on the nuclear envelope but is
present in spots mainly in the polar region in the vicinity of
the nuclei (Figure 2H).

v-Tubulin Is Present in the Cytosolic Fraction in the
Form of Protein Complexes

In our previous experiments, we determined that y-tubulin is
present in plant extracts in the form of protein complexes
(Binarova et al., 2000); here, we analyzed the size distribu-
tion of y-tubulin in cell extracts of fava bean and Arabidop-
sis using gel filtration chromatography and nondenaturing
electrophoresis. After gel filtration, y-tubulin was distributed
in a wide zone, but the first narrow maximum was in frac-
tions 2 to 5, close to the column void volume (~2 MD). This
result suggested that y-tubulin is part of a large complex in
Arabidopsis (Figure 3A) as well as in fava bean (Figure 3C).
Intermediate-sized y-tubulin complexes, ranging from ~400
to 900 kD, and smaller complexes than these also were
found in extracts from both species. Because it is known
from animal cell model systems that the large ~-tubulin
complexes disassemble to smaller complexes in the pres-
ence of 500 mM NaCl (Oegema et al., 1999), the same sep-
aration conditions were used. As shown in Figure 3B, there
was no reduction in the amount of y-tubulin incorporated
into large complexes. On the other hand, salt treatment re-
duced the amount of some types of y-tubulin intermediate
complexes (Figure 3B).

The size and abundance of the intermediate complexes
varied among individual experiments, suggesting their dy-
namics. High-salt treatment also abolished the immunola-
beling for y-tubulin in fractions corresponding in molecular
mass to monomers or smaller fractions, resulting from the
apparent retention of y-tubulin in the gel matrix. Similar pro-
files of y-tubulin (56 kD) were found in Arabidopsis stained
with the polyclonal antibody AthTU and the monoclonal an-
tibody TU-31. However, antibody TU-31 also stained a 60-
kD band distributed in fractions corresponding to 120 to 240
kD (Figure 3B, TU-31). apB-Tubulin dimers were coeluted
with y-tubulin in a broad zone of fractions, with a large mo-
lecular mass maximum of ~2 MD (Figure 3A, a-tubulin and
B-tubulin). In contrast to y-tubulin, in which intermediate-
sized complexes diminish in the presence of high salt con-
centrations, intermediate protein complexes containing of3-
tubulin dimers were more stable (Figure 3B).

The presence of y-tubulin complexes of various sizes also
was confirmed by electrophoretic separation of fractions



Figure 2. Subcellular Localization of y-Tubulin in Mitotic Cells.

Root meristem cells of fava bean were stained with rabbit affinity-purified anti-y-tubulin antibody AthTU (red), mouse monoclonal anti-a-tubulin
antibody DMA1 (green), and 4',6-diamidino-2-phenylindole (blue) for chromatin visualization.

(A), (D), (F), and (G) y-Tubulin was visualized with anti-rabbit Cy3-conjugated antibody, and DMA1 antibody was visualized with anti-mouse flu-
orescein isothiocyanate (FITC)-conjugated antibody. Golgi membranes in root meristem cells of fava bean were stained with polyclonal rabbit
TLG antibody (green) and visualized with anti-rabbit FITC-conjugated antibody.

(B), (C), and (E) y-Tubulin was stained with mouse monoclonal TU-31 antibody (red) and visualized with anti-mouse Cy3-conjugated secondary
antibody.

(H) The nuclear envelope marker importin was stained with monoclonal mouse antibody (red) and visualized with anti-mouse Cy3-conjugated
antibody. y-Tubulin was stained with rabbit polyclonal antibody AthTU (green) and visualized with anti-rabbit FITC-conjugated secondary anti-
body.

(A) Metaphase cell with y-tubulin anchoring kinetochore spindle microtubules to the vacuolar membrane (arrow).

(B) Confocal laser scanning microscopy (CLSM) single optical section of a metaphase cell with y-tubulin localized with the metaphase spindle
and the Golgi membranes in the area of the spindle poles (arrow).

(C) and (C’) Two CLSM optical sections of an anaphase cell with y-tubulin associated with shortening kinetochore fibers and with the Golgi
membranes in the vicinity of the spindle poles (arrows).

(D) A cell later in anaphase shows accumulation of y-tubulin in the kinetochore region on the spindle poles (arrow).

(E) CLSM single optical sections of a cell in the same stage of mitosis as in (D) shows that y-tubulin-decorated structures in the kinetochore re-
gion on poles are associated with the Golgi membranes (arrow).

(F) Multipolar mitosis observed after 30 min of brefeldin A treatment (arrowheads indicate multiple poles with y-tubulin).

(G) Late anaphase/early telophase cell with remnants of y-tubulin associated with kinetochores (arrow), whereas kinetochore microtubules had
already disappeared.

(H) and (H’) CLSM single optical sections (H) and reconstitution of image stacks (H’) of telophase cells demonstrating that importin decorates the
newly formed nuclear envelope and that y-tubulin labeling is present mainly in the phragmoplast area and in spots in the vicinity of the nuclei.
(A), (D), (F), and (G) are images from classic immunofluorescence microscopy. (B), (C), (E), and (H) are images from CLSM. Bars = 10 pm.



from gel filtration of Arabidopsis extracts under nondenatur-
ing conditions. Staining of blots with antibody AthTU showed
that y-tubulin is present in both large complexes (gel filtration
fractions 3 to 7) and smaller complexes (fractions 15 to 23). In
the latter case, y-tubulin staining appeared in fuzzy broad
bands with relative molecular masses corresponding approx-
imately to the sizes of the large and smaller complexes esti-
mated by gel filtration (Figure 4A). The results shown are for
the gel filtration performed in the presence of 500 mM NaCl,
which should reduce the nonspecific interactions of y-tubulin
with other proteins or vy-tubulin aggregation during sample
preparation. To exclude the possibility that broad diffuse
bands resulted from the presence of 500 mM NaCl, samples
were transferred before electrophoresis to the buffer with 50
mM salt. Fuzzy bands were present; moreover, reconstitution
of intermediate-sized complexes was observed (data not
shown). The fuzzy bands probably reflect the heterogeneity of
v-tubulin complexes or y-tubulin oligomers, because other
cytoplasmic proteins migrated under the same conditions as
distinct bands.

