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Molecular insight into how y-TURC makes microtubules

Akanksha Thawani' and Sabine Petry?*

ABSTRACT

As one of four filament types, microtubules are a core component of
the cytoskeleton and are essential for cell function. Yet how
microtubules are nucleated from their building blocks, the of-tubulin
heterodimer, has remained a fundamental open question since the
discovery of tubulin 50 years ago. Recent structural studies have
shed light on how y-tubulin and the y-tubulin complex proteins (GCPs)
GCP2 to GCP6 form the y-tubulin ring complex (y-TuRC). In parallel,
functional and single-molecule studies have informed on how the
v-TuRC nucleates microtubules in real time, how this process is
regulated in the cell and how it compares to other modes of
nucleation. Another recent surprise has been the identification of a
second essential nucleation factor, which turns out to be the well-
characterized microtubule polymerase XMAP215 (also known as
CKAPS5, a homolog of chTOG, Stu2 and Alp14). This discovery helps
to explain why the observed nucleation activity of the y-TuRC in vitro
is relatively low. Taken together, research in recent years has afforded
important insight into how microtubules are made in the cell and
provides a basis for an exciting era in the cytoskeleton field.
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Introduction

Microtubules (MTs) form a variety of cytoskeletal structures that are
vital for the organization and function of the cell. MTs are polymers
composed of af-tubulin heterodimers, which arrange into polar,
~25 nm-wide, hollow tubes. In cells, MTs have stable, a-tubulin-
exposed minus ends, whereas B-tubulin is exposed at the plus ends,
which undergo dynamic instability (i.e. phases of repeated growth
and shrinking; reviewed in Brouhard, 2015; Brouhard and Rice,
2018). Nucleation of MTs is the first step to generate the MT
cytoskeleton. Therefore, where, when and how MTs are nucleated
governs the resulting architecture of the cytoskeleton that supports
cell function.

Although MTs can nucleate spontaneously in vitro from high
concentrations of af-tubulin subunits, this process is energetically
unfavorable and rarely occurs in the cell (Roostalu and Surrey, 2017;
Voter and Erickson, 1984). Instead, MTs are nucleated from specific
MT-organizing centers (MTOCs) within the cell, such as
centrosomes, the Golgi, chromatin and pre-existing MTs (Liiders
and Stearns, 2007; Petry and Vale, 2015). Three decades ago,
v-tubulin was identified as the universal MT nucleator required for
MT nucleation at MTOCs (Oakley and Oakley, 1989). In recent
years, a convergence of research has revealed the molecular
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architecture of y-tubulin complexes, identified new nucleators and
explained how MTs are nucleated in the cell to build the MT
cytoskeleton. Here, we discuss these recent discoveries.

Composition and molecular architecture of

v-tubulin complexes

The key molecule y-tubulin was originally identified in Aspergillus
nidulans as a suppressor of a temperature-sensitive B-tubulin
mutation and a member of the tubulin superfamily (Oakley and
Oakley, 1989). In addition to their sequence similarity, the atomic
structure of y-tubulin shows a similar fold and conformation as
o~ and B-tubulin (Aldaz et al., 2005; Rice et al., 2008). In a cell,
v-tubulin is part of larger complexes, namely the 300 kDa y-tubulin
small complex (y-TuSC), which contains y-tubulin complex
proteins (GCPs) GCP2 and GCP3 and forms the MT nucleator in
the yeast Saccharomyces cerevisiae (where GCP2 and GCP3 are
also known as Spc97 and Spc98, respectively; Oegema et al.,
1999). In higher eukaryotes, the 2.2 MDa y-tubulin ring complex
(y-TuRC) also contains the y-TuSC in multiple copies, as well as
GCP3 to GCP6 (Fava et al., 1999; Martin et al., 1998; Moritz et al.,
1998; Murphy et al., 1998, 2001; Oegema et al., 1999; Zheng
et al., 1995). Interestingly, upon high-salt treatment, the y-TuRC
dissociates into smaller components including the y-TuSC, which
has been studied extensively before more recent studies of the
v-TuRC (Fig. 1).

Molecular architecture of the y-TuSC and organism-specific
differences in y-tubulin complexes
The V-shaped y-TuSC is composed of GCP2 and GCP3, which
each have one y-tubulin bound to their C terminus (Geissler et al.,
1996; Knop et al., 1997; Kollman et al., 2008; Martin et al., 1998;
Vinh et al., 2002) (Fig. 1). Interestingly, electron microscopy (EM)
reconstruction of recombinant y-TuSC has revealed that the two
v-tubulin copies are held at a distance and do not make protein—
protein contact, while the N termini of GCP2 and GCP3 laterally
associate (Kollman et al., 2008). This basic unit self-assembles
in vitro into a helical structure capable of nucleating an MT (Farache
et al., 2016; Kollman et al., 2008, 2010). In total, seven y-TuSCs
interact and expose the plus ends of 13 y-tubulin molecules per turn.
An attachment factor at the spindle pole body, Spcl10 (the S.
cerevisiae homolog of pericentrin), associates primarily with GCP3
on the outer base of the y-TuSC and stabilizes the helical geometry
(Kollman et al., 2010). Although the helical y-TuSC assemblies
share the 13-fold symmetry of an MT lattice, they exhibit an open
conformation, in which the y-tubulin molecules within each y-TuSC
do not make contacts (Kollman et al., 2010). This results in
a mismatch with the MT lattice at positions where the tubulin
dimers interact with each of their neighbors, leading to
the proposal that y-tubulin complexes change conformation to
nucleate an MT.

Although most higher eukaryotes express GCP4, GCP5 and
GCP6, these are non-essential in Schizosaccharomyces pombe and
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Fig. 1. Molecular architecture of the y-TuRC. y-tubulin binds to GCP2—
GCP3 and GCP4, GCP5 and GCP6 to form subcomplexes, which further
associate with additional subunits, such as Mzt1 and Mzt2 (Mzt1/2), NEDD1,
NME7 and actin-like protein, to form the y-TuRC. The location of NME7 and
NEDD1 in the y-TuRC remains to be determined (*). Metazoan y-TuRC
forms an asymmetric helical structure, in which the distance between
adjacent y-tubulins is larger near the seam. An atomic model (PDB:6TF9)
based on the cryo-EM reconstruction in Liu et al. (2020) is displayed
alongside the schematized y-TuRC.

