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ABStRact
Microtubule organizing centres (MTOCs), which include fungal spindle pole bodies 

and centrosome in higher eukaryotes, are a structurally diverse group of organelles that 
share a conserved role in microtubule nucleation and spindle formation. However, recent 
studies propose that the function of MTOC components extends far beyond these estab-
lished roles. Numerous cell cycle regulators, checkpoint proteins and microtubule plus tip 
binding proteins localize to MTOCs during the cell cycle, suggesting that these organelles 
serve as cellular scaffolds. In addition, several MTOC components such as ~-tubulin and 
its associating proteins have been directly implicated in the control of cell cycle progres-
sion, activation of checkpoint responses and the regulation of microtubule organization 
and dynamics. Collectively, these findings implicate MTOCs as cellular control centers 
that coordinate events at both microtubule minus ends and plus ends with the cell cycle. 
In this review, we discuss recent studies that support a role for MTOC components, in 
particular ~-tubulin, in cell cycle progression, checkpoint response and the coordination 
of microtubule organization and dynamics.

CanOnIcal FUnctIOnS Of ~-TUBUlIn: MTOC-MEDIatED MIcROtUBUlE 
NUclEatIOn

Microtubule organizing center (MTOC) is a general term describing a class of special-
ized structures that direct the assembly, orientation and organization of microtubules 
in eukaryotic cells. MTOCs include fungal spindle pole bodies (SPBs), protozoan basal 
bodies, and the higher eukaryotic centrosome. MTOCs provide the nucleation sites on 
which the initiation of microtubule assembly occurs below the critical concentration of 
tubulin heterodimers normally required for de novo assembly.1 In addition, MTOCs 
also define the orientation and organization of microtubules within cells. Though the 
morphologies of MTOCs such as the centrosome and SPBs are quite distinct, these 
organelles are functionally conserved, especially in regard to their microtubule nucleation 
function.

The role of MTOCs as a central organizer of the microtubule cytoskeleton has been 
known for over a century,2 yet the mechanism by which MTOCs accomplished this role 
remained a mystery for some time. In recent years, a wealth of information has emerged 
regarding the canonical role of MTOCs (microtubule assembly) as well as emerging 
roles in post‑nucleation microtubule organization, signaling and cell cycle control. This 
is largely due to the landmark discovery of ~‑tubulin, a new member of the tubulin 
super‑family and an evolutionarily conserved component of MTOCs that is required for 
microtubule nucleation in vivo.3,4 Though ~‑tubulin has been found to localize to other 
microtubule‑associated structures, it resides primarily at MTOCs.4‑7 Loss of functional 
~‑tubulin results in aberrant mitotic spindle structure, abnormal microtubule curvature 
and the formation of microtubule bundles in eukaryotic cell types as divergent as yeast and 
humans.8‑12 These studies underlie the importance of ~‑tubulin in microtubule assembly 
and function, and provided a critical first step towards the mechanistic understanding 
of MTOC function in cellular organization, and the identification of specific proteins 
involved.
~‑tubulin is not associated with MTOCs as a monomer, but rather is a component of a 

highly conserved multi‑protein complex. This complex was first identified in centrosomes 
isolated from Drosophila embryos, and found to form a 25 nm open ring structure; the 
same diameter as a typical 13‑protofilament microtubule.5,7 Reconstituted complexes 
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prepared from Drosophila embryos and Xenopus oocytes also 
formed an open ring structure and were designated as ~‑tubulin ring 
complexes or ~TuRCs5‑7 (Fig. 1). Structurally similar complexes were 
later identified in centrosomes isolated from oocytes of the surf clam, 
Spisula.13 As purified Spisula centrosomes lack mature centrioles, 
analysis of centrosomal tubulins (|, }, ~) was possible, and revealed 
that ~‑tubulin is the major tubulin constituent of centrosomes.13 
~TuRCs are composed of approximately 13 ~‑tubulin subunits as well 
as numerous ~TuRC‑interacting proteins (GRIPs), and are capable 
of nucleating the assembly of microtubules in vitro (Fig. 1). Due to 
their open ring shape, localization and nucleation capability, ~TuRCs 
have been regarded as the major functional component for microtu-
bule assembly at MTOCs.

