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GAMMA-TUBULINS
AND THEIR FUNCTIONS

= Fubulin is o whiguitous phylogeneiically conserved member
of twbulin superfamily. In comparison with afi-tubulin dimers, it
is a fow abundance protein present within the cells in both vari-
ous types of microtubule-organizing centers and cyioplasmic pro-
ein complexes. y-Tubulin small complexes are subunits of the -
tubuilin ring complex, which is involved in microtubile nucleation
ard capping af the minus ends of microtubules. I the past vears
important findings have advanced the understanding of the struc-
iure and funciion of y-tubulin ring complexes, Recent evidences
sugeest thar the funciions of y-tubulfn extend hevond micriubule
nuclediion,

Abbreviations: aa., amino acid; GCP, y-tubulin complex
protein, yTuRC, y-tubulin ring complex; yTuSC. y-tubulin
small complex; MAPs, microtubule-associated proteins;
MTOCs, microtubule-organizing centers; SPB, spindle pole
body.
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Introduction. Microtubules are highly dynamic
cvtoskeletal components that are essential for many
cellular functions in eukaryotes such as intracellular
organization, ordered vesicle transport and cell divi-
sion. The basic building blocks of microtubules are
heterodimers of globular a- and B-tubulin subunits.
They are arranged in a head-to-tail fashion to form 13
protofilaments that constitute cylindrical micro-
tubules with outer diameter around 25 nm [1].
Microtubules are thus inherently polar, with a-tubu-
lin at one end of the polymer, the (—) end, and -
tubulin at the other, the (+) end. Protofilaments are
slightly offset from one another and form a «3-start»
helix. This means that the helix spans three subunits
of a protofilament before it completes one turn.
There is a «seams in the microtubule wall, where each
helix makes a complete turn. While the protofila-
ments interact laterally with each other mainly
through o-o and [3-P contacts, at the seam the cc-sub-
unit interacts with a f-subunit [2]. Microtubule ends
also differ in their assembly and disassembly charac-
teristics. Tubulin subunits are added to the fast grow-
ing (+) ends of microtubules and are preferentially
lost from the (—) ends. Microtubules can self-assem-
ble in vitro from high concentrations of tubulin het-
erodimers in the presence of GTP and Mg?*, but such
microtubules are randomly organized. However the
concentration of afi-tubulin heterodimers in cells is
below the level necessary for spontaneous nucleation
in vitro and microtubules are precisely organized
there. This is because microtubules in cells are
anchored in microtubule-organizing centers (MTOCs)
and these organelles also assist in microtubule nucle-
ation. Besides tubulin heterodimers the microtubules
are also built up with microtubule-associated proteins
(MAPs) that participate in the regulation of micro-
tubule assembly and are responsible for interactions
of microtubules with other cellular components.

Different types of MTOCs. In various cell types,
MTOCs have different structural arrangements. In
spite of it they have similar functions, they initiate
and maintain the polar assembly of cellular micro-
tubules [3]. Centrosomes and basal bodies of cilia and
flagella are the most frequently studied MTOCs in
animal cells, The centrosomes are formed by an elec-
trodense fibrogranular pericentriolar matrix that sur-
rounds two perpendicular short microtubule struc-
tures — the centrioles. Centrosomes are usually locat-
ed in perinuclear regions, and microtubules emanate
from centrosomal peripheral regions [4]. Micro-
tubule polymerization is thus oriented, i. e. the (=)
ends of microtubules are in MTOC and the growing (+)
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ends are directed to the cell periphery [5]. Micro-
tubules can also arise from centrosomes without cen-
trioles. The structure of basal bodies resembles that of
centrioles but, in contrast to centrosomes, micro-
tubules grow directly from basal bodies [6]. In yeast
MTOC is located in nuclear membrane and is called
the spindle pole body (SPB), This three-layer electro-
dense structure participates in the organization of
cytoplasmic as well as nuclear microtubules [7]. In
plant cells there is not a simple organizing center;
instead of this, the nuclear envelope and cell cortex
serve as MTOCs [E]. One of the key guestions in
microtubule organization is how such morphologi-
cally divergent MTOCs can perform similar func-
tions. It was suggested that they might contain the
same structural proteins, which take part in micro-
tubule organization. One possible candidate of such
protein is the y-tubulin, which was found in MTOCs
in cells of many different organisms.

