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I. INTRODUCTION

1.1.  MICROTUBULES

The cytoskeleton is a complex of fibrillar structures in eukaryotic cells, which plays a role
In many essential functions, such as spatial organization, growth, division, movement and
adaptation to different circumstances. The cytoskeleton is composed of three basic structures:
microtubules — hollow cylinders with an outer diameter of 25-28 nm, microfilaments — two-
stranded helical polymers with a diameter of 6-8 nm and intermediate filaments — rope-like
fibers with a diameter of 10 nm. All three types of filaments are assembled from protein
subunits. The basic building components of microtubules are a- and B-tubulin subunits.
Microfilaments are formed by a-, B- or y-actin molecules and intermediate filaments,
depending on the cell type, consist of different types of structural subunits. Moreover, the
cytoskeleton network includes a large amount of associated and interacting proteins that
modulate properties of the cytoskeleton.

Although the word cytoskeleton suggests a rigid a structure, it is, on the contrary, a dynamic
system. Except for a few types of intermediate filaments, the cytoskeletal fibrillar structures
are extremely dynamic. Regulations of filament nucleation, polymerization and
depolymerization, play an important role in the formation of transient cytoskeletal structures.
The dynamic behavior of cytoskeletal filaments allows eukaryotic cells to build an enormous
range of structures with different properties from relative low amounts of basic components.
As this thesis focuses on microtubules, they will be described in more detail in further

chapters.

1.1.1. Microtubule functions

The microtubular network is one of the prominent components of the cytoskeleton.
Microtubules are essential in the following cellular functions: maintenance of cellular shape
and polarity, formation of mitotic and meiotic apparatus, organization within the cytoplasm,
intracellular transport, participation in intracellular signal transduction and formation of
specific structures such as cilia and flagella. Microtubules are usually dynamic, but they can
be stabilized in response to the cell’s requirements. During mitosis microtubules are necessary
for the translocation of each pair of chromosomes to the mitotic midplate and to the spindle

poles. Microtubules also participate in cytokinesis, ensuring the distribution of organelles



between daughter cells. In interphase microtubules form a network that originates from
microtubule organizing centers (MTOCs). In concert with actin and intermediate filaments
microtubules establish and maintain the overall internal architecture of the cytoplasm.
Disruption of the microtubular network, using specific microtubular drugs, results in changes
to the cell’s shape and the redistribution of cytoplasmic components. A direct role of
cytoplasmic microtubules in the intracellular translocation of membranous components, was
first demonstrated in neurons. Video enhanced microscopy showed that oriented superstable
microtubule arrays in axons serve as the tracks along which vesicles and organelles are
translocated from the cell center, to the periphery, by molecular motors (Allen et al., 1985;
Vale et al., 1985). Microtubules are also important for the polarization of epithelial cells
(Meads & Schroer, 1995). Except for well-known functions, the microtubular network also
plays an essential role in intracellular signal and regulatory pathways. Many fundamental
signaling molecules, such as trimeric and small G-proteins and different kinases and
phosphatases, can bind to microtubules that provide a large surface for their interactions.
Signaling proteins can also be transported along microtubules by molecular motors
(Gunderson & Cook, 1999).

Highly specific and stable microtubular structures are formed in some protozoa. In fact, up
to seventeen distinct microtubular structures, in a single cell, have been described in ciliates
(reviewed in Libusova & Draber, 2006). Stable microtubules are also characteristic for basal

bodies, cilia and flagella.

I.1.2. Microtubule structure and dynamics

Microtubules, assembled from heterodimers of o- and B-tubulin and from a collection of
microtubule associated proteins (MAPs), are hollow cylindrical structures of various lengths
(Dustin, 1984). The cylinder of a microtubule is built out of 13 protofilaments — long linear
strings of af-tubulin dimers connected in a head-to-tail manner (Tilney et al., 1973). The
single protofilament, in which the average diameter is about 5 nm, associates with neighbor
protofilaments by lateral connections, mainly between the same types of tubulin subunits, 1.e.
o/a and B/ interactions. Tubulin subunits of neighbor protofilaments are shifted about 1 nm
in the direction of the microtubular axis, forming a left-hand helix. This helix is not continual,
but each microtubule has a seam where a-tubulins interact with B-tubulins (Nogales et al.,
1999; Li et al., 2002). Each protofilament in a microtubule is assembled from subunits

pointing in the same direction. Due to this orientation, each. microtubule has a distinct



structural polarity where a-tubulin is exposed at one end of the microtubule, called the minus
(-) end and B-tubulin at the opposite side, called the plus (+) end (Amos & Hirose, 1997). Plus
and minus ends differ in assembling and disassembling characteristics. Tubulin subunits are
added to the fast growing (+) end of the microtubule and are preferentially lost from the (-)
end.

In order for microtubule polymerization to occur energy from the hydrolysis of GTP, bound
to B-tubulin, is used. Tubulin dimers are added with GTP (GTP cap), on the (+) end of the
microtubules. After polymerization GTP on B-tubulin is hydrolyzed to GDP. Individual
microtubules containing a GTP cap favor growth. When the GTP cap is lost, fast
depolymerization (shrinking) proceeds. In some cases, fast depolymerization is stopped and
the microtubule starts to grow (rescue). This phenomenon of repeated slow growing, fast
shrinking and rescue of microtubules, is named “dynamic instability of microtubules”
(Mitchison & Kirshner, 1984). There is also another phenomenon connected with the
presence of microtubule polarity called “treadmilling”. It was shown, that in vitro, due to
different rates of the association and dissociation of dimers at the (+) and (-) ends, a
microtubule can maintain a constant length. However, single subunits flux through the
polymer. Regulation of microtubule length is a complex process. Ca** inhibits assembly of
microtubules from dimers, while Mg stimulates polymerization (Solomon et al., 1977).
Microtubule dynamics is a temperature-dependent process — polymerization is usually
promoted at 37 °C, while depolymerization takes place at 4 °C. Polymerization proceeds only
when tubulin dimers are present at a critical concentration. Repeated cycles of temperature-
dependent polymerization and depolymerization are often used for the isolation of
microtubules.

The mechanisms allowing the formation of microtubules under subcritical concentrations of
tubulin dimers are not as well known. Microtubule dynamics depends on the presence of
microtubule-associated proteins (MAPs) and microtubule-interacting proteins (MIPs). In vivo
microtubules are anchored by their (-) ends. In MTOC:s these ends are capped by stabilizing
proteins (Keating & Borisy, 1999). MTOCs are extremely important for rigorous organization
of the microtubular network. Their function is to initiate (nucleation) microtubule
polymerization and anchor their (-) ends. MTOCs have a different morphology, but a strong
functional homology, in different cell types. The most known MTOCs are centrosomes and
basal bodies in animal cells (Doxsey et al., 2005) and spindle pole bodies in yeast (Jaspersen

& Winey, 2004). Acentriolar organizing centers exist in higher plants (Vaughn & Harper,



1998). Different MTOCs have very similar basic components — they contain structural and
nucleating proteins, molecular motors and regulating and signaling proteins (Smejkalova &
Draber, 2003). One of the most important proteins associated with MTOCs is the third
member of the tubulin family — y-tubulin. This will be described more thoroughly in chapter

1.2.

I.1.3. ap-Tubulin heterodimers

Both a- and B-tubulins have a molecular weight of about 50 kDa. Due to the relatively low
dissociation constant of the tubulin heterodimer Ky = 10'6, there is only a small amount of
tubulin monomers present in a water solution (Detrich & Williams, 1978). Limited proteolysis
of tubulin subunits with various proteases, revealed that they are composed of three structural
domains: N-terminal, intermediate and C-terminal domain (Mandelkow et al., 1985). N-
terminal domains are highly conserved and are buried in the microtubule wall. C-terminal
domains are more variable and are exposed on the surface of the microtubule (Draber et al.,
1989). External parts of the C-terminal structural domains are acidic and bind various
associated proteins. Electron crystallography has revealed the three-dimensional structure of
the af-tubulin heterodimer (Lowe et al., 2001), as well as its position in the microtubule wall
(Nogales et al., 1999). Each tubulin subunit has a binding site for one molecule of GTP on the
N-terminal domain. GTP bound to an exchangeable “E-site” (Weisenberg et al., 1976) of -
tubulin can be hydrolyzed to GDP. In contrast, GTP bound to a nonexchangeable “N-site” on
o-tubulin is physically trapped at the dimer interface and therefore is not hydrolyzed. Both E-
and N-sites bind specifically to Mg®" ions and these divalent cations are involved in GTP
binding to tubulin and control the stability and structure of the af-tubulin dimer (Correia et
al., 1988; Menendez et al., 1998). A variety of drugs bind to tubulin and affect its
polymerization (Hamel et al., 1996). Microtubule depolymerizing drugs (colchicine,
nocodazole, vinblastine, vincristine, podophyllotoxin) bind preferentially to soluble dimers in
contrast to microtubule stabilizing drugs (taxoids, epothilones and discodermolide), which
have higher affinity for the polymerized tubulin. All of these drugs dramatically modify
microtubule dynamics (Caplow & Zeeberg, 1981; Panda et al., 1995). Microtubular drugs are
especially harmful for dividing cells, which need a functional mitotic spindle. Both
microtubule-stabilizing and destabilizing agents are widely used for the treatment of cancer

(reviewed in Pellegrini & Budman, 2005; Zhou & Giannakakou, 2005). A development of
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new-generation anti-cancer drugs, based on conjugation of microtubule-destroying agents and
monoclonal antibodies, was recently reported (Lambert et al., 2005).

Genes for a- and PB-tubulins are very conservative and the sequence identity between
phylogenetically different organisms is very high. For example, there is a 74% identity
between human a-tubulin and the a-tubulin of the yeast Candida (Daly et al., 1997) and an
82% identity between human B-tubulin and the B-tubulin of the protozoa Leishmania (Fong &
Lee, 1988). Sequence identity between o- and P-tubulins is approximately 35-40%
(Cleveland & Sullivan, 1985). With exception of the single B-tubulin gene in the budding
yeast Saccharomyces (Neff et al., 1983), both the a- and B-tubulins are encoded by multiple
gene families. At least 6 genes for a-tubulin and 6 genes of PB-tubulin were described
(Cleveland et al., 1987; Luduena et al., 1998). Using high-resolution isoelectric focusation, it
was shown that both o- and B-tubulins are present in multiple charge variants, or isoforms
(Wolff et al., 1982). The number of isoforms in some cases can be much higher than the
number of expressed tubulin genes. At least 11 isoforms of a-tubulin and 14 isoforms of -
tubulin, were described in brain tissue (Linhartova et al., 1992) and a large number of

isoforms were also observed in plant cells (Smertenko et al., 1997).

I.1.4. Posttranslational modifications of a- and B-tubulins

The heterogeneity of tubulin subunits is based not only on the presence of multiple genes,
but also on extensive posttranslational modifications. Tubulins are substrates for acetylation,
tyrosination/detyrosination, nitrotyrosination, polyglutamylation, polyglycylation,
palmitoylation and phosphorylation. Most of these modifications, except for acetylation, are
located on C-terminal domains of tubulin subunits, which are exposed on the microtubule
surface (Nogales et al., 1999).
Acetylation

Acetylation on the g-amino group of a conserved lysine residue at position 40 of the a-
tubulin was first described in Chlamydomonas (L’Hernault & Rosenbaum, 1985). Acetylation
is often present on less dynamic, stable microtubules. Jt was shown that acetylation is not
essential for cell survival. The complete elimination of tubulin acetylation, by direct
mutagenesis of the lysine-40 residue to arginine in Tetrahymena, had no visible effect on the
phenotype (Gaertig et al.,, 1995). The disruption of the HDAC6 gene encoding histone

deacetylase 6, responsible for the deacetylation of tubulin, led to the extensive acetylation of
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tubulin. Highly increased levels of acetylated o-tubulin did not significantly affect
proliferation and differentiation of embryonic stem cells (Zhang et al., 2003).
Tyrosination/detyrosination

The mRNA for most a-tubulins encode for carboxy-terminal tyrosines. This tyrosine is
thereafter removed by a tubulin tyrosine carboxypeptidase (TTCP). Therefore, primary
modification of a-tubulin is through detyrosination (Argarana et al., 1978). The detyrosinated
o-tubulin has a carboxy-terminal glutamic acid. Modified a-tubulin is often referred to as
Glu-tubulin. The tRNA-independent incorporation of terminal tyrosine into tubulin was first
observed in brain homogenates (Barra et al., 1973; Argarana et al., 1977). The addition of
terminal tyrosine is an ATP-dependent reaction carried out by tubulin tyrosine ligase (TTL).
Detyrosination itself does not stabilize microtubules in cells (Webster et al., 1990), but it can
be used as a marker in microtubule dynamics studies. Stable microtubules are characterized
by the presence of Glu-tubulin. Only TTL can attach tyrosine to Glu-tubulin.

When terminal glutamic acid is removed, “A2-tubulin” is formed (Paturle-Lafanechere et
al., 1991). A2-Tubulin is not a substrate for TTL and therefore escapes the tyrosination-
detyrosination cycle. It is also interesting to note, that A2-tubulin is more inclined to undergo
other modifications such as polyglutamylation (Paturle-Lafanechere et al., 1991) or
polyglycylation (Banerjee et al., 2002).

Nitrotyrosination

TTL can also catalyze the incorporation of 3-nitrotyrosine, generated by the reaction of
nitric oxide with tyrosine, to a-tubulin. It has been suggested that nitrotyrosination is an
irreversible process and that the accumulation of nitrotyrosine leads to microtubule
dysfunction and cellular injury in epithelial lung carcinoma cells (Eiserich et al., 1999). In
contrast, Bisig et al. (2002) has shown that nitrotyrosination of a-tubulin is reversible and has
no detrimental effect on dividing cells. Nitration of the C-terminal domain of a-tubulin
during neuronal differentiation of PC12 cells (Cappelletti et al., 2003), as well as the
identification of nitrated a-tubulin in the neuronal cells of Sepia (Palumbo et al., 2002),
indicate that the nitration of tubulin could play a role in the regulation of microtubules during
neuronal morphogenesis.

Polyglutamylation
Polyglutamylation is the attachment of a polyglutamate side chain of variable length to the

glutamate residues in the carboxy-terminal part of both tubulin subunits. It was described for
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the first time in a-tubulin from the mammalian brain (Edde et all., 1990). Polyglutamylation
occurs In the protist Giardia, which is considered to be the most primitive of eukaryotes
(Weber et al., 1997). In protists polyglutamylation is a predominant modification of stable
microtubules, such as flagellar axonemes, basal bodies and the submembranous network (Bre
et al., 1994). In mammalian cells polyglutamylated tubulins were found in centrioles, mitotic
spindles and midbodies, as well as in the axons of neurons (Bobinnec et al., 1998).
Polyglutamylation is a cell cycle-dependent process. The activity peak of polyglutamylase is
in G2, but the level of glutamylated tubulin is at its maximum during mitosis (Larcher et al.,
1996). It was suggested that polyglutamylation of the outer centriole walls could play a role in
the anchoring mechanism of the centriolar matrix (Bornens et al., 2002).
Polyglycylation

Polyglycylation is the attachment of a polyglycine side chain to the carboxyl groups of
conserved glutamate residues presented in the C-terminal regions of o- and B-tubulins. This
prominent modification of axonemal microtubules was first observed in tubulins isolated from
the cilia of Paramecium (Redeker et al., 1994). Up to 34 glycine residues can be present in
one side chain and many neighboring glutamate residues can be polyglycylated. Such
extensive modification is characteristic for axonemal tubulins, whereas the cytoplasmic pool
of tubulin usually has only a few glycine residues (Bré et al., 1998). It seems that the
polyglycylation of [B-tubulin is extremely important for the axonemal organization and
cytokinesis of cells.
Palmitoylation

The ability of a-tubulin to incorporate radioactively labeled [3H] palmitate has been shown
in the budding yeast Saccharomyces, as well as in cell-free studies (Caron et al., 1997; Ozols
& Caron, 1997). Palmitate is predominantly bound at the cysteine 377 residue of a-tubulin.
Mutation of the corresponding residue to serine in the budding yeast, reduced the in vivo
palmitoylation level by 60% (Caron et al., 2001). In PCI12 cells, [*H]-palmitic acid was
incorporated into tubulin in a time- and cell-density-dependent manner and most of the
radioactive marker was located in the plasma membrane-enriched fraction. Detergent-
extracted tubulin from the plasma membrane was more palmitoylated than tubulin obtained
from the cytoplasm. It seems that palmitoylated tubulin can be directly incorporated into the

plasma membrane, but its functions are still unclear (Zambito & Wolff, 2001).
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Phosphorylation

Phosphorylation of serine residues (Ser442/444) within the carboxy-terminal domain of f3-
tubulin was first reported in the brain (Eipper et al., 1974). Later, it was demonstrated that
both a- and B-tubulin subunits were phosphorylated on serine and threonine residues by polo-
like kinase, both in vivo and in vitro (Feng et al., 1999). Tubulin phosphorylation probably
plays an important role in the process of neuronal differentiation, as neuron-specific BIII-
tubulin was phosphorylated during the differentiation of mouse neuronal cells (Gard &
Kirschner, 1985). Tubulin dimers are also phosphorylated at tyrosine, by Src kinase, in the
nerve growth cone membranes isolated from fetal rat brain (Matten et al., 1999). Although
Src-family kinases have tubulin as a direct substrate, activation of the other tyrosine Kinases,
such as Fes, also affected tubulin dynamics (Laurent et al., 2004). Essential roles of the Src-
family kinase Fyn in microtubule reorganization during the second meiotic division was
reported in rat eggs, where Fyn kinase was associated with microtubules and phosphorylated
o-tubulin (Talmor-Cohen et al., 2004). Phosphorylation of tyrosine residues on a-tubulin was
described in stimulated T lymphocytes (Ley et al., 1994). Syk-dependent phosphorylation on
tyrosine residue of a-tubulin was also reported in activated B-lymphocytes (Faruki et al,,
2000). Recently it was shown that the phosphorylation of Ser-173 of B-tubulin by Cdkl
kinase, impaired GTP binding and thus modulated microtubule assembly during mitosis

(Fourest-Lieuvin et al., 2005).

I.1.5. Other members of tubulin superfamily
o-, B- and y-Tubulins belong to a large tubulin superfamily. The other members of this
family are delta (8), epsilon (g), zeta (£) and eta (1) tubulin. The Gene database GenBank

(http://www.ncbi.nlm.nih.gov) contains sequences of the other proteins that belong to the

tubulin superfamily — iota (1), theta (6) and kappa (x) tubulins, in which genes were found in
the genome of Paramecium (Dutcher et al., 2003). Localization of these proteins and their
functions are still unknown.

8-Tubulin is responsible for organization of C-tubules in basal bodies (Dutcher & Trabuco,
1998) and for the anchoring of basal bodies (Fromherz et al., 2004). It was also found in the
centrosomes of mammals, as well as in the nuclei of animal cells (Dutcher et al., 2001). The
pool of 8-tubulin was observed in a soluble form in the cytoplasm (Smrzka et al., 2000). e-

Tubulin was primarily localized in the pericentriolar matrix of human cells (Chang & Stearns,
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2000) and is essential for the duplication of centrioles in S-phase of the cell cycle (Chang et
al., 2003). Functions of {-tubulin are still unknown. It was localized in the basal bodies of
Trypanosoma and Leishmania (Vaughan et al., 2000), as well as in the centrosomes of
vertebrates (McKean, 2001). The gene originally named SM19, found in Paramecium (Ruiz
et al., 2000), was later named n-tubulin. The mutations affecting SM19 led to a progressive
reduction of basal bodies, decreasing of cell length and changes in cell shape. SM19 mutants
showed relocation of y-tubulin from the centrosomal region. It was suggested that n-tubulin
might tether y-tubulin complexes to the nucleation site in basal bodies (Ruiz et al., 2000).
Further experiments have shown an interaction between n- and p-tubulin molecules (Ruiz et

al., 2004). n-Tubulin was also found in the centrosomes of Xenopus (Dutcher et al., 2003).

I.1.6. Microtubule-associated and microtubule-interacting proteins

Microtubules are associated with numerous proteins that modulate microtubule dynamics,
bind microtubules to other proteins or use microtubules for intracellular transport. Except for
MTOCs and proteins connecting the (-) end of microtubules, there are three major groups of
proteins associated with microtubules (Mandelkow & Mandelkow, 1995). Microtubule-
associated proteins (MAPs) strongly interact with microtubules and therefore it is easy to
enrich them by repeated temperature-dependent cycles of polymerization-depolymerization
(Wiche et al., 1998). This group includes MAP1A, MAP1B, MAP2, tau (t)-proteins, MAP4,
205 kDa MAP and STOPs (stable tubulin only polypeptides). These proteins play a structural
role — they bind to the surface of the microtubule, bridge several tubulin subunits and possibly
abolish the repulsive negative charge on the microtubule surface. They promote tubulin
polymerization and stabilize microtubules. Structural MAPs are phosphorylated and are
regulated by the usual intracellular signal transductors — kinases and phosphatases.

The polarized organization of microtubules is used by mechanochemical ATPases (kinesins,
dyneins) for transport of various cellular components (reviewed in Hirokawa & Takemura,
2004; Vallee et al., 2004). Microtubule motor proteins use the energy from ATP hydrolysis
for their movement along microtubules. Microtubule motors play essential roles during
mitosis — they cross-bridge and slide microtubules, transport specific mitotic cargoes along
spindle microtubules and regulate microtubule assembly dynamics (Sharp et al., 2000). Some
members of the large kinesin superfamily, such as XKCMI and XKIF2, destabilize
microtubules and thus participate in their depolymerization (Walczak et al., 1996; Desai et al.,
1999; Hirokawa & Takemura, 2004).

