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BREAKING DOWN MICROTUBULE FORMATION:
CHARACTERIZING THE BIOCHEMICAL AND CELLULAR FUNCTIONS OF THE

y-TUBULIN RING COMPLEX

Adi Y. Berman, Ph.D.

The Rockefeller University 2024

The y-Tubulin ring complex (y-TURC) is an essential regulator of the microtubule
cytoskeleton. It is composed of >30 individual proteins that include the major component,
y-tubulin, as well as y-tubulin complex proteins 2-6 (GCP2-6), mitotic-spindle organizing
proteins associated with a ring of y-tubulin proteins 1 and 2 (MOZART, or MZT1 and
MZT2), and an actin molecule. This ~2.2MDa assembly regulates microtubule dynamics
by facilitating the nucleation of new microtubules, modulating microtubule minus-end
dynamics by acting as a minus-end cap, and anchoring microtubules to specify their
cellular localization. These three major activities of the y-TURC, nucleation, capping, and
anchoring, contribute to the dynamic nature of individual microtubules and of larger
microtubule networks that are critical for cellular activities, including cell motility,
intracellular trafficking, and cell division. In recent years, structural studies of the y-TURC
have spurred biochemical and cellular characterization of its nucleation activity. However,
it remains unclear how the remaining major y-TURC activities contribute to microtubule

dynamics.



In the first part of this thesis, I characterize the capping activity of the y-TURC.
Using biochemical assays, | examine the association of recombinantly expressed and
purified y-TuURC at microtubule minus-ends either following a nucleation event, or on pre-
formed microtubules. Using total internal reflection fluorescence (TIRF) microscopy, the
dynamics of this association can be quantified in terms of the number of microtubules that
are capped, and the length of time the cap persists at the minus-end under these two
conditions. Additionally, I purified a recombinant y-TURC composed of GTP-binding
deficient y-tubulin in order to examine the GTP-binding dependency of the y-TuRC’s
capping activity. As opposed to the y-TuRC’s nucleation activity, which is GTP-binding
dependent, I found that the y-TuRC’s capping activity is GTP-binding independent. By
expressing GTP-binding deficient y-tubulin in HeLa cells depleted of endogenous y-tubulin
protein, I characterized the role of the y-TuRC’s capping activity in dividing cells. While
cells expressing the GTP-binding y-tubulin mutant could not form bipolar mitotic spindles
and became arrested in mitosis, fixed- and live-cell imaging experiments showed that
expression of this mutant rescued non-centrosomal microtubule formation, which was lost
under y-tubulin knockdown conditions. Together, these data suggest that the y-TuRC’s
capping activity is GTP-binding independent and plays a role in non-centrosomal
microtubule formation during mitosis.

In the second part of my thesis, | perform studies towards further characterizing the
y-TuRC. First, I use affinity-purification followed by mass spectrometry to characterize the
composition of y-TURCs purified from a HeLa cell line overexpressing GFP-tagged y-
tubulin. Further mass spectrometry analysis identified interacting proteins that co-purified

with y-tubulin, some of which have a known function related to the microtubule



cytoskeleton or cell division. Second, | performed cell biology experiments to examine
how the composition of the y-TURC may affect its activities. Recent work has suggested
that the N-terminal domains of GCP6, named the N-helical domains (NHD) and the “belt”
domain, are needed to maintain the structural integrity of the y-TURC, and that without
these domains, specific components of the complex are lost. Cells expressing these N-
terminally truncated GCP6 constructs displayed partial y-tubulin-containing complexes
relative to cells expressing full-length GCP6. Furthermore, cells expressing GCP6
truncated of the NHDs and the belt domain showed loss of centrosomal GCP6 and y-tubulin
specifically during mitosis, while their centrosomal localization persisted during
interphase. Together, these data suggest that different components of the y-TURC may
mediate the localization and anchoring of the y-TuRC at specific cellular sites, such as the

centrosome.
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Chapter 1: Introduction
1.1 Overview of the microtubule cytoskeleton

Microtubules are one of the main elements of the cytoskeleton (Fig. 1.1 A and B).
They are dynamic, tubular polymers that carry out several essential cellular functions, such
as cell motility, defining the cell shape, and DNA segregation during cell division.
Microtubules are built from a-tubulin and B-tubulin heterodimers that associate in a head-
to-tail manner. The microtubule polymer is inherently polar, with a-tubulin being exposed
at the minus-end, which is characterized by slower dynamics and is the origin of
microtubule nucleation, and B-tubulin being exposed at the plus-end, which exhibits faster
dynamics and is the direction of microtubule growth (Fig. 1.1 C).

This polarity is a defining feature of the microtubule cytoskeleton’s cellular
functions. Microtubule minus-ends are often anchored at specific cellular locations, called
microtubule organizing centers (MTOCs), allowing for specialized organization of
microtubule arrays, which will be discussed in detail below (Akhmanova and Kapitein
2022; Sanchez and Feldman 2017). The rapid growth and shrinkage of microtubule plus-
ends allows for the execution of cellular functions, such as pushing the cell membrane or
transporting cargo (Akhmanova and Steinmetz 2015). Because of their distinctive
properties, microtubule associated proteins (MAPS) can often distinguish between the
minus- and plus-ends, providing another level of specialized activities along the length of
the microtubule and at the respective ends (Fig 1.1 C). Microtubule plus-end binding
proteins constitute a major body of scientific work, and these important proteins have been
reviewed elsewhere (Akhmanova and Steinmetz 2015). In this work, | focus on proteins

that regulate the minus-ends of microtubules, in regard to their formation, stabilization, and

1


https://paperpile.com/c/Q2uibQ/Ntni+Da2N
https://paperpile.com/c/Q2uibQ/Ntni+Da2N
https://paperpile.com/c/Q2uibQ/g9LT
https://paperpile.com/c/Q2uibQ/g9LT

localization. Specifically, 1 will discuss relevant recent advances in our understanding of
the y-Tubulin Ring Complex (y-TuRC), a protein complex that modulates these various

aspects of microtubule minus-ends and works in concert with key minus-end binding

proteins.
_//4[\ 2% 74
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Figure 1.1 The microtubule cytoskeleton and microtubule architecture

(A and B) Microtubule cytoskeleton organization during interphase. Microtubules (green),
DNA (blue), and centrosomes (pink) are included in the schematic. (A) and mitosis (B).
(C) Schematic representation of the microtubule structure, highlighting the differences

between the plus- and minus-ends.



1.2 The y-TuRC is a master regulator of microtubule minus-end dynamics

1.2.1 Microtubule nucleation

How microtubules are formed and maintained has been a long-standing question in
cell biology. Biochemical characterization has shown that purified tubulin dimers can
undergo spontaneous microtubule nucleation. However, the conditions under which
spontaneous nucleation occurs are inconsistent with the cellular environment for several
reasons. First, typically at least 15-20uM of tubulin is required for de novo nucleation,
while the cytoplasmic concentration of tubulin is 10uM (Fig. 1.2 A). This inconsistency
may be accounted for by increasing local concentrations of tubulin, as has been proposed
to occur at the centrosome (Baumgart et al. 2019; Woodruff et al. 2017), or by providing a
template for tubulin dimers to bind to that mimics a microtubule end, as the concentration
of tubulin needed for microtubule polymer elongation is lower (~10uM) than that needed
for de novo nucleation (Fig. 1.2 A; Wieczorek et al. 2015).

Second, spontaneous nucleation is a kinetically complicated process. Tubulin
dimers must form both longitudinal and lateral interactions in order to form a tubular,
cylindrical polymer, which is inherently more complex than simple polymers such as
helical actin filaments. A further complication is the strained bent-to-straight
conformational change that tubulin dimers undergo as they oligomerize, which results in a
kinetic penalty for the formation of lateral interactions (Fig. 1.2 B; Rice, Moritz, and Agard
2021; Ayaz et al. 2012; Rice, Montabana, and Agard 2008). Computational models predict
an accretion model for de novo tubulin polymerization, as opposed to a simple nucleation-
elongation model (Fig 1.2 C; Rice, Moritz, and Agard 2021). The accretion model proposes
that establishing a critical nucleus for microtubule polymer formation is dictated by the

number of contacts individual tubulin dimers can establish. Thus, smaller initial oligomers
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form more slowly, and larger oligomers accrue tubulin dimers more quickly. Including a
microtubule template in this computational model greatly accelerated assembly kinetics
(Fig. 1.22 D; Rice, Moritz, and Agard 2021). Similarly, the cell must be able to overcome
this kinetic barrier in order to limit the time and energy input required for microtubule
nucleation to be compatible with cellular functions.

Third, spontaneously nucleated microtubules can be formed with different numbers
of protofilaments, the parallel oligomers of longitudinally associated tubulin dimers,
ranging from 10-16, whereas in the cellular environment, microtubule protofilament
number is generally restricted to 13 (specialized microtubules may contain a different
number of protofilaments; Chaaban et al. 2018; Kwiatkowska et al. 2006). As changes in
protofilament number can structurally and functionally impact microtubules, the cell must
employ a mechanism to specify the protofilament number of microtubules (Fig. 1.2 E;

Chaaban and Brouhard 2017).
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Figure 1.2 Biochemical barriers to microtubule nucleation

A) Plot depicting the number of microtubules nucleated when the tubulin concentration is
increased, in the absence (solid line) or presence (dashed line) of a template. Adapted from
Zheng et al. 1995. B) Schematic illustrating the kinetically unfavorable process required to
straighten bent tubulin dimers during oligomerization. Adapted from Rice, Moritz, and
Agard 2021. C) Accretion model of tubulin polymerization. Each oval unit represents a
tubulin dimer. Adapted from Rice, Moritz, and Agard 2021. D) Accretion model in the
presence of a template. Adapted from Rice, Moritz, and Agard 2021. E) Schematic of the
microtubule lattice when the microtubule is composed of 13 (left) or 14 (right)
protofilaments. While the protofilaments run straight in a 13-protofilament microtubule,
they are tilted in a 14-protofilament microtubule. Adapted from Chaaban and Brouhard

2017.
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The cell utilizes several different factors to overcome these obstacles. Primarily,
however, the cell employs a large multi-protein complex called the y-TURC which can
serve as a template for tubulin dimers to bind to and polymerize off of (Fig. 1.3 A). The y-
TuRC is composed of at least nine unique proteins. Its most abundant component is y-
tubulin, a member of the tubulin family, which was first discovered by a genetic screen in
Aspergillus nidulans, where it acted as a suppressor of a growth inhibiting B-tubulin
mutation (C. E. Oakley and Oakley 1989). It was later found that y-tubulin associates with
several other proteins to form a ring-shaped complex (Zheng et al. 1995). The human
homologs of these proteins were termed y-tubulin complex proteins, or GCPs, of which
there are GCP2-6 (Murphy, Urbani, and Stearns 1998). Structural characterization of the
v-TURC determined that the proteins MOZART1 and MOZART2A/B (MZT1 and
MZT2A/B) and a single actin monomer, which had been known to associate with the y-
TuRC, are core components of the complex (Wieczorek, Huang, et al. 2020; Wieczorek,
Urnavicius, et al. 2020; Consolati et al. 2020; Peng Liu et al. 2019; Choi et al. 2010;
Teixido-Travesa et al. 2010; Hutchins et al. 2010).

Biochemical studies have found that purified recombinant or cellular y-TuRCs can
nucleate microtubules in vitro at tubulin dimer concentrations of 10-15uM, which is closer
to the expected cytoplasmic concentration (Wieczorek et al. 2021; Consolati et al. 2020).
The rate of microtubule nucleation is also increased in the presence of the y-TURC, as
predicted by the accretion model (Wieczorek et al. 2021; Consolati et al. 2020).

A remaining open question is whether the y-TURC can nucleate microtubules with
a preference for 13 protofilaments, as is seen in the majority of cellular microtubules. The

cryo-EM structure of the y-TuRC revealed that the complex contains 14 molecules of y-
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tubulin (Fig. 1.3 A and B; Wieczorek, Urnavicius, et al. 2020; Consolati et al. 2020; Peng
Liu et al. 2019). If each y-tubulin mediates an interaction with an o/p-tubulin dimer, this
would result in a 14 protofilament microtubule, as opposed to 13. Additionally, the helical
parameters of the y-TURC do not match those of a 13 protofilament microtubule, making
it an imperfect template (Fig. 1.3 B; Wieczorek, Urnavicius, et al. 2020). It has been
proposed that activation of the y-TURC, either by activating proteins or post-translational
modifications (Sulimenko, Draberov4, and Draber 2022), induces a conformational change
where the first and 14th y-tubulin molecules will overlap with one another, resulting in
only 13 accessible y-tubulins and a closer helical match between the y-TURC and a 13-
protofilament microtubule (Wieczorek, Urnavicius, et al. 2020; Kollman et al. 2010).

However, more work will be necessary to determine if this is indeed the case.
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Figure 1.3 The structure of the y-TURC reveals a mismatch with the structure of 13-
protofilament microtubules

(A) Surface representation of the 3D reconstruction of the native y-TURC solved using
cryo-EM. PDB accession nos.. 6V6S, 6X0U, and 6X0V. Adapted from Wieczorek,
Urnavicius, et al. 2020; Wieczorek, Huang, et al. 2020. (B) Schematic illustrating the
structural mismatch between the y-TURC and the lattice of a 13-protofilament microtubule,
both in terms of helical parameters and diameter. Adapted from Wieczorek, Urnavicius, et

al. 2020.

In recent years, it has become clear that the cell possesses other microtubule
nucleation factors that act either in parallel to or synergistically with the y-TuRC. The
examination of these pathways is critical, as cell biology and biochemical data have shown
that microtubules form in the presence of other nucleation factors even in the absence of y-
TuRC proteins, and that the y-TURC alone is an inefficient nucleator in vitro (Tsuchiya and

Goshima 2021; Wieczorek et al. 2021; Consolati et al. 2020; Ramirez Cota et al. 2017;
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O’Toole et al. 2012; Hannak et al. 2002). While y-TuRC-dependent microtubule nucleation
may be the dominant cellular pathway, it is important to understand the relative
contributions of other nucleation factors and investigate how they shape the microtubule
cytoskeleton.

As previously mentioned, pathways that locally increase the tubulin concentration
can favor microtubule nucleation, either independently or in concert with the y-TURC. For
example, it has been proposed that certain centrosomal proteins form phase separated
compartments which can recruit, and effectively concentrate, tubulin dimers and perhaps
other microtubule associated proteins, such as the y-TURC (X. Jiang et al. 2021; Woodruff
et al. 2017). This would increase the efficiency of y-TuRC-mediated microtubule
nucleation, but also provide a means for the centrosome to nucleate microtubules
independently of the y-TURC. This is consistent with the observations that the centrosomal
concentration of soluble tubulin is ~10-fold higher than the cytoplasmic concentration, and
that in systems depleted of y-tubulin or other y-TURC proteins, centrosomal microtubules
are still formed (Tsuchiya and Goshima 2021; Baumgart et al. 2019; Ramirez Cota et al.
2017; McKinley and Cheeseman 2017; Hannak et al. 2002). Other MAPs, such as the
neuronal microtubule regulator, tau, and the mitotic spindle associated protein, TPX2, have
been proposed to act by a similar mechanism (M. R. King and Petry 2020; Hernandez-
Vega et al. 2017). However, as the condensate-forming properties of these proteins have
largely been examined in vitro, it remains to be determined if these properties are relevant
in a cellular context.

Alternatively, MAPs such as tau, TPX2, and the microtubule stabilizing proteins

termed cytoplasmic linker-associated proteins (CLASPS) can also enhance microtubule

10
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nucleation by stabilizing oligomeric tubulin intermediates, suppressing catastrophe events
and promoting microtubule lattice formation (Aher et al. 2018; Roostalu, Cade, and Surrey
2015; Wieczorek et al. 2015; Ennulat et al. 1989). Therefore, these MAPs could stimulate
microtubule nucleation either independently of or synergistically with the y-TuRC.
Another MAP that likely functions cooperatively with the y-TURC and other microtubule
nucleation factors like TPX2 is the microtubule polymerase, chTOG (also referred to by
the name of its Xenopus orthologue, XMAP215). chTOG consists of five tandem TOG
domains, each of which interacts with tubulin dimers and promotes microtubule
polymerization (Widlund et al. 2011). Several studies have shown that ch-TOG alone can
exhibit limited microtubule nucleation activity, but greatly enhances microtubule
formation when paired with other nucleating factors (Consolati et al. 2020; B. R. King et
al. 2020; Roostalu, Cade, and Surrey 2015; Wieczorek et al. 2015).

An important distinction between these nucleation factors and the y-TUuRC,
however, is that only the y-TURC could perform templated microtubule nucleation.
Templated vs. non-templated microtubule nucleation may have important consequences
for the structure and function of the microtubule, such as the number of protofilaments, as
described previously, and for the dynamics and stability of the newly nucleated minus-end,
as will be discussed in the following section (Brouhard and Rice 2018; Roostalu and Surrey

2017; Chaaban and Brouhard 2017).
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1.2.2 Microtubule minus-end capping

While microtubule nucleation is thought to be the primary function of the y-TURC,
there are additional functions of this complex that play critical roles in microtubule
regulation. Specifically, the y-TURC can act as a cap at microtubule minus-ends to stabilize
them and provide a mechanism to anchor microtubule minus-ends at specific cellular
locations (Akhmanova and Kapitein 2022; microtubule anchoring will be discussed in
more detail in section 1.2.3). The y-TURC can either cap a newly nucleated microtubule,
or it can bind to and cap an exposed minus-end generated through a y-TuRC-independent
nucleation factor, or by the severing of a pre-existing microtubule (Fig 1.4; Berman et al.

2023; Wiese and Zheng 2000).
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Figure 1.4 Microtubule minus-end capping activity of the y-TURC

The y-TuRC can cap microtubule minus-ends either after a nucleation event, or when it

binds to a pre-formed microtubule.

Stabilization of microtubule minus-ends is important to sustain the microtubule by
protecting the minus-end from microtubule depolymerases, and from the inherent
propensity of microtubules to depolymerize. Due to the GTP-hydrolysis cycle of B-tubulin,
microtubules exhibit dynamic instability, the frequent transition between states of growth
or shrinkage. As GTP hydrolysis does not happen immediately, there is a higher percentage
of GTP-bound tubulin at the ends of microtubules, and a higher percentage of GDP-bound
tubulin within the middle of the microtubule polymer. While GTP-bound tubulin has a

stabilizing effect on the lattice, GDP-bound tubulin is conformationally strained and is
13



inherently unstable. Therefore, when the amount of GTP-bound tubulin is decreased,
microtubules undergo rapid depolymerization. Polymerization of the microtubule can be
reestablished by the reincorporation of GTP-bound tubulin, termed a microtubule rescue
event.

New tubulin subunits are quickly added to the microtubule plus-end, resulting in
the formation of a “GTP cap,” a region with a high number of GTP-bound tubulin that
stabilizes the plus-end and prevent depolymerization. In contrast, GTP-bound tubulin is
added to the microtubule minus-end more slowly. Therefore, different minus-end
interacting proteins act to stabilize it.

In vitro work has shown that y-TURCs purified from Xenopus egg extracts can bind
minus-ends of nucleated or pre-formed microtubules to block further minus-end growth
and prevent depolymerization (Wiese and Zheng 2000). Interestingly, these experiments
showed that around half of the pre-formed microtubules in a given sample are not capped
by the y-TURC (Wiese and Zheng 2000). One explanation for this may be that the affinity
of the y-TuRC for a minus-end is relatively low, and therefore binding could not be
saturated at the maximum concentration of purified y-TURC available. In addition,
structural analyses have shown that the protofilaments at the end of the microtubule, and
to which the y-TURC needs to bind, are flared (Gudimchuk et al. 2020; Chrétien, Fuller,
and Karsenti 1995). This arrangement may make it difficult for each y-tubulin in the y-
TuRC to come in contact with and hold on to the necessary number of a-tubulins at the
microtubule minus-end, especially if they exhibit a low binding affinity. For a further
discussion on this topic and on the cellular role of y-TuRC’s capping activity, see Chapter

2 of this work.
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In addition to the y-TURC, other minus-end interacting proteins can bind to and
stabilize the minus-end. In contrast to the y-TURC, however, these proteins do not bind to
the exposed a-tubulins at the microtubule minus-end. A major class of such proteins are
calmodulin-regulated spectrin-associated proteins 1 (CAMSAP1), CAMSAP2, and
CAMSAP3 which regulate free minus-ends independently of the y-TURC (Vineethakumari
and Luders 2022; Akhmanova and Kapitein 2022). CAMSAPs decorate the outer surface
of the microtubule minus-end by binding an intradimer site between protofilaments (Fig
1.5). CAMSAPs stabilize and track growing microtubule minus-ends without preventing
their polymerization (K. Jiang et al. 2014). Similar to the y-TURC, CAMSAP binding to
microtubule minus-ends can promote microtubule growth, and provide a mechanism to
anchor minus-ends to non-centrosomal sites such as the Golgi apparatus or the cell cortex
(Coquand et al. 2021; Wu et al. 2016; Meng et al. 2008). CAMSAPs also play an important
role in regulating microtubule minus-ends in differentiated neurons, where predominantly
non-centrosomal microtubules are formed (He et al. 2022; Noordstra et al. 2016; Yau et al.

2014).

15


https://paperpile.com/c/Q2uibQ/7dnj+Ntni
https://paperpile.com/c/Q2uibQ/7dnj+Ntni
https://paperpile.com/c/Q2uibQ/Qkys
https://paperpile.com/c/Q2uibQ/IEfv+XRcJ+RV5G
https://paperpile.com/c/Q2uibQ/1YAT+AMol+AYQz
https://paperpile.com/c/Q2uibQ/1YAT+AMol+AYQz

Figure 1.5 CAMSAP binding to microtubule minus-ends

(A) Schematic of CAMSAP binding to the intradimer interface between protofilaments.

Adapted from Atherton et al. 2019.