The monoclonal antibody TU-31, like the AthTU antibody,
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recognized y-tubulin in large complexes (Figure 4B). Intense
staining of bands in the region 120 to 220 kD probably re-
flects the presence of complexes containing a 60-kD protein
recognized by the TU-31 antibody (Figure 3B, TU-31).
Therefore, both antibodies provide similar staining in high
molecular mass fractions, but they clearly differ in staining in
lower molecular mass fractions. Collectively, these data in-
dicate that in cytosolic fractions there are tubulin protein
complexes of different properties.

v-Tubulin Is Associated with Membrane
Microsomal Fractions

To analyze the interaction of plant y-tubulin with mem-
branes (as indicated by immunofluorescence analysis), total
cell extracts of fava bean and Arabidopsis were separated
by differential centrifugation into cytosolic and membrane
fractions. The data obtained for fava bean and Arabidopsis
were very similar; therefore, only Arabidopsis data are pre-
sented. In Figure 5A, the relative distribution of y-tubulin in
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Figure 3. Gel Filtration of Cytoplasmic Extracts Followed by SDS-PAGE Analysis.

(A) and (B) Fractionations from gel filtration of Arabidopsis extracts in the presence of 100 (A) or 500 (B) mM NaCl.

(C) Fractionations from gel filtration of fava bean extract.

Fractions were analyzed by 10% SDS-PAGE, immunoblotted with antibodies AthTU and TU-31 against y-tubulin and DM1A against a-tubulin,
and reblotted with TUB 2.1 antibody against B-tubulin. Calibration standards (in kD) are indicated with arrowheads. Numbers from 1 to 28 de-

note individual fractions.
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Figure 4. Gel Filtration of Cytoplasmic Extracts Followed by Nonde-
naturing PAGE Analysis.

Arabidopsis extracts were subjected to gel filtration chromatography
in the presence of 500 mM NaCl. Fractions were analyzed by 3 to
10% native PAGE and immunoblotted with antibodies AthTU (A)
and TU-31 (B) against y-tubulin. Molecular mass standards (in kD)
are indicated with arrowheads. Numbers from 1 to 28 denote indi-
vidual fractions.

cytosolic and membrane fractions is shown; in Figure 5B,
the same amount of protein was loaded from each fraction.
After low-speed centrifugation, y-tubulin was present in the
pellet (P4) as well as in the supernatant (S4). After further
spinning (27,000g for 60 min) of the supernatant (S4), a
smaller amount of y-tubulin was detected in the pellet (P27)
containing mainly mitochondria, plastids, and larger mi-
crosomes. The majority of y-tubulin remained in the super-
natant (S27), from which a high-speed microsomal pellet
(P100) was obtained by further centrifugation (100,000g for
60 min). P100 contained small vesicles with diameters of
~100 to 300 nm. The composition of P27 and P100 was
checked by electron microscopy (data not shown).

As shown in Figure 5A, ~50% of vy-tubulin from super-
natant S27 was spun down to pellet P100. y-Tubulin was
solubilized almost completely from P100 by the detergent
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic
acid (CHAPS) (Figures 5A and 5B, P100 Sgy for solubilized
membrane proteins and P100 Pgy for insoluble membrane
material). The detergents CHAPS and B-D-lauryl maltoside
solubilized almost all y-tubulin from the microsomal pellet
(P100), whereas other detergents (0.1% Triton X-100 or
0.1% Nonidet P-40) were less effective. Treatment of the
pellet (P100) with Na,COs, pH 11, used to strip extrinsic or

absorbed proteins, was much less efficient in the solubiliza-
tion of y-tubulin than the detergents used (data not shown).
With TU-31 antibody, the pattern of fractionation of the 56-
kD vy-tubulin was similar to that seen with AthTU antibody.
However, the 60-kD protein detected by TU-31 was en-
riched in high-speed supernatant (S100), and only a very
small amount of this protein was found in the microsomal
membrane fraction (P100 Sgy) (Figure 5B, TU-31). This re-
sult indicates a different subcellular localization of the 56-kD
v-tubulin and the 60-kD protein. Homogenization with liquid
nitrogen and in cold buffer using a prechilled blender gave
the same results, excluding the effect of the homogenization
procedure on y-tubulin distribution.

The distribution of tubulin dimers among fractions was
similar to that of y-tubulin, and a- and B-tubulin were solubi-
lized together with y-tubulin from the microsomal fraction
(Figure 5A). On the other hand, the small GTPase Ran, an
abundant cytosolic protein used as a control, was found
only in the soluble cytosolic fraction but not in the fraction
containing microsomal membranes (Figure 5A, Ran). We
conclude that y-tubulin and «p-tubulin dimers are associ-
ated with plant membranes, mainly in the high-speed mi-
crosomal fraction.

Blue Native PAGE Confirms That y-Tubulin Is
Associated with Membranes in the Form of
Large Protein Complexes

Nondenaturing blue native PAGE (BN-PAGE) was devel-
oped for the isolation of membrane-associated protein com-
plexes (Caliebe et al., 1997). To further examine the asso-
ciation of +y-tubulin with membranes, samples from cell
fractionation were subjected to BN-PAGE in the first dimen-
sion and SDS-PAGE in the second dimension. Antibody
AthTU strongly reacted with material electrophoretically
separated from the supernatant (S27) with protein com-
plexes of >1 MD (Figure 6, S27). Intermediate complexes
also were detected, and there was no y-tubulin in the mono-
meric form. Reprobing of membranes with anti-a-tubulin an-
tibody revealed a large distribution of a-tubulin, with molec-
ular masses corresponding to large complexes and to
monomers (Figure 6, S27). A similar distribution was found
for B-tubulin (data not shown). Further fractionation of S27
to the high-speed supernatant and pellet showed that
smaller y-tubulin complexes remained in the supernatant
(Figure 6, S100). The majority of large y-tubulin complexes
were pulled down to the high-speed microsomal pellet, from
which they were solubilized by lauryl maltoside (Figure 6,
P100S)). a-Tubulin (Figure 6, P100S,) and B-tubulin (data
not shown) also were detected in the large membrane-asso-
ciated complexes. Similar data were obtained regardless of
the differing extraction procedures (frozen cells ground in
liquid nitrogen or fresh cells ground with a blender) or deter-
gents (CHAPS or lauryl maltoside) used for solubilization of
the membrane protein. These data indicate that stable large
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Figure 5. Distribution of y-Tubulin in Cytoplasmic and Membrane

Fractions.

Cell extracts from Arabidopsis were differentially centrifuged, and
pellets were extracted with CHAPS.

(A) To compare the relative distribution of immunoblotted proteins,
pelleted material was resuspended in a volume equal to the volume
of the corresponding supernatant.