#” NME7

A. nidulans such that their deletion does not affect viability
(Anders et al., 2006; Fava et al., 1999; Fujita et al., 2002;
Gunawardane et al., 2000; Martin et al., 1998; Murphy et al., 1998,
2001; Oegema et al., 1999; Venkatram et al., 2004; Xiong and
Oakley, 2009; Zhang et al., 2000; Zheng et al., 1995). In 4. nidulans
and Drosophila melanogaster, deletion of GCP4 to GCP6 results
in loss of y-TuRC assembly and localization from the spindle,
or reduced chromosome-mediated nucleation (Goshima et al., 2007;
Vérollet et al., 2006; Xiong and Oakley, 2009). Whereas the y-TuSC
is recruited to centrosomes in these organisms, and MT nucleation is
observed either from y-TuSCs or via vy-tubulin-independent
pathways (Goshima et al., 2007; Vérollet et al., 2006; Xiong and
Oakley, 2009), in human cells, loss of GCP4 to GCP6 results in loss
of centrosomal y-TuRC localization (Bahtz et al., 2012; Izumi et al.,
2008). These differences in requirement for y-TuRC subunits across
various organisms suggest distinct regulation of y-TuRC-mediated
nucleation, potentially via localizing co-factors, or unique
v-tubulin-independent nucleation pathways across species.

Core components and molecular architecture of the y-TuRC
Whereas early research assumed that the y-TuSC forms the core ring
and GCP4, GCP5 and GCP6 form the end of this cone-shaped
structure, recent structural and biochemical studies have shown that
GCP4 to GCP6 incorporate into the ring structure; they directly bind to
v-tubulin and interact laterally with other GCPs and the y-TuSC
(Fig. 1) (Consolati et al., 2020; Farache et al., 2016; Guillet et al.,
2011; Haren et al., 2020; Liu et al., 2020; Wieczorek et al., 2020a). All
GCPs share two short (100200 amino acids) homologous regions,
termed the GRIP1 and GRIP2 motifs (Gunawardane et al., 2000;
Murphy et al., 2001), as well as non-homologous coiled-coiled
domains. While the GRIP1 motif'is involved in lateral contact surfaces
between GCPs within y-TuSCs, GRIP2 forms a part of the conserved
v-tubulin-binding interface (Guillet et al., 2011; Kollman et al., 2010).
To understand the metazoan y-TuRC architecture and its detailed
subunit arrangement, a high-resolution structure of the y-TuRC was
needed. This feat has been accomplished within the past year by
independent studies that utilized single-particle cryo-EM to solve
the structure of human (Consolati et al., 2020; Wieczorek et al.,
2020a) and Xenopus laevis y-TuRC (Liu et al., 2020) purified from
endogenous sources, and recombinant y-TuRCs reconstituted in
insect (Wieczorek et al., 2021; Wiirtz et al., 2021) and mammalian
(Zimmermann et al., 2020) expression systems (Fig. 1).
Furthermore, the interaction between the core y-TuRC subunits
has been dissected recently (Haren et al., 2020). Altogether, several
new insights into the molecular architecture of the y-TuRC were
obtained from these structural studies. First, the overall architecture
of the metazoan y-TuRC forms a cone-shaped structure where the
base is formed by GCP2 to GCP6, while the plus ends of 13
v-tubulins are positioned near the nucleation interface (Consolati
etal., 2020; Liu et al., 2020; Wieczorek et al., 2020a). Similar to the
first solved crystal structure of GCP4 (Guillet et al., 2011), all other
GCPs also form elongated structures (Consolati et al., 2020; Liu
et al.,, 2020; Wieczorek et al., 2020a). Second, the metazoan
v-TuRC adopts an asymmetric helical structure, where GCP4 to
GCP6 are positioned together (at positions 9-12; Fig. 1) near the
seam, while the remainder of the y-TuRC is composed of GCP2 and
GCP3 (Consolati et al., 2020; Liu et al., 2020; Wieczorek et al.,
2020a). Furthermore, the positions of individual y-tubulins within
the y-TuRC deviates from the symmetrical helical axis in both their
radial and axial coordinates, and distances between adjacent
v-tubulins are larger near the seam close to two laterally-
associated subcomplexes of GCP4-GCPS5 and GCP4-GCP6
(Consolati et al., 2020; Liu et al., 2020; Wieczorek et al., 2020a).
The diverse molecular architectures and sequences of the GCPs
participate in joining the complex into its ring shape (Liu et al,,
2020; Wieczorek et al., 2020a). Finally, a second, stable
subcomplex consisting of GCP4—GCP5-GCP6 and y-tubulin has
recently been identified and can stimulate y-TuRC assembly when
added to y-TuSCs (Haren et al., 2020), suggesting that this
subcomplex could catalyze y-TuRC assembly within the cytosol.

Additional protein components of y-TuRC

In higher eukaryotes, the y-TuRC also co-purifies with several
additional proteins (Fig. 1), whose binding sites on the y-TuRC and
roles in MT nucleation are being elucidated (Liu et al., 2020;
Oegema et al., 1999; Thawani et al., 2018; Wieczorek et al., 2020a;
Zheng et al., 1995).

Actin-like protein and the lumenal bridge

Structural studies have revealed surprising new components of the
v-TuRC: an o-helical protein density in the lumen (termed the
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lumenal bridge) (Fig. 1) and an actin-like protein within the core
of the human (Consolati et al., 2020; Wieczorek et al., 2020a) and
X. laevis y-TuRC (Liu et al., 2020) structures. A recent study has
assigned some of the protein density in the lumenal bridge to the
accessory factor Mztl (also known as MOZARTI; discussed
below) (Wieczorek et al., 2020b) and replaced the actin-like protein
with B-actin in y-TuRCs reconstituted in insect cells (Wieczorek
et al., 2021). Reconstituted y-TuRCs lacking part of the lumenal
density and actin-like protein form partial ring-shaped
structures (Wieczorek et al., 2021), suggesting that these newly
identified components support the structural integrity of the
v-TuRC.

