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33 Abstract

34 Nuclear envelope budding (NEB) is a recently discovered alternative pathway for

35 nucleocytoplasmic communication distinct from the movement of material through the nuclear
36 pore complex. Through quantitative electron microscopy and tomography, we demonstrate how
37 NEB is evolutionarily conserved from early protists to human cells. In the yeast Saccharomyces
38 cerevisiae, NEB events occur with higher frequency during heat shock, upon exposure to

39 arsenite or hydrogen peroxide, and when the proteasome is inhibited. Yeast cells treated with
40 azetidine-2-carboxylic acid, a proline analogue that induces protein misfolding, display the most
41 dramatic increase in NEB, suggesting a causal link to protein quality control. This link was further
42 supported by both localization of ubiquitin and Hsp104 to protein aggregates and NEB events,
43 and the evolution of these structures during heat shock. We hypothesize that NEB is part of

44 normal cellular physiology in a vast range of species and that in S. cerevisiae NEB comprises a

45 stress response aiding the transport of protein aggregates across the nuclear envelope.

46 Significance Statement

47 A defining feature of eukaryotes is the nuclear envelope, a double lipid bilayer that serves to

48 isolate and protect the cells genetic material. Transport of large molecules over this barrier is

49 believed to occur almost exclusively via the nuclear pores. However, herpes virions and mega
50 ribonucleoproteins (megaRNPs) use an alternative means of transport — via nuclear envelope

51 budding (NEB). Here, we show NEB is a ubiquitous eukaryotic phenomenon and increases when

52 exposed to various forms of cellular stress. NEB frequency was maximal when the cell was
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53 challenged with a drug that induces protein misfolding, indicating this transport pathway plays a
54 role in protein quality control. These results imply that NEB is an underappreciated yet

55 potentiallyfundamental means of nuclear transport.

56

57 Main Text
58

59 Introduction
60

61 The nucleus is the most prominent organelle in eukaryotic cells, enclosing most of the cellular
62 genetic material within a double lipid bilayer called the nuclear envelope. These two membranes
63 arose as a critical evolutionary step distinguishing eukaryotes from prokaryotes and restricting
64  which molecules come into contact with the cellular DNA. As the nuclear envelope is not

65 permeable to most of the molecules inside the cell, special structures called nuclear pore

66 complexes (NPCs) exist on its surface that allow highly selective translocation over the nuclear
67 membrane (1-3). Molecules smaller than 30-40 kDa can passively penetrate the NPC from the
68 cytoplasm into the nucleus and vice versa, whereas bigger molecules require interaction with
69 nuclear transport receptors and form importin/exportin complexes that are guided through the
70 pores (4-8).

71

72 Since its discovery in 1954, the NPC has generally been accepted as the only means of

73 communication between the cytoplasm and the nucleoplasm (9). However, herpes simplex virus
74 replicates in the nucleoplasm and is released into the cytosol via an outwards budding of the

75 nuclear envelope (10-13). This demonstrates another pathway for nuclear export and there have
76 been several observations suggesting that nuclear envelope budding (NEB) also occurs in

77 healthy cells, with different interpretations of this mechanism being suggested (14-27). These
78 observations were made in a diverse set of organisms but primarily using cells that are under
79  differentiation (embryonic cells) and various terminologies were given to describe the NEB

80 process (Supplementary Table 1). The most recent reports were made in healthy developing

81 Drosophila melanogaster larvae, in the sea urchin gastrula and in the budding yeast

82 Saccharomyces cerevisiae (28-32). Previous studies have shown that budding events in D.

83 melanogaster contain large ribonucleoprotein granules but whether this function is consistent in
84  other cell types remains unknown (28, 31).