(B) Samples loaded at the same protein content (10 pg/lane).
Samples were analyzed by 10% SDS-PAGE and immunoblotted
with antibodies AthTU and TU-31 against y-tubulin, DM1A against
a-tubulin, TUB 2.1 against B-tubulin, and anti-Ran antibody. P4 and
S4, low-speed pellet and supernatant (4000g for 10 min); P27 and
S27, pellet and supernatant after centrifugation of the S4 superna-
tant (27,0009 for 1 h); P27 Sy and P27 Py, supernatant and pellet
after solubilization of the P27 pellet with CHAPS; S100, high-speed
supernatant after centrifugation of the S27 supernatant (100,000g
for 1 h); P100 Sgy and P100 Pgy, supernatant and pellet after solubi-
lization of the P100 pellet with CHAPS. Arrowheads indicate the po-
sition of the 56-kD ~y-tubulin.
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v-tubulin complexes containing tubulin dimers are associ-
ated with microsomal membranes.

Large y-Tubulin Complexes Are Potent
Microtubule Nucleators

The functional assay—cover slip nucleation assay (Oegema
et al., 1999), developed originally to test the nucleation ac-
tivity of y-tubulin complexes in Drosophila, was modified
and used to determine the microtubule nucleation activity of
fractions from gel filtration of the Arabidopsis cell extract.
Purified bovine brain tubulin at a concentration of 0.5 mg/mL,
which was shown to be subcritical for spontaneous tubulin
polymerization, was used in all nucleation assays. The re-
sults are shown in Figure 7, in which all of the micrographs
were made under the same exposure conditions. Maximal
tubulin polymerization was observed with fractions 3 to 4,
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Figure 6. BN-PAGE of Cell Extracts and Solubilized Microsomes.

S27, S100, and lauryl maltoside-solubilized microsomal proteins
(P100 S), as described in the legend to Figure 5, were separated in
the first dimension by 4 to 15% BN-PAGE and in the second dimen-
sion by 10% SDS-PAGE. Separated proteins were immunoblotted
with antibodies AthTU and TU-31 against y-tubulin and DM1A
against a-tubulin. Molecular mass standards (in kD) for the first di-
mension are indicated with arrowheads at bottom.
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Figure 7. Analysis of Fractions from Gel Filtration Using the Cover Slip Nucleation Assay.

Selected fractions from gel filtration of Arabidopsis (S27) extracts were used for the cover slip microtubule nucleation assay performed as de-
scribed in Methods. The top two rows represent fractions containing large y-tubulin complexes (fr1 to fr4) after incubation with brain tubulin for
15 min (15') or 60 min (60’). The bottom two rows represent fractions containing small y-tubulin complexes (fr22 to fr24) and a control without
vy-tubulin (fr29) after incubation with brain tubulin for 15 min (15’) or 60 min (60’). Microtubules were visualized by immunofluorescence micros-
copy with anti-a-tubulin antibody DM1A. Equivalent exposures are presented. Bar = 10 pum.

corresponding to the large y-tubulin complexes. Microtu-
bules were found after 15 min of polymerization, and their
number increased after 1 h of polymerization (Figure 7, top
two rows). No microtubule polymerization was observed
with fractions 22 to 24, which contained vy-tubulin in the
form of smaller complexes (Figure 7, bottom two rows), or
with fraction 29, in which y-tubulin was not detected and
which served as a negative control. Data from several inde-
pendent nucleation experiments with gel filtration samples
from Arabidopsis and fava bean cell extracts confirmed that
the number of microtubules formed in the presence of
fractions 2 to 5 correlated with the amount of y-, a-, and
B-tubulins immunodetected in these fractions. Little (or no)
nucleation activity was observed when fractions from gel
filtration of high-speed supernatants (S100), which were
largely depleted in large y-tubulin complexes, were tested in
the assays.

Coprecipitation of y-Tubulin with a3-Tubulin Dimers

Because our data showed a codistribution of tubulin dimers
with y-tubulin during fractionation procedures, we tried to
determine whether y-tubulin in the soluble cytoplasmic pool
interacts with tubulin dimers. As shown in Figure 1C, immu-
noprecipitation of y-tubulin from Arabidopsis extracts with
AthTU antibody followed by specific elution with the immu-
nizing peptide revealed that a 56-kD protein was recognized
by both TU-31 and AthTU antibodies. y-Tubulin (56 kD) was
precipitated specifically from Arabidopsis extracts with im-
mobilized anti-y-tubulin antibody TU-31, as demonstrated
by the staining of blots with the plant-specific anti-y-tubulin
antibody AthTU (Figure 8A, lane 5). When the immobilized
antibody was incubated without extract, no staining in the
position of y-tubulin was observed and no binding of
v-tubulin to immobilized protein L was detected (Figure 8A,



lanes 4 and 6). The control antibody NF-09 gave no precipi-
tation of y-tubulin (Figure 8A, lane 3). The faint staining in
lanes 2 to 5 of Figure 8A represents the heavy chains of im-
munoglobulins. When the TU-31-precipitated material was
probed with mouse antibodies against tubulin subunits, the
heavy chains of mouse IgG obscured the detection of co-
precipitated tubulin dimers. Therefore, immobilized anti-
B-tubulin antibody TU-06 (IgM) was used, which specifically
precipitated tubulin dimers, as documented by staining with
anti-a-tubulin antibody (Figure 8B, «-tubulin, lane 2). No
binding of a-tubulin to immobilized protein L was detected
(Figure 8B, a-tubulin, lane 4).

Probing of the immunoprecipitate with anti-B-tubulin anti-
body confirmed the presence of B-tubulin subunits (data not
shown). Probing of the immunoprecipitate with anti-y-tubulin
antibody (TU-31) revealed that the precipitated aB-tubulin
dimers also contained y-tubulin (Figure 8B, TU-31, lane 2).
Closer inspection of the immunoblots revealed that only the
56-kD protein was coprecipitated. The same band was
stained with the anti-y-tubulin antibody AthTU. When the
immobilized antibody was incubated without extract, no
staining in the position of y-tubulin was observed (Figure
8B, TU-31, lane 3). Control antibody VI-10 (IgM) gave no
precipitation of ~v-tubulin and tubulin dimers (data not
shown). Coprecipitation of y-tubulin with tubulin dimers also
was confirmed on extracts prepared from fava bean (Figure
8C). These results strongly suggest that tubulin dimers can
interact directly or indirectly with y-tubulins in plant extracts.

v-Tubulin Cosedimented with Plant Microtubules
Polymerized in Vitro and Was Localized along Their
Entire Length

