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24  Abstract

25  The fine regulation of kinetochore microtubule dynamics during mitosis ensures
26 proper chromosome segregation by promoting error correction and spindle
27 assembly checkpoint (SAC) satisfaction. CLASPs are widely conserved
28  microtubule plus-end-tracking proteins that regulate microtubule dynamics
29  throughout the cell cycle and independently localize to kinetochores during
30 mitosis. Thus, CLASPs are ideally positioned to regulate kinetochore microtubule
31 dynamics, but the underlying molecular mechanism remains unknown. Here we
32 found that human CLASP2 can dimerize through its C-terminal kinetochore-
33 targeting domain, but kinetochore localization was independent of dimerization.
34  CLASP2 kinetochore localization, microtubule plus-end-tracking and microtubule
35 lattice binding through TOG2 and TOG3 (but not TOG1) domains, independently
36 sustained normal spindle length, timely SAC satisfaction, chromosome
37 congression and faithful segregation. Measurements of kinetochore microtubule
38 half-life in living cells expressing RNAI-resistant mutants revealed that CLASP2
39  kinetochore localization, microtubule plus-end-tracking and lattice binding
40  cooperatively modulate kinetochore microtubule stability during mitosis. Thus,
41  CLASP2 regulates kinetochore microtubule dynamics by integrating distinctive
42  microtubule-binding properties at the kinetochore-microtubule interface to ensure

43  chromosome segregation fidelity.
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48 Introduction

49  Microtubule dynamics are modulated by several Microtubule-Associated Proteins
50 (MAPs) (Maiato et al., 2004). Some MAPs specifically accumulate at the growing
51  plus ends of microtubules and are collectively known as microtubule plus-end-
52  tracking proteins or +TIPs (Akhmanova and Steinmetz, 2008). CLIP-associated
53 proteins (CLASPs) are widely conserved +TIPs that stabilize microtubule plus
54  ends by suppressing catastrophes and promoting rescue (Aher et al., 2018; Al-
55 Bassametal., 2010; Lawrence et al., 2018; Majumdar et al., 2018). Humans have
56 two CLASP paralogues, CLASP1 and CLASP2, which exist as multiple isoforms
57  (Akhmanova et al., 2001; Inoue et al., 2000; Lemos et al., 2000). Structurally,
58 CLASPs harbor three distinct functional domains: 1) a characteristic basic region,
59 also found in other +TIPs, comprising two serine-x-isoleucine-proline (SxIP)
60  motifs that enable microtubule plus-end-tracking via interaction with EB proteins
61 (Honnappa et al., 2009; Mimori-Kiyosue et al., 2005); 2) the presence of two to
62 three tumor overexpression gene (TOG) domains, which interact with the
63  microtubule lattice by distinguishing the structural conformation of the a-tubulin
64  dimer on microtubule protofilaments (Leano et al., 2013; Maki et al., 2015); and
65 3) a C-terminal domain required for kinetochore localization (Maia et al., 2012;
66  Maiato et al., 2003a; Mimori-Kiyosue et al., 2006) and protein dimerization (Al-
67 Bassam et al., 2010; Funk et al., 2014, Patel et al., 2012), as well as interaction
68 with other kinetochore proteins, including CLIP170, CENP-E and PIkl
69  (Akhmanova et al., 2001; Dujardin et al., 1998; Maffini et al., 2009; Maia et al.,
70 2012).

71 During mitosis, mammalian CLASPs play redundant roles in the

72 organization of the mitotic spindle, and interference with their function results in
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73 several mitotic abnormalities, including monopolar, short and multipolar spindles
74  (Logarinho et al., 2012; Maiato et al., 2003a; Maiato et al., 2003b; Mimori-Kiyosue
75 etal., 2006; Pereira et al., 2006). CLASPs localize at the fibrous corona region of
76  the kinetochore throughout mitosis, where they play a critical role in the regulation
77  of kinetochore microtubule dynamics required for microtubule poleward flux and
78 turnover, as well as the correct alignment and segregation of chromosomes
79  (Logarinho et al., 2012; Maffini et al., 2009; Maiato et al., 2003a; Maiato et al.,
80  2005; Maiato et al., 2003b; Pereira et al., 2006). Previous works revealed that,
81 during prometaphase, CLASP1 interacts with the kinesin-13 Kif2B to promote
82  kinetochore microtubule turnover, which is necessary for the correction of
83 erroneous attachments (Maffini et al., 2009; Manning et al., 2010). In metaphase,
84 CLASP1 interacts with Astrin, which promotes kinetochore microtubule
85  stabilization required for spindle assembly checkpoint (SAC) satisfaction
86 (Manning et al., 2010). This places CLASP1 as part of a regulatory switch that
87 enables the transition between labile-to-stable kinetochore microtubule
88 attachments by establishing temporally distinct interactions with different partners
89 at the kinetochore. CLASP2 is regulated by Cdkl and Plk1 phosphorylation as
90 cells progressively reach metaphase, leading to a gradual stabilization of
91  kinetochore-microtubule attachments (Maia et al., 2012). While this broad picture
92 provides important information on the molecular context in which CLASPs
93 operate at the kinetochore-microtubule interface, we still lack a detailed
94 mechanistic view on how the intrinsic properties of CLASPs modulate
95  kinetochore microtubule dynamics.

96 Here we focused on human CLASP2 to investigate how its distinct

97 functional domains affect mitosis, with emphasis on the regulation of kinetochore
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98  microtubule dynamics. Our findings revealed that CLASP2 integrates multiple
99 independent features, including microtubule plus-end-tracking, microtubule
100 lattice binding through TOG domains and kinetochore localization, to modulate
101 kinetochore microtubule dynamics required for faithful chromosome segregation
102 during mitosis in human cells.
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119 Results and Discussion

120 CLASP2 can form dimers through its C-terminal domain

121 Previous studies have come to contradictory conclusions regarding the native
122  structure of CLASPs. Based on the hydrodynamic profile of several kinetochore
123  sub-complexes present in Xenopus egg extracts, it was proposed that the single
124  Xenopus CLASP exists as an elongated monomer in solution (Emanuele et al.,
125 2005). This was subsequently confirmed by Fluorescence Correlation
126  Spectroscopy and Photon Counting for human GFP-CLASP2 (Drabek et al.,
127 2006), as well as single molecule fluorescence intensity quantification of
128  recombinant human GFP-CLASP2 (Aher et al., 2018). However, another set of
129  studies with recombinant human CLASP1 and its counterparts in S. pombe and
130 S. cerevisiae indicated that they can form homodimers in solution through their
131  C-terminal domain (Al-Bassam et al., 2010; Funk et al., 2014; Patel et al., 2012).
132 To shed light into this debate, we investigated the native state of CLASP2 in
133 human cells. This was initially assessed by blue native polyacrylamide gel
134  electrophoresis followed by western-blot analysis (Fig. 1A). We observed a fast
135  migrating band, consistent with a monomeric form of CLASP2, as well as higher
136 molecular weight species that may have arisen from formation of homodimers,
137  heterodimers with CLASP1 and higher order multiprotein complexes.
138 Interestingly, the migration profile of CLASP2 was similar in mitotic and
139  asynchronous cell populations, indicating that the previously reported CLASP2
140  phosphorylation in mitosis (Maia et al., 2012) does not significantly alter any

141  potential oligomerization or higher order state of CLASP2.
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142 Next, we calculated the molecular weight of CLASP2 from mitotic cells
143 using the method of Siegel and Monty (Siegel and Monty, 1966), which combines
144  the Stokes’ radius obtained from size exclusion chromatography (Fig. 1B) and
145  the sedimentation coefficients derived from density gradient centrifugation (Fig.
146  1C). Accordingly, we identified two pools of CLASP2 with apparent molecular
147  weights of 153 kDa and 278 kDa, respectively (Fig. 1D), which did not co-elute
148  with a-tubulin (Fig. 1C), suggesting that, unlike its yeast counterparts (Al-Bassam
149 et al., 2010; Funk et al., 2014; Majumdar et al., 2018), human CLASP2 is not
150 normally associated with free tubulin, in agreement with recent in vitro
151  reconstitution experiments (Aher et al., 2018; Maki et al., 2015). These results
152  are consistent with the existence of monomeric (theoretical value for the longest
153 CLASP2a isoform = 166 kDa) and dimeric forms of CLASP2 in human cells.
154  Further calculation of the frictional ratio of these two pools yielded a value of ~2,

155 indicating that CLASP2 molecules are non-globular and considerably elongated.