85

86 Evidence that material can be exported from the nucleus through NEB has sparked speculation
87  that other large cargoes, such as protein aggregates, could be removed from the nucleus by a

88 similar mechanism (33). Protein misfolding can be highly toxic to the cell and therefore multiple
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89  stress-induced mechanisms have evolved to cope with proteotoxicity (34-36). Cells experiencing
90 large-scale protein misfolding exhibit DNA mutagenesis, which is one of the first steps towards
91 carcinogenesis (37), demonstrating the importance of protein quality control in the nucleus (38).
92 Despite the cell’s primary protein quality control factors, such as chaperones and the ubiquitin-
93 proteasome system, being active in the nucleus, protein aggregates still form under stressful
94 conditions such as heat shock, because these processes cannot fully cope with the quantity of
95 misfolded proteins (39). In most occasions, protein aggregates will enter the nucleus for
96  degradation but cases of nuclear misfolded proteins being transported out of the nucleus to be
97  degraded in the cytoplasm have also been reported (39). Nuclear protein aggregates greatly
98 exceed the 39 nm size limit of active transportation through the NPCs (40, 41), implying that an
99 alternative pathway for their export is required if they are to be transported over the nuclear
100 envelope.
101
102 As well as transporting material from the nucleus to the cytoplasm, NEB can also result in the
103  transfer of a portion of the inner nuclear membrane (INM) to the outer nuclear membrane (ONM),
104  which is continuous with the endoplasmic reticulum (ER). In addition to protein quality control
105 mechanisms in the nucleus and cytoplasm, the endoplasmic reticulum (ER) is equipped with its
106  own set of degradation pathways, to contend with the large quantity of newly synthesized proteins
107 entering the ER (42). Protein degradation in the ER is highly dependent on the ubiquitin
108 proteasome system and facilitates removal of both misfolded soluble and membrane proteins
109 (43). Similarly, degradation of INM proteins can occur via biochemically similar pathways to ER-
110 associated degradation of membrane proteins (44). Several branches of INM-associated
111 degradation (INMAD) exist, each relying on a different E3 ubiquitin ligase to recognize and tag
112 misfolded substrates through ubiquitination steps(45-47). These reflections pose the question:
113 does NEB provide an escape valve needed for clearance of aggregated nuclear proteins? To
114 address this issue, we have examined the NEB pathway of S. cerevisiae under five different
115 stress conditions, all of which caused an increase in NEB events. We also show the presence of
116 NEB in five different evolutionarily distant organisms (Homo sapiens, Caenorhabditis elegans,
117 Saccharomyces cerevisiae, Schizosaccharomyces pombe, Trypanosoma brucei) under normal
118  growth conditions, which reveals the evolutionary conservation of the NEB pathway. Our findings

119 provide evidence that NEB is part of the cell’'s natural stress response and an important pathway


https://doi.org/10.1101/413153
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/413153; this version posted May 7, 2021. 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.

120 to consider when studying nuclear transport, especially with regard to the protein quality control

121 system.
122
123  Results
124

125 NEB increases in frequency during heat shock in S. cerevisiae

126 S. cerevisiae provides a well-understood model system, perfectly tailored to investigate if NEB is
127 an active part of the cellular stress response. An easily applied stress impulse is heat-shock and
128  we therefore subjected S. cerevisiae cells to a mild constant heat stress (38°C) for a time course of
129  up to 90 minutes (Figure 1a). Cells were then cryo-immobilized for electron microscopy studies,
130  which are able to simultaneously visualize both NEB events and protein aggregates, the latter
131  appearing as electron dense content (EDC) (48) within the nucleus (Figure 1b). For each time point
132 between 60 to 80 electron micrographs were acquired, each from a randomly chosen cell section
133 that passed through the cell nucleus. NEB events were identified as electron dense material
134 localized between the two nuclear envelopes, causing it to deform, with a small number of events
135  showing budding of the nuclear membrane but seeming to lack an electron dense cargo (S1). A
136 membrane bilayer was often, but not always, detectable around this material. NEB events
137 commonly had an internal texture resembling the nucleoplasm (Figure 1b),but in some rare events
138  the bud appeared to contain cytoplasmic material including ribosomes (Figure S1). In one case, a
139 vacuole was seen engulfing a protrusion of the nucleus . This phenomenon is termed piecemeal
140 microautophagy of the nucleus and has previously been described in nutrient deprived cells (49).
141 Piecemeal microautophagy has a distinct morphology from the NEB events and were not included
142 in our quantification.