After showing that y-tubulin interacts with «-tubulin di-
mers, we wanted to elucidate the interaction of y-tubulin
with polymerized microtubules in a spin-down assay we de-
veloped previously (Weingartner et al., 2001). Pelleted mi-
crotubules, polymerized from Arabidopsis and fava bean
extracts, were analyzed for the presence of a-, B-, and
v-tubulin. Because the data for microtubules polymerized
from S27 or S100 were similar, only data for S100 are
shown. Both of the anti-y-tubulin antibodies revealed an as-
sociation of ~y-tubulin (56 kD) with polymerized microtu-
bules, as shown for Arabidopsis (Figure 9A, lanes 2 and 3).
The 60-kD protein recognized by TU-31 also was associ-
ated with microtubules, but compared with y-tubulin (56
kD), it was not enriched in the microtubular pellet. Control
extracts without taxol or DMSO did not provide a tubulin
pellet, which excluded a possible nonspecific sedimentation
of clustered tubulins (Figure 9A, lanes 4 and 5). The absence
of abundant cytoplasmic Ran GTPase in sedimented micro-
tubules (Figure 9A) confirmed the affinity association of
v-tubulin with microtubules.

Because the supernatant S100 contained only a minor
part of the large y-tubulin complexes and no monomeric
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v-tubulin (Figure 6), it is likely that soluble smaller y-tubulin
complexes or y-tubulin oligomers were bound to microtu-
bules. When microtubules were polymerized on slides and,
after extensive washing, immunolabeled with anti-vy-tubulin
antibodies, both antibodies stained microtubules in a dot-
like manner along their entire length (Figure 9B, AthTU and
TU-31). The staining pattern was similar to the punctuate
staining of y-tubulin observed along microtubules in cells
(Figure 2) (Liu et al., 1993). No such staining was observed
when preimmune serum was used as a negative control
(Figure 9B, preimmune serum). These results suggest that
v-tubulin or its forms laterally associate with plant microtu-
bules polymerized in vitro.

DISCUSSION

Antibody Tools

The newly prepared polyclonal anti-peptide antibody AthTU
against the Arabidopsis y-tubulin sequence recognizes, on
immunoblots of various plant species, a single band in the
range 56 to 58 kD. In Arabidopsis, all anti-y-tubulin antibod-
ies we have used (AthTU, TU-31, and N38-53) stained a
56-kD protein. It is 2 to 3 kD larger than the predicted mo-
lecular masses for two Arabidopsis-expressed +y-tubulin
genes (53.3 and 53.4 kD), as calculated from their amino
acid sequences. y-Tubulin might run on gels in positions
corresponding to relative molecular masses greater than
those predicted previously (Ovechkina and Oakley, 2001).
Because of this fact, the determination of whether the pro-
tein recognized with anti-y-tubulin antibodies is y-tubulin or
another protein containing the recognized epitope is crucial
for further experimental work. Our immunoprecipitation ex-
periments provide direct evidence that the antibodies AthTU
and TU-31 recognized the identical 56-kD vy-tubulin protein
in Arabidopsis. Moreover, staining of the 56-kD +y-tubulin
with AthTU antibody was abolished by preabsorption of the
antibody with y-tubulin peptides used to generate AthTU
and/or TU-31 antibodies.

The TU-31 antibody reacted in Arabidopsis extracts not
only with the 56-kD protein but also with a 60-kD immunore-
active protein, and corresponding very close bands also
were immunodetected in other plant species. The fact that
the staining of both protein bands in Arabidopsis was abol-
ished after preabsorption of the TU-31 antibody with each
of the two immunizing peptides suggests that the epitope
recognized on the SDS-denatured 60-kD protein by TU-31
is similar to or identical with the phylogenetically conserved
v-tubulin amino acid sequence from the C-terminal region of
the molecule. A database search showed that no other pro-
teins containing the peptide sequence used to generate the
TU-31 antibody or a peptide close to it are found in the Ara-
bidopsis genome. Both the 56-kD +y-tubulin and the 60-kD
protein were spun down with microtubules polymerized
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Figure 8. Immunoprecipitation of Cell Extracts with Anti-Tubulin An-
tibodies.

Proteins were separated by 7.5% SDS-PAGE and immunoblotted.
IP, immunoprecipitant.

(A) Immunoblots of Arabidopsis cell extracts precipitated by mono-
clonal anti-y-tubulin antibody TU-31 and immunoblotted with poly-
clonal anti-y-tubulin antibody AthTU. Lane 1, proteins remaining af-
ter precipitation; lane 2, NF-09 antibody (negative control) not
incubated with the protein extract; lane 3, immunoprecipitated pro-
teins with NF-09 antibody (negative control); lane 4, TU-31 antibody
not incubated with the protein extract; lane 5, immunoprecipitated
proteins with TU-31 antibody; lane 6, proteins bound to protein L
without antibody.

(B) Immunoblots of Arabidopsis cell extracts precipitated by mono-
clonal anti-p-tubulin antibody TU-06 and immunoblotted with anti-
bodies TU-01 against a-tubulin and monoclonal antibody TU-31
against y-tubulin. Lane 1, proteins remaining after precipitation; lane
2, immunoprecipitated proteins; lane 3 immobilized immunoglobulin
not incubated with protein extract; lane 4, proteins bound to protein
L without antibody. The arrow indicates the position of the IgM
heavy chain of the precipitating antibody.

(C) Immunoblots of fava bean extracts precipitated by monoclonal
anti-a-tubulin antibody TU-16 and immunoblotted with TUB 2.1
against B-tubulin and anti-y-tubulin antibody TU-31. Lane 1, pro-
teins remaining after precipitation; lane 2, immunoprecipitated pro-
teins; lane 3, proteins bound to protein L without antibody. The ar-

from Arabidopsis extracts, and the immunofluorescence
staining patterns with TU-31 and AthTU in cells were very
similar. Therefore, one cannot exclude completely the pos-
sibility that the antibody recognizes two vy-tubulin forms.
There are two highly homologous y-tubulin genes present in
the Arabidopsis genome database, but they have identical
C-terminal sequences. On the other hand, the 60-kD protein
might represent a post-translational modified form of
v-tubulin that has different electrophoretic mobility.

