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Tubulinopathy mutations in TUBAL1A that disrupt neuronal morphogenesis and migration
override XMAP215/Stu2 regulation of microtubule dynamics
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ABSTRACT

Heterozygous, missense mutations in a- or B-tubulin genes are associated with a wide range of
human brain malformations, known as tubulinopathies. We seek to understand whether a
mutation’s impact at the molecular and cellular levels scale with the severity of brain
malformation. Here we focus on two mutations at the valine 409 residue of TUBA1A, V409l and
V409A, identified in patients with pachygyria or lissencephaly, respectively. We find that ectopic
expression of TUBA1A-V4091/A mutants disrupt neuronal migration in mice and promote
excessive neurite branching and delayed retraction in primary neuronal cultures, accompanied
by increased microtubule acetylation. To determine the molecular mechanisms, we modeled the
V4091/A mutants in budding yeast and found that they promote intrinsically faster microtubule
polymerization rates in cells and in reconstitution experiments with purified tubulin. In addition,
V4091/A mutants decrease the recruitment of XMAP215/Stu2 to plus ends and ablate tubulin
binding to TOG domains. In each assay tested, the TUBA1A-V409I] mutant exhibits an
intermediate phenotype between wild type and the more severe TUBA1A-V409A, reflecting the
severity observed in brain malformations. Together, our data support a model in which the
V4091/A mutations may limit tubulin conformational states and thereby disrupt microtubule

regulation during neuronal morphogenesis and migration.

INTRODUCTION

Brain development requires cargo transport, force generation, and structural reinforcement by
the microtubule cytoskeleton. The regulation of microtubules must be finely tuned to meet
specific demands for different cell types, timepoints in development, and even different locations
within a cell. Particularly in neurons, the spatial and temporal regulation of microtubules
establishes cargo transport networks, facilitates efficient signal transduction, and supports the
extension and retraction of neurites (Dent and Baas, 2014; Dent and Kalil, 2001; He et al., 2002;

Lin et al., 2012; Witte et al., 2008). Accordingly, defects in microtubule regulation in neurons
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have been linked to brain malformations such as lissencephaly, microcephaly, and autism
spectrum disorders, among others (Bahi-Buisson et al., 2014; Chakraborti et al., 2016;

Srivastava and Schwartz, 2014).

Brain malformations such as lissencephaly, pachygyria, and polymicrogyria are associated with
defects in neuronal migration. During neuronal migration, neurons that are born at the
neuroepithelium must migrate out of the ventricular zone along radial glia cells to reach their
destination at the cortical plate (Barkovich et al., 2012, 2005). Throughout the course of radial
migration cortical neurons must transition through various morphologies, first by transitioning
from a bipolar to a multipolar state, then back to a bipolar state to complete migration
(Nadarajah et al., 2001; Noctor et al., 2004; Tabata and Nakajima, 2003). After arriving at the
cortical plate, the neurons are correctly positioned and polarized to connect to each other and
send and receive information. During this dynamic process of neuronal morphogenesis,
microtubules generate force and provide structural support during neuronal morphogenesis.
Therefore, microtubule networks must be acutely regulated during these transitions (Chesta et
al., 2014; Dehmelt et al., 2006; Dent et al., 2011; He et al., 2002; Lu et al., 2013; Sainath and
Gallo, 2015; Winding et al., 2016). For example, the microtubule motor, kinesin-6, is important
for establishing a leading process that is required for the transition from a multipolar to bipolar
state and subsequent neuronal migration (Falnikar et al., 2013). Together this suggests the
critical importance of regulating microtubules in the right place and at the right time during the
morphological transitions neurons must undergo for migration and, ultimately, proper brain

development.

‘Tubulinopathies’ encompass a wide range of heterozygous, missense mutations in the genes
encoding a- and B-tubulins that are associated with a spectrum of brain malformations.
(Bahi-Buisson et al., 2014; Fallet-Bianco et al., 2014). a- and B-tubulins are encoded by a
number of different genes, known as isotypes, that differ in amino acid sequence. The
expression of different isotypes varies across different cell types as well as during different
stages of development. Tubulinopathy mutations have been identified in three of the eight -
tubulin isotypes, and in one of the seven a-tubulin isotypes, a gene known as TUBA1A (Bahi-
Buisson et al., 2014; Luduefia and Banerjee, 2008). TUBAL1A is the most highly expressed a-
tubulin isotype in post-mitotic neurons in the developing brain (Buscaglia et al., 2020b; Gloster
etal., 1994, 1999). To date, a total of 121 heterozygous, missense mutations have been

identified in TUBA1A and are associated with neurodevelopment disorders (Hebebrand et al.,
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70  2019). It remains unclear whether the different severities of malformations observed in these
71  patients are a result of differences in genetic background or are a result of a specific functional
72  difference in the mutant tubulin. A few of these TUBAL1A mutants have been identified as loss-
73 of-function mutants that are unable to properly assemble into microtubule polymer and thus
74  resultin an undersupply of tubulin in the cell (Belvindrah et al., 2017; Keays et al., 2007).
75 However, other TUBA1A mutants appear to be gain-of-function, as they are capable of
76  microtubule assembly and act dominantly to perturb microtubule function in migrating neurons
77  (Aiken et al., 2020, 2019). If haploinsufficiency does not explain all TUBALA tubulinopathies,
78 thenitis necessary to define clear mechanistic models for how different mutations in a-tubulin
79 can result in different developmental outcomes. Only a small fraction of TUBA1A mutants have
80 been studied, and more continued to be identified in the clinic. Therefore, it is important to
81  establish clear mechanistic themes that will be useful in predicting the molecular, cellular, and
82  tissue-level phenotypes of specific mutations.
83
84  The fundamental role of a-tubulin is to complex with B-tubulin into heterodimers and form
85  microtubule polymers that are dynamic and highly regulated via both intrinsic and extrinsic
86 factors (Bodakuntla et al., 2019; Borys et al., 2020; Goodson and Jonasson, 2018; Manka and
87  Moores, 2018; Mitchison and Kirschner, 1984). Purified tubulin assembles into dynamic
88  microtubules in the absence of extrinsic microtubule-associated proteins (MAPS) that are found
89 in cells (Horio and Hotani, 1986; Mitchison and Kirschner, 1984; Walker et al., 1988). This
90 intrinsic activity is in part regulated by the series of conformational states that tubulin undergoes
91 asi it transitions from free heterodimer into microtubule polymer (Chrétien et al., 1995;
92 Mandelkow et al., 1991). In recent years, studies using cryo-electron microscopy and
93 recombinant tubulin approaches have advanced the field’s understanding of the transitions that
94  accompany GTP hydrolysis as free tubulin assembles into microtubule lattice (Geyer et al.,
95 2018; Manka and Moores, 2018; Roostalu et al., 2020; Zheng et al., 1995). In addition to
96 nucleotide-dependent conformational changes, tubulin must transition from a ‘curved’ free
97 heterodimer to a straight conformation in the microtubule lattice (Buey et al., 2006; Janosi et al.,
98  1998; Nawrotek et al., 2011; Nogales and Wang, 2006; Ravelli et al., 2004; Rice et al., 2008).
99  Tubulin domains that control the curved-to-straight transition are not completely understood.
100 The ability of tubulin to adopt a range of conformational states not only impacts its intrinsic
101  microtubule dynamics, but also tubulin’s interactions with a wide spectrum of MAPs. For
102  example, doublecortin is predominantly expressed in the developing brain and its N-terminal

103 doublecortin-like (DC) repeat domain binds at the corner of four tubulin subunits in a straight
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104 microtubule lattice (Fourniol et al., 2010; Manka and Moores, 2020; Moores et al., 2006). On the
105 other hand, members of the XMAP215 protein family possess a variable number of TOG (tumor
106  overexpressed gene) domains, some of which preferentially bind to curved tubulin (Ayaz et al.,
107 2014, 2012; Slep and Vale, 2007). XMAP215 proteins use this activity to either pull curved

108  tubulin toward the microtubule plus end for polymerization or drive lattice-bound tubulin into a
109 curved state and promote catastrophe (Ayaz et al., 2014; Brouhard et al., 2008; Farmer et al.,
110 2021; Geyer et al., 2018). Therefore, understanding the effects of tubulin conformations on both
111 intrinsic activity and extrinsic regulatory mechanisms are essential for elucidating the regulation
112 of microtubule dynamics.

113

114  In this study we investigate the molecular mechanism of two previously identified tubulinopathy-
115 associated mutations at the valine 409 residue of TUBA1A, V409! and V409A. The patient

116  harboring the V409A mutation exhibited lethal lissencephaly, whereas the patient with the V409l
117  mutation presents with a milder malformation known as pachygyria (Bahi-Buisson et al., 2014;
118 Fallet-Bianco et al., 2014). Studying these two mutations that occur at the same residue, yet are
119 associated with varying degrees of brain malformations in patients, has potential to provide

120 insightinto how perturbing tubulin activity and the microtubule cytoskeleton in slightly different
121  ways ultimately impacts brain development. We find that the expression of V409l or V409A

122 dominantly disrupts neuron migration in mice in vivo and neuron morphologies during in vitro
123 development. By modeling the V409I/A mutants at the corresponding residue in budding yeast,
124 V410, we find that the mutants increase microtubule polymerization and depolymerization rates
125 in cells and disrupt the regulation typically conferred by XMAP215/Stu2. We propose that these
126  results are reconciled by the V410I/A mutants adopting a persistently straightened state as

127  compared to WT tubulin, and this drives intrinsically faster microtubule polymerization rates in
128  vitro. Importantly, we find that the severity of the V4091 and V409A mutations scale from protein
129  activity, to microtubule dynamics in cells, to neuron morphology and migration. Our results

130  suggest that the TUBA1A-V409I/A mutations cause brain malformations by limiting the

131  conformational transitions of tubulin heterodimers.

132

133 RESULTS

134 TUBA1A-V409I/A mutants dominantly disrupt cortical neuron migration

135  To determine whether TUBAL1A-V409I/A variants act as loss- or gain-of-function mutations we
136 first sought to establish whether the mutant proteins can polymerize into microtubules. We

137  expressed a hexahistidine (6X-His)-tagged TUBA1A construct in cortical neuron cultures
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138 harvested from PO rats. The 6X-His tag was inserted between residues 142 and G43 in a flexible
139  loop of TUBA1A that allows for the addition of amino acids without perturbing tubulin function
140 (Buscaglia et al., 2020a). After two days in culture (DIV2) we extracted soluble tubulin from the
141  neurons, fixed the cells, and stained for the 6X-His tag. Both the TUBA1A-V409I and -V409A
142  mutants incorporate into microtubules, similar to wild-type (WT) controls, as indicated by the
143  microtubule filaments that can be resolved in the soma (Figure 1A). As a positive control, we
144  expressed the TUBAL1A-T349E mutant that does not assemble into polymer, as evidenced by
145  the lack of labeled polymer in the soma (Figure 1A). We find that the amount of 6X-His signal
146 retained after soluble protein extraction is similar between WT and V409I/A expressing cells
147  (Figure 1B). These results suggest that the TUBA1A-V409I/A mutants assemble into

148  microtubule polymer and have similar levels of microtubule polymer compared to WT.

