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17

Abstract

18

Membrane organelle function, localization, and proper partitioning upon cell division

19

depend on interactions with the cytoskeleton. Whether, reciprocally, membrane

20

organelles also impact on the function of cytoskeletal elements remains less clear.

21

Here, we show that acute disruption of the Endoplasmic Reticulum (ER) around spindle

22

poles affects mitotic spindle size and function in Drosophila syncytial embryos. Acute

23

ER disruption was achieved through the inhibition of ER membrane fusion by the

24

dominant-negative cytoplasmic domain of Atlastin. We reveal that when the ER is

25

disrupted specifically at metaphase, mitotic spindles become smaller, despite no

26

significant changes in microtubule dynamics. These smaller spindles are still able to

27

mediate sister chromatid separation, yet with decreased velocity. Furthermore, by

28

inducing mitotic exit, we found that nuclear separation and distribution are affected upon

29

ER disruption. Our results suggest that ER integrity around spindle poles is crucial for

30

the maintenance of mitotic spindle shape and pulling forces. Additionally, ER integrity

31

also ensures nuclear spacing during syncytial divisions.
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32

Introduction

33

Cell division is often simplified to an isolated process of chromosome segregation by the

34

mitotic spindle (Vitre et al. 2014) followed by scission of the cell membrane during

35

cytokinesis (Mierzwa and Gerlich 2014). Thereby, the spindle apparatus assembles,

36

attaches chromosomes, aligns them, and generates the force required to pull sister

37

chromatids apart (Petry 2016; Maiato et al. 2017). However, in compartmentalized

38

eukaryotic cells various organelles undergo extensive reorganization and distribution to

39

the daughter cells during mitosis (Champion et al. 2017; Carlton et al. 2020). One of those

40

organelles is the Endoplasmic Reticulum (ER), a tubular network that forms a continuum

41

with the nuclear envelope (Goyal and Blackstone 2013). When the nuclear envelope

42

breaks down in mitosis, allowing spindle microtubules (MTs) to interact with the

43

chromosomes, the ER reorganizes in the vicinity of the spindle (Bobinnec et al. 2003).

44

ER membranes have recently been proposed to hinder efficient chromosome segregation.

45

When ER membrane biogenesis is increased by enhanced fatty acid synthesis, this leads

46

to higher viscosity of the cytoplasm and ultimately to chromosome mis-segregation

47

(Merta et al. 2021). Moreover, chromosomes that become unsheathed by the ER are more

48

prone to segregation errors (Ferrandiz et al. 2022). Hence, ER reorganization may be a

49

passive event, required for faithful mitosis and even distribution of this organelle to

50

daughter cells (Smyth et al. 2015). Reciprocally, it has also been proposed that ER

51

reorganization plays a functional role during mitosis. On one hand, the ER enclosing the

52

spindle could act as a molecular exclusion barrier sorting or concentrating cell cycle and

53

spindle relevant proteins (Schweizer et al. 2015). On the other hand, it is conceivable that

54

the ER plays a mechanical role and balances spindle forces, thus adjusting e.g. the spindle

55

length (Dumont and Mitchison 2009). This is mostly supported by the observation that

56

functional disruption, at mitotic entry, of another membranous structure – the nuclear

57

envelope – perturbs spindle assembly (Tsai et al. 2006; Liu and Zheng 2009; Ma et al.

58

2009; Civelekoglu-Scholey et al. 2010). At the molecular level, REEP proteins were

59

shown to be involved in the exclusion of ER membranes from the spindle region during

60

mitosis (Schlaitz et al. 2013). Furthermore, the ER targeting kinase TAOK2 is important

61

for tethering of ER membranes to the MT cytoskeleton and for ER mobility along MTs

62

during mitosis (Nourbakhsh, Ferrecccio, and Yadav 2021). Altogether, these studies

63

exposed the role of membranes during mitosis and demonstrated that the association

64

between the ER and MTs is important for spindle assembly. Whether this association is

65

required continuously, even after unperturbed spindle assembly, is currently unknown.
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66

Deciphering an actively contributing versus passively hindering role of the ER during

67

mitosis is critical. However, investigating these potential roles is technically challenging

68

due to the difficulty to perturb such a critical structure for cell physiology in a fast and

69

temporally controlled manner. Here, we used microinjection approaches to disrupt

70

acutely ER membranes in a metaphase-arrested state and examine mitotic spindle

71

morphology and function upon loss of ER integrity. We uncovered that ER membranes

72

surrounding the spindle pole are important for the maintenance of mitotic spindle

73

architecture and forces.

74
75

Results

76

To visualize the ER during Drosophila syncytial embryonic divisions, we performed live

77

imaging and followed ER and nuclear envelope localization throughout the cell cycle.

78

We generated flies expressing the chromatin marker H2B–mRFP1, and either the ER

79

marker EYFP–KDEL or the ER membrane-shaping protein Reticulon-like protein 1

80

(Rtnl1) fused to GFP (GFP–Rtnl1). We also marked microtubules by injecting Alexa647-

81

labelled tubulin (Fig. 1, Suppl. Video 1). KDEL is a small peptide sequence that targets

82

proteins to the ER lumen (Frescas et al. 2006). EYFP fused to the KDEL sequence reports

83

all ER, while Rtnl1 specifically reports locations of membrane reshaping. Consistent with

84

this notion, we observed an extended KDEL-labelled ER network in the entire cortex of

85

the syncytial embryo and throughout mitosis (Fig. 1A), with partial overlap with the

86

nuclear envelope (Lamin–GFP, see Fig. S1, t=00:00). This suggests an interaction

87

between these two membranous structures during interphase. However, at mitotic entry

88

upon nuclear envelope breakdown, the concentration of ER in the vicinity of the spindle

89

rose (Fig. 1A, Metaphase). The signal of GFP–Rtnl1 also increased, exclusively around

90

the spindle, and most prominently at the spindle poles (Fig. 1B). This is consistent with

91

prior reports showing an increase in ER proteins at spindle poles upon mitotic entry

92

(Bobinnec et al. 2003; Diaz et al. 2019). However, it remains unclear how these changes

93

in ER organization impart on ER morphology across different stages of spindle assembly.

94

Of note, both ER reporters shown are excluded from the spindle and resemble an envelope

95

(Fig. 1A-B, insets). At NEBD, we measured a reduction in the ER exclusion area (Fig.

96

1C) supporting a transient contraction of the ER at this stage. This reduction is not

97

accompanied by a decrease in the perimeter of the ER envelope (Fig. 1D), due to an

98

indentation of the ER envelope at spindle poles (Fig. 1C, inset). During metaphase and

99

anaphase, the area and perimeter of the ER exclusion gradually increase, matching closely
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100

that of the spindle main body, disregarding the spindle poles (Fig. 1D). This comparative

101

measurement emphasizes the shape similarity of the ER envelope and the spindle body.

