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Microtubule-organizing centres:

a re-evaluation
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Abstract| The number, length, distribution and polarity of microtubules are largely
controlled by microtubule-organizing centres, which nucleate and anchor
microtubule minus ends in a process that requires y-tubulin. Here we discuss recent
evidence indicating that y-tubulin-dependent formation of new microtubules is
not restricted to conventional microtubule-organizing centres. These findings
suggest that the spatio-temporal control of microtubule nucleation is more
complex than previously thought, leading us to a re-evaluation of the concept of

the microtubule-organizing center.

Microtubules are tubular polymers that are
composed of two proteins, ¢t~ and B-tubulin.
The orientation of these proteins in the
polymers gives microtubules an intrinsic
polarity. Microtubules are involved in many
cellular processes, including the transport

of proteins and organelles, the establish-
ment of cell polarity and the formation of
the meiotic and mitotic spindles. In most
cell types, microtubules form highly organ-
ized, polarized arrays; in proliferating cells,
these arrays undergo cell-cycle-dependent
reorganization to form the bipolar spindle in
mitosis. These properties of the microtubule
cytoskeleton led to the notion of an organizer
that promotes the formation and the ordered
arrangement of microtubules. Various terms
were used to describe this hypothetical
organizer until Pickett-Heaps coined the
now widely accepted term microtubule-
organizing centre (MTOC)".

The concept of an MTOC was based on
microscopy studies and referred to all cellu-
lar structures that seemed to assemble and
organize microtubule arrays. Initially, the
nature of this material was “totally obscure”
and the term ‘centre’ remained “deliberately
vague”'. Two structures that could easily
be visualized by electron microscopy were
identified as important MTOCs, and these
became a research focus in subsequent years.
These structures are the centrosome in ani-
mal cells and the spindle pole body in yeast.

The tools of modern genetics and cell biol-
ogy allowed the analysis of the molecular
nature of these organelles and the identifica-
tion of a still-growing list of proteins that
are involved in their function. However, the
resulting centrosome-centric view has drawn
attention away from other sites in cells that
also nucleate and organize microtubules.

Here, we describe the recent rediscovery
of sites that nucleate and organize micro-
tubules and discuss why the analysis of these
sites might be the key to an understanding
of microtubule nucleation and organization.
We will focus on how, where and when
microtubules are made. For a discussion of
the roles of microtubule-associated proteins
and motor proteins in the generation of

organized microtubule arrays, we direct the
reader to excellent recent reviews>>.

The centrosome — a central organizer
Since its description by Theodor Boveri
more than 100 years ago, the centrosome
has attracted special attention because of

its prominent location at the centre of the
microtubule cytoskeleton and because

it contains one of the most recognizable
structures found in eukaryotic cells, the cen-
triole. Each of the two centrioles in a typical
centrosome, oriented perpendicularly to
each other, is a barrel-shaped cylinder that
is composed of nine microtubule triplets
arranged radially and with a precise symme-
try. Centrioles were initially thought to be the
microtubule-organizing structure responsible
for assembling the mitotic spindle. Although
this view was challenged when the concept
of MTOCs was introduced’, centrioles con-
tinue to intrigue cell biologists and are often
still described as an essential component of
the mitotic spindle poles.

However, many eukaryotes, including
fungi and higher plants, completely lack
centrioles yet still organize a bipolar mitotic
spindle, clearly showing that centrioles are
not fundamentally required for this func-
tion. Moreover, when centrioles are removed
from animal cells by microsurgery or are
destroyed by laser ablation, the resulting
karyoplasts can still assemble a mitotic
spindle*®. Therefore, it seems likely that the
“vital function of centrioles lies in their abil-
ity to become ... basal bodies which produce
flagella or cilia”! It took almost four decades