Another minus-end regulating protein is the protein abnormal spindle-like
microcephaly associated (ASPM). ASPM has been shown in vitro to track growing
microtubule minus-ends and, together with the microtubule severing enzyme katanin, limit
their polymerization (K. Jiang et al. 2017). In cells, ASPM likely regulates the lengths of
microtubule minus-ends at the spindle poles and stabilizes their dynamics in order to
maintain poleward microtubule flux (K. Jiang et al. 2017). The microtubule minus-end
binding protein NuMA similarly regulates the poleward movement of microtubules by
recruiting dynactin and dynein, a minus-end directed microtubule motor (Hueschen et al.
2017; Elting et al. 2014). In summary, the capping activity of the y-TURC and the
recognition of minus-ends by CAMSAPs, ASPM, and NuMA, can stabilize minus-end
dynamics, thus protecting again depolymerization and promoting plus-end directed
microtubule growth, and allow for the organization of microtubules in the necessary

orientation.
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The capping of cytoskeletal polymers is not unique to microtubules. Similar to
microtubules, actin filaments are also polar, with a pointed/minus-end and a barbed/plus-
end. In contrast to the dynamic instability feature of microtubules, actin polymers exhibit
treadmilling, whereby actin monomers are lost from the pointed end and are added to the
barbed end (Lappalainen et al. 2022). This generates a steady state pool of polymerizable
actin monomers. However, in order for actin filaments to execute cellular functions, such
as motility, individual filaments need to be able to polymerize at fast rates that require a
higher concentration of polymerizable actin. One way that the cell overcomes this obstacle
is by the barbed end capping activity of capping protein (CP; Carlier and Shekhar 2017).
CP capping of a fraction of actin filaments restricts their polymerization, thus increasing
the steady state concentration of polymerizable actin available and allowing for increased
polymerization rates for the uncapped filaments. In contrast, proteins that cap the pointed
ends of actin filaments, such as tropomodulin and the Arp2/3 complex, block subunit loss
and therefore decrease the available pool of actin monomers (Pollard 2016). While the
results of end capping of microtubule and actin filaments differ, they are similar in that, in

both cases, capping acts to regulate filament dynamics to be compatible with cellular needs.

1.2.3 Microtubule minus-end localization and anchoring

The y-TuRC’s capping activity not only protects the minus-end and stabilizes
microtubule growth, it also provides a molecular handle for the organization of microtubule
minus-ends (Akhmanova and Kapitein 2022). The y-TuRC cap can be recognized by
different recruiting factors, allowing for more efficient and controlled microtubule sorting
and organization during interphase, mitosis, and in specialized microtubule arrays found in

differentiated cells such as neurons.
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During both interphase and mitosis, the centrosome acts as the cell’s primary
MTOC (Sanchez and Feldman 2017). The centrosome is composed of two orthogonally
arranged centrioles, cylindrical structures with a core of nine microtubule triplets, and the
surrounding proteinaceous matrix called the pericentriolar material (PCM; Fig. 1.6 A).
Several PCM components can recruit and tether the y-TURC to the centrosome
(Akhmanova and Kapitein 2022; Vineethakumari and Liders 2022). These include
CDKS5RAP2, which may also play a role in activating the y-TuRC’s nucleation activity,
pericentrin, AKAP450, CEP192, NEDD1, and ninein (Gavilan et al. 2018; Choi et al. 2010;
Fong et al. 2008; Haren et al. 2006; Liders, Patel, and Stearns 2006; Delgehyr, Sillibourne,
and Bornens 2005; Dictenberg et al. 1998).

While centrosomal microtubules seem to dominate the microtubule arrays in both
interphase and mitosis, studies in recent years have shown that centrosomal structures
themselves are not essential (Hoffmann 2021). Instead, centrosomes are important for
increasing the faithfulness and efficiency of cellular processes such as cell division.
Importantly, several cell types lack centrosomes, such as female oocytes and plant cells, or
have inactivated centrosomes such as in developed neurons (B. Liu and Lee 2022; Liders
2021; Dumont and Desai 2012). Cell division and microtubule organization has even been
observed in cells where centrosomes were removed, either by laser ablation or chemical
methods (Watanabe et al. 2020; Khodjakov et al. 1999). Interestingly, however, the PCM
components involved in anchoring the y-TURC are still required for acentrosomal
microtubule organization, highlighting the importance of this y-TURC activity (Watanabe

et al. 2020; So et al. 2019).
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Interphase and mitotic cells also contain non-centrosomal MTOCs. Namely, the
Golgi apparatus serves as a major site for interphase microtubule organization (Fig. 1.6 B).
Several centrosomal proteins, such as CDK5RAP2 and AKAP450, can also localize to the
Golgi to anchor the y-TURC (Fig. 1.6 B; F. Chen et al. 2022; Wu et al. 2016). These proteins
can also tether CAMSAP decorated minus-ends at the Golgi (Fig. 1.6 B). More work is
necessary to understand why the Golgi anchors both y-TURC and CAMSAP-bound minus-

ends, and how these populations of microtubules differ from each other.
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Figure 1.6 Microtubule minus-end anchoring at the centrosome and Golgi

(A) Schematic of the centrosome. Disordered proteins such as CDK5RAP2 occupy the
PCM (pink) that surrounds the perpendicularly oriented centrioles (dark pink). PCM
proteins can anchor the y-TURC (purple) to the centrosome. (B) Schematic of the Golgi
apparatus (yellow). Centrosomal proteins can anchor y-TURC or CAMSAP (blue) bound

microtubule minus-ends. Adapted from Wu and Akhmanova 2017.
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In mitosis, non-centrosomal microtubule arrays are key components of the mitotic
spindle. Microtubules are nucleated and anchored within the spindle itself and at the
chromatin (Fig. 1.7 A; Valdez et al. 2023; Prosser and Pelletier 2017). The octameric
augmin complex regulates spindle-mediated microtubule nucleation in order to generate
dense and uniformly polar microtubule arrays at either side of the bipolar spindle (Fig. 1.7
B; Zhang et al. 2022; Zupa et al. 2022; David et al. 2019; Verma and Maresca 2019;
Goshima et al. 2008). The augmin complex binds to both microtubules and the y-TURC,
thus allowing for branched microtubule nucleation (Fig. 1.7 B). Other y-TuRC associated
proteins, such as TPX2 and NEDD1, may work together with the augmin complex to
regulate spindle microtubule organization (Alfaro-Aco, Thawani, and Petry 2017; Petry et
al. 2013; H. Zhu et al. 2008). Depletion of augmin complex components reduces the
microtubule spindle mass, highlighting the importance of anchoring the y-TuRC at the
correct cellular locations (David et al. 2019; Goshima et al. 2008; H. Zhu et al. 2008).

Chromatin-mediated microtubule nucleation was discovered several years ago, and
countered the conventional “search and capture” model of spindle assembly and
chromosome-microtubule attachments (Verma and Maresca 2022; Heald and Khodjakov
2015; Tulu et al. 2006; Heald et al. 1996; Kirschner and Mitchison 1986; Karsenti,
Newport, and Kirschner 1984; McGill and Brinkley 1975). According to this model, the
polymerization of microtubules from opposite spindle poles would allow for their eventual
attachment to kinetochores, followed by faithful chromosome segregation. Chromatin-
mediated nucleation proceeds with a reverse order of events; microtubules are nucleated at
the chromosomes in a RanGTP-dependent manner, and the microtubule minus-ends are

sorted and organized towards the spindle poles (Fig. 1.7 C). This is likely a y-TuRC-
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dependent process, where the y-TURC is localized to chromosomes, promotes microtubule
formation, and assists in the polarization of minus-ends (Yokoyama et al. 2014; Mishra et
al. 2010; Bucciarelli et al. 2009; Ohba et al. 1999; Wilde and Zheng 1999).

While many questions still remain regarding chromatin-mediated microtubule
formation, recent studies have provided a model where following microtubule nucleation,
cither by the y-TuRC or other nucleation factors such as TPX2, microtubule plus-ends
polymerize towards the chromosomes and their minus-ends are directed towards the
spindle poles (Lecland and Liiders 2014; Maiato, Rieder, and Khodjakov 2004; Heald et
al. 1996; Witt, Ris, and Borisy 1980). This minus-end organization depends on dynein, a
minus-end directed motor that can guide the microtubule towards the spindle pole. The
association of the y-TuRC with dynein underscores the importance of the y-TURC in the
polarized organization of chromatin-derived microtubules (Lecland and Luders 2014;
Young et al. 2000; Heald et al. 1996; Merdes et al. 1996).

However, it may be that not all microtubules are oriented with the minus-ends
facing towards spindle poles. Recent work has shown that microtubules form within the
fibrous corona, a fibrous meshwork that resides on the outer surface of kinetochores (Wu
et al. 2023). This pathway is dependent on LIC1, a light intermediate chain of dynein,
pericentrin, and the y-TURC. The minus-ends of microtubules nucleated by this pathway
are anchored at kinetochores, and their plus-ends extend towards the poles (Fig 1.7 D).
This is inconsistent with evidence that all populations of microtubules in the spindle are
oriented with their minus-ends towards the poles (Euteneuer and Mclntosh 1981). It may
be that these reversed polarity microtubules are short-lived, and play a role in orienting and

organizing microtubules with the opposite polarity in order to promote robust spindle
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assembly and microtubule plus-end attachment to kinetochores, as studies in yeast have
suggested (Kitamura et al. 2010). In summary, this pathway adds another element of y-

TuRC-mediated microtubule regulation in microtubule organization.
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Figure 1.7 Non-centrosomal microtubule nucleation pathways help to form the mitotic
spindle

(A) The three major microtubule nucleation pathways during mitosis are (1) centrosomal
(centrosomes in pink), (2) branched spindle microtubules, and (3) chromatin-mediated. (B)
The augmin complex (yellow) binds to spindle microtubules (green) and the y-TURC
(purple) to anchor newly nucleated branched spindle microtubules. (C) The RanGTP
gradient (red) surrounding mitotic chromosomes (DNA: blue, kinetochores: orange)
regulates chromatin-mediated microtubule nucleation. Microtubules are organized and
transported towards the opposing spindle poles. (D) Microtubules nucleated within the
fibrous corona (blue) of the kinetochores may have opposite polarity relative to other

microtubules in the mitotic spindle. Adapted from Wu et al. 2023.
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1.3 y-TuRC proteins in disease

Dysregulation of y-TURC proteins has been observed in several diseases, including
cancer and neurodevelopmental disorders. This is not surprising, as microtubule targeting
agents, which inhibit microtubule dynamics, are commonly used to treat tumors
(Akhmanova and Steinmetz 2015). Additionally, mutations in several MAPs, such as
CDK5RAP2 and ASPM, have also been shown to lead to neurodevelopmental disorders
such as microcephaly (Tungadi et al. 2017; Bond et al. 2005).

In some cases, y-TURC proteins may be the drivers of disease onset and
progression. Mutations in MZT1 are associated with patients predisposed to sarcomas
(Ballinger et al. 2023). Mutations in y-tubulin, specifically isoform 1 (TUBGL), are
associated with lissencephaly and microcephaly (Brock et al. 2018; Bahi-Buisson et al.
2014; Poirier et al. 2013). Additionally, GCP2, GCP4, and GCP5 mutations have been
identified in patients with microcephaly and anomalies in brain and eye development
(Maver et al. 2019; Mitani et al. 2019; Scheidecker et al. 2015). Errors in GCP6 mRNA
processing can lead to decreased GCP6 protein levels, which is also associated with
neurological disorders, and can result from the loss of WBP11, a pre-mRNA splicing factor
that is required for GCP6 expression (Park et al. 2020).

In other cases, it is unclear if changes in y-TURC proteins are the drivers or
passengers in disease progression. For example, centrosomal aberrations are common
features in several cancer types, and are associated with worse clinical outcomes. One such
phenotype may be centrosome amplification, where a cell contains supernumerary
centrosomes. y-Tubulin overexpression is a molecular marker for centrosome
amplification, but it remains unclear if this is a cause or result of the extra number of
centrosomes in the cell (Piemonte, Anstine, and Keri 2021). This uncertainty is
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underscored by the observation that other critical centrosomal proteins, such as pericentrin,
centrin, polo-like kinase 4 (PLK4), and cyclin E1 are also overexpressed (Piemonte,
Anstine, and Keri 2021). Another common centrosomal aberration is centrosome
hypertrophy, or elevated centrosome volumes. This phenotype is often observed in triple-
negative breast cancer tumor samples, where increased amounts of y-tubulin were found to
be localized to larger centrosomes (Piemonte, Anstine, and Keri 2021). The overexpression
of more minor y-TURC proteins has also been found to be a marker of other cancer types,
such as MZT2A in non-small cell lung cancer (Wang et al. 2021). NSCLC patients with
increased MZT2A expression were found to have more advanced tumors and poorer
survival rates.

Mutations in known cancer associated proteins can also affect y-TURC functions,
leading to disease phenotypes. For example, BRCA1 has been shown to ubiquitinate y-
tubulin and mediate its degradation, thereby limiting y-TURC recruitment to the
centrosome (Sung and Giannakakou 2014; Sankaran et al. 2005). Mutations in BRCA1
may lead to an excess of the y-TURC at the centrosome, resulting in centrosome
amplification and/or increased microtubule dynamics (Sung and Giannakakou 2014). y-
Tubulin also associates with other proteins involved in DNA repair in addition to BRCAL,
such as Rad51 and ATR, suggesting that its activity with these proteins may not be strictly
centrosomal, but that it may also play a nuclear role (B. R. Oakley, Paolillo, and Zheng
2015). In summary, expanding our understanding of the biology of the y-TURC may have
important implications for investigating the onset of and potential treatments for such

diseases.
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Chapter 2: A nucleotide-binding-independent role for y-tubulin in
microtubule minus-end capping and cell division

Note to readers: The results discussed below arose from a collaborative effort between
myself and several colleagues in the Kapoor Lab and the Chait lab at The Rockefeller
University. A closely related version was published in The Journal of Cell Biology (DOI:
10.1083/jch.202204102). With the permission of Prof. Kapoor, | have included relevant
studies done by the Chait lab in the 2.3.2 Results section as they provide important
information regarding my studies. Members of the Kapoor lab assisted with some of the
experiments shown in the Results sections, but all data and analyses presented are my own.

2.1 Summary

The y-Tubulin Ring Complex (y-TURC) has essential roles in centrosomal and non-
centrosomal microtubule organization during vertebrate mitosis. While there have been
important advances in understanding y-TURC-dependent microtubule nucleation, y-TURC
capping of microtubule minus-ends remains poorly characterized. Here, we utilized
biochemical reconstitutions and cellular assays to examine the human y-TuRC’s capping
activity. Single filament assays showed that the y-TURC remained associated with a
nucleated microtubule for tens of minutes. In contrast, caps at dynamic microtubule minus-
ends displayed lifetimes of ~1 minute. Reconstituted y-TURCs with nucleotide-binding
deficient y-tubulin (y-tubulin®“™) formed ring-shaped complexes that did not nucleate
microtubules, but capped microtubule minus-ends with lifetimes similar to those measured
for wild-type complexes. In dividing cells, microtubule regrowth assays revealed that while
knockdown of y-tubulin suppressed non-centrosomal microtubule formation, add-back of
y-tubulin®S™ could substantially restore this process. Our results suggest that y-TURC
capping is a nucleotide-binding-independent activity that plays a role in non-centrosomal

microtubule organization during cell division.
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2.2 Introduction

During mitosis, the formation and organization of non-centrosomal microtubules,
such as those generated by chromosome-dependent microtubule nucleation, contribute to
the assembly of the bipolar mitotic spindle (Kapoor 2017; Meunier and Vernos 2016; Heald
and Khodjakov 2015). Cell biology studies have demonstrated that the y-TURC plays a
critical role in these pathways (Llders and Stearns 2007). Depletion of y-TuRC
components in various model systems, including C. elegans, S. cerevisiag, D.
melanogaster, and cultured human cells, results in the loss of spindle bipolarity (McKinley
and Cheeseman 2017; Ramirez Cota et al. 2017; Mahoney et al. 2006; Hannak et al. 2002;
Strome et al. 2001). Moreover, microtubule regrowth assays in cells depleted of y-TURC
proteins show either complete or significant loss of non-centrosomal microtubule
formation, while centrosomal microtubules form, albeit more slowly (Tsuchiya and
Goshima 2021; Ramirez Cota et al. 2017; Hannak et al. 2002). While the loss of y-TURC-
dependent microtubule nucleation could be responsible for these phenotypes, it is possible
that other activities of this complex may also be important. Specifically, bulk biochemical
assays have suggested that the y-TuRC acts as a cap to suppress the addition or loss of
tubulin subunits at the microtubule minus-end (Wiese and Zheng 2000). Capping by the y-
TuRC can occur following a nucleation event where the y-TURC remains associated with
the newly nucleated microtubule, or when the y-TURC binds to the free minus-end of an
existing microtubule (Wiese and Zheng 2000). However, we do not understand the role of
v-TuRC’s capping activity in microtubule formation and organization in cells.

Cryo-EM structures of the Xenopus and human y-TuRC have revealed that the
complex is an asymmetric, cone-shaped assembly (Wieczorek, Urnavicius, et al. 2020;
Consolati et al. 2020; Peng Liu et al. 2019). The most abundant y-TuRC component, y-
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tubulin, is positioned at the top of the cone, where it can mediate interactions with a,p-
tubulin dimers. The asymmetric cone is composed of seven Y-shaped subunits, four of
which are comprised of the evolutionarily conserved y-tubulin small complex (y-TuSC)
proteins y-tubulin, GCP2 and 3, and three y-TuSC-like Y-shaped subunits, consisting of y-
tubulin bound to GCP4, 5 or 6 (Kollman et al. 2010; Murphy et al. 2001; Oegema et al.
1999). Across the interior the cone resides a luminal bridge, which is composed of the N-
terminal domains of GCP6 and GCP3 associated with actin and MZT1 proteins, while
MZT?2 interacts with the outer face of the cone (Wurtz et al. 2022; Wieczorek, Huang, et
al. 2020). These findings from structural studies, along with additional biochemical data,
have facilitated analyses of recombinant y-TURC and the basis of the y-TuRC’s asymmetric
organization (Wurtz et al. 2021a; Wieczorek et al. 2021; Zimmermann et al. 2020).
Reconstitution studies thus far have predominantly focused on the y-TuRC’s nucleation
activity (Wirtz et al. 2021a; Wieczorek et al. 2021; Zimmermann et al. 2020), which is
retained in a partial y-TuRC complex lacking the luminal bridge (y-TURCA'®; Wieczorek
et al. 2021). Additionally, GTP binding by y-tubulin has been found to be important for y-
TuRC-mediated microtubule nucleation (Wieczorek et al. 2021; Gombos et al. 2013). A
point mutation in y-tubulin’s nucleotide binding pocket (N229A), which reduces the yeast
y-tubulin’s affinity for nucleotide by ~3 orders of magnitude, compromised microtubule
nucleation activity in yeast y-TuSCs and the partial human complex y-TuRCA®
(Wieczorek et al. 2021; Gombos et al. 2013). However, the dependence of the y-TuRC’s
microtubule capping activity on nucleotide binding by y-tubulin is not known.

Here, we examine the microtubule minus-end capping activity of the y-TURC. We

find that the association of y-TURCs with microtubule minus-ends following a nucleation
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event persists over tens of minutes, while caps at dynamic minus-ends have lifetimes of ~1
minute. Nucleotide-binding-deficient y-TURC capped dynamic microtubules at similar
lifetimes, despite its compromised nucleation activity. Microtubule regrowth assays in
mitotic cells revealed that non-centrosomal microtubule formation, which was suppressed
in y-tubulin knockdown cells, is observed in cells expressing nucleotide-binding deficient
y-tubulin. Together, our results suggest that y-TURC capping is nucleotide-binding-
independent and contributes to non-centrosomal microtubule formation and organization

during cell division.

2.3 Results

2.3.1 y-TURCYTU-WT caps nucleated and pre-formed microtubules, and suppresses
microtubule minus-end dynamics

To examine the association of the y-TURC with microtubule minus-ends,
recombinant y-TURC" T"*"WT containing green fluorescent protein (GFP)-tagged MZ T2 was
purified, as described previously (Wieczorek et al. 2021). We first used this complex to
perform nucleation assays and characterized the association of the y-TURC at the minus-
end of newly formed microtubules (Fig. 2.1 A). Nucleation of microtubules from a single
surface-bound y-TuRCY ™ WT \was monitored for up to 30 minutes, after which
photobleaching of the y-TURC T WT or overcrowding of the microtubules that formed
limited our analyses. For the majority of nucleation events (~88%; n=76 total events from
N=3 independent experiments), the y-TURC remained associated with the microtubule for
several minutes (range: 7.0-29.8 minutes; Fig. 2.1 B and C) and was not observed to
dissociate over the course of experiment, consistent with previous qualitative analyses

(Consolati et al. 2020).
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Figure 2.1 Recombinant y-TURC?TU-WT caps nucleated microtubules

(A) Schematic of the TIRF-based assay to analyze microtubules nucleated by recombinant
v-TuRC. Surface immobilized GFP-tagged y-TuRC (green) and polymerized tubulin
(pink), are shown. (B) Image and kymograph of a microtubule nucleation event from y-
TuRCYT"WT Two-color overlay of tubulin (magenta) and y-TuRC*™“*WT (green), and
single channel images are shown. Black triangle (right kymograph) marks signal from the
appearance of another polymerizing microtubule nucleated nearby. (C) Frequency
distribution of the residence times of y-TURCYT"*WT at microtubule minus-ends after a
nucleation event. Bin size=3 minutes, n=67 total events, N=3 independent experiments.