Multiple y-tubulins. v-Tubulin was first discovered
in filamentous fungus Aspergillus nidulans as a prod-
uct of the mipA gene during genetic screening for pro-
teins that interact with B-tubulin [9]. Experimental
depletion of y-tubulin led to a depletion of micro-
tubules and to growth arrest. Immunolocalization of
y-tubulin revealed enrichment in MTOCs at the
mitotic poles. On the basis of these observations it was
proposed that y-tubulin might play a role in micro-
tubule nucleation [10]. Using y-tubulin cDNA
sequence from A. midullans for screening of cDNA
from the fruit fly Drosophila melanogasier, a corre-
sponding y-tubulin sequence was cloned, and the
obtained sequence was subsequently used for cloning
of human y-tubulin [11]. Up to now y-tubulin cDNAs
and genes have been cloned and sequenced from a
huge variety of organisms, and it seems certain that y-
tubulin is present in all eukaryotes,

While the c- and pB-tubulins are encoded by multi-
ple families [12], only a limited number of y-tubulin
genes were found in the majority of organisms studied
up to now. For example, in Arabidopsis thaliana |13],
D. melanogaster [ 14] and Homo sapiens [15] there are
only two functional genes. Human y-tubulin genes
encode proteins with greater than 98 % amino acid
(a.a.) identity. The two D. melanogaster v-tubulins are
relatively divergent, sharing approximately 82 % a.a.
identity, and have different patterns of expression
during gametogenesis and development [14]. In the
myxomycete Physarum polycephalum, there was only
a single y-tubulin gene described that encoded two y-
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tubulins differing in relative molecular weight, sedi-
mentation properties and strength of their binding to
the MTOCs. It is not known however, whether these
two forms arise from posttranslational modifications
or from alternative splicing of mRNA [16]. What
might be the selective advantage of retaining two
genes that code for very similar y-tubulins is still
unclear. One possibility is that their expression could
be differentially regulated, and consequently the level
of y-tubulin expression would be increased in partic-
ular tissues or cells. Alternatively, y-tubulin may be so
important that there is a selective advantage in func-
tional redundancy. If one y-tubulin is mutated so0 as
to render it non-functional, the other y-tubulin gene
might substitute the production of functional y-tubu-
lin [15].

y-Tubulins are highly conserved proteins. When
sequences from extremely divergent organisms are
compared, they share at least 66 % a.a. identity. A
remarkably high a.a. identity, reaching 98 %, exists
between y-tubulins of H. sapiens and Xenopus laevis.
y-Tubulins are similar to af-tubulin heterodimers
and they share approximately 28—35 % a.a. identity
with - and B-tubulins. When conserved substitutions
are taken into consideration they share more than 60 %
similarity [17]. Compared to tubulin dimers, y-tubu-
lin is a minor protein. Quantification of y-tubulin
mRMNA in A nidulans revealed that it represented
only 5 % of B-tubulin mRMNA [9]. In the cell line XTC
from X. laevis, y-tubulin represents only 0.005 % of
total proteins, while the a-tubulin dimers account
for 2.5 % of total proteins [18].

y-Tubulin structure. A comparison of y-tubulin
sequences with those of - and p-tubulins revealed a
similar secondary and tertiary structure, and implied
that highly conserved regions among tubulins might
be involved in the binding of GTP. In contrast to o-
and B-tubulin subunits, those have on their C-termi-
nal regions acidic a.a. residues binding the MAPs, y-
tubulin has no substantially acidic C-terminal end
[19]. Little is known about the self-assembly of y-
tubulin and/or interaction of y-tubulin with af-tubu-
lin dimers and microtubules. As the high-resolution
structural knowledge on af-dimer and tubulin-tubu-
lin interactions in the microtubule is extensive, the
sequence/structure analysis resulted in a structural
model of possible interactions of y-tubulin. v-Tubulin
is likelv to contact the (—) end of w-tubulin and may
associate laterally with o- or B-tubulin. -Tubulin
should also be capable of self-assembling to form
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Dristnbution of y-tubulin at different stages of the cell evcle ir
against ce-tubulin (a. d, g). antibody against y-tubulin (b, ¢, |
telophase (g—i), Bar, 10 um

either a dimer or a protofilament-like oligomer [20}],
Lateral association of y-tubulin with ap-dimer has
been suggested from a systematic search for of-tubu

lin binding sites on the v-tubulin using the SPOT pep-
tide technigue [21).