143

144 Morphological variations of NEB (Figure S1) could represent different stages of the same process
145 or different processes. Images were scored both for the presence of NEB events and EDC in the
146 nucleus. Both NEB and EDC increased during heat shock, prior to decreasing near the end of the
147  time course, which potentially reflects a cellular adaptation to the new temperature (Figure 1a).
148 EDC reaches a maximum (83.3% of sections) after 15 minutes and stays relatively stable at this
149 level until 90 minutes, at which point it is only present in 60.5% of sections (Figure 1a). NEB events
150 were found in 2.4% of cellular sections in undisturbed cultures but this fraction significantly
151 increased to 10.3% after 30 minutes of heat shock. The effect of a stronger heat shock treatment

152 (42°C for 30 minutes) was examined to detect a possible correlation of the NEB frequency to the
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153 level of stress. NEB frequency was also here significantly increased in comparison to the control
154  as 16.6% of the nuclear sections displayed NEB (Figure S2).

155  To verify that the observed EDC in the nucleus are protein aggregates, immuno-electron
156  microscopy against the disaggregase Hsp104 (50) and the model misfolding protein temperature
157 sensitive mutant guk1-7 (51) were performed. In these experiments, the secondary antibody is
158 coupled to a gold particle for visualization using electron microscopy. Both Hsp104 and guk1-7
159 localised to the EDC material upon heat shock (Figure 1c, e-f, n = number of examined structures).
160  As a control, an anti-Hsp104 antibody was used to label the EDC in heat shocked wild type and
161 hsp1044 cells to validate the specificity of the labeling. High labeling density of the EDC could be
162 detected in the wild type strain, whereas in the hsp704A strain almost no unspecific gold particles
163  were found (Figure d,g).

164

165 The concurrent increase in frequency of NEB and protein aggregation strengthens the hypothesis
166  that NEB may indeed have an important function during normal cellular stress response. This
167  apparent correlation between the frequency of NEB with heat shock motivated us to test if this
168  pathway is solely affected by heat-shock or if cells react in a similar fashion under different stress
169 conditions.

170

171 Hydrogen peroxide and sodium arsenite stressors also increase NEB frequency

172 Cells may encounter a variety of stress conditions and each of them has a different impact on the
173 cell (52). To investigate whether additional cellular stresses also correlated with an increased
174  frequency of NEB events we challenged S. cerevisiae cells with multiple stress stimuli. A natural
175 stimulus is aging which causes a significant induction of stress response pathways in S. cerevisiae
176 (35, 53), and has previously been seen to trigger an increase in “nuclear herniations” (54). Several
177  factors are responsible for a measurable decline in cellular and physical functions of aged cells,
178  with one of them being aggregated misfolded proteins (55). We isolated replicatively aged
179 biotinylated S. cerevisiae cells, using Streptavidin magnetic beads, from the young unbound
180 population (56) and cryo-immobilized the cells. In old yeast cells, the frequency of NEB events was
181  found to be 9% (Figure 2a, 2d; n=200 sections) which is significantly higher than an undisturbed S.
182 cerevisiae culture (2.4%; n=337) (Figure 1a). However, the remaining younger population also
183 displayed a significant increase in NEB events to 6.9% (n=204 sections; Figure 2d), indicating that

184 these cells may also have been stressed by the mechanical handling steps associated with isolating
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185  the old cells. Thus, we could not confirm the previous finding of significantly increased NEB events
186  inold cells in comparison to young cells (54), in this experimental setup.

187

188 Cells of S. cerevisiae were also subjected to 90 minutes 0.6 mM H202 (hydrogen peroxide,
189 oxidative stress) and 60 minutes 0.5 mM NaAsO:2 (sodium arsenite, heavy metal stress). Treated
190 cells, as well as a control cultures for each condition, were cryo-immobilized and prepared for
191 analysis by electron microscopy. Cells that were treated with sodium arsenite had a NEB frequency
192 of 6% (n=249 sections) and cells treated with hydrogen peroxide had a frequency of 5.9% (n=204
193 sections) (Figure 2b-d). Both control samples had lower levels of NEB events, as found in
194 undisturbed S. cerevisiae (2.4% for the sodium arsenite control for n= 337 and 1.5% for the H202
195 control for n= 197, Figure 2d) . From this set of observations, we conclude that NEB is increased in
196 hydrogen peroxide and sodium arsenite stress as well. .