These experiments were performed with M. Wieczorek (Kapoor lab).
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Next, we established a TIRF-based assay to examine the capping of taxol-stabilized
microtubules by y-TURCY T"WT Taxol-stabilized microtubules were attached to passivated
coverslips to which the plus-end directed kinesin-1 fragment (residues 1-560, K560) was
adsorbed, and their motility in the presence of MgATP (100 uM) was used to determine
microtubule polarity and to exclude any non-specifically coverslip-attached y-TuURC (Fig.
2.2 A). Following incubation with y-TURCY T"WT (50 pM), we observed 23 + 7% (n=1,770
microtubules from N=3 independent experiments) of the taxol-stabilized minus-ends to be
capped (Fig. 2.2 B and C), consistent with previous work (Zheng et al. 1995). We next
performed this assay using GMPCPP-stabilized microtubules, and found that 25 + 3% (n=
2,326 microtubules from N=3 independent experiments) of the minus-ends were capped
(Fig. 2.2 B and C). Interestingly, taxol- and GMPCPP-stabilized microtubules have been
shown to predominantly have 13 or 14 protofilaments, respectively (A. Rai et al. 2021,
Ginsburg et al. 2017). As the y-TuRC similarly capped taxol- and GMPCPP-stabilized
microtubules, our data suggests that changes in protofilament number (13 vs. 14) do not
substantially affect the capping activity of the y-TURC under our experimental conditions.
Further, the y-TURC cap often persisted at stable microtubule minus-ends for >2 minutes,
although this could not be measured quantitatively due to the motility of the microtubules

in this assay.
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Figure 2.2 Recombinant y-TURC? T>-WT caps stabilized microtubule minus-ends

(A) Schematic of the assay to analyze GFP-tagged y-TuRC (green) capping of stabilized
microtubules (pink) bound to surface-immobilized kinesin motor domains (non-
fluorescent). Arrows indicate the directional movement of microtubules in the presence of
MgATP (100 uM). (B) Images and kymographs of y-TuRCY™WT capping taxol- or
GMPCPP- stabilized microtubules. Two-color overlay of tubulin (magenta) and y-TURC"
Tub-WT (green), and single channel images are shown. (C) Quantification of the percentage
of taxol- or GMPCPP-stabilized microtubule minus-ends capped by y-TuRCY ™*WT Mean
(red line) and error (standard deviation) are shown. Taxol: n=1,770 events from N=3
independent experiments. GMPCPP: n=2,326 events from N=3 independent experiments.
These assays were performed with recombinant y-TURCY T“*"WT pyrified by M. Wieczorek

and A. Aher (Kapoor lab).
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We next examined the interactions of GFP-tagged y-TuRCs with dynamic
microtubules (Fig. 2.3 A). Surface-bound, GMPCPP-stabilized microtubule “seeds” were
incubated with y-TuRC (10-30 pM) and soluble tubulin (15 puM). Both microtubule ends
were observed to grow as “dim” extensions from a‘“bright” seed, with the minus-ends being
identified as the slower polymerizing extensions (Walker et al. 1988). Puncta of y-TURC"
Tub-WT were found to bind dynamic microtubule minus-ends over the course of the
experiment (total time: 10 minutes, imaging interval: 3 seconds; Fig. 2.3 B and C).
Kymographs of single filaments showed dynamic minus-ends, and binding of the y-TURC"
Tub-WT synpressed growth and shrinkage (Fig. 2.3 B and C). For the majority (~83%, n=89
total events from N=3 independent experiments) of these events, the y-TURCY T">WT ags
found to associate and then dissociate from the minus-end (Fig. 2.3 B). Dissociation of the
y-TURCYT"WT was followed by the resumption of minus-end dynamics (Fig. 2.3 B). An
exponential fit of the cumulative frequency plot for these events provided a mean residence
time (t) of 0.80 £ 0.20 minutes (95% C.I. Fig. 2.3 D). In the remaining capping events
(~17%), the y-TuRC bound to a minus-end, but did not dissociate during the course of the
experiment (10 minutes; Fig. 2.3 C). We repeated our experiments for longer periods of
time (total time: 30 minutes, interval: 10 seconds) and found that, again, the majority of
events (~83%) showed both binding and dissociation of the y-TURC, and an exponential
fit of the cumulative frequency of the residence times for theses events provided a mean
residence time (t) of 1.30 = 0.30 minutes (95% C.I., Fig. 2.3 E). Furthermore, y-TURC
dissociation from the minus-end was not observed during the course of this experiment (30
minutes) for a fraction of the events (~17%, n=134 total events from N=2 independent

experiments). As the full binding and unbinding cycle was not observed, these events were
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not included in the mean residence time calculation (see methods). The apparent residence
time for all events (black bars: both association and dissociation observed; gray bars:
association, but no dissociation observed) from the longer imaging experiments are shown

using a frequency distribution plot (Fig. 2.3 F).
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Figure 2.3 Recombinant y-TURC?TY-WT caps dynamic microtubule minus-ends

(A) Schematic of the assay to analyze recombinant y-TURC binding to dynamic
microtubules. Biotinylated ‘bright” GMPCPP seed (magenta, 12.5% X-rhodamine-
tubulin), polymerizing ‘dim’ (pink, 2.5% X-rhodamine-tubulin) minus- and plus-end
extensions, and GFP-tagged y-TuRCs (green) are shown. (B and C) Images and
kymographs of y-TURCY*™WT capping events on dynamic microtubules. Two-color
overlay of tubulin (magenta) and y-TuRCYT"*"WT (green), and single channel images are
shown. (D and E) Cumulative frequency of the residence times of y-TURC* T"*WT capping
events where association and dissociation of the cap were observed from short (10 minute;
D) or long (30 minute; E) imaging experiments, fitted to a single exponential (red line)
with indicated mean residence time, t. Error=95% C.I. D: n=74 events (83% of total
events), N=3 independent experiments. E: n=107 events (83% of total events) from N=3
independent experiments. (F) Frequency distribution of y-TURCYT*WT residence times
from longer imaging experiments (30 minutes). Events where y-TURCY T"WT dissociation
from minus-ends is observed (black bars) and where y-TURCY ™WT remains associated
with minus-ends throughout the course of imaging (gray bars) are plotted. Bin size=3
minutes. n=134 total events from N=2 independent experiments. Scale bars: distance
(horizontal)=2 pm, time (vertical)=2 minutes. These experiments were performed with M.

Wieczorek (Kapoor lab)
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Taken together, our findings indicate that y-TURC capping suppresses dynamics at
microtubule minus-ends. The y-TuRC binds a nucleated microtubule for tens of minutes or
a stabilized pre-formed microtubule for 2 or more minutes, and caps a dynamic microtubule

minus-ends with lifetimes of ~1 minute.

2.3.2 Nucleotide-binding deficient y-tubulin incorporates into native-like y-TURCs
that cannot nucleate microtubules

Next, we examined the role of GTP-binding to y-tubulin within the context of the
y-TuRC holocomplex. To this end, we purified recombinant y-TURCY TWAGTP '3 complex
that incorporates y-tubulin with an N229A point mutation. While the homologous mutation
has been shown to reduce GTP binding to yeast y-tubulin (Gombos et al. 2013), its effect
on human y-tubulin has not yet been characterized. To analyze this, we also expressed and
purified recombinant WT and N229A-y-tubulin (Fig. 2.4 A). Native mass spectrometry
indicated that WT y-tubulin could bind nucleotide. By contrast, GTP binding to N229A-y-

tubulin was suppressed (Fig. 2.4 B and C).
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Figure 2.4 Native mass spectrometry analysis of y-tubulinN?2°A

(A) SDS-PAGE analysis (Coomasie) of recombinant, purified y-tubulinVT (left) and -
tubulinN229A (right) after gel filtration. Asterisk indicates a contaminant at ~25kDa. (B and
C) Native mass spectrometry analysis of y-tubulin'’T and y-tubulinN?2°A pefore (B) and
after (C) incubation with MgGTP. Native mass spectrometry experiments were performed

and analyzed by P. D. Olinares (Chait lab).

We characterized the y-TuRCYT™ASTP in four ways. First, sucrose gradient
centrifugation indicated that the mutant y-tubulin is incorporated into a complex that
migrates to ~35% sucrose, a percentage comparable to what we have observed for
recombinant WT and native complexes (Fig. 2.5 A; Wieczorek, Urnavicius, et al. 2020;
Wieczorek et al. 2021). Second, mass spectrometry analysis confirmed the presence of all
10 overexpressed y-TURC proteins (Fig. 2.5 B). Third, we used negative stain electron
microscopy to characterize the overall structure of the complex. The y-TuRCY TuWAGTP

appeared as asymmetric cones in negative-stain EM micrographs (Fig. 2.5 C). Reference-
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free 2D classification provided a dataset with different views of the complex, including
some where individual spokes were discernible (Fig. 2.5 D). Particles corresponding to
these 2D classes were then used to produce a 3D reconstruction of the complex, which
revealed 14-spoke y-TuRCs with a “seam” between the first and last spokes, and a density
in the lumen of the cone (Fig. 2.5 E). This low-resolution structure is consistent with
recently published high-resolution cryo-EM structures of the human and Xenopus y-TuRCs
(Consolati et al. 2020; Wieczorek, Urnavicius, et al. 2020; Peng Liu et al. 2019).
Correspondingly, a model of the native human y-TURC could be rigid body—fitted into the
y-TURCY TWAGTP density (Protein Data Bank accession nos. 6V6S, 6X0U, and 6XO0V;
Wieczorek, Urnavicius, et al. 2020; Wieczorek, Huang, et al. 2020; Fig. 2.5 F). Fourth, we
examined the microtubule nucleation activity of the y-TURCYT®ASTP and found that
microtubules were rarely observed in the y-TURCYT"AS™ sample in the course of the
experiment (30min). The few microtubules observed did not originate from GFP puncta.
By contrast, the y-TURC'"™WT sample revealed several GFP-puncta-associated

microtubules within minutes (Fig. 2.5 G and H).
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Figure 2.5 Recombinant y-TURC?T#b4GTP assembles into a 14-spoke assembly and
cannot nucleate microtubules

(A) SDS-PAGE analysis (Coomasie) of y-TURCYTWAGTP after sucrose gradient
centrifugation and fractionation. The percentage (W/V) of sucrose is indicated at the top.
Asterisk (*) indicates a 70kD contaminant with a sedimentation peak at a lower sucrose
percentage than the y-TURCY T"AGTP components. (B) y-TuRC proteins identified in liquid
chromatography-mass spectrometry analysis of the y-TURCYT"AGTP complex. Coverage
represents the percentage of identified protein sequences. “Unique/Total” designates the
ratio of unique and total peptides identified. (C) Transmission EM micrograph of
negatively stained y-TURCYT®AGTP " Scale bar=100 nm. (D) 2D averages showing three
orientations of y-TURCYT"ASTP narticles. Scale bar=20 nm. (E) Two views of a 3D
reconstruction of y-TURCYT®ASTP (F) Rigid body fit of the native human y-TuRC model
in the y-TURCY T®AGTP density map (Protein Data Bank accession nos. 6V6S, 6X0U, and
6X0V). The fitting was performed by M Wieczorek (Kapoor lab). (G) Images of nucleation
assays in the presence of y-TURCY T*WT (top) or y-TURCYTWAGTP (hottom). Two-color
overlay of tubulin (magenta) and y-TURCYT"PAGTP (green), and single channel images are
shown. Scale bar=10um. (H) Quantification of the number of microtubules at the indicated
time points for y-TURCY T®*"WT or y-TURCYT"AGTP microtubule nucleation assays. Mean
(symbols) and error (standard deviation) are shown. Data were fitted using a linear

regression (dashed lines). n=4 replicates from N=2 independent experiments.
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Together, these data indicate that the N229A mutation in y-tubulin suppresses the
microtubule nucleation activity of the y-TURC holocomplex, but does not substantially
alter the overall structural organization of the complex Additional studies will be needed
to determine the high-resolution structure of the y-TURCYT"AST? and analyze why this

complex cannot nucleate microtubules.

2.3.3. y-TURCY TwAGTP cans stable and dynamic microtubule minus-ends

We next examined microtubule capping by y-TURCY T"AGTP and first focused on
stabilized microtubules. Under assay conditions similar to those used to examine the y-
TuRCYT-WT (Fig. 2.2 A), puncta of y-TURCYT"AGTP (50 pM) were observed to bind the
minus-ends of taxol- and GMPCPP-stabilized microtubules (Fig. 2.6A). The percentage of
capped minus-ends was 18 + 3% (n= 1,503 microtubules from N= 3 independent
experiments) for taxol- stabilized microtubules, and 21 + 4% (n= 1,634 microtubules from
N= 4 independent experiments) for GMPCPP-stabilized microtubules (Fig. 2.6 A and B).
Qualitatively, the y-TURCY T"AGTP cap at most stable microtubule minus-ends lasted for at

least two minutes, as observed for y-TURC? T WT in this assay.
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(A) Images and kymographs of y-TURCYT"AGTP capping taxol- or GMPCPP- stabilized
microtubules bound to surface immobilized kinesin motor domains. Two-color overlay of
tubulin (magenta) and y-TURCYT">"WT (green), and single channel images are shown. (B)
Quantification of the percentage of taxol- or GMPCPP-stabilized microtubule minus-ends
capped by y-TURCYTWAGTP- Mean (red line) and error (standard deviation) are shown.
Taxol: n=1,503 events from N=3 independent experiments. GMPCPP: n=1,634 events

from N=4 independent experiments.

We next analyzed the capping of dynamic microtubules by y-TURCY T"AGTP pyncta
of y-TURCYTWAGTP (10-30 pM) were observed to bind the minus-ends of dynamic
microtubules (Fig. 3C and D). The capping activity of the y-TURCYTWAGTP yyas
qualitatively similar to that of the y-TURC" T"*"WT_Binding of y-TURCY T"PAG™? syppressed
microtubule dynamics at minus-ends (Fig. 3C and D), and minus-end growth/shrinkage
resumed following y-TURCY T"AGTP dissociation (Fig. 3C). Notably, we observed that in

the majority of events (~81%, n=105 total events from N=3 independent experiments), the
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y-TURCY TWAGTP associated with and then dissociated from the minus-end, similar to the
experiments performed with y-TURC*™WT The cumulative frequency distribution of
these events provided a mean residence time of 1.1 £ 0.25 minutes (95% C.I.; time interval:
3 seconds, total time: 10 minutes; Fig. 3E). The remaining events (~19%) did not show y-
TuRCY TWAGTP dissociation throughout the course of the experiment (10 minutes). Longer
image acquisition conditions (frame interval: 10 seconds, total time: 30 minutes), showed
a similar distribution of events. The majority of events (~77%) showed both binding and
dissociation of the y-TURCYT"AGTP with a mean residence time of 1.80 + 0.40 minutes
(95% C.I., Fig. 3F and G, black bars), while a smaller percentage of events (~23%, n=111
event from N=2 independent experiments) did not show dissociation of the y-TURC"
TubAGTP (Fig. 3G, gray bars).

We further compared the y-TURCY T*AGTP and y-TuRCY T-WT capping activities by
measuring the landing rate, referring to the number of capping events divided by the
concentration of the y-TURC, the time duration of the experiment, and the number of
dynamic microtubules. For the y-TURCYT"*WT  the average landing rate was 17.5 + 7.8
uM? sect minus-end? (n=10 measurements from N=3 independent experiments, Fig.
S1E). The average landing rate for the y-TURCY T"0AGTP was 15.9 + 7.0 uM* sec? minus-
end1 (n= 10 measurements from N=3 independent experiments, Fig. S1E), which was not
significantly different from the y-TURCYT"*WT Janding rate (unpaired two-tailed Student’s
t test, p=0.65). Overall, these data suggest that capping of stabilized and dynamic

microtubule ends by y-TuRC does not depend on GTP binding by y-tubulin.
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Figure 2.7 Recombinant y-TURC?TW4CGTP capns dynamic microtubule minus-ends

(A and B) Images and kymographs of y-TURCYT"AGTP capping events on dynamic
microtubules. Two-color overlay of tubulin (magenta) and y-TURCYT"*AGTP (green), and
single channel images are shown. (C and D) Cumulative frequency of the residence times
of y-TURCYT"AGTP canping events where association and dissociation of the cap were
observed from under short (10 minute; C) or long (30 minute; D) imaging experiments
fitted to a single exponential (red line) with indicated mean residence time, t. Error=95%
C.1. 10 minutes: n=85 total events (81% of total) from N=3 independent experiments. 30
minutes: n=85 events (77% of total) from N=2 independent experiments. (E) Frequency
distribution of y-TURCYT"*WT residence times from longer imaging experiments (30
minutes). Events where y-TURCY T"ASTP dissociation is observed (black bars) and where
y-TURCYTWAGTP minus-end association persisted (gray bars) are plotted. Bin size=3
minutes. n=111 total events from N=2 independent experiments. Scale bars: distance
(horizontal)=2 um, time (vertical)=2 minutes. (F) Landing rates= number of capping
events/[(uM y-TuRC)*(experiment duration in seconds)*(number of total minus-ends)] of
y-TURCY TOWT o y-TURCY T®AGTP ynder short (10 minute) experiment conditions. Mean
(red line) and error (standard deviation) are shown. y-TURCY T"*WT =9 measurements, y-
TURCYTWAGTP - n=10 measurements, from N=3 independent experiments. ns=not
significant, unpaired two-sided Student’s t test, p=0.65. These experiments were performed

with M. Wieczorek (Kapoor lab).
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2.3.4. Non-centrosomal microtubules form in the presence of y-tubulinAGT?

While y-tubulin depletion results in mild phenotypes during interphase, y-tubulin
has been shown to play a key role in regulating mitotic progression and spindle assembly
( Tsuchiya and Goshima 2021; Hutchins et al. 2010; Luders, Patel, and Stearns 2006;
Hannak et al. 2002; Strome et al. 2001). Yet, it is unknown if the y-TuRC’s capping activity
contributes to these processes. Therefore, we next examined the role of nucleotide-binding
deficient y-tubulin in dividing cells. We first generated a cell line with inducible expression
of shRNA to y-tubulin (hereafter, y-tubulinkP). Relative to uninduced control cells (mitotic
index: 6 = 1%, n = 3,653 total cells, from N = 3 independent experiments), y-tubulin
knockdown resulted in an increase in the mitotic index (21 + 5%, n = 4,800 total cells from
N = 3 independent experiments) and an increase in cells displaying misaligned
chromosomes and poorly separated spindle poles (hereafter, disrupted spindles; 75 = 7%,
n = 1,009 total cells from N = 3 independent experiments; control cells: 8 £ 1%, n = 205
total cells, from N = 3 independent experiments; Fig. 2.8 A-C). These phenotypes are
consistent with prior work (Choi et al. 2010; Haren et al. 2006). While western blot analysis
showed that residual amounts of endogenous y-tubulin remained in whole cell lysates
(~25%, Fig. 2.8 D and E), y-tubulin puncta were not observed by immunofluorescence,
consistent with the loss of y-tubulin in mitotic cells with disrupted spindles (Fig. 2.8 C).

We next used the y-tubulinkP cell line to generate “addback” cell lines which upon
treatment with doxycycline, expressed both shRNA and RNAi-resistant C-terminally GFP-
tagged WT or GTP-binding deficient N229A-y-tubulin (hereafter, y-tubulinWTKP and -
tubulin®GTP*KD) "Tn these cell lines, the levels of y-tubulin’T-GFP and y-tubulin®S™-GFP
were similar to levels of endogenous y-tubulin in control cells and the knockdown
efficiencies were comparable to that of y-tubulin®® (Fig. 2.8 D and E). Importantly, y-
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tubulin®STP*KD ce|ls displayed a ~4-fold increase in the mitotic index (26 + 8%, n=2,801
total cells from N=3 independent experiments) relative to untreated controls, and an
increase in the fraction of cells with disrupted spindles (81 £ 14%, n=741 total cells from
N=3 independent experiments; Fig. 2.8 A, B, F). In contrast, the y-tubulinWTKP cells had
a mitotic index (9 + 1%, n= 2,923 total cells from N= 3 independent experiments) and
fractions of disrupted spindles (24 £ 7%, n=253 from N=3 independent experiments)
comparable to uninduced controls (Fig. 2.8 A, B, F). These phenotypes were dependent on
depletion of endogenous y-tubulin, as a cell line expressing y-tubulin®“™"-GFP, but not the
shRNA, did not display mitotic defects (mitotic index= 7 + 1%, n=2,457 total cells and
disrupted spindles=10 + 5%, n=187 total cells from N=3 independent experiments; Fig 2.8
A, B, F). Importantly, both y-tubulin®™-GFP and y-tubulinV'-GFP localized to
centrosomes (Fig. 2.8 F), and sucrose gradients of cell lysates showed a peak for y-tubulin
at ~30% sucrose (Fig 2.8 1), consistent with incorporation of y-tubulin®™-GFP and y-
tubulinWT-GFP into the y-TURC complexes (Tsuchiya and Goshima 2021; Haren et al.

2020).