In several model systems multiple y-tubulin charge
variants were identified [22-24]. These findings indi-
cate that y-tubulin, like the - and B-tubulin coun
terparts, could be subject to posttranslational modifi-
cations. Recently phosphorylation of the y-tubulin
residue Tyrd33, that is invariant in all y-tubulins, has
been reported in budding veast |25].

¥-Tubulin localization. The intracellular location of

v-tubulin was first determined in A, nidulans, where it
was located in SPB. Immunofluorescence experi-
menis on various cell lines of different tissue origin
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cultured cell line 3T3. Triple-label staining of cells with antibody

) and DMNA-binding dve (c. [ i). Interphase {a—c), metaphase (d—f),

and derived from different species revealed that vy-
tubulin in metazoan cells was located in centrosomes
ol interphase cells and concentrated in poles of mitot-
ic spindles [11, 18, 26]. v-Tubulin was found along
microtubules of mitotic spindles, yet was lacking on
astral microtubules, and was also detectable in late
telophase in midbodies [27=29]. y-Tubulin was fur-
therlocated in the core of centriales |22, 30]. The dis
tribution of y-tubulin in different stages of the cell
cycle is shown in Figure. v-Tubulin is in basal bodies
in multi-ciliated epithelial cells [31], green alga Chla-
mydomonas reinharerii [32] as well as in ciliate [33]
and flagellate protozoa [ 34, 35].

The distribution of y-tubulin in MTOC is indepen-
dent of the presence of centrioles, as can be inferred
from its detection in acentriolar centrosomes in fertil
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ized oocytes [36] and in centrosomes of acentriolar
cell line of 0. melanogaster [37]. A unigue situation
occurs in acentriolar cells of higher plants, where
punctuate y-tubulin staining was found in association
with all microtubule arrays [38] and was also detected
in the Kinetochore/centromeric region [39, 40].
Collectively these findings document that y-tubulin is
a universal component of active MTOCs irrespective
of their structural diversity.

Soluble forms of y-tubulins. Although MTOCs or
microtubule arrays represent the most obvious loca-
tion of y-tubulin, many cells contain a large amount of
y-tubulin in soluble form. Soluble y-tubulin complex-
es were first detected in embrvonal extracts of . me-
lanogasfer. Besides y-tubulin they contained proteins
DMAP190 and DMAPG0 [41]. Cytosolic forms of y-
tubulin were later detected in oocytes of X, laevis as
the 255 complexes, y-somes [42], and subsequently in
many other cell types, including the postmitotic
nucleated ervthrocytes [24] and plant cells [43].
Cytosolic y-tubulin appears in two main complexes; the
large y-tubulin ring complexes (yTuRC; around 2.2
MDa) and the y-tubulin small complex (y-TuSC;
around 280 kDa). At a higher salt concentration the
large complexes dissociate into y-TuSC, The human
v-TuSC comprises two molecules of y-tubulin and
one molecule each of GCP2 and GCP3 (y-tubulin
complex proteins) [44, 45], which are homologues of
the Saccharomyces cerevisiae proteins Spe97p and
SpcY8p associated with SPB [46]. The SpcY97p and
SpcH8p proteins are related 1o each other and are both
capable of binding to y-tubulin [47]. Homologous
proteins in Drosophila are designated Degrip84 and
Degrip91 (Dgrip: Drosophila gamma ring protein)
[45] and Xgripl09 and Xgrip 110 in Xenopus (Xgrip:
Xenopus gamma ring protein) [48]. The yTuRC
derives from the 5-7 yTuSC by condensation and
association with other proteins, These proteins have
been denoted as GCP4, GCPS and GCP6, using the
standardized nomenclature for proteins of y-tubulin
complexes. Comparison of the five human GCP pro-
tein sequences demonstrated that they shared 31— 44 %
sequence similarity in five conserved regions [49].