Figure 1|Localization of y-tubulin in the mitotic spindle. Human U20S cells were fixed at different
stages in mitosis. y-tubulin (green) localizes to the two spindle poles and to the region of kinetochore
microtubules during metaphase and anaphase (panels a and b, respectively). During late anaphase—
early telophase (panel ¢), y-tubulin localizes both to the region of kinetochore microtubules and to the
region between the separated chromosomes. DNA is shown in blue.
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Figure 2 | Amplification model for the function of the y-tubulin ring complex in spindle assembly.
Microtubules are nucleated by the y-tubulin ring complex (yTuRC) at the two centrosomes (a) and
near the mitotic chromatin (b). A third nucleation pathway depends on YTuRC bound to the sides of
existing spindle microtubules (c). This pathway amplifies the process of spindle assembly by nucle-
ating additional microtubules, where needed, in the forming spindle. Correct orientation is achieved
by directional nucleation or by motor-mediated orientation soon after nucleation. Minus-end-bound
YTuRC facilitates the capture of free microtubules by directing their ends to the sides of other

microtubules (d).

to obtain direct experimental support for
this interpretation: mutant flies that lack
centrioles develop into morphologically
normal animals, but they suffer from defects
in cilia-dependent functions®. If centrioles
are dispensable for the function of MTOCs,
what are the components that promote the
formation and organization of microtubules?
The answer lies in the proteinaceous mat-
erial that surrounds the centriole pair, the
pericentriolar material (PCM).

The microtubule-nucleating material. Many
protein components of the PCM have been
identified, but only a subset of these are
involved in the function of the centrosome as
an MTOC. One of these proteins, y-tubulin,
is the linch-pin of microtubule nucleation
and is therefore a prime player in microtubule
organization. y-tubulin was first identified in
Aspergillus and was shown to be required for
the formation of microtubules at the spindle
pole body”®. y-tubulin nucleates the polymeri-
zation of microtubules from o~ and 3-tubulin

subunits, but is not itself incorporated into
that polymer. y-tubulin forms a complex with
members of a conserved protein family. The
human proteins are named gamma complex
proteins (GCPs, numbered by increasing
molecular weight, with y-tubulin as GCP1).
In budding yeast, the y-tubulin complex
contains only two GCP family members,

the orthologues of human GCP2 and GCP3,
whereas in most organisms y-tubulin com-
plexes contain additional GCP subunits.

This large y-tubulin complex is referred to as
the y-tubulin ring complex (YITuRC) because
of its characteristic ring shape when viewed
by electron microscopy. In cases in which it is
not clear whether the full yTuRC is involved,
we will use the term y-tubulin complex.

A new component of the YTuRC, Dgp71WD,
was recently identified in Drosophila melano-
gaster’. Dgp71WD contains N-terminal
WD40 repeats and is not related to the GCP
family. Its orthologue in humans, GCP-WD
(also known as NEDD1), was shown to be a
targeting factor for the YTuRC'*!".

Although the mechanism of nucleation
is still unknown, y-tubulin, in its several
forms, is considered to be the main micro-
tubule nucleator. y-tubulin has pericentri-
olar localization, but it is also found in the
centriole cylinder, consistent with it having
a possible function in the nucleation of the
centriole microtubules'?.

Microtubule stabilization and anchoring.
In most cells, microtubules are organized
such that the minus end is proximal to the
centrosome and the more dynamic plus
end extends away from the centrosome.

To achieve this organization, the centro-
some must both stabilize microtubule
minus ends and anchor them at the centro-
some. The YTuRC stabilizes microtubules
by capping the minus end", thereby pre-
venting depolymerization. Although the
anchoring function could, in principle, also
be fulfilled by centrosome-bound yTuRC,
it apparently requires additional proteins,
including ninein, which is found on special-
ized appendages of the centriole'*". The
mechanism of microtubule anchoring and
the mechanism by which microtubules

are released from the centrosome to form
non-centrosomal microtubule arrays' are
unknown.