Mzt1 and Mzt2

Mztl and Mzt2 (also known as MOZART?2) — which in humans
exists in two isoforms, Mzt2A and Mzt2B — recruit the y-TuRC to
centrosomes in both interphase and mitosis in human, yeast and
plant cells (Dhani et al., 2013; Hutchins et al., 2010; Janski et al.,
2008; Masuda et al., 2013; Nakamura et al., 2012; Teixido-Travesa
et al., 2010). Recent biochemical studies have demonstrated that
Mztl forms modules by binding to the N termini of GCP3 and
GCP6, forming a large fraction of the lumenal bridge of the y-TuRC
(Huang et al., 2020; Wieczorek et al., 2020b), while other Mzt-GCP
modules may assemble on the outer perimeter of the y-TuRC
(Consolati et al., 2020; Huang et al., 2020; Wieczorek et al., 2020b).
Furthermore, one Mzt2—GCP2 module interacts with a specific
v-TuRC nucleation activator (y-TuNA) motif (Wieczorek et al.,
2020b). It will be interesting to locate several other, currently
unassigned Mzt—GCP modules in the y-TuRC structures (Consolati
et al., 2020; Wieczorek et al., 2020a,b). Recent functional data has
provided further insight into how Mzt1 influences MT nucleation
and its regulation within various cell types. Drosophila Mzt1 is
dispensable for cell division but is specifically required to localize
v-TuRCs to basal bodies in spermatids (Tovey et al., 2018). Whereas
purified yeast Mztl binds to and oligomerizes the y-TuSC into
nucleation-competent ring structures (Leong et al., 2019; Lin et al.,
2016), in vivo experiments show that S. pombe Mztl regulates
v-TuRC localization in interphase but not in mitosis (Huang et al.,
2020). Finally, recombinant y-TuRCs reconstituted without Mztl
are able to assemble into partial ring-shaped structures and nucleate
MTs (Wieczorek et al., 2021). Taken together, these studies suggest
that Mzt proteins may enable organelle-, cell type- and cell cycle-
specific localization of the y-TuRC to regulate MT nucleation in
space, time and during cell differentiation.

NEDD1

The first identified y-TuRC-binding factor was NEDDI (also
known as GCP-WD), a WD40 motif protein that binds to the
v-TuRC with its C-terminal domain but is not necessary for y-TuRC
assembly (Gunawardane et al., 2003; Haren et al., 2006; Liu and
Wiese, 2008; Liiders et al., 2006; Ma et al., 2010; Manning et al.,
2010; Vérollet et al., 2006; Zeng et al., 2009). NEDD1 homologs in
plant, human and Drosophila S2 cells recruit the y-TuRC during
chromosome-dependent, as well as branching, MT nucleation
(Chen et al., 2017a; Liiders et al., 2006; Uehara et al., 2009; Walia
et al., 2014). In human cells, NEDDI is required for recruiting the
v-TuRC to centrosomes (Haren et al., 2006; Liiders et al., 2006;
Manning et al., 2010), but not in Drosophila or Xenopus (Liu and
Wiese, 2008; Reschen et al., 2012; Vérollet et al., 2006). Despite
these species-specific differences, NEDDI1 is considered a factor
that directly binds to the y-TuRC, with its precise binding site yet to
be determined.

NME7

NME?7, a member of the NME family of enzymes and a kinase,
co-purifies with the y-TuRC (Choi et al., 2010; Hutchins et al.,
2010; Liu et al., 2020; Teixido-Travesa et al., 2010; Wieczorek
et al., 2020a). NME7 localizes to centrosomes and the mitotic
spindle, and reducing its expression leads to a minor reduction in
MT nucleation from the centrosome (Liu et al., 2014a). However,
the precise binding site of NME7 in the y-TuRC and its role are yet
to be identified.

Microtubule nucleation activity of y-TuRC and its regulation
Purified y-TuRC nucleates MTs in vitro from soluble of-tubulin
dimers (Oegema et al., 1999; Zheng et al., 1995). Together with the
structure of the y-TuRC (Consolati et al., 2020; Kollman et al.,
2010; Liu et al., 2020; Wieczorek et al., 2020a), this strongly
supports a model of MT nucleation where the plus ends of
v-tubulins recruit and assemble of-tubulin into the MT lattice
geometry (Fig. 2) (Keating and Borisy, 2000; Kollman et al., 2010;
Moritz et al., 2000; Wiese and Zheng, 2000; Zheng et al., 1995).
The nucleated MTs are found to have y-TuRCs bound to their minus
ends (Keating and Borisy, 2000; Zheng et al., 1995). Similarly,
the y-TuRC can bind to the end of a pre-formed, stable MT seed
(Wiese and Zheng, 2000). While early works proposed an
alternative model where y-tubulins form a linear array in the
v-TuRC and constitute a protofilament within the MT lattice upon
nucleation (Erickson, 2000), recent data heavily support y-TuRC’s
function as a MT template (Consolati et al., 2020; Keating and
Borisy, 2000; Kollman et al., 2010; Liu et al., 2020; Wieczorek
et al., 2020a).