156 To determine whether CLASP2 dimerization is mediated by the C-terminal
157  region, as previously reported for human CLASP1 and its counterparts in yeasts
158  (Al-Bassam et al., 2010; Funk et al., 2014; Patel et al., 2012), we investigated the
159  oligomerization of a C-terminal recombinant fragment of human CLASP2
160 (CLASP2-1213-1515). CLASP2 C-terminal eluted as a single peak after size
161  exclusion chromatography (Fig. 1E), in a volume corresponding to a Stokes’
162 radius of 35.1A (Fig. 1F). Density gradient centrifugation analysis revealed a
163  sedimentation coefficient of 5.2 (Fig. 1G). Using the Siegel and Monty method,
164  the calculated molecular weight was 78.5 kDa, consistent with dimer formation
165 (theoretical value 75.5 kDa) (Fig. 1D). Analysis of CLASP2 C-terminal by

166  Dynamic Light Scattering (DLS), which measures Brownian motion and relates
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167 this to the size of particles in solution, also revealed a single population with low
168  polydispersity values (10%) and a hydrodynamic radius of 36.1A (Fig. 1H),
169  corresponding to an estimated molecular weight of 67.9 kDa. Taken together,
170  these results indicate that human CLASP2 can form dimers through its C-terminal
171 domain. The existence as monomer or dimer in solution or in cells might depend
172 on the physiological concentration of CLASP2 and its accumulation in particular

173 cellular structures (e.g. kinetochores).

174
175 CLASP2 C-terminal domain is required for kinetochore localization

176  independently of dimerization

177  To investigate how CLASP2 impacts kinetochore microtubule dynamics during
178  mitosis, we used an RNAi-based rescue system with RNAi-resistant mRFP-
179 CLASP2y-derived constructs harboring specific mutations that disrupt the
180 different CLASP2 functional domains (Maki et al., 2015), either alone or in
181 combination (Fig. 2A). In addition to the wild type (WT) mRFP-CLASP2y
182  construct, we used a construct mutated in both SxIP motifs (IP12) (Honnappa et
183 al., 2009) that disrupts CLASP2-EB protein interaction and consequently
184  microtubule plus-end-tracking; a construct mutated in both TOG2 and TOG3
185 domains (2ea-3eeaa) (Al-Bassam et al., 2007; Leano et al., 2013) required for
186  microtubule lattice binding; as well as a construct combining mutations at both
187  SxIP motifs and in TOG3 (IP12-3eeaa). Additionally, we used a construct with a
188  truncated C-terminal domain (AC), which mediates CLASP2 dimerization (this
189  study) and kinetochore localization (Maia et al., 2012; Mimori-Kiyosue et al.,
190 2006). Finally, to dissect the requirement of CLASP2 dimerization for its

191  kinetochore localization, we generated a construct in which the human CLASP2

8
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192  C-terminal was replaced by an artificial dimerization domain based on the Gcn4-
193  Leucine Zipper sequence (AC-Gcn4), as shown previously for the S. cerevisiae
194  CLASP orthologue Stul (Funk et al., 2014).

195 After stable transduction using a lentiviral system in a human U20S cell
196 line stably expressing photoactivatable (PA) GFP-a-tubulin (Ganem et al., 2005),
197  all constructs expressed at comparable levels (Sup. Fig. 1). We then determined
198 the localization of the different constructs after RNAi-mediated depletion of both
199 CLASP1 and CLASP2 (Sup. Fig. 2) to avoid functional redundancy (Mimori-
200 Kiyosue et al., 2006; Pereira et al., 2006) and potential dimerization with the
201  endogenous proteins. As expected, the IP12 construct failed to localize at
202  microtubule plus ends, as determined by co-localization with EB1 in interphase
203 cells (Sup. Fig. 3A), whereas the 2ea-3eeaa construct failed to associate with
204 mitotic spindle microtubules (Sup. Fig. 3B). In agreement, the IP12-3eeaa
205  construct showed a compromised localization at both microtubule plus ends and
206  spindle microtubules (Sup. Fig. 3A, B). To investigate the localization of the
207 different CLASP2 constructs at unattached kinetochores we used mitotic cells
208 treated with nocodazole to depolymerize spindle microtubules. All constructs,
209 except the AC and AC-Gcn4, were able to localize at unattached kinetochores
210 (Fig. 2B). In order to substantiate these findings, we quantified the fluorescence
211 intensity of each CLASP2 construct relative to the signal from constitutive anti-
212 centromere antibodies from CREST patients. As expected, mutant CLASP2-AC
213 and CLASP2-AC-Gcn4 proteins were virtually undetectable at unattached
214  kinetochores (Fig. 2C), confirming that the C-terminal domain of CLASP2 is
215  necessary for kinetochore localization, while demonstrating that dimerization per

216  se is not sufficient to target CLASP2 to kinetochores. This reveals a critical
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217  difference between human CLASP2 and its orthologue Stul in S. cerevisiae, in
218  which dimerization was shown to be sufficient for kinetochore targeting (Funk et
219 al., 2014). Surprisingly, although all other CLASP2 mutants that compromise
220 microtubule plus-end-tracking and association with the microtubule lattice were
221 detectable at unattached kinetochores, they all showed a statistically significant
222  decrease (~20%) relative to WT CLASP2 (Fig. 2C). We attribute this reduction to
223 slight differences in the expression of the distinct constructs and/or possible
224  alterations in the tridimensional conformation/folding of CLASP2 that might
225 compromise its normal interaction with kinetochores.

226

227 Regulation of mitotic spindle length by CLASP2 depends on its kinetochore

228 localization and microtubule-binding properties

229 CLASPs have been previously implicated in the control of mitotic spindle length
230 through their role in the incorporation of tubulin required for kinetochore
231  microtubule poleward flux (Logarinho et al., 2012; Maffini et al., 2009; Maiato et
232 al., 2003a; Maiato et al., 2005; Maiato et al., 2002; Mimori-Kiyosue et al., 2006).
233  However, it remains unknown how CLASPs mediate this process. One possibility
234 is that, similar to other TOG-domain containing proteins that localize to
235 kinetochores (Ayaz et al.,, 2012; Geyer et al., 2018; Miller et al., 2016;
236 Nithianantham et al.,, 2018), CLASPs act as microtubule polymerases by
237  interacting directly with free tubulin in solution. Another possibility is that CLASPs
238 regulate spindle microtubule flux by controlling the interaction between
239  kinetochores and the microtubule lattice, near polymerizing microtubule plus-
240 ends. To distinguish between these possibilities, we used fluorescence

241 microscopy in fixed cells and the same RNAIi-rescue strategy to investigate how

10
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242  the different CLASP2 functional domains contribute to ensure normal mitotic
243  spindle length. As expected, RNAi-mediated depletion of endogenous CLASPs
244  from U20S cells resulted in shorter spindles (Maffini et al., 2009), and expression
245  of RNAI-resistant WT CLASP2y completely rescued normal spindle length (Fig
246 3A, C). This further demonstrates CLASPs functional redundancy, while
247  revealing that the TOG1 domain that is lacking in the CLASP2y isoform is
248 completely dispensable for the regulation of mitotic spindle length. In contrast,
249  expression of all the other mutant constructs failed to rescue normal spindle
250 length (Fig. 3A, C). Interestingly, disruption of the TOG2 and TOG3 domains
251 affected spindle length to a similar extent as disruption of the SxIP motifs,
252  whereas the combined disruption of both TOG3 domain and SxIP motifs
253  exacerbated this effect almost comparably with the disruption of the kinetochore-
254  targeting domain of CLASP2 or CLASPs depletion alone (Fig. 3A, C). Altogether,
255 these results indicate that microtubule plus-end-tracking and microtubule lattice-
256 binding through the TOG2 and TOG3 domains are independently required to
257  ensure normal spindle length. However, these properties per se are insufficient
258 to ensure the normal function of CLASP2, which requires targeting to
259  kinetochores, independently of dimerization. Finally, expression of all mutant
260 CLASP2 constructs resulted in a significant increase in anaphase and telophase
261  cells with chromosome missegregation events (Fig. 3B, D), suggesting a role for
262  CLASP2 in error correction.

263

264 Chromosome congression, timely SAC satisfaction and chromosome
265 segregation fidelity rely on both CLASP2 kinetochore- and microtubule-

266 binding properties

11
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267 To gain a deeper insight on how the distinct CLASP2 functional domains impact
268 mitosis we resorted to live-cell imaging analysis by spinning-disc confocal
269  microscopy. To monitor chromosome movements we transduced H2B-GFP in
270 each of the stable U20S lines expressing the distinct CLASP2 constructs and
271  added SiR-tubulin at 20 nM to visualize microtubules (Lukinavicius et al., 2014).
272 As expected, CLASPs depletion from U20S cells resulted in a significant delay
273 from nuclear envelope breakdown (NEB) to anaphase onset relative to controls
274  (Fig 4A, B), and this delay was fully rescued by expression of the WT CLASP2y
275  construct, but not by any of the CLASP2 mutant constructs (Fig 4A, B). These
276  results suggest that CLASP2 at the kinetochore requires microtubule plus-end-
277  tracking and lattice binding capacities to establish a functional kinetochore-

278  microtubule interface necessary for timely SAC satisfaction.

279 Measurement of the duration from NEB to metaphase in the same
280 experimental setup revealed that the observed delay in anaphase onset after
281 CLASPs depletion, or inefficient rescue with the different CLASP2 mutant
282  constructs, was essentially due to a delay in completing chromosome
283  congression to the spindle equator (Fig. 4A, C), consistent with a role of CLASP2
284 in the regulation of kinetochore-microtubule attachments. Moreover, this delay
285 correlated with an increase in chromosome segregation errors during anaphase
286  and telophase (Fig. 4D), in agreement with our fixed cell analysis (Fig. 3D). Taken
287  together, these results strongly suggest that multiple domains of CLASP2 ensure
288  normal kinetochore microtubule dynamics required for chromosome congression,
289 timely SAC satisfaction and efficient error correction during mitosis.