Decentralized microtubule formation
The centrosome and the spindle pole
body are multifunctional organelles; they
control microtubule organization, but
they also function as control centres that
integrate signalling pathways to regulate
cellular processes. This diversity of func-
tion is reflected in their associated parts
lists, which include many proteins without
obvious roles in microtubule organiza-
tion such as known cellular regulators or
large structural molecules of unknown
function'’. The diversity of function also
complicates the analysis of centrosomal
MTOC function, as defects potentially
affect many processes. Therefore, it is use-
ful to consider non-centrosomal MTOCs,
which might lack these other functions,
for insights into microtubule nucleation,
anchoring and stabilization. Such sites
were first described in higher plants, which
do not have a centrosome-like microtubule
organizer, but they have now been identified
in many organisms and cell types.

Making microtubules without a central
organizer. Despite the absence of a centro-
some-like organelle, higher plants do have
discrete, highly organized microtubule
arrays. These arrays include the radial array,
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which is associated with the nuclear enve-
lope, the cortical interphase microtubules,
the cortical preprophase band, the spindle
and the phragmoplast, which might be ana-
logous to the midbody in animals. At least
some of these structures involve MTOCs
(for example, both the nuclear envelope and
the cell cortex nucleate microtubules)!®%,
Y-tubulin localizes to all of these non-
centrosomal MTOC:s; in the absence of
functional y-tubulin, these MTOC:s either
do not form or are unable to nucleate and
organize microtubules, resulting in lethality
early in development?'.

Y-tubulin in plants is not restricted to
regions of microtubule minus ends, but
instead seems to be present along the
entire length of microtubules. Murata et al.
recently showed that y-tubulin in
tobacco cells is recruited to the sides of
cortical microtubules where it nucleates
new microtubules that branch from exist-
ing ones?. Together with previous observa-
tions, this observation indicates that the
microtubule-nucleating complexes of
plants can associate with different cellular
structures, including existing microtubules,
to promote microtubule nucleation and
organization. Such nucleating complexes
might be similar in their composition to
the microtubule-organizing material found
in the PCM of the animal centrosome
and, therefore, might constitute a flexible
centrosome in plant cells, as proposed by
Mazia®.

Such plasticity of the organizing material
is also observed in some animal cells. For
example, during skeletal muscle differentia-
tion, myoblasts fuse to form multinucleated
myotubes. During this process, proteins
that are involved in microtubule organiza-
tion are redistributed from the centrosome
to the nuclear envelope, which then
functions as an MTOC in differentiated
myotubes®. Pericentrin, ninein and
v-tubulin are among the redistributed
proteins, and blocking y-tubulin function
by antibody injection prevents microtubule
formation at the nuclear envelope®.

Distributed organizing material is also
present in the apical domain of multiciliated
epithelial cells, in which many cilia are
formed from basal bodies at the apical mem-
brane. Each basal body is structurally similar
to the centriole in centrosomes, and, like
the centriole, each has appendages that
are associated with y-tubulin-containing
material”. Although it is not known whether
this material has microtubule-nucleating
activity, it is associated with the ends of
cytoplasmic microtubules®.
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Table 1| Known and potential microtubule-organizing centres and their properties

Structure (organism) Composition

Proteinaceous
matrix

Centrosome (animals,
some lower plants); spindle
pole body (yeast)

Basal bodies (animals) Proteinaceous

matrix
Cortical membrane (plants) Membrane
Cortical basal membrane Membrane

of polarized epithelial cells
(animals)

Centrosome and apical Proteinaceous

membrane in polarized matrix,
epithelial cells (animals) membrane
Nuclear envelope in Membrane
myotubes (animals);

nuclear envelope (plants)

Golgi complex (animals) Membrane
Interphase MTOCs at Membrane,
nuclear envelope and proteins

along microtubules
(fission yeast)

Midbody (animals);
phragmoplast (plants);
equatorial MTOCs
(fission yeast)

Proteinaceous
matrix

Proteinaceous
matrix

Mitotic spindle (animals)

Mitotic chromosomes
(animals)

DNA, proteins

MTOC, microtubule-organizing centre.