)
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Microtubule interacting proteins (MIPs) are proteins with a lower affinity to microtubules
and do not copolymerize with microtubules during repeated cycles of polymerization and
depolymerization. Some of MIPs are located on (+) ends of microtubules. “Plus-end tracking
proteins” (+TIPs) (Schuyler & Pellman, 2001) contain, for example, end-binding proteins
EBI1, EB2 and EB3, cytoplasmic linker proteins CLIP115 and CLIP170, adenomatous
polyposis coli (APC) protein (Galjart & Perez, 2003) and CLIP-associated proteins
(CLASPs) (Mimori-Kiyosue et al., 2005). +TIPs stabilize the growing ends of microtubules
and participate in chromosome segregation during mitosis (Galjart et al., 2005). Some +TIPs
are regulated by other proteins that stabilize microtubules at specific cellular sites in response
to signaling cues. Except for +TIPs, there are also other proteins that interact with
microtubules. For example, MA-01 antigen participates in the interaction between
microtubules and intermediate vimentin filaments (Draberova & Draber, 1993) and the
protein Opl8/stathmin, which affects microtubule dynamics by sequestering tubulin dimers
and promoting GTP hydrolysis at the E-site (Brannstrom et al., 2003). Katanin (the Japanese
word “katana” meaning sword) uses the energy of ATP hydrolysis to sever microtubules from
MTOCs, which enables fast depolymerization of filaments that are not anchored (Quarmby et
al., 2000). Many proteins of signal pathways are specifically connected with microtubules and
can change the dynamics of the cytoskeleton (Gundersen & Cook, 1999). For example,
microtubule-binding protein Costal-2 was originally identified as a participant in the
hedgehog signal pathway (Ohlmayer & Kalderon, 1998). Microtubules can also be used as a
scaffold for many viruses. The HIV-Tat protein binds to microtubules and can impair the
mitotic process (Battaglia et al., 2005). The Ebola virus protein VP40 associates with
microtubules and enhances their polymerization ratio (Ruthel et al., 2005). Heald & Nogales
(2002) offered the general scheme of important proteins interacting with tubulins and

affecting microtubule dynamics.

I.2. GAMMA-TUBULIN

I1.2.1. Discovery of y-tubulin
v-Tubulin, with'a molecular weight of about 48 kDa, was first discovered in the filamentous
fungus Aspergillus (Oakley & Oakley, 1989) as a product of the mipA4 gene during genetic

screening for proteins interacting with B-tubulin. Later, it was shown that disruption of the y-
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tubulin gene led to a depletion of microtubules and growth arrest (Oakley et al., 1990).
Immunolocalization of y-tubulin revealed that it was enriched in both the centrosomes and
mitotic spindle pole bodies (Stearns et al., 1991, Horio et al., 1991). On the basis of these
observations, it was proposed that y-tubulin is an essential component for microtubule
nucleation. Using the y-tubulin cDNA sequence from Aspergillus for screening of the cDNA
from the fruit fly Drosophila, a corresponding y-tubulin sequence was cloned. The obtained
sequence was subsequently used for the cloning of human y-tubulin (Zheng et al., 1991).
Using low stringency hybridization, it was also possible to clone the y-tubulin gene of
Schizosaccharomyces (Horlo et al., 1991) and a portion of the mouse y-tubulin gene (Joshi et
al. 1992). y-Tubulin is a ubiquitous protein, which is present in all eucaryotes. The importance
of y-tubulin for microtubule nucleation was confirmed by a microinjection of the anti-y-
tubulin antibody into living mouse cells (Joshi et al., 1992). The antibody disrupted the
nucleation of microtubules from the centrosome in interphase cells, as well as the formation
of the mitotic spindle. A y-tubulin-related protein with a molecular weight of about 58 kDa
was detected in acentriolar plant cells of Allium, Glycine and Nicotiana, using antibodies
raised against a synthetic peptide corresponding to a conserved region of known y-tubulins

(Liu et al., 1993).

[.2.2. y-Tubulin distribution

Initially, y-tubulin was considered to be a typical protein of MTOC. It is located in the
spindle pole bodies of Aspergillus (Oakley & Oakley, 1989), in the centrosomes of interphase
cells of different metazoan species and on the poles of mitotic spindles during mitosis (Zheng
et al.,, 1991; Stearns et al., 1991; Joshi et al., 1992). Later, it was found in the midbodies
during cytokinesis (Julian et al., 1993, Novakova et al., 1996), as well as along microtubules
of the mitotic spindle (Lajoie-Mazenc et al., 1994; Novakova et al., 1996). y-Tubulin was also
detected in the core of the mammalian centriole (Fuller et al., 1995). It is also a component of
basal bodies of retinal photoreceptors and multiciliated epithelial cells (Muresan et al., 1993),
basal bodies of green alga Chlamydomonas (Dibbayawan et al., 1995) and basal bodies of
ciliated (Liang et al., 1996) and flagellated protozoa (Scott et al., 1997, Nohynkova et al.,
2000). The distribution of y-tubulin in MTOC is dependent on the presence of centrioles, as
can be interferred from its detection in acentriolar centrosomes of fertilized oocytes during

early mouse development (Gueth-Hallonet et al.,, 1993) as well as in centrosomes of the
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acentriolar cell line of Drosophila (Debec et al., 1995). A unique distribution of y-tubulin
occurs in the acentriolar cells of higher plants, where punctuate labeling of y-tubulin was
associated with all microtubular arrays (Liu et al., 1993). The presence of y-tubulin in
premitotic nuclei and its association with the kinetochore/centromeric region, suggests its role
in the spindle organization of higher plants (Binarova et al., 1998; Binarova et al., 2000). In
the human parasite Entamoeba, y-tubulin was found in the nucleus, but not in cytoplasm
(Vayssié et al.,, 2004). The y-Tubulin of Entamoeba forms the intra-nuclear MTOC
responsible for the organization of microtubular arrays (Gomez-Conde et al., 2000).
Collectively, these findings documented the fact that y-tubulin is an essential component of
active MTOC s, irrespective of their structural diversity.

MTOC:s are the most obvious place of the localization of y-tubulin, where it can be easily
detected, due to its high concentration. However, in many cell types, a large amount of y-
tubulin is present in the soluble form, which is sometimes visible as diffuse staining of the

cytoplasm.

L.2.3. y-Tubulin genes and structure

y-Tubulin is a minor member of the tubulin superfamily. According to quantitative
immunoblot analysis, y-tubulin is present in mammalian cells at a low copy number of about
10* molecules per cell, which is less than 1% of the level of either a- or B-tubulin (Stearns et
al., 1991). Quantification of y-tubulin mRNA in Aspergillus, revealed that it represented only
5% of B-tubulin mRNA (Oakley & Oakley, 1989). While the a- and B-tubulins are encoded
by multiple genes, only a limited number of y-tubulin genes were found in the majority of
organisms studied thus far. For example, there are only two functional genes in Arabidopsis
(Liu et al., 1994), Drosophila (Wilson et al., 1997) and humans (Wise et al., 2000). Human y-
tubulin genes encode proteins with an amino acid identity greater than 98%. The two
Drosophila y-tubulins are more divergent. Their amino acid identity is 82% and they differ in
expression patterns during gametogenesis and development (Wilson et al., 1997). They also
exhibit distinct biochemical properties (Raynaud-Messina et al., 2001). Despite this fact, they

are physiologically interchangeable. This is consistent with reported functional replacement of
the Schizosaccharomyces y-tubulin by human TUBGI y-tubulin (Horio & Oakley, 1994).
Recent analysis of two mouse y-tubulin genes has shown, that although identity of these

genes is very high (97%), their distribution in tissues is diff‘erent. TUBGI is expressed
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ubiquitously, whereas TUBG2 is primarily detected in the brain (Yuba-Kubo et al., 2005).
The generation of TUBGI- and TUBG2-deficient mice revealed functional differences
between these genes. T ubg]'/' mutants stopped their development at the morula/blastocyst
stages due to mitotic arrest. Expression of TUBG2 in blastocysts could not rescue the TUBG1
deficiency. On the other hand, TUBG2-deficient (Tubg2”) mice were bom, developed and
intercrossed normally. Although histochemical screening identified no abnormalities in
Tubg2” mice, these mutants exhibited behavioral defects and changes in neuronal activities.
Only one y-tubulin gene was found in Trypanosome (Scott et al., 1997), Chlamydomonas
(Silflow et al., 1999), as well as in myxomycete Physarum (Lajoie-Mazenc et al., 1996). In
the latter case, the gene encodes two y-tubulins differing in relative molecular weight,
sedimentation properties and the ability to bind to the MTOCs. However, it is still unknown
whether these two forms arise from alternative splicing of mRNA, or from posttranslational
modifications. The advantage of retaining two genes that encode very similar y-tubulins is still
unclear. Expression of these genes could be differentially regulated and this regulation could
play a role in ensuring an effective level of y-tubulin in particular tissues and/or in particular
stages of development. Alternatively, y-tubulin is such key molecule for the cell, that there is
a selective advantage in functional redundancy. If one y-tubulin gene is damaged, the other
one might substitute the production of functional y-tubulin (Wise et al., 2000).

y-Tubulins are.phylogenetically conserved proteins. Comparison of amino acid sequences
from extremely divergent organisms has shown at least 66% amino acid identity (Oakley,
1999). y-Tubulin sequences of human and Xenopus have an amino acid identity of 98%
(Oakley et al., 1994). There are two exceptions to the conservation of y-tubulin. The baker’s
yeast Saccharomyces y-tubulin (the product of the Tub4 gene) is highly divergent. It shares
approximately 35% amino acid identity with 16 conventional y-tubulins (Sobel & Snyder,
1995). The other divergent y-tubulin with a 40-45% amino acid identity is the nematode
Caenorhabditis y-tubulin (Bobbinec et al., 2000).

y-Tubulins are similar to o- and B-tubulins. They share approximately 28-35% amino acid
identity and similarity will increase up to 60% when conserved substitutions of amino acids
are considered (Oakley et al., 1994). y-Tubulin does not have an acidic C-terminal end, which
is very important in the of-tubulin heterodimer, for binding of the MAPs. y-Tubulin has
similar secondary and tertiary structures to o- or (-tubulin, which implies that highly

conserved regions among tubulins might be responsible for the binding of GTP (Burns et al.,
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1991). A structural model of possible interactions between af3-tubulin heterodimers and y-
tubulin was derived from electron crystallography of tubulin dimers and the sequence of y-
tubulin (Inclan & Nogales, 2000). y-Tubulin is likely to contact the (-) end of a-tubulin and
may also associate laterally with tubulin dimers. y-Tubulin might also be capable of self-
assembly, forming either dimers or protofilament-like oligomers. Using the SPOT peptide
technique, lateral association of y-tubulin with a a3-dimer has been predicated (Llanos et al.,
1999). Recently, a 2.7 A crystal structure of y-tubulin bound to a non-hydrolysable analog of
GTP was described (Aldaz et al., 2005). Binding of GTP and its hydrolysis might change the
y-tubulin conformation and its affinity for a-tubulin. It was suggested that the GTP hydrolysis
on y-tubulin provides a mechanism for the observed release of microtubules from the

centrosome, or tuning of the nucleating activity of y-tubulin complexes (Aldaz et al., 2005).

1.2.4. Soluble complexes of y-tubulin

Soluble y-tubulin forms complexes with other proteins. The presence of y-tubulin in soluble
complexes, which was not associated with centrosomal fractions, was first detected in
embryonal extract from Drosophila (Raff et al., 1993). y-Tubulin is associated with two
previously identified centrosomal MAPs — DMAP60 and DMAP190. Large y-tubulin
complexes were first identified in Xenopus oocytes (Zheng et al., 1995). They were
characterized as large (~ 2.2 MDa) y-tubulin ring complexes (y-TuRC) containing except of y-
tubulin other proteins. Such complexes were also found in Drosophila embryos (Moritz et al.,
1995) and in different mammalian cells (Meads & Schroer, 1995; Moudjou et al., 1996;
Detraves et al., 1997). y-TuRC has the appearance of an open ring, with approximately the
same diameter as a microtubule (~ 25 nm). The purified y-TuRCs nucleates microtubules in
vitro (Zheng et al., 1995).

In addition to y-TuRCs, y-tubulin was also found in smaller complexes (around 280 kDa)
called y-tubulin small complexes (y-TuSC) (Moritz et al., 1998). Small complexes isolated
from Drosophila embryos contained excerpts of y-tubulin as well as the proteins Dgrip84 and
Dgrip91 (Oegama et al., 1999). y-TuSC is formed by two molecules of y-tubulin and one
molecule of Dgrip84 and Dgrip91. y-TuSC is a structural subunit of y-TuRC, which contains
additional proteins. y-TuRCs are salt-sensitive. In the presence of 1 M NaCl or KCI they

disintegrate into a few y-TuSCs and scaffolding proteins (Moritz et al., 1997). The y-Tubulin
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of the yeast Saccharomyces exists only in the form of y-TuSC that contains two molecules of
y-tubulin and one molecule of Spc97p and Spc98p (Knop et al.,, 1997; Knop & Schiebel,
1997). These proteins are homologues to the human proteins hGCP2 and hGCP3/HsSpc98,
(Murphy et al., 1998; Tassin et al., 1998), the Xenopus protein Xgrip109 (Martin et al., 1998),
as well as the Drosophila proteins Dgrip84 and Dgrip91. These proteins are now known to be
core proteins of y-TuSC and are named GCP2 and GCP3.

Electron microscopic tomography revealed that associated proteins, not present in y-TuSC,
form the cap of the ring structure (Moritz et al., 2000). The large y-TuRCs contain excerpts of
y-tubulin/GCP2/GCP3 subunits, GCP4 (Fava et al.,, 1999) and GCPS and GCP6 proteins
(Murphy et al., 2001). All GCP proteins are related, but they are not redundant in their
functions. It was suggested that y-tubulin/GCP2/GCP3 subunits are involved in interactions
with af-tubulin dimers, while GCP4, GCP5 and GCP6 enable the interaction of y-TuRC with
the centrosome, or its equivalent in other organisms (Murphy et al., 2001). Pericentriolar
material is especially rich for y-TuRCs. Hundreds of y-tubulin rings were found in Drosophila
pericentriolar material (Moritz et al., 1995). This correlates with the ability of centrosomes to
nucleate microtubules.

Apart from y-TuRCs and y-TuSCs, soluble y-tubulin was detected in the TCP-1 chaperonin
complex, which is responsible for the folding of tubulins (Melki et al., 1993). Large
complexes which contain y-TuRCs, pericentrin and some other proteins, were found in
extracts of Xenopus eggs (Dictenberg et al., 1998). Using different methods of fractionation of
cell extracts, y-tubulin was also detected in other complexes, except for y-TuRCs and y-
TuSCs. Such complexes were found in Drosophila (Oegema et al., 1999), Xenopus (Tassin et
al., 1997; Martin et al., 1998), different mammalian cells (Meads & Schroer, 1995; Murphy et
al., 1998; Feng et al., 1999; Draberova et al., 1999) and sheep brain (Detraves et al., 1997).
Complexes of various sizes were also reported in plants (Binarova et al., 2000; Stoppin-
Mellet et al., 2000). Multiprotein complexes containing o-, B-, y-tubulin, the heat shock
protein HSP70 and elongation factor 1o were also described (Marchesi & Nhu Ngo, 1993).
Moreover, the association of y-tubulin with Src family tyrosine kinase (Draberova et al.,
1999), Weel kinase (Stumpp et al., 2005) and PIk serine/threonine kinase (Feng et al., 1999)
was described. In yeast, there is a family of genes called GIMs (genes involved in microtubule
biogenesis), whose proteins bind to yeast y-tubulin Tub4p (Geissler et al., 1998). GIMs

proteins form multiprotein complexes, which promote the formation of functional Tub4p and
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a-tubulin. Collectively, these data demonstrate that y-tubulin can be present in various protein

complexes.

1.2.5. Role of y-tubulin in microtubule nucleation

y-Tubulin is the key component for the nucleation of microtubules. Disruption of the y-
tubulin genes in Aspergillus caused blockage of nuclear division, supported by the absence of
mitotic spindles and a dramatic reduction in the number of cytoplasmic microtubules (Oakley
et al., 1990). In Schizosaccharomyces, a defect in y-tubulin caused failure in nuclear division.
A subnormal level of y-tubulin led to the assembly of defective mitotic spindles, which lacked
some of the microtubules necessary for the normal completion of mitosis (Horio et al., 1991).
y-Tubulin 1s also involved in the formation of microtubular assemblies in interphase
mammalian cells. Microinjection of antibodies against y-tubulin into human HeLa cells,
mouse fibroblast 3T3 and human pancreatic epithelial cells, did not markedly affect the
microtubule arrays. However, when microtubules were disassembled, either by cold or
nocodazole, injected antibodies prevented the reassembly of microtubules after the cells were
warmed or the nocodazol was removed. Injection of anti-y-tubulin antibodies into mammalian
cells reduced number of mitotic spindle microtubules and normal division was damaged.
Finally, these antibodies blocked the assembly of microtubules from purified brain tubulin, on
centrosomes using detergent-extracted models (Joshi et al., 1992). Xenopus egg extract,
depleted of y-tubulin, lost its ability to form microtubule asters from centrosomes (Felix et al.,
1994). The application of small interfering RNA (siRNA), which was highly efficient in
silencing the y-tubulin of the mRNA of Entamoeba, resulted in the loss of organized
microtubular arrays, which correlated with a significant reduction of y-tubulin protein
(Vayssié, 2004). On the other hand, an overexpression of y-tubulin in mammalian cells caused
y-tubulin accumulation in the cytoplasm, where it formed multiple microtubule nucleation
sites (Shu & Joshi, 1995). Expression of the human y-tubulin gene in Schizosaccharomyces,
with defective endogenous y-tubulin, led to a replacement of y-tubulin functions. Human y-
tubulin was localized in the yeast spindle pole body (Horio & Oakley, 1994). This experiment
demonstrated the functional conservation of y-tubulins in human and yeast, even though the

homology between Schizosaccharomyces and human genes is only 71%.
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1.2.6. Models of microtubule nucleation

To explain how the y-TuRC nucleates microtubules, two models were proposed. They are
known as the “template” and “protofilament” microtubule nucleating models. The template
model predicts that y-TuRC corresponds to a 3-start helix of the microtubule, with y-tubulin
subunits 5 nm apart and connected by lateral bonds. Thirteen y-tubulin subunits form the
complete circuit in which each y-tubulin binds longitudinally to an a-tubulin subunit, forming
13 protofilaments in each microtubule. y-TuRC thus forms the cap on the (-) end of

microtubules (Zheng et al., 1995). The template model is depicted in Fig. 1.
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Fig. 1. Template model of microtubule nucleation by y-tubulin (from Zheng et al., 1995).

The second, protofilament model, predicts that y-TuRC corresponds to y-tubulins with their
subunits 4 nm apart and connected by longitudinal bonds. Sixteen subunits form the complete
circuit, but only a few y-tubulins bind laterally to an af-tubulin dimer to initiate a
protofilament nucleus (Erickson & Stoffler, 1996). It is still unclear which model is more
correct to explain the molecular mechanism of nucleation. Comparison of both nucleation
models is shown in Fig. 2. Electron microscopic tomography of the y-TuRC has shown a
dome-like cap, where outer circular framework is formed by y-tubulin subunits, whereas the

dome is formed by associated proteins (Moritz et al., 2000). Similar cap-like structures on
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microtubule (-) ends have been shown by immunoelectron microscopy (Keating & Borisy,
2000; Wiese & Zheng, 2000). This data seems to confirm the template model. However, other
studies indicate that for the nucleation of microtubules, lateral bonds between y- and B-tubulin
are much more important than weaker longitudinal bonds between y-tubulin and the
protofilaments (Leguy et al., 2000). There are reports that y-TuSCs (Oegema et al., 1999) and
even single molecules of y-tubulin (Leguy et al., 2000), can nucleate microtubules in vitro.

This supports a modified protofilament model (Erickson, 2000).

Template model Protofilament model

Fig. 2 Proposed structures of the y-TuRCs as predicted by the template and

protofilament models (from Erickson, 2000)

One of the best known places for microtubule nucleation and organization is the
centrosome. It contains a pair of centrioles surrounded by an electron-dense pericentriolar
material (PCM), which is sometimes called the centrosome matrix. This matrix is a
complicated tangle of fibers and granular material with non-specifically associated proteins
(Kellog et al., 1994). PCM is rich in y-tubulin, which is in the form of y-TuRCs. These y-
TuRCs are organized into a lattice, with the help of pericentrin (Dictenberg et al., 1998).
Although pericentrin itself is not a component of y-TuRC, it seems that it can organize

complexes containing 1 molecule of pericentrin, 2 y-TuRCs and other proteins. These
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complexes can be organized into supercomplexes containing 2 molecules of pericentrin and 4
y-TuRCs. Authors have offered a hypothesis, that pericentrin may facilitate the assembly of y-
tubulin complexes into the centrosome lattice. Previously, it was shown that purified y-TuRCs
were unable to assemble onto salt-stripped centrosomes (Moritz et al., 1998). The model of

the centrosome lattice assembly is shown in Fig. 3.
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Fig. 3. A model for centrosome lattice assembly (from Dictenberg et al., 1998)

An interesting mechanism of microtubule nucleation was offered for higher plants, which
lacks classical MTOCs (Murata et al., 2005). It was shown that both in living cells and in the
cell-free system, microtubules were nucleated as branches on existing cortical microtubules.
The branch points contained y-tubulin, which is highly abundant in the cytoplasm of plant
cells. Microtubule nucleation in the cell-free system was prevented when y-tubulin was
depleted with a specific antibody.