Electron microscopy revealed in yTuRC open-ring
structure approximately 25 nm in diameter, and
defined a subunit structure similar to microtubule
cross section. The individual subunits visible within
the ring walls have been interpreted as representing
the yTuSC [43, 530]. Electron microscopic tomogra-
phy indicates that associated proteins, not involved in
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yTuSC, form the cap of the ring structure [51].
Hundreds of yTuRC-like rings were found in peri-
centriolar material of Drosophila |52] centrosomes.
The existence of these rings correlated with the abili-
ty of centrosomes to nucleate microtubules [53].

Apart from yTuRC and yTuSC, a part of y-tubulin
is probably associated with the TCP-1 chaperonin
complex, which is responsible for folding of a-, [i-
and y-tubulins | 54]. It was also found that y-tubulin in
Hela cells under natural conditions existed as a
homodimer or a heterodimer [35]. Interestingly, like
the af-dimers, y-tubulin in porcine microtubule pro-
teins has the ability to form oligomers under the con-
ditions of native electrophoresis (Sulimenko et al.,
submitted).

y-Tubulin and microtubule nucleation. y-Tubulin
is the key functional component of MTOCs.
Disruption of the y-tubulin gene in A. nidulans caused
a loss of mitotic spindles [10], and microinjection of
anti-y-tubulin antibody into mammalian cells pre-
vented the nucleation of new microtubules by the
centrosome, and disrupted the morphogenesis of
mitotic spindle [26]. Functional conservation of y-
tubulin was demonstrated in experiments in which
human y-tubulin was expressed in Schizosaccharo-
myces pombe with defective endogenous y-tubulin,
Although the homology between S. pombe and H.
sapiens attains only about 71 %, the human y-tubulin
did replace the functions of yeast tubulin and was
localized in SPB |56]. In addition, Xenopus egg
extract depleted of the y-tubulin-containing protein
complex lost much of its ability to support the micro-
tubule asters originating from the centrosome [57].
On the other hand, an overexpression of y-tubulin in
mammalian cells caused v-tubulin accumulation in
cytoplasm where it formed ectopic microtubule
nucleation sites [58]. These experiments provided
convincing evidence that y-tubulin is the key func-
tional component of the MTOCs.

Two models were proposed to explain how the
¥TuRC nucleates microtubules, the so-called «tem-
plates and «protofilaments models. 1t is presumed by
the stemplate models that yTuRC contains laterally
associated y-tubulin subunits and nucleates by mak-
ing longitudinal contacts with the terminal a-tubulin
[50]. In the «protofilament» model, a ring of longitu-
dinally stacked y-tubulin subunits forms a short
protofilament that nucleates microtubules via lateral
contacts with af-dimers to seed a bidimensional
microtubule lattice [59]. Although electron tomogra-
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phy and immunoelectron microscopy studies seem to
confirm the template model |51, 60], biochemical
evidences [61] rather support a modified protofila-
ment model [62].

The yTuSC also nucleates microtubules, but with a
much lower efficiency than the yTuRC, suggesting
that the assembly into a larger complex enhances the
nucleating activity [45], Even monomeric y-tubulin
could nucleate microtubules. Partially purified y-
tubulin, prepared /m wifro in a reticulocyte lysate,
induced microtubule nucleation at low tubulin con-
centration, decreasing the size of the nucleus to three
tubulin heterodimers. One y-tubulin per microtubule
was sufficient to block further growth from the (=)
end. These data suggest that a single y-tubulin forms
a tight lateral bond with f-tubulin in an oligomer of
three tubulin dimers [61].

The yTuRCs not only nucleate microtubules, but
they also have separate capping activities, yTuRCs are
located at the (=) ends of microtubules when they are
nucleated in their presence. yTuRC thus may be
important for modulating the (—) end dynamics [63].

Other functions of y-tubulin. While a substantial
progress has been made in understanding of the role
of y-tubulin in microtubule nucleation, other data
suggest that y-tubulin might have some additional
functions. A v-tubulin mutation in §. pombe was iso-
lated that permitted microtubule nucleation but at a
restrictive temperature, altered interphase micro-
tubule arrays and caused an arrest of mitosis in
anaphase A [64]. y-Tubulin could thus have a role in
the functioning of assembled microtubules. It was
shown that y-tubulin and kinesin-like protein KLPA
have overlapping roles in the establishment of spindle
bipolarity [65]. An involvement of y-tubulin in the
coordination of postmetaphase events, anaphase and
cytokinesis is implicated by experiments based on
systematic alanine-scanning mutagenesis of human
y-tubulin and analysis of phenotypes of each mutant
allele in 5. pombe [66].