Forms of y-tubulin differing in their electrophoretic mobil-
ity have been distinguished in Physarum (Lajoie-Mazenc et
al., 1996), Drosophila (Raynaud-Messina et al., 2001), brain
cells (Sulimenko et al., 2002), and plants (Petitpren et al.,
2001). In the latter study, it was found that the 58-kD form
was present in all sunflower tissues tested and also was as-
sociated with the nucleus, whereas the smaller y-tubulin
(52-kD) form was present only in meristematic and dediffer-
entiated cells. The subcellular distribution of the 60-kD pro-
tein differed from that of the 56-kD ~-tubulin in our experi-
ments as well. Its amount was very limited in the high-speed
microsomal fraction; consequently, it was not detected in
large y-tubulin complexes in microsomes. Instead, the 60-kD
protein was abundant in the high-speed supernatant in the
form of small (120- to 220-kD) complexes or oligomers. The
60-kD protein was not coprecipitated with 56-kD ~-tubulin
using AthTU and/or anti-B-tubulin antibody. Therefore, the
characteristics of the putative two forms of y-tubulin (56 and
60 kD) are different. Alternatively, the 60-kD protein repre-
sents a protein, sharing the same sequencing epitope as
v-tubulin, that is associated with microtubules. Further pro-
tein purification and sequencing is needed for conclusive
protein identification.

Heterogeneity of y-Tubulin Complexes

The presence of y-tubulin in the form of protein complexes
of various sizes in fava bean extracts has been postulated
previously (Binarova et al., 2000). Gel filtration analysis, non-
denaturing PAGE, and BN-PAGE of the cytosolic fraction from
Arabidopsis and fava bean followed by detection with plant-
specific antibody revealed the presence of large ~v-tubulin
complexes (>1 MD) and intermediate-sized complexes.
Similar large and intermediate y-tubulin protein complexes
have been reported in different organisms, including fungi
(Akashi et al., 1997) and plants (Stoppin-Mellet et al., 2000).
The well-characterized large y-tubulin complexes in animal

row indicates the position of the IgM heavy chain of the precipitating
antibody.
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Figure 9. Association of y-Tubulin with in Vitro—-Polymerized Micro-
tubules.

(A) Microtubules were prepared from Arabidopsis extracts (S100) by
taxol-driven polymerization and analyzed by immunoblotting with
antibodies AthTU and TU-31 against y-tubulin, DM1A against
«-tubulin, and anti-Ran antibody (control). Lane 1, extract; lane 2,
microtubule pellet; lane 3, supernatant after taxol polymerization;
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models are y-TuRCs, with a molecular mass of 2.2 MD
(Zheng et al., 1998; Oegema et al., 1999). In contrast to the
reported salt sensitivity of y-TuRC, large +y-tubulin com-
plexes of Arabidopsis and fava bean did not dissociate to
smaller complexes in the presence of 500 mM NaCl. Cover
slip nucleation assays revealed that only fractions with large
complexes affect nucleation activity strongly, whereas salt-
sensitive intermediate and smaller complexes basically had
no effect on microtubule nucleation. In this respect, large
complexes resemble the animal y-TuRCs, which are the
most potent soluble microtubule nucleators (Oegema et al.,
1999), whereas variable intermediate-sized plant complexes
might present another functional type of tubulin complex.

Association of y-Tubulin Complexes with Membranes

Solubilization of the microsomal fraction with detergents
and BN-PAGE demonstrated that y-tubulin was associated
with membranes in the form of large complexes (>1 MD).
Coomassie blue and aminocaproic acid used during BN-PAGE
made it possible to estimate the molecular mass of deter-
gent-solubilized, membrane-bound ~y-tubulin complexes while
avoiding the problem of detergent interference, which ap-
peared during gel filtration of solubilized membrane pro-
teins. Although v-tubulin itself does not have a consensus
membrane binding motif, it is possible that other proteins of
the complex mediate its association with membranes. Our
data indicate that «p-tubulin dimers are associated with
large membrane-bound vy-tubulin complexes. Interestingly,
palmitoylation of the a-tubulin molecule has been described
(Caron, 1997). Moreover, an association of y-tubulin with
the protein Tyr kinase p53/p56"", whose significant fraction
is located in membrane microdomains, has been reported
(Draberova et al., 1999b).

Nuclear and cortical membranes are believed to be sites
of microtubule nucleation, and studies of both green fluo-
rescent protein-tubulin dynamics (Kumagai et al., 2001) and
v-tubulin immunolocalization (Vaughn and Harper, 1998)
support this hypothesis. The plant homolog of Spc98p, a
protein that interacts with y-tubulin in complexes in a broad
range of eukaryotes, colocalizes with y-tubulin on the nu-
clear envelope in tobacco. Antibodies against Spc98p and

lanes 4 and 5, as in lanes 2 and 3 but without taxol. Arrowheads in-
dicate the position of the 56-kD y-tubulin.

(B) Immunofluorescence staining of polymerized microtubules with
antibodies AthTU and TU-31 against y-tubulin, DM1A against
a-tubulin, and preimmune serum (control). Slides were observed by
fluorescence microscopy (left) and differential interference contrast
(right). Bar = 10 pm.
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v-tubulin decreased the ability of isolated nuclei to nucleate
purified brain tubulin. However, no direct biochemical
evidence for the presence of an Spc98p homolog in plant
v-tubulin complexes was provided (Erhardt et al., 2002). Our
results show that large membrane-associated +y-tubulin
complexes are active in microtubule nucleation. Also in ac-
cordance with biochemical and functional data are our mi-
croscopic observations showing that +y-tubulin associated
with membranes. The accumulation of y-tubulin—-decorated
vesicle-like structures at the spindle anchoring sites on
poles in mitosis, in the area of the phragmoplast in cytokine-
sis, suggests +y-tubulin interaction with membranes. The
localization of Golgi membranes in the vicinity of y-tubulin—-
decorated spindle poles and results from brefeldin A treat-
ment indicated that correct endomembrane trafficking is a
prerequisite for spindle pole organization, and the interac-
tion of y-tubulin with membranes might be involved directly
or indirectly in this process.

In acentriolar early mouse oocytes, vy-tubulin—-positive
membranous aggregates containing a variety of vesicular
structures are suggested to be the centrosomal precursors
of a unique ultrastructure (Calarco, 2000). It is possible that
similar membrane vesicular structures containing y-tubulin
complexes exist in acentrosomal plant cells. The majority of
large +v-tubulin complexes with nucleation activity were
present in the high-speed microsomal fraction in which
some of the small vesicles were immunogold labeled for
v-tubulin (electron microscopy data not shown). Further
characterization of membranous vesicles is in progress. Re-
cently emerging data show that membranous organelles are
not organized solely in a passive manner by the cytoskele-
ton but participate actively in the organization of cytoskele-
ton structures. It was reported that Golgi-derived vesicles
acted as microtubule-nucleating and -organizing sites, with
v-tubulin participating in the process (Chabin-Brion et al.,
2001). In plants, evidence for the presence of a signaling
molecule (phospholipase D) associated with membranes
and microtubules was provided (Gardiner et al., 2001).