Although structural studies have revealed the molecular
architecture of the y-TuRC, properties of MT nucleation by the
v-TuRC, such as the reaction kinetics and biochemical
intermediates, remain important aspects to be defined. In the
absence of a live-nucleation assay with the y-TuRC, parallels
between MT nucleation from the y-TuRC and polymerization from
a blunt MT plus end have been drawn, based on their similar
geometry (Kollman et al., 2011; Wieczorek et al., 2015). Also,
v-TuRC-mediated MT nucleation has been compared to
spontaneous MT nucleation. Whereas earlier studies have shown
v-TuRC-mediated nucleation to be more efficient than spontaneous
nucleation (Oegema et al., 1999; Zheng et al., 1995), some recent
findings have reported similar nucleation activity with and without
v-TuRCs (Choi et al., 2010; Kollman et al., 2010; Liu et al., 2014a).
To resolve these questions, a quantitative single-molecule assay to
study MT nucleation from the y-TuRC has been developed
(Consolati et al., 2020; Thawani et al., 2020). MT nucleation from
the y-TuRC occurs stochastically with a variable time delay until
each y-TuRC molecule nucleates an MT (Consolati et al., 2020;
Thawani et al., 2020). The y-TuRC also does not dissociate from the
minus end of a nucleated MT (Consolati et al., 2020; Thawani et al.,
2020). MT nucleation from X. /aevis y-TuRC requires a cooperative
assembly of four of-tubulin dimers in the rate-limiting step
(Thawani et al., 2020), whereas human y-TuRC requires five
(Wieczorek et al., 2021) or seven (Consolati et al., 2020) o-tubulin
dimers. The differences in the critical number of tubulin dimers
across studies could stem from a varied ratio between y-tubulin
subcomplexes and the intact y-TuRC due to distinct purification
schemes, or species-specific variation in y-TuRC properties. In a
side-by-side comparison, X. /aevis y-TuRC nucleated MTs more
efficiently than the spontaneous MT nucleation, which instead
requires the highly cooperative assembly of eight of-tubulin dimers
in the rate-limiting step (Thawani et al.,, 2020). In contrast,
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A Activation factor-mediated conformational change of y-TuRC
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Fig. 2. Models for the dynamics and transition state of microtubule
nucleation from the y-TuRC. (A) Activation model: a putative activation
factor binds to the open pre-nucleation conformation of y-TuRC and induces
a change into a closed conformation. Closed y-TuRC nucleates MTs
similarly to blunt MT plus ends. (B) Tubulin model: a critical number of of-
tubulin dimers assemble on the interface of an open pre-nucleation
conformation of y-TuRC. This transitions the y-TuRC into a closed post-
nucleation conformation that is driven by lateral af—of tubulin interactions.
(C) Phosphorylation model: a kinase binds to and localizes the open pre-
nucleation y-TuRC to an MTOC, where it phosphorylates (P) specific
v-TuRC subunits to convert the y-TuRC to a nucleation-competent complex.
Phosphorylated y-TuRCs are able to nucleate MTs efficiently.

MT ‘nucleation’ from the plus end of blunt MT seeds resembles MT
polymerization, during which a single of-tubulin subunit is
sufficient to overcome the kinetic barrier of lattice incorporation
(Thawani et al., 2020). Interestingly, mutant y-TuRC that consists of
an incomplete ring of eight to ten y-tubulins nucleates MTs equally
efficiently as intact, wild-type y-TuRC (Wieczorek et al., 2021).
This raises further questions about the minimal y-TuRC part

required and the positioning of the first tubulin dimers for MT
nucleation.

Structural mismatch between the y-TuRC and the microtubule lattice
The cryo-EM structures of recombinant S. cerevisiae y-TuSC
oligomers (Kollman et al., 2010) and of human (Consolati et al.,
2020; Wieczorek et al., 2020a) and X. laevis y-TuRC (Liu et al.,
2020) all show an open configuration such that y-tubulins,
particularly those bound to GCP3, are placed outward from the
helical axis. Similarly, y-tubulins bound to GCP4-GCP5-GCP6
near the seam are splayed and do not align with the helical axis
(Consolati et al., 2020; Liu et al., 2020; Wieczorek et al., 2020a). As
a result, native y-TuRC displays an open conformation where
v-tubulins deviate from the perfect helical symmetry of an MT
lattice. Furthermore, y-tubulins across the seam have a shorter pitch
than the three tubulin dimers in the MT lattice (Consolati et al.,
2020; Liu et al., 2020; Wieczorek et al., 2020a).

As aresult, it has been proposed that the transition of the y-TuRC
from an open conformation to a closed, MT lattice-like
conformation occurs to reach nucleation competency (Kollman
et al, 2015). As a proof-of-principle for a structure-based
‘activation’ model, a closed y-TuSC conformation has been
engineered by inducing artificial disulfide bonds between adjacent
v-tubulins, which leads to a closed y-TuRC conformation with a
geometry resembling the MT lattice, as observed using low-
resolution EM (Kollman et al., 2015). Nevertheless, y-tubulins in
the induced ‘closed state’ are misaligned, as they adopt a curved
conformation, which may be less compatible with MT nucleation
and may explain why closed y-TuRCs have only a two- to three-fold
higher nucleation activity (Kollman et al., 2015). Therefore, clear
evidence that demonstrates a conformational change in the y-TuRC
during MT nucleation remains lacking. This leaves open the
possibility that activation co-factors may exist that could facilitate a
favorable conformational change in the y-TuRC and induce MT
nucleation.

Localization of the y-TuRC to MTOCs

Localization and activation of y-TuRC to specific MTOCs at precise
locations and times during the cell cycle regulate MT nucleation
within the cell (Fig. 2A). Several candidates have been identified
thus far to localize y-TuRC to specific MTOCsS, including the
centrosomes, Golgi, nuclear envelope, mitochondria and cell cortex,
as well as to existing MTs during branching MT nucleation. Some
of these factors also contribute to the assembly of y-tubulin
complexes. Here, due to limited space, we only briefly discuss this
aspect and refer the reader to other comprehensive reviews for in-
depth discussion of y-TuRC localization in the cell (Lin et al., 2015;
Petry and Vale, 2015; Wu and Akhmanova, 2017).