Although the role of y-tubulin in microtubule nucleation is indisputable, there are a few

interesting observations showing that microtubules can be also nucleated by other
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mechanisms. It was shown that the overexpressed centrosomal protein RanBMP caused
ectopic microtubule nucleation and led to reorganization of the microtubular network
(Nakamura et al., 1998). Antibodies against RanBMP inhibited microtubule aster formation
and the same effect had nonhydrolyzable GTP analog bound to Ran. Ran (Ras-like small
GTPase), which is well-known as signal transductor, is involved in the regulation of
microtubular nucleation. Microtubules can also be nucleated and self-organized in the vicinity
of chromosomes (Vernos & Karsenti, 1995). Artificial chromatin-coated beads could also
form bipolar microtubule spindles in the presence of microtubule motor proteins (Heald et al.,

1996).

I.2.7. y-Tubulin and kinases

Kinases play an important role in the regulation of microtubule rearrangement. Although
phosphorylation of af-tubulin dimers is a minor posttranslational modification, it is one of
the main modifications of MAPs, which plays an essential role in changing the microtubular
network. Kinases also phosphorylate y-tubulin and/or its associated proteins in y-tubulin
complexes. It was suggested that the Polo-like serine/threonine kinase (Plk) can
phosphorylate not only af3-tubulin dimers, but also y-tubulin (Feng et al., 1999). Plk plays an
essential role in the centrosome maturation in Drosophila. The inability to recruit the
centrosomal protein CP190, seen in polo-defective embryos, leads to a failure to recruit y-
TuRC to the centrosome and therefore disturbs the nucleation of microtubules (Glover et al.,
2005). A failure of the centrosomes to recruit y-tubulin has also been observed in HeLa cells,
following a microinjection of antibodies against Plk (Lane & Nigg, 1996), as well as after the
depletion of the Plk by RNAIi (Bettencourt-Dias et al., 2004). One of the possible targets of
Plk is the ninein-like protein Nlp, which is important for proper centrosome maturation and
spindle assembly (Casenghi et al., 2003).

Tyrosine kinases are also involved in the regulation of y-tubulin functions. Microtubule
organization in the budding yeast Saccharomyces is affected by phosphorylation of the
Tyrd45 residue of y-tubulin (Vogel et al., 2001). The level of y-tubulin phosphorylation is
dependent on the phase of the yeast cell cycle. The acidic, phosphorylated form of y-tubulin
was found predominantly in the Gl phase, was dramatically reduced in S phase and was
absent in the M phase of cell cycle. It seems that phosphorylation of yeast y-tubulin during the

cell cycle, controls a number of microtubules and their organization. The Tyr445 residue of
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the DSYL motif of Tubdp is conserved within the carboxy terminal residues of many y-
tubulins, suggesting that y-tubulin might be phosphorylated in different organisms. Recently,
the interaction of tyrosine kinase Weel with y-TuRC was described in Drosophila (Stumpff et
al., 2005). y-Tubulin phosphorylation was dependent on the presence of Weel in embryo
extracts. Absence of Weel kinase in mutant embryos, had a dramatic effect on microtubule
organization, including the formation of ectopic foci of microtubules and multipolar spindles.
Centrosomes were displaced from the embryo cortex. Weel kinase is known as a regulator of
cyclin-dependent kinase 1 (Cdk1). The treatment of plant cells from Vicia with Cdk specific
inhibitors, led to abnormal spindle formation (Binarova et al., 1998). An association of y-
tubulin, with the protein tyrosine kinase p53/56”" in rat basophilic leukemia cells, was also
described (Draberova et al., 1999). It is known that the microtubule cytoskeleton participates
in the process of the activation of mast cells, which culminates in the release of allergy
mediators. Molecular mechanisms of interactions between signal transduction molecules and
microtubules are still poorly understood. The presence of y-tubulin, in complex with Lyn
kinase and tyrosine-phosphorylated proteins, suggests that y-tubulin might be involved in the
early stages of mast cell activation. Collectively, these data suggest the importance of kinases

during the regulation of microtubule nucleation

I.2.8. Other functions of y-tubulin

Except for well-known microtubule nucleation, y-tubulin may have some additional
functions. y-Tubulin can cap the (-) ends of preformed microtubules, which modulates the
dynamics of the (-) end and prevents the depolymerization of capped microtubules (Wiese &
Zheng, 2000). Accumulated data support the idea that y-tubulin could participate in
microtubule stabilization. y-Tubulin was found on stable kinetochore microtubules that are
resistant to treatment with anti-microtubule drugs in Arabidopsis (Liu et al., 1995), as well as
on kinetochore/centromeric regions of plant chromosomes (Binarova et al., 1998). The y-
Tubulin in acentriolar higher plant cells might be directly or indirectly involved in the
modulation and/or stabilization of kinetochore-microtubule interactions. In animal cells, y-
tubulin was detected in the cold-stable fraction of microtubules isolated from the brain
(Détraves et al., 1997). y-Tubulin was present in protein complexes of heterogeneous sizes
and different composition. These complexes were able to bind to taxol-stabilized

microtubules. Experiments with y-tubulin mutations in Schizosaccharomyces indicated that y-
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tubulin could play an important role, even on assembled microtubules (Paluh et al., 2000).
The involvement of y-tubulin in the coordination of post-metaphase events, segregation of
chromosomes and cytokinesis, was implicated from experiments with the mutagenesis of
human y-tubulin and the phenotype analysis of each mutant allele in Schizosaccharomyces
(Hendrickson et al., 2001). The overlapping roles of y-tubulin and the kinesin-like protein
KLPA, 1n the establishment of spindle bipolarity, were described by (Prigozhina et al., 2001).
y-Tubulin strongly interacts with BRCA1 protein, which is a suppressor of tumorigenesis in
the breast and ovary. It was suggested that an attenuated interaction between BRCA1 and y-
tubulin might induce an increase in aneuploid cell population and thus contribute to
tumorigenesis (Hsu & White, 1998; Hsu et al., 2001). Finally, the analysis of the y-tubulin
knockout gene in mice has shown that y-tubulin might play an important role in the
development of the neuronal system during ontogenesis. Tubg? deficient mice appeared to
exhibit peculiar behavioral deficits, abnormalities in circadian rhythm and reactions to painful

stimulations (Yuba-Kubo et al., 2005).
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II. AIMS OF THE STUDY

The long-term goal of the Laboratory of Biology of Cytoskeleton is to explain in molecular
terms the role which individual microtubule components play in functional diversity of
microtubules. The research of the laboratory is also focused on regulatory mechanisms of
microtubule nucleation. To this end we have prepared the panel of antibodies against different
microtubule proteins including a-, B- and y-tubulins. The characterization of y-tubulin in
various cells has shown that y-tubulin is highly conserved protein (Novakova et al., 1996;
Nohynkova et al., 2000) that can interact with protein tyrosine kinases (Draberova, 1999).
To increase our knowledge about y-tubulin functions in different cell types we have analyzed

properties of y-tubulin and mechanisms of microtubule formation in more detail.

Partial aims of this PhD thesis were the following:

1. Determination of y-tubulin distribution in cells with highly specialized microtubule
structures.
2. Biochemical characterization of y-tubulin, its soluble forms and its possible post-

translational modification.

3. Analysis of y-tubulin complexes and elucidation of mechanisms that could be involved

in regulation of y-tubulin functions.
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III. COMMENTS ON PRESENTED PUBLICATIONS

II1.1. Distribution of y-tubulin

II1.1.1.
Linhartova 1., Novotnd B., Sulimenko V., Draberova E., Draber P.: Gamma-tubulin in
chicken erythrocytes: changes in localization during cell differentiation and characterization

of cytoplasmic complexes. Developmental Dynamics, 223: 229-240, 2002.

This work deals with the distribution of y-tubulin in developing chicken erythrocytes and
the possible role of y-tubulin in the formation and stability of microtubule marginal bands
(MB). The formation of the MB represents the most striking event during the differentiation
of avian spherical erythroblasts to ellipsoidal erythrocytes, which is accompanied by
rearrangements of the cytoskeleton. One of the key questions of MB biogenesis is whether the
nucleation of MB microtubules arises from MTOCs or from microtubule-nucleating activity
located at the plasma membrane.

Quantitative immunoblotting revealed changes in the amount of y-tubulin in differentiating
erythrocytes. Immunofluorescence microscopy showed that y-tubulin in erythroid cells of 5-
day-old embryos was located in MTOC:s, spindles and on MB, whereas it was not detectable
in immature erythrocytes. To investigate whether y-tubulin is involved in the nucleation of
MB in erythroid cells, microtubules were depolymerized by cold treatment, followed by
rewarming. In cold-treated cells y-tubulin was detected in the form of large clusters around
the nucleus, similar to tubulin dimers. After rewarming the clusters disappeared and y-tubulin
was located in MTOCs and on MB. In cold-treated cells no distinct nucleating centers were
present at the cell periphery. Mature erythrocytes were not stained with anti-y-tubulin
antibodies, but contained a relatively high amount of soluble y-tubulin. We therefore
examined whether y-tubulin was present in the form of soluble complexes in the cells. Gel
filtration chromatography revealed that y-tubulin was distributed in complexes of various
sizes and those large complexes were sensitive to salt treatment. Immunoprecipitation

experiments showed that soluble complexes of y-tubulin contained af-tubulin dimers.

28



Two-dimensional electrophoretic analysis of y-tubulin unveiled multiple charge variants.
The number of .y-tubulin increased during the course of differentiation and at least six
isoelectric variants of y-tubulin, in mature erythrocytes, were detected. As two genes for y-
tubulin are present in vertebrates, multiple charge variants suggest the presence of
posttranslational modifications.

The presented data demonstrated for the first time, that y-tubulin is a substrate for
developmentally regulated posttranslational modifications and that the binding properties of y-

tubulin or its complexes change during differentiation events.

II1.1.2.
Libusova L., Sulimenko T., Sulimenko V., Hozak P., Draber P. y-Tubulin in Leishmania: cell

cycle dependent changes in subcellular localization and heterogeneity of its isoforms.

Experimental Cell Research, 295: 375-386, 2004.

The main goal of this work was to determine subcellular localization of y-tubulin in
Leishmania tropica during the cell cycle. Leishmania belongs to flagellated protozoa with
elaborated microtubule structures. y-Tubulin was detected using a panel of six antibodies
against different epitopes on N- and C-terminal domains of the y-tubulin molecule. Multiple
y-tubulin isoforms were discernible, but in contrast to mammalian and plant cells y-tubulin
was found only in insoluble cytoskeletal fractions. Immunofluorescence microscopy revealed
the presence of y-tubulin in basal bodies, the posterior pole of the cell and in the flagellum.
Furthemore, the antibodies showed punctuate staining in the subpelicullar microtubules. In
dividing cells y-tubulin was accumulated in the posterior poles, where it co-distributed with
210 kDa microtubule-interacting protein (Libusova et al., 2001) and vimentin-like 57-kDa
protein. The role of y-tubulin at the posterior pole is unclear, but it could be involved in
anchoring or stabilizing of the subpellicular corset of microtubules.

The unexpected finding of y-tubulin localization along the flagellum was verified by
immunoblotting, immunofluorescence and immunogold electron microscopy on isolated
flagella. Immunogold electron microscopy revealed that y-tubulin is specifically associated
with the so called paraflagellar rod (PFR) that runs adjacent to the axonemal microtubules.
The function of y-tubulin in flagella is uncertain, but it might be associated with the scaffold

of proteins that become attached with PFR components during intraflagellar transport.
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The complex cell-cycle dependent pattern of y-tubulin localization and its properties
indicate that y-tubulin in Leishmania might have other functions besides microtubule

nucleation.

II1.2. y-Tubulin and its complexes

I11.2.1.
Sulimenko V., Sulimenko T., Poznanovic S., Nechiporuk-Zloy V., B6hm K.J., Mactrek L.,

Unger E., Draber P.: Assotiation of brain y-tubulin with af-tubulin dimers. Biochemical

Journal, 365: 889-895, 2002.

This paper is focused on the important question in the y-tubulin field - whether soluble -
tubulin exists only as a component of y-TuRCs and y-TuSCs, or if there are other complexes
containing y-tubulin. Therefore, we performed biochemical characterization of soluble brain
y-tubulin.

After gradient centrifugation of high-speed extract, y-tubulin was distributed continually in
a large zone that reflected its presence in complexes of various sizes. At least some of the
complexes were distinct from y-TuRCs and y-TuSCs. af3-Tubulin dimers had a similar pattern
of distribution. Interestingly, during the course of preparation of microtubule proteins y-
tubulin co-distributed with af3-tubulin dimers. It was possible to co-precipitate y-tubulin by
anti-o.-tubulin antibody. Also af-tubulin dimers were detected in complexes precipitated by
anti-y-tubulin-antibodies. The same co-precipitation results were observed with small- and
high-molecular-mass fractions obtained by gradient centrifugation. These experiments
indicated that soluble y-tubulin can form complexes with af-tubulin dimers.

The separation of microtubule proteins under non-denaturating conditions revealed the
ability of y-tubulin to form itself and/or with help of other proteins oligomers which were
distinct from similar oligomers formed by af-tubulin dimers. In contrast to of-tubulin
oligomers, those of y-tubulin did not contain monomer subunits. Using SDS of different
grades, we were able to separate on one-dimensional electrophoresis two forms of y-tubulin
from brain extract and microtubule proteins. The y-tubulin doublet was observed in both low-

and hig-molecular mass fractions after gradient centrifugation and in immunoprecipitated
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material. There is still an open question, if the observed y-tubulin isoforms reflect
posttranslational modifications of y-tubulin or the presence of two y-tubulins coded by
different genes. In any case, two-dimensional electrophoretic analysis revealed multiple
isoelectric variants of y-tubulin, both in pig brain extract and in microtubule proteins.
Therefore, brain y-tubulin is posttranslationally modified.

In conclusion, we have demonstrated for the first time, that there are two y-tubulin isoforms
in the brain, persisted in different sized complexes. We have found that y-tubulin is able to
form oligomers. The association of y-tubulin with of3-tubulin heterodimers, irrespective of the
size of the complexes, indicates the presence of other y-tubulin forms apart from y-TuRC and

y-TuSCs.

I11.2.2.
Drykova D., Cenklova V., Sulimenko V., Volc J., Draber P., Binarova P.: Plant y-tubulin

interacts with af-tubulin dimers and forms membrane-associated complexes. Plant Cell, 15:

465-480, 2003.

The main goal of this work was to investigate the distribution, properties and functions of y-
tubulin forms in acentriolar plant cells that do not contain classical MTOCs and that have
different mechanisms of microtubule organization. Gel filtration chromatography of cell
extracts from Arabidopsis revealed that y-tubulin was present in protein complexes of various
sizes, similar to those of animal cells. In contrast to large y-tubulin complexes of animals,
plant complexes were more stable in the presence of high concentrations of salt. Plant y-
tubulin was associated with of3-tubulin dimers in immunoprecipitated experiments,
cosedimented with microtubules polymerized in vitro and localized along their whole length.
y-Tubulin was detected by immunofluorescence microscopy on the poles of acentrosomal
spindles that are associated with the plasma membrane or the membranes of polar vacuoles.
Double-label staining showed an association of y-tubulin with the kinetochore microtubules
and with Golgi membranes. To analyze the interaction of plant y-tubulin with membranes cell
extracts were separated by differential centrifugation into cytosolic and membrane fractions.
It was shown that y-tubulin and of-tubulin dimers are associated with plant membranes in
high-speed microsomal fractions. Blue-native electrophoresis of detergent-solubilized

microsomes showed that y-tubulin complexes were larger than 1 MD. of-Tubulin dimers
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were also found in large complexes associated with membranes. This is the first description of
y-tubulin association with the membranes of plant cells. The ability of large complexes to
nucleate microtubules was revealed by in vitro nucleation experiments, where brain tubulin
was added to the fractions obtained from gel filtration. Nucleation and microtubule
polymerization were observed neither in fractions containing y-tubulin in the form of small
complexes, nor in fractions depleted of y-tubulin by differential centrifugation.

In conclusion, our results indicate that the association of y-tubulin complexes with dynamic

membranes might ensure the flexibility of non-centrosomal microtubule nucleation.

I11.2.3.

Kukharskyy V., Sulimenko V., Macirek L., Sulimenko T., Drdberovd E, Draber P.
Complexes of y-tubulin with non-receptor protein tyrosine kinases Src and Fyn in
differentiating P19 embryonal carcinoma cells. Experimental Cell Research, 298: 218-228,
2004.

In this work, we have investigated the interactions of y-tubulin with protein tyrosine kinases
of the Src family during the neuronal differentiation of P19 embryonal carcinoma cells. It was
shown previously that these kinases are regulators of neuronal differentiation and that tubulin
dimers are substrates for Src family kinases.

Using quantitative immunoblotting, we have demonstrated an increased expression of Src
and Fyn kinases during the neuronal differentiation of P19 cells stimulated by retinoic acid
(RA). This increased expression corresponded with the increased level of tyrosine-
phosphorylated proteins. While the expression of y-tubulin was unchanged, the expression of
neuron-specific B-tubulin class III increased. The amount of acetylated o-tubulin (a marker of
stable microtubules) also increased during the course of differentiation. Two-dimensional
electrophoresis revealed the presence of multiple isoforms of y-tubulin and treatment with
alkaline phosphatase decreased the number of charged variants. This data documented, for the
first time, that y-tubulin is phosphorylated in mammalian cells. Immunoprecipitation
experiments showed the interaction of y-tubulin with Fyn and Src kinases, as well as with
other unknown proteins phosphorylated on tyrosine. In cells stimulated by RA the level of
phosphorylated proteins co-precipitated with y-tubulin was higher than in resting cells. Using
the Src family selective tyrosine kinase inhibitor PP2 confirmed that the formation of v-

tubulin complexes with phosphorylated proteins was dependent on the activity of Src family
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kinases. In vitro kinase assays revealed directly, that several kinase substrates are in
complexes immunoprecipitated by anti-y-tubulin antibodies. A lower level of phosphorylation
was clearly detected when an ir vitro kinase assay was done in the presence of PP2.

To investigate possible mechanisms of the association of y-tubulin with active kinases, in
vitro binding experiments with GST fusion proteins containing SH2 and SH3 domains of Src
and Fyn kinases were performed. These domains are important in the assembly of protein
complexes containing the Src family kinases. y-Tubulin bound to GST-Fyn-SH2 and GST-
Src-SH2 fusion proteins, but not to GST-SH3 or GST alone. Phenyl phosphate, an analogue
of phosphotyrosine, inhibited the association of y-tubulin with SH2 domains. These data
indicated that y-tubulin can directly or indirectly bind to the regulatory domain of kinases.

The combined data show, that in the course of neuronal differentiation, the Src family
protein tyrosine kinases Src and Fyn form complexes with y-tubulin by interactions with their
SH2 domains. y-Tubulin can be phosphorylated in vivo and the activity of Src family kinases
might regulate the interaction of y-tubulin with tubulin dimers or other proteins during

neurogenesis.

I11.2.4.
Sulimenko V., Draberova E, Sulimenko T., Mactrek L., Richterova V., Draber Pe., Draber

Pa. Regulation of microtubule formation in activated mast cells by complexes of y-tubulin with

Fyn and Syk kinases. Journal of Immunology, 176: 7243-7253, 2006.

In this work, we continued the analysis of y-tubulin complexes with protein tyrosine
kinases. It is well established, that after the aggregation of high affinity IgE receptors (FceRI)
on the surface of granulated mast cells the Src family kinases are activated and the granules
containing inflammatory mediators move to the cell periphery. It was suggested that
microtubules may play a pivotal role in this process, but the molecular mechanisms that
control microtubule rearrangement during this process are poorly understood. It was shown
previously, that y-tubulin forms complexes with tyrosine phosphorylated proteins and the Src
family kinase Lyn, in rat basophilic leukemia cells (Draberova et al., 1999). To estimate
whether Lyn kinase is indispensable for the formation of such complexes in mast cells, we
analyzed interactions of y-tubulin with kinases and their substrates in resting and activated

wild type and Lyn-deficient bone marrow mast cells (BMMCs).
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The activation of BMMCs induced by FceRI aggregation or treatment with pervanadate led
to rapid polymerization of microtubules. This polymerization was not dependent on the
presence of Lyn kinase, as determined by experiments with BMMCs Lyn'/'. y-Tubulin was
found in both soluble and insoluble fractions after NP-40 extraction, which corresponded with
the distribution of Fyn kinase. Several lines of evidence indicated that y-tubulin extracted
from mast cells with non-ionic detergent NP-40, formed complexes with signal transduction
molecules that could modulate microtubule arrays. First, tyrosine-phosphorylated proteins
were found to be associated with immunoprecipitated y-tubulin in resting cells and the amount
of these proteins increased after activation. Second, in vitro kinase assays revealed that y-
tubulin formed complexes containing kinases and their substrates. Increased levels of *2P
labeled proteins were observed when kinase assays were performed with lysates from cells
exposed to pervanadate or cells activated by FceRI aggregation. Third, the activity of y-
tubulin associated kinases was inhibited by the pre-treatment of cells with the Src-family
specific (PP2) and Syk-specific (piceatannol) inhibitors. This suggests that the Src and Syk
family kinases have an important role in the formation of y-tubulin signaling complexes.
Fourth, the association of Fyn kinase with y-tubulin complexes was confirmed by
immunoprecipitations experiments and the same holds true for Syk kinase. Finally, kinases in
y-tubulin complexes were capable of utilizing the tubulin dimer as a substrate and its
phosphorylation was inhibited by both PP2 and piceatannol. These data suggested that the
Syk and Src family kinases were involved in the initial stages of microtubule formation. The
interaction of y-tubulin with Fyn kinase was corroborated by pull-down experiments, in which
the y-tubulin complex bound to the recombinant SH2 domain of Fyn kinase and this
interaction was of the phosphotyrosine type. Inhibition with phenylphosphate and synthetic
peptides from potential binding sites on the y-tubulin molecule failed to confirm a direct
interaction of y-tubulin with these domains. Thus, the association of y-tubulin with the SH2
domain is most likely mediated via adaptor-like tyrosine-phosphorylated protein(s).