102

At telophase, the ER undergoes shape changes that accompanied nuclear envelope

103

reformation (Fig. 1A-B, Telophase and Fig. S1). We also observed that both ER reporter

104

proteins localized at the spindle midbody as previously reported (Bobinnec et al. 2003),

105

suggesting that a considerable membrane reorganization occurs at this site (Fig. 1A-B,

106

Telophase, arrow).

107
108

ER reorganization throughout mitosis

109

Next, we wanted to understand if the observed ER shape changes, which closely follow

110

those of the spindle body, arise from dynamic changes of ER membranes themselves. To

111

this end, we performed Fluorescence Recovery after Photobleaching (FRAP) experiments

112

using the GFP-tagged transmembrane protein Rtnl1, which labels membranes that are

113

being re-shaped and tubular ER is being formed (Espadas et al. 2019). To circumvent the

114

inherent changes in intensity and morphology during the cell cycle, which would impede

115

proper FRAP analysis in these fast cycles, we have performed all the experiments in

116

artificially arrested embryos. We first monitored the ER dynamics in interphase, by

117

preventing mitotic entry with ectopic addition of the Cdk inhibitor p27 (Oliveira et al.

118

2010). Upon p27 injection, we observed that the ER maintained an interphase-like

119

localization (Fig. 2A). For FRAP studies, we bleached two different arrested nuclei in

120

distinct regions (ROIs) and imaged their fluorescence recovery over time (Fig. 2A, red

121

circles, Suppl. Video 2). We observed a high turnover of ER membranes, with half-times

122

of recovery in the order of seconds. ER membranes localized proximal to the spindle

123

poles are more dynamic compared to those localized at the equator (Fig. 2A, t1/2 poles:

124

11.4 ± 6.2 s; t1/2 equator: 21.0 ± 8.6 s). However, the GFP–Rtnl1 mobile fraction at the

125

poles is lower compared to the virtually complete recovery at the equator in interphase-

126

arrested embryos (poles: 0.81 ± 0.06; equator: 0.9 ± 0.08). Our observations are in

127

contrast to previous studies in yeast and mammalian cells, which detected a much larger

128

immobile fraction for Rtn1/Rtn4a (Shibata et al. 2008). These findings suggest a high

129

level of reshaping of ER membranes in Drosophila embryos.

130
131

Changes in ER morphology are coupled to the cell cycle and are dependent on Cyclin A

132

activity during Drosophila embryonic nuclear divisions (Diaz et al. 2019). To address if

133

this morphological re-organization is accompanied by a change in the dynamic behavior
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134

of ER membranes, we repeated the same analysis in embryos arrested in metaphase. For

135

this, embryos were microinjected with UbcH10C114S, a dominant-negative catalytically

136

dead version of the E2 ubiquitin-conjugating enzyme necessary for anaphase onset

137

(Oliveira et al. 2010). We bleached two different nuclei in distinct regions of interest

138

(ROIs) and imaged their fluorescence recovery over time (Fig. 2B, red circles). Signal

139

recovery of the ER shaping protein Rtnl1 was in the same order of magnitude (Fig. 2B,

140

Suppl. Video 3). Upon metaphase-arrest, we detected a slightly slower recovery of Rtnl1–

141

GFP intensity at spindle poles compared to the equatorial region (poles: 14.4 ± 3.2 s;

142

equator: 11.8 ± 2.1 s). Interestingly, we observed virtually complete recovery of intensity

143

in both cases (mobile fractions at pole: 0.92 ± 0.06; equator: 0.95 ± 0.04). This signal

144

dynamics observed is slightly lower, but within the same magnitude of the turnover

145

observed for the luminal ER reporter Lys–GFP–KDEL (Fig. 2C, t1/2: 3.81 ± 0.46 s, Suppl.

146

Video 4), which reflects ER shape changes occurring in the time scale of free diffusion

147

events inside the ER. This is in agreement with previous studies, where rapid recovery of

148

intensity was reported for both Drosophila oocyte fusome and syncytial embryos

149

expressing Lys–GFP–KDEL (Snapp et al. 2004; Frescas et al. 2006). These findings

150

suggest that the ER in mitosis is continuously undergoing significant reorganization.

151
152

Ectopic addition of cytATL changes mitotic ER topology at spindle poles

153

To explore how these dynamic ER membranes could impact on the overall architecture

154

of mitosis, we developed a strategy to acutely perturb the ER in metaphase-arrested

155

embryos and follow the consequences in real-time. To this end, we made use of the

156

cytosolic domain of the ER membrane fusing protein Atlastin. This truncated version has

157

been used as a dominant-negative reagent in Xenopus egg extracts to impair the

158

membrane fusion activity of the native form on the ER (Wang et al. 2013; Wang et al.

159

2016; Kutay et al. 2021). D. melanogaster cytATL was expressed in and purified from

160

bacteria (Suppl. Fig. 2) and microinjected into syncytial embryos. To monitor the ER

161

specifically during metaphase, embryos were previously arrested with UbcH10C114S, as

162

above (Fig. 3A). We observed that subsequent microinjection of cytATL in metaphase-

163

arrested embryos alters mitotic ER topology compared to controls (Fig. 3B-C, Suppl.

164

Video 5). Over time, EYFP–KDEL labelled ER membranes lose their linear arrangement,

165

typical of a tubular structure, and a acquire diffuse and homogeneous appearance (Fig. B-

166

C, t=10:00 min). Quantitative analysis reveals that there is no change in the mean intensity

167

of the ER reporter at spindle poles, with or without cytATL injection (Fig. 3D). However,
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168

the spatial distribution of the signal altered, as evidenced by the significantly decreasing

169

variance upon cytATL injection (Fig. 3E). This suggests that the ER contents remain but

170

their distribution or local concentration changes. In contrast, centrosome-distal regions

171

do not change significantly both in mean and distribution of the signal (Fig. 3D-E). These

172

findings reveal that the disruptive effect of cytATL is exclusively observed at ER

173

membranes surrounding spindle poles. In addition to the change in spatial ER

174

concentration, ectopic addition of cytATL caused a significant reduction in the ER

175

exclusion zone (Fig. 3F). We therefore concluded that ER membranes at the spindle poles

176

are more sensitive to the disruptive effect of cytATL, whose addition leads to acute

177

changes in morphology at this sub-region of the ER network.