In addition to factors that can localize the y-TuRC to multiple
MTOCs, such as NEDDI, several MTOC-specific proteins have
been identified that recruit the y-TuRC either via direct binding or
indirectly. These include S. cerevisiae Spc110 and Spc72; S. pombe
Pcpl and Mtol; mammalian centrosome-specific CDKSRAP2 and
its homologs Centrosomin in D. melanogaster and SPD-5 in
Caenorhabditis elegans (Choi et al., 2010; Fong et al., 2008;
O’Toole et al., 2012; Tovey et al., 2018; Wang et al., 2010; Zhang
and Megraw, 2007); pericentrin (Lawo et al., 2012; Mennella et al.,
2012; Wang et al., 2010; Woodruff et al., 2015; Zimmerman et al.,
2004); CEP192 and its C. elegans homolog SPD-2 (Chinen et al.,
2021; Gomez-Ferreria et al., 2007; Takahashi et al., 2002; Woodruff
etal., 2015, 2017; Yang and Feldman, 2015; Zhu et al., 2008); the
Golgi-specific MT organizers myomegalin, GM 130 (also known as
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GOLGA?2 in mammals), GMAP210 (also known as TRIP11) and
AKAP450 (also known as AKAP9) (Chabin-Brion et al., 2001,
Chen et al., 2017b; Efimov et al., 2007; Ori-McKenney et al., 2012;
Rios et al., 2004; Rivero et al., 2009; Roubin et al., 2013; Sanders
etal., 2017; Tonuccietal.,2015; Wang et al., 2014; Weietal., 2015;
Wu et al., 2016); as well as the branching MT nucleation-specific
hetero-octameric Augmin complex, TPX2 (Alfaro-Aco et al., 2019;
Goshima et al., 2008; Hsia et al., 2014; Lawo et al., 2009; Liu et al.,
2014b; Murata and Hasebe, 2007; Petry et al., 2011, 2013; Sanchez-
Huertas et al., 2016; Song et al., 2018; Tariq et al., 2020; Uehara
et al., 2009; Verma and Maresca, 2019) and EML3 (Luo et al.,
2019). Several of these proteins, including CDKSRAP2,
myomegalin, pericentrin and their homologs contain a 60-residue
N-terminal centrosomin motif 1 (CM1) that is required for binding
and recruitment of the y-TuRC to MTOCs (Choi et al., 2010; Lin
et al., 2014, 2016; Sawin et al., 2004; Zhang and Megraw, 2007).
Although some of these factors have been studied in depth, in the
future, it will be important to investigate how and where these
localization factors bind to the y-TuRC and how they influence its
activity.

The activation model for regulation of y-TuRC nucleation activity
Several candidates have been proposed to be activation factors for
the y-TuRC, including those involved in its localization, thereby
constituting one pathway for regulating y-TuRC nucleation activity
(Fig. 2A).

CM1 motif-containing proteins CDK5RAP2, myomegalin and Spc110/Mto1
The most prominent candidate for a y-TuRC activator is
CDKS5RAP2 and its yeast homologs Spcll0 (in S. cerevisiae),
Mtol and Mto2 (Mto1/2; both in S. pombe), which are necessary for
correct anchoring and arrangement of MTs at the centrosomes and at
the Golgi (Choi et al., 2010; Fong et al., 2008). A y-TuNA motif has
been defined that resides within the conserved N-terminal CM1
domain of the CDK5SRAP2 homologs and directly binds to the
v-TuRC (Choi et al., 2010; Consolati et al., 2020; Fong et al., 2008;
Kollman et al., 2010; Lynch et al., 2014; Wieczorek et al., 2020a).
Although it is clear that the CDK5SRAP2 homologs and the y-TuNA
motif alone induce MT nucleation when overexpressed in cells
(Choietal., 2010; Cotaetal., 2017; Lynch et al., 2014; Terada et al.,
2003), Xenopus meiotic cytosol (Liu et al., 2020) or flies (Tovey
et al., 2020), the direct effects of this motif on y-TuRC activity has
been found to be variable in purified systems. Indeed, whereas
initial work demonstrated a 7.1-fold increase in y-TuRC-mediated
nucleation upon the addition of y-TuNA (Choi et al., 2010),
subsequent independent studies, using a similar setup, have reported
a mere 1.7-fold increase (Liu et al., 2020) or no significant effect
(Thawani et al., 2020). In contrast, the yeast homologs Spc110 and
Mto1/2 likely function as activation factors by binding to y-TuSCs
and promoting their oligomerization (Leong et al., 2019; Lyon et al.,
2016). Indeed, functional ring-shaped complexes resembling
v-TuRCs have been observed when the vy-TuSC was
supplemented with Mto1/2 (Leong et al., 2019).

Furthermore, whether y-TuNA or CM1 motifs influence the
molecular structure of the y-TuRC to execute its activator role has
also been debated. The cryo-EM structure of the y-TuRC, either
purified in the presence of y-TuNA motifs (Wieczorek et al., 2020a)
or upon addition of y-TuNA after purification (Liu et al., 2020),
shows an open, not closed, conformation. In contrast, a recent
publication has found significant structural differences between the
cryo-EM structures of Spcl10-bound yeast y-TuRC and human
v-TuRCs, supporting a CM 1-motif-driven structural rearrangement

of the y-TuRC (Brilot et al., 2021). Finally, similar to CDKSRAP2,
the Golgi-specific MT nucleation factor myomegalin also contains a
CM1 motif that binds and recruits the y-TuRC to the Golgi (Chen
et al., 2017b; Roubin et al., 2013; Wu et al., 2016). Nevertheless,
further structural and reconstitution studies are needed to reveal the
role of CM 1-motif-containing proteins in activating, and modifying
the conformation of, the y-TuRC.

NME7

The y-TuRC-binding kinase NME?7 has also been proposed to be an
activation factor (Liu et al., 2014a). However, the addition of NME7
to y-TuRC nucleation assays results in only a small 2.5-fold (Liu
et al., 2014a) or insignificant increase (Thawani et al., 2020) in
nucleation. In addition, despite the presence of NME7 as a co-eluted
component in several y-TuRC purifications (Liu et al., 2020;
Wieczorek et al., 2020a), the resulting EM structure shows an open
v-TuRC conformation. Therefore, whether NME7’s kinase activity
can indeed induce y-TuRC activation remains an outstanding
question.