The structure of the ~TuRC is evolutionarily conserved across 
higher eukaryotic cell types. Exceptions include unicellular fungi, 
in which ~TuRCs have not yet been identified in vivo. However, 
both higher eukaryotes and yeast have highly conserved components 
of the ~TuRC that are assembled into a smaller ~‑tubulin complex, 
or ~TuSC (Fig. 1). In Drosophila, the ~TuSC is comprised of the 
three most prominent proteins in the ~TuRC; ~-tubulin, Dgrip84 
and Dgrip91.4 This complex was found to have a low level of 
microtubule nucleation activity and consequently was considered 
to be primarily a structural subunit of the ~TuRC.4 However, a 
recent study has demonstrated that ~‑tubulin can be recruited to the 
MTOC in the form of a ~TuSC and that centrosomes lacking intact 
~TuRCs still form microtubules, suggesting that ~TuSCs can also 
promote nucleation.14 In the fission yeast Schizosaccharomyces pombe, 
evidence for a larger ~‑tubulin containing complex has been found 
through the identification of gfh1, mod21 and alp16, orthologues of 
the human ~‑tubulin complex proteins GCP4, GCP5 and GCP6 

respectively.15‑17 These proteins 
form a non-core component of 
a subpopulation of ~‑tubulin 
complexes in fission yeast, which 
are important for maintaining 
normal levels of nucleation in 
vivo.15 Interestingly, these larger 
~‑tubulin complexes were found 
to be qualitatively dispensable 
for microtubule nucleation from 
all types of MTOCs, further 
supporting the ability of ~TuSCs 
to nucleate microtubules.15 Similar 
non-core ~‑tubulin complex 
components may ultimately be 
discovered in other fungi. The 
idea of ~TuSCs being a functional 
subunit of the ~TuRC is consis-
tent with studies in the budding 
yeast Saccharomyces cerevisiae, 
where the sole ~‑tubulin complex 
to be isolated and characterized 
is most similar to the ~TuSC.18 
In budding yeast, the ~TuSC 
is composed of two ~‑tubulin 
(Tub4) subunits and one molecule 
each of the GRIPs, Spc97 and 
Spc98 which are orthologues of 

the Dgrip84 and Dgrip91 proteins respectively (Fig. 1).18 Complexes 
similar to ~TuRCs have not yet been isolated from budding yeast 
cells, thus the components of the ~TuSC appear to be the major effec-
tors of microtubule assembly and organization and spindle pole body 
duplication.18 Furthermore, as well‑conserved homologs of Spc97 
and Spc98 are found in most organisms, these proteins along with 
~‑tubulin likely represent a phylogenetically conserved core complex 
that is required for the proper regulation of the ~TuRC and other 
aspects of ~TuSC function.19

Numerous studies indicate that MTOCs and in particular, 
~‑tubulin containing complexes, function in additional microtubule 
processes other than regulating microtubule assembly and structure 
(Fig. 2). A number of proteins involved in cell cycle regulation, 
checkpoints and microtubule organization and function localize to 
MTOCs and appear to be regulated at these sites in a manner that 
is important for their function (Fig. 2). For example, mutations 
affecting the ~TuSC components ~‑tubulin and Spc97 appear to have 
consequences on microtubule organization and dynamics.18,20‑22 
Additionally, the proximity of ~‑tubulin interacting proteins and 
microtubule plus end binding proteins and checkpoint proteins 
may be important for their respective functions. In this review, we 
will discuss these and other de novo functions of MTOCs, whereby 
its components and in particular ~‑tubulin, are put into context as 
putative hubs that correlate changes in cytoskeleton structure with 
cell cycle progression.

Figure 1. Comparison of ~‑tubulin containing complexes in animals and yeasts. In animal cells, ~‑tubulin resides 
within a 25 nm diameter open ring‑like structure termed the ~‑tubulin ring complex or ~TuRC (A). Structurally, this 
complex is comprised of many smaller ~‑tubulin containing subunits known as the ~‑tubulin small complex or ~TuSC. 
(B) In the fission (Schizosaccharomyces pombe) and budding (Saccharomyces cerevisiae) yeasts, only the ~TuSC 
has been identified in vivo, though it has been demonstrated that the fission yeast ~TuSC is larger and more com-
plex that the budding yeast counterpart. (C) Chart of components of the ~TuSC and ~TuRC that are evolutionarily 
shared from yeast to metazoans.
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