290

291  Multimodal regulation of kinetochore-microtubule dynamics by CLASP2

12
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292 To directly test how the different CLASP2 domains impact kinetochore
293  microtubule dynamics we quantified kinetochore and non-kinetochore
294  microtubule half-life by Fluorescence Dissipation after Photoactivation (FDAPA)
295 (Ferreira et al., 2018). By fitting the fluorescence decay over time to a double
296 exponential curve, it is possible to discriminate two spindle microtubule
297  populations with fast and slow turnover that are thought to correspond to the less
298  stable non-kinetochore microtubules and more stable kinetochore microtubules,
299  respectively (Bakhoum et al., 2009a; Bakhoum et al., 2009b; Zhai et al., 1995).
300 Admittedly, while this approach is unable to distinguish multiple stable
301  microtubule populations that might exist in the spindle, it remains the golden
302 standard to detect subtle alterations in kinetochore microtubule dynamics that
303 cannot be disclosed by less sensitive methods, such as cold-shock or treatment
304 with microtubule poisons. As so, depletion of endogenous CLASPs by RNAI
305 resulted in a significant decrease in kinetochore microtubule half-life during
306 metaphase when compared to controls (Fig. 5A, B), without significantly affecting
307 the half-life of non-kinetochore microtubules (Fig. 5A, C). Interestingly, previous
308 measurements of kinetochore microtubule half-life after CLASPs depletion from
309 human U20S cells suggested a role in kinetochore microtubule destabilization
310 (Maffini et al., 2009). However, this previous study did not distinguish between
311 late prometaphase and metaphase cells, reinforcing the idea that CLASPs are
312 part of a regulatory switch that controls the transition between labile-to-stable
313  kinetochore microtubule attachments (Maia et al., 2012; Manning et al., 2010).
314 Importantly, the WT CLASP2y construct was able to completely rescue normal
315 kinetochore microtubule half-life (Fig. 5A, B), indicating full functionality and

316 dispensability of the TOG1 domain for the stabilization of kinetochore

13
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317  microtubules during metaphase. In contrast, mutation of the TOG2 and TOG3
318 domains, or the SxIP motifs of CLASP2, resulted in less stable kinetochore
319 microtubules and consequently incapacity to rescue the effect caused by
320 CLASPs depletion, a tendency that was exacerbated by the combined mutation
321 of the TOG3 and SxIP domains (Fig. 5A, B). These results suggest that the
322  microtubule lattice binding properties of CLASP2 act synergistically with its
323  microtubule plus-end-tracking ability to stabilize kinetochore-microtubule
324  attachments during metaphase in human cells.

325 The incapacity to rescue normal kinetochore microtubule half-life after
326 CLASPs depletion was maximal in both C-terminal deletion mutants (Fig. 5A, B).
327  Thisindicates that the localization of CLASP2 at kinetochores is critical for normal
328 kinetochore microtubule dynamics, independently of CLASPZ2 dimerization,
329  association with the microtubule lattice and tracking of growing microtubule plus
330 ends. Remarkably, none of the CLASP2 mutants significantly compromised non-
331 kinetochore microtubule half-life in our assay. We conclude that the role of
332 CLASPs in the regulation of spindle length, chromosome congression, error
333 correction and timely SAC satisfaction relies on its capacity to integrate critical
334 microtubule-binding properties at the kinetochore-microtubule interface that
335 sustain microtubule growth and promote their stabilization. These results are
336 consistent with the unique capacity of human CLASPs to bind to curved
337  microtubule protofilaments (Leano et al., 2013; Maki et al., 2015) and recent
338 electron microscopy work showing that both growing and shrinking microtubule
339  plus ends, including those of kinetochore microtubules, are curved (Mcintosh et
340 al., 2018). They are also supported by recent in vitro reconstitution experiments

341 that showed that CLASP2-coated spherical beads are able to mediate

14
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342 moderately long-lived attachments with polymerizing microtubule plus-ends
343  (Chakraborty et al., 2019). Unlike other TOG-domain containing proteins, such
344 as members of the XMAP215/ch-TOG family that work as microtubule
345 polymerases that bind to free o,B-tubulin heterodimers (Ayaz et al., 2012; Geyer
346  etal., 2018; Nithianantham et al., 2018), our data is most consistent with a model
347  in which microtubule lattice binding and EB protein-dependent microtubule plus-
348 end tracking of CLASP2 is required at the kinetochore to stabilize, or prevent
349  destabilization, of kinetochore-microtubule attachments as cells progress into
350 metaphase.

351

352
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359
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386 Material and Methods

387 Production of recombinant CLASP2 C-terminal protein

388  Synthetic gene coding for the C-terminal comprising nucleotides 1213-1515 of
389 human CLASP2a with codon usage optimized for expression in E. coli was
390 obtained from GenScript. CLASP2 ORF was subcloned into the EcoRI and Ndel
391 restriction sites of the expression vector pPR-IBA2 (IBA LifeSciences) in fusion
392  with an N-terminal Strep-tag and a C-terminal His10-tag. E.coli BL21 Star (DE3)
393 cells (Life Technologies) transformed with pPR-IBA2-CLASP2 (1213-1515)
394 plasmid were grown at 37 °C in LB medium supplemented with 50 ug/ml ampicillin
395 to OD600 0.4, and expression was induced by addition of 0.4 mM IPTG. After
396 growing for 4 h at 37 °C, cells were harvested and lysed by sonication in 50 mM
397  Tris-HCI pH 8.0, 150 mM NaCl supplemented with protease inhibitors (Complete
398 EDTA-free, Roche). Clarified protein extracts were loaded onto a HisTrap HP
399 column (GE Healthcare) pre-equilibrated in 50 mM Tris-HCI pH 8.0, 500 mM
400 NacCl, 20 mM imidazole (buffer A) and eluted with 200 mM imidazole in buffer A.
401 CLASP2 C-term containing fractions were pooled, adjusted to 1200 mM Tris-HCI
402 pHB8.0and 1 mM EDTA and loaded onto a StrepTrap HP column (GE Healthcare)
403  pre-equilibrated in 200 mM Tris-HCI pH 8.0, 150 mM NaCl, 1 mM EDTA (buffer
404 B). Bound CLASP2 was eluted with 2.5 mM desthiobiotin in buffer B. Protein-
405 containing fractions were concentrated and further purified on a HiPrep 16/60
406  Sephacryl S-200 HR column (GE Healthcare) pre-equilibrated with 50 mM Tris-
407 HCI pH 8.0, 400 mM NacCl, 5% GlyOH, 1mM EDTA (buffer C). Pure protein was
408 concentrated using a 30 KDa molecular-weight cutoff ultracentrifugal

409  concentration device (Millipore).

17


https://doi.org/10.1101/634907
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/634907; this version posted May 10, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

410

411  Size exclusion chromatography

412  Size exclusion chromatography experiments with HelLa cell extracts were
413  performed with a pre-packed Superose 6 10/300 GL column (GE Healthcare ©).
414  The column was equilibrated with buffer A (20 mM Hepes, 150 mM NacCl, 1mM
415 DTT, pH 7.9) and a 0.3 mL/min flow rate was used throughout the experiments.
416  Calibration was performed with protein standards (Stokes radius (a)):
417  Thyroglobulin (8.50 nm), Ferritin (6.10 nm), Aldolase (4.81 nm), BSA (3.55 nm),
418  Ovoalbumin (3.05 nm), Chymotrypsinogen (2.09 nm) and Ribonuclease (1.37
419 nm). 50 pg of standards and 30 pg of sample cell extract were used in each run.
420 Standard protein elution was monitored by measuring the absorbance at 280 nm.
421 In the sample run, 0.5 mL fractions were collected, TCA precipitated, subjected
422 to SDS-PAGE, blotted and immunodetected with a rat anti-CLASP2 antibody
423  (Maffini et al., 2009), and protein distribution was analyzed by densitometry.
424  Recombinant CLASP2 C-term (300 pg, injection volume of 100 ul) was analyzed
425 on a Superose 12 10/300 GL column (GE Healthcare) pre-equilibrated in buffer
426  C. The column was calibrated with protein standards of known molecular weight
427 and stokes’ radius (Low and High Molecular Weight Kit, GE Healthcare)

428  according to manufacturer’s protocol.