Association of y-Tubulin with a3-Tubulin Dimers

The colocalization of v-tubulin along the entire length of
plant microtubules with no preference for possible minus
ends and its presence with tubulin paracrystals suggested a
more complex role of y-tubulin related to aB-tubulins than
simple microtubule nucleation (Binarova et al., 1998; Panteris
et al., 2000). Our present data on the coprecipitation of
aB-tubulin dimer and y-tubulin confirmed independently an
association of soluble y-tubulin with tubulin dimers in Arabi-
dopsis and fava bean. This finding might reflect the pres-
ence of tubulin dimers in y-tubulin complexes; alternatively,
v-tubulin could be present in cells in some other forms ca-
pable of interacting with aB-tubulin dimers. Tubulin dimers
were not found in the majority of animal y-TuRCs analyzed
(Wiese and Zheng, 1999), but variable amounts of tubulin

dimers have been reported to coprecipitate with y-tubulin in
preparations from oocytes (Zheng et al., 1995; Lessman
and Kim, 2001) and erythrocytes (Linhartova et al., 2002).
v-Tubulin dimers were identified under natural conditions in
Hela cells (Vassilev et al., 1995), and it was shown that
v-tubulin in the brain could form oligomers (Sulimenko et al.,
2002).

Our data indicate that a similar situation might exist in plants.
Structural models for self-assembly suggest that -y-tubulin
should be capable of self-assembling into dimers or protofil-
ament-like oligomers and of interacting laterally with «- or
B-tubulin (Inclan and Nogales, 2001). y-Tubulin was bound
to microtubules polymerized from both low-speed and high-
speed supernatant (S100). Because monomeric tubulin as
well as the large y-tubulin complexes are almost completely
absent in S100, y-tubulin most likely is bound to microtu-
bules in the form of small complexes or y-tubulin oligomers.
Dot-like y-tubulin staining of microtubules along their entire
length and its accumulation with microtubular bundles sug-
gest a lateral association of y-tubulin forms. It was shown
that y-tubulin peptides did not interfere with microtubule as-
sembly in vitro and were associated with microtubules along
the polymer length (Llanos et al., 1999).

The massive association of y-tubulin with kinetochore mi-
crotubules in cells with regular mitosis, as well as its pres-
ence in the vicinity of kinetochores in monopolar mitosis
(Binarova et al., 1998), imply a role for y-tubulin in the orga-
nization of the bipolar spindle. Several mutants of S. pombe
and A. nidulans (Hendrickson et al., 2001; Jung et al., 2001)
as well as Caenorhabditis elegans with y-tubulin depleted
by RNA interference (Strome et al., 2001) showed that in the
absence of vy-tubulin, the function of kinetochore microtu-
bules and anaphase chromosome separation were more af-
fected than microtubule nucleation. Moreover, the overlap-
ping roles of y-tubulin and kinesin in the organization of
kinetochore microtubules and in the establishment of spin-
dle bipolarity were proven genetically in S. pombe and A.
nidulans (Paluh et al., 2000; Prigozhina et al., 2001).

Heterogeneity of y-Tubulin Forms and Microtubule
Organization in Plants

The distribution of y-tubulin protein complexes among vari-
ous species might underscore the specific need for an or-
ganism to regulate its microtubule dynamics and spindle
function. In plants, all somatic and gametic cells are acen-
trosomal; nuclear and cortical membranes are important
sites for organizing the microtubular arrays during cell cycle
progression. The large y-tubulin complexes associated with
membranes are potent in vitro nucleators of microtubules.
Membranes, being dynamic self-organizing systems, can
provide flexible microtubule nucleation activity. More gener-
ally, an association of y-tubulin with membranous structures
might ensure the nucleation of microtubule arrays not only
in plants but also in other eukaryotic cell types with noncen-



trosomal microtubules. The abundance of y-tubulin in plant
cells and the presence of y-tubulin in protein complexes of
various sizes, different properties, and subcellular locations,
as well as +y-tubulin interactions with tubulin heterodimers
and the association of y-tubulin complexes or oligomers
with microtubules, all could reflect the specific needs of the
plant cells. The precise functions of different y-tubulin forms
in the nucleation and organization of plant microtubules re-
main to be elucidated.

METHODS

Cells

Seedlings of Arabidopsis thaliana, fava bean (Vicia faba), pea (Pisum
sativum), and maize (Zea mays) were grown, and whole seedlings or
root meristems were collected as described previously (Binarova et
al., 2000). Cell suspension cultures of Arabidopsis (ecotype Lands-
berg erecta), described by May and Leaver (1993), were obtained
from L. Bogre (Royal Holloway University of London). The sample
was cultured in 1X Murashige and Skoog (1962) solution (Sigma)
and 3% saccharose supplemented with the growth regulators
1-naphthalene acetic acid (2.5 wM) and kinetine (0.25 nM). Cells
were cultured with shaking at 24°C with a 16-h photoperiod and
1-week subculture intervals.

Antibodies

vy-Tubulin was detected with the mouse monoclonal antibody TU-31
(IgG2b) (Novakova et al., 1996) prepared against the conserved 16—
amino acid peptide EYHAATRPDYISWGTQ corresponding to the hu-
man +y-tubulin sequence 434 to 449. To generate rabbit polyclonal
antibody AthTU against the 14-amino acid peptide EYKACESPD-
YIKWG corresponding to the Arabidopsis y-tubulin sequence 437 to
450, peptide was coupled to keyhole limpet hemocyanin and anti-
bodies were purified on protein A or affinity purified on peptide-cou-
pled Sulfo-Link beads (Pierce). Polyclonal antibody against human
y-tubulin sequence 38 to 53 (EEFATEGTDRKDVFFYN) from the N-ter-
minal region of the molecule was purchased from Sigma. a-Tubulin
and B-tubulin were detected using the mouse monoclonal antibodies
DM1A and TUB 2.1 (IgG1) (Sigma). For the precipitation of tubulin
dimers, mouse monoclonal antibodies TU-06 (IgM) against B-tubulin
(Draber et al., 1989) and TU-16 (IgM) against a-tubulin (Draberova
and Draber, 1998) were used. As negative controls for immunopre-
cipitation experiments, the mouse monoclonal antibodies NF-09
(lgG2a) and VI-10 (IgM) against vimentin were used (Draberova et al.,
1999a). Polyclonal anti-Ran antibody was obtained from Babco
(Richmond, CA), and monoclonal mouse anti-importin antibody and
polyclonal rabbit antibody against the trans-Golgi network protein
TLG were obtained from Affinity BioReagents (Golden, CO) and Se-
cant Chemicals (Winchendon, MA), respectively. Fluorescein isothio-
cyanate (FITC)- and indocarbocyanate (Cy3)-conjugated anti-mouse
and anti-rabbit antibodies were obtained from Jackson ImmunoRe-
search Laboratories (West Grove, PA). The anti-mouse Ig antibody
and anti-rabbit antibody conjugated with horseradish peroxidase
were purchased from Amersham Biosciences (Uppsala, Sweden) or
from Promega (Madison, WI).
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Preparation of Protein Extracts and Solubilization of
Membrane Proteins