149

150 We next asked whether incorporation of the TUBA1A-V409I/A mutants into microtubules in vivo
151 s sufficient to disrupt cortical neuron migration. To answer this question, we performed in utero
152  electroporations to ectopically express TUBALA in migrating neurons in the developing mouse
153  brain. At embryonic day (E) 14.5, we electroporated neural progenitors in the cortical ventricular
154  zone, which give rise to immature excitatory neurons that migrate from the ventricular zone into
155 the upper cortical plate. The cDNA expression plasmids used for the electroporations encode
156  for either WT or mutant TUBA1A, along with GFP to identify the electroporated cells. The

157  majority of GFP+ neurons ectopically expressing TUBALA-WT successfully migrate from the
158 ventricular zone to the upper cortical plate by E18.5 (Figure 1C). In contrast, neurons ectopically
159 expressing TUBA1A-V409I do not migrate to the upper cortical plate as robustly as WT control
160 cells by E18.5, as evidenced by many neurons remaining in the ventricular, subventricular, and
161 intermediate zones. Strikingly, a majority of TUBA1A-V409A expressing neurons fail to migrate
162 atall by E18.5 and remain primarily in the ventricular and subventricular zones. To quantify

163  migration for comparison across experiments, we divided the cortical sections into four equal
164 segments from the ventricular zone to the top of the cortical plate and measured the proportion
165 of GFP signal in each segment (Figure 1D). Approximately, the first quartile represents the

166  ventricular and subventricular zones, the second quartile represents the intermediate zone, the
167 third quartile represents the lower cortical plate, and the fourth quartile represents the upper
168 cortical plate. We find that the largest proportion of TUBALA-WT expressing cells (43.4%) are
169 found in the upper cortical plate region (labeled in orange), while the largest proportion of

170 TUBA1A-V409I expressing cells (45.4%) are in the intermediate zone and lower cortical plate,
171  and the largest proportion of TUBA1A-V409A expressing cells (49.4%) are in the
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172  ventricular/subventricular zones (Figure 1E). In each of our experiments, untransfected control
173  cells successfully reach the cortical plate, as evidenced by abundant DAPI signal in the upper
174  cortical plate segment, indicating that the radial glia cells that support migration are not impaired
175 Dby the transfection of mutant TUBALA in our experiments. These results suggest that the

176  TUBA1A-V4091/A mutants act dominantly to disrupt neuron migration, with TUBA1A-V409A

177  being more severe than the TUBA1A-V409] mutant.
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Figure 1. TUBA1A-V409I/A mutants dominantly disrupt cortical neuron migration. A)
Representative images of neurons ectopically expressing 6X-His tagged TUBA1A-WT, -V409I,
-V409A, and -T349E. The soluble tubulin was extracted from the cells, and then cells were
stained with an anti-6X-His antibody. Bottom insets are representative of yellow boxes. Scale
bar = 10um in top panels. Scale bar = 2um in bottom panels. At least 16 neurons were imaged
for each condition. B) 6X-His fluorescence intensity was measured for each neuron imaged in
panel A. Each dot represents a single cell. Bars are median £ 95% confidence interval. C)
Representative coronal sections of E18.5 mouse brains that were electroporated with the above
constructs at E14.5. GFP labels electroporated cells. Scale bar = 200um. At least 18 brains
were imaged for each condition. Yellow box represents region in (D). (E) Representative cortical
region was divided into 4 equal quartiles and GFP fluorescence intensity was measured in each.
1st quartile = ventricular/subventricular zones (VZ/SVZ), 2™ quartile = intermediate zone (1Z), 3"
quartile = lower cortical plate (LCP), 4" quartile = upper cortical plate (UCP). Bars are mean +
95% confidence interval.
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179 TUBAZ1A-V409I/A mutants increase neurite branching and delay neurite retraction

180 The microtubule cytoskeleton plays a crucial role in the series of morphological changes that
181  cortical neurons must undergo throughout the course of radial migration (Nadarajah et al., 2001;
182  Noctor et al., 2004; Tabata and Nakajima, 2003). When immature neurons are born, they

183  extend numerous neurites to probe their environment for directional cues. Once these cues

184  have been identified, neurons must retract most of their neurites and become bipolar, such that
185  one neurite becomes the axon and a neurite on the opposite side of the cell becomes the

186 leading process that guides radial migration. Therefore, it is particularly crucial that microtubules
187 are able to deftly respond to various cues throughout development that promote these different
188 morphology transitions. Therefore, we sought to determine if the TUBA1A-V4091/A mutant

189  microtubules perturb neuron morphologies during in vitro development. We formed two distinct
190 hypotheses of how TUBA1A-V4091/A mutant microtubules could affect neuron morphogenesis:
191 1) insufficient neurite extension, or 2) insufficient neurite retraction.

192

193  To distinguish between these two hypotheses, we first compared the extension of neurites

194  between WT and V4091/A mutants by ectopically expressing the 6X-His-tagged TUBA1A (WT or
195 mutant) plasmids described above. We then quantified the number of primary, secondary, and
196 tertiary neurites at two morphologically distinct stages of in vitro cortical neuron development,
197 stage 2 (DIV1) and stage 3 (DIV2). Stage 2 neurons are characterized as being multipolar with
198 all neurites being approximately similar in length (Dotti et al., 1988). On average, there is no
199 appreciable difference in the number of neurites quantified in stage 2 cells expressing WT or
200  V409I/A mutant TUBA1A. Most neurons at stage 2 have four primary neurites, and we rarely
201  observe secondary or tertiary branches (Supplemental Figure 1A and B). Consistent with this
202  finding, stage 3 WT and V409I/A mutant neurons have a similar number of primary neurites

203  (5.123 +0.426, 4.911 + 0.366, 5.356 + 0.404 for WT, V409I, and V409A, respectively; Figure 2A
204  and B). However, TUBAL1A-V409I expressing cells exhibit a slight, but measurable increase in
205 secondary branches as compared to WT cells (0.600 + 0.227, 0.893 + 0.264 branches/cell for
206  WT and V409lI, respectively; Figure 2B). Strikingly, TUBA1A-V409A expressing cells have a
207  significantly greater number of secondary branches, and some also exhibit tertiary branches
208 (Secondary: 0.600 + 0.227, 2.186 + 0.682 branches/cell, Tertiary: 0.015 £ 0.031, 0.322 £ 0.171
209  branches/cell for WT and V409A, respectively; Figure 2B). These data fail to support the

210 hypothesis that TUBA1A-V409I/A mutants result in insufficient neurite extension because we

211  find a similar number of primary neurites in WT and mutant expressing cells. Our data instead


https://doi.org/10.1101/2021.12.06.471490

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.06.471490; this version posted December 7, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

212  lend support to the alternative hypothesis that there is insufficient neurite retraction, as

213  evidenced by the increase in neurite branching.

214

215 To address this, we tested whether the neuron microtubules respond to destabilizing cues that
216  are necessary for neurite retraction. We stimulated neurite retraction in vitro by placing the

217  neuron cultures at 4°C over the course of six hours. At low temperatures, microtubules

218 destabilize, which ultimately leads to neurite retraction (Breton and Brown, 1998; Tilney and
219  Porter, 1967; Weber et al., 1975). During our time course experiment, samples from each

220 genotype were fixed at two-hour intervals and stained for -1l tubulin, a highly abundant 3-

221  tubulin isotype in cortical neurons, to label microtubules in neurites. After two hours at4°C,

222  TUBAILA-WT expressing cells (identified by cytoplasmic GFP) lost most neurites, and those that
223 remain formed the retraction bulbs that are characteristic of retracting neurites (Figure 2C and
224 Supplemental Figure 1C). By four and six hours of cold exposure, B-II tubulin signal is only

225  found in the cell soma of neurons expressing TUBA1A-WT. In contrast, most TUBA1A-V409I
226  expressing cells do not exhibit retraction bulbs or neurite loss until four hours of 4°C exposure.
227  The most severe defect is detected in TUBAL1A-V409A expressing cells where neurites are

228 maintained throughout most of the time course, with retraction bulbs beginning to form only after
229  six hours of the 4°C exposure. Together, these data suggest that expression of TUBA1A-V409I
230  or-V409A creates hyper-stable neurites and, particularly in the case of V409A, excessive

231  neurite branching.
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Figure 2. TUBA1A-V409I/A mutants alter neuron morphologies. A) Representative DIV2 cortical

neurons expressing cytoplasmic GFP and 6X-His tagged TUBA1A-WT, -V409I, and -V409A. Scale bar
= 10um. At least 27 neurons were imaged for each condition. B) Quantification of number of primary,
secondary, and tertiary branches in each condition. Each dot represents a single cell. Bars are mean %
95% confidence interval. C) Representative images of neurons expressing the above plasmids,
exposed to 4°C for indicated time, and stained with TUBB2A/B. Scale bar = 10um.
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Supplemental Figure 1. Effect of TUBA1A-V409I/A on neuronal morphologies. A) Representative
DIV1 cortical neurons expressing GFP and 6X-His tagged TUBA1A-WT, -V409I, and -V409A. Scale bar
= 10um. At least 23 neurons were imaged for each condition. B) Quantification of number of primary,
secondary, and tertiary branches in each condition. Each dot represents a single cell. Bars are mean +
95% confidence interval. C) Representative merge images of neurons expressing the above plasmids,
exposed to 4°C for indicated time, stained with TUBB2A/B in magenta, and expressing cytoplasmic GFP
in green. Scale bar = 10um.
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234  TUBA1A-V409I/A mutant microtubules have high levels of acetylation

235  We next sought to determine if the increase in neurite branching and resistance to cold-induced
236  neurite retraction seen in TUBAL1A-V409I/A expressing cells is a result of altered microtubule
237  dynamics. To test this, we quantified levels of tubulin post-translational modifications in WT- and
238 mutant-expressing cells. Tyrosinated tubulin is a marker of dynamic, newly formed microtubules
239  and is typically evenly distributed amongst the axon and dendrites (reviewed in Westermann
240  and Weber, 2003). Acetylated tubulin is a marker of stable microtubules and is highly localized
241  to the axon, but largely absent in the dendrites.

242

243  As expected, stage 3 control cells ectopically expressing TUBALA-WT have acetylated tubulin
244  localized to the axon and tyrosinated tubulin throughout the neuron (Figure 3A and B). Both
245  TUBA1A-V409I and -V409A expressing neurons also exhibit tyrosinated tubulin throughout the
246  neuron, similar to that observed in control cells expressing TUBA1A-WT (Axons: 0.487 + 0.061,
247  0.507 +0.069, 0.471 + 0.070A.U. and Dendrites: 0.524 + 0.069, 0.511 + 0.072, 0.543 +

248 0.083A.U. for WT, V409I, and V409A, respectively; Figure 3A and B). TUBA1A-V409I

249  expressing cells have a modest increase in acetylated tubulin in both the axon and dendrites,
250 and TUBA1A-V409A expressing cells exhibit a striking increase in microtubule acetylation in all
251 neurites and even in the soma (Axons: 2.861 + 0.227, 3.025 + 0.253, 3.721 + 0.295A.U. and
252  Dendrites: 1.239 + 0.204, 1.492 + 0.145, 2.395 + 0.184A.U. for WT, V409I, and V409A,

253  respectively; Figure 3A and C). Although acetylated tubulin levels are increased in the TUBA1A-
254  V409I/A mutants, our experiments where soluble tubulin is extracted indicate that the total

255  amount of microtubule polymer is similar between WT and mutant-expressing cells (Figure 1B).
256  This suggests that increased microtubule acetylation in cells expressing V4091/A mutants is not
257  simply attributable to increased microtubule polymer, but rather increased levels of acetylation

258 on the microtubules.
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Figure 3. TUBA1A-V409I/A microtubules have increased acetylation levels. A)
Representative DIV2 cortical neurons expressing plasmids with cytoplasmic GFP and
6X-His tagged TUBA1A-WT, -V409I, and -V409A. Cells stained with tyrosinated tubulin
and acetylated tubulin. Scalebar = 10um. Quantification of tyrosinated tubulin (B) and
acetylated tubulin (C) fluorescence intensity in a cell’'s axon and dendrites. Each dot
represents quantification of a single cell. Bars are mean £ 95% confidence interval.
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260 Modeling TUBA1A-V409I/A mutants in budding yeast reveals altered microtubule

261 dynamics

262  The a-tubulin V409 residue is highly conserved across eukaryotes (Figure 4A). To better

263  understand the molecular impact of the TUBA1A-V4091/A mutants, we created analogous

264  mutants at the corresponding residue in Saccharomyces cerevisiae (or budding yeast), V410.
265  Using this system, we created strains in which all the a-tubulin expressed in the cell was either
266  WT, V410I, or V410A. We find that compared to WT, V410I cells have no significant change in
267  fitness, while V410A cells exhibit a slight fithess defect, as indicated by a 4.4% increase in

268 doubling time (Supplemental Figure 2A). By introducing either the V410l or V410A mutation into
269  both a-tubulin isotypes of budding yeast (TUB1 and TUB3), we can measure the dynamics of
270 individual microtubules that consist of a homogenous supply of either WT or mutant a-tubulin.
271 Thus, any effect we see on dynamics would be a result of the mutant of interest as opposed to a
272  compensatory response by alternative tubulin isotypes.