In conclusion, we have shown that activation of BMMCs leads to rapid reorganization of
microtubules. y-Tubulin forms complexes with Fyn and Syk kinases and other signal
transduction molecules in the process of cell activation. We propose that Fyn and Syk kinases
are involved in the regulation of binding properties of y-tubulin and/or its associated proteins,

and thus modulate microtubule formation in activated mast cells.

34



IV.  CONCLUSIONS

Major results of this PhD thesis can be summarized as follows:

A complex distribution pattern of y-tubulin was found in cells with highly specialized
microtubule structures. y-Tubulin was unexpectedly located on the marginal band of
microtubules in differentiating avian erythrocytes. In protozoa Leishmania y-tubulin was
associated with the posterior pole of the cell and with the paraflagellar rod in the flagella.
Moreover y-tubulin was found in membrane microsomal fraction in plants and in detergent-
resistant fractions in mammalian cells. These findings indicate that y-tubulin might have in

different cell types other functions besides microtubule nucleation.

We have demonstrated that y-tubulin is able to form oligomers and to form complexes with
ofj-tubulin dimers. y-Tubulin is present in cytoplasmic complexes of various size and its
binding properties change during differentiation events. Our data indicate that y-tubulin is
present in other molecular complexes apart from earlier described large (y-TuRCs) and small
(y-TuSCs) complexes. We have demonstrated for the first time that in various cell types y-
tubulin is posttranslationally modified and that in mammalian cells it can be phosphorylated.
We suggest that posttranslational modifications of y-tubulin might regulate interactions of y-

tubulin with ap-tubulin heterodimers or other associated proteins.

y-Tubulin is associated with protein tyrosine kinases involved in signal transduction events.
y-Tubulin complexes with the active Src family kinases and other tyrosine-phosphorylated
proteins were found in embryonal carcinoma cells as well as in mast cells. Activation of mast
cells led to rapid polymerization of microtubules that was dependent on the activity of the Src
family kinases. y-Tubulin interacts with protein tyrosine kinases of the Src family through
their regulatory SH2 domains and this interaction is phosphotyrosine type. Our data indicate
that the association of y-tubulin with SH2 domain is probably mediated via adaptor-like
tyrosine-phosphorylated protein(s). We propose that Src family kinases are involved in the

regulation of binding properties of y-tubulin and/or microtubule nucleation.
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ABSTRACT The mechanism of marginal
und (MB) formation in differentiating erythroid
¢ells is not fully understood, and the proteins
wolved in nucleation of MB microtubules are
argely unknown. To gain insights into the func-
ion of y-tubulin in MB formation, we have fol-
owed its distribution in developing chicken
mythrocytes and characterized soluble forms of
fe protein. In early stages of erythroid cells dif-
krentiation, y-tubulin was present in microtu-
fule-organizing centers, mitotic spindles, as well
son MB. Its subcellular localization changed in
e course of differentiation, and in postnatal
pripheral erythrocytes vy-tubulin was found
wly in soluble forms. After cold-induced depoly-
mrization y-tubulin in erythroid cells formed
brge clusters that were not observed in matured
tells, and re-growth experiments demonstrated
that y-tubulin was not present in distinct nucle-
gion structures at the cell periphery. Soluble
vubulin formed complexes of various size and
lirge complexes were prone to dissociation in
the presence of high salt concentration. Interac-
fon of y-tubulin with tubulin dimers was re-
raled by precipitation experiments. y-Tubulin
weurred in multiple charge variants whose num-
krincreased in the course of erythrocyte differ-
atiation and corresponded with decreased
linding to MB. The presented data demonstrate
frthe first time that y-tubulin is a substrate for
kevelopmentally regulated posttranslational
mdifications and that the binding properties of
Hubulin or its complexes change during differ-
atiation events. © 2002 Wiley-Liss, Inc.

ey words: chick embryo; marginal band; nucle-
ated erythrocytes; microtubules;
y-tubulin

INTRODUCTION

Microtubules, assembled from o- and f-tubulin het-
mdimer, play a decisive role for many cellular func-
fons such as intracellular organization, ordered vesicle
ansport and cell division, to name but a few. Micro-

01002 WILEY-LISS, INC.
01 10.1002/dvdy. 10047

tubules exhibit an inherent property of dynamic insta-
bility (Mitchison and Kirschner, 1984), and this prop-
erty is crucial for microtubule functions and their
plasticity. In some terminally differentiated cell types
such as neurons (Baas and Black, 1990), myocytes
(Tassin et al., 1985), polarized epithelial cells (Bre et
al., 1990), platelets (Kenney and Linck, 1985), and
nucleated erythrocytes of nonmammalian vertebrates
(Behnke, 1970) there exist, however, highly stable mi-
crotubule configurations. Although the mechanisms
and functional significance of dynamic instability are
known in great detail, mechanisms governing the con-
version of dynamic microtubules into highly ordered
structures remain poorly understood.

In mature chicken erythrocytes, the marginal band
(MB) consists of a highly ordered and stable microtu-
bule bundle that is located under the plasma mem-
brane at the equatorial plane of the cells (Behnke,
1970; Cohen, 1991). The MB helps maintain the ellip-
tical shape of the cells and helps resist the deformation
forces to which the cells are exposed during circulation.
Formation of the MB of microtubules represents the
most striking event during differentiation of avian
spherical erythroblasts to immature flattened discoids
and finally to mature ellipsoidal erythrocytes. Changes
in shape and size of the nucleus and rearrangements of
the cytoskeleton are characteristic for this process.
Thus, the formation of MB provides a relatively simple
system, allowing studying the morphogenesis of stable
microtubule arrays.

The key question in MB biogenesis is whether the
nucleation of MB microtubules arises from microtubule
organizing centers (MTOCs) or from microtubule-nu-
cleating activity located at the membrane skeleton or
at plasma membrane. Although MTOCs in differenti-
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ting chicken erythroid cells are present, such struc-
wes are missing in mature erythrocytes. However, the
B of mature chicken erythrocytes can reform after
old depolymerization followed by rewarming, and it is
wistinguishable from that of untreated cells (Miller
1d Solomon, 1984; Kim et al., 1987). MBs were found
o contain the microtubule-associated proteins tau
Hurphy and Wallis, 1985; Sanchez and Cohen, 1994),
hich possibly have microtubule stabilizing or bun-
ling function, and syncolin that might be involved in
teral interactions between microtubules (Feick et al.,
$91) or interaction of microtubule bundles with mem-
tanes (Sanchez and Cohen, 1994). The mechanism of
B formation in differentiating erythroid cells is not
lly understood.

The y-tubulin (Oakley and Oakley, 1989) is the al-
wst ubiquitous component of MTOC and participates
tnucleation of microtubules (Oakley et al., 1990;
whiet al., 1992). In animal cells, the vast majority of
fwbulin belongs to cytoplasmic complexes. Large
tubulin complexes (y-tubulin-ring complex; y-TuRC)
wre first identified in Xenopus eggs (Zheng et al,,
995). They were also found in Drosophila embryos
foritz et al., 1995) and in mammalian cells (Meads
i Schroer, 1995; Moudjou et al., 1996; Détraves et
L, 1997). In addition to yTuRC, there also exist
maller complexes (y-tubulin small complex; yTuSC)
Yoritz et al., 1998) that compose two molecules of
fwbulin and one molecule each of GCP2 and GCP3
#ubulin complex proteins) (Murphy et al., 1998;
kgema et al., 1999), which are homologues of the
wcharomyces cerevisiae proteins Spc97p and SPc98p
sociated with spindle pole bodies (Knop and Schiebel,
%7). The y-TuRCs are formed by small complexes
ol by other proteins. Protein composition differs in
wious cell types. In addition to nucleation from cen-
momes, the y-TuRCs are also involved in regulating
ke dynamics of the microtubule minus ends (Wiese
ul Zheng, 2000). Tubulin binding sites on y-tubulin
we identified, and it seems that y-tubulin itself may,
wler some circumstances, bind to the side of assem-
bl microtubules (Llanos et al., 1999). The role of
ibulin in nucleation of MB microtubules in differ-
tiating and mature chicken erythrocytes is un-
0w,

Here, we report on changes in the distribution of
dubulin during chicken erythrocyte differentiation
ol characterize the soluble y-tubulin forms. As a
wrce of embryonic erythrocytes, we took advantage of
mbrvonic peripheral blood, which is easily accessible
ol contains mainly erythroid cells.

RESULTS
ltribution of Gamma-Tubulin in Erythroid
s and Mature Erythrocytes

The distribution of y-tubulin in differentiating ery-
troid cells was studied by using monoclonal antibod-
sraised against conservative peptide sequences from
mman y-tubulin. Antibodies TU-30, TU-31, and TU-32
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Fig. 1. Immunoblot analysis of differentiating erythrocytes. Whole cell
extracts of erythroid cells from 5-day-old embryos (lanes 1, 3, 5, 7) and
from erythrocytes of 56-day-old chickens (lanes 2, 4, 6, 8) were sepa-
rated on 7.5-12.5% sodium dodecyl! sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). Lanes 1-2, Coomassie Blue staining of sepa-
rated proteins; lanes 3-8, immunostaining with antibodies TU-32 to
y-tubulin (lanes 3-4), TU-01 to w-tubulin (lanes 5-6), and VI-10 to
vimentin (lanes 7-8). The same amounts of proteins were loaded (10
v.g/lane). Bars on the left margin indicate positions of molecular mass
markers (from the top to the bottom: 205 kDa, 116 kDa, 97.4 kDa, 84 kDa,
66 kDa, 55 kDa, 45 kDa, and 36 kDa).

are directed against a peptide from the C-terminal
region of the molecule, the antibody GTU-88 is directed
against a peptide from the N-terminal region. The
specificity of antibodies was confirmed by immunoblot-
ting on whole cell lysates of erythroid cells isolated
from blood of 5-day-old embryos and on lysates of
erythrocytes from 56-day-old chickens. An example of
immunoblot with antibody TU-32 is shown in Figure 1.
Protein with relative electrophoretic mobility corre-
sponding to 48 kDa of y-tubulin was detected in both
samples. However. its amount in older chickens was
lower (Fig. 1. lanes 3-4). The same results were ob-
tained with antibodies raised against the C-terminal
region of human vy-tubulin as well as with antibody
against the N-terminal region of the protein. The ob-
served decrease during erythrocyte development was
characteristic for y-tubulin because the amount of im-
munodetected a-tubulin was basically unchanged (Fig.
1, lanes 5-6) and the amount of vimentin increased
(Fig. 1, lanes 7-8).

To acquire detailed data on the course of y-tubulin
changes during erythrocyte differentiation, its level
was determined at various stages of embryonic devel-
opment. As y-tubulin is necessary for the formation of
mitotic spindle, the number of mitotic cells was esti-
mated. Mitotic cells were most numerous on embryonic
day (ED) 3 (4.33 = 1.59%). The number of mitotic cells
decreased to 0.43 * 0.21% on ED 10, and almost no
mitotic cells were detected on postnatal day 1 (0.03 =

y
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Fig. 2. Comparison of the expression of y-tubulin and vimentin in
fkrentiating erythrocytes as detected by densitometric measurements
fimmunoblots. The 3E, 5E, 7E, and 10E denote different days of
mryonic development; 1P, 56P, and 365P denote different days of
wiatal development. Each column represents the mean * SE of
lpiicate readings of three blots. Black columns, y-tubulin; shaded col-
ms, vimentin.

103%). In the tested time period, the maximal immu-
wreactivity for y-tubulin was attained between ED
H.1ts level was reduced to approximately 45% of the
uximum on postnatal day 1 and fell to approximately

% of the maximum in erythrocytes isolated from
lult animals. The level of vimentin increased during
feobserved period and reached its maximum on post-
utal day 56. High level of vimentin was also detected
pday 365. A comparison of y-tubulin and vimentin
fanges in time is shown in Figure 2. These data show
fat y-tubulin is still present in erythrocytes isolated
bm 1-year-old chickens.

Triple immunofluorescence with polyclonal antibody
gainst af-tubulin dimer, monoclonal antibody against
vubulin, and DNA-binding dye revealed that y-tubu-
fin erythroid cells of 5-day-old embryos was detect-
tle not only in MTOCs in the perinuclear region but
oon MB. Diffuse staining in the cytoplasm was also
wserved. In dividing cells, y-tubulin was located on
gindle poles of mitotic spindle, and also along the
kngth of microtubules in the form of discrete dots.
Iterphase cells contained MTOCs that nucleated mi-
mtubules, which then formed MB under the plasma
wmbrane (Fig. 3A-C). The MB in erythroid cells from
Hay-old embryos was thicker in comparison with
ier developmental stages. In 10-day-old embryos, the
mthroid cells with thick MB, corresponding to primi-
tve erythroid cells as to their shape and size, repre-
sented only a minority of erythrocyte population. Cells
fith MTOC nucleating microtubules were very rare. At
tat differentiating stage, cells started to appear that
pparently did not have MTOC, because no y-tubulin
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staining was detected in the perinuclear region of these
cells (arrows in Fig. 3D-F). Due to the cell shape and
thin MB, such cells represent most probably the final
mature forms of the first wave of definitive erythroid
cells. y-Tubulin was also detected on MBs, but the
intensity of staining varied among individual cells. An
intensive staining of MB was found in cells with prom-
inent labeling of MTOC, whereas the staining was
weak in cells without MTOC. Surprisingly, the poly-
clonal antibody used against af3-tubulin dimer did not
decorate MTOCs that were brightly stained with anti—
v-tubulin antibody. In erythrocytes of 56-day-old chick-
ens, y-tubulin was not detectable by immunofiuores-
cence in the perinuclear region or on MB (Fig. 3G-1).
The same staining pattern of y-tubulin in differentiat-
ing erythrocytes was observed with all monoclonal an-
tibodies used.

To rule out the possibility that the location of vy-tu-
bulin on MB reflects only an unspecific association of
soluble cytoskeletal proteins with this prominent cel-
lular structure, or possibly an unspecific sticking of
primary and secondary antibodies, erythroid cells of
10-day-old embryos were stained with anti-vimentin
antibody. Monoclonal antibody VI-10 (immunoglobulin
M [IgM]) decorated only the filamentous network
around the nuclei, and no staining of MB was detected
(not shown). To learn more about the nature of y-tubu-
lin association with MB, cells were first extracted with
0.2% Triton X-100 in MSB containing 5 pM Taxol and
the resulting cytoskeleton was incubated for 10 min in
MSB containing 50, 100, 250, and 500 mM NaCl before
fixation. y-Tubulin staining of MB was observed after
incubation of extracted cells in 250 mM NaCl. The
majority of extracted cells incubated in 500 mM NaCl
were detached from coverslips, but in the remaining
cells y-tubulin was still present on MB.

Redistribution of Gamma-Tubulin After Cold
Depolymerization of MB

To investigate whether y-tubulin is involved in nu-
cleation of MB in erythroid cells from 10-day-old em-
bryos, microtubules were depolymerized by cold treat-
ment and the temperature was subsequently raised to
37°C to induce re-growth of microtubules. Samples
were fixed at different time intervals. When cold-
treated cells were directly extracted on ice by Triton
X-100 and fixed, y-tubulin was found in large clusters
around the nucleus; diffuse staining was also observed.
No staining of the cell periphery was detected. Simi-
larly, staining with polyclonal antibody against tubulin
dimers revealed tubulin clusters and diffuse staining,
but the labeling was less intense than that seen with
anti—y-tubulin antibody (Fig. 4A~C). When cold-
treated cells were directly extracted by Triton X-100 at
37°C and then fixed, microtubules started to form in
some cells at the periphery. When cold-treated cells
were incubated for 1 min at 37°C, different staining
patterns were observed. There were cells without mi-
crotubules (~20%), cells with microtubules growing at

)
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fg. 3. Immunofluorescence triple-label staining of chicken erythro-
#s in various stages of differentiation with anti—y-tubulin antibody.
“hroid cells from 5-day-old embryos (A-C), 10-day-old embryos
M), and mature erythrocytes from 56-day-old chickens (G-1) were
ghed with polyclonal antibody TUB against «p-tubulin dimers (A,D,G),

monoclonal antibody TU-30 against v-tubulin (B, E, H) and DNA-bind
dye 4,6-diamidino-2-phenylindole (DAPI; C,F,}). Cells were extracted v
Triton X-100, fixed in formaldehyde and post-fixed in cold metha
Arrows denote the same positions. Scale bar = 10 um in | (applies
A-l).




Fig. 4. The distribution of y-tubulin in celis recovering from coid
watment. A-l: Erythroid cells from 10-day-old embryos. J-L: Erythro-
ttes from a 56-day-old chickens. Cells were incubated on ice for 16 hr
dthen tixed on ice (A-C) or after cold treatment incubated at 37°C for
imin (D-F,J-L) or for 20 min (G-1) before fixation. Immunoflucrescence
tole-label staining with polyclonal antibody TUB against af3-tubulin

dimers (A,D,G,J), monoclonal antibody TU-30 against y-tubulin
(B,E,H,K). and DNA-binding dye 4,6-diamidino-2-phenylindole (DAP!:
C,F,lL). Inserts in D-F document the re-growth of microtubules from
microtubule organizing centers. Cells were extracted with Triton X-100,
fixed in formaldehyde, and pdst-fixed in cold methanol. Arrows denote the
same positions. Scale bar = 10 um in L (applies to A-L).
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Fig. 5.
m 10-day-old embryos. Cells were incubated on ice for 16 hr and then
ed on ice. Staining of actin with rhodamine-labeled phalloidin (A} and
VA-binding dye (B). Cells were extracted with Triton X-100, fixed in
maldehyde, and post-fixed in cold methanol. Scale bar = 10 um in B
pplies to A,B).

Immunofluorescence staining of cold-treated erythroid cells

1e cell periphery (~ 55%), and cells with thin MB
~25%). However, no prominent staining of nucleation
:nters was detectable with anti—y-tubulin antibody.
n the other hand, faint y-tubulin dots were visible on
rmed microtubules (arrows in Fig. 4D-F). Occasion-
lly, it was possible to find cells that contained MTOC
ear the nucleus from which microtubules emanated.
asuch cells, thick MB had already been formed. y-Tu-
ulin was then located both on the MTOC and on the
ewly formed MB in the form of small spots (inserts in
ig. 4D-F). After 20 min, typical MBs, indistinguish-
ble from those of untreated cells, were visible in the
gjority of cells (-~95%). y-Tubulin was located both in
ITOCs, if present in examined cells, and as dots on
iB. No clusters but diffuse staining was detected with
nti~y-tubulin antibody in the cytoplasm (Fig. 4G-I.
‘he staining pattern of y-tubulin in cold-treated cells
7as the same with all monoclonal antibodies used.

The formation of y-tubulin clusters after depolymer-
zation of microtubules was typical for embryonic ery-
hroid cells. The same type of experiment performed
vith erythrocytes of 56-day-old chickens failed to de-
ect clusters of y-tubulin and y-tubulin dots on newly
ormed microtubules after 1 min of re-growth at 37°C
Fig. 4J-L).