47


https://paperpile.com/c/Q2uibQ/BGiW+gF6T
https://paperpile.com/c/Q2uibQ/BGiW+gF6T

F

>

Q\;,/30

&

..920

2

S

=
NN
RIS
<8

C X

B

<

>

wn

2

=

=4

o

a

wn

oo )

2

=2

g

g A
SR
ISP
RN

y-tubulin

S um

DNA/Merge

y-TubAGTP-KD

5 um
—

a /~Tub“T‘KD

5 um

GFP

NAO\OOS
S O O O O

o-tubulin

o EE
12
y-TubWT+KD I i as

D ‘04\'3’ ‘o\ﬂ‘@ \)L\C‘W >
kD c W o W W
250 =~
150 ==
100 ==
75 . y GFP-tagged
y-tubulin
50 - «| Endogenous
- |-  y-tubulin
3T | e || — —— “*l« GAPDH
25
20
15
10 =
E — Endogenous - Exogenous
= S 20
B &
« v15s
5 B
N N 1.0
e e s
g g 05
) 9)
Z, 'z 0.0
O O
,Q‘ X
s
S
’ >
N
N
40%

Sucrose

345 6 7 8 910111213 141516

— o= = = = — — —|75kDa
y-TubAGTP'KD| — o i - - |75kDa
I o y-TubWT+KD g
] 2]
CE10 & y-TubAGTP+KD o'y
)
Q\O,S - g‘n ,; 8 ]
= s 8 = °
s |83
§ag
(/JO T T T T T T T T T T T T T T T T
12345678 910111213141516

48

Fraction #



Figure 2.8 p-tubulind¢TP+ED cells form disrupted spindles

(A) Analysis of the mean mitotic index. n=>2,000 cells per condition from N=3
independent experiments. (B) The mean percentage of mitotic cells that displayed
disrupted spindles. n=>200 cells per condition from N=3 independent experiments. (C)
Images of fixed mitotic uninduced control and y-tubulin®® cells. Single-channel images
(maximum-intensity projections) and overlays show vy-tubulin (magenta), a-tubulin
(green), and DNA (blue). (D) Western blot analysis of cell lysates. Bands corresponding
to the expected molecular weights of GFP-tagged y-tubulin, endogenous y-tubulin, and
GAPDH are indicated, along with the corresponding molecular weight standard. (E)
Quantification of endogenously and exogenously expressed y-tubulin levels in these cell
lines determined by western blotting, relative to loading control (GAPDH). The signal
relative to control is plotted. Mean and error (standard deviation) are shown. N=3
independent experiments. (F) Images of fixed y-tubulin®S™*P_y-tubulinVT™*P and y-
tubulin®S™ cells. Single-channel images (maximum-intensity projections) and overlays
show GFP (native signal; magenta), a-tubulin (green), and DNA (blue). (G) Analysis of
whole cell lysates from y-tubulinW™¥ P and y-tubulin®“T**KD cell lines using sucrose
gradient centrifugation. Western blot of y-tubulin (top) and quantification of the percentage

of y-tubulin antibody signal within each sucrose gradient fraction (bottom) are shown.
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We next performed a microtubule regrowth assay to examine how nucleotide-
binding deficient y-tubulin affected cellular microtubule formation (Fig. 2.9 A). In the
different cell lines, at the earliest time points of regrowth (2 minutes), microtubules grew
predominantly from two sites with similar fluorescence intensities, consistent with growth
from centrosomes (Fig. 2.9 B-E). At later time points (5 minutes), several additional
microtubule foci were observed in control and y-tubulinW™P cells (80 + 11% and 90 +
11% of cells, n=67 and 50 total cells from N=3 independent experiments, respectively; Fig.
2.9 D and F). In the case of the y-tubulin®P cells, few additional microtubule foci formed
at later time points (5 minutes; 27 + 12% of cells; n=79 total cells from N=3 independent
experiments, Fig. 2.9 D and F-G). These findings are consistent with previous studies
(Ramirez Cota et al. 2017; Liiders, Patel, and Stearns 2006). Importantly, y-tubulinAGTP+KD
cells showed several foci at non-centrosomal sites at these later time points (88 + 4%, n=95
total cells from N=4 independent experiments; Fig. 2.9 D, F, H). Together, these data
suggest that addback of y-tubulin®“™-GFP allows for microtubule formation at non-

centrosomal sites.
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Figure 2.9 p-tubulinGTP*KD cells display non-centrosomal microtubule formation

(A) Schematic of fixed cell microtubule regrowth assay. Cells were fixed at the indicated
time points and processed for immunofluorescence (B-D) Images of fixed mitotic cells at
0 (B), 2 (C), and 5 (D) minutes post-nocodazole washout. Single-channel images
(maximum-intensity projections) of a-tubulin are shown. (E) Quantification of the mean
microtubules fluorescent signal at 2 minutes post-nocodazole washout in the indicated cell
lines. n=>30 cells per condition from N=3 independent experiments. (F) Quantification of
the mean percentage of mitotic cells that display >2 microtubule foci at 5 minutes post-
nocodazole washout. n=>45 cells per condition from N> 3 independent experiments. (G
and H) Images of fixed mitotic y-tubulin®® and y-tubulin®S™*KD cells 5 minutes post-
nocodazole washout. Single-channel images (maximum-intensity projections) and
overlays show y-tubulin (immunofluorescence; G) or GFP (native signal; H; magenta), a-
tubulin (green), and DNA (blue). Scale bars=5 um. Error bars= standard deviation (E and

F).
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2.3.5. Microtubule regrowth assays in live cells show non-centrosomal microtubule
foci formation and coalescence

We next repeated the microtubule regrowth assay in live cells to further
characterize the course of microtubule foci formation and to exclude the possibility that the
multiple sites of microtubule growth stemmed from the fragmentation of one or two sites
of growth (Fig. 2.10 A). In order to avoid further modification of the y-tubulin cell lines,
we utilized the microtubule stain SiR-Tubulin (Lukinavicius et al. 2014). We found that
microtubule foci became visible at 5-10 minutes following the exchange to warm media
(Fig. 2.10A-F). This delay relative to the fixed cell assay may be, in part, due to dim SiR-
Tubulin labeling of newly formed microtubules (David et al. 2019). Additionally, Z-stacks
were acquired as the microtubule foci were dynamic within the cell cytoplasm. The number
of Z-planes was limited in order to minimize phototoxicity; consequently, one of the two
centrosomes, identified as bright GFP puncta in cells expressing GFP-tagged y-tubulin,
was sometimes outside of the Z-planes acquired at certain time points (Fig. 2.10 D).

In y-tubulinkP cells, SiR-Tubulin-labeled microtubules appeared at predominantly
two foci, consistent with our fixed cell experiments (Fig. 2.10 B). In contrast, cells
expressing addback of y-tubulinWT-GFP displayed several microtubule foci throughout the
cytoplasm (Fig. 2.10 C and D). Non-centrosomal sites could be discerned, as the
centrosomes were marked by bright GFP puncta (Fig. 2.10 D). As in our fixed cell analysis,
y-tubulin®STP*KD als0 displayed several microtubule foci at sites other than the centrosomes
(Fig. 2.10 E and F). In y-tubulinkP cells, the number of microtubule foci ranged from 1-4
at 10 minutes (total mean= 2 + 1, n=18 total cells from N=2 independent experiments; Fig.
2.10 G), as quantified using the methods depicted in figure 2.11. In contrast, the number

of foci in y-tubulinWTKP cells ranged from 3-10 (total mean=7 + 2, n=13 total cells from
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N=3 independent experiments; Fig. 2.10 G and 2.11), and in y-tubulin®ST?*KD cells from
2-9 (total mean=6 + 2, n=23 total cells from N=3 independent experiments; 2.10 G and
2.11. In both y-tubulinWT*P and y-tubulin®ST™"*KD cells, centrosomal and non-centrosomal
foci grew brighter as time progressed. As the signal intensity of these foci increased, they
also began to coalesce (Fig. 2.10 C-F). Together, these data suggest that addback of
nucleotide-binding deficient y-tubulin, in dividing cells lacking endogenous y-tubulin,

leads to microtubule foci formation at non-centrosomal sites.
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Figure 2.10 Microtubule foci formation and coalescence in live y-tubulin/¢TP+ED ce|ls

(A) Schematic of the live cell microtubule regrowth assay. (B-F) Live imaging of
microtubule regrowth assay by spinning disc confocal microscopy in y-tubulin®® (B; no
GFP signal), y-tubulinV™KP (C and D), and y-tubulin®S™KP (E and F) cells. Maximum-
intensity projections at individual time points are shown. Timestamps= hh:mm. Single-
channel images (B, C, E) show SiR-Tubulin-labeled microtubules. Overlays (D and F)
show GFP-tagged vy-tubulin (green) and SiR-Tubulin-labeled microtubules (magenta).
Scale bar=2.5 um. (G) Quantification of the number of microtubule foci in y-tubulin®P
(dark blue bars, n=18 total cells from N=2 independent experiments), y-tubulinWT*KP (gray

bars, n=13 total cells from N=3 independent experiments), and y-tubulin*ST**%P (light blue

bars, n=23 total cells from N=3 independent experiments) cells.
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1. Raw Image 2. Threshold 3. Binarize 4. Watershed 5. Count Particles
>90% >1um?

Ex. 1

Ex.2

Ex. 3

Figure 2.11 Analysis of live cell microtubule regrowth assays

Examples demonstrating the workflow for counting the number of microtubule foci. 1. The
raw images were compiled as maximum intensity projections. 2. A signal intensity
threshold of >90% was applied. 3. The image was binarized. 4. The signal was segmented
using the Watershed plugin in FIJI. 5. Any particles greater than 1 um2 were counted using
the Analyze Particles tool in FIJI. Example 1 illustrates this workflow in a y-tubulin®® cell.
Examples 2 and 3 illustrate this workflow in y-tubulinWTKP and y-tubulin®S™"*KD cells
where the foci were either small and dispersed (Example 2), or large and clustered together

(Example 3). Scale bar=2.5 pum.
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2.4 Discussion

In summary, our studies characterize the y-TuRC’s capping activity in biochemical
assays and cellular contexts. In light of our in vitro findings that the y-TURCY T*AGTP doeg
not nucleate microtubules, but can cap microtubule minus-ends, we propose that
nucleotide-binding deficient y-tubulin promotes the formation of non-centrosomal
microtubules in dividing cells through its capping activity. These microtubules are likely
nucleated through pathways within the spindle or at kinetochores that may involve proteins
such as TPX2 and CLASP1, which have been implicated to nucleate non-centrosomal
microtubules during mitosis in the absence of y-tubulin (Renda et al. 2022; Tsuchiya and
Goshima 2021; Gruss et al. 2002).

We suggest a model where y-TuRC’s capping activity can suppress minus-end
dynamics and mediate transport and organization within the bipolar spindle (Fig. 2.12).
Interestingly, the turnover of individual non-centrosomal spindle microtubules has been
found to be on a similar 1 minute time scale as our measured residence times for y-TURC
capping of dynamic microtubules (Needleman et al. 2009). Additionally, fluorescently
tagged y-tubulin molecules have been found to interact transiently within the spindle, and
to traverse the length of the half spindle (5-10 pum) within ~2 minutes (Lecland and Liders
2014; Hallen et al. 2008). Furthermore, the y-TURC has been shown to interact with dynein,
a minus-end directed motor protein that contributes to the organization of microtubules at
the spindle poles, whose motility in the spindle is on the order of 2-6 um per minute
(Lecland and Luders 2014; Young et al. 2000; Heald et al. 1996; Merdes et al. 1996). This
model is consistent with our observation that the microtubule foci in y-tubulin®ST*KD ce||s
coalesce over time, which is likely to be a dynein-dependent process (Tulu et al. 2006;
Heald et al. 1996).
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Figure 2.12 Model of the role of the y-TuRC’s capping activity during bipolar spindle
formation

Schematic showing the proposed model for the mitotic role of y-TuRC’s capping activity
during non-centrosomal microtubule formation. The y-TuRC cap at newly forming
microtubule minus-ends would protect and stabilize these microtubules, and allow for
attachment of factors such as motor proteins which would sort and organize these

microtubules into the requisite bipolar architecture.

Dissociation of the y-TuRC from microtubule minus-ends would allow for
regulation of microtubule turnover, resumed minus-end dynamics, or the binding of other
minus-end associated proteins (Martin and Akhmanova 2018). Interestingly, we and others
have found that centrosomal microtubule formation is not as severely affected by the loss
of y-TURC components (Ramirez Cota et al. 2017; Luders, Patel, and Stearns 2006; Hannak
et al. 2002). This may be partially due to the localization of other minus-end capping
proteins such as ASPM and NuMA at spindle poles, or of centriolar and pericentriolar

matrix proteins which can mediate different mechanisms of spindle formation (Watanabe
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etal. 2020; Baumgart et al. 2019; Woodruff et al. 2017; K. Jiang et al. 2017; Gaglio, Saredi,
and Compton 1995).

Our findings that the lifetimes and nucleotide-dependencies differ between y-TuRC
capping of dynamic minus-ends and nucleation of new microtubules suggest that the type
of contacts that are formed between y-tubulin and o,pB-tubulin are different during these
types of events. As the reported structures of y-tubulin do not reveal major conformational
changes upon different nucleotide-bound states (Rice, Montabana, and Agard 2008; Aldaz
et al. 2005), it remains unclear how nucleotide-binding by y-tubulin can impact y-TURC
activities. Nonetheless, regulation of y-tubulin’s nucleotide binding state may allow for
modulation between long and short capping lifetimes. Interestingly, a recently identified
phosphorylation site within the nucleotide-binding pocket of yeast y-tubulin likely
interferes with nucleotide binding, suggesting a potential regulatory mechanism (Brilot et
al. 2021). Together, our results suggest a role for the y-TuRC’s capping activity in mitotic
spindle assembly, and may have implications for the formation and organization of
microtubules in other contexts, such as in non-centrosomal microtubule organizing centers

in differentiated cells (Sanchez and Feldman 2017).
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Chapter 3: Studies towards further characterization of the y-TuRC
and its cellular activities

Note to readers: The mass spectrometry results discussed below arose from a collaborative
effort between myself and Dr. Wenzhu Zhang in the lab of Prof. Brian Chait lab at The
Rockefeller University. | have included relevant studies done by Dr. Zhang in the 3.3
Results section as they provide important information regarding my studies. All other data
and analyses presented are my own.

3.1 Introduction

Microtubule formation is regulated by a complex containing the tubulin isoform y-
tubulin, referred to as the y-tubulin ring complex (y-TuRC). The y-TuRC allows for cellular
control over microtubule polymerization, depolymerization, and localization through its
major microtubule-related activities, namely templated nucleation of microtubules,
capping of newly nucleated microtubules or of exposed microtubule minus-ends, and
anchoring microtubule minus-ends at specific cellular locations, such as at the
centrosomes, Golgi, or kinetochores, by interacting with different binding partners
(Berman et al. 2023; Wu et al. 2023; Gavilan et al. 2018; Wu et al. 2016; Fong et al. 2008;
Efimov et al. 2007; Zimmerman et al. 2004; Wiese and Zheng 2000; Dictenberg et al. 1998;
Zheng et al. 1995). The y-TuRC is an asymmetric, ring-shaped complex composed of seven
pairs of y-tubulin complex proteins (GCPs), of which there are GCP2-6, each respectively
bound to y-tubulin, and in the interior of the ring the N-termini of GCP3 and GCP6 interact
with MOZART1 (MZT1) and actin, composing what is referred to as the luminal bridge
(Wirtz et al. 2022; Wieczorek, Urnavicius, et al. 2020; Wieczorek, Huang, et al. 2020;
Consolati et al. 2020; Peng Liu et al. 2019). The complex also contains multiple copies of
MOZART2 (MZT2), which binds the exterior of the complex and may play a regulatory
role (Wirtz et al. 2022; Tovey et al. 2018; Wieczorek, Huang, et al. 2020; Huang et al.

2020; Teixido-Travesa et al. 2010). In Saccharomyces cerevisiae, which lack GCP4-6, the
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yeast homologs of GCP2 and GCP3, Spc97 and Spc98, respectively, assemble into y-
tubulin small complexes (y-TuSCs; Oegema et al. 1999). Oligomerization of y-TuSCs into
rings has been observed, promoted by an interacting protein, Spc110 (Kollman et al. 2010).
Previous evidence has suggested that these y-TuSC oligomers are not as active compared
to vertebrate y-TURCs (Kollman et al. 2010; Gunawardane et al. 2000; Oegema et al. 1999).
However, it remains unclear how the complete y-TURC structure contributes to its different
cellular activities, and if these activities can be performed by partial y-tubulin-containing
complexes.

Similar to y-TuSC oligomerization, it has been proposed that the y-TURC assembles
in a modular fashion (Wirtz et al. 2022; Haren et al. 2020). Importantly, GCP6, the largest
and most diverse of the GCPs, has been shown to act as the scaffolding molecule in this
assembly. Cellular y-TuRCs isolated under varying salt conditions or recombinant y-TURC
assembly intermediate complexes show that GCP6 maintains a minimal subcomplex with
GCP4, and GCP4/5 and GCP2/3 subunits oligomerize onto the GCP4/6 pair until a
complete y-TURC is formed (Wurtz et al. 2022; Haren et al. 2020). Structural data suggests
that GCP6 can stabilize the additional GCP subunits through the key contacts it makes
throughout the y-TURC. GCP6’s extended N-terminal domain spans the interior of the ring
complex, making contact with GCP2/3 subunits on the opposite half of the ring through
what is termed the “belt” domain, and with the components of the luminal bridge through
the pair of N-terminal helical domains (NHDs; Wieczorek, Huang, et al. 2020).
Truncations of the belt or N-terminal domains have been shown to compromise the

structural integrity of the y-TURC (Wirtz et al. 2022; Haren et al. 2020). However, there is
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conflicting evidence on the exact defects that these truncations impart on the y-TuRC’s
structure and cellular activities.

One study characterizing the N-terminal 56 residues of GCP6, which compose the
first of the pair of NHDs, found that this truncation results in the loss of the actin molecule
from the luminal bridge, while the remaining luminal bridge components remain intact
(Wurtz etal. 2022). In vitro microtubule nucleation experiments showed that the nucleation
activity of y-TuRCs incorporating this truncated GCP6 is comparable to WT y-TuRCs,
however cells expressing this GCP6 truncation showed an increase in the length of mitotic
progression, and a slight (~10%) decrease in the number of cells with aligned chromosomes
(Wurtz et al. 2022). However, these changes are not as pronounced relative to further
truncations of the N-terminus of GCP6, which cause major structural changes in the vy-
TuRC as observed by sucrose gradient sedimentation (Haren et al. 2020). Additionally, it
is unclear how N-terminal truncations to GCP6 specifically affect each of the complex’s
cellular activities, namely nucleation, capping, and anchoring of microtubules.

Changes to the y-TuRC’s structure may alter binding domains where interacting
partners may associate to modulate the y-TuRC’s localization and function. Partial y-
tubulin-containing complexes may include a different stoichiometry of GCPs, as evidenced
by the finding that the GCP4/6 scaffolding pair can oligomerize with only GCP2/3
subunits, even in the absence of a GCP4/5 subunit (Haren et al. 2020). Therefore, it would
be useful to establish methods to examine the y-TuRC’s interacting partners and
stoichiometric composition and compare these results to those of partial y-tubulin-
containing complexes. The human y-TuURC composition and interactome have been

previously characterized using mass spectrometry (Wieczorek, Urnavicius, et al. 2020;
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Consolati et al. 2020; Teixido-Travesa et al. 2010; Hutchins et al. 2010; Murphy et al.
2001). A recent work studying affinity purified y-TURCs from Xenopus laevis meiotic egg
extracts used label-free quantitation (LFQ) mass spectrometry in addition to cryo-EM to
characterize the stoichiometry of each subunit (Peng Liu et al. 2019). Using LFQ mass
spectrometry when examining y-TURC interacting proteins may be beneficial, as this
would indicate whether the identified proteins are interacting with complete y-TURCs, or
with partial complexes that may be composed of only specific components that are over-
represented in the sample being analyzed.

Here, we performed two separate studies towards further characterizing the vy-
TuRC’s cellular activities. First, we performed a single-step affinity-purification of GFP-
tagged y-tubulin from an asynchronous HeLa cell line. We made efforts towards examining
the stoichiometry of core y-TURC components using LFQ mass spectrometry. In addition,
we identified several potential interactors that co-purified with GFP-tagged y-tubulin.
Future experiments will be necessary to validate and elucidate the interaction of these
proteins with y-tubulin alone, or with the y-TuRC. Second, we expressed N-terminal
truncations of GCP6 in HeLa TREX cells depleted of endogenous GCP6 protein by sShRNA,
in order to determine how the overall composition and function of the y-TuRC is affected.
Fixed and live-cell microscopy experiments show that a partial y-tubulin-containing
complex composed of GCP6 lacking its NHD and belt domains localizes to interphase, but
not mitotic, centrosomes. These experiments lay the foundation for future examination of

how the y-TuRC’s structure, composition, and interactors affect its cellular activities.
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3.2 Results

3.2.1. Quantitative mass spectrometry analysis of affinity-purified y-tubulin
To examine the composition of cellular y-TURCs, we performed affinity

purification followed by quantitative mass spectrometry (Fig. 3.1 A, see methods). For
these assays, we used a cell line harboring inducible expression of RNAi-resistant, GFP-
tagged vy-tubulin, as well as shRNA targeting endogenous y-tubulin, as described
previously (see Chapter 2). First, cells were grown asynchronously in the presence of
doxycycline for 72hrs, after which the cells were harvested and flash frozen as small pellets
according to published protocols (LaCava, Jiang, and Rout 2016). Typically, we collected
5g of cell pellets from 1L of adherent cell culture. Next, the cells were disrupted using
cryomilling until a fine cell powder was obtained. The cell powder was lysed, and the
clarified lysate was incubated with GFP-nanobody conjugated dynabeads. The captured
protein was eluted under denaturing conditions (Fig. 3.1 B). The presence of y-tubulin and
several GCPs in the eluate was confirmed via western blot (Fig. 3.1 B and C). Next, the
eluted sample was electrophoresed briefly to obtain a single gel plug of the sample
(LaCava, Jiang, and Rout 2016). The gel plug was crushed into small pieces, which were
then subjected to trypsinization. After proteolysis, the peptides were extracted and analyzed

by guantitative mass spectrometry (performed by Dr. Wenzhu Zhang).
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Figure 3.1 Affinity purification of GFP-tagged y-tubulin
(A) Workflow for affinity purification of GFP-tagged y-TUuRC expressed in HeLa TREXx

cells. (B) Western blot analysis of samples from each step of the affinity purification
protocol, probed with an antibody targeting y-tubulin. Bands corresponding to GFP-tagged
y-tubulin and endogenous y-tubulin are indicated. (C) Western blot analysis of samples
from each step of the affinity purification protocol, probed with antibodies targeting y-

TuRC components, as indicated.
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We performed LFQ mass spectrometry analysis towards characterizing the
stoichiometric abundance of individual y-TURC components (Table 3.1). We compared the
experimental stoichiometries with the expected abundance of each y-TURC component
based on the known composition of the y-TURC (Wrtz et al. 2022; Wieczorek, Urnavicius,
et al. 2020; Wieczorek, Huang, et al. 2020). The values were derived from four replicates.
In one replicate, the cells were treated with nocodazole in order to depolymerize
microtubules to account for proteins that may be purified with y-tubulin indirectly through
an interaction with microtubules.

A ~2-fold excess of y-tubulin was detected in our eluted sample as compared to the
known stoichiometry of y-tubulin in the y-TURC (Table 3.1). This may be expected, since
y-tubulin was the target protein in the purification, and as y-tubulin was overexpressed in
these cells. However, more work will be necessary to confirm this hypothesis. Other y-
TuRC components, namely GCP2, GCP3, GCP5, and GCP6, were identified to be present
at similar values as the expected stoichiometries. In contrast, however, we quantified a ~4-
fold excess of the component GCP4 (Table 3.1). This is consistent with the observation
that there is an excess of GCP4 in the HeLa TREX cell line, but it has been proposed that
the excess GCP4 protein is not incorporated into the y-TURC as it sediments at a lower
sucrose density than the remaining y-TURC components (Haren et al. 2020; Farache et al.
2016). Future biochemical, structural, and cellular experiments will be necessary to
determine if this is the case. Additionally, it would be interesting to examine if GCP4 is
expressed in excess of the other y-TURC components because it plays a cellular role
independent of the complex’s major activities. While substoichiometric amounts of MZT1

and MZT2B were quantified, this may reflect the difficulties in identifying these
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microproteins (each is expected to be <10kDa). Additionally, the exact stoichiometry of
MOZART proteins within the native y-TURC complex remains unclear (Wirtz et al. 2022;
Wieczorek, Huang, et al. 2020), and the stoichiometry of these proteins may be variable
depending on the cellular context (Huang et al. 2020; Tovey et al. 2018; Teixido-Travesa

et al. 2010).