Secondary MTOCs. Some cells that have
centrosomes or their equivalents also have
secondary MTOCs, which co-exist with the
primary centrosome MTOC. Such second-
ary MTOC:s are present in fission yeast®;
v-tubulin complexes localize to the spindle
pole body as well as to interphase and equa-
torial MTOC:s. Interphase (i)MTOCs nucle-
ate and anchor microtubules at the nuclear
surface. In mitosis, these structures disap-
pear and microtubules are nucleated by the
spindle pole body. The equatorial (e)MTOC
forms at the beginning of cytokinesis in
association with the contractile ring at the
site of cell division. y-tubulin-complex
components also localize to, and move
along, interphase microtubules®. There, they
nucleate new microtubules, resulting in the
formation of bipolar microtubule bundles®.
However, anucleate fission yeast cells, which
lack both spindle pole bodies and nuclear-
associated iMTOC:s, can assemble a normal

Properties

¥-tubulin-dependent nucleation of microtubules;
anchoring of microtubule minus ends

Ends of cytoplasmic microtubules bound to
electron-dense material at basal foot; presence
of y-tubulin, but nucleation has not been shown

Nucleation of microtubules depends on
Y-tubulin bound to the sides of existing
microtubules; anchoring of microtubules by
lateral interaction

Dynamic microtubules; presence of y-tubulin,
but nucleation has not been shown; anchoring of
microtubules by lateral interaction

¥-tubulin-dependent nucleation of microtubules
at centrosome; anchoring of microtubule minus
ends at apical membrane

Y-tubulin-dependent nucleation of microtubules;
anchoring of microtubule minus ends

Nucleation and anchoring of microtubules;
presence of y-tubulin

¥-tubulin-dependent nucleation of microtubules
from nuclear envelope or from existing
microtubules; anchoring of microtubule minus
ends

Y-tubulin-dependent nucleation of
microtubules at cytokinesis; anchoring of
microtubule minus ends

Non-centrosomal, y-tubulin-dependent
nucleation of microtubules; anchoring of
microtubules by end and lateral interaction

Y-tubulin-dependent nucleation of microtubules;
capture and anchoring of microtubule plus ends
by kinetochores

interphase microtubule array*>*. This
process depends on the y-tubulin-complex
associated protein Mto1, indicating that
mobile cytoplasmic y-tubulin complexes
are involved in the nucleation of these
microtubules.

The results from experiments with plants
and fission yeast present an obvious ques-
tion: is y-tubulin-mediated microtubule
nucleation in animal cells restricted to the
centrosome, or does it also occur at second-
ary MTOCs? Several examples indicate
that animal cells have secondary MTOCs
and that they are important in microtubule
organization. Polarized epithelial cells have
an extensive non-centrosomal microtubule
network, and few microtubules associate
with the centrosome. The apico-basal array
in these cells consists of parallel micro-
tubules with their minus ends anchored
at the apical membrane. In addition, these
cells have a cortical microtubule network
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Figure 3 | Models for the organization of y-tubulin complexes at microtubule-organizing
centres. Microtubules are nucleated by y-tubulin complexes (green) that are either targeted to the
microtubule-organizing centre (MTOC) by attachment or adaptor factors (orange; a—e) or are free in
the cytoplasm (f). Microtubules (red) interact with the MTOC with their minus ends (a—c,e), plus ends
(f) or sides (d—f). a | y-tubulin complexes are embedded in a proteinaceous matrix (grey) that interacts
with attachment factors and, in the case of centrosomes, is associated with centrioles (light blue).
b | A similar matrix might localize to the cytoplasmic surface of certain membranes by interacting
with membrane proteins (for example, at the nuclear envelopes in myotubes and in plant cells).
c | The interaction of y-tubulin complexes with MTOCs could occur by direct interaction in the
absence of other centrosomal material. Such an interaction might be sufficient to establish inter-
phase MTOC:s at the nuclear envelope in fission yeast. d | y-tubulin complexes nucleate microtubules
while bound to the sides of pre-existing microtubules that are laterally tethered to membranes. The
new microtubules become part of the membrane-associated network. This organization has been
described for the cell cortex in plants. e | Pre-existing microtubules can function as MTOCs. y-tubulin
complexes bind laterally and nucleate new microtubules, which become bundled by microtubule-
crosslinking proteins (purple). Transport of y-tubulin complexes along parallel microtubules contrib-
utes to microtubule organization. During interphase in fission yeast cells, this results in the formation
of antiparallel microtubule bundles with overlapping minus ends. f| y-tubulin-dependent nucleation
of microtubules occurs near mitotic chromatin. After nucleation, microtubules are organized into
bundles and their plus ends are captured by kinetochores (yellow). In addition, lateral interaction of
microtubules with chromosome arms occurs.