273

274  To track the length of individual microtubules over time in cells, we used Bik1-3GFP, the yeast
275 homologue of CLIP-170, as a marker for microtubule plus-ends (Figure 4B and 4C). Compared
276  to WT, we find that tub1/tub3-V410A mutant microtubules have significantly faster

277  polymerization rates, while tub1/tub3-V410I microtubules have intermediate rates between WT
278  and V410A mutants (1.078 + 0.078, 1.463 + 0.112, 1.625 + 0.117um/min for WT, V410I, and
279  VA410A, respectively; Figure 4D). Similarly, tub1/tub3-V410A microtubules, and to a lesser

280 extent -V410I microtubules, have faster depolymerization rates compared to WT (1.861 + 0.165,
281 2.300 +0.166, 2.788 + 0.256pum/min for WT, V410l, V410A, respectively; Figure 4E). Our data
282  also shows that tub1/tub3-V410A microtubules exhibit very few catastrophes compared to WT,
283  and the tub1/tub3-V410I microtubules again have an intermediate catastrophe frequency (1.216
284  £0.105,0.973 +£0.111, 0.761 £ 0.106 events/minute for WT, V410I, and V410A, respectively;
285  Figure 4F). Accordingly, tub1/tub3-V410A mutant microtubules reach longer median lengths
286  than either the tub1/tub3-V410l or WT microtubules (0.66, 0.68, 0.90um for WT, V410l, V410A,
287  respectively; Figure 4G). Additionally, we find that astral microtubules in tub1/tub3-V410A

288 mutant cells are retained for a longer time at 4°C than those in WT control cells, and tub1/tub3-
289 V410l microtubules have an intermediate phenotype (Figure 4H). Summarizing these dynamics
290 data, we find that a-tubulin-V410I/A microtubules, and particularly the tub1/tub3-V410A variant,

291  exhibit faster microtubule polymerization rates and decrease how often the microtubule
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292  catastrophes. However, when these mutant microtubules do catastrophe, they depolymerize at
293  afaster rate than WT.

294

295  To understand how the different microtubule parameters described above work together to

296 influence microtubule activity, we calculated the dynamicity of WT and tub1/tub3-V410l/A

297  microtubules. Dynamicity is defined as the total change in microtubule length divided by the
298 change in time (Jordan et al., 1993). We find that tub1/tub3-V410A microtubules have the

299  highest dynamicity values, while tub1/tub3-V410Il microtubules have an intermediate dynamicity
300 between -V410A and WT (0.443 + 0.028, 0.507 + 0.034, 0.563 + 0.047 subunits/second; Figure
301  4l). Similar to our work in neurons, the V410A mutant has the strongest effect on microtubule
302 dynamics while the V410l mutant has a more intermediate impact. Together, the results of

303 modeling these patient-associated mutations in budding yeast indicates that the a-tubulin-

304  V410Il/A mutations are sufficient to alter microtubule dynamics in this system.
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Figure 4. Modeling TUBA1A-V4091/A mutants in budding yeast reveals altered microtubule dynamics. A)
Sequence alignment of human, mouse, and rat TUBA1A and budding yeast a-tubulins Tub1 and Tub3. Valine 409
is highlighted in yellow and resides in a highly conserved helix known as H11’. B) Representative image of budding
yeast cell with microtubule plus-end binding protein Bik1 labeled with 3GFP. Scalebar = 1um. C) Life plot of the
dynamics of individual microtubules from WT (gray) and V410A (blue) cells showing the change in length over time.
D) Polymerization rates of astral microtubules. Each dot represents a single polymerization event. Bars are mean +
95% confidence interval. E) Depolymerization rates of astral microtubules. Each dot represents a single depolymer-
ization event. F) Catastrophe frequency for astral microtubules expressed as the number of catastrophe events that
occur per minute. Each dot represents the average catastrophe frequency of a single cell. G) Histogram of all astral
microtubule lengths from time lapse imaging of WT, V410l, and V410A cells. H) Proportion of cells with astral
microtubules after indicated time at 4°C. Symbols represent average of 3 independent experiments where at least
295 cells were analyzed per condition. 1) Dynamicity of astral microtubules calculated as the total change in length
divided by the total change in time. Each dot represents the calculated dynamicity value of a single cell. For all
measured dynamics, at least 28 cells were measured for each genotype.
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Supplemental Figure 2. Fitness assay for V410l/A yeast mutants. A) Doubling times of cells
expressing the indicated mutation at the genomic TUB1 locus. 6 samples containing 2 different isolates
for each strain were tested in 3 independent experiments. Bars are mean + 95% confidence interval.
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307 tubl/tub3-V410l/A microtubules have decreased localization of and affinity for

308 XMAP215/Stu2

309 Microtubule dynamics in cells are the product of both intrinsic tubulin activity, as well as

310 regulation by extrinsic MAPs. Therefore, we sought to determine how tub1/tub3-V410I/A affect
311  extrinsic and/or intrinsic modes of regulation to alter microtubule dynamics. The a-tubulin V409
312  (human) or analogous V410 (yeast) residue resides on the external surface of the tubulin

313 heterodimer near the binding sites of a wide variety of microtubule-associated proteins (Lowe et
314  al., 2001). In particular, one structural analysis highlights the a-tubulin V410 residue as a

315 potential interactor with the TOG2 domain of Crescerinl (Das et al., 2015). The Crescerinl

316 TOG2 domain has a similar structure to the TOG1 domain of Stu2, the yeast homologue of

317 XMAP215. As Stu2/XMAP215 is the major microtubule polymerase in cells, we predicted that
318 the increase in microtubule polymerization observed in tub1/tub3-V410I/A cells could be a result
319 of increased Stu2 activity on the mutant microtubules. To test this, we first used Stu2-3GFP to
320 measure Stu2 localization at astral microtubule plus ends in cells where all the a-tubulin is either
321  WT, V410, or V410A mutant (Figure 5A). We find that tub1/tub3-V410A mutant microtubules
322  have significantly decreased Stu2-3GFP fluorescence intensity at the plus ends compared to
323  WT, while tub1/tub3-V410I microtubules have an intermediate phenotype between the two

324 (3203 £333, 1860 + 165, 1365 + 143A.U. for WT, V410I, and V410A, respectively; Figure 5B).
325 Thus, despite having increased microtubule polymerization rates, the tub1/tub3-V410Il/A mutant
326  microtubules have less Stu2 at microtubule plus ends.

327

328  Stu2is comprised of two TOG domains (TOG1 and TOG2) that bind specifically to free tubulin
329 heterodimer and are necessary for concentrating tubulin at microtubule plus ends to promote
330 microtubule polymerization. Disrupting the interaction between the Stu2 TOG2 domain and

331  tubulin heterodimers decreases the localization of Stu2 to microtubule plus ends (Geyer et al.,
332  2018). We therefore predicted that the decreased localization of Stu2 at tub1/tub3-V410I/A

333  microtubule plus ends may be a result of lowered affinity between the mutant tubulins and Stu2
334 TOG domains. To test this prediction, we purified tubulin heterodimer from budding yeast in

335  which the purified a-tubulin was either Tub1-WT, -V410lI, or -V410A. Additionally, we purified the
336 two TOG domains in Stu2 fused to a GST tag (referred to as GST-TOG1/2). Using a low

337  concentration of either WT or V410I/A mutant tubulin in the presence of increasing

338 concentrations of GST-TOG1/2, we find that V410l, and more significantly V410A, mutant

339 tubulin has decreased affinity for GST-TOG1/2 as compared to WT (Figure 5C and

340 Supplemental Figure 3A). For reference we used previously published Kp values for WT yeast
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341  tubulin affinity for either TOG1 or TOG2 to determine an expected binding curve (Geyer et al.,
342  2015). These results indicate that the decrease in Stu2 localization we see at the tub1/tub3-
343  V410I/A microtubule plus ends is a consequence of the decreased affinity of Stu2 TOG1/2

344  domains for the mutant tubulin.

345

346  Stu2is an essential gene in budding yeast, presumably because of its important role in

347  regulating microtubule dynamics (Wang and Huffaker, 1997). Based on the increased

348  microtubule polymerization rates observed for V410I/A microtubules, and the decreased affinity
349  between V410I/A and Stu2 TOG domains, we predicted that tub1/tub3-V4101/A microtubules
350 would be resistant to the depletion of Stu2. To test this, we constructed tub1-V410I or -V410A
351 yeast strains where we could conditionally deplete Stu2 (Kosco et al., 2001). Upon addition of
352  copper to the media of these cells, synthesis of STU2 mRNA is repressed and Stu2 is

353 degraded. We find that after 1.5 hours in 500uM copper sulfate (CuSOs), Stu2-HA is almost
354  undetectable via western blot (Figure 5D and Supplemental Figure 3B). Under these conditions,
355 the proportion of WT cells with visible astral microtubules decreases from 53% to 34% (0.526 +
356 0.036, 0.345 + 0.27 at 0 and 1.5 hours, respectively; Figure 5E-F). In contrast, tub1-V410I and
357  tubl1-V410A cells have no significant decrease in proportion of cells that have astral

358 microtubules after 1.5 hours of Stu2 depletion (V410I: 0.537 + 0.023, 0.516 + 0.022, V410A:
359 0.524 +0.036, 0.588 +£0.011 at 0 and 1.5 hours, respectively; Figure 5E-F). These data indicate
360 that V410l and V410A microtubules persist in the absence of Stu2, and therefore the mutant