TPX2

The Ran-GTP-regulated spindle assembly factor TPX2 is also
proposed to function as an activation factor (Roostalu and Surrey,
2017; Tovey and Conduit, 2018). The MT nucleation activity of
TPX2 is highly variable across species, in that D. melanogaster
TPX2 (also known as MEI38) is not involved in MT nucleation in
vivo, whereas human TPX2 prevents the disassembly of nascent
MTs in vitro (Roostalu et al., 2015; Wieczorek et al., 2015).
Recently, a bipartite y-TuNA-like motif, potentially separated by a
less conserved loop region, has been identified in X. laevis TPX2,
which stimulates branching MT nucleation in meiotic cytosol
(Alfaro-Aco et al., 2017). The addition of X. laevis TPX2 alone
neither affects de novo y-TuR C-mediated nucleation in Xenopus egg
extracts when added at a 30-fold excess compared to its endogenous
concentration (Alfaro-Aco et al., 2017), nor in an in vitro setup
using purified proteins (Thawani et al., 2020). However, at higher
concentrations, X. laevis TPX2 phase separates to promote y-TuRC-
independent MT assembly in vitro (King and Petry, 2020), similar
to the reported role of human TPX2 in both y-TuRC-dependent
(Consolati et al., 2020) and -independent (Roostalu et al., 2015)
nucleation. These differences in results could be due to the
differences in concentration of TPX2 used across the studies or
species-specific activity of the protein. In the future, side-by-side
comparison of the activity of the various TPX2 homologs, as well as
structural studies, will help to reveal whether and how TPX2 is
involved in MT nucleation.

In summary, these putative activation factors clearly participate in
robust y-TuRC assembly or localization on MTOCs, but further
investigation is necessary to unambiguously demonstrate whether
they influence the conformation and nucleation activity of the
v-TuRC, which might be more complex in vivo.

The tubulin model - an alternative means of regulation

of y-TuRC-mediated nucleation

Since the y-TuRC can nucleate MTs in their open conformation, we
propose an alternative model where the assembly of af-tubulin
dimers on the y-TuRC ring itself can close the y-tubulin ring and
facilitate MT nucleation (Fig. 2B). Using a computational model,
we have shown that the transition from an open to a closed y-TuRC
conformation can be driven by the assembly of of-tubulin on
adjacent binding sites (Thawani et al., 2020). Specifically, four
laterally associated of-tubulin dimers on the y-TuRC comprise the
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Box 1. y-tubulin conformation and GTP hydrolysis

The crystal structure of y-tubulin shows that its conformation matches the
curved conformation of af-tubulin in solution, rather than the straight of3-
tubulin conformation found in the MT lattice (Aldaz et al., 2005; Rice
et al.,, 2008). Similarly, y-tubulin in yeast or metazoan y-TuRCs also
adopts a curved conformation (Consolati et al., 2020; Wieczorek et al.,
2020a). In addition, purified y-tubulin both in GTP- or GDP-bound states
can self-assemble into the crystal lattice through lateral association
(Aldaz et al., 2005; Rice et al., 2008). Thus, y-tubulin behaves similarly to
op-tubulin in that it is curved when in solution, but it remains to be
determined whether of-tubulin adopts a straight conformation upon
nucleating a MT lattice.

Because GTP-bound af-tubulin incorporates into a growing MT, it is
conceivable that GTP binding to y-tubulin also plays a role in MT
nucleation. Indeed, mutations in the nucleotide binding site of y-tubulin
result in defects in MT nucleation and organization (Gombos et al., 2013;
Jungetal., 2001; Wieczorek et al., 2021), but not in the assembly of the y-
TuSC (Wieczorek et al., 2015). These defects could be explained by the
inability to assemble into the higher-order y-TuRC. In addition, it is
interesting to speculate that the nucleotide state of y-tubulin could
influence its propensity to bind the first ring of o.f-tubulin subunits on the
nucleation interface, thereby influencing the nucleation activity of y-
TuRC.

rate-limiting transition state that closes the y-TuRC. This
computational model recapitulates the experimentally measured
dynamics of MT nucleation by X. laevis y-TuRCs (Thawani et al.,
2020). It will be very interesting to know whether this will also be
the case for y-TuRCs from other species and to investigate how o8-
tubulin binding on distinct sites on the asymmetric y-TuRC may
influence its conformation by direct experimentation, such as
visualizing intermediates in the nucleation pathway.

In this alternative model, the concentration and availability of o8-
tubulin at MTOCs could help to regulate the nucleation activity of the
v-TuRC in addition to affecting its localization and activation.
Supporting this hypothesis, the translocation of tubulin into the
nucleus of A. nidulans has been found to be concurrent with
MT nucleation and spindle assembly (Ovechkina et al., 2003).
Furthermore, MTOCs may specifically enrich for tubulin; for
instance, C. elegans centrosomes contain 400 uM of-tubulin, as
compared to 15 pM tubulin in the bulk cytosol (Baumgart et al.,
2019), and sites of branching MT nucleation in Xenopus egg extracts
are enriched with tubulin—-TPX2 condensates (Alfaro-Aco et al.,
2017, 2020; King and Petry, 2020). Also, XMAP215 (also known as
CKAPS in X. laevis; homolog of Stu2 in S. cerevisiae), a second bona
fide MT nucleation factor that synergizes with the y-TuRC, functions
by binding to and directly recruiting of-tubulin on the y-TuRC in S.
cerevisiae and X. laevis (Gunzelmann et al., 2018; Thawani et al.,
2018). It is also conceivable that the concentration of af-tubulin in
the cytoplasm is reduced by factors such as stathmin proteins, which
bind and sequester tubulin subunits, or MCAK (also known as
KIF2C), which depolymerizes MTs (Andrews et al., 2004; Budde
et al., 2001; Cassimeris, 2002). Indeed, we have shown that Xenopus
Stathmin 1A and MCAK can inhibit the nucleation activity of
v-TuRC in vitro (Thawani et al., 2020).