& Microtubule-
crosslinking protein

that is associated with the basal membrane.
These non-centrosomal microtubules

could be derived by nucleation and release
from the centrosome, by assembly in the
cytoplasm independent of the centrosome
or by nucleation from a secondary MTOC'.
Evidence for the involvement of a second-
ary MTOC comes from work showing that
adenomatous polyposis coli protein (APC)
bound to the basal cortex functions as a tem-
plate for microtubule-network formation*.
Moreover, y-tubulin localizes to the cortex
on basal membrane patches, along cortical
microtubules and at microtubule branch
points*. However, y-tubulin-dependent
nucleation of microtubules at the basal
cortex of polarized epithelial cells has not
yet been demonstrated. Another example of

a secondary MTOC is the Golgi complex,
which nucleates and anchors microtubules
at its cytoplasmic face®. Rios et al.¥” found
that the Golgi protein GMAP210 targets the
YIuRC to Golgi membranes and promotes
Golgi positioning by linking Golgi mem-
branes to microtubules. However, this result
has been questioned® and the role of Golgi-
nucleated microtubules remains unclear.

One of the characteristics of secondary
MTOC: is that they are non-centrosomal sites
of y-tubulin accumulation. Where else does
such accumulation occur? In mitotic animal
cells, y-tubulin is found at the two centro-
somes at the spindle poles, but it also localizes
to spindle microtubules outside the centro-
some area. In metaphase, y-tubulin localizes
to the spindle between the chromosomes

and poles; in late anaphase-early telophase,
it also localizes between the separated
chromosome masses® (FIC. 1). A common
interpretation of this localization is that it
reflects binding of the YTuRC to the many
microtubule minus ends in the spindle***..
However, the data from plants and yeast
discussed above indicate that y-tubulin can
also bind laterally to microtubules. Might
these spindle-associated YTuRCs be involved
in spindle formation? To answer this ques-
tion, we next consider how microtubules are
nucleated during mitosis.

Making microtubules during mitosis

At least two independent microtubule-
nucleation pathways operate in mitotic
animal cells. The centrosomal nucleation
pathway depends on centrosome-bound
YTuRCs and promotes the separation of the
two duplicated centrosomes, their migration
to opposite sides of the nucleus and the
formation of two microtubule asters at the
beginning of mitosis. After nuclear envelope
breakdown, a second nucleation pathway,
which is controlled by the small GTPase
Ran, becomes active*’. A chromatin-bound
nucleotide-exchange factor for Ran gener-
ates a high local concentration of RanGTP,
which activates spindle-assembly factors and
promotes the formation and organization of
microtubules in the vicinity of the chromo-
somes. This pathway also requires y-tubulin
in vitro® and in vivo*, as well as the targeting
factor GCP-WD; however, it is not clear
whether the YTuRC is directly regulated by
RanGTP.