429

430 Density gradient centrifugation

431  Continuous gradient of 5% and 30% sucrose was prepared in buffer A. 50 ug of
432  each standard protein were loaded on top of the gradient and centrifuged at

433 29.000 rpm in a SW41 rotor (Beckman) for 29 h at 4°C. After centrifugation, 0.7
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434 mL fractions were collected from the bottom of the tubes, subjected to SDS-
435 PAGE, Coomasie staining and densitometry analysis. Native protein standards
436  used were (Sedimentation coefficient, S) Ribonuclease (2S), Chymotrypsinogen
437  (2.6S), Ovoalbumin (3.5S), albumin (4.6S), immunoglobulins (7S) and catalase
438  (11.3S). 300 ug of sample cell extract were loaded on top of another gradient,
439 and processed as before. After centrifugation, 0.7 mL fractions were collected
440 from the bottom of the tube, TCA precipitated, subjected to SDS-PAGE, blotted
441 and immunodetected with a rat anti-CLASP2 or mouse anti-a-tubulin antibodies
442  (clone B-512, Sigma Aldrich). For analysis of recombinant CLASP2 C-term,
443  density gradients from 5 to 30% sucrose in 50 mM Tris- HCI pH 8.0, 400 mM
444 NaCl, 1mM EDTA were prepared using a gradient former. The gradients were
445  loaded with 50 pg of recombinant CLASP2 C-term or protein standards of known
446  sedimentation coefficient and centrifuged for 29 h at 29.000 rpm in a SW41 rotor
447  (Beckman). Fractions of 700 pl were collected starting from the bottom of the tube
448 using a peristaltic pump. Each fraction was TCA precipitated and analyzed by

449  SDS-PAGE followed by PageBlue Protein Staining (Fermentas).

450

451  Estimation of molecular weight by size exclusion chromatography and

452 density gradient centrifugation

453  The molecular weights of recombinant CLASP2 C-term and full length CLASP2
454  were calculated by the method of Siegel and Monty (Siegel and Monty, 1966)
455 using equation 1 and 2 and the respective Stokes radius and sedimentation
456  coefficient obtained from size exclusion chromatography and density gradient

457  centrifugations, respectively,
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458 () M= (sN_A HI(1-vp)

459 (2)f=61TnNR_S

460 where s is the sedimentation coefficient, NA is the Avogadro’s constant (6.022 x
461 1023 mol- 1), f is the frictional coefficient, v is the partial specific volume of the
462  protein (0.7362 cm3 g- 1); p is the density of the medium (1g cm-3); n is the
463  viscosity of the medium (0.01 g cm-1 s-1) and RS is the stokes radius. The partial
464  specific volume was estimated based on the amino acid sequence of the protein
465 using the method of Cohn and Edsall and the program SEDNTERP v1.08

466  (http://www.jphilo.mailway.com/default.htm).

467

468  Estimation of molecular weight by dynamic light scattering

469  Molecular size measurements of CLASP2 C-term (5 mg/ml in buffer C) were
470  performed using a glass cuvette ZEN0023 and a Zetasizer Nano ZS DLS system
471  (Malvern Instruments). Three independent measurements were obtained at 20
472 °C and data were analyzed using Zetasizer software v7.03. The hydrodynamic
473  radius calculated from the diffusion coefficient using the Stokes-Einstein Equation
474  was determined from the volume distributions and used to estimate the molecular

475  weight.

476

477 Constructs and lentiviral transduction

478  The mRFP-CLASP2y constructs WT, IP12 (1496A, P497A, I519A, P520A), 2ea-
479  3eeaa (W106E, K191A; W667E, K833E, K838A, R839A), IP12-3eeaa (1496A,

480 P497A; 1519A, P520A; W667E, K833E, K838A, R839A) and AC (CLASP2y
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481  without C-Terminal domain 1017-1294), inserted in a CSII-CMV-MCS vector,
482  were reported previously (Maki et al., 2015). The AC-Gcn4 construct was
483 generated by inserting the Gcn4 sequence after the mRFP-CLASP2y-AC
484  sequence, using Gibson assembly (Gibson et al., 2009). The entire Gcn4
485  sequence was contained in the two primers used in the reaction mixed with the
486  vector containing the mRFP-CLASP2y-AC construct cut with Notl. Lentiviral
487  supernatants were produced in HEK293T cells using pmd2.G, Pax2 and the CSII-
488 CMV-MLS plasmids, with the presence of the Lipofectamine 2000 (Invitrogen)
489  and Opti-MEM (Gibco). A U20S cell line stably expressing Photoactivatable (PA)
490 GFP-a-tubulin (Ganem et al., 2005) was transduced with the viral supernatants,
491  in the presence of 6 pg/mL Polybrene (Sigma-Aldrich). The same procedure was

492  used to produce the double expressing H2B-GFP and mRFP-CLASP2y cell lines.

493

494  Cell line maintenance

495 All cell lines used in this work were cultured in DMEM with 10% FBS,
496  supplemented with 10 pg/puL of antibiotic-antimycotic mixture (Gibco) and
497  selected with Zeocine 1 pg/uL. Cell lines were maintained at 37°C in a 5% COg,
498  humidified atmosphere. To synchronize HelLa cell cultures in mitosis 5 uM of S-
499  Trytil-L-Cysteine were added to the medium 16 h before harvesting by mitotic

500 shake off.

501

502 Cell sorting
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503 Cells expressing the different mMRFP-CLASP2y constructs were enriched by cell
504 sorting using a FACS Aria Il cell sorter (Becton Dickinson). Cells were re-
505 suspended in Basic Sorting Buffer [Phosphate Buffered Saline (PBS) 1X, Ca?*
506 and Mg?* free; 5 mM EDTA; 25 mM HEPES; 2% FBS] and cells expressing red
507 fluorescence signal were sorted to a tube containing DMEM with 10% FBS and
508 then transferred to an appropriate growth flask. The same procedure was used
509 to enrich the double expressing H2B-GFP and mRFP-CLASP2y cell lines,

510 selecting in cell with double fluorescence signal (GFP and mRFP).
511
512  sSiRNA

513 The siRNA experiments were performed in 0.2x10°8 cells cultured in 1.5 mL
514 DMEM with 5% FBS. A solution containing 2 pL of Lipofectamine RNAiMax
515  (Invitrogen) diluted in 250 yL Opti-MEM was mixed with other containing 100
516  pmol of siRNA (Sigma Aldrich) diluted in 250 pL Opti-MEM. The solution mix was
517 incubated for 30 minutes at room temperature and then added dropwise to the

518 cells. The siRNA oligonucleotides used were: Scrambled siRNA

519 CUUCCUCUCUUUCUCUCCCUUGUGA, CLASP1#A SiIRNA
5200 GCCAUUAUGCCAACUAUCU, CLASP2#A SIRNA
521 GUUCAGAAAGCCCUUGAUG, CLASP1#B SIRNA
522 GGAUGAUUUACAAGACUGG and CLASP2#B SiRNA

523 GACAUACAUGGGUCUUAGA (Mimori-Kiyosue et al., 2005). After 6 h incubation
524  at 37°C, the medium was removed and replaced by 2 mL of DMEM with 10%

525 FBS.

526
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527 Western blotting

528 Protein extracts were obtained from cells by addition of Lysis Buffer (20 mM
529 HEPES/KOH, 1 mM EDTA, 1 mM EGTA, 150 mM NaCl, 0.5% NP-40, 10%
530 glycerol, 2 mM DTT at -20°C and Protease inhibitor 4C+PMSF 0.1 mM at -20°C
531 1:100, pH 7.9) and frozen with liquid Nitrogen (N2). The suspension was
532  centrifuged 5 minutes at 14,000 rpm at 4°C, collecting the supernatant. Total
533 protein levels were quantified using Bradford Reagent (Thermoscientific), using
534  Bovine Serum Albumin (BSA; Thermofisher) solutions as standards. 15 ug of total
535  protein per sample were mixed with Sample Buffer (50 mM Tris-HCI pH 6.8, 2%
536 SDS, 10% glycerol, 1% B-mercaptoethanol, 12.5 mM EDTA, 0.02% bromophenol
537 blue) and denatured at 95°C for 5 minutes. Samples were loaded in a 6.5%
538  Acrylamide Gel mounted in a Mini-PROTEAN vertical electrophoresis apparatus
539 (Bio-Rad), using NZYColour Protein Marker Il (NZYTech). Blotting was
540 performed with an iBlot Gel Transfer System (Invitrogen). Membranes were
541  blocked with 5% powder milk in PBS Tween 0.1% for 45 minutes. For primary
542  antibodies we used hybridoma supernatant of monoclonal antibody 6E3 Rat anti-
543 CLASP2 (Maffini et al., 2009) at 1:150 and Mouse anti-a-tubulin clone B-512
544  (Sigma Aldrich) at 1:10000, diluted in 5% powder milk in PBS Tween 0.1%, and
545 incubated overnight (4°C) with agitation. Anti-Rat HRP (Horseradish Peroxidase)
546 and anti-Mouse HRP secondary antibodies (Santa Cruz Biotechnology) were
547  used at 1:2000 proportions in 5% powder milk in PBS Tween 0.1% and incubated
548 for 1 h. Signal was developed with Clarity Western ECL Blotting Substrate (Bio-