Root meristems, seedlings, and suspension cells were collected,
ground in liquid nitrogen, and thawed in 1 to 2 volumes of extraction
buffer (50 mM K-Hepes, pH 7.4, 1 mM MgCl,, 1 mM EGTA, 1 mM
EDTA, 100 mM NaCl, 1 mM DTT, and 0.05% [v/v] Nonidet P-40)
supplemented with protease [5 ng/mL each of leupeptin, aprotinin,
antipain, soybean trypsin inhibitor, and pepstatin and 10 n.g/mL
4-(2-aminoethyl)benzenesulfonylfluoride hydrochloride] and phos-
phatase [1 mM NaF, 0.5 mM NazVO,, and 15 mM B-glycerophos-
phate] inhibitors. Alternatively, plant material was ground in extrac-
tion buffer using a prechilled blender. Crude extracts were
centrifuged at 4000g for 10 min at 4°C to sediment cell walls, nuclei,
and cell debris (P4). Supernatants (S4) were centrifuged subse-
quently at 27,0009 for 1 h at 4°C to separate cytosolic fractions (S27)
from pellet (P27).

The cytosolic fraction (S27) from Arabidopsis cells and fava bean
root meristems was centrifuged further at 100,000g for 1 h at 4°C to
obtain a high-speed microsomal pellet (P100) and a high-speed su-
pernatant (S100). The pellet (P27) and the microsomal membrane
fraction (P100) were resuspended in extraction buffer supplemented
with one of the following detergents: 10 mM 3-[(3-cholamidopro-
pyl)dimethylammonio]-1-propanesulfonic acid, 1% B-D-lauryl malto-
side, 0.1% Triton X-100, and 0.1% Nonidet P-40. Alternatively, pel-
lets P27 and P100 were treated with 0.1 M Na,COs, pH 11. After 30
min of incubation at 4°C, detergent-insoluble material was centri-
fuged at 48,0009 for 20 min at 4°C.

Gel Filtration Chromatography

Gel filtration of cell extracts (fractions S27 or S100) was performed
using a fast protein liquid chromatography system with a Superose
12 HR 10/30 column (Amersham Pharmacia). Column equilibration and
chromatography were performed in column buffer (50 mM K-Hepes, pH
7.4, 1 mM EGTA, 100 mM NaCl, 2% glycerol, and 1 mM DTT) sup-
plemented with protease and phosphatase inhibitors (see extraction
buffer). In some experiments, the column buffer was supplemented
with 500 mM NaCl. Fractions (0.25 mL) were collected, and aliquots
were used for the preparation of samples for SDS-PAGE or nondena-
turing PAGE. The column was calibrated for each particular chroma-
tography condition used. The following molecular mass standards
were used: thyroglobulin (669 kD), ferritin (440 kD), catalase (232 kD)
(Gel Filtration Calibration Kit; Amersham Pharmacia), alcohol dehy-
drogenase (150 kD), BSA (66 kD), and ovalbumin (45 kD) (Sigma).
Dextran blue (Amersham Pharmacia) was used to determine the col-
umn void volume.

Electrophoresis and Immunoblotting

Proteins separated by SDS-PAGE (Laemmli, 1970) were transferred
onto nitrocellulose membranes by wet electroblotting. Details of the
immunostaining procedure are described elsewhere (Draber et al.,
1989). Immunoreactive bands were visualized using either the en-
hanced chemiluminescence detection system (Pierce) or the alkaline
phosphatase detection system (Promega).

In some experiments, anti-y-tubulin antibodies were preabsorbed
with the peptides used for immunization. Both human y-tubulin pep-
tide (EEFATEGTDRKDVFFYN) and Arabidopsis vy-tubulin peptide
(EYKACESPDYIKWG) were used for preabsorption of TU-31 and
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AthTU antibody. Peptide corresponding to amino acid residues 38 to
53 of human y-tubulin was used as a negative control. Two molar ra-
tios of antibody to peptide were used: 1:5 and 1:50. Mixtures of anti-
bodies and peptides were incubated for 30 min at room temperature.

Nondenaturing PAGE was performed using the Laemmli system
(Laemmli, 1970), except that SDS was omitted completely and elec-
trophoresis was performed at 4°C. Sample buffer consisted of 62.5
mM Tris-HCI, pH 6.8, 10% glycerol, and 0.01% (w/v) bromphenol
blue. Proteins were separated on 3 to 10% linear gradient gels with
3% stacking gels. After electrophoresis, proteins were electroblotted
onto nitrocellulose for protein gel blot analysis.

Blue native PAGE (BN-PAGE) was performed using a slightly modified
method of Schagger and von Jagow (1991). Microsomal membranes
were resuspended in solubilization buffer (50 wM bis-Tris-HCI, pH
7.0, 750 mM aminocaproic acid, and 1% dodecyl-3-D-maltoside).
After 20 min of centrifugation at 48,0009, the supernatants were sup-
plemented with Coomassie Brilliant Blue G to a final concentration
0.25% and applied to 4 to 15% gradient polyacrylamide gels. In two-
dimensional BN-PAGE/SDS-PAGE, strips of lines were cut, soaked
in five-times-concentrated SDS sample buffer for 5 min, and mounted
on 10% denaturing SDS gels for separation in the second dimension.
After electrophoresis, proteins were electroblotted to nitrocellulose.
For nondenaturing PAGE and BN-PAGE, the High Molecular Mass
Calibration Kit (Amersham Pharmacia) was used.