Does the YTuRC that is localized to the
spindle also have a role in making spindle
microtubules? It was recently shown that the
localization of y-tubulin to the spindle
is required for proper spindle formation and
depends on mitotic phosphorylation of the
Y-tubulin-targeting factor GCP-WD™. This
indicates that a mitosis-specific activity links
the YTuRC to spindle microtubules. This
spindle-bound YTuRC might be involved
in an amplification mechanism for spindle
assembly (FIG. 2). In this model, the forming
spindle itself becomes a self-reinforcing
MTOC. YyTuRCs bound laterally to micro-
tubules would contribute to the formation
of an ordered, bipolar array by nucleating
additional microtubules along existing micro-
tubules, ensuring that new microtubules are
made where needed. These microtubules
might be oriented correctly either by
oriented nucleation from the YTuRC, or
by the action of motor proteins soon after
nucleation. This model is supported by the
aforementioned data from fission yeast
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in which such a mechanism promotes the
formation of microtubule bundles during
interphase. In addition, YTuRCs on the
minus ends of chromatin-derived micro-
tubules might facilitate the incorporation of
those microtubules into the forming spindle
by lateral interaction with existing micro-
tubules. Such capture of free minus ends of
kinetochore-bound microtubules by astral
microtubules of the centrosome during
spindle formation was recently observed*>*.
Moreover, most of the minus ends of inter-
polar microtubules in spindles of Ptk1 cells
terminate in the bundles of kinetochore
microtubules®, consistent with the possibility
that they interact laterally.

Does microtubule nucleation occur in the
mitotic spindle? Mahoney et al.** visualized
microtubule growth in mitotic spindles of
D. melanogaster cells using end binding-1
(EB1)-green fluorescent protein (GFP),
which labels growing microtubule plus
ends. They found many microtubules were
growing from the spindle poles towards the
metaphase plate even when centrosomes
were detached from the spindle by RNA
interference (RNA1) depletion of the
centrosome protein centrosomin. Although
the growth of microtubule plus ends does
not directly indicate nucleation of new
microtubules, the data are consistent with
the mitotic spindle functioning, independ-
ently of the established centrosomal and
chromatin-mediated nucleation pathways, as
a microtubule-nucleating structure.

Redefining MTOCs

Since the discovery of y-tubulin as a micro-
tubule-nucleating component of the centro-
some and the yeast spindle pole body, these
two organelles have been studied intensively
in the hope of better understanding micro-
tubule organization. The focusing of research
efforts on these organelles has largely been at
the expense of other organizing structures.
As a result, the term MTOC is often used
synonymously with centrosome. However,
many if not all of the non-centrosomal
microtubule-nucleation sites described
above seem to have at least some properties
of MTOC:s as originally defined by Pickett-
Heaps' (TABLE 1). We propose a redefinition
of the term MTOC that takes into account
the original, broader definition and includes
a modern understanding of microtubule
nucleation and organization. We propose that
MTOC:s are plastic, often transient, struc-
tures that can catalyse y-tubulin-dependent
microtubule nucleation and that can anchor
microtubules by interacting with their minus
ends, plus ends or sides (FIG. 3).
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Figure 4 | Regulation of microtubule nucleation. a| Morphology, number and distribution of micro-
tubule-organizing centres (MTOCs; blue) control the organization of the associated microtubule
array (red). This is illustrated by comparing a single MTOC, the centrosome, at the centre of a radial
microtubule array in an interphase cell (left) with multiple MTOCs, the nuclear envelopes, embedded
in a dense array of parallel microtubules in differentiated, multinucleated myotubes (right).
b |y-tubulin ring complex (yTuRC)-interacting proteins (that function as attachment or adaptor pro-
teins; orange) control the localization and/or activity of the YTuRC (green). In the example shown, this
regulation results in spatially restricted nucleation of microtubules at the centrosome. ¢ | Post-trans-
lational modification of a yTuRC-interacting protein, for example by phosphorylation (P), controls the
localization of the YTuRC to an MTOC (top). Phosphorylation of the yTuRC itself regulates yTuRC

Attachment/
adaptor proteins

activity (bottom). The two pathways, depicted separately for clarity, are not mutually exclusive.