549  Rad) and detected in a Bio-Rad Chemidoc XRS system, with Image Lab software.

550
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551 Immunofluorescence

552  Cells were fixed using paraformaldehyde at 4% in Cytoskeleton Buffer (CB; 137
553 mM NaCl, 5mM KCI, 1.1 mM Na2HPO4, 0.4 mM KH2PO4, 2mM EGTA, 2mM
554  MgClz, 5 mM PIPES, 5 mM Glucose), or in alternative, Methanol at -20°C, for 10
555  minutes (for Nocodazole arrested cell experiments, Nocodazole was added at
556  final concentration of 3.3 uM to the culture, 2-3 h prior to fixation). Extraction was
557 accomplished using CB-Triton X-100 0.5% for 10 minutes. Primary antibodies
558 used in this work were: mouse anti-a-tubulin clone B-512 at 1:1500 (Sigma
559  Aldrich), mouse anti-EB1 at 1:500 (BD Biosciences), human anti-CREST 1:1000
560 (Abyntek), rat anti-RFP (ChromoTek) 1:1000, diluted in PBS-Triton X-100 0.1%
561 with 10% FBS. Secondary antibodies Alexa Fluor anti-Mouse 488, anti-rat 568
562 and anti-Human 647 (Invitrogen) were diluted 1:1000 in PBS-Triton X-100 0.1%
563  with 10% FBS. DNA staining was achieved by addition of 1 ug/ml 4',6-diamidino-
564  2-phenylindole (DAPI; Sigma-Aldrich). Coverslips were mounted using mounting
565 medium (20 mM Tris pH8, 0.5 mM N-propyl gallate, 90% glycerol). Imaging was
566 performed in a Zeiss Axio Observer Widefield Microscope, using a 63x 1.46 N.A.
567 plan-apochromatic objective. 3D-deconvolution was performed using AutoQuant
568 X Image Deconvolution Software (Media Cybernetics). Image processing and
569 quantifications were made using ImageJ Software. Statistical analysis was
570 performed using GraphPad Prism 8 Software, using Student t-test or Mann-

571  Whitney test, according to the normality of the distribution.

572

573 Live-cell imaging
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574 The mRFP-CLASP2y U20S cells expressing H2B-GFP were cultured in glass
575  coverslips using DMEM without phenol red and supplemented with 25 mM of 4-
576  (2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; Gibco) and 10% FBS.
577  SiR-Tubulin (Spirochrome) was added to a final concentration of 20 nM, 30-60
578 minutes prior to observation. Time-lapse imaging was performed in a heated
579  chamber (37°C) using a 60x oil-immersion 1.4 N.A. plan-apochromatic objective
580 mounted on an inverted microscope (Nikon TE2000U) equipped with a CSU-X1
581  spinning-disk confocal head (Yokogawa Corporation of America) and with three
582 laser lines (488 nm, 561 nm and 647 nm). Images were detected with an
583 iXonEM+ EM-CCD camera (Andor Technology). Eleven z-planes separated by 1
584 um were collected every 2 minutes. Image processing and quantifications was
585 performed using ImageJ software and NIS Viewer from Nikon. Statistical analysis
586 was performed using GraphPad Prism 8 Software, using Student t-test or Mann-

587  Whitney test, according to the normality of the distribution.

588

589 Photoactivation experiments

590  Microtubule turnover rates were measured in the mRFP-CLASP2y U20S cells
591  stably expressing the PA-GFP-a-tubulin. Cells were grown in glass coverslips
592  with DMEM without phenol red and with 25 mM of HEPES (Gibco), supplemented
593  with 10% FBS. Time-lapse imaging was performed in a heated chamber (37°C)
594 using a 100x 1.4 N.A. plan-apochromatic differential interference contrast (DIC)
595  objective mounted on an inverted microscope (Nikon TE2000U) equipped with a
596 CSU-X1 spinning-disk confocal head (Yokogawa Corporation of America) and

597 with two laser lines (488 nm and 561 nm). Images were detected with an
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598 iXonEM+ EM-CCD camera (Andor Technology). Photoactivation was performed
599  with a Mosaic DMD-based patterning system (Andor) equipped with a 405 nm
600 diode laser. Cells in metaphase were chosen using DIC acquisition. A thin stripe
601  of spindle microtubules was locally photoactivated in one half-spindle by pulsed
602  near-UV-irradiation (405 nm laser; 500 microseconds exposure time) and
603  fluorescence images (seven 1 um-separated z-planes centered at the middle of
604  the mitotic spindle) were captured every 15 seconds for 4.5 minutes with a 100x
605 oil-immersion 1.4 N.A. plan-apochromatic objective. To quantify fluorescence
606 dissipation after photoactivation (FDAPA), spindle poles were aligned
607  horizontally and whole-spindle, sum-projected kymographs were generated (sum
608  projections using ImageJ and kymographs generated as previously described
609 (Pereira and Maiato, 2010). Fluorescence intensities were quantified for each
610 time point (custom-written routine in Matlab, “LAPSQ” software) and normalized
611 to the first time point after photoactivation for each cell following background
612  subtraction and correction for photobleaching. Correction for photobleaching was
613  performed by normalizing to the values of fluorescence loss obtained from whole-
614  cell (including the cytoplasm), sum projected images for each individual cell. This
615 method allows for the precise measurement of photobleaching for each cell at the
616 individual level and avoids any potential unspecific Taxol-associated phenotypes.
617 Under these conditions, the photoactivated region dissipates, yet the
618 photoactivated molecules are retained within the cellular boundaries defined by
619 the cytoplasm. To calculate microtubule turnover, the sum intensity at each time
620 point was fit to a double exponential curve Al*exp(-ki*t) + A2*exp(-ka2*t) using
621  Matlab (Mathworks), in which t is time, Al represents the less stable (non-KT-

622  MT) population and A2 the more stable (KT-MT) population with decay rates of
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623 ki and ko, respectively. When running the routine to fit the data points to the model
624  curve, the rate constants are obtained as well as the percentage of microtubules
625 for the fast (typically interpreted as the fraction corresponding non-kinetochore
626  microtubules) and the slow (typically interpreted as the fraction corresponding to
627  kinetochore microtubules) process are obtained. The half-life for each process
628 was calculated as In2/k for each population of microtubules. All experiments were
629 performed in the presence of MG132 (5 uM) added 30 min prior to imaging to
630 ensure that cells were in metaphase and prevent mitotic exit. Statistical analysis
631 for photoactivation experiments was performed in the GraphPad Prism8

632  software, using the Mann-Whitney test.

633

634  Statistical Analysis

635  Statistical analysis was performed with Graphpad Prism, version 8. Quantification
636  of kinetochore co-localization, spindle length, segregation errors, NEB to
637 Anaphase and NEB to Metaphase durations were performed using the
638 parametric unpaired Student's t-test. Quantification of both kinetochore
639  microtubule and non-kinetochore microtubule half-lives was performed using the

640  non-parametric Mann-Whitney U-Test.

641

642

643

644

645

27


https://doi.org/10.1101/634907
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/634907; this version posted May 10, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

646 References

647  Aher, A., M. Kok, A. Sharma, A. Rai, N. Olieric, R. Rodriguez-Garcia, E.A.

648 Katrukha, T. Weinert, V. Olieric, L.C. Kapitein, M.O. Steinmetz, M.
649 Dogterom, and A. Akhmanova. 2018. CLASP Suppresses Microtubule
650 Catastrophes through a Single TOG Domain. Developmental cell. 46:40-
651 58 e48.

652 Akhmanova, A., C.C. Hoogenraad, K. Drabek, T. Stepanova, B. Dortland, T.

653 Verkerk, W. Vermeulen, B.M. Burgering, C.l. De Zeeuw, and F. Grosveld.
654 2001. Clasps are CLIP-115 and-170 associating proteins involved in the
655 regional regulation of microtubule dynamics in motile fibroblasts. Cell.
656 104:923-935.

657 Akhmanova, A., and M.O. Steinmetz. 2008. Tracking the ends: a dynamic protein
658 network controls the fate of microtubule tips. Nat. Rev. Mol. Cell Biol.
659 9:309-323.

660  Al-Bassam, J., H. Kim, G. Brouhard, A. van Oijen, S.C. Harrison, and F. Chang.
661 2010. CLASP promotes microtubule rescue by recruiting tubulin dimers to
662 the microtubule. Developmental cell. 19:245-258.

663 Al-Bassam, J., N.A. Larsen, A.A. Hyman, and S.C. Harrison. 2007. Crystal
664 structure of a TOG domain: conserved features of XMAP215/Dis1-family
665 TOG domains and implications for tubulin binding. Structure. 15:355-362.

666 Ayaz, P., X. Ye, P. Huddleston, C.A. Brautigam, and L.M. Rice. 2012. A

667 TOG:alphabeta-tubulin complex structure reveals conformation-based
668 mechanisms for a microtubule polymerase. Science (New York, N.Y.
669 337:857-860.

28


https://doi.org/10.1101/634907
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/634907; this version posted May 10, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

670 Bakhoum, S.F., G. Genovese, and D.A. Compton. 2009a. Deviant kinetochore
671 microtubule dynamics underlie chromosomal instability. Curr Biol.
672 19:1937-1942.

673 Bakhoum, S.F., S.L. Thompson, A.L. Manning, and D.A. Compton. 2009b.
674 Genome stability is ensured by temporal control of kinetochore-
675 microtubule dynamics. Nature cell biology. 11:27-35.