Accumulating data support the idea that y-tubulin
could participate in microtubule stabilization. y-
Tubulin has been found on stable kinetochore micro-
tubules that are resistant to anti-microtubule drugs in
plants [39, 67] and in the cold-stable fraction of
microtubules in animal cells [23]. y-Tubulin could
play a role in the duplication of centrioles or stabi-
lization of centriclar microtubules.

An association of polo-like kinase with o, p- and
y-tubulins in a stable complex was found in mouse
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mammary carcinoma cells [68] whereas in basophilic
leukemia cells a direct or indirect association of y-tu-
bulin with protein tyrosine kinase p33/p56™ was de-
tected [69]. It appears possible that phosphorylations
could modify the interaction of y-tubulin with afi-
dimers or other proteins. It has been reported that v-
tubulin interacts with hyperphosphorylated BRCAI
protein (a suppressor of tumorigenesis in breast and
ovary) and this could regulate the mitosis [70]. Atte-
nuated interaction between BRCAI and y-tubulin
may induce an increase in the proportion of aneuploid
cell population and contribute to tumorigenesis [71].

This work was supported in part by grants from the
Grant Agency of the Czech Republic 304,/00/0553
and from Ministry of Education of the Czech
Republic (LNOOAD26).

PEINOME. -TyByIHH — WHPOKD PACTPOCTPAHEHHELA
dnoreHeTHHECKH KOHCEPRATHEHLIE MpeIcTaBMTENh HAaOCe-
mefcTea TvOvanHoR, Tlo cpasHeHHD ¢ auMepanu afi-Tyhy-
JTHHA 3T0 DENOK ¢ HHIKHM OTHOCHTEIBHEIM COOSPRAHHEM,
KOTODH MPUCYTCTEVET B KUICTKAX KaK B PAVTHUHBIX THMAX
UEHTPOB OPTAHM 33NN MUKPOTPYBOUEK, TAK M B KOMILIEKCAX
LMTCHLIAIMATHYSCKHY Denkop, Mansill KoMniexe y-TviymHHa
ARTAETCA CYTBEAHHHLIEH KONLUSROTO KOMILIEKCa ¥-TYDyIHHE,
KOTOPBI YMACTEYET B MHHLMALH MUKPOTPYDOUEK M KEnnm-
POBAHHH HX MHHYC-KOHUOB. TTonyyeHHBE B NpoWeIwne
TOOLl BAKHEE PEIVALTATE PACIUHPHIOT NpeIcTARIEHHA O
CTPYETYPE H YHEKLMAX KONbLEROTD KOMILIEKCA y-TYDYIHHA.
Mocaeanmue DAHHBE CBUACTEIECTEYIIT O TOM, YT hyHKUHH
Y-TYOVIHHA JAKTHOHNAKTCH HE TOMLKO B HHHUHALMK MHEPO-
TRyDousK.

PEIKIME. v-TvBynHH — WHPOKO PO3NOBCHITREHMA thi-
AOTEHETHYHO KOHCEPBATHBHHH NPEACTABHHK HAAPOAHHM
TyDVAiHIE. ¥ nopiBHAHHI 3 AMsepari afi-TviyiiHa e G0k
3 HHABKHM BUIHOCHHM BMICTOM, NPHCYTHIA ¥ KIITHHAX AK ¥
PIIHHX THIMAX LEHTPIR Opradizaunil MikpoTpyboyox, Tak iy
KOMIIEKCAX UHTONIa3MaTHHi 6Lk, Mannh komnaexe
y-TyhyniHa € CVROIMHMLIEND KiTLUEROrD KOMIIEKCY Y-TyOY-
JiHA, w0 Gepe yuacTk B iHiali] MikpoTpyGodoK | KenysaHHI
IX MiHYC-KiHLB, OTpHMaHI B OCTAHHI POKH DARTHRE peayik-
TATH POIUMPHIITE YABTEHHA PO CTPYKTYPY | yHKILIT Kimk-
LEBOTD KoMAnekcy y-Tybyaiva, OcTaHui DaHl childaTh npo
Te, wo pyHEuii y-TyGyniHa NONATAKTE He NWWe B iMiwiauii
MiKpoTpyDogOK.
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