To rule out the possibility that tubulin aggregations
eflects potential blebs on the surface of cold-treated
ells, the cells were stained with rhodamine-labeled
shalloidin that reacts with F-actin, which is not depo-
ymerized by cold. F-actin was located on extracted
ells on the cell periphery, and no substantial changes
n morphology were observed (Fig. 5).

samma-Tubulin Complexes

Mature erythrocytes did not exhibit any cytoskeletal
structures  stained with anti—y-tubulin antibodies,
vhereas blots from whole extracts showed the presence
fy-tubulin. Therefore, experiments were performed to
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Fig. 6. Behavior of y-tubulin during Superose-6 gel filtration (A) and
sucrose density gradient centrifugation (B) of erythrocyte cell extracts
from 3-day-old chickens. A: Collected fractions were concentrated, sep-
arated, and immunoblotted with antibody against y-tubulin (y) and «-tu-
bulin («). Numbers from 9 to 33 denote individual column fractions.
B: Samples were sedimented through 5-40% sucrose gradient in the
presence of 75 mM (75) or 500 mM (500) NaCl; fractions were separated
and immunoblotted for y-tubulin. Numbers from 1 to 13 denote individual
fractions. Proteins were separated on 7.5% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gels. Calibration standards in kilodal-
tons are indicated on the top.

determine whether y-tubulin also exists in soluble cy-
toplasmic form. Size distribution of y-tubulin in super-
natants after Triton X-100 extraction of erythrocytes
from 3-day-old chickens was assessed by gel filtration
chromatography on Superose-6 column. Immunoblot-
ting experiments with separated fractions revealed
that y-tubulin was distributed in a large zone and was
present in complexes of various sizes. The majority of
immunoreactivity was found in complexes with high
molecular weight. Similar size fractionation was also
found for a-tubulin; however, lower molecular weight
complexes were found to prevail here (Fig. 6A). On the
other hand, the heat shock protein Hsp70 was absent
in high-molecular weight complexes, indicating that
not all cytoplasmic proteins had the same size distri-
bution under the used separation conditions (not
shown). When Triton X-100 supernatants containing
75 mM NaCl were fractionated by sedimentation in
5-40% sucrose gradients, y-tubulin was again present
in complexes of various sizes. Large complexes, how-
ever, were disrupted in samples containing 500 mM
NaCl (Fig. 6B). Combined data, thus, indicate that
chicken y-tubulin is' present in high-molecular com-
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)- 7. Immunoblot analysis of erythrocyte cell extracts by two-dimen-
\l electrophoresis. Immunostaining of erythroid cells from 5-day-old
yos (A), 10-day-old embryos (B), and mature erythrocytes from
ay-old chickens (C,D) with anti—y-tubulin antibody GTU-88 (A-C)
anti-a-tubulin antibody TU-01 (D). The basic and acidic ends in the
Jimension are marked by minus and plus, respectively. The figures
>t the same region in the first dimension. SDS, sodium dodecyl
te-polyacrylamide gel electrophoresis; IEF, isoelectric tocusing.

kes and that their size is sensitive to salt concentra-
L

‘wo-dimensional analysis of Triton X-100 extracts
ealed that soluble forms of y-tubulin existed in mul-
e charge variants (Fig. 7A-C) that have their iso-
:tric points more basic in comparison with a-tubulin
orms (Fig. 7D). The number of y-tubulin charge
iant increased in the course of differentiation, and
least six isoelectric variants of y-tubulin were de-
ted by immunoblotting in mature erythrocytes. In
tested differentiation stages, the isoelectric point of
rmajor y-tubulin isoform was 5.88.
mmunoprecipitation experiments showed that y-tu-
lin could be specifically precipitated from Triton
00 extracts of 3-day-old chicken erythrocytes by
noclonal antibody TU-31 (IgG2b) (Fig. 8A, lane 2).
-binding of y-tubulin to immobilized protein A was
tected (Fig. 8A, lane 3), and the control antibody
09 (IgG2b) gave no precipitation of y-tubulin. Prob-
yof immunoprecipitated material with anti~a-tubu-
antibody revealed the presence of o-tubulin in y-tu-
lin complexes (Fig. 8B, lane 2). The band
rresponding to a-tubulin was just under the band of
mobilized TU-31 antibody (arrow in Fig. 8), so it
uld potentially reflect proteolytic fragmentation of

A B C

o " e
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Fig. 8. Immunoprecipitation of erythrocyte cell extracts from 3-day-old
chickens with anti—y-tubulin antibody. Cell extracts were precipitated with
anti-y-tubulin antibody TU-31 (IgG2b) bound to immobilized protein A.
Proteins remaining after precipitation (lane 1), immunoprecipitated pro-
teins (lane 2), and proteins bound to protein A without antibody (lane 3)
were separated on 7.5% sodium dodecy! sulfate-polyacrylamide gel elec-
trophoresis gels. A: Immunostaining with anti-y-tubulin antibody GTU-88.
B: Immunostaining with anti—«-tubulin antibody TU-01. C: Immunostain-
ing with control anti-actin antibody. Arrow indicates the position of heavy
chains of immunoglobulin G.

the antibody. However, no band in this position was
detected when the precipitated material was probed
only with peroxidase-labeled anti-mouse antibody.
When probed with anti—B-tubulin antibody TUB 2.1,
specific staining was also detected (not shown). To rule
out the possibility of an unspecific attachment of cyto-
plasmic proteins to the y-tubulin complexes, immuno-
precipitated material was probed with anti-actin anti-
body. In that case. no actin was detected (Fig. 8C, lane
2). When probed with anti-Hsp 70 antibody. no copre-
cipitation of this protein was found either (not shown).

Because the above-mentioned experiments indicated
that tubulin dimers could be present in y-tubulin com-
plexes, immunoprecipitation was also performed with
immobilized anti—«a-tubulin antibody TU-16 (IgM).
This antibody specifically precipitated a-tubulin (Fig.
9A, lane 2), and no binding of a-tubulin to immobilized
protein L was detected (Fig. 9A, lane 3). Probing of the
immunoprecipitated material with anti—y-tubulin an-
tibody revealed that the a-tubulin complexes also con-
tained y-tubulin (Fig. 9B. lane 2). Control antibody
VI-10 (IgM) gave no precipitation of y-tubulin. To rule
out the possibility that cytoplasmic proteins are unspe-
cifically attached to the a-tubulin complexes, immuno-
precipitated material was probed with anti-vimentin
antibody. In that case, no vimentin was detected (Fig.
9C, lane 2). Similarly, probing with anti-actin antibody
showed no coprecipitation of the relevant protein (not
shown). The same immunoprecipitation results were
obtained with 3-day-old and 56-day-old chicken eryth-
rocytes.

DISCUSSION

The distribution of y-tubulin during the development
and maturation of MB was investigated by using

y
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Fig.9. Immunoprecipitation of erythrocyte cell extracts from 3-day-old
ickens with anti—u-tubulin antibody. Cell extracts were precipitated with
ti-u-tubulin antibody TU-16 (immunoglobulin M {igM]) bound to immo-
ized protein L. Proteins remaining after precipitation (lane 1), immuno-
wipitated proteins (lane 2), and proteins bound to protein L without
tbody (lane 3) were separated on 7.5% sodium dodecyl sulfate-poly-
niamide gel electrophoresis gels. A: Immunostaining with anti-a-
tuiin antibody TU-01. B: Immunostaining with anti—y-tubulin antibody
U-88. C: Immunostaining with control anti-vimentin antibody VI-10.
mw indicates the position of heavy chains of igM.

ticken embryo erythropoiesis as a suitable model sys-
m. There are distinct developmental waves of ery-
broid cells distinguishable during chicken embryonic
griod. Cells of the primitive series appear 1.5-2 days
fter the start of fertilized egg incubation, and their
st mature forms may be detected around ED 5. At
fat time, first immature cells of the definitive ery-
iroid series appear in circulation and gradually re-
face the elements of primitive lineage. On ED 10,
uinly definitive erythroid cells at different stages of
iferentiation are present in the blood and degenerat-
i primitive erythrocytes constitute only approxi-
utely 10% of the blood cell population. Starting from
D 15 only cells of definitive series are exclusively
psent (Bruns and Ingram, 1973). Previous immuno-
lwrescence studies indicated that no MTOC were de-
mtable among chicken circulating erythroid cells on
D5 and beyond (Kim et al., 1987). Our staining with
gti-y-tubulin antibodies clearly demonstrated the
rsence of MTOC in the majority of erythroid cells
wlated from blood of 10-day-old embryos. However, by
sng a general polyclonal antibody against af-tubulin
fmer, no such structures were detected. On the other
knd, antibody against the detyrosinated form of «-tu-
tin, which is found in stable microtubule arrange-
knts, was capable of revealing faint staining of
[10C at that developmental stage (E. Drdaberovd, un-
mlished results).

The location of y-tubulin on stable microtubule ar-
mgements of MB at early stages of development was
nunexpected finding. Cold-depolymerization, which
#npted microtubules of MB, also abolished staining
ithe cell periphery with anti—y-tubulin antibody, in-
kating that y-tubulin is not associated with periph-

eral skeleton components. Differential localization of
v-tubulin on MB in the course of erythrocyte matura-
tion suggests that the binding properties of y-tubulin
or it complexes must undergo substantial changes. Al-
ternatively, the distinct staining can reflect changes in
protein composition of MB proteing during maturation
of MB (Murphy and Wallis, 1985; Feick et al., 1991:
Zhu et al., 1995). v-Tubulin has been found to be a
microtubule minus-end binding molecule in not-an-
chored microtubules (Li and Joshi, 1995; Leguy et al.,
2000). On the other hand, in vitro prepared y-tubulin
peptides were capable of binding along the length of
assembled microtubules without interference with tu-
bulin polymerization (Llanos et al., 1999). Although
vy-tubulin in animal cells in vivo was found on micro-
tubules of mitotic spindle as well as in midbodies
(Julian et al., 1993; Lajoie-Mazenc et al., 1994; Nova-
kova et al., 1996) and in plants even on all microtubule
structures (Liu et al., 1993; Binarova et al., 1998), its
localization on long microtubules in vertebrate cells
was not reported. As the association of y-tubulin with
MB has only a transient character, y-tubulin probably
does not play any stabilizing role during MB matura-
tion. It also does not reflect the binding to the minus
ends of microtubules, as MB in erythrocytes are formed
by a single or only a few extremely long microtubules
(Cohen, 1991). Staining may, however, signify the stor-
age form, inactive form, or both, of y-tubulin.

The re-growth experiments on erythroid cells from
10-day-old embryos showed that there were no definite
initiation sites at the cell periphery that contained
y-tubulin. Although we did not observe any clear v-tu-
bulin signal at the ends of growing microtubules, we
cannot rule out that y-tubulin is located on minus-ends
of growing microtubules in erythroid cells or matured
erythrocytes, but its detection is below the limit of
fluorescence microscopy. Our data also support previ-
ous findings that there must be peripheral determi-
nants of organization of MB microtubules that are in-
dependent of MTOC (Miller and Solomon, 1984; Kim et
al., 1987). It is possible that proteins associated with
microfilaments, which in erythrocytes colocalize with
MB, could be directly or indirectly involved in such
organization (Birgbauer and Solomon, 1989; Winckler
et al., 1994). The results of re-growth experiments also
strengthen the notion that vy-tubulins or their com-
plexes from embryonic erythroid cells and from post-
natal erythrocytes have different properties.

There were no cytoskeletal structures stained in im-
munofluorescence with anti~vy-tubulin antibodies in
postnatal erythrocytes, and y-tubulin was present only
in soluble cytoplasmic pools. Soluble y-tubulin occurred
in complexes of various size and high molecular com-
plexes dissociated in the presence of high salt concen-
tration. Salt dissociation is a general property of y—tu-
bulin complexes in various species (Wiese and Zheng,
1999). Gel filtration also showed that of-tubulin
dimers were eluted through elution profile of y-tubulin,
indicating heterogeneity in the size of complexes in

)
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#hich af-tubulin dimers could be involved. A wide
ange of size distribution of tubulin dimers was ob-
erved in mammalian cell extracts (Moudjou et al.,
1996). Size heterogeneity of erythrocyte y-tubulin com-
lexes could signify the presence of different complexes
haracterized by distinct polypeptides or self-associa-
in of y-tubulin complexes (Détraves et al., 1997).

Precipitation experiments with Triton X-100 ex-
racts showed that y-tubulin indeed formed complexes
fith a-tubulin dimers. The GTU-88 monoclonal anti-
ndy directed against amino acid region y38-53 failed
bprecipitate y-tubulin. This finding suggests that this
rgion is not accessible to the antibody binding in con-
rast to the region y434-449 recognized by the TU-31
atibody. An association of soluble y-tubulin with «f-
wbulin dimers was confirmed by precipitation with
mti-o-tubulin antibody resulting in a coprecipitation
if y-tubulin. Variable amounts of ap-tubulin dimers
lave been reported to coprecipitate with y-tubulin in
weparations from Xenopus embryos (Zheng et al,,
1995), sheep brain (Détraves et al., 1997), and cells of
jmphoblastic cell line KE37 (Moudjou et al., 1996). In
tther sources, no association of y-tubulin with tubulin
timers was found (Wiese and Zheng, 1999). It is possi-
fle that the interaction of vy-tubulin with af-tubulin
timers in cells is weak and can be modified by sample
weparations or by procedures used for the assessment
fthe composition of y-tubulin complexes. At present,
v do not know whether y-tubulin in erythrocyte ly-
wtes interacts with other proteins beside tubulin
tmers. Specific elution of proteins precipitated with
1U-31 antibody (directly bound to carrier) with excess
if the peptide, used for immunization, showed only
races of proteins in the position of tubulins and immu-
mglobulins when sensitive silver staining of proteins
s applied (V. Sulimenko, unpublished results). This
fnding suggests that the association constant of TU-31
atibody for erythrocyte y-tubulin is very high.

What the function of soluble y-tubulin in matured
mythrocytes actually is remains to be elucidated. How-
wer, the majority of af-tubulin dimers (~80%) also
ppear in adult erythrocytes in unassembled pools
Kim et al., 1987) and they easily form, due to specific
moperties of tubulin subunits, ring oligomers in vitro
Murphy and Wallis, 1985; Trinczek et al., 1993). It
was suggested that tubulin oligomer pools in erythro-
gtes might be important for maintaining a low dimer
meentration and, hence, nucleation rates to generate
bng microtubules (Murphy and Wallis, 1985). y-Tubu-
n or its complexes could then stabilize tubulin oli-
pmers.

The tubulin heterodimers are more homogeneous in
wian erythrocytes than in other cell types (Joshi et al.,
187; Pratt and Cleveland, 1988), and posttransla-
tonal modifications are also less complex than in other
ell types (Ridiger and Weber, 1993). Surprisingly,
mitiple charge variants were detected with anti—y-
whulin antibody, and the number of these isoforms
mreased during differentiation. Four vy-tubulin iso-
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forms were recognized by two-dimensional electro-
phoresis in sheep brain (Détraves et al., 1997) and an
elongated y-tubulin signal with two major spots was
detected in human lymphoblastic cell line (Moudjou et
al., 1996). To date, only two y-tubulin genes were iden-
tified in various species (Wise et al., 2000). These data
suggest that y-tubulin, like the «- and B-tubulin coun-
terparts, could be subject to posttranslational modifi-
cation(s). We also observed multiple a-tubulin isoforms
that had not been previously detected in avian eryth-
rocytes by two-dimensional electrophoresis (Murphy
and Wallis, 1983) or by isoelectric focusing (Rudiger
and Weber, 1993). A higher number of o-tubulin iso-
forms could result from the use of immobilized pH
gradient 4-7 in combination with sensitive immuno-
staining and chemiluminescent detection. An in-
creased modification of y-tubulin in the course of dif-
ferentiation could result in the observed lower binding
of y-tubulin or its complexes to MB and in differential
formation of y-tubulin clusters in cold-treated cells.
In conclusion, the presented data indicate that the
subcellular localization of ~y-tubulin changes in the
course of differentiation and that in postmitotic nucle-
ated erythrocytes y-tubulin persists in soluble form in
complexes of various sizes. y-Tubulin is not present in
distinct nucleation structures at the cell periphery, and
developmentally regulated posttranslational modifica-
tion(s) of v-tubulin could modify its binding properties.

EXPERIMENTAL PROCEDURES
Materials

Immobilized Protein A Plus, Immobilized Protein L.
Plus. and SuperSignal WestPico Chemiluminescent re-
agents were bought from Pierce (Rockford, II.). Pro-
tease inhibitors and molecular weight markers for so-
dium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) were from Sigma-Aldrich (Prague, Czech
Republic). The gel filtration calibration kit contained
Blue Dextran 2000, thyroglobulin (M, = 669 X 10%),

(pH 4-7), and calibration kits for isoelectric focusing
were purchased from Amersham Pharmacia Biotech
(Uppsala, Sweden).

Antibodies

The following monoclonal antibodies were used:
TU-01 (IgGG1) against o-tubulin (Viklicky et al., 1982);
TU-16 (IgM) against a-tubulin (Drdberova and Draber,
1998); TUB 2.1 (IgG1) against B-tubulin (Sigma Cat.
No. T4026); TU-30 (IgG2b), TU-31 (IgG2b), TU-32
(IgG1) anti-peptide antibodies prepared against EY-
HAATRPDYISWGTQ peptide corresponding to the hu-
man ~vy-tubulin sequence 434-449 (Novdkova et al.,
1996); GTU-88 (IgG1) anti-peptide antibody prepared
against EEFATEGTDRKDVFFY peptide correspond-
ing to the human vy-tubulin sequence 38-53 (Sigma Cat.
No. T6557); VI-10 (IgM) against vimentin (Drdberovd
et al,, 1999b); N27F3-4 (IgG1) against heat shock pro-
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tein Hsp 70 (StressGen, Cat. No. SPA-820); and NF-09
IgG2a) against neurofilament protein (Draberova et
i, 1999a). Actin was detected by affinity-purified rab-
hit anti-actin antibody (Sigma Cat. No. A2066) and
microtubules were detected by affinity-purified rabbit
mti-tubulin antibody (Drédber et al., 1991). Anti-mouse
lg antibodies conjugated with horseradish peroxidase
vere purchased from Promega Biotec (Madison, WI),
lssamine rhodamine-conjugated anti-mouse Ig anti-
Wdy and fluorescein isothiocyanate-conjugated anti-
nbbit Ig antibody was from Jackson Immunoresearch
laboratories (West Grove, PA).

(ells and Preparation of Cell Extracts

Outbred Grey Leghorn chickens (Gallus domesticus)
were used as a source of chicken blood. During the
mbryonic period. blood samples were obtained from
the dorsal aorta (3- and 5-day-old embryos) and from
teria vitellina (7- and 10-day-old embryos). Heart
blood was withdrawn from chicks on day 1, 56, and 365
after hatching. Blood samples were collected into 0.1%
B5A in 110 mM NaCl, pH 8.0 (3- and 5-day-old em-
tryos) or into 0.1% BSA in 145 mM NaCl, pH 8.0 (7-
td 10-day-old embryos). Citrate-saline solution (final
oncentration 145 mM NaCl, 34 mM tri-sodium citrate,
i 7.6) was used for collection of blood from hatched
ticks. Conventional blood smears were prepared for
listochemical evaluation of mitotic cells. The percent-
e of mitotic cells (mean *+ SD) was calculated from
fur independent samples (3,000 cells/sample).

For preparation of cell extracts, blood samples were
pun down at 220 X g for 5 min at room temperature,
tie supernatant and buffy coat were removed by aspi-
ntion, cells were resuspended in phosphate-buffered
gline (PBS), pelleted again at room temperature, and
nshed in PBS three times. Washed cells contained
nore than 99% of erythrocytes as confirmed by conven-
fonal hematology examination.

Whole cell extracts for SDS-PAGE and for immuno-
mecipitation were prepared as follows: pelleted
wshed cells were resuspended in one volume of cold
¥EM buffer (0.1 M Mes adjusted to pH 6.9 with KOH,
imM EGTA, 2 mM MgCl,) supplemented with pro-
tase (1 pg/ml each of leupeptin, aprotinin, antipain.
gpstatin and 1 mM AEBSF) and phosphatase inhibi-
s (1 mM each of NaF and Na,;VO,) and with Triton
F00 to final concentration of 0.4%. Cells were ex-
racted 10 min at 4°C, suspension was then spun down
21,000 g, 15 min, 4°C), and supernatant was collected.
e remaining pellet was resuspended in cold 0.4%
Titon X-100 in MEM buffer supplemented with pro-
wmse and phosphatase inhibitors and disrupted on ice
sonication for 5 X 10 sec (amplitude 30) with 500-
utt Ultrasonic homogenizer (Cole-Parmer. Vernon
fills, IL) equipped with a microtip probe. The suspen-
im was spun down (21,000 X g, 15 min, 4°C), super-
utant collected and pooled with the supernatant after
miraction.

For gel filtration chromatography, pelleted washed
cells were resuspended at 4°C in 1 volume of precooled
Hepes buffer (50 mM Na-Hepes, pH 7.6, 75 mM NaCl,
1 mM MgCl,, 1 mM EGTA, and 1 mM 2-mercaptoetha-
nol) supplemented with 2% glycerol and protease and
phosphatase inhibitors. Triton X-100 was added to the
final concentration of 0.4%, and cells were permeabil-
ized for 10 min at 4°C. Suspensions were spun down
(21,000 X g, 15 min, 4°C), and supernatants were used
for gel filtration.

For sucrose density gradient centrifugation, pelleted
washed cells were resuspended at 4°C in 1 volume of
precooled Hepes buffer supplemented with protease
and phosphatase inhibitors, and with or without 500
mM NaCl. Triton X-100 was added to the final concen-
tration of 0.4%, and cells were permeabilized for 10 min
at 4°C. Suspensions were spun down (21,000 X g, 15
min, 4°C), and supernatants were used for gradient
centrifugation.

Gel Filtration Chromatography

Gel filtration was carried out at 4°C on a 16.6 < 1.6
cm Superose-6 column (Amersham Pharmacia Biotech,
Vienna, Austria) equilibrated in Hepes buffer supple-
mented with 2% glycerol (column buffer). Column
buffer as well as the 0.25-ml samples was passed
through a 0.22-um filter. After loading, the column was
eluted at 6 ml/hr and 0.5-ml aliquots were collected.
Proteins were precipitated with chloroform-methanol
{(Wessel and Flugge, 1984). and air-dried pellets were
then dissolved in 50 pl of SDS-PAGE buffer.

Sucrose Gradient Sedimentation

Sucrose gradient centrifugation was carried out as
described (Moritz et al., 1998). The 5-40% sucrose gra-
dients were poured as step density gradients (950-pl
steps: 40, 30, 20, 10. and 5% sucrose) and allowed to
diffuse into continuous gradients overnight at 4°C be-
fore use. The gradients were prepared in Hepes buffer
(75 mM NaCl or in Hepes buffer supplemented with
NaCl to final concentration 500 mM. A 75-ul sample
aliquot was loaded onto each gradient, and the gradi-
ents were centrifuged at 50,000 rpm in a Beckman
SW55 rotor for 4 hr at 4°C. Gradients were fractionated
from the top into 14 fractions. Protein standards (0.5
mg/ml each) were loaded in an equivalent volume and
were run in parallel over identical gradients for each
experiment. Samples for SDS-PAGE were prepared by
mixing with 5X concentrated SDS-PAGE sample
buffer.