676  Chakraborty, M., E.V. Tarasovetc, A.V. Zaytsev, M. Godzi, A.C. Figueiredo, F.I.

677 Ataullakhanov, and E.L. Grishchuk. 2019. Microtubule end conversion
678 mediated by motors and diffusing proteins with no intrinsic microtubule
679 end-binding activity. Nat Commun. 10:1673.

680 Drabek, K., M. van Ham, T. Stepanova, K. Draegestein, R. van Horssen, C.L.

681 Sayas, A. Akhmanova, T. Ten Hagen, R. Smits, R. Fodde, F. Grosveld,
682 and N. Galjart. 2006. Role of CLASP2 in microtubule stabilization and the
683 regulation of persistent motility. Curr Biol. 16:2259-2264.

684  Dujardin, D., U.l. Wacker, A. Moreau, T.A. Schroer, J.E. Rickard, and J.R. De

685 Mey. 1998. Evidence for a role of CLIP-170 in the establishment of
686 metaphase chromosome alignment. The Journal of cell biology. 141:849-
687 862.

688 Emanuele, M.J., M.L. McCleland, D.L. Satinover, and P.T. Stukenberg. 2005.

689 Measuring the stoichiometry and physical interactions between
690 components elucidates the architecture of the vertebrate kinetochore.
691 Molecular biology of the cell. 16:4882-4892.

692 Ferreira, L.T., A.C. Figueiredo, B. Orr, D. Lopes, and H. Maiato. 2018. Dissecting

693 the role of the tubulin code in mitosis. Methods Cell Biol. 144:33-74.

29


https://doi.org/10.1101/634907
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/634907; this version posted May 10, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

694 Funk, C., V. Schmeiser, J. Ortiz, and J. Lechner. 2014. A TOGL domain
695 specifically targets yeast CLASP to kinetochores to stabilize kinetochore
696 microtubules. J Cell Biol. 205:555-571.

697 Ganem, N.J., K. Upton, and D.A. Compton. 2005. Efficient mitosis in human cells
698 lacking poleward microtubule flux. Current biology. 15:1827-1832.

699 Geyer, E.A., M.P. Miller, C.A. Brautigam, S. Biggins, and L.M. Rice. 2018. Design
700 principles of a microtubule polymerase. Elife. 7.

701  Gibson, D.G,, L. Young, R.Y. Chuang, J.C. Venter, C.A. Hutchison, 3rd, and H.O.
702 Smith. 2009. Enzymatic assembly of DNA molecules up to several
703 hundred kilobases. Nat Methods. 6:343-345.

704  Honnappa, S., S.M. Gouveia, A. Weisbrich, F.F. Damberger, N.S. Bhavesh, H.

705 Jawhari, 1. Grigoriev, F.J. van Rijssel, R.M. Buey, and A. Lawera. 2009.
706 An EB1-binding motif acts as a microtubule tip localization signal. Cell.
707 138:366-376.

708 Inoue, Y.H., M. do Carmo Avides, M. Shiraki, P. Deak, M. Yamaguchi, Y.

709 Nishimoto, A. Matsukage, and D.M. Glover. 2000. Orbit, a novel
710 microtubule-associated protein essential for mitosis in Drosophila
711 melanogaster. The Journal of cell biology. 149:153-166.

712 Lawrence, E.J., G. Arpag, S.R. Norris, and M. Zanic. 2018. Human CLASP2
713 specifically regulates microtubule catastrophe and rescue. Molecular
714 biology of the cell. 29:1168-1177.

715 Leano, J.B., S.L. Rogers, and K.C. Slep. 2013. A cryptic TOG domain with a
716 distinct architecture underlies CLASP-dependent bipolar spindle

717 formation. Structure. 21:939-950.

30


https://doi.org/10.1101/634907
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/634907; this version posted May 10, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

718 Lemos, C.L., P. Sampaio, H. Maiato, M. Costa, L.V. Omel'yanchuk, V. Liberal,

719 and C.E. Sunkel. 2000. Mast, a conserved microtubule-associated protein
720 required for bipolar mitotic spindle organization. The EMBO journal.
721 19:3668-3682.

722  Logarinho, E., S. Maffini, M. Barisic, A. Marques, A. Toso, P. Meraldi, and H.

723 Maiato. 2012. CLASPs prevent irreversible multipolarity by ensuring
724 spindle-pole resistance to traction forces during chromosome alignment.
725 Nature Cell Biology. 14:295.

726  Lukinavicius, G., L. Reymond, E. D'Este, A. Masharina, F. Gottfert, H. Ta, A.

727 Guther, M. Fournier, S. Rizzo, H. Waldmann, C. Blaukopf, C. Sommer,
728 D.W. Gerlich, H.D. Arndt, S.W. Hell, and K. Johnsson. 2014. Fluorogenic
729 probes for live-cell imaging of the cytoskeleton. Nat Methods. 11:731-733.

730 Maffini, S., A.R. Maia, A.L. Manning, Z. Maliga, A.L. Pereira, M. Junqueira, A.

731 Shevchenko, A. Hyman, J.R. Yates lll, and N. Galjart. 2009. Motor-
732 independent targeting of CLASPs to kinetochores by CENP-E promotes
733 microtubule turnover and poleward flux. Current Biology. 19:1566-1572.

734 Maia, A.R., Z. Garcia, L. Kabeche, M. Barisic, S. Maffini, S. Macedo-Ribeiro, |.M.

735 Cheeseman, D.A. Compton, I. Kaverina, and H. Maiato. 2012. Cdk1 and
736 PIkl mediate a CLASP2 phospho-switch that stabilizes kinetochore—
737 microtubule attachments. J Cell Biol. 199:285-301.

738  Maiato, H., E.A. Fairley, C.L. Rieder, J.R. Swedlow, C.E. Sunkel, and W.C.
739 Earnshaw. 2003a. Human CLASP1 is an outer kinetochore component

740 that regulates spindle microtubule dynamics. Cell. 113:891-904.

31


https://doi.org/10.1101/634907
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/634907; this version posted May 10, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

741  Maiato, H., A. Khodjakov, and C.L. Rieder. 2005. Drosophila CLASP is required
742 for the incorporation of microtubule subunits into fluxing kinetochore fibres.
743 Nature cell biology. 7:42-47.

744  Maiato, H., C.L. Rieder, W.C. Earnshaw, and C.E. Sunkel. 2003b. How do
745 kinetochores CLASP dynamic microtubules? Cell Cycle. 2:511-514.

746  Maiato, H., P. Sampaio, C.L. Lemos, J. Findlay, M. Carmena, W.C. Earnshaw,

747 and C.E. Sunkel. 2002. MAST/Orbit has a role in microtubule-kinetochore
748 attachment and is essential for chromosome alignment and maintenance
749 of spindle bipolarity. The Journal of cell biology. 157:749-760.

750 Maiato, H., P. Sampaio, and C.E. Sunkel. 2004. Microtubule-associated proteins
751 and their essential roles during mitosis. Int Rev Cytol. 241:53-153.

752  Majumdar, S., T. Kim, Z. Chen, S. Munyoki, S.C. Tso, C.A. Brautigam, and L.M.

753 Rice. 2018. An isolated CLASP TOG domain suppresses microtubule
754 catastrophe and promotes rescue. Molecular biology of the cell. 29:1359-
755 1375.

756  Maki, T., A.D. Grimaldi, S. Fuchigami, I. Kaverina, and |. Hayashi. 2015. CLASP2
757 Has Two Distinct TOG Domains That Contribute Differently to Microtubule
758 Dynamics. J Mol Biol. 427:2379-2395.

759 Manning, A.L., S.F. Bakhoum, S. Maffini, C. Correia-Melo, H. Maiato, and D.A.

760 Compton. 2010. CLASP1, astrin and Kif2b form a molecular switch that
761 regulates kinetochore-microtubule dynamics to promote mitotic
762 progression and fidelity. The EMBO journal. 29:3531-3543.

763  Mcintosh, J.R., E. O'Toole, G. Morgan, J. Austin, E. Ulyanov, F. Ataullakhanov,

764 and N. Gudimchuk. 2018. Microtubules grow by the addition of bent

32


https://doi.org/10.1101/634907
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/634907; this version posted May 10, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

765 guanosine triphosphate tubulin to the tips of curved protofilaments. The
766 Journal of cell biology. 217:2691-2708.

767  Miller, M.P., C.L. Asbury, and S. Biggins. 2016. A TOG Protein Confers Tension
768 Sensitivity to Kinetochore-Microtubule Attachments. Cell. 165:1428-1439.

769  Mimori-Kiyosue, Y., I. Grigoriev, G. Lansbergen, H. Sasaki, C. Matsui, F. Severin,

770 N. Galjart, F. Grosveld, I. Vorobjev, and S. Tsukita. 2005. CLASP1 and
771 CLASP2 bind to EB1 and regulate microtubule plus-end dynamics at the
772 cell cortex. The Journal of cell biology. 168:141-153.

773 Mimori-Kiyosue, Y., I. Grigoriev, H. Sasaki, C. Matsui, A. Akhmanova, S. Tsukita,
774 and I. Vorobjev. 2006. Mammalian CLASPs are required for mitotic spindle
775 organization and kinetochore alignment. Genes to Cells. 11:845-857.