Table 3.1. LFQ mass spectrometry analysis of y-TURC components

Table 3.1 includes data presented in Table 3.2. Listed proteins were identified by affinity
purification of GFP-tagged y-tubulin expressed in HeLa TREX cells. Data is summarized
from across 4 replicates. W. Zhang (Chait lab) performed and analyzed these mass

spectrometry experiments.

Protein Expected abundance Relative abundance

(Mean + SD)

y-Tubulin 14 25.23 £ 7.45
GCP2 5 5.69 + 0.61
GCP3 5 452 +0.60
GCP4 2 459 +1.13
GCP5 1 0.68 £ 0.30
GCP6 1 1.11+0.54

MZT1 7 (Wirtz et al. 2022) 0.065 + 0.029
MZT2 >5 (?; TBD) 0.58 + 0.40
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Through our mass spectrometry analysis, we also identified proteins that were
isolated with y-tubulin but are not known components of the y-TURC. These are listed in
Table 3.2. Some of these proteins, such as LGALS3BP, RuvBL1/2, and the TCP-1 family
of proteins are known interactors of the y-TURC (Zimmermann et al. 2020; P. Liu, Choi,
and Qi 2014; Teixido-Travesa et al. 2010; Brown et al. 1996), while others, such as UBR5
and VCP, have not been previously characterized as y-tubulin or y-TURC interactors but
have been suggested to play a role in microtubule regulation (summarized in Table 3.2).
More data will be necessary to determine if and how these proteins interact with y-tubulin,

and/or with the y-TuRC.

Table 3.2 Mass spectrometry analysis of y-tubulin interacting proteins

The following proteins were identified as interactors of GFP-tagged y-tubulin following
affinity purification. Identified proteins are organized based on their known interactions
with I.) the y-TuRC and the cytoskeleton, I1.) their role in protein homeostasis or cell cycle
regulation, 111.) their localization at the endoplasmic reticulum, golgi, or mitochondria, or
IV.) their role in genome maintenance. The protein name, E-value, protein coverage, and
the number of unique vs. total peptides are listed. The reported values are from a single
replicate. Information regarding the cellular role of the proteins and relevance of the listed
proteins to the y-TuRC, microtubules, or mitosis, is included. The proteins listed were
identified in all 4 replicates unless otherwise indicated. W. Zhang (Chait lab) performed

the mass spectrometry experiments, and W. Zhang and | analyzed the results together.
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E- Cover-
Protein Value age

(log(e)) | (%)

Peptides

] Notes and citations
(Unique/Total)

I. y-TuRC and Cytoskeleton

y-Tubulin | -1009.6 | 91 68/367 v-TURC
GCP2 7565 | 74 56/186 v-TURC
GCP3 6265 | 72 48/152 v-TURC
GCP4 4764 | 8l 35/138 v-TURC
GCP5 -108 17 10/19 v-TURC
GCP6 2188 | 21 21/28 v-TURC
MZT2B -85.7 65 5/22 v-TURC
MZT2A 569 | 27 214 v-TURC
MZT1 303 | 70 217 v-TURC

A component of the y-TURC.
Shows autophosphorylation
NME7 -26 12 3/4 activity that may regulate y-TURC
functions (P. Liu, Choi, and Qi
2014).

Role in cell-cell matrix
interaction and cell migration.
Identified in other y-TURC
LGALS3BP -94.9 30 8/14 interaction studies, but y-TURC
related role has not yet been
identified (Hutchins et al. 2010;
Teixido-Travesa et al. 2010).

AAA ATPase protein chaperone
in complex with RuvBL2. Has
been implicated in y-TURC
assembly (Zimmermann et al.
RuvBL1 -262.2 64 19/57 2020). Shown to localize to
mitotic centrosomes and play a
role in microtubule formation
(Fielding et al. 2008; Ducat et al.
2008).

RuvBL2 -266.4 54 22/57 See RuvBL1

Recently identified as an integral
component of the y-TURC
(Wieczorek, Urnavicius, et al.
2020; Peng Liu et al. 2019).

B-Actin -425.2 5 1/17
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y-Actin -443 74 27/161 Actin isoform
TCP-1 protein chaperone.
Participates in the protein folding
of a. B, and y-tubulin. May
TCP-1 ~4688 1 80 32135 modulate y-TURC assembly and
function (Brown et al. 1996;
Melki et al. 1993).
CCT2 -471.7 69 31/143 See TCP-1
CCT3 -450.3 74 35/110 See TCP-1
CCT4 -361.2 57 26/90 See TCP-1
CCT5 -394.9 68 31/114 See TCP-1
CCT6A -372.4 81 31/100 See TCP-1
CCT7 -391.8 69 30/112 See TCP-1
CCT8 -438.5 65 32/109 See TCP-1
Microtubule binding protein that
MAP7 -305 77 26/73 enhances the activity of kinesin-1
(Hooikaas et al. 2019).
Acts redundantly with MAP7
MAP7D3 -49 9 5/6 (Hooikaas et al. 2019).
*214 replicates
Microtubule minus-end
organizing protein, important for
NuMA1l -141.9 9 13/14 spindle pole formation
(Akhmanova and Hoogenraad
2015).
a4A-Tubulin | -334.6 16 4/8 Tubulin
alB-Tubulin | -346.6 88 26/102 Tubulin
alC-Tubulin | -265.8 4 1/2 Tubulin
a3E-Tubulin | -227.7 5 1/5 Tubulin
B-Tubulin -484.4 100 35/198 Tubulin
B3-Tubulin | -304.2 9 3/4 Tubulin
B4B-Tubulin -477 27 5/29 Tubulin
B6-Tubulin | -226.5 5 1/2 Tubulin
Dynein heavy chain component
DYNC1H1 -55.2 44 57 of the dynein complex (Reck-
Peterson et al. 2018).
Dynein light chain component of
DYNLL1 -26.8 60 2/3 the dynein complex (Reck-

Peterson et al. 2018).
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KIF1C

-42.6

5/5

Member of the Kinesin-3 family
(Miki, Okada, and Hirokawa
2005).

*In 3/4 replicates

KIF20A

-17.4

2/3

Member of the Kinesin-6 family.
Reported to bind to a RabGTPase
and to be involved in cytokinesis
(Miki, Okada, and Hirokawa
2005).

*In 3/4 replicates

KIF5B

1/1

Member of the conventional
Kinesin-1 family (Miki, Okada,
and Hirokawa 2005).

*In 3/4 replicates

CEP170

-185.5

54

15/24

A centrosomal protein. Anchors
microtubules at the centrosomes
(Paz and Liders 2017).

CEP350

-11.5

2/2

A centrosomal protein. Anchors
microtubules at the centrosomes
(Yan, Habedanck, and Nigg
2006).

*In 3/4 replicates

KIAA1967
(aka DBC1,
CCAR2)

-388.2

60

30/68

Interacts with centrosomal
proteins (Hutchins et al. 2010).
May regulate Sirtuins, which play
a role in tubulin deacetylation
(Nagai et al. 2013).

Plectin

-760.5

19

67/97

Links intermediate filaments with
microtubules (Fuchs and
Karakesisoglou 2001).

Vimentin

-483.9

83

38/150

Intermediate filaments

Annexin A2

-196.7

55

15/34

Implicated in cortical actin
remodeling. Involved in the early
stages of cytokinesis and
assembly of the acto-myosin ring
(Benaud et al. 2015).

Desmoplakin

-175.8

10

19/21

Cytoskeleton. Plays a role in non-
centrosomal organization of
microtubules in differentiated
cells (Lechler and Fuchs 2007).
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I1. Cell Cycle and Protein Homeostasis

VCP (aka
P97, cdc48)

-217

33

19/36

Master regulator of protein
turnover. Plays a role in
ciliogenesis (Raman et al. 2015).
Regulates localization of Aurora
A at centrosomes (Kress et al.
2012) and Aurora B at mitotic
chromosomes (Dobrynin et al.
2011). Cells with siRNA
targeting VCP show disrupted
mitotic spindles (Wojcik, Yano,
and DeMartino 2004).

LAP1

-18

2/2

Encoded by the TOR1AIP1 gene.
Integral membrane protein of the
inner nuclear membrane.
Associates with lamin A/C and
lamin B1 in the nuclear lamina.
Interacts with and activates the
AAA-ATPase torsinA (Shin and
Worman 2022).

UBR5

-1715

72

122/383

Degrades BuGZ, assisting
metaphase-to-anaphase transition
(H. Jiang et al. 2015). Promotes
ciliogenesis by ubiquitination of
the centrosomal and ciliary
protein CSPP1 and regulating its
cytoplasmic organization (Shearer
et al. 2018).

MISP

-215.4

47

17/31

Substrate of PLK1. Plays a role in
spindle orientation (M. Zhu et al.
2013).

Ran

-14.5

15

2/2

Nuclear GTPase that regulates
chromatin-mediated microtubule
nucleation during mitosis. Its
GTP-bound form is concentrated
around chromosomes during
mitosis (Prosser and Pelletier
2017).
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RanBP2

-210.7

19/23

Component of the Ran signaling
pathway that is recruited to
kinetochores (Cheeseman and
Desai 2008). Phosphorylated by
Aurora A, B and PLK1
(Kettenbach et al., n.d.).

RanGAP1

-76.6

17

6/7

Stimulate the GTPase activity of
Ran. associates with the spindle
and is localized away from the
chromosomes (Matunis,
Coutavas, and Blobel 1996;
Prosser and Pelletier 2017).

CDK1

-21.2

11

3/3

Phosphorylates chromosome
passenger complex (CPC)
proteins (Lampson and
Cheeseman 2011). Also
phosphorylates NEDDL1 to
regulate branched spindle
microtubule nucleation (Johmura
et al. 2011).

AMBRA1

-199.1

33

17/22

Master regulator of the G1to S
phase transition and genomic
integrity via the Cyclin D
pathway (Maiani et al. 2021).
Tethered to the cytoskeleton via
dynein (Di Bartolomeo et al.
2010).

MTA2

-43.4

25

4/4

Part of the metastatic tumor
antigen (MTA) family of
chromatin modifiers. Part of the
nucleosome remodeling and
histone deacetylation (NuURD)
complex. Shown to localize to the
centrosome by interacting with
pericentrin (Sillibourne et al.
2007).

*In 3/4 replicates
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Identified as an essential mitotic
gene in the MitoCheck RNA.
screen (Neumann et al. 2010).

RhoGEF17 | -167.3 13 15/19 Targets Mps1 to mitotic
kinetochores and regulates SAC
functions (Isokane et al. 2016).
Regulatory subunit of mTOR
RICTOR 68.5 ! 8/10 complex 2 (Oh and Jacinto 2011).
I11. ER, golgi, or mitochondria associated
Anchors the ER to the
CKAP4 135 4 2/ microtubule_ cytoskeleton
(Klopfenstein, Kappeler, and
Hauri 1998).
TECR -150.9 61 14/33 ER-associated
COPA -116.8 13 12/14 ER and golgi-associated
DPM1 -109.7 45 10/19 ER-associated
RCN1 -110.9 51 9/19 ER-associated
RCN2 -95.6 40 7112 ER-associated
Calnexin -95.4 28 9/12 ER-associated
HSPAS -480.1 80 36/131 heat shock protein
HSPD1 -323.1 64 25/61 heat shock protein
HSP90AB1 | -252.1 45 22/50 heat shock protein
HSPA1A -241.1 37 13/34 heat shock protein
HSPA9 -230.1 39 18/25 heat shock protein
HSP90AALl | -212.4 16 9/13 heat shock protein
HSPAS5 -203.8 34 15/30 heat shock protein
HSP90B1 -149.8 24 13/26 heat shock protein
HSPB1 -139.9 85 10/40 heat shock protein
DNAJAL -90.5 35 7/15 HSP70 co-chaperone
CPS1 -843.1 66 63/196 mitochondrial
ATAD3A -461.6 69 34/172 mitochondrial
ATAD3B -361.1 23 9/28 mitochondrial
SLC25A4 -377.6 17 4/8 mitochondrial
SLC25A3 -287.9 72 23/70 mitochondrial
SLC25A5 -429.7 88 35/123 mitochondrial
SLC25A6 -395 44 12/35 mitochondrial
ATP5A1 -308.7 57 24167 mitochondrial
ATP5B -125.5 32 12/25 mitochondrial
ATP5C1 -112.9 58 11/34 mitochondrial
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GOT2 -197.3 42 16/34 mitochondrial
LRPPRC -168.7 15 16/25 mitochondrial
MRPS34 -153.7 70 13/46 mitochondrial
SHMT2 -144.6 42 13/19 mitochondrial
DNAJA3 -119.9 40 10/24 mitochondrial
IV. Genome Maintenance
MATR3 -330.1 56 26/75 DNA maintenance
AKAP8 -186.7 54 15/24 DNA maintenance
DDB1 -127.4 18 12/18 DNA maintenance
HNRNPM -925.6 89 65/576 RNA maintenance
INTS6 -413.9 51 33/62 RNA maintenance
DDX41 -332.9 53 28/56 RNA helicase
HELZ -263.6 20 24/31 RNA helicase
RBM14 -250.1 68 21/43 RNA binding protein
HNRNPU -244.4 42 21/41 RNA maintenance
HNRNPH1 | -243.7 62 16/63 RNA maintenance
DDX5 -206 44 16/41 RNA helicase
PRPF8 -179.7 10 17/20 RNA maintenance
HNRNPF -170.5 37 10/24 RNA maintenance
DHX9 -155.3 16 14/25 RNA helicase
RNA helicase. May play a role in
DDX21 -111.8 24 11/18 chromatin maintenance in mitosis
(De Wever et al. 2012).
HNRNPK -92.1 30 9/12 RNA maintenance
ZNF318 -660.5 40 55/99 Gene expression
PRRC2B -594.8 44 47/84 Gene expression
GIGYF2 -367.6 47 28/53 Gene expression
PUF60 -284.5 63 21/64 Gene expression
RPL4 -255.2 60 21/54 Gene expression
SF3B2 -248.4 41 21/45 Gene expression
RPS3 -209.3 83 18/58 Gene expression
EEF1Al -199.6 76 17/46 Transcription factor
EEF2 -182.3 24 17/30 Transcription factor
Gene expression. Interacts with
TRIM28 -169.8 44 14/26 the NDC80 complex (Hutchins et
al. 2010).
RPS5 -167.4 65 12/69 Gene expression
RPLPO -165 60 13/28 Gene expression
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RPS4X -141.1 64 13/27 Gene expression
YBX1 -128.1 82 9/13 Gene expression
RPL6 -114.4 54 10/26 Gene expression
RPL7 -102.4 60 11/24 Gene expression

Optimization of the affinity-purification methods may result in more direct
identification of relevant interactors. Additionally, synchronizing the cell cycle before
harvesting may improve the detection of low-abundance interactions. Future work will be
needed to determine if these protein interactors play roles in microtubule formation,

cytoskeletal regulation, or largely within cell division.

3.2.2 N-terminal truncations of GCP6 result in partial y-tubulin-containing
complexes

Separately, we sought to examine how changes to the overall y-TURC structure may
affect the cellular functions of the complex. To this end, we focused on the y-TURC
component GCP6, as this component has been identified to serve as the scaffolding unit of
the complex around which the other GCP proteins can bind and assemble into larger ring-
shaped structures (Haren et al. 2020). GCP6 is the largest and most divergent of the GCPs
in terms of its structure (Wieczorek, Urnavicius, et al. 2020; Wieczorek, Huang, et al. 2020;
Murphy et al. 2001; Gunawardane et al. 2000). While it contains the GRIP1 and GRIP2
domains that typify the GCP family of proteins, it also contains an extended insert (residues
~608-1474) whose role is not well understood (Haren et al. 2020; Wieczorek, Urnavicius,
et al. 2020; Murphy et al. 2001). Additionally, the N-terminal residues (~1-351) preceding
the GRIP1 domain contains two N-terminal domains that extend through the lumen of the

v-TuRC, and make key contacts throughout the interior of the complex (Wieczorek, Huang,
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et al. 2020). First, residues ~1-120 form two helical domains (hereafter referred to as the
NHD) which bind MZT1 and contact the actin molecule within the luminal bridge (Figure
3.2 A-C). Second, residues ~120-250 form an a-helix termed the GCP6 “belt” that contacts
the luminal surface of the GCP2 and 3 molecules residing at positions 3-6 (Fig. 3.2A-C).
Previous work suggests that these domains maintain the structural integrity of the
ring-shaped complex (Wurtz et al. 2022; Haren et al. 2020). Thus, truncating the NHD or
the belt domains of GCP6 would lead to the loss of key contacts within the y-TURC and
result in partial complexes. Based on known structural and biochemical data, we
hypothesized that truncating the NHD of GCP6 (residues 1-120; hereafter referred to as
ANHD) would result in the removal of the luminal bridge, leading to the loss of y-TURC
subunits 1, 2, 13, and 14 which come in contact with it (Fig. 3.2 D). Further truncating the
N-terminus of GCP6 to remove both the NHD and the belt domains (residues 1-250;
hereafter referred to as AN-Belt) would remove the key contacts maintaining the structural
stability of y-TuRC subunits 3, 4, 5, and 6, possibly resulting in a further reduced partial y-
tubulin-containing complex (Fig. 3.2 E). Interestingly, the core y-TuURC subunits 7-12,
composed of an oligomer of GCP2-GCP3-GCP4-GCP5-GCP4-GCP6, have been observed
to be the most stable y-TUuRC assembly intermediate (Wiirtz et al. 2022; Haren et al. 2020).
To test this, we aimed to express these GCP6 truncations in cells. First, we
established a cell line which, upon doxycycline induction, expressed shRNA targeting
endogenous GCP6 (Fig 3.2 F, hereafter shGCP6). Next, a construct with doxycycline-
inducible expression of C-terminally GFP-tagged GCP6 was introduced to the shGCP6 cell
line. Three cell lines were generated, each expressing either WT, ANHD, or AN-Belt

constructs of GFP-tagged GCP6 (hereafter GCP6F:, GCP6*NP and GCP6AN-Belt
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respectively; Fig. 3.2 F). Western blot analysis showed a slight downward shift in the signal
for GCP6 in each of these cell lines, consistent with a decrease in GCP6 molecular weight
(Fig. 3.2 F). In order to examine the approximate size of the y-tubulin-containing
complexes in these cell lines, we incubated cell lysates from each of these cell lines with
beads conjugated to GFP-nanobody and performed an affinity purification. The eluted
samples were analyzed using sucrose gradient sedimentation, followed by western blot. In
the GCP6™ cell line, the peak signal for y-tubulin was observed at fraction 8 (Fig. 3.2 F
and G). In contrast, in the GCP6*N"P and GCP6*NBelt cell lines, the peak signal for y-
tubulin was observed at fraction 6 and 4, respectively, consistent with the incorporation of
y-tubulin into smaller partial complexes (Fig. 3.2 F and G). Together, these data indicate
that truncations of the NHD and belt domains of GCP6 result in partial y-tubulin-containing

complexes in cells, as has been observed previously (Wirtz et al. 2022; Haren et al. 2020).
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Figure 3.2 N-terminal truncations of GCP6 result in partial y-tubulin-containing
complexes

(A) Schematic of the domain architecture of GCP6, with key residues indicated. (B) A 3D
reconstruction of the native y-TURC shown in two different views with the position of each
GCP subunit indicated, adapted from Wieczorek, Urnavicius, et al. 2020. All components
besides for GCP6 are shown with a mesh overlay to highlight the extension of GCP6 (solid
red) through the complex. The dashed box surrounds the NHD and belt domains of GCP6.
(C) A zoomed in view of the NHD and belt domains of GCP6 and their contacts within the
lumen of the y-TuRC. (D and E) Hypothesized architectures of the ANHD and AN-Belt
complexes with the truncated versions of GCP6 (red). The other GCP subunits are shown
in gray-scale as the identity of the subunits at the indicated positions may vary from those
in the native architectures. (F) Western blot analysis of cell lysates. Bands corresponding
to GCP6 and GAPDH are indicated. A non-specific band recognized by the antibody
targeting GCP6 is indicated (red arrow). (G) Analysis of GFP-nanobody affinity purified
samples for GCP6™, GCP6*N"P and GCP6*N-Bel cell lines using sucrose gradient
centrifugation. Western blot probing for y-tubulin is shown. (H) Quantification of the y-
tubulin signal in each sucrose gradient fraction (%signal=signal in individual fraction/ sum

of the signal in all ten fractions).
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3.2.3 GCP6ANHD cells from bipolar spindles, but spindles in GCP6AN-Be!t cells are
disrupted

We next examined how the cellular expression of NHD and N-Belt truncated GCP6
constructs, in addition to depletion of endogenous GCP6 via shRNA, affects the mitotic
phenotype. We found that compared to the mitotic index of uninduced control cells (5 +
2%, n=2,884 total cells, from N=3 independent experiments; Fig. 3.3 A), the mitotic index
was increased in shGCP6 cells (15 = 5%, n=290 total cells, from N=2 independent
experiments; Fig 3.3 A), indicating that loss of GCP6 causes mitotic arrest, as reported
previously (Haren et al. 2020; Ramirez Cota et al. 2017; Bahtz et al. 2012). Furthermore,
mitotic cells with GCP6 knockdown displayed a higher percentage of disrupted spindles
(78 £ 13%, n=60 total cells, from N=3 independent experiments; Fig. 3.3 B and C), as
compared to uninduced controls (6 £ 1%, n=32 total cells, from N=2 independent
experiments; Fig 3.3 B and C). Consistently, GCP6™" cells showed a reduced mitotic index
(3%, n=2,171 total cells, from N=2 independent experiments; Fig. 3.3 A) and rescue of
spindle bipolarity (19 + 5% of n=49 total cells were disrupted, from N=3 independent
experiments; Fig. 3.3 B and C). The GCP6*MP cell line also displayed a low mitotic index
(4%, n=1932 total cells from N=2 independent experiments) and formed bipolar spindles
(19 £ 6% of n=45 total cells were disrupted, from N=2 independent experiments), despite
these cells harboring an incomplete y-TURC. This is in contrast to a recently published
study which observed an increase in mitotic defects in a cell line expressing GCP6
truncated of the first of the two NHDs (Wiirtz et al. 2022). More detailed experimental
characterization of the GCP6*™P cell line will be necessary reveal any subtle phenotypes.