178
179

Acute disruption of spindle pole-proximal ER membranes decreases mitotic spindle

180

size

181

Having established a method that acutely disrupts ER integrity in mitosis, particularly at

182

centrosome-proximal regions, we next sought out to evaluate the effect this disruption

183

has on mitotic spindle architecture. For this, we co-injected UbcH10C114S with porcine

184

Tubulin labelled with AlexaFluor 647 to visualize spindle microtubules during the

185

metaphase arrest (Suppl. Video 6). Upon cytATL-induced ER disruption, we found that

186

the morphology of the spindle is significantly altered (Fig. 4B-C, t=10:00 min). Changes

187

in spindle architecture are evidenced by a reduction in spindle length and width when

188

compared to control embryos (Fig. 4D-E). Thus, we conclude that ER morphological

189

changes mediated by the dominant-negative effect of cytATL lead to smaller mitotic

190

spindle size. In addition to this effect, we also observed, at considerable frequency, the

191

detachment of the spindle pole microtubule-organizing center (MTOC) upon ectopic

192

addition of cytATL. To quantify this, we measured the distance between the focal point

193

of the spindle body and the MTOC; this distance was markedly higher upon ectopic

194

addition of cytATL, on average 3 times the distance measured in control embryos (Fig.

195

4F, 0.4 ± 0.2 µm versus 1.2 ± 0.5 µm). Overall, our spatially resolved perturbation of ER

196

membranes reveals that the ER surrounding the spindle poles plays multiple roles in

197

spindle architecture, including spindle size and spindle pole attachment.

198

Given the observed changes in spindle architecture upon impairment of spindle pole-

199

proximal ER membranes, we next investigated whether spindle dynamics would also be

200

affected. We used FRAP to bleach one half of the spindle in metaphase-arrested embryos

201

and analyzed spindle microtubule turnover. We used embryos expressing β-tubulin–GFP
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202

and monitored the recovery of the fluorescence intensity after photobleaching (Fig. 4G,

203

Suppl. Video 7). In control (buffer-injected) conditions, this analysis revealed that spindle

204

microtubules recover very fast, with a half-time of recovery of 10.7 ± 2.2 s (Fig. 4G,

205

grey). We next repeated the same analysis after cytATL-mediated ER disruption. In this

206

condition, we found that MT turnover remained unaltered relative to controls (Fig. 4G,

207

magenta). These results imply that despite the marked difference in spindle size, the

208

dynamic behavior of MTs remains unaltered. To confirm this notion, we measured MT

209

growth using the plus-end protein EB1 and time-lapse imaged embryos expressing a GFP-

210

tagged EB1 protein (EB1–GFP) in control or cytATL injected embryos (Fig. 4H, left,

211

Suppl. Video 8). Since EB1–GFP localizes to growing microtubule ends it displayed

212

moving speckles within the spindle in time-lapse images. To estimate MT growth speed,

213

we generated space-time projections (kymographs) along the spindle axis, which

214

transform the continuously moving speckles to linear signals (Fig. 4H, middle). Analysis

215

of growth speed revealed no significant differences between control and cytATL injected

216

embryos (Fig. 4H, right). Thus, we conclude that the observed changes in spindle

217

architecture upon ectopic addition of cytATL are not accompanied by changes of

218

microtubule dynamics. From this insight, we hypothesized that the ER confers

219

constraining mechanical force on the mitotic spindle, which could play a role in spindle

220

function.

221
222

cytATL-mediated disruption of the ER impairs mitotic spindle pulling forces

223

We next asked how the smaller spindles that result from acute and local perturbation of

224

spindle pole-proximal ER membranes behave at the functional level. For this, we took

225

advantage of a molecular tool that enables the artificial separation of sister chromatids.

226

With this approach, fast Cohesin inactivation is achieved by the Tobacco Etch Virus

227

(TEV) protease in embryos surviving on a modified version of Rad21 that contains TEV

228

cleavage sites (Pauli et al. 2008). Upon microinjection of TEV protease, sister chromatid

229

separation is observed within 1–2 minutes (Oliveira et al. 2010; Carmo et al. 2019). This

230

tool allowed us to investigate changes in pulling force on chromatids, as poleward

231

movement of separated sister chromatids relies on how efficiently they are pulled apart

232

by spindle microtubules. Embryos were first arrested in metaphase, followed by ectopic

233

addition of cytATL or buffer. 10 minutes after cytATL/buffer injection, embryos were

234

injected with TEV protease to trigger artificial sister chromatid separation (Fig. 5A,

235

Suppl. Video 9). Under both conditions sister chromatids separated (Fig. 5B). Analysis
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236

of chromosome movement was performed based on kymographs that display

237

chromosome position over time (Fig. 5C). In control embryos, we found that sister

238

chromatid separation, defined by the bifurcation in the kymograph (Fig. 5C, arrow), is

239

elicited within ~2 minutes upon microinjection with TEV protease while it is delayed

240

upon ectopic addition of cytATL (Fig. 5D). Moreover, the velocity of initial poleward-

241

movement of sister chromatids along the spindle axis, as estimated by the angle of signal

242

bifurcation in the kymograph, is reduced upon cytATL-driven ER disruption compared

243

to the control condition (Fig. 5E). The range of chromatid separation along the spindle

244

axis is also reduced upon cytATL addition (Fig. 5F), which we attribute to lower

245

separation velocity and overall shorter spindle size. After the initial separation, isolated

246

sisters from both experimental conditions (buffer/cytATL) were equally able to engage

247

into oscillatory movements driven by cycles of chromosome capture/detachment (Sup

248

Fig. 3). We conclude that the short spindles imposed by acute ER disruption are still able

249

to pull and capture chromatids. However, poleward chromatid movement occurs at slower

250

velocity, implying a decrease in pulling forces on chromatids.

251
252

cytATL-driven disruption of the ER affects nuclear spacing upon release from the

253

metaphase arrest

254

Our previous work has revealed that the spindle pole MTOC plays a crucial role in

255

daughter nuclei separation and nuclear spacing in the syncytial embryo (Telley et al.