361 tubulins may not require Stu2 polymerase activity to the same extent as WT.
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Figure 5. V410l/A mutants subvert Stu2 regulation. A) Representative image of budding yeast cell expressing
Stu2-3GFP. Red arrow indicates Stu2 at microtubule plus end. Scale bar = 1um. B) Quantification of Stu2-3GFP
fluorescence intensity at microtubule plus ends. Each dot represents the quantification from a single cell. Bars
are mean = 95% confidence interval. At least 39 cells were analyzed per condition. C) Proportion of unbound
tubulin in solution in the presence of increasing concentrations of GST-TOG1/2. Data was analyzed from the
a-tubulin signal on supernatant samples run on western blots. Each condition was normalized to the constant
amount of tubulin added to each sample in the absence of GST-TOG1/2. Dots represent averages from three
separate experiments. Bars are standard error of the mean. D) Western blot of protein lysate from cells induced
with 500uM CuSO, for 0 and 1.5 hours. Blots were probed for HA and Zwf1. E) Example images of WT cells
induced with 500uM CuSO, for 0 and 1.5 hours stained for a-tubulin. Red arrows indicate astral microtubules.
Scale bar = 1uym. F) Quantification of proportion of cells imaged that have at least one astral microtubule. Each
dot represents the average proportion of cells from three separate experiments. At least 800 cells were measured
for each condition. Bars are mean * standard error of the mean.
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Supplemental Figure 3. V410l/A mutants affect Stu2 interactions and regulation. A) Representative western
blots of WT, V410I, and V410A samples probed for a-tubulin in the absence of glutathione beads, as well as in
the presence of glutathione beads and increasing concentrations of GST-TOG1/2. B) Representative western
blot of WT cells induced with 500uM CuSO, for indicated number of hours. Blots were probed with HA and Zwf1
antibodies. C) Large field representative image of WT cells in the absence of 500uM CuSO, stained for a-tubulin.
Red arrows represent cells with at least one astral microtubule. Red stars represent cells without an astral
microtubule. Scale bar = 1um.
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365 Purified tub1-V410A has increased microtubule polymerization rates in vitro

366  Stu2 TOG domains preferentially bind to the kinked conformation of tubulin and have low affinity
367 for straight heterodimers (Ayaz et al., 2014, 2012). Based on our in vitro binding assays, we
368 hypothesized that a-tubulin V410I/A pushes the heterodimer into a straightened state. The V410
369 residue resides in helix 11’ of a-tubulin, which is located at the hinge point between a- and 3-
370 tubulin (Lowe et al., 2001), and makes it a prime candidate for affecting the conformational

371 states of the heterodimer. We predicted that a straighter heterodimer would increase

372  microtubule polymerization rates as a straight heterodimer is more compatible with forming the
373 microtubule lattice. Therefore, we reasoned that if the changes observed in V410I/A microtubule
374  dynamics are a result of a straightened heterodimer conformation, the mutants should have

375 intrinsically faster polymerization rates in vitro.

376

377  To test this, we used interference reflection microscopy (IRM) to measure the intrinsic

378  polymerization activity of our purified yeast Tub1-WT, -V410I, and -V410A heterodimers in an in
379  vitro dynamics assay. We used GMPCPP-stabilized, rhodamine-labeled porcine microtubule
380 ‘seeds’ attached to the surface of the coverslip via anti-rhodamine antibodies to nucleate the
381  assembly of microtubules from the purified tubulin in the reaction (Figure 6A). We used three
382  concentrations of purified tubulin, between 0.5 and 0.9uM, to measure microtubule dynamics in
383  vitro. Within this concentration range, we find that soluble tubulin assembles from the stabilized
384  seeds and forms dynamic microtubules. If tubulin concentration is too high, the tubulin will

385 spontaneously nucleate away from the stabilized seeds (to form microtubules, oligomers,

386  aggregates, etc.) and will not be visible on the microscope. If the tubulin concentration is too
387 low, the tubulin will not sustain assembly from the seeds. In our experimental set up, we are
388 unable to observe microtubule dynamics below 0.5uM tubulin. For each concentration, we

389 measured the change in microtubule length over time of WT or V410Il/A mutant tubulin in a

390 completely purified system using unlabeled tubulin (Figure 6B, Supplemental Video 1).

391

392 In contrast to our results in budding yeast cells, we find that purified tub1-V410Il microtubules do
393 not have significantly increased polymerization rates as compared to WT at any of the three
394  concentrations tested (Figure 6C). However, with purified tub1-V410A tubulin, we were unable
395 to observe microtubule dynamics at these three concentrations, nor did we observe any at

396 higher concentrations up to 1.5uM or lower concentrations down to 0.1uM (data not shown).
397 Based on our previous data, we predict that tub1-V410A tubulin exhibits increased assembly

398  activity and would be more dynamic at lower concentrations. If tub1-V410A tubulin exhibits
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399 higher assembly activity than WT tubulin, even the low end of our usable concentration range
400 may be too high for this mutant, and we would be unable to visualize microtubule dynamics
401 because the mutant may readily assemble away from seeds (similar to top panel of Figure 6A).
402  To circumvent these issues while still testing the intrinsic capabilities of tub1-V410A, we mixed
403  WT and tub1-V410A tubulin in a one-to-one ratio, for a total tubulin concentration of 0.5, 0.7, or
404  0.9uM. At this WT:V410A one-to-one ratio, we find an increase in microtubule polymerization
405 rates at each concentration tested (Figure 6C). Since the amount of either WT or V410A tubulin
406 thatis presentin each of these one-to-one mixtures (i.e., 0.25, 0.35, or 0.45uM) is not sufficient
407  to support microtubule assembly on its own, we conclude that the increased microtubule

408 polymerization is a synergistic effect of the blend of WT and V410A mutant tubulin.

409

410 The fitted lines of the data collected at each tubulin concentration provide us with important

411  information about the intrinsic properties of the WT and mutant microtubules formed in vitro. The
412  slopes of the fitted lines represent the concentration-dependent polymerization rate, and we find
413  that WT/V410A has a ~2-fold increased rate as compared to WT and V4101 (11.6 compared to
414 5.8 and 6.5um/hr/uM). The x- and y-intercepts represent the critical concentration and apparent
415  off rate constants, respectively (x-intercepts = 0.01, 0.02, and 0.02uM; y-intercepts = -0.07, -
416 0.13, and -0.18um/hr for WT, V410I, and WT/V410A, respectively). In contrast to the increase
417  observed in microtubule polymerization rates, the microtubule depolymerization rates were not
418  different between WT and either the V4101 or V410A mutants (Figure 6D). These data indicate
419 that tub1-V410A has significantly increased intrinsic microtubule polymerization as compared to
420  WT. Together, our data explain the intrinsic mechanism by which the V409/V410A mutant has

421  the most severe phenotypes across scales, while V409/V410l has more mild effects.
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Figure 6. V410A has intrinsically faster microtubule polymerization rates in vitro. A) Graphic depicting aggregates
and non-seeded nucleation when tubulin concentrations are too high, no nucleation when concentrations are too low, and
dynamic microtubules when concentrations are at an appropriate level. B) Example kymograph of dynamic microtubule
from purified budding yeast tubulin measured using interference reflection microscopy. X and Y scale bars = 5 minutes
and 1um, respectively. C) Microtubule polymerization rates at 0.5, 0.7, and 0.9uM of tubulin. Each data point represents
the mean of three independent experiments in which at least 28 dynamic microtubules were measured per condition.
Error bars are mean = 95% confidence interval. D) Microtubule depolymerization rates.
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Figure 7. Proposed model for a-tubulin V4091 and V409A on tubulin conformations and
microtubule assembly. WT tubulin undergoes a series of conformational states as it transitions
from a curved free heterodimer into the straight microtubule lattice. Our data support a model in
which V409I, and more severely V409A, limit the range of conformations the heterodimer can
adopt and push the heterodimer into a straightened state. Additionally, these mutants result in
longer-lived microtubules that polymerize faster. We propose that this is due in part to the
straighter mutant tubulin being more compatible with assembling into the microtubule lattice, as
well as the mutants subverting normal XMAP215/Stu2 regulation.
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424  DISCUSSION
425 The missense, heterozygous mutations identified in human tubulin genes and associated with

426  brain malformations are numerous and varied (Bahi-Buisson et al., 2014, Fallet-Bianco et al.,
427  2014). To date, we do not have a good understanding of how different mutations in tubulin

428  genes have such a wide spectrum of detrimental effects on brain development. Investigating the
429  molecular impact of different tubulinopathy mutations and how these mutants affect greater
430  tissue level development is critical to advancing our understanding of the role of the microtubule
431  cytoskeleton during neurodevelopment and disease. In this study, we aim to determine the

432  mechanism of two different substitutions at the valine 409 residue of TUBALA that are

433  associated with different severities of brain malformations. We find that ectopically expressed
434  TUBA1A-V409I/A mutants assemble into microtubules in neuron cultures and dominantly

435  disrupt radial neuron migration, and most significantly in cells expressing TUBA1A-V409A

436  (Figure 1). Our work indicates that the mutation associated with the most severe brain

437  phenotype, TUBA1A-V409A, also has the most severe impact on neurite branching and

438  microtubule dynamics, while the milder -V4091 mutant has intermediate phenotypes. These

439 findings provide evidence that the impact of tubulinopathy mutations scale up from altered

440  microtubule polymerization activity and loss of regulation by microtubule-associated proteins to
441  cellular and tissue defects.

442

443  As neurons migrate from the ventricular zone to the cortical plate, they must transition through
444  different polarization states (Nadarajah et al., 2001; Noctor et al., 2004; Tabata and Nakajima,
445  2003). The overexpression or depletion of a wide variety of signaling molecules and cytoskeletal
446  proteins delay or inhibit neuron morphology transitions that impair subsequent migration

447  (reviewed in Cooper, 2014). Several cases of brain malformations similar to those investigated
448 in this study have been linked to mutations that disrupt radial migration by inhibiting the

449  multipolar-to-bipolar transition (e.g., loss-of-function Cdk5 mutations; Ohshima et al., 2007).
450  While there are numerous factors that are required for proper neuron migration, our data

451  support a hypothesis that TUBA1A-V4091/A mutants disrupt and/or delay proper morphology
452  transitions. At the cellular level, we find that neurons ectopically expressing TUBA1A-V409! and
453  -V409A disrupt neuron morphogenesis by promoting excessive branch stabilization (Figure 2A
454  and B). Additionally, neurons expressing TUBA1A-V409I/A are more resistant to cold

455  temperature-induced neurite retraction as compared to cells solely expressing WT tubulin

456  (Figure 2C). To the best of our knowledge, there are no tubulinopathy mutations to date that

457  disrupt neuron migration via impaired neuron morphology transitions. Therefore, future work will
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458  be required to determine whether this is a common mechanism for particular types of brain

459  malformations.

460

461  Our findings support the idea that microtubule stability plays a determining role in neuron

462  branching and morphogenesis. Previous studies have identified that taxol-treated neurons have
463  anincrease in neurite extension, axon formation, and branching, while nocodazole treatments
464 result in diminished neurite extension and increased retraction (He et al., 2002; Witte et al.,
465  2008). The altered expression of, or mutations in, microtubule-associated proteins also alter
466  neuron morphogenesis (reviewed in Lasser et al., 2018). For example, the microtubule-

467  associated protein SSNAL also promotes axonal branching by mediating microtubule nucleation
468 and branching, further highlighting the role of microtubule dynamics play in neuron

469  morphogenesis (Basnhet et al., 2018). Neurons must tightly control both microtubule turnover
470  and nucleation to control neurite branching (Basnet et al., 2018; Witte et al., 2008). Both taxol-
471  treatment and SSNA1 overexpression result in increased neurite branching, yet each drive this
472  phenotype via separate mechanisms; Taxol suppresses microtubule turnover, whereas

473  overexpression of SSNA1 induces microtubule nucleation and branching. We find that DIV2
474  neurons ectopically expressing TUBA1A-V409I or -V409A have increased levels of microtubule
475  acetylation, but not increased amounts of microtubule polymer (Figures 1B and 3C). Therefore,
476  our data suggest that V409I/A mutants are unique in that they behave similarly to taxol-treated
477  cells and do not promote increased nucleation compared to WT, but instead result in longer
478  lived microtubules that promote neurite branching.