776  Nithianantham, S., B.D. Cook, M. Beans, F. Guo, F. Chang, and J. Al-Bassam.

777 2018. Structural basis of tubulin recruitment and assembly by microtubule
778 polymerases with tumor overexpressed gene (TOG) domain arrays. Elife.
779 7.

780 Patel, K., E. Nogales, and R. Heald. 2012. Multiple domains of human CLASP
781 contribute to microtubule dynamics and organization in vitro and in
782 Xenopus egg extracts. Cytoskeleton. 69:155-165.

783  Pereira, A.J., and H. Maiato. 2010. Improved kymography tools and its
784 applications to mitosis. Methods. 51:214-219.

785  Pereira, A.L., A.J. Pereira, A.R. Maia, K. Drabek, C.L. Sayas, P.J. Hergert, M.

786 Lince-Faria, I. Matos, C. Duque, T. Stepanova, C.L. Rieder, W.C.
787 Earnshaw, N. Galjart, and H. Maiato. 2006. Mammalian CLASP1 and
788 CLASP2 cooperate to ensure mitotic fidelity by regulating spindle and
789 kinetochore function. Molecular biology of the cell. 17:4526-4542.

33


https://doi.org/10.1101/634907
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/634907; this version posted May 10, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

790 Siegel, L.M., and K.J. Monty. 1966. Determination of molecular weights and

791 frictional ratios of proteins in impure systems by use of gel filtration and
792 density gradient centrifugation. Application to crude preparations of sulfite
793 and hydroxylamine reductases. Biochim Biophys Acta. 112:346-362.

794  Zhai, Y., P.J. Kronebusch, and G.G. Borisy. 1995. Kinetochore microtubule
795 dynamics and the metaphase-anaphase transition. The Journal of cell

796 biology. 131:721-734.

797

798

799

800

801

802

803

804

805

806

807

808

809

810

34


https://doi.org/10.1101/634907
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/634907; this version posted May 10, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

811 Figure Legends

812  Figure 1. CLASP2 can form dimers through its C-terminal kinetochore-targeting
813 domain. (A) Extracts from asynchronous (A) and mitotic (M) HeLa cells resolved by BN-
814 PAGE and analyzed by western blot for CLASP2 (left) or a-tubulin (right). Indicated
815  apparent molecular weights were estimated by comparison with the gel mobility behavior
816  of protein standards of known molecular weights, as indicated. Dimerization of a-tubulin
817 (130 kDa) was used as a control. Single or double asterisks indicate the position of
818  putative monomers and dimers, respectively. (B) Mitotic enriched HelLa cell extracts
819 were separated by size exclusion chromatography. Collected fractions were TCA-
820 precipitated and analyzed by western blot with anti-CLASP2 antibodies. (C) Mitotic
821 enriched HelLa cell extracts were loaded on a 5%-30% sucrose gradient. Fractions
822  collected after centrifugation were TCA-precipitated and analyzed by western blot with
823 the indicated antibodies. Note that CLASP2 and free tubulin are collected in distinct
824  fractions. (D) Summary of Stokes radius (nm), sedimentation coefficients (S) and
825  estimated molecular weights (KDa) calculated for the different CLASP2 forms. (E) Size
826  exclusion chromatogram of human recombinant CLASP2 C-terminal, eluting in a single
827  peak. (F) Size exclusion chromatography calibration curve used to determine the Stoke’s
828 radius of CLASP2 C-terminal. (G) Density gradient centrifugation curve used to
829 determine the sedimentation coefficient of recombinant CLASP-2 C-terminal. (H)
830 Dynamic light scattering analysis of the CLASP2 C-terminal showing an hydrodynamic

831 radius of 36.1 A, corresponding to an estimated molecular weight of 67.9 KDa.
832

833 Figure 2. CLASP2 C-terminal domain is required for kinetochore localization
834 independently of dimerization. (A) Schematic representation of the RNAi-resistant
835 mRFP-CLASP2y constructs used in this project: Wild Type (WT) CLASP2y; the mutant
836  constructs IP12, 2ea-3eeaa, |IP12-3eeaa; the truncated version at C-terminal AC; and

837  the hybrid construct AC-Gcn4. Mutations in TOG2 and TOG3 domains and SxIP motifs
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838 are indicated. (B) Immunofluorescence analysis of the U20S PA-GFP-a-tubulin and
839 mRFP-CLASP2y transduced cell lines, arrested in mitosis by the addition of nocodazole
840 to depolymerize microtubules, showing the localization of the different CLASP2
841 constructs at kinetochores, except the AC and AC-Gcn4 constructs. Cells were
842  immunostained with anti-centromere antibodies (ACA) from CREST patients (green) and
843  the mRFP signal of the different CLASP2 constructs (red). Detailed images of mRFP and
844  ACA co-localization are magnified 3X. Scale bar is 5 um. (C) Quantification of
845  kinetochore fluorescence intensity (F.l.) of mRFP/ACA signals for each cell line after
846  background subtraction. Each data point represents an individual kinetochore. Bars
847 represent mean and standard deviation. Quantifications from 3 independent
848  experiments: WT = 26 cells, 260 kinetochores; 2ea-3eeaa = 27 cells, 267 kinetochores;
849  IP12 =27 cells, 269 kinetochores, IP123eeaa = 26 cells, 253 kinetochores AC = 26 cells,
850 253 kinetochores AC-Gcn4 = 18 cells, 196 kinetochores. All mutant constructs showed
851 a decreased intensity of the signal at the kinetochores compared with WT. **** =

852  p<0.0001.

853

854  Figure 3. Regulation of mitotic spindle length by CLASP2 depends on its
855  kinetochore localization and microtubule-binding properties. (A)
856 Immunofluorescence analysis of the U20S PA-GFP-a-tubulin cell lines in metaphase.
857  Parental (without exogenous mRFF-CLASP2y constructs) and mutant cell lines depleted
858  from endogenous CLASPs with siRNA #12A, showed shorter spindles relative to cells
859  expressing WT mRFF-CLASP2y. Scale bar is 5 um. (B) Immunofluorescence analysis
860 of the U20S PA-GFP-a-tubulin cell lines in anaphase. Segregation errors are indicated
861  with red arrows in the DAPI channel. Parental and CLASP2 mutant cell lines depleted of
862 endogenous CLASPs by siRNA #12A showed increased chromosome segregation
863  errors relative to WT. Scale bar is 5 um. (C) Quantification of mitotic spindle length in

864  each cell line: the first column represents parental U20S PA-GFP-a-tubulin cell line
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865  without RNAI treatment, the remaining columns represent treatment with siRNA #12A.
866 Each data point represents an individual cell. Bars represent mean and standard
867  deviation. Quantifications from 3 independent experiments: Parental without RNAi = 88
868  cells; Parental with RNAi = 74 cells; WT = 108 cells; 2ea-3eeaa = 96 cells; IP12 = 105
869 cells; IP12-3eeaa = 88 cells; AC = 112 cells; AC-Gcn4 = 142 cells. Parental and mutant
870 cell lines depleted of endogenous CLASPs show a statistical significant decrease in
871  spindle length. ns = non-significant, *** = p<0.001, **** = p<0.0001. (D) Quantification of
872  chromosome segregation errors in anaphase and telophase cells: each column
873  represents the percentage of anaphase and telophase cells with at least one segregation
874  error; the first column represents parental U20S PA-GFP-a-tubulin cell line without RNAI
875 treatment, the remaining columns represent treatment with the SiRNA #12A.
876  Quantifications from 3 independent experiments: Parental without RNAI = 92 cells;
877 Parental with RNAi = 117 cells; WT = 153 cells; 2ea-3eeaa = 126 cells; IP12 = 135 cells;
878 IP12-3eeaa = 121 cells; AC = 120 cells; AC-Gcnd= 106 cells. CLASPs-depleted cells
879 and mutant cell lines showed higher percentage of cells with segregation errors. ns =

880  non-significant, * = p<0.05; ** = p< 0.01; *** = p<0.001.