Immunoprecipitation

Immunoprecipitation was performed as previously
deseribed (Draberova and Dréaber, 1993). Cell extracts
were incubated with beads of (1) immobilized protein A
saturated with anti—y-tubulin antibody TU-31, (2) im-
mobilized protein A saturated with control antibody
NF-09, (3) immobilized protein A alone, (4) immobi-
lized protein L saturated with anti—«-tubulin antibody

v
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U-16, (5) immobilized protein L saturated with con-
ml anti-vimentin antibody VI-10, or (6) immobilized
motein L alone. The antibodies were used in the form
f culture supernatants to aveid immobilization of
gher mouse antibodies. 50 pl of sedimented beads
were incubated under rocking at 4°C for 2 hr with 1.2
ol of the corresponding antibody, prepared by mixing
14 ml of concentrated supernatant with 0.8 ml of
ST (10 mM Tris-HC], pH 7.4, 150 mM NaCl, 0.05%
Tween 20). The beads were pelleted by centrifugation
#5000 < g for 1 min, washed four times (5 min each)
ncold TBST, and further incubated under rocking for
thrat 4°C with 0.5 ml of cell extract diluted 1:1 with
BST. Thereafter, the beads were pelleted and washed
fur times (5 min each) in cold TBST before boiling for
imin in 100 pl of SDS-sample buffer to release the
fund proteins.

tel Electrophoresis and Immunoblotting

SDS-PAGE was performed according to Laemmli

1970). When whole cell extracts were analyzed, boiled
umples were centrifuged at 22,000 X g for 10 min and
warated on 7.5-12.5% gels; Coomassie Blue stained
s were densitometrically scanned. The amount of
mteins in samples for subsequent immunoblotting
meriments was adjusted, by using BSA as a standard,
»10 pg of proteins per blotted area in each lane.
Moteins were electrophoretically transferred from gels
uto nitrocellulose sheets and immunostained. Details
fthe immunostaining procedure are described else-
there (Drdber et al., 1988). The antibodies TU-01,
10-30, TU-31, TU-32, and VI-10 in the form of spent
ulture supernatants were used undiluted. the anti-
Wy GTU-88, in the form of ascitic fluid, was diluted
14000. The antibody against B-tubulin and antibody
ginst Hsp70 were diluted 1:2,000, and antibody
ginst actin was diluted 1:200. Bound antibodies were
gected by incubation of blots with anti-mouse anti-
by conjugated with horseradish peroxidase diluted
110,000, and after washing with chemiluminescent
mgents according to the manufacturer’s directions.
Itoradiography films X-Omat AR (Eastman Kodak,
lchester, NY) were quantified by densitometry using
d documentation system GDS 7500 and GelBase/
feBlot Pro analysis software (UVP, Upland, CA).

In two-dimensional electrophoresis, samples were
Int separated by isoelectric focusing on rehydrated
llem-long Immobiline DryStrip gels, pH gradient 4-7
dmersham Pharmacia Biotech, Uppsala, Sweden) at
2000 V hours on Multiphor II apparatus (LKB,
fomma, Sweden). The samples, Triton X-100 extracts
IMEM buffer, were diluted 40 times in running solu-
in composed of 7 M urea, 2 M thiourea, 4% CHAPS,
5% Triton X-100, 20 mM DTT, and 2% IPG buffer, pH
1. Strips were immersed into protein-containing
mmning solution, covered with mineral oil and allowed
vequilibrate according to the manufacturer’s instruc-
im. The second dimension was performed on 8% SDS-
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PAGE and separated proteins were electrophoretically
transferred onto nitrocellulose.

Immunofluorescence

Blood cells from chicken embryos and hatched chicks
were washed three times in, respectively, correspond-
ing collecting buffer and PBS. Washed cells were re-
suspended 1:1 in the corresponding buffer and there-
after diluted with the buffer 1:2,000 before loading to
poly-L-lysine coated coverslips for 10 min at 37°C. In
some cases, the attached cells were incubated on ice for
16 hr and then fixed or incubated at 37°C for various
time intervals, ranging from 30 sec to 20 min, before
cytoskeleton preparation. Extraction and fixation steps
were carried out in MEM buffer supplemented with 4%
PEG 6,000 (microtubule stabilizing buffer;: MSB). Cells
on coverslips were extracted for 1 min at 37°C with
0.2% Triton X-100 in MSB and the resulting cytoskel-
etons were fixed for 20 min at 37°C in 3% formaldehyde
in MSB, followed by 10 min fixation in methanol at
—20°C. Taxol-stabilized cytoskeleton was prepared by
extracting the cells for 4 min at 37°C with 0.2% Triton
X-100 in MSB containing 5 pM Taxol. Such prepara-
tions were then incubated for 10 min at 37°C with MSB
containing 50, 100, 250, and 500 mM NaCl before form-
aldehyde and methanol fixation. Monoclonal antibodies
were used as undiluted supernatants. For double-label
immunofluorescence, the coverslips were incubated si-
multaneously for 45 min with affinity-purified rabbit
antibody against the aB-tubulin heterodimer (dilution
1:10) and with monoclonal antibodies against y-tubu-
lin. After washing, the slides were incubated simulta-
neously with fluorescein isothiocyanate—conjugated
anti-rabbit Ig and lissamine rhodamine-conjugated an-
ti-mouse Ig antibody, both diluted 1:100. Actin was
detected with rhodamine-conjugated phalloidin. The
preparations were mounted in Mowiol 4-88 supple-
mented with 1 pg/ml of 4,6-diamidino-2-phenylindole
(DAPI) and n-propylgalate, and examined with an
Olympus A70 Provis microscope equipped with 100X
oil-immersion objective. Images were recorded with a
Life Science Resources KAF 1400 cooled CCD camera.
The control antibody NF-09 did not provide staining.
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stract

Apanel of six anti-peptide antibodices recognizing epitopes in different regions of the y-tubulin molecule was used for the characterization
{localization of y-tubulin during cell cycle in Leishmania promastigotes. Immunotluorescence microscopy revealed the presence of yv-
mlin in the basal bodies, posterior pole of the cell, and in the flagellum. Furthermore. the antibodies showed punctuate staining in the
fellicular microtubule. This complex localization pattermn was observed in both interphase and dividing cells, where staining of posterior
ksand the subpellicular corset was more prominent, In posterior poles, y-tubulin co-distributed with the 210-kDa microtubule-interacting
xinand the 37-kDa protein immunodetected with anti-vimentin antibody. Immunogold electron microscopy on thin sections of isolated
glla showed that y-tubulin was associated with the paraflagellar rod (PFR) that runs adjacent to the axonemal microtubules. Under
Frent extraction conditions, y-tubulin in Leisimania was found only in insoluble cytoskeletal fractions, in contrast to tubulin dimers that
rboth in soluble and cytoskeletal pool. Two-dimensional electrophoresis revealed multiple charge variants of y-tubulin. Posttranslational
difications of Leishmania y-tubulin might therefore have an important role in the regulation of microtubule nucleation and interaction with
kr proteins. The complex pattern of ~y-tubulin localization and its propertics indicate that y-tubulin in Leishmania might have other
xtion(s) besides microtubule nucleation.

M4 Elsevier Inc. All rights reserved.

mords: Antibodies; Cell eyele: Gamma-tubulin: [cislmania

tropica belongs to the speeies of the Old World and causes
mainly cutancous leishmaniasis.

Flagelated promastigote of Leishmania comprises four
major highly organized microtubule arrays: the subpeliicular
cortical microtubules, the flagellar axoneme, the basal body.
and the intranuclear mitotic spindle. Tubulin is also the most
abundant protein in Leishmania [1]. Leishmania thercfore
represents a particularly interesting model when studying
proteins that participate in microtubule nucleation and
organization. The microtubular corset of the cell is formed
by parallel arrays of microtubules closcly apposed to the
inner surface of plasma membrane 2. Promastigotes carry
a single flageHum that protrudes from the cell through a
flagetlar pocket. The flagellum consists of a canonical 9 + 2
- microtubule array and a unique cytoskeletal structure called

¢ Corresponding author. Department of Biology of the Cytoskeleton, .
. . . . . D M C ¥ YCI1d Pk dls ywn das paraxoncmal rod).
gtute of Molecular Genetics, Czeeh Academy of Sciences, Building LB, the paxaﬂagd] ir rod (PER, also known as paraxone )

moduction

leishmania arc protozoan parasites from the family
manosomatidac. Members of this family (Leishmania
b, Tnipanosoma brucei, Trypanosoma cruzi) arce deadly
man pathogens that affect millions of people in countries
rdwide. Lcishmaniasis comprises a group of discases
ha wide spectrum of clinical manifestations ranging
msclf-hecaling cutancous ulcers to scvere visceral discase
deven death. Leishmania are digenctic organisms shut-
gbetween a slender flagellated promastigote in the gut of
¢ dipteran sandfly and an intracellular round-shaped
mobile amastigote in the mammalian host. Leishmania

iiska 1033. 142 20 Prague 4. Czech Republic. Fax: +420-241-062-75%. The PFR is a complex lattice of filaments that run parallel to
Email address: paveldraigbiomed.cas.cz (P, Draber). the axoneme once the flagellum emerges from the flagellar
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tket. Two major protein components of the PFR (called
R 1 and PFR 2 in Leishmania) are cssential for proper
tility and attachment to inscet vector {3.4]. Apart from
* well-characterized major components of PER, other
itituents have also been described, but their role in the
R structure is unknown [5.6]. The basal body of the
gellum not only controls the assembly of flagelar axo-
ne but is also involved in mitochondrial DNA (called

ictoplast) scgregation. During division. the basal body of

flagellum divides first, and a new flagellum is generated
m the daughter basal body. Next. the kinetoplast and
sequently the nucleus divide. The basal body as a
crotubule-organizing center (MTOC) plays a prominent
tin the orchestration of microtubule arrays and regula-
n of microtubule assembly. Despite its important role,
ly few proteins were so far located to the region of basal
dy of trypanosomatids. A homolog of human centrin 2
a1,
¢ 210-kDa microtubule-interacting protein and the 57-
la protein co-distribute in the region of basal body and on
sterior poles of L. wropica cells {X]. In 70 brucet, the y-
wulin, the 170-kDa 70 brucei basal body component
ein (TBBC), and the 43-kDa protein BBA4 closely
jociate with the basal body complex [9.10].
y-Tubulin, a highly conscrved member of the tubulin
rerfamily, is widely accepted as a marker of MTOC in

slocalized to the basal body of Leishmania donovani |

rerse cukaryotes [ 1] In mammalian cells, the majority of

ubulin 1s associated with other proteins in soluble cyto-
smic complexes. Large ~v-tubulin-ring complexes (vy-
RCs) were identified in various species {12,13]. Smaller
mplexes (y-tubulin small complex: yTuSC) were also
md in different cells {14) The y-TuRCs arc formed by
1all complexcs and by other proteins. In addition to the
cleation from MTOC, y-TuRCs arc also involved in the
wlation of the dynamics of microtubule (=) ends [15].
y-Tubulin itself has been recognized as a microtubule
)-end binding molecule in non-anchored microtubules
5], and the binding sites for «- and p-tubulin subunits
y-tubulin were identificd using synthetic peptides |17,
embranc-bound forms of y-tubulin with nucleation activ-
rwere also described [ 1X,19]. Phosphorylation of the «y-
bulin on tyrosine has been reported {20] and multiple
electric variants of y-tubulin were defined in different
ecies {21 23],

In 70 brucei. y-tubulin appears to be present as a single
py gene per haploid genome. Immunostaining revealed its
calization in the basal body, and also in nucleus, on the
terior tip of the cell body, along tour stable microtubules
at underline the flagellum attachment zone and low level
nctuate staining over the microtubular corset {9 RNAI
periments implicated y-tubuhin in nucleation of the central
ir microtubules during flagellum morphogenesis in 70
ucei [24]. In comparison with 77 brucei, Leishmania has
fferent morphology and different position and attachment
“the tlagellum. We wanted to find out whether y-tubulin, a
iy component for microtubule nuclcation, is in Leishmania

also in multiple nucleation sites and whether its distribution
changes during ccell cycle. Because multiple y-tubulin iso-
forms were identified in different specics, we scarched for
such variants in Leishmania.

Using a panel of antibodies against different y-tubulin
antigenic determinants, we collected data on complex, cell
cycle-dependent distribution patterns of vy-tubulin in 7.
tropica.

Materials and methods
Cell cultures

L. tropica, strain Z-K (MHOM/J0O/99/Z-K), an original
isolate from human cutancous leishmaniasis was provided
by Dr. E. Nohynkova (Charles University, Prague, Czech
Republic). The species identification was done by Dr. C. L.
Eisenberger using a permissively primed intergenic PCR
[25]. Promastigotes were grown at 28°C in Schnceider’s
Drosophila Medium (Sigma-Aldrich. Prague. Czech Repub-
lic) supplemented with 10% (v/v) fetal calf serum, penictllin
(500 units/ml). and amykacin (200 pg/ml). Cells from the
logarithmic phase of growth were used for immunofluores-
cence and preparation of cell lysates.

Antibodies

The following anti-peptide antibodics against y-tubulin
were used: monoclonal antibodies TU-30 (IgG2b), TU-31
(IgG2b), and TU-32 (1gGl) were prepared against the
EYHAATRPDYISWGTQ peptide corresponding to the hu-
man y-tubulin conservative scquence 434449 {26]; mono-
clonal antibody GTU-8% (IgGl) prepared against the
EEFATEGTDRKDVFEFY peptide corresponding to human
v-tubulin sequence 38—53, and aftinity-purified rabbit an-
tibody v-TURB raiscd against the same peptide. The last two
antibodies were bought from Sigma-Aldrich. Rabbit anti-
body No. 9 was raised against the EEFATEGGDRKDY
peptide corresponding to Aspergillus nidulans ~y-tubulin
scquence 3850 {27]. The antibody was affinity purified
on recombinant 6 X His-tagged y-tubulin immobilized on a
Ni-NTA agarose column (Qiagen. Hilden, Germany) [28].
The amino acid vy-tubulin sequences in regions where the
peptides used for immunizations are located are compared in
Figo 1

The antibody TU-01 (1gG1) recognizes the epitope that
1s in phylogenctically highly conserved region (amino
acids 65-97) in the N-terminal structural domain of o-

i

tubulin {29]. In double-label immunofluorcscence, the
microtubule structures were visualized by a rabbit affini-
ty-purified TUB antibody against afi-tubulin dimer [30].
The MA-01 antibody (lgG1) was raised against porcine
brain microtubule-associated proteins MAP2ab and recog-
nizes the 210-kDa protein in different nonncural cclls of

various specics including L. tropica [8.31]. The mousc
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H.s. "“"GLVEEFATEGTDREKDVEFYQA
A.n.' CNLEEFATZGGDREDVEFYQS
L.m. “GVVEPYAVGGEDRKDVFFYQA

H.s. " "QLIDEYVHAATRPDYISWCTQEC
SUSLVARYKACESSDYIRNE

1. Comparison of y-tubulin sequences in regions where the peptides
Hor immunizations are located. Hos., Homo sapiens; Lo, Leishmaniu
e A Aspergills nidilans. 1dentical amino acid positions are
lighted. Full line: human peptide used for preparation of monoclonal
wdy GTU-88 and polyclonal antibody y-TUB; dashed line: 4. niduluns
ide used for preparation of polyelonal antibody No. 9: dotted line:
an peptide used for preparation of monoclonal antibodies TU-30, TU
and T1L-32

noclonal VI-01 antibody (IgM) is directed against the
igenic determinant on vimentin and smooth muscle
min {32} In L. gopica. it recognizes the 57-kDa protein

The rabbit affinity-purificd antibody M8 was raised
inst pericentrin [33]. As negative controls served the
bit affinity-purificd anti-actin antibody (Sigma-Aldrich;
dloguc number A2066). mouse monoclonal TU-20 an-
ody (IgGl) against ncuron-specific class I p-tubulin
i} and mousc monoclonal MT-02 antibody (IgM) against
crotubule-associated proteins MAP2ab [35]. Sccondary
f-mouse and anti-rabbit antibodies conjugated with
seradish peroxidase were purchased from Promcega
sec (Madison, WL, USA). Indocarbocyanin 3 (Cy3)-
nugated anti-mousc and anti-rabbit Ig antibodies, fluo-
cein isothiocyanate (FITC)-conjugated anti-mouse and
irabbit g antibodics, and immunoglobulin class-specit-
antibodies  conjugated with Cy3 or FITC were from
tkson Immunorescarch Laboratorics (West Grove. PA,
SA). The 10 nm gold-conjugated anti-mousc Ig antibody
s from British BioCell (Cardiff, UK).

beellular fractionation and preparation of cell extracts

lsolation of flagella was performed according to Bastin et
-136]. Briefly, cclls were washed twice in phosphate-
iffered saline (PBS) and extracted with 196 NP-40 (v/v) in
ME buffer (0.1 M Pipes, pH 6.9, 2 mM EGTA, | mM
{50,, and 0.1 mM EDTA) on icc for S min. The insoluble
sterial was pelleted, resuspended in 1% NP-40 (v/v)
pplemented with 1| M NaCl in PEMLE buffer, and incu-
aed on ice for 20 min. The pelleted matcerial contained a
ghly enriched flagellar fraction as confirmed by phasc
mrast microscopy.

To prepare total extracts, cells or flagella were washed
sce in PBS and solubilized in 6 M guanidine thiocyanate
H-0 at room temperature for 10 min. After centrifugation
120,000 » ¢ for 15 min at room temperature. the collected
gematant was dialyzed against ;0. Afier dialysis the

suspension was mixed with twice concentrated SDS-sample
buffer and boiled for 5 min.

For the preparation of soluble and msoluble fractions,
washed cells were extracted with cold 1% Nonidet P-40
(v/v) in microtubule-stabilizing butfer (MSB: 20 mM
MES. pH 6.9, 2 mM EGTA. 2 mM MgCl,) supplemented
with protease inhibitor cocktail Complete (Roche Diag-
nostic, Mannheim, Germany) and phosphatase inhibitors
(I mM NalF and | mM Na,VQ,). After 10 min incubation
at 4°C under mild shaking, the samples were centrifuged
at 24,000 < g for 15 min at 4°C. One-fourth volume of
four times concentrated SDS-sample bufter was added to
the supematant. The pelleted material was washed in cold
MSB. resuspended in 1% Nonidet P-40 (v/v) in MSB to
the original volume, and onc-fourth volume of four times
concentrated SDS-sample buffer was added. Samples were
boiled for 5 min. Protein quantification in SDS-sample
buffer was pertormed using the colloidal silver mcethod
137

Gel electrophoresis and immunoblotiing

Details of the protein separation on SDS-polyacrylamide
gel clectrophoresis (SDS-PAGL) and the immunostaining
procedure are described elsewhere [3%]. Primary monoclo-
nal antibodics. in the form of supematants. were used
undiluted. Antibody GTU-88 was diluted 1:3000. Rabbit
antibodics against y-tubulin (v-TUB) and pericentrin (M)
were diluted 1:2000 and 1:500. respectively. After meuba-
tion of the immunoblots with sccondary antibodies conju-
gated with horscradish peroxidase (diluted 1:10,000),
bound antibodics were detected by a chemiluminescent
reaction (SuperSignal WestPico Chemiluminescent
reagents; Pierce. Rockford, 1., USA) according to the
manufacturer’s recommendation. Autoradiography films
X-Omat K were purchased from Lastinan Kodak (Roches-
ter. NY, USA).

Two-dimensional PAGE was performed essentially as
described previously |39]. The pelleted flagellar fraction
was solubilized in bd[nplL buffer containing 7 M urca, 2 M
thiourca, 20 mM Tris, 4% CHAPS (w/v), 1% riton ‘( 100
(w/v), and 1% dithiothreitol (w/v) for 30 min at room
temperature. Suspension was centrifuged at 24.000 < ¢
for 20 min at 24°C and the supernatant was diluted 1:5 in
solubilization buffer supplemented with 2% PG (v/v). pH
4 -7 (Amersham Biosciences, Uppsala, Sweden). Immobi-
line DryStrip gels with linear pH 4-7 gradient, 7 em long
(x\mcrs‘ham Bioscicnccs), wcrc rchydratcd us‘ing 170 pl of

strip was ()Vg,rlald with mxmml oil .md left owrmuht at
room temperature. Strips were focused for the total of 22 kV
h on Multiphor 1l apparatus (LKB. Bromma. Sweden). The
second dimension was performed using 7.5% SDS-PAGL,
and separated proteins were transferred onto nitrocellulose
by clectroblotting. Markers for 2D clectrophoresis were
from BioRad Laboratorics (Miinchen, Germany).



Inmunofluorescence microscopy

Cells were harvested by centrifugation, washed three
imes in PBS. resuspended in PBS, and settled on poly-1.-
lysine-coated coverslips. Attached cells were treated with
¥ Triton X-100 (v/v) in MSB supplemented with 4% PLEG
6000 (w/v) for 5 mun, washed in MSB. hxed with 3%
formaldehyde (w/v) tor 30 min, and treated with 0.3% SDS
(w/v) in MSB for 10 min. In further text, this extraction
fixation method is called the Triton X-100 extraction and
formaldehyde fixation. Alternatively, cells were extracted
with 1% Nonidet P-40 (v/v) and fixed in cold methanol. In
some experiments, cells extracted with Triton X-100 were
ncubated for 10 min with MSB containing 150 mM, 250
mM, S00 mM. 750 mM or | M NaCl. After washing in
MSB, the cells were fixed by formaldehyde. Immunofluo-
rscence staining was then performed as described [401, In
double-label immunofluorescence stainings, the fixed cells
were first incubated with the corresponding anti-y-tubulin
atibody for 45 min, washed. and then incubated with the
other primary antibody. The anti-v-tubulin antibodics TU-
30, TU-31, and TU-32 were used as undiluted supernatants,
(TU-88 was diluted 1:400. polyclonal antibody ~y-TUB
1300 and polyclonal antibody No.9 1:500. The monoclonal
mtibodies TU-01. MA-01. and VI-01, and negative control
atibodics TU-20 and MT-02 were all used as undiluted
spernatants. Rabbit antibodies TUB against ap-tubulin
dimer and against pericentrin were diluted 1:5 and 1:500,
rspectively. The slides were washed three times in PBS and
ncubated with a mixture of secondary antibodics. The
scondary antibodics conjugated with Cy3 were diluted
11000 and the sccondary antibodies conjugated with FITC
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were diluted 1:200. Coverslips were mounted in Mowiol
4.88 (Calbiochemy AG, Lucerne, Switzerland) containing 2
ug/ml 4,6-diamidino-2-phenylindole (DAPH) and 6.25%
propyl gallate (w/v) (Fluka AG. Buchs, Switzerland). The
preparations were cxamined with an AX-70 PROVIS
(Olympus) fluorescence microscope cquipped with 100/
1.35 fluorcscence oil-immersion objective. Images were
recorded using a Lite Science Resources KAF 1400 cooled
CCD camera.