256

2012; de-Carvalho et al. 2022). Having observed spindle pole detachment upon cyATL

257

injection (Fig. 3), we next aimed to probe nuclear separation after disruption of the ER in

258

embryos undergoing the changes characteristic of a normal mitotic exit. For this we took

259

advantage of an inducible release of the metaphase-arrest reported previously (Piskadlo,

260

et al. 2017): we induced a metaphase-arrest in division cycle 10 using the dominant-

261

negative UbcH10C114S for 5 min, followed by injection of buffer/cytATL and waited for

262

10 min to allow for ER disruption. Embryos were subsequently injected with a wild-type

263

version of UbcH10 protein, which induces anaphase onset and, thus, mitotic exit in 4–8

264

min (Fig. 5G). Using this approach coupled to time-lapse imaging, we then generated

265

kymographs of the chromatin signal and tracked chromosome segregation and daughter

266

nuclei separation. This analysis revealed that sister chromatids are separated at a similar

267

velocity during anaphase in both control and cytATL conditions (Fig. 5G-H, Suppl. Video

268

10). This contrasts with what we observed in embryos arrested in metaphase (+TEV

269

cleavage of cohesin) suggesting that anaphase-specific changes may compensate for the
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270

reduced pulling forces observed upon ER disruption in metaphase. However, despite

271

normal segregation speeds, daughter nuclei were not efficiently separated during

272

telophase and early interphase upon ER disruption (Fig. 5H). This process is driven by

273

the centrosome-nucleated microtubule aster (Telley et al. 2012) and, therefore, the

274

reduced separation upon ER disruption is likely caused by the defects observed on spindle

275

pole attachment. Furthermore, the inefficient separation led to a lower nuclear ordering

276

in the subsequent interphase. In our control experiments, UbcH10-arrest/release approach

277

is able to reproduce the non-sibling internuclear distance recently reported for this

278

division cycle (cycle 11) (de-Carvalho et al. 2022). In contrast, upon ER disruption,

279

sibling nuclear distance was shorter and the distances between non-sibling nuclei were

280

longer when compared to the control condition (Fig. 5J-L).

281
282

In summary, here we show that ER membranes located in the vicinity of the spindle poles

283

are critical for maintenance of proper mitotic spindle shape and function. This novel role

284

for ER membranes is required throughout metaphase, even after unperturbed spindle

285

assembly. Our findings highlight that the role of the ER in spindle architecture goes well

286

beyond the phase of spindle assembly at early mitotic stages, as previously reported

287

(Schweizer et al. 2015; Liu and Zheng 2009). We favor that this constant requirement

288

may underlie the observed continuous remodeling of ER membranes, as evidenced by the

289

highly dynamic behaviors of mitotic ER membranes. Cdk1 consensus sequences were

290

found in Drosophila ER-shaping proteins such as Rtnl1, Spastin and Atlastin (Bergman

291

et al. 2015), suggesting that their activity is spatiotemporally regulated throughout the

292

cell cycle. Moreover, the human ortholog of Atlastin-1 interacts with Spastin, a

293

microtubule-severing ATPase, within tubular ER membranes in neurons (Park et al.

294

2010), molecularly linking ER shaping and microtubule dynamics. However, it remains

295

to be determined how the centrosome-proximal ER membranes maintain spindle shape in

296

dividing tissues. Previous work suggested that membranous structures surrounding the

297

spindle can affect molecular crowding and thereby impact on spindle assembly

298

(Schweizer et al. 2015). Although we cannot exclude whether changes in the molecular

299

composition are also imposed in our experiments, the finding that spindle dynamics

300

remains largely unaltered strongly suggests this is not the case. Instead, we favor that ER

301

membranes at the spindle poles may aid on balance of forces within spindle. Mechanical

302

force transmission and balancing may be related to the attachment of the spindle pole

303

MTOC and the anchoring of the microtubule aster to the nuclear envelope. This is
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304

particularly relevant during syncytial divisions, as ordered nuclear positioning needs to

305

be established in the absence of proximal cell membrane. This spatial distribution of

306

dividing nuclei is a crucial event for later developmental steps, such as cell size

307

determination and gene expression patterning. Future work should address the role of the

308

ER in other cells where nuclear positioning is critical, with direct implications on further

309

organism development.
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334

Figures:

335
336

Figure 1: The ER forms an envelope surrounding the mitotic spindle in syncytial

337

embryos. (A-B) Stills of embryonic divisions monitoring ER dynamics at different

338

mitotic stages. ER was visualized with either EYFP-tagged ER retention sequence

339

(EYFP–KDEL, green, A) or the ER-shaping protein Reticulon-like protein 1 (GFP–Rtnl1,

340

green, B). Chromatin is labelled with Histone H2B–mRFP1 (red) and spindle

341

microtubules with microinjected porcine Tubulin labeled with Alexa Fluor 647
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342

(magenta). Grey panels depict ER labelling alone. Scale bar is 10 µm. Arrowheads show

343

events of ER abscission at telophase. (C-F) Quantifications of the ER exclusion area (C),

344

spindle area (D), ER exclusion perimeter (E) and spindle perimeter (F), measured at the

345

middle plane of the nuclei using the EYFP–KDEL strain; sample size: N=7 embryos per

346

condition, n=5 nuclei per embryo; statistical analysis was performed using one-way

347

ANOVA, multiple comparisons, p value adjusted to multiple comparisons (Tukey) (C

348

and E) or two-sided unpaired t-test (D and F); *p<0.05,****p<0.0001, n.s. = non-

349

significant, p>0.05.

350
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351
352

Figure 2: ER dynamics in interphase- and metaphase-arrested nuclei. (A)

353

Fluorescence recovery after photobleaching (FRAP) of the membrane ER marker GFP–

354

Rtnl1, in embryos microinjected with the Cdk inhibitor p27 to induce an interphase-arrest.

355

Recovery of Rtnl1–GFP fluorescence intensity was quantified upon bleaching of the ER
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356

at the spindle pole region (upper panel; N=6 embryos, n=12 nuclei) or at the equator

357

(lower panel; N=5 embryos, n=9 nuclei). (B) FRAP analysis of GFP–Rtnl1 in embryos

358

microinjected with the dominant-negative version of the E2 ubiquitin-ligase UbcH10

359

(UbcH10C114S) to induce a metaphase-arrest. Graphs depict recovery of Rtnl1–GFP

360

intensity upon bleaching at the spindle pole region (upper panel, N=9 embryos, n=17

361

nuclei) or at the equator (bottom panel, N=9 embryos, n=15 nuclei); red circles depict the

362

area bleached in each experimental condition. (C) FRAP analysis of Lys–GFP–KDEL in

363

metaphase-arrested embryos (UbcH10C114S-injected). Graph depicts recovery of Lys–

364

GFP–KDEL after photobleaching at spindle poles (N=5 embryos, n=10 nuclei). In all

365

experiments, average half-times of recovery are depicted, presented as mean ± standard

366

deviation. Scale bars are 10 µm.