479

480  Our results from modeling V409 mutants in budding yeast reveal the mechanistic origins of the
481  highly stable microtubules in neurons. We find that, compared to WT, tub1/tub3-V410l/A

482  microtubules have faster polymerization and depolymerization rates, decreased catastrophe
483  frequencies, and increased dynamicity (Figure 4). Dynamicity is calculated as the total change
484  in microtubule length (taking into account states of growth and shrinkage) divided by the change
485 intime (Jordan et al., 1993). It is interesting that despite the tub1/tub3-V410I/A microtubules
486  undergoing catastrophe less often than WT, they have increased dynamicity values. This

487  suggests that the increase in dynamicity is driven by increased polymerization and

488  depolymerization rates, as opposed to frequent transitions between the states of polymerizing
489  and depolymerizing. Accordingly, V410I/A microtubules reach longer lengths and are longer
490 lived. Assuming these dynamic parameters hold in neurons, longer microtubules that

491 catastrophe less often would result in increased microtubule acetylation, which is what we
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492  observe in neurons expressing TUBAL1A-V409I/A. Our data support a model in which the

493  V409I/A mutants promote excessive neurite branching similar to taxol-treated neurons, but alter
494  microtubule dynamics in a way that is distinct from the mechanisms of taxol.

495

496 Microtubule dynamics in cells are reliant on both extrinsic factors that interact with microtubules,
497 as well as intrinsic factors conferred by the tubulin heterodimer (Bodakuntla et al., 2019; Borys
498 etal.,, 2020; Goodson and Jonasson, 2018; Manka and Moores, 2018; Mitchison and Kirschner,
499  1984). One way in which tubulin heterodimers intrinsically control microtubule dynamics is by
500 adopting a series of conformations as microtubules polymerize and depolymerize (Chrétien et
501 al., 1995; Mandelkow et al., 1991). Free heterodimer exists in a kinked conformation, which
502  straightens out as the heterodimer is assembled into the microtubule lattice (Buey et al., 2006;
503 Janosi et al., 1998; Nawrotek et al., 2011; Nogales and Wang, 2006; Ravelli et al., 2004; Rice et
504  al., 2008). We find that V410I/A tubulins have decreased affinity for Stu2 TOG1/TOG2 domains
505 inour in vitro binding assays (Figure 5C). Because Stu2 TOG domains preferentially bind to the
506  kinked conformation of the tubulin heterodimer, this raises the possibility that V410I/A mutants
507 push the heterodimer into a straightened conformation. Our finding that V410A increases the
508 rate of tubulin polymerization in the absence of extrinsic MAPs is also consistent with an effect
509  on tubulin’s intrinsic conformation (Figure 6C). We propose a model in which tubulin

510 conformation acts more as a dial than an on and off switch (Figure 7). In this model, limiting the
511 range of conformations a heterodimer adopts is likely to affect the severity of the impact it has
512  on microtubule dynamics. Based off the results of our in vitro binding assays between tubulin
513 and Stu2 TOG1/2, V410l appears to have a milder effect on tubulin conformation as compared
514  to V410A (Figure 5C). We interpret this as that V410l can no longer adopt the full range of

515 conformations, but can adopt more of a kinked state than V410A, and thus has less drastic

516 effects on microtubule dynamics. In accordance with our prediction that V410I/A mutants are in
517  a straighter conformation than WT, we find that tub1/tub3-V410I microtubules, and more

518 significantly -V410A microtubules, have less Stu2 at their plus ends (Figure 5B). Additionally,
519 when Stu2 is conditionally depleted in cells, tub1/tub3-V410I/A microtubules are maintained
520 while WT microtubules are lost. Together, our data indicate that a consequence of limiting

521 tubulin conformational states is diminished regulation that is typically conferred by Stu2.

522

523  Tight control over microtubule dynamics is essential for cells, and particularly in neuron

524  morphogenesis and migration as the cytoskeletal must nimbly respond to cues throughout the
525  migratory process (Kapitein and Hoogenraad, 2015). XMAP215/Stu2 works in cells as an

28


https://doi.org/10.1101/2021.12.06.471490

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.06.471490; this version posted December 7, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

526 extrinsic regulator to finely tune microtubule dynamics (Brouhard et al., 2008; Hahn et al., 2021;
527 Leeetal., 2001; van der Vaart et al., 2011; Vasquez et al., 1994; Zanic et al., 2013). The role of
528 XMAP215 in neurons has been explored primarily in the axon and growth cone. XMAP215’s
529  polymerase activity is required for axon outgrowth and microtubule bundling, and in the growth
530 cone XMAP215 plays a role in linking microtubules and F-actin (Hahn et al., 2021; Lowery et al.,
531 2013; Slater et al., 2019). However, further studies should focus on the role XMAP215 plays in
532  neuron morphogenesis and migration, including in establishing neuron polarity and branching.
533  Beyond XMAP215/Stu2, which preferentially binds to the kinked conformation of tubulin, there
534  are numerous other microtubule-associated proteins that bind to a range of particular tubulin
535 conformations (Brouhard and Rice, 2018). Therefore, we predict that the activity of multiple

536  extrinsic regulators would be impacted by mutations that alter the conformational state of the
537  tubulin heterodimer. How these regulatory mechanisms are impacted by tubulin conformational
538 states and the subsequent effects of these changes on microtubule networks in cells will be a
539  major focus of future studies.

540

541  Our results, particularly for the V410A mutant, highlight how tubulin mutants can create

542  unexpected dissonance between extrinsic and intrinsic factors. Compared to WT tubulin, V410A
543  mutant tubulin promotes faster polymerization rates in cells and in vitro. It is interesting that in
544  our in vitro system, we were unable to identify a concentration at which homogeneous V410A
545  polymerizes from the GMPCPP-stabilized porcine tubulin seeds. However, blending V410A with
546  WT tubulin in a one-to-one ratio supports the assembly of microtubules with significantly

547 increased polymerization rates as compared to WT at the same concentrations of total tubulin.
548  This suggests that V410A may be unable to polymerize from GMPCPP seeds on its own, but it
549  drives fast polymerization when mixed with WT tubulin. Based on our data acquired from neuron
550 cultures, and particularly from budding yeast in which all the a-tubulin in the cell is V410A, we
551  know that this mutant assembles into microtubules that polymerize faster and are longer lived in
552  cells. Why then is V410A able to assemble into microtubules when it is the only source of a-
553 tubulin in the cell, but not when it is the only source of a-tubulin in vitro? One model we have
554  considered is that V410A disrupts the delicate equilibrium that exists between free tubulin

555  heterodimer, templated nucleation, and spontaneous nucleation. In cells there are factors such
556 as the y-tubulin ring complex and various MAPs that promote tubulin nucleation into

557  microtubules. In vitro, our yeast tubulin must assemble on its own from GMPCPP-stabilized

558 porcine tubulin seeds. Our in vitro dynamics data indicate that when V410A is in a one-to-one
559  blend with WT, the x-intercept is similar to pure WT (Figure 6C). This indicates that the blend

29


https://doi.org/10.1101/2021.12.06.471490

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.06.471490; this version posted December 7, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

560 would not be expected to nucleate at lower concentrations than WT alone. However, pure

561 V410A may have a lower critical concentration than WT and may shift the equilibrium toward
562  spontaneous nucleation away from stabilized seeds. However, when the mutant is blended with
563  WT, the WT may shift that equilibrium back and promote templated microtubule assembly.

564

565 Beyond V410A, interactions between different tubulin heterodimers (such as different mutants
566  orisotypes) is an important question to address both in regards to tubulinopathy disease as well
567 as normal tubulin biology. In tubulinopathy patients that harbor heterozygous mutations, the
568  mutant tubulin comprises at most 50% of either the a- or B-tubulin pool. This underscores the
569  necessity of future work to 1) determine the relative protein constituency of different tubulin

570 isotypes in different cell types, and 2) use blending experiments in vitro to recapitulate these
571 relative proportions. Additionally, this is an important consideration for furthering our

572 understanding of how normal tubulin biology works in cells. Using mutants that affect particular
573 intrinsic properties of tubulin (e.g. conformation, GTPase activity, etc.) in various blends with WT
574  tubulin will provide insight into how these different properties work in trans to alter microtubule
575 dynamics, and whether some mutants or isotypes might elicit outsized effects.

576

577  We propose a model in which the V4091/A mutants alter the conformational transitions of the
578 heterodimer and push it into a straighter state that drives faster microtubule dynamics and

579 ultimately perturb neuron morphologies and migration (Figure 7). An isoleucine or alanine

580 substitution at the valine 409 residue of TUBA1A seems relatively insignificant. However, these
581 subtle changes lead to drastic consequences that scale from altered microtubule dynamics to
582  an underdeveloped neocortex. Strikingly, TUBA1A-V409I presents an intermediate phenotype
583  between WT and TUBA1A-V409A in each assay we tested, tracking with the observed brain
584  malformations observed in these patients. To date, there are numerous missense, heterozygous
585 mutations in human tubulin genes that are associated with brain malformations, yet the

586  molecular mechanisms driving these tissue level defects remain unknown. Based off our work
587  and that of others, there does not appear to be a consistent mechanism for how TUBA1A

588 tubulinopathy mutations affect microtubule networks and neuron cell biology (Aiken et al., 2019;
589 Belvindrah et al., 2017; Gartz Hanson et al., 2016; Keays et al., 2007). The well-established
590 conformational dynamics of tubulin raise the possibility that mutations altering one region of the
591 heterodimer could allosterically affect distant regions, and thus disrupt the normal

592  conformational transitions that heterodimers undergo during assembly and disassembly.

593  Therefore, it is crucial to use quality genetic models to further our understanding of the
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594  molecular mechanism of these patient-associated mutations. Additionally, our work highlights
595 the need for more detailed studies into how different regions of the tubulin heterodimer impact
596 tubulin conformational states, and how this affects extrinsic regulation that ultimately result in
597  altered microtubule dynamics. Investigating how subtle alterations in specific regions of the
598 heterodimer can have long ranging effects across microtubule networks will be a primary focus
599  of future work.

600
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608
609 MATERIALS AND METHODS
610 Animals

611  Animal research was performed following regulations approved by the Institutional Animal Care
612 and Use Committee at the University of Colorado School of Medicine. All mouse tissue

613  experiments described below were from C57BL6/J wild-type pregnant mice (Jackson

614  Laboratories Strain #000664). All dissociated neuron cultures described below were prepared
615 from Sprague-Dawley rats. Dissociated cultures were obtained from both male and female

616  pups.

617

618 TUBALA plasmid vectors

619 Plasmids used in this study are listed in Supplementary Table 1. The plasmids were constructed
620  using the methods described in Aiken et al. 2018. Briefly, the coding region of the human

621 TUBAILA gene was cloned into the multiple cloning site of the pCIG2 plasmid that express

622  cytoplasmic GFP from an internal ribosome entry site (IRES) (Hand et al., 2005). QuikChange
623  Lightning Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA) was used to
624  introduce either the p.V409A or p.V409I substitution into TUBA1A. All plasmids have the 6X-His
625 tag inserted between residues 142 and G43. Mutants were confirmed by sequencing. Oligos
626  used for plasmid constructions are listed in Supplementary Table 3.