Taken together, modulating the localization and availability of
of-tubulin may be another mechanism that regulates nucleation
activity of the y-TuRC in a spatiotemporal manner, in addition to
specifically localizing and activating the y-TuRC (Fig. 2B).
Nevertheless, this hypothesis remains a speculation and it will be
exciting to investigate it in detail through direct experimentation.
It will also be interesting to examine how the nucleotide bound to

v-tubulin may further regulate its conformation and, therefore, the
MT nucleation activity of the y-TuRC (Box 1). Finally, a cascade of
posttranslational modification may further regulate y-TuRC-
mediated nucleation (Box 2; Fig. 2C).

Discovery of new microtubule nucleation factors

Although y-TuRC is the major MT nucleator in the cell, there is
mounting evidence for other nucleation factors. First, several studies
have reported that the activity of purified y-TuRC is too low to
account for the high nucleation activity observed in the cell (Choi
et al., 2010; Kollman et al., 2010, 2015; Liu et al., 2014a). Second,
MTs form in the absence of y-tubulin, albeit in reduced numbers and
with slower kinetics (Groen et al., 2009; Hannak et al., 2002; Rogers
et al., 2008). Third, at least one other factor besides the y-TuRC is
necessary to restore MT nucleation from salt-stripped centrosomes
(Moritz et al., 1998). Taken together, these findings highlight that a
v-TuRC-centered model of MT nucleation may be incomplete. In
parallel, several other factors have been proposed to play a role in MT
nucleation (Kollman et al., 2011; Roostalu and Surrey, 2017; Tovey
and Conduit, 2018; Wiese and Zheng, 2006), as discussed below.

The XMAP215 family of microtubule nucleators
The well-characterized X. laevis MT polymerase XMAP215 has
been proposed as a nucleation factor. XMAP215 and homologous
polymerases, such as mammalian chTOG (also known as CKAPS),
S. cerevisiae Stu2, S. pombe Alpl4 and D. melanogaster Msps,
contain N-terminal TOG domains that bind to of-tubulin and
increase the speed of MT growth from the plus end up to 10-fold
(Al-Bassam et al., 2006, 2012; Ayaz et al., 2012, 2014; Brouhard
et al., 2008; Gard and Kirschner, 1987; Slep and Vale, 2007,
Widlund et al., 2011). Whereas an initial study has shown that
XMAP215 may be involved in centrosomal MT nucleation (Popov
et al., 2002), this notion remains to be verified due to contradictory
results obtained in subsequent studies (Reber et al., 2013) and
challenges in differentiating MT polymerization and nucleation
activities. XMAP215 also promotes spontaneous MT nucleation
and outgrowth from pre-formed templates (Roostalu et al., 2015;
Wieczorek et al., 2015), yet whether XMAP215 functions as a bona
fide nucleator within the cell has been debated until recently.
Three recent studies have now demonstrated a role for XMAP215
homologs in MT nucleation (Fig. 3) (Flor-Parra et al., 2018,
Gunzelmann et al., 2018; Thawani et al., 2018). XMAP215 and
Alpl4 are necessary for MT nucleation in Xenopus egg extracts
(Thawani et al.,, 2018) and S. pombe (Flor-Parra et al., 2018),
respectively. Here, the concentration of these proteins in the cytosol
determines the rate and extent of MT nucleation, phenocopying the
effect of y-tubulin. Using purified proteins, XMAP215 synergizes with
v-TuRC (Thawani et al., 2018) and Stu2 synergizes with y-TuSC
(Gunzelmann et al., 2018) to nucleate MTs efficiently, whereas the
individual components only exhibit a low nucleation activity
(Gunzelmann et al., 2018; Thawani et al., 2018). While the
N-terminal TOG domains are essential for the recruitment of of-
tubulin, the C-terminal domain directly interacts with the y-TuRC and/
or y-TuSC. The conserved C-terminal domain of XMAP215 binds to
purified y-tubulin (Thawani et al., 2018), and the MT-binding region of
Stu2 also binds to the y-TuSC (Gunzelmann et al., 2018) to promote
efficient MT nucleation. Moreover, we have been able to directly
visualize MT nucleation mediated by XMAP215 and/or the y-TuRC
using triple-color single-molecule microscopy (Thawani et al., 2020).
Here, XMAP215 molecules first associate with the y-TuRC to nucleate
an MT and further polymerize the growing plus end processively
(Thawani et al., 2020). Interestingly, a recent study highlights the
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Box 2. Phosphorylation of y-TuRC core components
regulates nucleation activity
y-tubulin itself is phosphorylated, which either destabilizes the y-tubulin
protein directly or influences organization of the resulting MT
cytoskeleton (Keck et al., 2011; Lin et al., 2011; Vogel et al., 2001). In
S. cerevisiae, casein kinase 15 phosphorylates the y-TuSC to correctly
organize MTs (Peng et al., 2015). In higher eukaryotes, the mitotic
kinases CDK1 (Oriolo et al., 2007) and PLK4 (Bahtz et al., 2012)
phosphorylate GCP6, with the former resulting in reduced keratin binding
by GCP6 and MT cytoskeleton remodeling (Oriolo et al., 2007). GSK3
phosphorylates GCP5 and negatively regulates the localization of -
TuRC on centrosomes (lzumi et al., 2008). Additional phosphorylation
sites in GCPs remain to be functionally characterized (Hegemann et al.,
2011; Keck et al., 2011; Kettenbach et al., 2011; Lin et al., 2011;
Santamaria et al., 2011). Furthermore, non-core y-TURC components
are also phosphorylated; for instance, NEDD1 is phosphorylated by the
mitotic kinases CDK1 and PLK1, which promotes its interaction with the
Augmin complex (Haren et al., 2009; Johmura et al., 2011; Liiders et al.,
2006; Santamaria et al., 2011; Uehara et al., 2009), and the NME7
kinase is autophosphorylated, which may promote its activity as a y-
TuRC activation factor (Liu et al., 2014a). In sum, the phosphorylation of
v-TuRC components affects the localization and stability of the complex.
The mitotic Aurora A kinase (AURKA) indirectly regulates y-TuRC-
mediated nucleation (Joukov and De Nicolo, 2018; Meunier and Vernos,
2016). In particular, the Ran-release factor TPX2 binds to Aurora A,
which enables its phosphorylation-dependent activation and localization
to spindle MTs (Bayliss et al., 2003; Eyers et al., 2003; Kufer et al., 2002;
Tsai et al., 2003). The TPX2—Aurora A complex then recruits RHAMM
(also known as HMMR), an MT-binding protein, and the y-TuRC, and
Aurora A phosphorylates NEDD1-bound y-TuRC to promote MT
nucleation around chromosomes (Groen et al., 2004; Pinyol et al.,
2013; Scrofani et al., 2015). This cascade represents a third means to
regulate y-TuRC activity (Fig. 2C), in addition to the activation and tubulin
models (Fig. 2A,B).