In some immunofluorescence experiments, the antibodics
TU-32 and GTU-88 were preabsorbed with the peptides
uscd for immunization; that is, the 16 amino acid peptide
corresponding to human vy-tubulin scquence 434-449 (TU-
30) or 38-53 (GTU-88). Two molar antibody to peptide
ratios were used. 1:10 and 1:100. Mixtures of antibodics and
peptides were incubated for 30 min at room temperature.

Inmununogold electron microscopy

Isolated flagella were washed in SSrensen buffer (SB.
0.1 M Na/K phosphate bufter, pH 7.3), pellcted, fixed for
30 min at room temperature in 3% paratormaldehyde (w/v)
with 0.05% glutaraldehyde (w/v) in SB. and washed twice
in SB. After centrifugation mto 1% agarose (w/v), blocks
were incubated for 20 min in 0.02 M glycine in SB,
washed in SB. and dchydrated in cthanol. Ethanol was
replaced in two steps by LR White acrylic resin (Sigma-
Aldrich) and blocks were polymerized by UV light (20 h,
4°C). Eighty nanomecter sections were prepared on Reichert
UltraCuts Microtome (Leica, Germany) and nonspecific
labelling was blocked for 30 min by 10% normal goat
serum (v/v) in PBTB (PBS supplemented with 0.1% Tween
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fig.2. Immunoblot analysis of L. tropica cell extracts with monoclonal antibodies against cytoskeletal proteins. (A and B) Whole cell lysates, (C) insoluble and
wluble fractions after 1% NP-40 extraction. (A} Lane 1: Coomassie Blue slaining: lanes 2-8: immunostaining with antibodies TU-01, TU-30, TU-31, TU-32.

OTC-88. y-TUR, and VI-01. 7.53% SDS-PAGE. (B) Lanes |

2 immunostaining with anti-pericentrin antibody and MA-01 antibody. 5% SDS-PAGE. () To

wmpare the relative distribution of immunoblotied proteins, the pelleted material was resuspended in a volume equal to that of the corresponding supernatant.
Lanes 1 - 2: antibody TU-01, Janes 3--4: antibody GTU-R&. S and P denote supernatant and pellet. 7.5% SDS-PAGE. The same amount of protein (10 jig) was
Imded into cach lane. Scale bars on the left margins indicate positions of molecular-mass markers in kKDg.
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0 (w/v) and 1% BSA (w/v)). Sections were incubated 45
mn with primary antibodies diluted twice in PBTB,
washed three times with PBT (PBS supplemented with
0005% Tween 20), and incubated for 30 min with 10 nm
pld-conjugated secondary antibody diluted 1:30 in PBT.
Ater washing in PBT and water, sections were contrasted 5
min with a saturated solution of uranyl acetate in water and
wserved in Philips Morgagni electron microscope
quipped with Megaview Il CCD camera. Control samples
wre incubated as above except that the primary antibody
was omitted.

Results
Antibody characterization

Antibodies were characterized by immunoblotting on
whole cell lysates of L. tropica. All antibodies directed
against the C-terminal (TU-30, TU-31, and TU-32) and N-
terminal (GTU-88, y-TUB) regions of +y-tubulin reacted
dominantly with proteins of the same electrophoretic mo-
bility corresponding to the molecular weight around 53 kDa
(Fig. 2A, lanes 3-7). Faint cross-reactivity was observed in

1. Distribution of y-tubulin in interphase and mitotic (inserts) cells of L. tropica. Cells were stained with anti-y-tubulin antibodies (red) TU-30 (B), GTU-
3TU-32 (J), or y-TUB (N): antibodies against tubulin dimer (green) TUB (C, G, K) or TU-01 (O) and DNA-binding dye (blue). Pictures (D, H. L. P)
isperpositions of stainings in each row. Phase-contrast images (A, E, I, M) correspond to each row of fluorescent images. Arrowheads denote staining of
mior poles in cells. Cells were extracted with Triton X-100 and fixed by formaldehyde. Scale bar = 5 pm.
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the case of antibodies TU-30 (around 66 kDa) and y-TUB
(around 80 kDa). No reactivity was found in position of
tubulin dimers. as demonstrated by staining with anti-a-
tubulin antibody TU-01 (Fig. 2A, lane2). The TU-01
antibody recognized a protein with a molecular weight of
around 55 kDa and the anti-vimentin antibody VI-01 stained
a 57-kDa protein (Fig. 2A, lane 8). The anti-pericentrin
antibody reacted mainly with a protein of electrophoretic
mobility around 220 kDa and also gave a weaker staining
with proteins of lower molecular weight, representing either
proteolytic fragments of pericentrin-related protein or cross-
reacting protein(s) (Fig. 2B, lane 1). The MA-01 antibody
recognized the 210-kDa protein (Fig. 2B, lane 2). No
reactivity with blotted proteins was detected when negative
control mouse monoclonal antibodies of IgG and IgM class,
or negative control rabbit antibody, were applied. To com-
pare the relative distribution of y-tubulin and tubulin dimers
in soluble and insoluble (cytoskeletal) fractions, cells were
extracted with 1% Nonidet P-40 and the pelleted material
was resuspended in a volume equal to that of the cor-
responding supernatant. Immunoblotting analysis showed
that a-tubulin was present both in soluble and insoluble
(cytoskeletal) fractions (Fig. 2C, lanes | and 2), whereas ~y-
wbulin under the same conditions was found only in the
insoluble fraction (Fig. 2C, lanes 3 and 4).

Localization of -,-tubulin in interphase and mitotic cells

A panel of anti-y-tubulin antibodies was used to assign
the subcellular localization of y-tubulin in L. tropica. For a
better orientation in cell structures, DNA-binding dye was
used to visualize the nucleus and kinetoplast. Flagella and
subpellicular microtubular arrays were decorated with poly-
clonal antibody against tubulin dimers (Figs. 3C, G, and K)
or with monoclonal antibody TU-01 against a-tubulin (Fig.
3O). Immunofluorescence staining with antibodies TU-30
(C-terminal region of vy-tubulin) and GTU-88 (N-terminal
region of +y-tubulin) showed labelling of two major sites:
basal body region and posterior pole of the cell opposite the
flagellar pocket (Figs. 3B and F). The intensity of labelling
at the posterior poles varied in the cell population; some
interphase cells were not decorated in this position. How-
ever, all mitotic cells were stained at the posterior poles,
and the stained area was generally larger than in interphase
cells (inserts in Figs. 3B and F). Overexposition of TU-30
labelling revealed a faint decoration of flagella, while no
flagellar staining was observed with overexposition of
GTU-88 labelling. Staining of the basal body region and
posterior pole of the cell was also observed with antibodies
TU-32 (C-terminal region of +y-tubulin) and y-TUB (N-
terminal region of +y-tubulin). Again, staining on the
posterior pole was cell-cycle dependent with the strongest
reaction in mitotic cells (inserts in Figs. 3J and N). In
addition, these antibodies gave a strong discontinuous
staining along the flagellum in both mitotic and interphase
cells (Figs. 3J and N). Similar results were also obtained

with antibodies No. 9 (N-terminal region of y-tubulin) and
TU-31 (C-terminal region of +y-tubulin) (not shown). The
latter only gave a weak staining of all mentioned structures.
Superposition of stainings with anti-y-tubulin antibodies
and antibodies against tubulin dimers revealed that -
tubulin was not present at the tip of the flagella and did
not colocalize with tubulin in this structure (Figs. 3L and
P). The described staining patterns with the mentioned anti-
v-tubulin antibodies were similar, no matter which fixation
procedure was applied. This was true not only for immu-
nofluorescence data shown in Fig. 3 but also for subsequent
immunofluorescence experiments performed on fixed cells.
A speckled distribution of y-tubulin along the whole length
of the flagellum, visualized by TU-32 antibody, is shown at
higher magnification in Fig. 4A. All anti-y-tubulin anti-
bodies also gave a weaker punctuate staining over the cell
body, as demonstrated at higher magnification in Fig. 4C.

A

Fig. 4. Details of y-tubulin localization in L. tropica cells. (A) y-Tubulin
staining with TU-32 antibody (red) in flagellum does not match the staining
of tubulin dimers with TUB antibody (green). (B) Immunostaining with
anti-pericentrin antibody (green) and anti-y-tubulin antibody TU-30 (red) in
the anterior pole of the cell. (C) Dot-like staining of microtubular corset
with anti-y-tubulin antibody TU-30 (red). All cells were stained with DNA-
binding dye (blue). Arrowheads denote staining of posterior poles in cells.
Arrow shows staining of the basal body region. Cells were extracted with
Triton X-100 and ﬁx‘ed by formaldehyde. Scale bar = 5 um.
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Neither the negative control mouse monoclonal antibodies
of the IgG and IgM classes, nor the negative control rabbit
atibody or the conjugated secondary antibodies alone gave
ay staining.

To corroborate the specificity of immunofluorescence
staining, antibodies TU-32 and GTU-88 were pre-absorbed
with the corresponding peptides which had been used for
atibody preparation. No staining of L. tropica cells was
observed with preabsorbed antibodies. On the other hand,
preabsorption of the TU-32 antibody with the peptide used
for GTU-88 preparation or preabsorption of GTU-88 anti-
body with the peptide used for TU-32 preparation caused no
rduction in immunofluorescence intensity. The same results
were obtained irrespective of the used molar ratio of
atibody to peptide (1:10 or 1:100).

To learn more about the nature of ~y-tubulin association
with the flagellum and posterior pole, cells were first
atracted with 2% Triton X-100 in MSB and then incubated
for 10 min in MSB containing 150 mM, 250 mM, 500 mM
o1 M NaCl. y-Tubulin staining at those particular areas

was observed after incubation of cells in buffer containing
up to 500 mM NaCl. The majority of extracted cells
incubated in 1 M NaCl became detached from the cover-
slips, but in some of the remaining cells, y-tubulin was still
present at the posterior pole and flagellum.

Comparison of ,-tubulin distribution with other cytoskeletal
proteins

To compare +y-tubulin distribution with that of other
cytoskeletal proteins previously localized at the posterior
pole of L. tropica cell [8], double-label immunofluorescence
was performed with antibodies VI-01 and MA-01. Merged
pictures of +y-tubulin stained with TU-30 antibody that
decorated only basal bodies and posterior poles of cells,
and vimentin-like protein stained with VI-01 antibody,
showed a striking colocalization of these two proteins both
in the basal body and at the posterior pole of the cell (Fig.
5D). Prominent co-distribution of these proteins was also
found in mitotic cells (insert in Fig. SD). Colocalization of

Merged

15.Comparison of y-tubulin distribution with other cytoskeletal proteins in interphase and mitotic (inserts) cells of L. tropica. Cells were stained with anti-
wulin antibodies (red) TU-30 (B). y-TUB (F). or TU-32 (J); anti-vimentin antibody VI1-01 (C; green). antibody against 210-kDa microtubule-interacting
#in MA-01 (G: green), anti-pericentrin antibody (K: green), and DNA-binding dye (blue). Pictures (D, H, L) show superpositions of staining in each row.
we-contrast images (A, E, 1) correspond to cach row of fluorescent images. Arrowheads denote staining of posterior poles in cells. Arrows pinpoint the
dization of immunostaining with anti-pericentrin antibody. Cells were extracted with Triton X-100 and fixed by formaldehyde. Scale bar — 5 um.

\
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vbulin, stained with polyclonal y-TUB antibody, and the
110-kDa microtubule-interacting protein, detected by MA-
0l antibody. is shown in Fig. SH. Again, co-distribution of
foth proteins was found in posterior poles and basal body
rgions. The co-distribution was also found in mitotic cells
insert in I'ig. SH). Superposition of staining patterns with
ather of the two antibodies that decorated the flagella
rvealed colocalization of y-tubulin and MA-01 antigen in
tis region. A comparison of y-TUB staining in Fig. 3P with
hat in Fig. SH indicates that both +y-tubulin and MA-0!
atigen arce localized outside the axonemal microtubules.
Co-distribution was also observed when anti-y-tubulin an-
ibody TU-32 and biotin-conjugated MA-01 antibody were
used for double labelling (not shown).

Pericentrin, like y-tubuhin, is an established marker of
MTOCs in different model systems. We therefore performed
double-labelling experiments with anti-y-tubulin and anti-
pericentrin antibodics. The anti-pericentrin antibody gave
fiserete staining at the anterior pole of interphase and
nitotic cells (Fig. SK), but superposition with anti-y-tubulin
faining disclosed a difference in localization (1. S1). The
rotein immunologically related to pericentrin (pericentrin-
tlated protein) was absent in the basal body, but was found
omewhat closer to the anterior tip of the cell. Higher
nagnification (Fig. 41) showed that the pericentrin-related
rotein (green) was located at the anterior pole more distant
rom the nucleus than y-tubuhin (red), probably in the arca
ifthe flageHar pocket opening. No staining at the posterior
nle was detected with the used anti-pericentrin antibody.

Fugeliar +-tubulin

To characterize the flagellar y-tubulin i more detail, we
ave isolated L. rropica flagella. Immunoblotting analysis of
fagellar samples containing the same amount of protein
fmonstrated that it was possible to detect both a-tubulin by
mtibody TU-01 (Fig. 6A, lane 2y and y-tubulin by antibody
(TU-88 (Fig. 6A. fane 3) or TU-32 antibody (Fig., 6A. lanc
i The two-dimensional analysis of isolated flagella
rvealed that y-tubulin existed in multiple charge variants
hat have their isoelectric points more basic in comparison
sith a-tubulin (f1g. 6B). Three isoclectric variants of -
wbulin were identificd on immunoblots with antibody
(TU-&&. The pI value of the most acidic variant was 6.0.

Immunofluorcscence and immunogold clectron micros-
wpy confirmed the presence of y-tubulin in isolated flagel-
a Flagella detected by phase contrast microscopy (lig. 7A)
were discontinuously labelled along the flagellum by anti-y-
wulin antibody (Fig. 78). Staining with anti-oe-tubulin
mtibody TU-01 (Fig. 7I) was stronger and morce homoge-
xous. Immunoclectron microscopy with anti-y-tubulin an-
dody TU-32 on thin sections of isolated flagella showed
Jat v-tubulin was present on the paraflagellar rod but
dsent on microtubular axoneme. Staining of cross-scctions
Fig. 7C) and longitudinal sections (Iig. 7)) showed no
wctivity with ninc outer doublets and central pair of
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Fig. 6. lmmunoblot analysis of L. vopica-isolated flagella. (A) Lane 1:
Coomassic Blue staining; lanes 2-4: immunostaining with anti-a-tubulin
antibody TU-01, anti~y-tubulin antibody GTU-88. and anti-y-tubulin
antibody TU-32. Protein (10 pg) was loaded into each lane. 7.5% SDS-
PAGE. (B) Immunostaining of isolated tlagella extract separated by (wo-
dimensional clectrophoresis with anti-a-tubulin antibody TU-01 (top) and
anti-y-tubulin antibody GTU-88 (bottom). The pl scale is shown alony the
hottom of the picture. Scale bars on the right margin indicate positions of’
molecular-mass markers in kDa.
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TU-32

TU-01

VA
Tas

L7 Distribution of y-tubulin in L. topica flagella. Isolated flagella were stained with anti-y-tubulin antibody TU-32 (A= D) and anti-a-tubulin antibody
ALE-H). Immunofluorescence staining (13, F) and corresponding phase-contrast images (A, E). Flagella were extracted with Triton X-100 and fixed by
maldchyde. Scale bar = 3 pum. Iimmunoclectron microscopy of isolated tlagella on cross (C. G)Y and longitudinal (D, 11 sections. p. paraflagellar rod. Scale

=100 nm.

wotubules. On the other hand, anti-e-tubulin antibody
U1 decorated axonemal microtubules on cross-sections
3. 7G) and longitudinal scctions (Fig. 7H). The paratla-
dlar rod was not stained. These data are consistent with the
Blings obtained with fluorescence microscopy (Fig. 4A).

Beussion

To characterize y-tubulin and its distribution in L. trop-
.. we made use of a pancl of anti-peptide antibodies
mgnizing cpitopes in different regions of the molecule.
tnoclonal antibodies TU-30, TU-31, TU-32 are directed
mnst the C-terminal region of y-tubulin, while the mono-
fmal antibody GTU-88 is directed agaimst the N-terminal
gon. Both polyclonal antibodies (y-TUB and No. 9)
mgnize the N-terminal region. As anti-peptide antibodics
e used in the study. onc can expect that they will
wgnize lincar epitopes. These can be mapped to small

mparison of the +y-tubulin scquences in H. sapiens, A
dlans. and L. major revealed substantial conservation in
eN-terminal region of the molecule. On the other hand,
eeis a lower homology between £ sapiens and L. major
the C-terminal region of the molecule. It 1s known,
mever, that lincar cpitopes can involve closely spaced
Knoncontiguous amino acids |41]. Because antibodies
rmd against the C-terminal and the N-terminal regions
yubulin reacted alike on immunoblots with the $3-kDa
win, and the staining patterns in immunofluorescence
® generally very similar for both groups of antibodies,
thelieve that monoclonal antibodies directed against the
gminal region of human vy-tubulin can detect y-tubulin
1L tropicu. y-Tubulin was found only in insoluble
mskeletal fraction of cclls extracted in 1% NP-340 at

47°C. On the other hand, tubulin ap-dimers were found in
both soluble and cytoskeletal pools. After extraction in 2%
or 0.5% Triton X-100 at 28°C or 4°C. y-tubulin was again
detectable only in the insoluble fraction (Libusova, unpub-
lished). Soluble forms of -y-tubulin arc therefore cither
absent 1 L. tropica or their quantitics arc below the
detection limit of the method used. This contrasts with the
situation in animal cells, where up to 80% of y-tubulin
participates in large (YTuRCs: 2 MDa) and small (yTuSCs:
240 kDa) soluble complexes [14.42]. Soluble +y-tubulin-
containing complexes were also described in plants (43,441,
fungi [45], and Dictyostelium discoidewm [46]. In animal
cells, yTuSCs comprise two molecules of y-tubulin and one
molecule cach of GCP2 and GCP3 (y-tubulin complex
protein), which are homologues of Saccharomvees cerevi-
siae proteins Spe97p and Spe98p [47]. An open question
still is whether insoluble y-tubulin in L. tropica also exists
in the form of such complexes. Up to now vy-tubulin
interaction partners from the Spe family were not described
n kinetoplastida.

v-Tubulin in L. topica shows a complex localization
pattern as determined by immunofluorescence. In interphase
cells, 1t was located in the basal body region and the
posterior pole of the cell. A weak punctuate staining was
observed over the whole cell body, and some antibodics also
decorated the flagellum. In dividing cells, both old and new
basal bodies were decorated, and so were the flagella. There
was 4 very intensive staining at posterior poles. Punctuate
labelling of the subpellicular corset was also more intensive.
Intensive flagellar staining was scen with both the mono-
clonal TU-32 antibody against the C-terminal region of -
tubulin and the polyclonal antibodics against the N-terminal
region (y-TUB, No. 9). Other antibodies dirceted against the
C-terminal region (TU-30, TU-31) also decorated the fla-
gellum, but the signal was far less obvious. Monoclonal

v
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atibody GTU-88. directed against the N-terminal region of
ytubulin, failed to stain flagellum under the used fixation
conditions. Differential staining intensity of the flagellum
with diverse antibodies cannot be attributed to an unspecific
atachment of antibodies because the negative control
monoclonal antibodies of IgG and IgM class, as well as
the polyclonal antibody, did not provide any staining of
these structures. The cntire staining pattern was also pre-
served after the high salt treatment. Morcover, preabsorption
of TU-32 with the peptide used for immunization abolished
the staining. On the other hand. evidence exists that anti-
bodies TU-30. TU-31, and TU-32 do not recognize identical
gpitopes  (Dréber, unpublished). Differential staining of
flagella could thus reflect the masking of corresponding
gitopes by associated proteins, by potential posttranslation-
i modification(s) of the y-tubulin molecule, or by confor-
mational changes occurring during fixation. The staining
pattern in L. tropica partially resembled that scen in closcly
elated 70 brucei. In this case, y-tubulin was immunodc-
teted in the basal body, on the tip of the cell body, and
dong the flagellum. y-Tubulin was also discernible in the
form of discrete dots within the nucleus in regions
wrresponding to the poles of intranuclear spindle. A weak
pnctuate staining was found over the cell body [9]. 1t was
suggested  that staining of the cell body could reflect the
presence of y-tubulin on subpellicular corset microtubules,
s new microtubules of the corset are intercalated into the
latice of old microtubules without any obvious MTOC [48],

The localization of -y-tubulin to the basal body is n
greement with previous reports on y-tubulin presence in
the basal body of Tetrahivmena thermophila {49, T. brucei
O], Chlamvdomaonas reinhardtii |SO1, or Giardia intestinalis
[S1]. In the basal body region of L. tropica, y-tubulin
wlocalized with the 210-kDa microtubulc interacting protein
ad the 57-kDa vimentin-like protein that had previously
been localized in this region {&8]. On the other hand, y-tubulin
did not colocalize with the pericentrin-related protein(s)
mmunodetected with the anti-pericentrin antibody at the
anterior pole of the cell in the tlagellar pocket arca. A special
“desmosome-like™ thickening has been deseribed in the
pocket opening, and a quartet of specialized microtubules
nn along the flagellar pocket |52}, Whether the pericentrin-
elated protein interacts with these microtubules remains
questionable. In animal cells, pericentrin forms soluble
complexes with y-tubulin, and these are located on centro-
somes [53]. The pericentrin-related protein was recently
described 1n amocba Naegleria gruberi during de novo
formation of the basal body {54]. The role of y-tubulin in
e formation of kinctoplastid basal body and flagellum
moneme was investigated by the RNAT approach. v-Tubulin
was found to be essential for the formation of the central
doublet of microtubules in new flagellum axoneme. Cells
with suppressed y-tubulin cxpression carried an old motile
flagellum and a new immobile flagellum that lacked both of
the central pair of microtubules, but posscssed nine outer
doublct microtubules {241

v-Tubulin colocalized with the 210-kDa microtubule-
interacting protein and the 57-kDa vimentin-like protein
also at the posterior pole of the cell. The role of y-tubulin at
the posterior pole is not clear, but it could be involved 1 the
anchoring or stabilizing of the subpellicular corset of
microtubules. A higher number of microtubules are to be
anchored in dividing cell and a correspondingly more con-
centrated y-tubulin signal is found on the posterior pole.
The tapering posterior tip of the cell is the only position of
the corset where many microtubules end. The bright dot of
v-tubulin staining at this position could reflect the presence
of y-tubulin on the ends of microtubules rather than a sign
of discrete MTOCs. In 7. brucei. the (+) ends of micro-
tubules arc at the same pole of the cell where the basal body
of flagellum is located [ 351, and discrete y-tubulin staining
was found on the opposite cell pole. It remains an open
question if the same holds true for Leishmania, as the
orientation of microtubules has not yet been determined
in these protozoa.