Controlling where and when

MTOC: are not only structurally diverse,
they are also highly dynamic. Control of
microtubule organization during the cell
cycle and during differentiation depends in
part on the distribution and activity of the
microtubule-nucleating material (see FIC. 4
for three regulatory themes for this control).
First, the morphology, number and distribu-
tion of MTOC:s affect the organization of the
associated microtubule array. In myotubes,
for example, the nuclear envelopes of multiple
nuclei function as MTOCs and organize a
longitudinal array of parallel microtubules
with no apparent focus (FIG. 4a).

A second regulatory mechanism involves
proteins that mediate the interaction of
Y-tubulin complexes with the MTOC and/or
regulate its activity (FIC. 4b). In budding yeast,
v-tubulin complexes are attached to the
nucleoplasmic and cytoplasmic faces of the
spindle pole body by the attachment factors
Spcl10 and Spc72, respectively*”. In fission
yeast, the proteins Mtol and Mto2 cooperate
to recruit y-tubulin complexes to cytoplasmic
MTOC:, including the sides of micro-
tubules®*-%3. By contrast, the Mto1-related

protein Pcpl might be involved in y-tubulin-
dependent nucleation at the spindle pole body
during spindle formation®.

In animals, the proteins abnormal
spindle-like (ASP)**, CG-NAP (also known
as AKAP450)*, ninein-like protein (NLP)®,
centrosomin® and kendrin (also known as
pericentrin)® have all been implicated in the
attachment of the YTuRC to the centrosome.
A conserved region of the D. melanogaster
protein centrosomin is also present in the
fission yeast proteins Mtol and Pcpl (REF. 49).
In mammals, two centrosomin-related
proteins, CDK5RAP2 and myomegalin (also
known as PDE4DIP), contain this region, but
their function in y-tubulin targeting has not
been investigated.

The yTuRC component GCP-WD has
unique properties, which indicate that it
might be the attachment factor most proximal
to the YTuRC'*"'. GCP-WD has the properties
of a true YTuRC subunit, yet it can localize to
the centrosome even in the absence of intact
YIuRC. Most importantly, the depletion of
GCP-WD by RNAI results in mislocalization
of y-tubulin without affecting other centro-
some proteins and impairs centrosomal
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microtubule nucleation during interphase and
during mitosis. Centriole-duplication defects
observed in GCP-WD-depleted cells'' might
also be a result of impaired targeting of the
YIuRC, assuming that it is indeed required
for the nucleation of centriole microtubules.
The targeting function of GCP-WD is not
likely to be limited to the centrosome, as
GCP-WD is also involved in the binding

of the YTuRC to spindle microtubules and
itis conserved in plants, which lack cen-
trosomes'’. YTuRC subunits and associated
proteins might also regulate YTuRC function.
Although such regulatory activities have

not yet been identified, it is interesting that
orthologues of the GCP4, GCP5 and GCP6
YTuRC subunits are not essential for micro-
tubule nucleation itself, either at spindle pole
bodies in fission yeast™ or at centrosomes in
D. melanogaster®. However, they might be
involved in the anchoring of microtubules at
non-centrosomal sites®".

The third regulatory mechanism involves
post-translational modifications that
potentially affect the function of y-tubulin
complexes (FIC. 4¢). In budding yeast, phospho-
rylation of y-tubulin is important for proper
microtubule organization®>. Phosphorylation
of y-tubulin in D. melanogaster has also
been reported®, but the functional signifi-
cance of this modification is unknown.
Phosphorylation of GCP-WD controls target-
ing of the YTuRC to spindle microtubules'’;
this is the first description of a functionally
important mitosis-specific phosphoryl-
ation of a YTuRC component'®". Another
modification that could confer regulation is
ubiquitylation. The breast-specific tumour
suppressor BRCA1 and its binding partner
BARDI constitute an E3 ubiquitin ligase that
is involved in the DNA-damage response.
Recently, this protein complex has been impli-
cated in the regulation of centrosomes, based
on BRCA1-BARDI1-dependent monoubig-
uitylation of centrosome proteins, including
Y-tubulin, in vitro®. However, it is not known
whether y-tubulin is ubiquitylated in vivo.