367
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368
369

Figure 3: Acute ER disruption is achieved by ectopic addition of cytATL. (A)

370

Experimental layout for acute ER disruption: embryos were arrested in metaphase by
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371

microinjection with UbcH10C114S and allowed to reach chromosome alignment. After

372

arrest (~5 min) embryos were subjected to a second microinjection. ER dynamics was

373

monitored by EYFP–KDEL (green) and chromatin by H2B–mRFP1 (red). (B-C) Stills

374

depicting changes in ER morphology (EYFP–KDEL, green) after microinjection of

375

buffer (B) or the dominant-negative cytATL protein (C) in metaphase-arrested embryos;

376

time (min:s) is relative to the second microinjection (buffer/ cytATL). Grey panels depict

377

ER channel alone. Scale bar is 10 µm. (D) Quantitative analysis of mean fluorescence

378

intensity of EYFP–KDEL in spindle poles or equatorial regions 10 min after

379

buffer/cytATL injection. (E) Coefficient of variation, calculated by the ratio of the

380

standard deviation over the mean (stdev/mean), 10 min after buffer/cytATL injection. (F)

381

ER exclusion area in control (buffer-injected, grey) and cytATL (magenta) conditions at

382

the first (t=0 min) and last (t=10 min) time point of the time-lapse. Statistical analysis

383

using N=10 embryos, n=5 nuclei per embryo. Asterisks represent statistical significance

384

derived from One-way ANOVA, multiple comparisons, p value adjusted to multiple

385

comparisons (Tukey). **** = p<0.0001, n.s. = non-significant, p>0.05.

386
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387
388

Figure 4: Spindle shape and function are affected upon cytATL-mediated ER

389

disruption. (A) Schematics of the experimental layout: embryos were microinjected with

390

UbcH10C114S and Alexa Fluor 647-labelled Tubulin (to visualize spindle microtubules),

391

followed by subsequent microinjection with buffer/cytATL. (B-C) Representative control
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(B) and cytATL-injected embryos (C), showing the ER (EYFP–KDEL, green),

393

chromosomes (H2B–mRFP, red) and the spindle (magenta) at the first (t=00:00 min) and

394

last (t=10:00 min) time points after microinjection with buffer/cytATL. Grey panels

395

depict ER (top) and spindle (bottom) alone. Scale bar is 10 µm. (D-E) Quantification of

396

spindle length (D) and width (E) in control (+Buffer, grey) and cytATL (+cytATL,

397

magenta) embryos at the first (t=0 min) and last (t=10 min) time points of the time lapse.

398

Asterisks depict the statistical significance derived from One-way ANOVA, multiple

399

comparisons, with the p value adjusted to multiple comparisons (Tukey). **** p<0.0001

400

(N=10 embryos, n=5 nuclei). (F) Distance d between the focal point of the spindle and

401

the spindle pole. Arrowheads highlight spindle pole detachment observed upon

402

microinjection with cytATL. Asterisks depict the statistical significance derived from

403

unpaired t-test, **** p<0.0001 (N=10 embryos, n=5 nuclei). (G) FRAP assay of β-

404

tubulin–GFP in UbcH10C114S-arrested embryos (metaphase arrest) in control (Buffer

405

injection) and ER disruption (+ cytATL) conditions. Right: graph depicts recovery of β-

406

tubulin-GFP intensity after bleaching in both conditions and calculated half times of

407

recovery (mean ± SD, N=5 embryos, n=3 nuclei). (H) Analysis of MT growth rate with

408

and without ER disruption (buffer/cytATL injection) in metaphase arrested embryos.

409

Microtubule plus-ends were monitored using a GFP-tagged EB1 transgene. Time

410

(min:sec) is relative to microinjection with buffer/cytATL. Scale bar is 10 µm. Middle:

411

Kymographs of EB1–GFP intensity were generated and the angles of EB1 tracks (yellow

412

lines) were used to estimate the velocities of MT growth, shown on the right. Statistical

413

analysis was performed using unpaired t-test, n.s. = non-significant, p>0.05 (N=4

414

embryos, n=3 nuclei).

415
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416
417

Figure 5: Spindle function is impaired upon cytATL-mediated ER disruption. (A)

418

Experimental layout: embryos were arrested in metaphase (UbcH10C114S microinjection),

419

followed by microinjection with buffer/cytATL. After 10 min, embryos were subjected

420

to a third microinjection with either TEV protease, to induce acute sister chromatid
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421

separation, or UbcH10WT to trigger mitotic exit. Embryos surviving solely on a TEV-

422

cleavable version of Rad21 (Cohesin) were used for these experiments. (B-C) Stills from

423

embryos after microinjection with buffer/cytATL were subsequently microinjected with

424

TEV protease to trigger cohesin cleavage (+Buffer+TEV, B; +cytATL+TEV, C); ER is

425

labelled in green (EYFP–KDEL) and chromosomes in red (H2B–mRFP1); scale bar is 10

426

µm; time (min:sec) is relative to microinjection with TEV; kymographs (right panel)

427

depict chromosome positioning over time; arrows highlight the onset of chromatid

428

separation. (D-F) Quantification of the onset of separation (D), velocity of poleward

429

movement (E) and distance of chromatids separation (F) induced by cohesin cleavage

430

(+TEV), in conditions with intact ER (+Buffer) or disrupted ER (+cytATL). Sample size:

431

N=5 embryos, n=5 different nuclei for each experimental condition. (G-H) Time lapse

432

images of induced anaphase in unperturbed ER (G, +Buffer+UbcH10WT) and perturbed

433

ER (H, +cytATL+UbcH10WT) conditions; ER is labelled in green (EYFP–KDEL) and

434

chromosomes in red (H2B–mRFP1); scale bar is 10 µm; time (min:sec) is relative to

435

microinjection with UbcH10WT; kymographs (right panel) depict chromosome

436

positioning over time; (I-J) Quantification of the velocity of chromosome separation (H)

437

and distance of chromosome separation (J) triggered upon artificial induction of anaphase

438

(UbcH10WT) in embryos previously injected with buffer or cytATL. Sample size: N=5

439

embryos, n=3 different nuclei for each experimental condition. (K-L) Frequency

440

distributions of distance between daughter nuclei (K) and non-sibling nuclei (L) measured

441

3 minutes after anaphase onset; sample size: 3-4 measurements, N=5 embryos (K) and 6

442

measurements, N=5 embryos (L). Asterisks refer to statistical significance, derived from

443

unpaired t tests: * = p<0.05, ** = p<0.01, *** = p<0.001 **** = p<0.0001, n.s. = non-

444

significant, p>0.05.

445
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446

Materials and Methods

447

Fly stocks

448

Fly strains expressing His2Av–mRFP (Schuh et al. 2007), EYFP-ER (LaJeunesse et al.

449

2004) , Rtnl1–GFP (Morin et al. 2001) fluorescent markers, and for induction of artificial

450

sister chromatid separation (Pauli et al. 2008; Oliveira et al. 2010) have been previously

451

described. A list with all stocks can be found in table 1.