The unexpected finding of y-tubulin along the flagellum
was verified by immunoblotting, immunofluorescence. and
immunogold clectron microscopy on isolated flagella.
Immunoclectron microscopy revealed that y-tubulin was
not present on axonemal microtubules but on the parafla-
gellar rod (PFR). Staining along the whole length of the
flagellum in 70 brucei was the result of decoration of four
microtubules underlining the flagellar attachment zone of
PFR |9]. However, the flagellar attachment zone is absent in
L. tropica, and four specialized microtubules are found only
in the flagellar pocket region. The filamentous structure of
PFR lies alongside the whole length of axoneme under the
membrane and consists of three distinet regions—a proxi-
mal, intermediate, and distal zone relative to the axoncme
i36]. The proximal zonc 1s attached to axoncmal micro-
tubules. Detailed localization of y-tubulin to the zones was
not possible because the method of isolation of flagella
partially impaired the structure of PFR. Two major protein
components, PFR-1 (74 kDa) and PFR-2 (69 kDa), were
deseribed in PFR of Leishunania mexicana [57]. Sceondary
structural prediction suggested high alpha-helical content
and the potential of these helices to form coiled-coil motifs
in all members of the PFRI/PFR2 family [38]. It was
reported that noncentrosomal y-tubulin colocalized with
intermediate filaments in CACO-2 cpithelial cells, and
cytokeratins specifically co-immunoprecipitated with y-tu-
bulin {39]. It is possible that y-tubulin intcracts with some
proteins of the filamentous PFR structure. Alternatively, v-
tubulin could be associated with rafts of proteins that become
attached to PFR building components during intraflagellar
transport {60]. y-Tubulin was found in association with
membranes both in animal [18] and in plant cells [19].

Two-dimensional clectrophoresis revealed the presence
of at least three distinguishable isoclectric variants of y-
tubulin in flagella, with isoelcetric points more basic when
compared to a-tubulin. The pl of the most acidic variant was
6.0, which is close to the pl calculated for the amino acid
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ice of L. major y-tubulin (6.39). Although the leish-
genome has been almost fully sequenced, only a
vy-tubulin gene per haploid genome was found up to
1 databasces. This 1s in contrast to multiple - and (-
1 genes present in trypanosomatida [61]. Thus, the
r of detected y-tubulin isoforms exceeds the number
ibulin genes and suggests the presence of posttrans-
I modification. Cell cycele-dependent phosphorylation
ubulin on tyrosine was reported in ycast {20] y-
n was found in association with scrine-threoning
ke kinase [62] and with protein tyrosine kinase pS3/
n {63}, It is possible that phosphorylation or other
nslational modification of L. tropica y-tubulin could
n important role in the regulation of microtubule
tion or its intcraction with other proteins.
conclusion, we demonstrate a unique subccllular
ation of y-tubulin in Leisimania. y-Tubulin is local-
y four distinct structures: basal body, PFR of the
am. posterior end of the cell body. and discrete dots
subpellicular microtubular array. The cell cycle-
lent distribution of ~y-tubulin in the posterior end of
Il could imply its important role in microtubule
age during interphase and mitosis. y-Tubulin in L.
t 15 posttranslationally modified, and these modifica-
sould have a significant role in the regulation of
ubule nucleation or interaction with other proteins.
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Association of brain y-tubulins with «f-tubulin dimers
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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-
donal 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 S-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 MTOCs [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
eges [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 a /-
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 [8].

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

using synthetic peptides [18]. Structural models for self-assembly
and microtubule interactions suggest that y-tubulin should be
capable of self-assembling into dimer or protofilament-like
oligomers, as well as of interacting laterally with a- or #-tubulin
[19]. Experiments in vitro showed that, under some circumstances,
v-tubulin might bind to surface regions of microtubules without
affecting the tubulin polymerization [18]. 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
v-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.
' To whom correspondence should be addressed (e-mail paveldra@biomed.cas.cz).
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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 antibodics were used: TU-01 (IgG1l)
(24] and TU-16 (IgM) against «-tubulin [25]; TU-06 (IgM)
against S-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 (1gG1) 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, US.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
ImM ATP, I 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-spced 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 (5-409%, in PEM buffer)
were poured as step-density gradients (800 ul 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/HCIl (pH 7.4)/150 mM NacCl/
0.05 % (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; (ii) immobilized Protein A saturated with control anti-
body NF-09; (iii) immobilized Protein A alone; (iv) immobilized
Protein L saturated with anti-(a-tubulin) antibody TU-16; (v)
immobilized Protein L saturated with control anti-vimentin anti-
body VI-Ol; 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 pl) 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; 669, SDS) was used throughout
the whole procedure, because it facilitates the separation of
a- and g-tubulin subunits [34]. Alternatively, high-grade SDS
(Sigma cat. no. L-6026; 99 %, 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 y-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 62.5mM Tris/HCI, pH 6.8, 109% (v/v) glycerol and 0.01 9%
(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 7M urea, 2M
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thiourea, 20 mM Tris, 49, (w/v) CHAPS, 1% (w/v) Triton
X-100, 1° (w/v) dithiothreitol and 0.8 %, (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 0of 22.2 kV - h on Multiphor II apparatus
(LKB, Bromma, Sweden). The second dimension was performed
using SDS/8.59% (w/v) polyacrylamide gels, and separated
proteins were transferred on to nitrocellulose by electroblotting.

RESULTS
Distribution of y-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 af-tubulin dimers on phosphocellulose (Fig-
ue 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-
fiched in MTPs, and no y-tubulin was detected in purified
af-tubulin dimers separated from microtubule-associated pro-
ins 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 KCL. The same
staining pattern was obtained with antibodies against the con-
served human y-tubulin amino acid regions 38-53 (GTU-88)
and 434-449 (TU-31 and TU-32).
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Fgure 1  Distribution of y-tubulin during isolation of MTPs

W) Coomassie Blue staining of separated proteins. Low-speed supernatant of brain extract
ang 1), high-speed supernatant of brain extract (lane 2), MTP-2 (lane 3), MTP-3 (lane 4) and
wbulin (lane 5) were separated on SDS/7.5% polyacrylamide gels. (B) Immunostaining with
afi-(y-tubulin) antibody TU-32. Aliquots of protein (10 xg) were loaded in lanes 1-4, and
125 g of protein in lane 5. Molecular-mass markers (in kDa) are indicated to the left of (A).
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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 (), ae-tubulin (e} 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 B-tubulin was similar to that of «-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 ‘a 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-(x-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 af-
tubulin heterodimers [37]; the other bands with lower mobilities
were in positions different from those occupied by oligomers

© 2002 Biochemical Society
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Figure 3 Immunoblot analysis of MTP and purified tubulin separated by
ntive PAGE

BSA (lane 1), MTP-2 (lanes 2, 4 and 6) and tubulin (lanes 3, 5 and 7) were separated on non-
fenaturing 7% polyacrylamide gels. (R) Stainirg of transferred proteins; (B) immunostaining
wih anti-(ct-tubulin) antibody TU-01; (C) immunostaining with anti-(-y-tubulin) antibody GTU-88.
Kiguots of protein (3 zg) were loaded in lanes 1, 2, 4 and 6, and 5 g aliquots of protein were
lraded in fanes 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 af-tubulin heterodimers.

Mssociation of p-tubulin with of-tubulin dimers

Immunoprecipitation experiments showed that y-tubulin could
be precipitated specifically from high-speed extracts with mono-
conal antibody TU-31 (IgG2b) (Figure 4A, lane 2). When the
immobilized antibody was incubated without extract, no staining
inthe position of y-tubulin was obscrved (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 Scpharose 4B (Figure 4C, lane 2).
Probing of the precipitated matcrial with anti-tubulin antibody
rvealed 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 cxtract, 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-
tbulin) 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
tromogenic substrate for alkaline phosphatase was applied.

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

Samples were precipitated with antibody TU-31 (IgG2b) bound to immobilized Protein A (A, B),
or TU-31 covalently bound to Sepharose 48 (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 €) Immunostaining with anti-(y-tubulin) antibody GTU-
88. (B) Immunostaining with control antibody raised against heat-shock protein Hsp70.
(D) Immunostaining with anti-(c:-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 gG.

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-(z-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 SA, lane 4). Probing
of the immunoprecipitated material with anti-(#-tubulin) anti-
body TU-06 confirmed the presence of A-tubulin subunits (results
not shown). Probing of the immunoprecipitated material with
anti-(y-tubulin) antibody revealed that the precipitated af-
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 aB-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.
y-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
antibody

Immunoprecipitation of pig brain extract with anti-(x-tubulin)

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. (A) Immunostaining with
anti-(-tubulin) antibody TU-01. (B) Immunostaining with anti-(y-tubulin) antibody GTU-88.
{6} Immunostaining with control anti-actin antibody. Molecular-mass markers (in kDa) are
ndicated 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
pubulin

figh-speed supernatant of brain extract (lane 1), MTP-2 (iane 2) and carboxyamidomethylated
WIP-2 (lane 3) were separated on SDS/7.5% polyacrylamide gels using (R) 66 %-purity SDS
(B 99%-purity SDS. ‘ce/3" denotes immunostaining with a mixture of antibodies TU-01 and
TH6 against ct- and A-tubulin respectively, . denotes immunostaining with anti-(y-tubulin)
mibody TU-32. (C) Sucrose-gradient centrifugation fractions separated on SDS/7.5%
phyacrylamide gels in the presence of 9% SDS, immunostained with anti-(y-tubulin) antibody
6U-88. Lanes 2—5 and 8—11 represent fractions shown in Figure 2. Molecular-mass markers
(0 k0a) are indicated on the right.

ation and gel electrophoresis. For separation of tubulin dimers,
w have routinely used lower-grade SDS, from Sigma, that con-
tains hexadecyl and tetradecyl sulphate contaminants [34]. Under
sch conditions, clear two bands of tubulin dimers could be
rcognized in blots from a high-spced 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/£’). On the other hand, in the same
amples y-tubulin provided one band (Figure 6A, panel labelled
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Figure 7 Immunobiot analysis of pig brain extract (A and B) and MTP-2 (C)
separated by two-dimensional electrophoresis

Immunostaining with antibodies against a-tubulin (R) and y-tubulin (B, C). The basic and acidic
ends in the first dimension are marked by minus and plus signs respectively. The immunablots
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, a- and g-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 ‘a/4’). 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 %) 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 a-tubulin isoforms
(Figure 7A). At least five isoelectric variants of y-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 y-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 af-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 complexcs. Non-denaturing PAGE of
MTP-2 revealed disparate mobilitics of oligomers containing a /-
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 af-tubulin dimers and y-tubulin effec-
ted by monoclonal anti-(y-tubulin) antibody, and co-precipitation
of y-tubulin and af-tubulin dimers cffected 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
y-tubulin. This suggests that this rcgion 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
y-tubulin epitope is exposed differentially in separate model
systems.

There are conflicting reports on the presence of af-tubulin
heterodimers in yTuRC. Variable amounts of af-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 a-tubulin heterodimers in y TuRCs could be inferred
from other studies [15,38]. Onc possible explanation of such
discrepancies is that the interaction of y-tubulin with af-tubulin
dimers in cells is weak, and can be casily modified by sample
preparation or by procedures uscd for the assessment of the
composition of y-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 v-tubulin interaction with af-
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 «f-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 discriminatc between y-tubulin variants

© 2002 Biochemica! Society

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 7y-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
v-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 g-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
y-tubulin residue Tyr?4%, 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.

This work was supported in parts by grants from the Grant Agency of the Czech
Academy of Sciences (A5052004), Grant Agency of the Czech Republic
(312/96/K205) and from the Ministry of Education of the Czech Republic (LNOOA026,
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Plant y-Tubulin Interacts with «f3-Tubulin Dimers and Forms
Membrane-Associated Complexes

Denisa Drykova,»' Véra Cenklova,®! Vadym Sulimenko,© JindFich Volc,2 Pavel Draber,© and Pavla Binarova??
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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. Immunoprecipitation experiments revealed an association of
y-tubulin with af3-tubulin dimers. y-Tubulin cosedimented with microtubules polymerized in vitro and localized along
their whole length. Large y-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.

! These authors contributed equally to this article.

2To whom correspondence should be addressed. E-mail binarova@
biomed.cas.cz; fax 420-2-41062384.

Article, publication date, and citation information can be found at
www.plantcell.org/cgi/doi/10.1105/tpc.007005.

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 y-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 y-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 y-tubulin in higher plant
cells, plant-specific polyclonal antibody (AthTU) was raised
against a 14-amino acid peptide (EYKACESPDYIKWG) cor-
responding to the Arabidopsis vy-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 ~-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
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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 vy-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, contro! 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 ~v-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
y-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 vy-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 y-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
y-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
y-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 pg-ml~*
brefeldin A induced the formation of multipolar spindles,
with y-tubulin accumulated with aberrantly located spindle
poles (Figure 2F).

vy-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-
vy-tubulin antibody and with antibody staining the nuclear
envelope marker importin revealed that vy-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 +y-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). af-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 «f3-
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 spindie 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
aready 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 um.



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 y-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 sait. Fuzzy bands were present; moreover, reconstitution
of intermediate-sized complexes was observed (data not
shown). The fuzzy bands probably reflect the heterogeneity of
y-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 «-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-[(8-cholamidopropy!)dimethylammonio]-1-propanesulfonic
acid (CHAPS) (Figures 5A and 5B, P100 S¢y for solubilized
membrane proteins and P100 Py 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,COj,, 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 ~v-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 S¢y) (Figure 5B, TU-31). This re-
sult indicates a different subcellular localization of the 56-kD
y-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 «- and -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 aB-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 vy-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)). «-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 (27,000g for 1 h); P27 S¢y 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 S¢y and P100 Py, supernatant and pellet after solubi-
lization of the P100 pellet with CHAPS. Arrowheads indicate the po-
sition of the 56-kD ~v-tubulin.
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y-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
v-tubulin (fr29) after incubation with brain tubulin for 15 min (15") or 60 min (60"). Microtubules were visualized by immunofluorescence micros-
copy with anti-«-tubulin antibody DM1A. Equivalent exposures are presented. Bar = 10 um.

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 y-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-p-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 af-tubulin
dimers also contained y-tubulin (Figure 8B, TU-31, lane 2).
Closer inspection of the immunobilots 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 vy-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.

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

After showing that y-tubulin interacts with aB-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 «-, B-, and
y-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 vy-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
y-tubulin with microtubules.

Because the supernatant S100 contained only a minor
part of the large y-tubulin complexes and no monomeric

v-Tubulin and Membrane Complexes 473

vy-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-y-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
vy-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 +vy-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 vy-tubulin
with AthTU antibody was abolished by preabsorption of the
antibody with vy-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
vy-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-B-tubulin antibody TU-06 and immunoblotted with anti-
bodies TU-01 against «-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 +v-tubulin forms.
There are two highly homologous v-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 y-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 ~v-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
y-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 vy-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
a-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 vy-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 +v-tubulin complexes while
avoiding the problem of detergent interference, which ap-
peared during gel filtration of solubilized membrane pro-
teins. Although y-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 aB-tubulin dimers are associated with
large membrane-bound «y-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 v-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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y-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
y-tubulin complexes was provided (Erhardt et al., 2002). Our
results show that large membrane-associated vy-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 vy-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 vy-tubulin
complexes exist in acentrosomal plant cells. The majority of
large y-tubulin complexes with nucleation activity were
present in the high-speed microsomal fraction in which
some of the small vesicles were immunogold labeled for
y-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
y-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 aB-Tubulin Dimers

The colocalization of y-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
af-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,
y-tubulin could be present in cells in some other forms ca-
pable of interacting with op-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
y-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 vy-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 y-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
celis 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 cligomers
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 uM) and kinetine (0.25 uM). 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
(IlgG2b) (Novakova et al., 1996) prepared against the conserved 16—
amino acid peptide EYHAATRPDYISWGTQ corresponding to the hu-
man vy-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. «-Tubulin
and B-tubulin were detected using the mouse monoclonal antibodies
DM1A and TUB 2.1 (lgG1) (Sigma). For the precipitation of tubulin
dimers, mouse monoclonal antibodies TU-06 (IgM) against 3-tubulin
(Draber et al., 1989) and TU-16 (IigM) against «-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 pg/mL each of leupeptin, aprotinin,
antipain, soybean trypsin inhibitor, and pepstatin and 10 pg/mL
4-(2-aminocethyl)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 27,000g 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-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,CO;, pH 11. After 30
min of incubation at 4°C, detergent-insoluble material was centri-
fuged at 48,000g 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 NacCl. 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). Immunocreactive 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 uM bis-Tris-HCI, pH
7.0, 750 mM aminocaproic acid, and 1% dodecyl-B-D-maltoside).
After 20 min of centrifugation at 48,000g, 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 nL/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 contro! 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 uL 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 uM. 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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Abstract

Nonreceptor protein tyrosine kinases of the Sre family have been shown o play an important role in signal transduction as well as in
regulation of microtubule protein interactions. Here we show that v-tubulin (y-Th) in P19 embryonal carcinoma cells undergoing neuronal
difterentiation is phosphorylated and forms complexes with protein tyrosine kinases of the Sre family, Sre and Fyn. Elevated expression of both
kinases during differentiation corresponded with increased level of proteins phosphorylated on tyrosine. hnmunoprecipitation experiments
with antibodies against Sre, Fyn, y-tubulin, and with anti-phosphotyrosine antibody revealed that y-tubulin appeared in complexes with these
kinases. In vitro kinase assays showed tyrosine phosphorylation of protens in y-tubulin complexes isolated from differentiated cells.
Pretrcatiment of cells with Sre family selective tyrosine kinase inhibitor PP2 reduced the amount of phosphorylated y-tubulin in the complexes.
Binding experinients with recombinant SH2 and SH3 domains of Sre and Fyn kinases revealed that protein complexes containing vy-tubulin
bound to SH2 domains and that these interactions were of SH2-phosphotyrosine type. The combined data suggest that Sre family kinases might

have an important role in the regulation of y-tubulin interaction with tubulin dimers or other proteins during neurogenesis.

G 2004 Elsevier Ince. All rights reserved.
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Introduction

It is well established that the development of nervous
system 1s regulated by a vanety of protein tyrosine kinases.
While the neural functions of receptor tyrosine kinases are

Abbreviations: EC, embryonal carcinoma; Fyn. prolein tyrosine kinase
p39% GST, glutathione S-transferase; MTOC, microtubule organizing
center; MSB. microtubule-stabilizing buffer; PBS. phosphate buffered
saline: PP2. Sre-family sclective tyrosine kinase inhibitor; PP3, negative
control for inhibitor PP2; P-Tyr, protein phosphorylated on tyrosine; RA.
all-trans-retinoic acid: SDS-PAGE, one-dimensional SDS-polyacrylamide
g¢l clectrophoresis; 2D-PAGE, two-dimensional  clectrophoresis:  See,
protein tyrosine kinase pp60™* S112 and SH3, Sre homology 2 and 3
domains; «-Th, a-tubulin; Aca-Th, acetvlated w-tubuling pHI-Th, P-tubulin
class 11, "y-Tb, vy-tubulin; yIuRC, y-tubulin-ring complex: yTuSC, y-
tubulin small complex; TBST. 10 mM Tris-1CL pH 7.4, 150 mM Na(l,
0.05% (v/v) Tween 20,
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sufficiently characterized. the functions of nonreceptor ty-
rosine kinases. including kinases pp60™ (Sre) and p59™"
(Fyn) that belong to the family of Sre kinases, arc not fully
understood. Sre family kinases have been implicated in
events regulating neuronal differentiation and function of
neuronal cells |1 3{ The kinases could modulate microtu-
bule dynamies during ncurite outgrowth as a fraction of
tubulin associated with plasma membrane scrves as a
substratc for Src kinase {4.51. Both Src and Fyn kinascs
were found in complexes containing cell surface receptors
and tubulin [0].
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