Concluding remarks

Many of the centrosomal proteins that are
involved in microtubule organization have
been identified, but the molecular functions
of most of these proteins have yet to be
determined. To simplify this task, it will

be necessary to define the minimal set of
components that are required to constitute an
MTOC as defined above. Comparisons of the
molecular organization of different MTOC:s,
including non-centrosomal structures, will
help in distinguishing the essential from the
non-essential components in the existing long

list of candidate proteins. Because spatial and
temporal dynamics are the essence of MTOC
function, future research must focus on
understanding the molecular control of these
properties and will include the identification
of regulatory molecules and their substrates.
Understanding microtubule organization is
truly a systems biology problem, involving
structural and regulatory components under-
going dynamic changes, with the MTOC at
the centre of it all.
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INNOVATION

Towards the plant metabolome

and beyond

Robert L. Last, A. Daniel Jones and Yair Shachar-Hill

Abstract | Methods for network-wide analysis are increasingly showing that the
textbook view of the regulation of plant metabolism is often incomplete and
misleading. Recent innovations in small-molecule analysis have created the
ability to rapidly identify and quantify numerous compounds, and these data are
creating new opportunities for understanding plant metabolism and for plant

metabolic engineering.

Plant biologists hope to harness the avail-
ability of genome-wide data on DNA,

RNA and proteins to develop an integrated
understanding of the behaviour of complex
metabolic networks. This is an increasingly
important goal for our global economy as
we rely on plant-derived materials to replace
fossil fuels as energy sources and industrial

feedstocks, and for their traditional and
crucial roles in food, fibre and pharma-
ceuticals. Reaching such an understanding
will require cataloguing all the metabolites
that are synthesized, identifying the enzymes
that are responsible for the synthesis of each
product, and characterizing the dynamic
behaviour of the metabolic pathways and

PERSPECTIVES

networks. Developing a predictive level of
understanding of metabolism is an especially
daunting task in plants because they produce
orders of magnitude more metabolites than
animals.

Although the analysis of metabolites in
plants has a long history, the development
of high-throughput methods for measuring
large numbers of compounds has arisen in
less than a decade. This is a result of rapid
improvements in mass spectrometry (MS)-
based methods and in computer hardware
and software that is capable of interpreting
large datasets. Studies in which bioinform-
atics and data-analysis methods are applied
to such data are beginning to contribute to
functional genomics studies and to generate
new hypotheses about how plant metabolism
is controlled, but such systems approaches are
still in their infancy.

The use of high-throughput analytical
strategies to identify and measure the
concentration of as many metabolites as
possible is termed metabolomics. For
systems-wide analyses, accurate identifica-
tion and quantification of small molecules
are the essential first steps. Despite much
recent progress, metabolomics of plant
systems is not yet ‘-omic’ in scale, so it
is useful to consider the prospects for
progress in this direction.

This article primarily focuses on recent
innovations in MS-based analytical chemistry
that have created the opportunity to measure
the abundances of hundreds of metabolites
and also provides information on the power-
ful and complementary techniques of nuclear
magnetic resonance (NMR) (BOX 1). The chal-
lenges of using the large amounts of data that
are generated by metabolomics are discussed.
We then show, by using examples from the
recent literature, how metabolomics can be
used for discovering new metabolic genes
and enzymes.

Measuring molecules: analytical methods
There are three general approaches to ana-
lyse small molecules, and these differ in the
number of compounds they analyse, in

the level of structural information they
obtain, and in their sensitivity'*. The most
common approach, metabolite profiling,

is the analysis of small numbers of

known metabolites in specific compound
classes (for example, lipid, amino acid or
sterol). At the other extreme, metabolic
fingerprinting detects many compounds,
but their structures are rarely identified.
Metabolomics methods typically allow the
measurement of hundreds of molecules,
with a small number being definitively
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