452
453
454

Table 1. List of Drosophila stocks used in this study
Genotype
Avic\GFPEYFP.sqh.Tag:SS(hCALR).Tag:ER(KDEL)
(EYFP–KDEL)
GFP-tagged Rtnl1 protein expressed from its endogenous
locus
(GFP–Rtln1)
w[*]; P{w[+mC]=UASpGgal\LYZ.GFP.KDEL}401/CyO
Expresses GFP-tagged chicken lysozyme with an ER
retention sequence under UAS control. (UASp-Lys-GFPKDEL)
w[*]; P{w[+m*]=betaTub56D-EGFP.I}17-1, H2AvmRFP1; MKRS/TM6B
w[*]; P{w[+mC]=His2Av-mRFP1}III.1
Expresses RFP-tagged His2Av in all cells under the
control of His2Av. (H2Av-mRFP1 on the third
chromosome
w[*]; P{w[+mC]=His2Av-mRFP1}II.2
Expresses RFP-tagged His2Av in all cells under the
control of His2Av, on the second chromosome)
w[1118]; P{w[+mC]=ncd-Eb1.GFP}M1F3
Expresses GFP-tagged Eb1 protein during oogenesis and
early embryogenesis under control of ncd regulatory
sequences. (ncd>EB1–GFP)
w*;; Rad21ex15, polyubiq-H2B-RFP, tubpr-Rad21(550-3TEV)
-myc10 (4c)
w*; EYFP-ER; Rad21ex15, polyubiq-H2B-RFP, tubprRad21(550-3TEV) -myc10 (4c)
w*;Rtnl1-GFP; Rad21ex15, polyubiq-H2B-RFP, tubprRad21(550-3TEV) -myc10 (4c)
y[1] w[*]; P{w[+mC]=UAS-Lam.GFP}3-3
Expresses GFP-tagged Lamin under UAS control.
(UAS-Lamin–GFP)
w*; P{UASp-RFP.KDEL}10/TM3, Sb1 (RFP-KDEL)
y[1] w[*]; P{w[+mC]=UAS-Lam.GFP}3-3; P{UASpRFP.KDEL}10/TM3, Sb1

Reference
BDSC #7195. LaJeunesse et al
2004
Kyoto stock center #110579.
(Morin et al. 2001).
BDSC #31423

Described in de-Carvalho et al.
(2022). Originally described in
Inoué et al. 2004; Kyoto Stock
Center #109603
BDSC #23650.

BDSC #23651.
BDSC #57327.

Described in (Oliveira et al.
2010), named here #629
Derived from BDSC #7195 and
#629 (see above)
Derived from BDSC #110579
and #629 (see above)
BDSC #7376.
BDSC #30909
Derived from BDSC #7376 and
#30909
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w;; G302-Gal4/MKRS
Maternal germline-specific driver

Gift from M. Bettencourt-Dias,
originally from Daniel St.
Johnston; Gurdon Institute,
UK.

455
456

Microinjections

457

Microinjections were performed as previously described in (Carmo et al. 2019), using an

458

Eppendorf FemtoJet Microinjector controller and commercially available needles

459

(Eppendorf™ Femtotips™ Diameter (Metric) Inner: 0.5 μm, 11883991). Briefly,

460

dechorionated embryos (1–1.5 h old) were aligned and glued onto a #1.5 coverslip (24x40

461

mm), dried at room temperature for 13 min, and subsequently covered in halocarbon oil.

462

Buffer/protein/chemicals were microinjected at the following concentrations: Buffer (10

463

mM HEPES, 100 mM KCl, 1 mM MgCl2, 10% glycerol), UbcH10C114S (30-40 mg/ml),

464

p27 (4 mg/ml), TEV protease (18 mg/ml), cytATL (60 mg/ml), UbcH10 wildtype (60

465

mg/ml). Porcine Tubulin labelled with AlexaFluor 647 (Tubulin HILyte FluorTM 647

466

labelled, cat. # 1L670M, 20 µg; Cytoskeleton) was reconstituted in freshly prepared and

467

filtered 1X BRB80 buffer (80 mM PIPES, 1 mM MgCl2, 1 mM EGTA, pH 7.8) to a final

468

concentration of 2.5 mg/ml, immediately flash frozen in liquid nitrogen and stored at -

469

80°C. To visualize spindle microtubules upon metaphase-arrest, labelled Tubulin was

470

mixed with UbcH10C114S protein at 1:1 ratio (at a final concentration of 1.25 mg/ml). To

471

visualize spindle microtubules during nuclear division cycles, Tubulin was used at 2.5

472

mg/ml.

473
474

Protein purification

475

UbcH10C114S, p27, TEV protease were purified as previously described (Piskadlo et al.

476

2017; Oliveira et al. 2010). For cytATL, the bacterial expression plasmid containing D.

477

melanogaster cytATL sequence (pET28a-His6-cytATL; kindly provided by Junjie Hu,

478

Nankai University, China) was used to transform E. coli BL21 cells. Bacterial cells from

479

an overnight-grown starting culture were grown in 1L LB medium, supplemented with

480

Kanamycin (50 µg/ml), and incubated at 37°C. Protein expression was induced by adding

481

0.2 mM IPTG once the O.D.600 was at 0.8. The culture was grown at 18°C overnight and

482

bacteria were harvested by centrifugation at 4200 rpm for 45 min, at 4°C. For protein

483

purification, the following buffers were prepared freshly and filtered: 0.1 M KPi at pH

484

7.2; wash buffer (50 mM KPi pH 7.2, 400 mM NaCl, 1 mM ß-Mercaptoethanol, 7 mM

485

imidazole), lysis buffer (50 mM KPi pH7.2, 400 mM NaCl, 1 mM ß-Mercaptoethanol, 7
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486

mM imidazole, 0.1% Triton X-100 supplemented with 1 tablet of protease inhibitors

487

(PierceTM Protease Inhibitor Mini Tablets, EDTA-free, reference A32955, Thermo

488

Scientific) and DNAseI), elution buffer 1 (50 mM KPi pH7.2, 400 mM NaCl, 1 mM ß-

489

Mercaptoethanol, 400 mM imidazole, elution buffer 2 (50 mM KPi pH7.2, 400 mM NaCl,

490

1 mM ß-Mercaptoethanol, without imidazole). Bacterial pellets were re-suspended in 10

491

ml lysis buffer, adding DNase and a protease inhibitor tablet onto the pellet directly. The

492

lysate was then passed through a French press system (Emulsiflex C5 High Pressure

493

Homogeneizer). Protein extract was spun at 16000 rpm for 45 min at 4°C, and the pellet

494

was discarded. Ni sepharose beads (2-3 ml; GE Healthcare) were added into a 50 ml

495

falcon tube. Protein extract was incubated with beads for 1h at 4°C with gentle agitation.