However, GCP62N-Belt cells appeared similar to the shGCP6 cell line, with an

increased mitotic index (16 = 1%, n=935 total cells, from N=3 independent experiments;
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Fig. 3.3 A) and a high percentage of cells displaying disrupted mitotic spindles (81 £ 1%,
n=46 total cells, from N=3 independent experiments; Fig. 3.3 B and C), suggesting that the
partial y-tubulin-containing complex in these cells is not sufficient for sustaining bipolar
spindle formation. Furthermore, centrosomal y-tubulin signal was visible in the GCP6™
and GCP6*NP cell lines but was not observed in GCP62N-Belt mitotic cells (Fig. 3.3 C).
Imaging of live cells showed that the GFP signal of the GCP6 constructs was also localized
to mitotic centrosomes in the GCP6F- and GCP6*NP cell lines, but not in GCP6AN-5¢!t cells
(Fig. 3.3 D).

Overall, these data suggest that a minimal y-tubulin-containing complex is required
for cells to assemble microtubules into the bipolar spindle, localize y-tubulin and related
proteins to the centrosomes, and progress through cell division. While the partial y-tubulin-

containing complex present in GCP6“NP cells is seemingly sufficient for these processes,

the smaller partial complex assembled in GCP6*N-Belt cells is not.
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Figure 3.3 GCP64MHP cells form bipolar mitotic spindles, while GCP64¥-Eeltcells form
disrupted spindles and are arrested in mitosis

(A) Analysis of the mean mitotic index. n=>300 cells per condition from N=2-3
independent experiments. (B) The mean percentage of mitotic cells that displayed
disrupted spindles. n=>30 cells per condition from N=2-3 independent experiments. (C)
Images of fixed mitotic uninduced control, sShGCP, GCP6F-, GCP6*™P, and GCP6AN-Belt
cells. Single-channel images (maximum-intensity projections) and overlays show y-tubulin
(magenta), a-tubulin (green), and DNA (blue). (D) images of live mitotic GCP6™,
GCP6*NHP and GCP6*NBelt cells. Single-channel images (maximum-intensity projections)

and overlays show GFP (green), and DNA (blue).
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3.2.4 GCP6ANBelt cells show interphase y-tubulin and GCP6 localization, which is
lost upon entry into mitosis

While we did not observe y-tubulin signal at the centrosomes in mitotic GCP62N-
Belt cells, y-tubulin signal remained at the centrosomes of interphase GCP6*NBe!t cells (Fig.
3.4 A). In contrast, shGCP6 cells did not show centrosomal localization of y-tubulin (Fig.
3.4 A). To further investigate this, we performed live cell imaging to assess the centrosomal
localization of GFP-tagged GCP6-AN-Belt. Similar to the y-tubulin signal, GFP signal was
observed at interphase centrosomes (Fig. 3.4 B and C), but not in mitotic cells as shown

previously (Fig. 3.3 D).
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Figure 3.4 p-tubulin localizes to interphase centrosomes in GCP64N-Belt cells, but not
shGCP&6 cells

(A) Images of fixed interphase uninduced control, sShGCP, and GCP6*NBelt cells. Single-
channel images (maximum-intensity projections) and overlays show y-tubulin (magenta),
a-tubulin (green), and DNA (blue). (B) Images of live interphase GCP6~N-B¢! cells. Single-
channel images (maximume-intensity projections) and overlays show GFP (green), and
DNA (blue). (C) Zoom-in view of centrosome localized GFP signal shown in B. Single-
channel images (maximume-intensity projections) and overlays show GFP (green), and

DNA (blue).
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We next asked how the centrosomal GFP signal changes as GCP6*NBelt cells
transition from interphase to mitosis. We performed live cell imaging of GCP6F or
GCP62NBelt cells and tracked the centrosomal GFP signal in prophase cells as they
transitioned to metaphase. In GCP6™ cells, the GFP signal was observed to accumulate at
the centrosomes which at first appeared in close proximity to each other (Fig. 3.5 A). As
time progressed, the centrosomes moved further from each other, and were ultimately
positioned at opposite poles of the cell while the DNA congressed at the metaphase plate
(Fig. 3.5 A). In GCP62N-B¢!t cels, the GFP signal was initially observed at the centrosomes,
which like the initial time points in GCP6™ cells, were in close proximity to each other
(Fig. 3.5 B). As the cell progressed into mitosis, however, the centrosomes were not able
to separate from each other, and eventually the GFP signal decreased until it was no longer
detected. The DNA remained disorganized, and the cell remained in mitotic arrest
throughout the course of the experiment (>1 hour) (Fig. 3.5 B).

Together, these data suggest that GCP6-AN-Belt can be localized to interphase, but
not mitotic, centrosomes. As y-tubulin localized to interphase centrosomes in the presence
of GCP6-AN-Belt, but not in the absence of GCP6, as in the shGCP6 condition, these data
are consistent with GCP6-AN-Belt forming a y-tubulin-containing complex that may have

interphase-specific functions that are lost upon cellular entry into mitosis.
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from interphase into mitosis
(A and B) Time-lapse images of live interphase GCP6™ (A) and GCP62N-EBelt (B) cells.
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3.3 Discussion

Our mass spectrometry experiments lay the foundations for characterizing several
known and potentially new y-TuRC interactors that play a role in different biological
processes including cytoskeletal dynamics, cell division, protein homeostasis, and gene
expression. There are several known y-TuRC interacting proteins that are missing from our
results, such as Nedd1 and Augmin complex proteins, which have been identified in other
works (Teixido-Travesa et al. 2010). This may be a result of differences in the affinity
purification methods. Furthermore, cell synchronization may increase the abundance of
certain cell cycle specific y-TURC interactors which remained minimal in our asynchronous
samples.

Characterization of the y-TuRC’s composition and interactors would enable the
analysis of how these aspects change in response to modifications in the y-TuRC’s
structure. Here, we found that truncating specific N-terminal domains of GCP6 results in
partial y-tubulin-containing complexes. Guided by the structure of the native human y-
TuRC, which contains 14 y-tubulin/GCP heterodimers, and our sucrose gradient
centrifugation analysis, we hypothesize that these partial complexes have 10 vy-
tubulin/GCP heterodimers in GCP6*NP cells, and 6 y-tubulin/GCP heterodimers in
GCP62NBelt cels. Future work utilizing LFQ mass spectrometry and structural methods
will determine the components of these partial complexes and their relative
stoichiometries. Additional mass spectrometry and cellular analyses will allow for the
examination of which y-TURC interacting proteins can no longer bind to these partial
complexes, and how this may affect the y-TuRC’s activities.

In light of our cell biology studies, we suggest that the partial y-tubulin-containing
complex in the GCP62NBet cell line maintains an interaction interface needed for
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localization of the y-TURC to interphase centrosomes, but not to mitotic centrosomes (Fig.
3.6). Given that the identity and/or structural conformation of GCP proteins in this partial
complex may differ from those in the native y-TURC, it may be that these interacting sites
are not translatable to the native cellular context. However, it would be interesting to test
whether the native y-TURC is localized to interphase and mitotic centrosomes by different

interacting partners.
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Figure 3.6 Proposed modular binding interfaces regulating cell cycle dependent

Schematic showing the proposed y-TURC binding interfaces that can associate with
different interacting proteins during interphase or mitosis. The GCP6MP-containing
complex would maintain both interphase and mitotic interfaces, while the GCP6AN-Belt.

containing complex would maintain only the interphase binding interface.

Several different centrosomal proteins have been suggested to bind and localize the
y-TURC (Akhmanova and Kapitein 2022). The observation that the y-TURC concentration
at the centrosome increases during the transition from interphase to mitosis may indicate

that a mitosis specific factor recruits the y-TURC (Haren, Stearns, and Liders 2009;
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Khodjakov and Rieder 1999). Furthermore, the centrosome’s pericentriolar matrix
composition changes during the interphase to mitosis transition (Woodruff, Wueseke, and
Hyman 2014). This further indicates that a cell cycle specific factor may regulate y-TURC

localization, and that different factors may bind to unique y-TURC interfaces.
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Chapter 4: Outlook and Future Directions

4.1 Summary

Microtubule dynamics are essential to mitosis. In addition to the growth and
shrinkage of microtubules, their formation is another key property that needs to be
regulated in order for cell division to proceed. In this work, I discuss how different
activities of the y-TuRC, specifically, nucleation, capping, and anchoring, play a role in
microtubule formation and mitotic spindle assembly. First, 1 show that the y-TuRC’s
capping activity can be distinct from its nucleation activity, as y-TuRC’s comprised of
GTP-binding deficient y-tubulin could cap, but not nucleate, microtubules. Further,
microtubule regrowth assays in HeLa cells expressing this mutant suggest that the y-
TuRC’s capping activity, independent of its nucleation activity, can promote microtubule
formation at non-centrosomal sites. Second, I characterize the y-TuRC’s potential
interacting proteins, and examine how cell cycle specific interactions may differ in partial
y-tubulin-containing complexes. Expression of N-terminally truncated GCP6 lacking the
NHD and “belt” domains, which are critical for maintaining the structural integrity of the
ring complex, results in interphase specific centrosomal localization of y-tubulin and the
truncated GCP6, while both are lost from mitotic centrosomes. This data suggests that
different interfaces of the y-TURC maintain cell cycle specific interactions. Here, | discuss
remaining open questions and potential future directions that could further enhance our

understanding of this important cellular complex.

93



4.2 Distinguishing between the y-TuRC’s nucleation and capping activities

Microtubule formation can be facilitated by several different cellular factors, as
discussed in the introduction to this chapter. What differentiates the y-TURC from these
other factors? The data discussed in chapter 2 of this work suggest that the combination of
the y-TuRC’s templated nucleation and minus-end capping activities imparts unique
properties to the newly formed microtubules that other microtubule formation pathways
cannot provide. In both y-tubulin®P or y-tubulin®S™*KP cell lines, separated bipolar
spindles could not be formed, consistent with some property of the microtubules in these
cells being functionally different from the microtubules in wild-type cells. This suggests
that microtubules nucleated by the y-TURC adopt certain properties that are necessary for
bipolarization. More work will be necessary to uncover what these properties are.

In light of our in vitro data that y-TURC composed of GTP-binding deficient y-
tubulin cannot nucleate microtubules, the rescue of non-centrosomal microtubule
formation in mitotic y-tubulin®STP*KD cells suggests that y-TuRC-independent microtubule
nucleation pathways are active. However, as non-centrosomal microtubule formation is
limited in y-tubulin®® cells, our data suggests that even these y-TURC-independent
microtubule nucleation pathways rely on the y-TuRC’s capping activity in order for
microtubule growth to be sustained. Below are 3 hypotheses as to why this may be:

1. Microtubules nucleated by y-TuRC-independent pathways exhibit
growth/shrinkage dynamics at both the plus and minus-ends and are therefore prone to
complete disassembly. Minus-end capping by the y-TuRC restricts microtubule dynamics
at this end, thereby strengthening the stability of the microtubule polymer as a whole. This
is consistent with recent work which suggests that microtubule fragility at the minus-end
can affect the dynamics of the plus-end (A. Rai et al. 2021).

94


https://paperpile.com/c/Q2uibQ/HHVd

2. Uncapped microtubule minus-ends are vulnerable to microtubule depolymerases,
and therefore may be depolymerized before they have the chance to be visualized. Minus-
end capping by the y-TuRC could sustain the growth of microtubule polymers by
preventing depolymerases such as Kif2A and MCAK from accessing the minus-end, as
shown recently (Henkin et al. 2023).

3. By capping the microtubule minus-end, the y-TURC also serves as a handle to
localize the microtubule to specific sites. y-TURC-independent nucleation pathways may
not be able to be specifically localized in this way, and therefore may remain dispersed in
the absence of y-TuRC’s capping activity, resulting in the loss of substantiated microtubule
foci.

Additional work will be necessary to examine these possibilities and elucidate the

mechanisms by which the y-TuRC’s capping activity promotes microtubule formation.

4.3 The structure of the capped minus-end

It would be interesting to examine the high-resolution structure of the y-TuRC-
capped microtubule minus-end. While this has been observed at low resolution using
negative stain electron microscopy, it remains unclear how exactly the y-tubulin molecules
in the y-TuRC interact with the a-tubulins at the microtubule minus-end (Wiirtz et al.
2021b; Kollman et al. 2010; Keating and Borisy 2000; Wiese and Zheng 2000; Zheng et
al. 1995). In addition, differentiating between the structure of a capped, y-TURC-nucleated
minus-end and a y-TuRC-capped, independently formed microtubule may have important
implications for understanding this interaction. It may be that after a nucleation event, all
of the y-tubulin molecules are engaged with the a-tubulins of each protofilament, whereas

in a capped, pre-formed microtubule, only a subset of the a-tubulins are engaged (Fig. 4 A
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and B). This is consistent with a recent study which suggests that the mechanism by which
a microtubule is nucleated may affect the strength of y-TURC binding to the minus-end (D.
Rai et al. 2022). Furthermore, there may be structural differences between a nucleation-
competent y-TuRC, and a y-TuRC that is only capping a minus-end, which may shed light

on the mechanisms mediating these interactions.

Figure 4.1 The y-TuRC cap at nucleated or pre-formed minus-ends

(A and B) Schematic of the hypothesized interaction between the y-TuRC and the
microtubule minus-end in a y-TURC-nucleated (A) or a pre-formed (B) microtubule. In a
nucleated microtubule, all of the protofilaments can be engaged by the y-TURC, whereas
in the pre-formed microtubule, the flaring of the protofilaments at the minus-end may result

in only a subset of them being engaged.
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4.4 Generating a y-TURC that nucleates, but does not cap, microtubules

To further characterize the functional differences between the nucleation and
capping activities of the y-TURC, it would be interesting to generate a complex that retains
its nucleation activity, but can no longer cap microtubules. This is conceptually difficult,
as, in theory, the interactions necessary for the y-TURC to bind tubulin dimers and nucleate
a microtubule are related to, if not the same as, the interactions that mediate the continued
binding of the y-TURC at the minus-end as a cap. Given the GTP-dependency of the y-
TuRC’s nucleation activity, however, one hypothesis is that a y-tubulin mutant which can
bind, but not hydrolyze GTP, would be captured in a “nucleation on” state.

GTP-hydrolysis deficient mutants have been identified for a,B-tubulin dimers.
However, these are not translatable to y-tubulin, as the catalytically active residue resides
in o-tubulin, which induces the hydrolysis of the GTP molecule being held by B-tubulin
during polymerization (Manka and Moores 2018; Anders and Botstein 2001). However, a
genetic screen in yeast y-tubulin identified mutations which maintains its affinity for GTP,
while markedly enhancing the Kq for GDP (Gombos et al. 2013). One of these mutations,
D68N in human y-tubulin (D70N in yeast), is of particular interest due its homology to the
catalytic D67 residue in the GTP-binding pocket of Ras-GTPases. In both cases, the
aspartate residue is important for coordinating the magnesium ion in the GTP-binding
pocket (Gombos et al. 2013; Goldberg 1998). Biochemical and cellular experiments
incorporating a D68 y-tubulin mutant may reveal new insights into how GTP hydrolysis

regulates the y-TuRC’s different activities.
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4.5 Relationship between the y-TuRC’s architecture and its cellular functions

In chapter 3 of this work, I discussed how the loss of particular binding interfaces
on the y-TuRC may affect its minus-end anchoring activity. This phenotype was
pronounced in GCP62N-B!t cells, which expressed the smallest partial y-tubulin-containing
complex, while no obvious interphase or mitotic phenotype was observed in GCP6AND
cells, which express the relatively “medium” sized partial y-tubulin-containing complex. It
would be interesting to further investigate the binding interfaces on the native y-TuURC and
examine how the y-TuRC’s interactome changes when these interfaces are perturbed.

While no general mitotic spindle defects were observed in GCP64NP cells, there
may still be subtle changes to the activity of the partial y-tubulin-containing complex in
this cell line relative to the native complex. We hypothesize that the GCP6*NHP truncation
results in the loss of GCP6 contacts with the luminal bridge components, ultimately leading
to the dissociation of 4 y-tubulin-GCP dimer “spokes” from the ring complex (see Figure
3.6). This complex may be functionally similar to a previously characterized recombinant
complex lacking the luminal bridge, termed the y-TURCALE (Wieczorek et al. 2021).
Characterization of the y-TURCAM® showed that this complex could nucleate microtubules
with a similar efficiency as the wild-type recombinant complex (Wieczorek et al. 2021).
However, it has not yet been tested whether this partial complex caps or anchors
microtubule minus-ends as effectively as the full ring complex. For instance, the strength
of the interaction of the partial complex may be weaker than the full complex, since fewer
microtubule protofilaments can be engaged. Furthermore, it may only stabilize a portion of
the minus-end, allowing continued growth/shrinkage dynamics at the exposed
protofilaments, and leaving those protofilaments vulnerable to microtubule depolymerases.
This question is particularly interesting, as the evolution of the 14-membered y-TURC in
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higher organisms from the 2-membered y-TuSC in budding yeast suggests a biological
advantage to the formation of a complete ring complex (Peng Liu et al. 2021; Kollman et
al. 2011). What this advantage is, and how different regions of the y-TuRC’s architecture

contribute to it, remains to be elucidated.

99


https://paperpile.com/c/Q2uibQ/w6HI+mxBp
https://paperpile.com/c/Q2uibQ/w6HI+mxBp

Materials and Methods

Plasmids

The following plasmids were used in this study.

pACEBacl-y-Tubulin-TEV-HIS6 (Wieczorek et al. 2021).

PACEBac1-y-Tubulin®S™P-TEV-HIS6 (Wieczorek et al. 2021).

pACEBacl-y-TuSC (Wieczorek et al. 2021).

pACEBacl-y-TUuRC-GFP (Wieczorek et al. 2021).

PACEBac1-y-TuSCY“PAGTP (Wieczorek et al. 2021).

PACEBac1-y-TURCYPAGTP was generated by replacing the wild-type y-tubulin in

pACEBacl-y-TURC-GFP with N229A-y-tubulin.

pMal-C2-TEV protease (pRK793; Addgene plasmid 8827; Kapust et al. 2001)

pET17b-K560 (gift from R.D. Vale)

pET21-PelB-GFP nanobody clone LaG16 (gift from M. Rout, Fridy et al. 2014).

pSuperior.retro.puro-sh-y-Tubulin was generated with the target sequence 5°-
AGGAGGACATGTTCAAGGA-3’ (Choi et al. 2010; Luders, Patel, and Stearns 2006)

according to the manufacturer’s protocol (OligoEngine).
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pSuperior.retro.puro-sh-GCP6 was generated with the target sequence 5°-
AAACGAGACTACTTCCTTA-3’ (Ramirez Cota et al. 2017) according to the

manufacturer’s protocol (OligoEngine).

PCDNAS/FRT/TO-y-tubulinWT-RNA-resistnt_GEP \was generated by inserting the cDNA for
y-tubulin into the vector using restriction enzymes. 4 silent mutations were introduced
into the sShRNA target sequence using site-directed mutagenesis by PCR (NCBI reference
sequence NC_000017.11): G2228A, C2231T, C2237T, G2240A, noted as bold letters in
the sh-RNA target sequence above. To account for any non-specific mutations that may
have occurred in the vector backbone, the sequence-confirmed gene was excised by

restriction enzymes, and re-ligated into the cut original vector.

PCDNAS/FRT/TO-y-tubulinAGTP-RNA-resistnt GEP \as generated by site directed
mutagenesis of the WT plasmid. After confirmation of mutagenesis by sequencing, the

gene was excised by restriction enzymes and re-ligated into the cut original vector.

PCDNAS/FRT/TO-GCP6F-RNA-resistant_nragcission-GFP was generated by inserting the
cDNA for GCP6 into the vector using restriction enzymes. The Q5 site directed
mutagenesis kit (NEB, E0552S) was used to introduce the following 4 silent mutations
into the sh-RNA target sequence (NCBI reference sequence NC_000022.11): A954T,
C957T, C963T, T966A, noted as bold letters in the sh-RNA target sequence above. To
account for any non-specific mutations that may have occurred in the vector backbone,
the sequence-confirmed gene was excised by restriction enzymes, and re-ligated into the

cut original vector.
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PCDNAS/FRT/TO-GCPGANHD-RNAesistant_pragcission-GFP and pCDNAS/FRT/TO-
GCPeAN-BeltRNAL-resistant_nregission-GFP were generated by truncating amino acids 1-120
or 1-250, respectively, using the Q5 site directed mutagenesis kit with the FL RNAI-
resistant construct as the template. To account for any non-specific mutations that may
have occurred in the vector backbone, the sequence-confirmed gene was excised by

restriction enzymes, and re-ligated into the cut original vector.
Antibodies

The following primary and secondary antibodies were purchased from commercial

sources, with their application and working concentrations indicated in parentheses.

Anti- y-tubulin: Millipore Sigma, GTU-88 (western blot: 1:000; immunofluorescence:

1:500). Anti-y-tubulin: Millipore Sigma, T5192 (immunofluorescence, 1: 250).
Anti-GCP2: Santa Cruz, SC-390116 (western blot, 1:100).

Anti-GCP4: GeneTrex, GTX115949 (western blot, 1:1000).

Anti-GCP5: BioWorld, 1779 (western blot, 1:250).

Anti-GCP6: Abcam, AB95172 (western blot, 1:1000).

Anti-GAPDH: ProteinTech, 1E6D9 (western blot, 1:1000).

Anti-o-tubulin: Invitrogen, clone YL1/2 (immunofluorescence: 1:500).
FITC-conjugated Anti-p-tubulin: Sigma, F2043 (immunofluorescence, 1:1000).

Goat anti-Rat Alexa Fluor 594: Invitrogen, A-11007 (immunofluorescence, 1:1000).
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Donkey anti-Rabbit Texas Red: Jackson Immunoresearch, 711-075-152

(immunofluorescence, 1:500).

Goat anti-Mouse Alexa Fluor 488: Invitrogen, A-11001 (immunofluorescence, 1:500).

Janelia Fluor 646-Hoechst: Janelia Materials (immunofluorescence, 1:1000).

Goat polyclonal anti-Mouse IRDye 680RD: LI-COR, 926-68070 (western blot,

1:10,000).

Cell lines

HeLa TREX cells (ThermoFisher) and Ampho293T (ThermoFisher) were maintained in
DMEM (ThermoFisher) +10% FBS (Sigma-Aldrich). Cell lines containing tetracycline
inducible constructs were cultured in DMEM +10% Tet System Approved FBS
(TakaraBio). Cells were incubated at 37°C and 5% CO.. Cells were used at early passage
numbers (<20 passages). Cells were tested for mycoplasma using a PCR based method

(Uphoff and Drexler 2014).