Immunoprecipitation and Peptide Elution

The supernatant (S27) at a total protein concentration of 3 mg/mL
was precleaned using protein A-agarose beads (Pierce) to reduce
the nonspecific binding of proteins. Beads saturated with affinity-
purified AthTU antibody were washed three times with washing
buffer (extraction buffer supplemented with 150 mM NaCl), added to
the precleaned extract (50 wL/mL extract), and incubated with rock-
ing for 2 h at 4°C. After washing five times for 10 min with washing
buffer, the beads were incubated with immunogenic peptide (1 mg/
mL washing buffer) with rocking for 18 h at 4°C to elute y-tubulin. As
a control, immunoglobulins from preimmune serum, or irrelevant an-
tibodies instead of AthTU antibody, were used.

Immunoprecipitation with TU-31 and anti-a-tubulin and anti-
B-tubulin antibodies was performed according to Draberova and
Draber (1993). Cell extracts (S27) were incubated with beads of pro-
tein L (Pierce) saturated with anti-y-tubulin antibody TU-31, anti-
a-tubulin antibody TU-16, anti-B-tubulin antibody TU-06, negative
control IgM antibody VI-10, negative control IgG antibody NF-09, or
protein L alone. Antibodies were used in the form of 10-times-con-
centrated spent culture supernatants from hybridoma cells. Sedi-
mented beads (50 pl) with immobilized protein L were incubated
with rocking at 4°C for 2 h with 1 mL of corresponding antibody in 0.4
mL of concentrated supernatant (mixed with 0.8 mL of TBST: 10 mM
Tris, pH 7.4, 150 mM NaCl, and 0.05% Tween 20). The beads were
pelleted, washed four times in TBST, and incubated further with
rocking for 3 h at 4°C with 0.5 mL of cell extract diluted 1:1 with
TBST. The beads were pelleted and washed four times for 5 min
each before boiling for 5 min in 100 L of SDS sample buffer to re-
lease the bound proteins.

Cover Slip Nucleation Assay

A modified cover slip nucleation assay (Oegema et al., 1999) was
used to test the microtubule nucleation activity of fractions from gel

filtration. Poly-L-Lys—coated cover slips were blocked for 5 min with
1% BSA in blocking buffer (50 mM K-Hepes, 100 mM KCI, 1 mM
MgCl,, and 1 mM EGTA, pH 7.6). Blocking solution was replaced
with 20 pL of samples (fractions from gel filtration), and after 10 min,
the cover slips were washed with buffer BrB80 (80 mM K-Pipes, 1
mM MgCl,, and 1 mM EGTA) supplemented with 10% glycerol and 1
mM GTP. Samples were incubated with 0.5 mg/mL purified bovine
brain tubulin (Molecular Probes, Leiden, The Netherlands) in BrB80
buffer. Spontaneous polymerization of purified tubulin on slides with-
out tested samples occurred at tubulin concentrations of 1.5 mg/mL
and higher. Therefore, a subcritical tubulin concentration of 0.5 mg/
mL was used in all nucleation assays. Cover slips with the samples to
be tested attached were incubated for 15 or 60 min; then, the tubulin
was removed by aspiration and replaced with 1% glutaraldehyde for
3 min, followed 5 min after fixation by —20°C methanol. The cover
slips were rehydrated, and the microtubules were visualized by indi-
rect immunofluorescence with the anti-a-tubulin antibody DM1A.

Microtubule Sedimentation Assay

The microtubule cosedimentation experiments were performed as
described previously (Weingartner et al., 2001) with slight modifications.
Arabidopsis cells or fava bean root meristems were homogenized in
BrB80 buffer and supplemented with protease and phosphatase in-
hibitors, as described for the extraction buffer. Polymerizations were
performed from both the S27 and the high-speed extracts (S100).
GTP was added to 1 mM, and taxol was added to 20 uwM. Alterna-
tively, DMSO at a final concentration 7.5% was used instead of taxol.
After 15 min of polymerization at 37°C, the extracts were loaded onto
a 40% Suc cushion in BrB80 buffer and spun down. Microtubules
were washed twice by the resuspension of pellets in 10 volumes of
BrB80 buffer supplemented with GTP and taxol followed by centrifu-
gation. In control experiments, taxol or DMSO was omitted from the
reaction mixture. Washed microtubules were resuspended in SDS
sample buffer. For immunofluorescent visualization of in vitro—pre-
pared microtubules, the polymerization mixture was laid on cover
slips coated with poly-L-Lys and blocked by BSA, as described for
the cover slip nucleation assays. After 15 min of polymerization at
room temperature, the excess extracts were removed by aspiration
and the cover slips were washed extensively in BrB80 buffer. Sam-
ples then were processed for immunofluorescence examination as
described for the cover slip nucleation assays.

Immunofluorescence

Root tips or cultured cells were fixed for 1 h in 3.7% paraformalde-
hyde and processed for immunofluorescence as described previ-
ously (Binarova et al., 1993). In some experiments, seedlings were
treated with brefeldin A at 200 p.g-ml=" for 30 min before root tip fix-
ation and immunolabeling. A stock solution of brefeldin A (10 mg/mL)
in DMSO was used. Affinity-purified antibody AthTU was used at a
dilution 1:100, antibody DM1A was used at a dilution 1:1000, and an-
tibody TU-31 was used as an undiluted supernatant. For double-
label immunofluorescence with rabbit and mouse monoclonal anti-
bodies, slides were incubated with the polyclonal antibody, washed,
and incubated with the monoclonal antibody. Samples then were in-
cubated simultaneously with a mixture of anti-mouse FITC-conju-
gated and anti-rabbit Cy3-conjugated secondary antibodies. After 4',6-
diamidino-2-phenylindole staining of DNA and mounting, slides were
examined with a confocal laser scanning microscope (TCS/SP;



Leica, Wetzlar, Germany). Laser scanning was performed using the
sequential multitrack mode to avoid bleed through. Excitation and
emission wavelengths were 488 nm and 505 to 532 nm for FITC and
543 nm and 566 to 600 nm for Cy3. Alternatively, a Provis AX70 op-
tical microscope (Olympus, Tokyo, Japan) equipped with a 100 X 1.4
oil-immersion objective and a Sensi Cam cooled charge-coupled de-
vice camera (Kelheim, Germany) coupled with Micro Image Olympus
optical software were used. To avoid filter cross-talk, fluorescence
was detected using HQ 480/40 exciter and HQ 510/560 emitter filter
cubes for FITC and HQ 545/30 exciter and HQ 610/75 emitter filter
cubes for Cy3 (both AHF Analysen Technique, Tubingen, Germany).
Digital images were processed using Adobe Photoshop 5.5 (Adobe
Systems, San Jose, CA).

Upon request, all novel materials described in this article will be
made available in a timely manner for noncommercial research pur-
poses.
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