496

Beads were washed 3 times with wash buffer (each round at 700 g for 5 min) and packed

497

into a COLUMN PD-10 EMPTY (GE Healthcare). The protein was eluted in distinct

498

fractions with increasing concentrations of imidazole (80, 150, 300, 400 mM). The two

499

fractions eluted with 300 and 400 mM imidazole were pooled together and dialyzed

500

overnight at 4°C using a cassette (Slide-A-Lyzer Dialysis Cassettes 7 KDa MWCO, 12

501

ml, Life Technologies) into a 1 L volume of cytATL storage buffer (10 mM HEPES, 100

502

mM KCl, 1 mM MgCl2, 10% glycerol). To concentrate the purified cytATL protein we

503

used Amicon ultra centrifugal filter 15 mL with a 10 kDa cut-off (Millipore) and protein

504

concentration was quantified in a nanodrop using the A280.

505
506

Microscopy

507

Time-lapse movies of live embryos were obtained using Confocal Z-series stacks with a

508

Yokogawa CSU-X Spinning Disk confocal, mounted on a Leica DMi8 microscope, with

509

a 63x 1.3NA glycerine immersion objective, using the 488 nm and 561 nm laser lines and

510

a Andor iXon Ultra EMCCD 1024x1024 camera. The system was controlled with

511

Metamorph software (Molecular Devices). For the sequential microinjection

512

experiments, we used 30 sec time points and a total of 10 min for each time-lapse

513

acquisition, with 0.4-0.5 µm z-step size and 15 slices

514
515

Quantitative imaging analysis

516

To quantify the area and perimeter of the ER exclusion zone and of the spindle, a single

517

z slice corresponding to the middle plane of each nucleus was used. All the measurements

518

were performed using the segmented line tool in Fiji (yellow shapes in Fig. 1A, insets),

519

for each channel (ER, spindle) separately.
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520
521

FRAP assays

522

FRAP experiments were performed using Andor's Mosaic system with a 470 nm laser,

523

using 0.25 s (Lys–GFP–KDEL expressing embryos) or 0.5 sec time points (Rtnl1-GFP

524

expressing embryos) and a single z plane was acquired. Collective movement of spindles

525

in the embryo was corrected using the stackreg plugin in Fiji (Thévenaz et al. 1998). The

526

first time point was used as a prebleach reference of fluorescence intensity and bleaching

527

was set to the second time point. Raw fluorescence intensity values were extracted from

528

the time-lapse movies with the plot z-axis profile option in Fiji. FRAP recovery curves

529

were analyzed using the easyFRAPweb tool. Briefly, three different regions of interest

530

(ROIs) were measured over time: the bleached region (circle with 42 pixels diameter),

531

the entire ER compartment of a single nucleus (variable size), and the background (region

532

outside the embryo, circle with 95 pixels diameter). ROI positioning was kept constant

533

throughout the time series (this led to occasional inflow of Lys–GFP–KDEL-labeled

534

vesicles, which may slightly overestimate the mobile pool in this strain).

535
536

ER fluorescence intensity

537

ER mean intensity of control- (+Buffer) and cytATL-injected embryos was measured for

538

the last time point (t=10 min) of the time-lapse. A circle ROI with the same area was used

539

to measure the mean intensity at the spindle pole or the equator regions in the ER channel.

540

Relative signal dispersion was calculated by the ratio between the standard deviation

541

(stdev) and the mean fluorescence intensity (mean).

542
543

Quantification of MT growth and sister chromatid movement

544

Analysis of EB1 dynamics and chromatid poleward movement was performed based on

545

kymographs, created using the FIJI kymograph plug-in (written by J. Rietdorf and A.

546

Seitz, EMBL, Heidelberg, Germany). We estimated speed by measuring the angle of the

547

linear signals (EB1–GFP for MT growth, histone H2B–mRFP1 for chromatid movement)

548

in the kymographs. Quantification of chromosome movement (Supp. Fig. 3A) was

549

performed as previously described (Mirkovic et al. 2015). Briefly, H2B–mRFP1 was

550

imaged at 30 sec intervals and images were segmented to select the chromosomal regions,

551

based on an automatic threshold (set in the last frame, 10 min after TEV injection). For

552

each binary-images movie, a walking average of 3 frames was produced (using

553

kymograph plug-in, written by J. Rietdorf and A. Seitz, EMBL, Heidelberg, Germany)
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554

creating a merged image in which the intensity is proportional to the overlap between

555

consecutive frames. Intensity profiles were used to estimate the percentage of non-

556

overlapping, 2-frame overlap and 3-frame overlap pixels. The area occupied by sister

557

chromatids (Supp. Fig. 3B) was calculated using a macro that filters, creates a mask, and

558

subsequently fits a convex hull algorithm enclosing all the sister chromatids. Then, a

559

spline connecting all the sister chromatids is created. The area of this fitted spline is

560

measured at each time point, estimating the area occupied by sister chromatids at each

561

time frame.

562
563

Distance between sibling and non-sibling nuclei

564

Measurements of distance between sibling (daughter) and non-sibling nuclei were done

565

using the line tool in Fiji, 3 min after anaphase onset (counting from the time point of

566

sister chromatid separation). On average, five pairs of daughter nuclei and six non-sibling

567

(neighboring) nuclei were measured. Graphic representation was performed using Prism

568

seven software (RRID:SCR_002798, GraphPad, La Jolla, CA).
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726

Supplemental Material

727
728

Suppl. Figure 1: Time-lapse images of nuclear division cycle in embryos expressing

729

RFP–KDEL (ER, red) and Lamin B–GFP (nuclear envelope, green) under the control of

730

the G302-Gal4 maternal driver. The ER extends from the nuclear envelope as indicated

731

by the merged image (t=00:30, merged, yellow). As nuclei enter mitosis (t=01:00 to

732

03:00, green), a partially disassembled Lamin B envelope can be observed while the ER

733

is present continuously throughout the cell cycle (red). The nuclear envelope is

734

reassembled at telophase (t=04:00, green).

735
736

Suppl. Figure 2: Expression and purification of D. melanogaster cytoplasmic domain

737

of Atlastin (His6-cytATL). (A) First His6-cytATL protein purification batch using Ni

738

sepharose beads (see Materials and Methods for detailed protocol). 1 – Marker (NZY tech

739

protein marker III). 2 – Supernatant after lysis. 3 – Supernatant after incubation with

740

beads. 4, 5, 6 and 7 are fraction eluted with 80, 150, 300 and 400 mM imidazole

741

respectively. Pooled fractions (6 and 7) were dialyzed overnight into storage buffer,

742

concentrated to 60 mg/ml, flash frozen in liquid nitrogen. Theoretical His6-cytATL
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743

protein size is 48 kDa. (B) Second purification batch using the same protocol as in (A),

744

but with increased volume of beads up to 3 ml. Rows: 1 – Marker, 2 – supernatant after

745

lysis, 3 – supernatant after incubation with beads. 4, 5, 6, 7, 8 – fraction eluted with 40,

746

80, 150, 300 and 400 mM imidazole, respectively. 9 – Marker. (C) Fractions 6 (lane 3

747

and 4 with 5 and 10 µl purified protein, respectively) and 8 (lane 5 with 5 µl purified

748

protein) shown in B.