To generate HelLa cells with tetracycline-inducible control of y-tubulin or GCP6 shRNA
expression, we used retroviral transduction. First, retroviral particles containing the y-
tubulin shRNA were generated by transfecting Ampho293T cells via calcium phosphate
with pSuperior.retro.puro-sh-y-Tubulin. After a 48 hour incubation, the media from the
Ampho293T containing retroviral particles was harvested and filtered using a 0.45um
filter, supplemented with 4ug/mL polybrene, and then added to HeLa TREX cells. This
process was repeated the following day, once in the morning and once in the evening. 48

hours after the first application, stably transduced cells were selected with 2ug/mL
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puromycin. Cells were maintained in puromycin until plated for an experiment. To
induce shRNA expression, cells were allowed to adhere overnight, and then treated for 72

hours with 1pug/mL doxycycline (Sigma).

To generate cells with inducible expression of sShRNA-resistant y-tubulin or GCP6
constructs, we transfected the pPCDNAS5/FRT/TO plasmids (listed above) into HeLa
TREX cells using Lipofectamine 2000 according to the manufacturer’s recommendations
(Invitrogen). Hygromycin B (Invitrogen) was used to select for cells that had stably
incorporated the construct into the Flp-In site. Cells were maintained in Hygromycin B
until plated for an experiment. This method was performed using non-transduced HelLa
TREX cells, or with HeLa TREX cells already transduced to stably incorporate inducible
y-tubulin shRNA. Expression of WT and AGTP y-tubulinRNAesstn GEP was induced by
allowing the cells to adhere overnight, and subsequently treating the cells with 1ug/mL

doxycycline for 48 hours.
Expression and purification of y-TURCY>"WT and y-TuRCY-tubAGTP

y-TURCY " WT and y-TuRCY™*AGTP were purified using the same protocol, as described in
Wieczorek et al. 2021. In brief, to purify y-TURCYPAGTP ' n ACEBac1-y-TuSCYPAGTP gng
PACEBac1-y-TUuRCYPAGTP were each transfected into SF9 cells using Cellfectin
transfection reagent according to the manufacturer’s protocol. Viruses from SF9 cells
were amplified twice, after which they were used to infect Hi5 cells at a density of 3x10°

cells/mL.

After 60 hours, the Hi5 cells were lysed in Lysis Buffer (40 mM HEPES, pH 7.5, 150
mM KCI, 1 mM MgClI2, 10% glycerol [vol/vol], 0.1% Tween-20, 0.1 mM MgATP, 0.1
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mM MgGTP, 1 mM B-mercaptoethanol, cOmplete EDTA-free Protease Inhibitor
Cocktail tablets (Roche), 500 U benzonase, 2 mM PMSF, and 4 mM benzamidine-HCI)
on ice using dounce homogenization. The lysate was clarified at 56,000rpm in a Type
70Ti rotor for 1 hour at 4°C. The clarified lysate was filtered, and loaded onto a ImL
NHS-Trap column pre-conjugated with rabbit IgG. The column was washed first with
lysis buffer, and then with Gel Filtration Buffer (40 mM HEPES, pH 7.5, 150 mM KClI, 1
mM MgCl2, 10% glycerol [vol/vol], 0.1 mM MgGTP, 1 mM B-mercaptoethanol). 1mg of
TEV protease, diluted in gel filtration buffer supplemented with 0.1mM MgGTP, was
loaded onto the column and incubated for 1 hour at 4°C. The eluted fractions were
pooled, and dialyzed against Dialysis Buffer (40 mM HEPES, pH 7.5, 150 mM KClI, 1
mM MgCI12, 60% sucrose [w/vol], 0.1 mM MgGTP, 2 mM B-mercaptoethanol) for 4
hours at 4°C, or until the volume was reduced to <1mL. The dialyzed eluate was then gel

filtered using a Superose 6 increase 10/300 column (Cytvia) pre-equilibrated in Gel

Filtration Buffer. The pACEBac1-y-TURCY"*ASTP glyted at ~9mL.

The peak fraction was further purified by sucrose gradient centrifugation, by loading the
eluate on a 2mL 10-40% sucrose (w/vol) gradient in. The sucrose for four gradient steps
was dissolved in Gradient Buffer (40 mM HEPES, pH 7.5, 150 mM KCI, 1 mM MgCI2,
0.01% Tween-20 [vol/vol], 0.1 mM MgGTP, and 1 mM B-mercaptoethanol) The

gradients were centrifuged for 3 hours at 50,000rpm at 4°C in a TLS-55 swing bucket

rotor, with minimum acceleration and no break on the centrifuge. 10, 200uL fractions
were collected from the top of the gradient manually using a cut P1000 tip. A sample

from each was analyzed by SDS-PAGE followed by coomasie staining. Peak fractions
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were aliquoted, snap-frozen, and stored in liquid N2 at -80°C. The concentration of the

purified y-TURC was determined by quantitative western blotting.

v-TURC microtubule nucleation assay

TIRF-based microtubule nucleation assays using y-TURC“>"WT and y-TuRCYPAGTP were
performed as described in Wieczorek et al. 2021. Assays using wild-type and mutant

complexes were performed on the same days, using the same reagents.

For data analysis, time-lapse images were drift-corrected using the Multi-StackReg
plugin in Fiji (Thevenaz, Ruttimann, and Unser 1998). To quantify the residence time of
the y-TURC at minus-ends following a nucleation event, 15 uM tubulin was used in the
reaction so that individual microtubules could be resolved over time. We generated
kymographs for microtubules that were determined to have been nucleated from a
surface-immobilized y-TuRC, i.e., the initiation of microtubule growth off of a green y-
TuRC puncta was fully observed. A microtubule was considered dissociated from the y-
TuRC if the microtubule was released from the y-TuRC, or if the microtubule minus-end
grew following nucleation by y-TURC. Spontaneously nucleated microtubules, identified
as microtubules growing at both ends or microtubules that appeared in the TIRF field of

view after the initial growth phase, were not included in our analyses.

To compare the nucleation efficiencies of the y-TURC""“>WT and y-TURCY“*AGT? ' 1pM of
v-TuRC was adhered to the coverslip, and 20 uM tubulin was introduced to the flow
chamber. Microtubules observed within the FOV (132x132 um?) at the indicated time
points were counted manually and tracked using the Line tool together with the ROI
manager tool in FIJI. The number of newly nucleated microtubules at each time point
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was added to the number of microtubules counted at the previous time point to report the

total number of microtubules.

Dynamic minus-end-capping TIRF assay

The TIRF microscope and flow cell setup were the same as described for the microtubule
nucleation assay, with the following modifications. The flow cell was rinsed with BRB80
(80 mM K-PIPES, pH 6.8, 1 mM MgCI2, and 1 mM EGTA) containing 1 mM TCEP,
followed by 0.2 mg/mL PLL-PEG-biotin (PLL(20)-g[3.5]- PEG(2)/PEG(3.4)-
biotin(20%); SuSos) prepared in BRB80 + 1 mM TCEP. After 5 minutes, the flow cell
was rinsed with BRB80 + 1 mM TCEP, and a mixture containing 0.5 mg/mL k-casein
and 0.25 mg/mL neutravidin prepared in BRB80 + 1 mM TCEP was flowed in. After 5
minutes, GMPCPP seeds containing 12.5% X-rhodamine-labeled tubulin and 1%
biotinylated tubulin, prepared with two cycles of polymerization as described (S. C. Ti et
al. 2016), were flowed in. After 5 minutes, unbound seeds were rinsed off with room-
temperature assay buffer (BRB80 + 1 mM TCEP, 50 mM KCI, 0.2 mg/mL k-casein, and
1 mM MgGTP). A reaction mixture containing 10-30 pM y-TuRC, 15 puM tubulin
(containing ~2.5% X-rhodamine-labeled tubulin), and oxygen scavengers (0.035 mg/mL
catalase, 0.2 mg/mL glucose oxidase, 2.5 mM glucose, and 10 mM DTT) was prepared in
assay buffer and introduced to the flow cell. Experiments with y-TURCY"-WT and y-
TuRCYPAGTP were performed on the same days, using the same reagents. Soluble tubulin
was prepared by mixing unlabeled and rhodamine-labeled tubulin on ice and clarifying at
90,000xg for 10 minutes at 4°C, and held on ice for no more than 2 hours, after which a
new sample of soluble tubulin was prepared. The tubulin concentration was measured

using a Bradford assay. The flow cell was sealed with VALAP and placed on the TIRF
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microscope stage. The sample was imaged immediately in order to observe microtubule
growth at both ends so that the plus-ends and minus-ends were distinguishable. Images
were acquired for either 10 minutes at 3 second intervals or 30 minutes at 10 second
intervals, and an exposure time of 500 ms for each laser channel. The microscope
chamber was heated to ~35-37°C before image acquisition. Image acquisition was

controlled using NIS- Elements AR 4.60.00 (Nikon).

Analysis of y-TURC capping at dynamic microtubule minus-ends

Time lapse images were drift-corrected using the MultiStackReg Fiji plugin (Thevenaz,
Ruttimann, and Unser 1998). To quantify minus-end capping by y-TuRCs, we generated
kymographs for microtubules that met the following criteria: 1. Microtubules were
determined to not be associated in parallel with another filament (i.e., a bundle), and 2.
Both growing ends of the microtubule were within the FOV. Next, a capping event was
scored if it met the following criteria: 1. Puncta persisted for two consecutive frames or
greater, 2. The puncta was not present at the interaction site before the polymerizing
microtubule reached that site. Distributions of the capping lifetimes were generated by
measuring the length of time these criteria were met by first plotting the Z-axis profile of
the y-TuRC signal in FIJI, and then using the tDetector algorithm (Y. Chen et al. 2014)
with an alpha value of 0.999 to detect the onset and end of the capping even. Since the y-
TuRC signal varied during the capping event due to drift and movement of the
microtubule end, consecutive steps that were above the baseline signal were counted

together, and visually confirmed for each independent event.
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The landing rate was determined by counting the number of capping events within each
experiment, and dividing by the total imaging time in minutes, the y-TURC concentration,

and the number of GMPCPP seeds with polymerizing extensions in the field of view.

Expression and purification of Kinesin-1 1-560 (K560)

K560, a 560-amino acid N-terminal fragment of human conventional kinesin (kinesin-1)
with a C-terminal His-tag (a gift from R. Vale, UCSF), was expressed in BL21 cells.
After an induction with 1 mM IPTG at 18dC for 18 hours, cells were resuspended in lysis
buffer (50 mM NaPO4, pH 8.0, 250 mM NaCl, 20 mM imidazole, 1 mM MgCI2, 0.5 mM
MgATP, 1 mM TCEP) using 25mL of lysis buffer per 1L of cell culture. The cells were
disrupted using a french press, and centrifuged at 35,000rpm for 45 minutes at 4°C using
a Type 45 Ti rotor. The clarified lysate was incubated with 0.5mL Ni-NTA resin
(Qiagen) per 1L of culture for 30 minutes. The resin was then washed with 100mL of
lysis buffer. The protein was eluted in a stepwise manner using elution buffer (25mM Na-
PIPES, pH 6.8, 150 mM NaCl, 400 mM imidazole, 1 mM MgCI2, 0.2 mM MgATP, 1
mM BME). Peak fractions, identified by performing a bradford assay, were pooled and
diluted at least 5 time to <30 mM NaCl using dilution buffer (25mM Na-PIPES, pH 6.8,
2 mM MgClI2, 1 mM EGTA, 0.2 mM MgATP, 1 mM BME). The diluted sample was
loaded onto a 2mL HiTrap SP FF, and washed with low salt buffer (25 mM Na-PIPES,
pH 6.8, 50 mM NaCl, 2 mM MgClI2, 1 mM EGTA, 0.2 mM MgATP, 1 mM BME). The
protein was eluted using a gradient of low to high salt buffer (25 mM Na-PIPES, pH 6.8,
1M NaCl, 2 mM MgClI2, 1 mM EGTA, 0.2 mM MgATP, 1 mM BME). Protein
containing fractions were identified using SDS-PAGE followed by Coomasie staining.

These fractions were pooled, and the sample was concentrated to <1mL. The sample was
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further purified by gel filtration using a Superdex 200 16/60 column pre-equilibrated in
gel filtration buffer (25 mM Na-PIPES, pH 6.8, 300 mM NaCl, 2 mM MgCI2, 1 mM

EGTA, 0.2 mM MgATP, 1 mM BME). The peak fractions were pooled and dialyzed in
storage buffer (25 mM Na-PIPES, pH 6.8, 350 mM NaCl, 2 mM MgCI2, 1 mM EGTA,

0.4 mM MgATP, 1 mM BME, 30% sucrose) for >2 hours.

Stable taxol or GMPCPP-microtubule minus-end-capping

Stable taxol microtubules were prepared by incubating 10 uM tubulin (with ~5% X-
rhodamine-labeled tubulin) in BRB80 + 1 mM MgGTP +1 mM DTT. This tubulin
mixture was incubated at 37°C for 2 minutes, after which increasing concentrations of
taxol were added as follows: 1 uM taxol in DMSO at 1/10th the volume from 7 minutes,
10 uM taxol in DMSO at 1/10th the volume for 7 min, and 100 uM taxol in DMSO at
1/10th the volume for 15 minutes. After the final incubation period, the mixture was
diluted 5 times with taxol buffer (BRB80 containing 10 uM taxol, 1% final DMSO
concentration). The microtubules were centrifuged at 13,200 rcf for 15 minutes, at room
temperature. The microtubule pellet was washed with 200uL of taxol buffer, and then
resuspended in 100uL of taxol buffer. Taxol-stabilized microtubules were prepared fresh

on each day of use, and stored at room temperature.

Stable GMPCPP microtubules were prepared by incubating 10 uM tubulin (with ~5% X-
rhodamine-labeled tubulin) in BRB80 + 1 mM GMPCPP (Jena Biosciences) +1 mM
DTT. The mixture was incubated on ice for 5 minutes, followed by 37°C for 30 minutes.
The microtubules were then pelleted at 90,000rpm for 5 minutes at 37°C using a pre-

heated TLA 120.2 rotor. The supernatant was removed, and the microtubules were
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resuspended in BRB80 + 1 mM DTT. Following a 20 minute incubation on ice, 1 mM
GMPCPP was added to the depolymerized tubulin. The mixture was transferred to 37°C
and incubated for 1 hour. Microtubules were then centrifuged as before, and the obtained
pellet was washed with 200uL BRBO + 1 mM DTT, followed by resuspension in 50uL.
GMPCPP-stabilized microtubules were used over the course of 4 days, and were stored at

room temperature.

The TIRF microscope and flow cell setup were the same as described for the microtubule
nucleation assay. All buffers were kept at room temperature. The flow cell was rinsed
with BRB80 (80 mM K-PIPES, pH 6.8, 1 mM MgCI2, and 1 mM EGTA) containing 1
mM TCEP, followed by 700 nM of K560. After 5 minutes, the flow cell was washed with
assay buffer (50 mM KCI, 0.2mg/mL k-casein, 1 mM MgGTP, 1 mM TCEP in BRB80).
Next, 0.2 mg/mL PLL-PEG-biotin (PLL(20)-g[3.5]- PEG(2)/PEG(3.4)- biotin(20%);
SuSos) + 0.5 mg/mL k-casein prepared in assay buffer were flowed in. After 5 minutes,
taxol- or GMPCPP-stabilized microtubules diluted ~1:50 in assay buffer were flowed in.
After 5 minutes, unbound microtubules were rinsed off with warm assay buffer. A
reaction mixture containing 50 pM y-TuRC, and oxygen scavengers (0.035 mg/mL
catalase, 0.2 mg/mL glucose oxidase, 2.5 mM glucose, and 10 mM DTT) was prepared in
assay buffer supplemented with 100 uM MgATP and introduced to the flow cell. For

taxol stabilized microtubules, all buffers contained 10 uM taxol in 1% DMSO.

The flow cell was sealed with VALAP and placed on the TIRF microscope stage. Two-
color images were acquired for at 2 second intervals and an exposure time of 150 ms. The
microscope chamber was heated to ~35-37°C before image acquisition. Image

acquisition was controlled using NIS- Elements AR 4.60.00 (Nikon). Experiments with y-
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TuRCY"WT and y-TuRCYPAGTP \were performed on the same days, using the same

reagents.

Analysis of y-TURC capping at stabilized microtubule minus-ends

The number of capped minus-ends was manually counted and then divided by the total
number of microtubules within a field of view, at approximately 3 minutes after the final
reaction mixture was added to the flow cell. The microtubules were observed up to 20
seconds before and after 3 minutes in order to determine the directional movement of the
microtubules. Bundled microtubules whose ends could not be determined were excluded

from the analysis.

Kymographs were generated using the KymoResliceWide v.0.5 plugin for ImagelJ

(https://github.com/ekatrukha/KymoResliceWide).
Purification of recombinant y-tubulin proteins

The protein sequences for C-terminally His-tagged Hs y-tubulin WT or N229A was cloned
into a pACEBACL backbone. The plasmids were transformed into DH10MultiBacTurbo
cells (ATG:biosynthetics GmbH) and transposition-positive colonies were selected and
used to generate recombinant bacmids. Bacmids were isolated using a phenol-chloroform
extraction (S.-C. Ti, Wieczorek, and Kapoor 2020). Bacmids were transfected into Sf9
cells (Novagen) per the Bac-to-Bac manual (Invitrogen), baculoviruses were amplified
twice, and fresh P3 virus was used to infect 2 liters of High Five cells (Thermo Fisher

Scientific) at a 1:75 dilution and at a cell density of 2.5 x 108/ml for 60 h at 27°C.
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The cells were centrifuged at 1000 rcf for 15 minutes at 4°C. After discarding the
supernatant, the cells were resuspended in 40mL lysis buffer (50 mM KPO4, pH 8.0, 500
mM KCI, 1 mM MgCI2, 0.25 uM MgGTP, 5 mM BME, EDTA-free protease inhibitors
(Roche), 250U benzonase, 1 mM PMSF) per liter of cell culture. The cells were lysed by
dounce homogenization, by performing 20 strokes on ice. The lysate was centrifuged at
16,500 rpm for 15 minutes at 4°C in a Type 70 Ti rotor. The supernatant was then
supplemented with 10% glycerol and 10 mM imidazole, and then further clarified at 40,000
rpm for 35 minutes at 4°C in a Type 70 Ti rotor. 1mL of pre-equilibrated Ni-NTA resin
(Qiagen) was added to the clarified lysate, and incubated for 1 hour at 4°C with rotation.
The resin was washed with 300mL wash buffer A (50 mM KPO4, pH 8.0, 500 mM KClI, 1
mM MgCI2, 10% glycerol, 25 mM imidazole, 0.25 uM MgGTP, 5 mM BME), followed
by a second wash with 300mL wash buffer B (50 mM K-MES, pH 6.6, 500 mM KClI, 5
mM MgClI2, 10% glycerol, 25 mM imidazole, 0.25 uM MgGTP, 5 mM BME). The protein
was eluted in a stepwise manner in elution buffer (50 mM K-MES, pH 6.6, 500 mM KCl,
5 mM MgCI2, 5% glycerol, 250 mM imidazole, 0.25 uM MgGTP, 5 mM BME). Peak
fractions were identified using a bradford assay (BioRad), then pooled and concentrated to
~0.5mL. The sample was further purified by gel filtration, using a pre-equilibrated
Superdex 200 increase 10/300 column (Cytvia). The peak fractions were pooled, and the
protein concentration was determined by bradford assay. The protein was aliquoted, frozen

in liquid nitrogen, and stored at -80.

113



Quantitative Western blotting

v-TuRC concentrations were estimated using quantitative western blotting against
purified y-tubulin. Serial dilutions of y-tubulin were used to calculate a standard curve,
from which the concentration of y-tubulin in each y-TURC was calculated. As each
complex contains 14 y-tubulins, the derived y-tubulin concentration was then divided by
14 in order to calculate the final y-TURC concentration. Densitometry analysis was

performed using the standard features in FI1JI.

Native mass spectrometry (nMS) analysis

The purified protein samples were buffer-exchanged into nMS solution (500 mM
ammonium acetate, 0.01% Tween-20) using Zeba desalting microspin columns with a 40-
kDa molecular weight cut-off (Thermo Scientific). For nucleotide incubation, the buffer-
exchanged sample was incubated with five-fold molar excess of Mg-GTP (1 uM protein:5-
10 phM Mg-GTP) on ice for 2 min prior to nMS analysis. Each nMS sample was loaded
into a gold-coated quartz capillary tip that was prepared in-house and was electrosprayed
into an Exactive Plus EMR instrument (Thermo Fisher Scientific) using a modified static
nanospray source (Olinares and Chait 2020). The MS parameters used included: spray
voltage, 1.22 kV; capillary temperature, 150 °C; S-lens RF level, 200; resolving power,
8,750 at m/z of 200; AGC target, 1 x 108 number of microscans, 5; maximum injection
time, 200 ms; in-source dissociation (ISD), 10 V; injection flatapole, 8 V; interflatapole, 4
V; bent flatapole, 4 V; high energy collision dissociation (HCD), 125 V; ultrahigh vacuum
pressure, 4.5 x 10719 mbar; total number of scans, 100. Mass calibration in positive EMR

mode was performed using cesium iodide. Raw nMS spectra were visualized using Thermo
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Xcalibur Qual Browser (version 4.2.47). Data processing and spectra deconvolution were
performed using UniDec version 4.2.0 (Reid et al. 2019; Marty et al. 2015). The UniDec
parameters used were m/z range: 2,000 — 7,000; mass range: 10,000 — 200,000 Da; sample
mass every 1 Da; smooth charge state distribution, on; peak shape function, Gaussian; and
Beta softmax function setting, 20. The expected masses for the wild-type and GTP-
deficient mutant (N229A) y-tubulin with N-terminal methionine removed were 52,713 Da
and 52,670 Da, respectively. The measured masses for these proteins were within = 2 Da

from the expected mass.

Negative stain EM

Purified y-TURCY"*AGTP\was applied to glow- discharged carbon-coated copper grids
(EMS; CF-400-Cu) and incubated for 1 minute per application at room temperature.
Protein solution was removed by manual blotting with Whatman No. 1 filter paper. The
application was repeated as necessary to improve particle density, depending on the
concentration of y-TURC. The final application was not blotted off. Freshly filtered 1%
uranyl acetate (wt/vol) was then applied to exchange the solution, and then incubated on
the grid for 1 minute. The grid was blotted to remove the stain. The grid was air-dried for

at least 24 hours in a sealed container with desiccant before imaging.