881

882  Figure 4. Chromosome congression, timely SAC satisfaction and chromosome
883  segregation fidelity relies on both CLASP2 kinetochore- and microtubule-binding
884  properties. (A) Live-cell imaging of the parental U20S PA-GFP-a-tubulin cells and
885 respective cell lines expressing the mRFP-CLASP2y constructs, after endogenous
886  depletion of CLASPs with RNAi. mRFP-CLASPy (red), DNA (blue) and SiR-tubulin
887 (magenta) are depicted. Timing 00:00 starts at Nuclear Envelope Breakdown (NEB). The
888 anaphase panel additionally shows the H2B-GFP signal to highlight the segregation
889  errors. Time is in hours:minutes. Scale bar is 5 um. (B) Mitotic timing quantification
890 between NEB and Anaphase (Ana) onset. First column represents parental U20S PA-

891  GFP-a-tubulin cells. The remaining columns represent CLASPs RNAI after treatment
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892  with siRNA #12A. Each data point represents an individual cell. Bars represent mean
893  and standard deviation. Parental without RNAi = 11 cells, 3 independent experiments;
894  Parental with RNAI = 12 cells, 3 independent experiments; WT = 28 cells, 6 independent
895  experiments; 2ea-3eeaa = 32 cells, 14 independent experiments; IP12 = 33 cells, 13
896 independent experiments; IP12-3eeaa = 19 cells, 7 independent experiments; AC = 23
897  cells, 9 independent experiments; AC-Gcn4 = 15 cells, 5 independent experiments.
898 Parental and mutant cells depleted of endogenous CLASPs showed a significant
899 increase in mitotic duration. ns = non-significant, ** = p<0.01, *** = p<0.001 , **** =
900 p<0.0001. (C) Quantification of the time between NEB and Metaphase (Meta) for the
901 same data set as in B. First column represents parental U20S PA-GFP-a-tubulin cells.
902 The remaining columns represent CLASPs RNAI after treatment with SIRNA #12A. A
903  significant delay in chromosome congression is observed in parental and mutant cell
904 lines after CLASPs depletion. ns = non-significant, ** = p<0.01, *** = p<0.001 , **** =
905 p<0.0001. (D) Quantification of segregation errors during live cell imaging for the same
906 datasetasin B and C; each column represents the percentage of cells with at least one
907  segregation error detected in the total cells imaged for each cell line. Parental and mutant
908 cells depleted of endogenous CLASPs showed a higher frequency of cells with

909  segregation errors.

910

911  Figure 5. Multimodal regulation of kinetochore microtubule dynamics by CLASP2.
912  (A) Photoactivation experiments in live U20S parental PA-GFP-a-tubulin cells and
913  expressing the different mRFP-CLASP2y constructs, after RNAi against endogenous
914  CLASPs; the expression of PA-GFP-a-tubulin enables the activation of a stripe near the
915 metaphase plate by a near-UV laser. Panels represent DIC, the mRFP-CLASP2y signal
916  (red)and the PA-GFP-a-tubulin signal before photoactivation (Pre-PA), immediately after
917  photoactivation (PA) and at 2 and 4.5 minutes after photoactivation. The PA-GFP-a-

918  tubulin signal was inverted for better visualization. Scale bar is 5 pm. (B) Quantitation of
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919  kinetochore microtubule (KT-MT) half-life for all cell lines. The first column corresponds
920 to the parental cell line, and the remaining columns correspond to experiments
921 performed after CLASPs depletion with siRNA #12A. Each data point represents an
922 individual cell. The boxes represent median and interquartile interval, the bars represent
923  minimum and maximum values. Parental without RNAi = 43 cells, 5 independent
924  experiments; Parental with RNAi = 20 cells, 6 independent experiments; WT = 67 cells,
925 7 independent experiments; 2ea-3eeaa = 105 cells, 8 independent experiments; IP12 =
926 108 cells, 9 independent experiments; IP12-3eeaa = 55 cells, 4 independent
927  experiments; AC = 60 cells, 4 independent experiments; AC-Gcn4 = 34 cells, 8
928 independent experiments. Mutant constructs in the TOG domains and in the SxIP motifs,
929 as well the kinetochore-lacking constructs AC and AC-Gcn4 showed less stable
930 kinetochore microtubules in the absence of endogenous CLASPSs. ns = non-significant,
931 *=p<0.05, * = p< 0.01. (C) Quantitation of non-KT-MT half-life for all cell lines for the
932 same data set as in B. All cell lines showed non-KT-MT stability that was

933 indistinguishable from controls. ns = non-significant.

934

935 Supplementary Figure 1. Western blot with anti-CLASP2 antibody, revealing the total
936 (endogenous and exogenous) CLASP2 levels for each mRFP-CLASP2y construct cell
937 line. Endogenous CLASP2a and the mRFP-CLASP2y constructs WT, 2ea-3eeaa, IP12
938 and IP12-3eeaa could not be distinguished due to similar molecular weight (165.7 kDa
939 for endogenous CLASP2a and 167.9 kDa for mRFP-CLASP2y constructs), while in the
940 AC (120.8 KDa) and AC-Gcn4 (125.3 KDa) it was possible to visualize both bands for
941 endogenous CLASP2a and exogenous mRFP-CLASP2y. All cell lines expressed
942  comparable levels of mMRFP-CLASPZ2y, slightly lower in 2ea-3eeaa and slightly higher in

943  AC. a-tubulin was used as loading control.
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944  Supplementary Figure 2. Western blot analysis, using an anti-CLASP2 antibody,
945  highlighting the depletion of endogenous CLASPs by siRNA #12A and siRNA #12B.
946  Since endogenous CLASP2a and the mRFP-CLASP2y constructs WT, IP12, 2ea-3eeaa
947  and IP12-3eeaa displayed similar molecular weights (MW) (165.7 kDa for endogenous
948 CLASP2a and 167.9 kDa for the mRFP-CLASP2y constructs), depletion efficiency of
949  endogenous CLASPs were obtained by comparing the treatments with Scramble siRNA,
950 siRNA #12A that deplete endogenous CLASPs and siRNA #12B that deplete both
951 endogenous and exogenous CLASPs. However, for AC and AC-Gcn4 cases, because
952  they have different MW from endogenous CLASPZ2aq, it was possible to discriminate both

953  bands. a-tubulin was used as loading control.

954

955  Supplementary Figure 3. (A) Immunofluorescence analysis showing the co-localization
956  of the mRFP-CLASP2y constructs with EB1 at the microtubule plus ends in interphase.
957  Cells were stained with anti-EB1 antibody (green) and anti-RFP antibody (red). The anti-
958 RFP antibody was used in order to increase detection of the mRFP-CLASP2y constructs
959 at the plus tips after methanol fixation. IP12 and IP12-3eeaa showed a decreased co-
960 localization with EB1 at the microtubule plus ends. Scale bar is 5 pm. (B)
961 Immunofluorescence analysis showing localization of the mRFP-CLASP2y constructs
962  with mitotic spindle microtubules. Cells were immunostained with an anti-a-tubulin
963 antibody to visualize the spindle (green). The 2ea-3eeaa and IP12-3eeaa constructs

964 showed a decreased localization on spindle microtubules. Scale bar is 5 pm.

965

966

967

968
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969 Movie Legends

970 Movie S1 — Human parental U20S cell stably expressing PA-GFP-a-tubulin (not
971  shown) and H2B-GFP (green in the merged image; shown alone in white in the
972  right panel) after CLASP1 and CLASP2 RNAI, with microtubules (magenta)
973  visualized with 20 nM SiR-tubulin. Note the presence of a lagging chromosome

974  during anaphase. Time is in h:min.

975

976  Movie S2 — Human parental U20S cell stably expressing PA-GFP-a-tubulin and
977  wild type (WT) mRFP-CLASP2y (red) and H2B-GFP (green in the merged image;
978 shown alone in white in the right panel) after CLASP1 and CLASP2 RNAI, with

979  microtubules (magenta) visualized with 20 nM SiR-tubulin. Time is in h:min.

980

981 Movie S3 — Human parental U20S cell stably expressing PA-GFP-a-tubulin and
982 mMRFP-CLASP2y 2ea-3eeaa mutant (red) and H2B-GFP (green in the merged
983 image; shown alone in white in the right panel) after CLASP1 and CLASP2 RNA:,
984  with microtubules (magenta) visualized with 20 nM SiR-tubulin. Note the
985 presence of 2 lagging chromosomes during anaphase, one of which resolves.

986 Time is in h:min.

987

988 Movie S4 — Human parental U20S cell stably expressing PA-GFP-a-tubulin and
989 mMRFP-CLASP2y IP12 mutant (red) and H2B-GFP (green in the merged image,;

990 shown alone in white in the right panel) after CLASP1 and CLASP2 RNAI, with
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991  microtubules (magenta) visualized with 20 nM SiR-tubulin. Note the presence of

992 achromosome bridge in anaphase and telophase. Time is in h:min.

993

994  Movie S5 — Human parental U20S cell stably expressing PA-GFP-a-tubulin and
995 mMRFP-CLASP2y IP12-3eeaa mutant (red) and H2B-GFP (green in the merged
996 image; shown alone in white in the right panel) after CLASP1 and CLASP2 RNAI,
997 with microtubules (magenta) visualized with 20 nM SiR-tubulin. Note the

998 presence of a transient lagging chromosome during anaphase. Time is in h:min.

999

1000 Movie S6 — Human parental U20S cell stably expressing PA-GFP-a-tubulin and
1001  mMRFP-CLASP2y AC mutant (red) and H2B-GFP (green in the merged image;
1002  shown alone in white in the right panel) after CLASP1 and CLASP2 RNAI, with
1003  microtubules (magenta) visualized with 20 nM SiR-tubulin. Note the presence of

1004 transient lagging chromosomes in the beginning of anaphase. Time is in h:min.

1005

1006 Movie S7 — Human parental U20S cell stably expressing PA-GFP-a-tubulin and
1007 mMRFP-CLASP2y AC-Gcn4 mutant (red) and H2B-GFP (green in the merged
1008  image; shown alone in white in the right panel) after CLASP1 and CLASP2 RNA,
1009  with microtubules (magenta) visualized with 20 nM SiR-tubulin. Note the

1010  presence of persistent lagging chromosomes in anaphase. Time is in h:min.

1011
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