627
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628  Primary Cortical Neuron Cultures

629 The frontal cortex was dissected from postnatal days 0-2 male and female neonatal Sprague
630 Dawley rats. Cortices were digested at room temperature for 1 hour using papain solution

631 composed of 20 units/ml papain (Worthington Biochem, LS003126), 1.5 mM CacCl; (Sigma

632  Aldrich, 223506), 0.5 mM EDTA (Fisher Scientific, BP118-500), 1 mM NaOH (Fisher Scientific,
633 BP359-500), and 0.2mg/ml cysteine (Sigma Aldrich, C6852) in 10 ml saline. Digested cortices
634  were washed six time with Minimal Essential Media (MEM) (Life Technologies, Carlsbad, CA,
635 11090-081). Cortices were dissociated with a wide-bore fire-polished pipette, followed by

636  dissociation with a narrow-bore polished pipette. pCIG2-TUBA1A-His6 (either EV, WT, or

637  mutant) plasmids (4pg) were introduced to 4x10° dissociated neurons using Amaxa rat

638 nucleofector kit (Lonza Bioscience, VPG-1003). Amaxa-nucleofected neurons plated at 500,000
639 cells per 35mm poly-D-lysine-coated glass bottom dish (WillCo Wells, HBST-3522) in MEM

640 containing 10% Fetal Bovine Serum (FBS) (Sigma Aldrich, F4135), 1% penicillin/streptomycin
641  (Gibco, 15070-063), and 25 uM L-glutamine (Gibco, 25030081). Following 2 hours in culture,
642 media was replaced with supplemented FBS. At 24 hours after plating, media was replaced with
643  Neurobasal-A (NBA) (Life Technologies, 10888-022), 2% B27 (Gibco, 17504-044), and 10 uM
644  uridine/fluoro-deoxyuridine (Sigma Aldrich, U3003/F0503). Neurons were maintained in a 37°C
645  humidified incubator with 5% CO..

646

647  Neuron Immunocytochemistry

648 Days in vitro (DIV) 2 or DIV3 primary cortical neurons were washed with phosphate buffered
649  saline (PBS) (Gibco, 10010023) followed by PHEM buffer, which contains 60 mM PIPES (Sigma
650  Aldrich, P6757), 25 mM HEPES (Sigma Aldrich, H3375), 10 mM EGTA (Sigma-Aldrich, E3889),
651 and 2 mM MgCl; (Acros, 223211000). Soluble tubulin dimers were extracted using 0.1% triton-X
652  (Sigma Aldrich, T9284) with 10 uM taxol (LC Labs, P-9600) and 0.1% DMSO (Fisher, M-1739)
653  in PHEM buffer. Cells were fixed with 4% paraformaldehyde (PFA) (Sigma Aldrich, 158127) and
654  0.1% glutaraldehyde (Sigma Aldrich, G7776) in PBS for 10 minutes at room temperature,

655  washed with PBS, then blocked with blocking buffer, 3% BSA (Fisher, 50-253-893) and 0.2%
656  Triton-X in PBS. Cells were reduced with 10 mg/ml sodium borohydride (Fisher, S678-10) in an
657  equal mixture of PBS and methanol (Acros, 177150050) for 7 minutes at room temperature,

658 then washed three times with PBS. Cells were incubated with blocking buffer for 20 minutes at
659 room temperature. Immunostaining was performed using a primary antibody directed against
660  6X-Histidine (Invitrogen, 4A12E4 37-2900; 1:500), beta-II tubulin (Abcam, ab179512; 1:500),
661 acetylated tubulin (Sigma, T7451; 1:1000), tyrosinated tubulin (Sigma, MAB1864-I; 1:1000).
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662  Primary antibody was diluted in blocking buffer and incubated overnight at 4°C in a humidified
663  chamber. After primary antibody staining, cells were washed three times with PBS. The

664  secondary antibodies goat anti-rabbit IgG Alexa Fluor 568 (Thermo, A-11011), goat anti-rat IgG
665  Alexa Fluor 568 (Thermo, A-11077), or goat anti-mouse IgG Alexa Fluor 647 (Thermo, A32728)
666  were diluted 1:200 in blocking buffer and 1% normal goat serum (Vector Laboratories, S-1000-
667  20) and incubated for 2 hours at room temperature in a dark container. Cells were sealed with
668  glass coverslips and aqueous mounting media containing DAPI (Vector Laboratories, H-1200),
669 then imaged on a spinning disk confocal microscope with a 40x oil objective (see details below).
670  Statistical analysis between multiple groups were analyzed by two-way ANOVA and analyzed
671  post hoc by Tukey test.

672

673  In utero electroporation

674  In utero electroporations were performed on E14.5 embryos of C57BL6/J wild-type pregnant
675 mice. Plasmid DNA was endotoxin-free and prepared with 0.1% fast green dye and had a final
676  concentration of 1ug/ul in TE buffer (10mM Tris base and 1mM EDTA, pH 8.0). Plasmid DNA
677  was injected into the lateral ventricles of the exposed embryos and electroporated with 5 pulses
678 at 50V for 100ms pulses each, separated by 950ms. All embryos developed to E18.5, then

679  brains were dissected and fixed overnight at 4°C in 4% paraformaldehyde. A vibrating

680 microtome (VT1200S; Leica, Buffalo Grove, IL) was used for 50um thick coronal sections.

681  Sections were mounted on glass slides, then imaged on a spinning disk confocal microscope
682  with a 20x objective. Analysis includes at least three animals, both male and female, per

683  condition.

684

685  Neuron cold temperature shock

686  The media of DIV2 neuron cultures (as described above) was replaced with Neurobasal-A

687  (NBA) (Life Technologies, 10888-022), 2% B27 (Gibco, 17504-044), and 10 uM uridine/fluoro-
688  deoxyuridine (Sigma-Aldrich, U3003/F0503). The dishes were then placed at 4°C for the desired
689 time. At each time point, dishes were removed from 4°C and placed on ice while following the
690 fixing protocol described above.

691

692  Neuron morphology and post-translational modifications analysis

693  All images were analyzed using ImageJ (National Institute of Health) and the NeuronJ plugin
694  (Meijering et al., 2004). Neuron processes were defined as primary, secondary, or tertiary, then

695 quantified for each cell analyzed. Post-translational modification fluorescent signals were
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696 quantified from each cell by measuring line scans along processes. For consistency within each
697 individual cell, the line scans were first traced using cytoplasmic GFP signal, saved, and then
698 used to measure signal from the immunofluorescent staining for the tubulin PTMs in different
699 channels. A two-way ANOVA analyzed post hoc by Tukey test was used for statistical analyses
700  between multiple groups.

701

702  Yeast microtubule dynamics

703  Microtubule dynamics were analyzed in log-phase, pre-anaphase yeast cells in which all the a-
704  tubulin in the cell was either WT, V410I, or V410A. The mutants were integrated at the native
705 TUBL and TUB3 loci. Microtubule plus-ends were identified by Bik1-3GFP. Images were

706  collected on a Nikon Ti-E microscope equipped with a 1.45 NA 100x CFI Plan Apo objective,
707  piezo electric stage (Physik Instrumente, Auburn, MA), spinning disk confocal scanner unit

708 (CSU10; Yokogawa), 488-nm and 561-nm lasers (Agilent Technologies, Santa Clara, CA), and
709  an EMCCD camera (iXon Ultra 897; Andor Technology, Belfast, UK) using NIS Elements

710  software (Nikon). Cells were grown asynchronously to early log phase in nonfluorescent media
711  and adhered to slide chambers coated with concanavalin A. Slide chambers were sealed with
712  VALAP (Vaseline, lanolin and paraffin at 1:1:1). Z-series consisting of a 7um range at 0.4um
713  steps were acquired every 4 seconds for 10 minutes at 30°C. Astral microtubule lengths were
714  measured in each frame as the distance from the spindle pole body to the microtubule plus-end.
715  Cell genotypes were blinded for analysis. Statistical analysis was done using a one-way ANOVA
716  followed by a Tukey test to correct for multiple comparison tests.

717

718  Stu2 localization

719  Analysis was done in log-phase, pre-anaphase budding yeast cells expressing either tub1/tub3-
720  WT, V410I, or V410A, as well as Stu2-3GFP. The tubulin mutations and the fluorescent tagging
721  of Stu2 were done at the endogenous loci. Short time-lapse images, every 5 seconds for 30
722  seconds, were collected on a spinning disc confocal microscope with a 100x oil objective, using
723  Z-series consisting of 0.4um steps over a total range of 7um. Stu2-3GFP fluorescence intensity
724  was measured at the plus-ends of growing astral microtubules by defining a 182nm? region. A
725  region of the same size and adjacent to the Stu2-3GFP foci was also measured and subtracted
726  from the Stu2-3GFP intensity value to account for background fluorescence. Statistics represent
727  values from a one-way ANOVA corrected for multiple comparison by a Tukey test.

728

729  GST-TOG1/2 purification
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730  Purification of GST-TOG1/2 followed previously described methods and is described briefly
731  below (Reusch et al., 2020; Widlund et al., 2012). The pGEX-6P-1 Stu2 1-590 plasmid was
732 transformed into BL21 cells and colonies were grown on an LB plate containing 100ug/ml

733 carbenicillin and 15ug/ml chloramphenicol at 37°C. A colony was inoculated overnight at 37°C
734  in MDAG-135 media (25mM Na;HPOQO4, 25mM KH2PO4, 50mM NH4CI, 5mM Na;SO4, 2mM

735  MgSO., 0.2x metals, 0.35% glucose, 0.1% aspartate, 200ug/ml each of 18aa (no C, Y))

736  containing 100pg/ml carbenicillin and 15ug/ml chloramphenicol (Studier, 2005). The following
737  day the colony was diluted 500-fold in 1L of Terrific Broth media (Fisher, BP2468-2) with

738  100ug/ml carbenicillin and 15ug/ml chloramphenicol and grown at 37°C until the ODgoo reached
739  approximately 0.5. The cultures were shaken at 18°C for 1 hour, then induced with 0.2mM

740  isopropyl B-p-1-thiogalactopyranoside for 18 hours (Fisher, BP1620-1). Following induction cells
741  were pelleted at 6,200xg for 10 minutes at 6°C and resuspended in a 1:1 ratio with a buffer

742  consisting of 2X phosphate-buffered saline (PBS), 1mM dithiothreitol (DTT), 20ul benzonase
743 (25U/ul), and 1X protease inhibitors (2 cOmplete EDTA-free Tablets per 100ml; Roche,

744  04693132001). The cells were lysed by two passes through a microfluidizer at 1,500 bar. Cell
745  lysate was then clarified by spinning at 12,000rpm for 30 minutes at 4°C.

746

747 A 5mL GSTrap HP column (GE, 17-5282-01) was preequilibrated with 5 column volumes (CV)
748  of wash buffer (2X PBS, 1mM DTT) at 1mL/min. The clarified lysate was then loaded onto the
749  column at 0.5mL/min. The following washes were all done at 1ImL/min. The column was washed
750  with 10CV of wash buffer with 0.1% Tween 20, then 2CV of 2X PBS with 5mM ATP and 10mM
751  MgCl.. The column incubated in this buffer for 20 minutes. The column was then washed with
752 5CV of 6X PBS, followed by 5CV of wash buffer. GST-TOG1/2 was eluted from the column in
753  1mL fractions into a deep 96-well plate with wash buffer plus 5mM reduced glutathione, pH 8.0.
754  The eluted fractions were run on a gel and stained with Coomassie. Fractions containing GST-
755 TOG1/2 were pooled and dialyzed against three changes (after 2h, overnight, then another 2h)
756  of coupling buffer (100mM NaHCO3, 100mM NacCl, pH 8.2) at 4°C. The dialyzed sample was
757  concentrated in 0.5ml centrifuge concentrating filters (Sigma Z677108) that had been

758  preequilibrated with coupling buffer. GST-TOG1/2 was concentrated to 14.5uM and stored in
759 25l aliquots at -80°C.