possibility of additional binding sites for XMAP215 on the y-TuRC,
other than those in y-tubulin, and discusses whether the activity of
XMAP215 with y-tubulin is additive or synergistic (King et al., 2020);
this would be an interesting subject for further investigation. Notably,
XMAP215 has a well-documented ability to promote spontaneous MT
nucleation in vitro independent of the y-TuRC (Gunzelmann et al.,
2018; Roostalu et al., 2015; Wieczorek et al., 2015), and it will be
interesting to examine to what extent this independent nucleation
activity does generate the MT mass in vivo.

Other putative nucleation factors
Several other nucleation factors have also been proposed, as
discussed here.

TPX2

In vitro, human and X. laevis TPX2 promote spontaneous MT
nucleation and assembly from pre-formed MT seeds, likely by
recruiting tubulin and stabilizing of-tubulin oligomers in a manner
similar to their effect on the MT lattice (King and Petry, 2020;
Roostalu et al., 2015; Wieczorek et al., 2015; Zhang et al., 2017).
However, these results have been questioned by research in Xenopus
egg extract, where X. laevis TPX2 does not promote y-TuRC-
mediated nucleation directly, but instead requires Augmin and the
v-TuRC to specifically promote branching MT nucleation (Alfaro-
Acoetal., 2017, 2019; King and Petry, 2020; Thawani et al., 2018,
2019, 2020). These differences may reflect a specific role of TPX2
in regulating large Xenopus meiotic spindles as compared to the
smaller spindles in other cell types, or the use of different assay

Microtubule nucleation by y-TuRC and co-factors
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Fig. 3. Microtubule nucleation by the y-TuRC and the nucleation factor
XMAP215. Schematic representation of how y-TuRC and the XMAP215/
Stu2 family of co-nucleators promote MT nucleation. XMAP215 binds to the
v-TuRC with its C terminus, possibly involving a TACC3 homolog, and
promotes the arrival of op-tubulin dimers onto the y-TuRC via its N-terminal
domains. Thus, although the y-TuRC independently can induce low levels of
MT nucleation, its cooperation with XMAP215 promotes efficient MT
nucleation.

conditions. While it is well established that TPX2 activity is
regulated by the cell cycle (Brunet et al., 2008; Gruss et al., 2001;
Schatz et al., 2003), how it contributes to nucleation activity at
distinct MTOCs, such as centrosomes, the Golgi and chromatin,
across species remains to be clearly defined in a side-by-side
comparison. Therefore, additional work that investigates the MT
nucleation activity of TPX2 in the native cellular context is
necessary to establish TPX2 as a bona fide MT nucleation factor.

TACC3

In yeast, the CM1 motif-containing TACC3 homologs Spc72 (in S.
cerevisiae) and Alp7 (in S. pombe) have been shown to mediate
interactions between the y-TuSC and Stu2 and Alp14, respectively,
allowing oligomerization of the y-TuSC into functional complexes
(Flor-Parra et al., 2018; Gunzelmann et al., 2018). However, the role
of the higher eukaryotic ortholog TACC3 in y-TuRC-mediated MT
nucleation is yet to be dissected.

Phase-separating nucleation factors — BugZ

Several proteins have been shown to generate MTs in vitro. The
spindle assembly factor BugZ (also known as ZNF207) enriches
soluble af-tubulin into a condensed phase to promote spontaneous
MT assembly (Jiang et al., 2015), similar to what has been proposed
for TPX2 (King and Petry, 2020) and homologs of CDK5RAP2 and
CEP192 in C. elegans (Woodruff et al., 2015, 2017). While this
remains an exciting, yet heavily debated proposition (Raff, 2019;
Rale et al., 2018), further work is necessary to examine the exact
role of these proteins and, more broadly, phase separation in MT
nucleation in vivo, specifically that mediated by the y-TuRC.

Conclusions and outstanding questions

Decades of research have revealed how MTs are nucleated from the
v-TuRC and have illuminated y-TuRC composition and molecular
architecture, providing mechanistic insights and, most recently,
identifying its cooperative nucleation with XMAP215. These
findings represent a launching pad to investigate additional
important outstanding questions.
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First, how is the conformation of the y-TuRC regulated during
MT nucleation? Atomic snapshots of the nucleation reaction
combined with single-molecule studies and simulations will
ultimately help to reveal how MT nucleation occurs at the atomic
level. Second, how is MT nucleation regulated in the cell? Thorough
investigations of the extent to which MTOC-specific localizers and
activators, posttranslational modifications and regulation of tubulin
function to build a dynamic cytoskeleton, and the mechanisms
involved, are yet to be performed. Third, recent advances suggest
that additional bona fide MT nucleation factors exist, which
function in either y-TuRC-dependent or -independent pathways. It
will be important to identify these factors and elucidate their mode
of action. Finally, it will be important to further investigate how and
to what extent y-TuRC-independent means are deployed to generate
MTs. These include the stabilization of MTs by CLASPs (Efimov
et al., 2007), CAMSAP (Jiang et al., 2014) or doublecortin (DCX;
Moores et al., 2004), or amplification of MT mass via MT severases
(Vemu et al., 2018). Thus, exciting times await the cytoskeleton
field, with the potential to fully explain how cellular structures are
formed.
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