Particles on grids were imaged and processed as described previously (Wieczorek et al.
2021). In brief, ~300,000 Auto-picked particles were binned by two and subjected to
reference-free 2D classification to remove particles likely corresponding to contaminants.
Next, a random subset of these particles were used to generate an ab initio model. Then,

the ab initio model was used as a reference to perform a 3D auto-refinement step. Re-
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extracted particles were used to generate 4 3D classes. ~4,300 particles in the 3D class
with the highest level of detail were re-extracted from CTF- corrected micrographs at the
unbinned pixel size (3.036 A) and subjected to a final round of 3D auto-refinement using
one of the 3D classes as a reference model. A composite model of the native human -
TuRC was then rigid body—fitted into density maps using the “Fit in map” function of
Chimera. Protein models were generated using UCSF Chimera (Pettersen et al. 2004) or

UCSF ChimeraX (Goddard et al. 2018).

Liquid chromatography-mass spectrometry

40-pls of y-TURCY™PAGTP in 1x SDS sample buffer was loaded on a 10-well, 4-20% Tris-
glycine precast gel with “wide wells” (Novex). A current of 150V was applied until the
sample migrated ~1cm into the gel. A ~1 cm x 1 cm gel “plug” was cut out, and further
cut into ~1-mm cubes. Proteins in gel were reduced and alkylated, and then digested with
trypsin (Promega) and lysC (Wako). The generated peptides were analyzed using an
Orbitrap Fusion Lumos LC-MS/MS using a 70-minute gradient on a pulled-emitter
column. The mass spectrometer was operated in high resolution/high mass acquisition

mode.

Mass spectrometry data were processed and searched using Proteome Discoverer/Mascot

with the swissprot database.

Immunofluorescence

Cells were grown on pre-sterilized 12-mm-diameter glass coverslips (Fisher). For

fixation, the coverslips were transferred into Fixation Buffer (80 mM K-Pipes pH 6.8, 0.8
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mM MgCl2, 0.8 mM EDTA, 0.5% Triton X-100, 0.1% glutaraldehyde, and 3.2%
paraformaldehyde) prewarmed to 37°C for 20 minutes. The cells were incubated in
Fixation Buffer at 37°C for 10 minutes, and then reduced in 10 mM NaBH4 (dissolved in
water for) 5 minutes at room temperature. After one wash with PBS, the cells were
incubated in Blocking Buffer (1x PBS, 3% BSA, 0.5% Triton X-100, 0.05% NaNs3) for
1.5 hr at room temperature. Coverslips were then incubated with primary antibody diluted
in Blocking Buffer for 1.5 hr at room temperature. After three washes with 1x PBS for 5
minutes at room temperature, the coverslips were incubated for 1.5 hr at room
temperature with secondary antibodies diluted in Blocking Buffer. After three washes in
1xPBS for 5 minutes, the coverslips were mounted (20 mM Tris-HCI, pH 8, 0.5% propyl

gallate, and 90% glycerol), and sealed with nail polish.

Imaging was performed on a Nikon Eclipse Ti2-E equipped with a Yokogawa W1
confocal scanning unit, a z piezo stage, and a 100X oil objective (Plan Apo, 1.45 NA) at
room temperature. Fluorescence was directed onto a Prime 95B sCMQOS camera

(Photometrics) and images were recorded using NI1S-Elements software (Nikon).

Cell lysate preparation and western blotting

Cell lysates were prepared in Lysis Buffer (25 mM Tris-HCL, pH 7.4, 0.5% IGEPAL-
CA-630, 100 mM NaCl, 5 mM MgCI2, 20 mM B-glycerophasphate, 1 mM EDTA)
supplemented with 1 mM DTT, 1x cOmplete EDTA-free protease inhibitors (Roche), and
1 mM PMSF. Total lysate concentration was measured by Bradford assay and adjusted
with Lysis Buffer. Lysates were denatured in sample buffer and boiled at 95°C for 10
minutes. Lysates were run on 4-20% Tris-glycine precast gels at 185V until the sample

buffer reached the bottom of the gel. Proteins were then transferred onto Immobilon-P
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PVDF 0.45 pm membrane (IPVH00010; Merck Millipore) using a wet-tank transfer
system (Bio-Rad) in Tris-Glycine transfer buffer (25 mM Tris-HCI, 175 mM Glycine,
20% MeOH). The membrane was blocked in Intercept (TBS) Blocking Buffer (LICOR)
for 45 minutes, and incubated in primary antibody diluted in Antibody Buffer (1XTBS,
5% BSA, 0.02% NaN3) overnight at 4°C. Membranes were then washed 3x, 5 minutes
per wash, in 1x TBS-T. Membranes were then incubated in secondary antibody, diluted
in Antibody Buffer, for 1 hour. The membrane was again washed 3x, 5 minutes per wash,
in 1x TBS-T, before imaging on the Odyssey imaging system (LICOR). Densitometry
was performed using ImageJ. Densitometry was restricted to a comparison of lanes from

the same exposure and run on the same gel. Intensity was normalized to loading control.

Sucrose gradient centrifugation of whole cell lysates

3.5-ml sucrose gradients were prepared as follows: 500uL of 5%, 10.85%, 16.7%,
22.72%, 28.3%, 34.15%, and 40% sucrose (wt/vol) in gradient buffer (40 mM HEPES,
pH 7.5, 150 mM KCI, 1 mM MgCI2, 0.01% Tween-20 [vol/vol], 0.1 mM MgGTP, and 1
mM 2- mercaptoethanol) were layered into a 5 mL centrifuge tube using a cut-off P1000
tip. The gradient was allowed to equilibrate overnight at 4°C.

150uL of cell lysate at a concentration of 2ug/mL was layered at the top of the gradient.
The gradient was centrifuged at 55,000 rpm in a SW-55 rotor at 4°C for 3.5 h with
minimum acceleration and no break. 16 x ~220 pl fractions were manually collected by
inserting a needle to the bottom of the gradient, and drawing the sample up using a
peristaltic pump. Fractions were denatured in 5X sample buffer and boiled at 95°C for 10
minutes. Samples from each fraction were run on NUPAGE 4-20% Bis-Tris 17-well

precast gels at 200V using NUPAGE MOPS SDS running buffer until the sample buffer
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reached the bottom of the gel. Proteins were then transferred onto Immobilon-P PVDF
0.45 pm membrane (IPVH00010; Merck Millipore) using a wet-tank transfer system
(Bio-Rad) in NUPAGE Transfer Buffer (Invitrogen). The membrane was processed as
described above, before imaging on the ChemiDoc Imaging System (Bio-Rad).

Densitometry was performed using ImageJ.

For quantitative analysis, the signal intensity of y-tubulin in each fraction was divided by

the sum of the signal intensities of y-tubulin in all of the fractions.

Fixed cell microtubule regrowth assay

Cells were grown on pre-sterilized 12-mm-diameter glass coverslips (Fisher) in a 10cm-
tissue culture dish. Coverslips for individual time-points were taken from the same
culture dish. One coverslip for each experiment was fixed in Fixation Buffer (described
above) prior to nocodazole treatment to confirm the phenotype of the cell sample. To
minimize the loss of mitotic cells, coverslips were transferred to new dishes containing
the indicated buffers. First, coverslips were incubated in 10 uM nocodazole diluted in
DMEM +10% FBS +1 pug/mL Dox for 1 hour at 37°C. Coverslips were then transferred
to an ice block for an additional 1 hour incubation. Coverslips were then washed 4x, 15
seconds per wash, in warm (37°C) Wash Media (DMEM +10% FBS +1 pg/mL Dox
+0.1% DMSO), after which the coverslips were incubated at 37°C, followed by fixation
at the indicated time points. One coverslip for each experiment was fixed prior to the
wash step to confirm complete microtubule depolymerization (indicated as time point 0

in Figure S21). Cells were processed for immunofluorescence as described above.
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Western blot analysis of cells processed for microtubule regrowth assays confirmed that
nocodazole treatment and ice incubation did not affect the expression patterns of the

shRNA targeting endogenous y-tubulin or of y-tubulin-GFP (WT and AGTP).

Live cell imaging

Imaging was performed on a Nikon Eclipse Ti2-E equipped with a Yokogawa W1
confocal scanning unit, a z piezo stage, and a 100X oil objective (Plan Apo, 1.45 NA).
The microscope was fitted with an environmental chamber enclosure and heated to 37°C
with the AirTherm SMT heating system (WPI). Fluorescence from the GFP and SiR-
Tubulin channels were excited with a 100mW 488 nm (Coherent) and 75mW 640 hm
(Coherent) laser respectively. Both lasers were transmitted to the sample using a custom
Yokogawa quad notch filter (405-480-561-640) and fluorescence was filtered using an
ET 520/40m (Chroma Technology) and ET 670/50m (Chroma Technology) for the GFP
and SiR-Tubulin channels respectively. Fluorescence was directed onto a Prime 95B
SCMOS camera (Photometrics) and images were recorded using NIS-Elements software

(Nikon).

Live cell microtubule regrowth assay

Cells were grown on pre-sterilized 22x22-mm square glass coverslips (Fisher) in a 10cm-
tissue culture dish. To minimize the loss of mitotic cells, coverslips were transferred to
new dishes containing the indicated buffers. First, coverslips were incubated in 10 uM
nocodazole diluted in DMEM +10%FBS +1 pg/mL Dox for 1 hour at 37°C. Coverslips
were then washed 4x, 15 seconds per wash, in cold (4°C) Wash Media (Leibovitz’s L-15
(Gibco) +10% FBS +1 pg/mL Dox +0.1% DMSO). Coverslips were then incubated on an
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ice block in cold (0°C) Leibovitz’s L-15 media +1 pg/mL Dox +100 nM SiR-Tubulin
(Cytoskeleton) for 1 hour. Coverslips were then assembled in a custom Rose chamber in
warm (37°C) Leibovitz’s L-15 media +10% FBS +1 pg/mL Dox +100 nM SiR-Tubulin.
Imaging was initiated within 3 minutes after the coverslips were removed from the ice
incubation. The positions of several cells on a coverslip were recorded by imaging with
DIC, and these cells were imaged every 5 minutes. With 0.3-um spacing between Z-
planes, images were taken through 5 pm in the center of the cell, with 50-ms exposure in
the GFP channel, and 150-ms exposure in the SiR-Tubulin channel. DIC images were

used to align cells throughout each time point.

Live cell imaging of mitotic transition in GCP6 cell lines

Cells were grown on pre-sterilized 22x22-mm square glass coverslips (Fisher) in a 10cm-
tissue culture dish. ~1 hour preceding imaging, the live cell DNA dye JF-646 Hoechst
(Janelia) was added to the culture media at a 1:8000 dilution. Coverslips were then
assembled in a custom Rose chamber in warm (37°C) Leibovitz’s L-15 media +10% FBS
+1 pg/mL Dox +JF-646 Hoechst. The position of cells with compacted chromosomes
entering prophase were identified by DIC and recorded, and these cells were imaged
every 3-5 minutes. With 0.3-um spacing between Z-planes, images were taken through
10 pm in the center of the cell, with 50-ms exposure in the GFP channel, and 150-ms
exposure in the JF-646 Hoechst channel. DIC images were used to align cells throughout

each time point.

Counting microtubule foci
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The raw images of cells undergoing live microtubule regrowth were compiled as MIPs.
To quantify the number of microtubule foci, the following standard F1JI tools were
applied. First, a signal intensity threshold of >90% was applied, followed by binarization
of the image. The signal was then segmented using the Watershed plugin. A segmented

particle greater than 1 um?was counted as a microtubule foci.

Purification of GFP nanobody

6 liters of BL21 cells expressing pET21-PelB-GFP nanobody clone LaG16 were induced
with 0.1mM IPTG for 18 hours at 18°C. Cells were harvested at 5,000xg for 10 minutes at
4°C using a JLA 8.100 rotor. Cell pellets were immediately resuspended in 10mL of TES
buffer (200 mM Tris-HCI, pH 8, 0.5 mM EDTA, 500 mM sucrose) per pellet equivalent to
1 liter of culture. 15 mL of TES diluted 1:4 in H>O was added to the resuspended pellets,
followed by incubation on ice for 30 minutes. The resuspended pellets were then
centrifuged at 6,000xg for 10 min at 4°C using a JLA 8.100 rotor. The supernatant was
further clarified at 48,000xg for 15 minutes at 4°C using a Type 45 Ti rotor. After the
supernatant was collected, NaCl was added to 150mM from a 5M stock, after which it was
incubated with Ni-NTA resin (Qiagen) pre-equilibrated in binding buffer (20 mM Tris-
HCI, pH 8, 150mM NaCl) for 30 min at 4°C. The resin was then washed with 40mL of
wash buffer 1 (20 mM Tris-HCI, pH 8, 900mM NacCl), followed by 40mL of wash buffer
2 (20 mM Tris-HCI, pH 8, 150mM NaCl, 10mM imidazole). ImL elution buffer (20 mM
Tris-HCI, pH 8, 150mM NacCl, 250mM imidazole) was added to the resin and collected,
for a total of ~15 fractions. Peak fractions were identified using Bradford reagent (Bio-
Rad) and concentrated to <500uL using a 10kDa molecular weight cut off filter (Millipore).

The concentrated eluate was then gel filtered on a Superdex 10/300 column pre-
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equilibrated in gel filtration buffer (100mM NaHCOs3, pH 8.0, 150mM NaCl), and the GFP
nanobody eluted at ~7-8mL. The GFP nanobody was coupled to the indicated resin either

immediately or the next day.

Coupling GFP nanobody to NHS-sepharose

Coupling of purified GFP nanobady to NHS-sepharose resin was performed as described
in (Widlund et al. 2012). Briefly, ImL of NHS-sepharose FastFlow resin (Sigma, H8280)
was centrifuged for 5 min at 500xg at 4°C. The supernatant was discarded, and the resin
was resuspended in 1mL of ice cold 1mM HCI. The resin was centrifuged for 5 min at
500xg at 4°C. The resin was then resuspended in a volume equivalent to >10mg of GFP
nanobody and incubated with rotation for 30 minutes at room temperature. Unreacted NHS
groups were blocked by incubating the resin in 3mL blocking buffer (0.5mM ethanolamine,
pH 8, 0.5M NaCl) for 30 minutes at room temperature with rotation. The resin was washed
with 3mL 6x PBS, and then resuspended in 1x PBS supplemented with 80% glycerol. The
coupled resin was stored at -20°C.

Coupling GFP nanobody to M270 Epoxy Dynabeads

M270 Epoxy Dynabeads (ThermoFisher, 14301) were diluted to 30mg/mL in DMF and
stored at 4°C until ready for coupling. 25mg of beads were resuspended and washed 2x in
1mL freshly prepared 0.1M NaPOs. During each wash, the beads were vortexed on low
speed for ~10 seconds, and then incubated at room temperature for 10 minutes. In a
separate tube, 450uL of GFP nanobody (~2-3mg/mL) were mixed with 883uL of 0.1M
NaPOs. 667uL of freshly prepared 3M NH4SO4 was added to the antibody mix dropwise,
while mixing using a vortex. 500pL of antibody mix was then incubated with 25mg of

washed beads overnight at 37°C with rotation. The beads were separated from the antibody
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mix using a magnetic tube rack. The antibody mix was aspirated, and the beads were
quickly washed 1mL of 100mM glycine, followed by 1mL Tris, pH 8.8. The beads were
then quickly washed with 100mM triethylamine, followed by 1x PBS. The beads were
washed 2x with PBS + 0.5% Triton-X 100, first for 5 minutes and then for 15 minutes with
rotation. The beads were resuspended in storage buffer (PBS, pH 7.4, 0.5mg/mL BSA,

0.02% NaN3, 50% glycerol), aliquoted and stored at -20°C.

Affinity purification of y-tubulin-GFP

HelLa TREXx cells harboring inducible expression of RNAi-resistant y-tubulin-GFP and
shRNA targeting endogenous y-tubulin were grown in the presence of doxycycline
(1pug/mL) for 60-72 hours. ~5g of cells (equivalent to 60x15cm? circular plates) were
collected by scraping the cells in the culture media, pelleting the cells at 1000xg for 3
minutes at 4°C, washing the cell pellet in PBS, and pelleting the cells again. The cell pellet
was resuspended in ~1mL of PBS in a 3mL syringe. The cells were pelleted inside the
syringe by centrifugation at 1000xg for 3 minutes at 4°C. After aspirating the supernatant,
the cells were slowly ejected from the syringe into a container of liquid nitrogen in order
to form small frozen pellets of cells. These pellets were then cryomilled into a fine cell
powder in a planetary ball mill PM 100 (Retsch; see

http://l1ab.rockefeller.edu/rout/protocols and LaCava, Jiang, and Rout 2016). 100mg of cell

powder was resuspended in 500 pL extraction buffer (40 mM HEPES, pH 7.5, 150 mM
NaCl, 1 mM MgCI2, ImM EGTA, 1mM DTT, 0.5% NP-40, 0.1 mM MgGTP, cOmplete
EDTA-free Protease Inhibitor Cocktail tablets (Roche), 1 mM PMSF). After two
consecutive clarification steps at 16,000xg for 10 minutes each, the lysate was incubated

with 15uL of GFP nanobody-conjugated dynabeads for 1 hour at 4°C with rotation. The

124


http://lab.rockefeller.edu/rout/protocols
https://paperpile.com/c/Q2uibQ/jUrW

beads were washed 3x in extraction buffer, and moved to a new tube after the second wash.
Proteins were eluted from the beads in 45uL extraction buffer with 1.1x LDS buffer
(Invitrogen, NP0007) at 70°C for 10 minutes while shaking at 1000rpm. The eluate was
moved to a separate tube, and supplemented with a final concentration of 50mM DTT. All
samples were then boiled at 95°C, followed by SDS-PAGE. For western blot analysis, the

samples were run for 45 minutes at 185V, and processed as described above.

Label-free quantitative mass spectrometry

For mass spectrometry analyses, samples were heated at 70°C for 10 minutes with agitation
and allowed to cool to room temperature. To alkylate reduced cysteines, add 1pl of 1M
iodoacetamide was added per 10 pL of sample. Alkylation was allowed to proceed for 30
minutes at room temperature, protected from light. The samples were then run on 12-well
NUuPAGE 10% Tris-Bis gels in MOPS running buffer with antioxidant, at 180V for ~5
minutes until the samples entered the gel as a single “plug.” The gel was then placed in a
sterile 15cm? tissue culture plate, and stained and fixed with coomasie solution (0.5% R250
coomassie in 45%/45%/10% of H20/Methanol/Acetic acid) for 5 min. The gel was then
rinsed with destain solution (16% methanol, 10% acetic acid) overnight.

The sample was further processed for mass spectrometry analysis by Dr. Wenzhu Zhang
in the lab of Dr. Brian Chait. In brief, the gel plug was excised, cut into small pieces with
a sharp blade, destained using 50mM NHsHCO3 in 50% MeOH: 50% H2O to efficiently
remove the Coomassie blue, and digested with trypsin. The resulting peptides were
extracted from the gel using a sequential process involving the use of 200ul ACN followed
by 40ul of 10% Formic acid in 50%ACN:50%H20, and then adding 200pl 0.2%TFA in

50%ACN:50%H20. The pooled peptide solution was subjected to repeated centrifugation
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to remove gel debris and depletion of ACN using a SpeedVac vacuum concentrator. The
peptides were then bound to C18 StageTips, which were produced in-house. Peptides
eluted from the StageTip were loaded onto an Easy-Spray reversed phase HPLC column
(ES800A, Thermo Fisher Scientific) and analyzed by liquid chromatography—mass
spectrometry (LCMS) using an Orbitrap Q Exactive Plus mass spectrometer (Thermo
Fisher Scientific) coupled with an Easy-nLC system (Thermo Fisher Scientific). Protein
identification was performed using the GPM software (Beavis 2006) by searching against
a human protein sequence database. Label-free quantification of the core y-TURC proteins
was calculated by the SpectroMine software (Biognosys AG, Schlieren, Switzerland), and
normalized to the known stoichiometries of GCP2, GCP3, GCP5, and GCP6.

Proteins listed in Tables 3.1 and 3.2 were identified in 4 individual replicates (2 biological
replicates, each with 2 technical replicates) with an E value cutoff of 10°°°, unless otherwise
indicated. One replicate was performed with pre-treatment of the cells with 10 pM
nocodazole for 2 hours in order to depolymerize microtubules and limit indirect
interactions with the y-TuRC. The reported values are from the nocodazole treated
replicate, although no significant differences were found between the proteins identified in

the nocodazole treated or DMSO treated samples.

Affinity purification and sucrose gradient analysis of GCP6-PreScission-GFP

The following protocol was used to affinity purify GFP-tagged GCP6 from the GCP6™,
GCP6*NHP and GCP62N-Belt cell lines. A cell pellet equivalent to 1x 500cm? plate (collected
as described previously) was resuspended in ImL of lysis buffer (40 mM HEPES, pH 7.5,
150 mM KCI, 1 mM MgCI2, 1ImM EGTA, 1mM DTT, 0.1% NP-40, 0.1 mM MgGTP,

cOmplete EDTA-free Protease Inhibitor Cocktail tablets (Roche), 1 mM PMSF) on ice.
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The cells were lysed by dounce homogenization, 50 strokes on ice. The lysates were
clarified for 20 minutes at 16,000xg at 4°C. 20uL of GFP nanobody-conjugated sepharose
resin were added to the lysate and incubated for 30 minutes at 4°C with rotation. The resin
was washed 2x with ImL of wash buffer (40 mM HEPES, pH 7.5, 150 mM KCI, 1 mM
MgCI2, ImM EGTA, 1mM DTT, 0.01% NP-40, 0.1 mM MgGTP), and then incubated
with 100uL of 200ug/mL PreScission Protease (diluted 1:4 in wash buffer) for 2 hours at
4°C with rotation. The supernatant was then loaded onto a 2mL 5-40% sucrose gradient,
prepared as described above in the wash buffer. The sucrose gradients were centrifuged at
50,000rpm for 3 hours in a TLS55 rotor, with slow acceleration and no brake. The sucrose
gradients were fractionated manually using a cut p1000 pipette tip. The fractionated

samples were analyzed by western blot, as described above.
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