760

761  Yeast tubulin purification

762  Purification of yeast tubulin was based on previously described methods with slight

763  modifications (Minoura et al., 2013). Protease deficient yeast cells (JEL1) were transformed with
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764  pRS426-GAL-Tubl-internal 6X-His and pRS424-GAL-Tub2 (untagged). tub1-V410l and -V410A
765  mutants were constructed in the pRS426-GAL-Tub1-internal 6X-His plasmid with QuikChange
766  XL. Cells were grown in five or six 5ml cultures of selection media (-ura -trp) supplemented with
767 2% glucose for either three or two days, respectively, at 30°C. 5ml cultures were then

768  transferred to 50ml cultures of the same media to grow for 24 hours. Cultures were then

769  transferred to 1L cultures of YPGL, consisting of 10g yeast extract (Fisher, BP1422), 20g

770  peptone (Fisher, BP1420), 30ml glycerol (Fisher, G33), and 33ml lactate (Sigma, L1375). Yeast
771  extract, peptone, and 850ml ddH>O was combined and autoclaved the day before it was

772  needed. The glycerol and lactate were added immediately after media came out of the

773  autoclave, then allowed to cool at room temperature overnight. After 20-24 hours of growing in
774 1L cultures and the OD600 was between 5.0-9.0, 1L of cells was induced with 20g galactose
775  (Chem-Impex, 01449) for five hours. Cells were spun down at 4°C for 15 minutes at 4000 RPM
776 (3040 RCF) in a J6 centrifuge (Beckman Coulter Life Sciences). Supernatant was discarded
777  and pellets were stored in 15ml conical tubes in -80°C. This process was done three times for a
778  total of approximately 100g of cells before moving on to purification.

779

780  Cell pellets were thawed on ice and combined with cold lysis buffer (50mM HEPES, 500mM
781  NaCl, 10mM MgSO4, 30mM Imidazole) plus freshly added 50um GTP (Sigma G8877) and 1mM
782  PMSF (Acros Organics, 215740050) to a total of approximately 150ml. While cells were

783  thawing, the microfluidizer (Microfluidics, M-110P) was packed with ice to cool. Cells were

784  passed through the microfluidizer four times at 27,000 PSI with 10 minutes on ice between each
785  pass. The cells were chased with 50ml lysis buffer supplemented with 50uM GTP and 1mM

786  PMSF. The lysed cells were clarified in an Avanti J-26S XPI centrifuge (Beckman Coulter Life
787  Sciences) at 41,000 RCF for 30 minutes at 4°C. The pellets were discarded and the supernatant
788  was applied to a 5ml His60 Ni column (Takara, 635680) that was pre-equilibrated with 20

789  column volumes of lysis buffer. The column was washed with 10 column volumes of lysis buffer
790  supplemented with 50uM GTP, then with 10 column volumes of wash buffer (25mM PIPES pH
791 6.9, 1ImM MgSQO., 30mM Imidazole, 200mM NacCl) with 50uM GTP. Protein was eluted from the
792  column with 10 column volumes of elution buffer (25mM PIPES pH 6.9, 1mM MgSO4, 300mM
793  Imidazole, 200mM NaCl) with 50uM GTP into 2 x 5ml samples followed by 4 x 10ml samples.
794  Samples from the wash and elution steps were run on a gel and Coomassie staining was used
795 to determine which fractions contained tubulin. Elution fractions with tubulin were pooled and
796  20% glycerol was added before flash freezing the samples in liquid nitrogen and storing at -
797  80°C.
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798

799  Elution fractions from the Ni column were thawed in a room temperature water bath and 10pl of
800 nuclease (Pierce, 88701) was added per 25ml of sample, then sat for one hour at room

801 temperature. Two HiTrap Q HP 1ml columns (GE, 17-1153-01) were strung together on an

802 AKTA FPLC (GE) and equilibrated with 10 column volumes (20ml) of ddH;O, 5 column volumes
803  of Buffer A (25mM PIPES pH 6.9, 2mM MgSO4, 1mM EGTA), 5 column volumes of Buffer B
804  (25mM PIPES pH 6.9, 2mM MgSOg, 2mM EGTA, 1M NacCl), and 10 column volumes of Buffer
805 A, all run at Iml/min. The column was then equilibrated at 2ml/min with 12.5 column volumes of
806  80% Buffer A and 20% Buffer B, both supplemented with 50uM GTP. Sample from Ni column
807 was injected into a 50ml Superloop that was washed with diH,O followed by Buffer A. The

808 sample was applied to the column at 0.5ml/min using Buffer A. Once the sample was loaded the
809  tubulin was eluted with 30 column volumes of Buffer A and a 20-60% gradient of Buffer B, both
810  supplemented with 50uM GTP. Elution was collected in 0.5ml fractions in a 96 deep-well plate.
811 Elution fractions were run on a gel and Coomassie staining determined which fractions had pure
812  tubulin and would be used to concentrate the protein.

813

814  Amicon ultra 0.5ml centrifuge concentrating filters with a 10kDa cutoff (Sigma, Z677108) were
815 prepared with two rounds of 0.4ml 1% Triton X-100, ddH»O, and PEM (0.1M PIPES, 1mM

816 EGTA, 1mM MgCl,) spinning at 800 RCF for 5 minutes at 4°C. Up to 0.450ml of pure tubulin
817 sample was applied to the concentrating filters and spun at 4°C at 800 RCF for anywhere

818 between 2-5 minutes, depending on the concentration of the sample. The concentration was
819 checked after each spin on a Take3 Micro-volume Plate (BioTek) using 260nm and 280nm

820 absorbance to ensure that the concentration was increasing but aggregates were not forming.
821 Samples were constantly kept on ice or at 4°C and concentrated to 2.2uM (tub1-V410l), 2.3uM
822  (tubl-V410A), and 3uM (TUBL). Concentrated protein samples were run through a Zeba spin
823  2ml desalting column (Thermo, 89890) that was prepared by spinning at 1000 RCF for 2

824  minutes at 4°C to remove storage buffer, then washed three times with 0.4ml PEM. Up to 0.7ml
825  of concentrated sample was added to each desalting column, then spun down at 1000 RCF for
826 2 minutes at 4°C. The flow-through sample was supplemented with 50uM GTP, aliquoted into
827  20ul samples that were flash frozen in liquid nitrogen, and stored at -80°C. At least two separate
828  rounds of purifications were used as technical replicates for in vitro assays that used this

829  purified tubulin.

830

831 TOG binding assay
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832  Pierce Glutathione Magnetic Agarose Beads (Thermo, 78602) were used to separate purified
833 GST-TOG1/2 (above) and anything bound in complex with TOG1/2 from the rest of the reaction.
834  100ul of bead slurry (equates to 25ul settled beads) were equilibrated twice with 40l wash

835  buffer (125mM Tris-HCI, 150mM KCI, 1ImM DTT, 1mM EDTA, pH 7.4) by vortexing for 10

836  seconds and removing buffer by placing tube on magnetic stand. In separate tubes, 100nM

837  tubulin (WT, V410I, or V410A,; purification described above) was mixed with a range of GST-
838 TOGL1/2 concentrations (from 9.8nM to 5uM) at 4°C for 15 minutes. Reaction was added to the
839  equilibrated beads and rotated at 4°C for 1 hour. Tubes were placed on magnetic stand and
840  supernatant was collected. The supernatant was prepared with Laemmli sample buffer and -
841  mercaptoethanol and loaded onto a 10% SDS-PAGE gel. The gel was transferred to a PVDF
842 membrane (Millipore, IPFL85R), blocked with a PBS Blocking Buffer (LI-COR, 927-70001) at
843  room temperature for 1 hour, and probed with mouse anti-a-tubulin (4A1; 1:100) or mouse anti-
844  [B-tubulin (E7; 1:100) overnight at 4°C. The following day the membranes were washed once for
845 5 minutes with 1X PBS, then incubated at room temperature in the dark for 1 hour with goat
846  anti-mouse-680 (LI-COR, 926-68070; 1:15,000). Membranes were washed twice with 1X PBST,
847  then once with 1X PBS before imaging on an Odyssey Imager (LI-COR, 2471). Both a- and -
848 tubulin band intensity was analyzed using Image Studio v5.2 (LI-COR). Tubulin band intensity
849  represents the amount of tubulin in solution that is not bound to GST-TOG1/2.

850

851  Stu2 depletion and yeast immunofluorescence

852  Stu2 depletion strains originally constructed from Kosco et al. were graciously gifted from Dr.
853  Tim Huffaker (Kosco et al., 2001). Strains were modified to mutate the endogenous TUBL1 locus
854  to either V410l or V410A using site-directed mutagenesis. Cells were grown to log-phase, then
855  induced with 500uM cupric sulfate for 1.5 hours at 30°C. The following fix and staining protocol
856  was adapted from (Miller, 2004) as described. Cells were fixed with 3.7% formaldehyde (Sigma-
857  Aldrich, 252549) at 30°C for 2 hours, then spun down at 3000RPM for 3 minutes. Pellet was
858  washed twice with wash buffer (40mM KPOy, pH 6.5), then stored overnight at 4°C. The pellet
859  was washed twice with wash buffer plus 1.2M sorbitol. Fixed cells were digested with 10pl of
860 20T 50mg/ml zymolyase (Nacali Tesque, 07663-91) and 15ul B-mercaptoethanol (Sigma-

861  Aldrich, M3148) for 45 minutes at 37°C. Digested cells were spun down at 2000RPM for 3

862  minutes, washed once with wash buffer plus 1.2M sorbitol, then resuspended in 20ul wash

863  buffer plus 1.2M sorbitol. 20ul of cells were spotted onto each well of a Teflon coated 10 well
864  slide (Polysciences, 18357) that had been pre-treated with 10ng/ul poly-L-lysine. Cells adhered
865  for 10 minutes at room temperature. Liquid was aspirated off before immediately permeabilizing
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866 the cells in a coplin jar of cold methanol for 6 minutes, followed by immersing the slide in cold
867  acetone for 30 seconds. Cells were blocked at room temperature for 1 hour in blocking buffer
868 (1XPBS + 0.5% BSA), then incubated overnight at 4°C in a humid chamber with mouse anti-a-
869  tubulin (4A1; 1:100 in blocking buffer). Wells were washed 4 times for 10 minutes with blocking
870  buffer, then incubated at room temperature for 1 hour in a dark humid chamber with goat anti-
871 mouse IgG-Alexa488 (Invitrogen, A11001). Cells were washed 4 more times with blocking

872  buffer. DAPI mounting solution (Vector Laboratories, H-1200) was added to the slide, then

873 imaged on widefield microscope with a 100x oil objective. Statistical analysis was done using a
874  two-way ANOVA corrected for multiple comparison by a Tukey test.

875

876  Yeast growth assays

877  For liquid growth assays, saturated cultures were diluted 1:500 in rich media. In a 96-well plate
878  200ul/well was used. OD600 values were measured on an Epoch 2 Microplate

879  Spectrophotometer (BioTek #EPOCH2NS) every 5 minutes for at least 19 hours at 30°C with
880  orbital shaking. The doubling time was calculated by fitting the measured OD600 values to an
881 exponential curve using a MATLAB code that has previously been described (Fees et al., 2016).
882  The doubling times have been normalized to WT cells. A two-way ANOVA was used to compare
883  across multiple groups and corrected post hoc by a Tukey test.