749
750

Suppl. Figure 3: Quantification of oscillatory movements upon sister chromatid

751

separation induced by TEV-mediated cleavage of Cohesin. (A) Quantification of the

752

oscillatory behavior of separated sister chromatids (related to Fig. 5, upper panel). The

753

movement of sister chromatids was estimated by measuring the signal overlap between

754

three consecutive frames (no overlap – magenta, 2 out of 3 frames overlap – orange, 3

755

out of 3 frames overlap – white). Relative pixel frequency for each category is quantified,

756

displaying no significant difference between the two conditions (Buffer – grey, cytATL

757

– magenta). Statistical analysis using N=5 embryos, n=5 nuclei per embryo, using

758

unpaired t-test, two-sided. revealed no statistical differences between buffer and cytATL

759

injected embryos (p>0.05) (B) Quantification of the area occupied by sister chromatid

760

upon TEV-cleavage of Cohesin, depicting a delay in the onset of sister chromatid

761

separation and a lower area occupied in space for cytATL (magenta) compared to control

762

embryos (grey). (C) Frequency distribution of distance between sister chromatids

763

indicating an increased frequency of measurements ≤ 5.5 µm for cytATL embryos

764

(magenta).
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765

Suppl. Video 1: Syncytial nuclear divisions in Drosophila embryos. ER is labeled with

766

EYFP–KDEL (left, green) or GFP–Rtnl1 (right, green) together with Histone H2B–

767

mRFP1 (red) after microinjection with Tubulin AlexaFluor-647 (magenta, to label

768

microtubules). Times are relative to injection. Scale bar is 10 µm. Acquisition frame rate

769

is 2 min-1. Display frame rate is 3 s-1.

770

Suppl. Video 2: FRAP experiment in embryos containing GFP–Rtnl1 (black), after

771

microinjection with 4 mg/ml of Cdk1 inhibitor p27 to induce an interphase arrest. Scale

772

bar is 10 μm. Time in seconds is relative to pre-bleaching. Bleaching was performed at

773

the second time point, followed by monitoring of recovery of fluorescence intensity over

774

time. Acquisition frame rate is 2 s-1. Display frame rate is 3 s-1.

775

Suppl. Video 3: FRAP experiment on the ER in embryos containing GFP–Rtnl1.

776

Microinjection with 40 mg/ml of a dominant-negative form of the human E2 ubiquitin-

777

conjugating enzyme (UbcH10C114S) was performed to induce a metaphase arrest. Scale

778

bar is 10 μm. Time in seconds is relative to pre-bleaching. Bleaching was performed at

779

the second time point, followed by monitoring of recovery of fluorescence intensity over

780

time. Acquisition frame rate was 2 s-1. Frame rate is 3 frames per second.

781

Suppl. Video 4: FRAP experiment on the ER in embryos containing Lys–GFP–KDEL.

782

Microinjection with 40 mg/ml of a dominant-negative form of the human E2 ubiquitin-

783

conjugating enzyme (UbcH10C114S) was performed to induce a metaphase arrest. Scale

784

bar is 10 μm. Time in seconds is relative to pre-bleaching. Bleaching was performed at

785

the second time point, followed by monitoring of recovery of fluorescence intensity over

786

time. Acquisition frame rate was 4 s-1. Frame rate is 3 frames per second.

787

Suppl. Video 5: Embryos containing EYFP–KDEL, after microinjection with 40 mg/ml

788

of UbcH10C114S to induce a metaphase arrest, and subsequently microinjected with buffer

789

(left) or cytATL (right, 60 mg/ml). Chromosomes are labeled by H2B–mRFP1 (red).

790

Scale bar is 10 μm. Time (min:s) is relative to the time of UbcH10C114S microinjection.

791

Acquisition frame rate was 2 min-1. Display frame rate is 3 s-1.

792

Suppl. Video 6: Embryos containing EYFP–KDEL, after microinjection with 40 mg/ml

793

of UbcH10C114S, together with Tubulin AlexaFluor-647, to induce a metaphase arrest, and
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794

subsequently microinjected with buffer (left) or cytATL protein (right, 60 mg/ml).

795

Chromosomes are labeled by H2B–mRFP1 (red). Scale bar is 10 μm. Time (min:s) is

796

relative to the time of microinjection with buffer/cytATL. Acquisition frame rate was 2

797

s-1. Display frame rate is 3 s-1.

798

Suppl. Video 7: FRAP experiment on half of the spindle after microinjection with 40

799

mg/ml of UbcH10C114S, to induce a metaphase arrest, and subsequently microinjected

800

with buffer (left) or cytATL protein (right, 60 mg/ml). Spindle microtubules are labeled

801

with β-Tubulin–GFP. Scale bar is 10 μm. Time (min:s) is relative to pre-bleaching.

802

Acquisition frame rate was 2 s-1. Display frame rate is 20 s-1.

803

Suppl. Video 8: Microtubule growth dynamics in embryos after microinjection with 40

804

mg/ml of UbcH10C114S, to induce a metaphase arrest, and subsequently microinjected

805

with buffer (top) or cytATL protein (bottom, 60 mg/ml). Spindle microtubules are labeled

806

with β-Tubulin–GFP. Scale bar is 10 μm. Time (min:s) is relative to pre-bleaching.

807

Bleaching was performed at the second time point. Acquisition frame rate was 1 s-1.

808

Display frame rate is 40 s-1.

809

Suppl. Video 9: Embryos containing only TEV-cleavable Cohesin, after microinjection

810

with 40 mg/ml of UbcH10C114S to induce a metaphase arrest, followed by subsequent

811

microinjection with buffer (left) or cytATL (right). A third microinjection with TEV

812

protease was performed to induce sister chromatid separation. ER is labeled with EYFP–

813

KDEL (green) and chromosomes with H2B–mRFP1 (red). Scale bar is 10 μm. Time

814

(min:s) are relative to microinjection with TEV protease. Acquisition frame rate was 2

815

min-1. Display frame rate is 3 s-1.

816

Suppl. Video 10: Embryo after microinjection with 40 mg/ml of UbcH10C114S to induce

817

a metaphase arrest, followed by a subsequent microinjection with buffer (left) or cytATL

818

(right). A microinjection with the wild-type version of UbcH10 (UbcH10 WT) induced

819

mitotic exit. ER is labeled with EYFP–KDEL (green) and chromosomes with H2B–

820

mRFP1 (red). Scale bar is 10 μm. Time (min:s) is relative to the time of UbcH10 WT

821

microinjection. Acquisition frame rate was 2 min-1. Display frame rate is 3 s-1.