884

885  4°C temperature shock in yeast

886  Cells expressing either TUB1/TUB3, tub1/tub3-V410I, or tub1/tub3-V410A along with GFP-

887  Tubl, GFP-Tubl-Vv410I, or GFP-Tub1-V410A, respectively, were grown overnight at 30°C in
888  rich liquid media. The following day the cells were diluted in fresh media and grown to log

889 phase. The log phase cultures were then transferred to a shaker at 4°C for the indicated amount
890 of time. Cells were fixed at 4°C with 3.7% formaldehyde and 0.1M KPO4 for three minutes. Cells
891  were pelleted on a desktop centrifuge and supernatant was discarded. The pellet was

892  resuspended in quencher solution (0.1% Triton-X, 0.1M KPO4, 10mM ethanolamine). The cells
893  were pelleted and washed twice with 0.1M KPO4. Imaging chamber slides were coated with

894  concanavalin A and washed with 0.1M KPO, before loading fixed cells into the chambers and
895  sealed with VALAP (Vaseline, lanolin, and paraffin at a 1:1:1 ratio) (Fees and Moore, 2018).
896

897 Invitro dynamics analysis using interference reflection microscopy

898 Interference reflection microscopy was used to measure microtubule dynamics of unlabeled

899  purified tubulin. Chambers were assembled with two different sized coverslips, 22mm x 22mm
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900 and 18mm x 18mm, that were silanized and plasma cleaned. Three strips of single ply parafilm
901 were melted between the coverslips to create two chambers on a custom-made stage insert.
902  Anti-rhodamine antibody (Life Technologies, A6397) was diluted 1:100 in cold BRB80 (80mM
903 PIPES, 1mM MgSQO4, 1ImM EGTA), flowed into the chamber, then sat at room temperature for
904 five minutes. The antibody was then washed out with room temperature BRB80. Chambers

905 were flushed with 1% pluornic-F127 in BRB80 and incubated in this buffer for five minutes, then
906 washed out with room temperature BRB80. The stage insert was placed in the scope enclave to
907 equilibrate at 30°C for 30 minutes. GMPCPP-stabilized microtubule seeds that attached to the
908 anti-rhodamine antibody on the coverslips were flowed into the chamber where they settled for
909 30 seconds before washing out with room temperature BRB80. The chambers were washed
910  with reaction buffer that contained no tubulin (1X PEM, 0.1% methyl cellulose, 1mM GTP,

911 0.1mg/ml BSA) before adding the reaction buffer along with 0.3uM-0.9uM tubulin. The chamber
912  was then sealed with VALAP. The reaction in the chamber was equilibrated on the widefield
913  microscope for 20 minutes at 30°C to prevent drifting during imaging. Following the equilibration
914  period, images were collected every second for one hour in the interference reflection

915  microscopy channel (MAHAMDEH et al., 2018). The 561nm channel was also collected for the
916 first frame to mark the GMPCPP-stabilized seeds. ImageJ was used for analyzing microtubule
917 dynamics by generating kymographs of individual microtubules.

918

919 Supplementary Table 1. Plasmids

Plasmid ID Plasmid Name Source

pJM0157 pPGEX6p1-GST-STU2 1-590 Widlund et al. 2012

pJM0295 pCIG2 Hand et al. 2005

pJM0288 pRS426-GAL-Tubl-internal 6Xhis Johnson et al. 2011

pJM0289 pRS424-GAL-Tub2 (untagged) Johnson et al. 2011

pJM459 Stu2-3GFP This study

pJM0469 TUB1-pRS306 integrating plasmid Aiken et al. 2020

pJM507 Tub1-V4101-pRS306 integrating plasmid This study

pJM560 Tub1-V410A-pRS306 integrating plasmid This study

pJIM0546 pCIG2-TUBA1A-6XHis Buscaglia et al. 2020a

pJM0558 pRS426-GAL-Tub1(V410A)-internal 6Xhis This study

pJM0559 pRS426-GAL-Tub1(V410I)-internal 6Xhis This study

pJM0612 pCIG2-TUBA1A(V4091)-int-6XHis This study

pJM0642 pCIG2-TUBA1A(V409A)-int-6XHis This study

920
921 Supplementary Table 2. Yeast strains

Yeast Strain Genotype Source

yJM3733 MATa tub1::pJM469(TUB1 +487::URA) Stu2-3GFP::TRP ura3-52 lys2-801 This study
leu2-A1 his3-A200 trp1-A63

yIM3734 MATa tub1::pIJM469(TUB1 +487::URA) Stu2-3GFP::TRP ura3-52 lys2-801 This study
leu2-A1 his3-A200 trp1-A63

yJM4010 MATa BIK1-3GFP:: TRP1 tubl::pJM560(TUB1-V410A +487::URA) tub3- This study
V410A+150::hygB ura3-52 lys2-801 leu2-A1 his3-A200 trp1-A63

yJM4011 MATa BIK1-3GFP::TRP1 tub1::pJM560(TUB1-V410A +487::URA) tub3- This study
V410A+150::hygB ura3-52 lys2-801 leu2-A1 his3-A200 trp1-A63

yJM4014 MATa BIK1-3GFP:: TRP1 tub1::pJM507(TUB1-V410! +487::URA) tub3- This study
V4101+150::hygB ura3-52 lys2-801 leu2-A1 his3-A200 trp1-A63

40


https://doi.org/10.1101/2021.12.06.471490

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.06.471490; this version posted December 7, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

yJM4015 MATa BIK1-3GFP::TRP1 tub1::pJM507(TUB1-V410Il +487::URA) tub3- This study
V4101+150::hygB ura3-52 lys2-801 leu2-A1 his3-A200 trp1-A63
yIM4077 MATa STU2-3GFP::TRP1 tub1::pJM560(TUB1-V410A +487::URA) tub3- This study
V410A+150::hygB ura3-52 lys2-801 leu2-A1 his3-A200 trp1-A63
yJM4078 MATa STU2-3GFP::TRP1 tubl::pJM560(TUB1-V410A +487::URA) tub3- This study
V410A+150::hygB ura3-52 lys2-801 leu2-A1 his3-A200 trp1-A63
yJM4081 MATa STU2-3GFP::-TRP1 tub1::pJM507(TUB1-V410Il +487::URA) tub3- This study
V4101+150::hygB ura3-52 lys2-801 leu2-A1 his3-A200 trp1-A63
yJM4082 MATo STU2-3GFP::TRP1 tubl::pJM507(TUB1-V410I +487::URA) tub3- This study
V4101+150::hygB ura3-52 lys2-801 leu2-A1 his3-A200 trp1-A63
yIM4726 MATa tub1::pJM469(TUB1 +487::URA) TUB3+150::hygB BIK1-3GFP::TRP1 This study
ura3-52 lys2-801 leu2-A1 his3-A200 trp1-A63
yIM4727 MATa tub1::pJM469(TUB1 +487::URA) TUB3+150::hygB BIK1-3GFP::TRP1 This study
ura3-52 lys2-801 leu2-A1 his3-A200 trp1-A63
yJM4835 MATa PACE1-UBR1 PACE1-ROX1 stu2A::URA3::PANB1-UB-R-STU2 ura3-52 | Kosco et al. 2001
trp1-A1 ade2-101 lys2-801
yJM4836 MATa PACE1-UBR1 PACE1-ROX1 ura3-52::URA3 ura3-52 trp1-A1 ade2-101 Kosco et al. 2001
lys2-801
yJM4859 MATa PACE1-UBR1 PACE1-ROX1 stu2A::URA3::PANB1-UB-R-STU2 This study
tub1::pJM754(TUB1 +487::TRP1) ura3-52 trp1-A1 ade2-101 lys2-801
yJM4860 MATa PACE1-UBR1 PACE1-ROX1 stu2A::URA3::PANB1-UB-R-STU2 tub1- This study
V4101::pJM755(TUB1+487-V410I::TRP1) ura3-52 trp1-A1 ade2-101 lys2-801
yJM4861 MATa PACE1-UBR1 PACE1-ROX1 stu2A::URA3::PANB1-UB-R-STU2 tub1- This study
V410A::pJM756(TUB1+487-V410A::TRP1) ura3-52 trpl-A1 ade2-101 lys2-801
922
923 Supplementary Table 3. Oligo sequences (5’ to 3’)
Name Application Sequence Species Direction
674 TUBA1A- | TUBA1A- ctttgttcactggtacgctggggaggggatg Human Forward
V409A F | VA09A F
QC Quikchange
675 TUBA1A- | TUBA1A- catcccctccccagcegtaccagtgaacaaag Human Reverse
V409A R | V409A R
QC Quikchange
986 TUBA1A- | TUBA1A- cctttgttcactggtacattggggaggggatgg Human Forward
V4091 F V4091 F
QC Quikchange
987 TUBA1A- | TUBA1A- ccatcccctccccaatgtaccagtgaacaaagg Human Reverse
V4091 R V4091 R
QC Quikchange
1042 TUBA1A | Amplify ctcaagcttcgaattctgcaAT Gegtgagtgcatctccatce Mouse Forward
Gibson TUBA1A from
Pstl pINCY into
insert F pCIG2
1043 TUBA1A | Amplify cggtaccgtcgactgcaT TAgtattcctctccttcttcctcacce Mouse Reverse
Gibson TUBA1A from
Pstl pINCY into
insert R pCIG2
1075 TUBA1A- | TUBA1A- gtttgtggattggtgccccgagggcttcaaggttggcatca Human Forward
T349EF | T349EF
QC Quikchange
1076 TUBA1A- | TUBA1A- tgatgccaaccttgaagccctcggggcaccaatccacaaac Human Reverse
T349ER | T349ER
QC Quikchange
867 pCIG2- TUBA1A GGCTTCGGCCAGTAACGTTAG Mammalian | Reverse
TUBAL1A | sequencing
stop + 53
R
868 pCIG2- TUBA1A CCTACAGCTCCTGGGCAACG Mammalian | Forward
TUBA1A | sequencing
start — 52
F
545 tub1- tub1-V410AF | CGTCCACTGGTATGCCGGTGAAGGTATG Yeast Forward
V410A F | Quikchange
546 tub1- tub1-V410A R | CATACCTTCACCGGCATACCAGTGGACG Yeast Reverse
V410A R | Quikchange
1018 tubl- tub1-V410I F cgtgctttcgtccactggtatatcggtgaaggt Yeast Forward
V4101 F Quikchange
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1019 tubl- tub1-V410I R accttcaccgatataccagtggacgaaagcacg Yeast Reverse
V410l R Quikchange
1280 tub3- tub3-VA10AF | TGATGTATGC CAAACGTGCT TTCGTCCATT GGTAT | Yeast Forward
V410A F | to introduce GcC GGTGAAGGTATG GAAGAAGGTG
mutation at
TUBS3 locus
1281 tub3- tub3-VA10lF | TGATGTATGC CAAACGTGCT TTCGTCCATT GGTAT | Yeast Forward
V410 F | to introduce aTC GG TGAAGGTATG GAAGAAGGTG
mutation at
TUBS3 locus
5551 TUB3+ | Tointroduce | GCTATTGTTCTAACTGTACACCTAAAGGTAAGTG Yeast Reverse
154 R V410 gca tag gcc act agt gga tc
mutations at
TUB3 locus
924
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