197

198 NEB frequency is highest under induction of protein misfolding

199 All of the stressors examined above have previously been shown to increase rates of aggregation
200 of misfolded proteins in the cytoplasm and within the nucleus (35, 57-59). To investigate whether
201 or not the observed increase in NEB events is indeed correlated with proteotoxic stress, we
202 examined S. cerevisiae cells after treatment with azetidine-2-carboxylic acid (AZC). AZC competes
203 with the amino acid proline during translation and may be mistakenly incorporated into proteins.
204  Since AZC has one fewer carbon atoms in its ring (4 carbon atoms instead of 5 as in proline), its
205 incorporation into a polypeptide causes a different conformation of the amino acid backbone and
206  this results in aggregation of proteins with non-native structures (60, 61). Cells were grown at
207 normal temperature (30°C) and were treated with AZC, cryo-immobilized after 30 and 90 minutes
208 and prepared for analysis by electron microscopy. Cellular viability upon treatment with all of the
209  stressors mentioned above was not compromised, as validated with propidium iodide (PI) staining,
210 indicative of plasma membrane rupture and thus cell death (Figure S3).

211 The NEB frequency was similar in untreated cells and cells after 30 min of AZC exposure (2.4% n=
212 337 sections and 2.6% n= 114 sections respectively, Figure 2f). However, after 90 minutes of
213 exposure to AZC, the number of NEB events dramatically increased in frequency, reaching 22%
214 (Figure 2e-f; n= 100). This time-dependent increase in NEB after AZC exposure demonstrates a
215 direct link between the NEB pathway and how the cell accommodates proteotoxic stress.

216

217 NEB events are ubiquitinated

218 Most proteins that are destined for degradation through the 26S proteasome system must first bind
219  to a poly-ubiquitin chain (62). Moreover, ubiquitin signaling is known to target cytosolic proteins and

220  organelles for degradation by autophagy (63, 64). To probe if the NEB cargo is targeted for protein

7
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221 degradation via ubiquitin signaling, we performed immuno-EM analysis on S. cerevisiae cells with
222 a polyclonal antibody that has a stronger affinity to poly-ubiquitin chains than to monomeric ubiquitin
223 (Abcam ab19247). In order to stimulate an increase of the NEB events, cells were subjected to 30
224 minutes of heat shock. Images of 60 randomly chosen cell sections were recorded and the number
225 of gold particles per area of various cell structures were quantified (Figure 3a). Lipid droplets were
226 used as a negative control (4 gold particles/um?) (Figure 3a-b) and autophagosomes were chosen
227 as a positive control (67 gold particles/um?2). The nucleoplasm (excluding areas containing EDC)
228  did not differ from the negative control (4 gold/um?) whereas EDC (protein aggregates) were
229 labeled fivefold more frequently (21 gold/um?) (Figure 3a-b). Similarly, NEB events (17 gold/um?)
230  were labeled fourfold more frequently than lipid droplets (4 gold/um2). In order to achieve a higher
231 n number for the NEB events, cells were actively traced and selected based on the presence of
232 NEB events. Most of the gold particles identified as associated with NEB events had a preference
233 oflocalizing in close proximity to the membrane of the bud, but in other examples it would localize
234 more centrally. (Figure 3b, S3). These results confirm the presence of ubiquitin in both EDC and
235 the NEB events recorded during heat shock in S. cerevisiae.

236

237 Proteasome inhibition increases NEB event frequency

238

239 If our hypothesis were correct that NEB could function to remove misfolded proteins from the
240 nucleus that cannot be accommodated by the proteasome, then the inhibition of the proteasome
241 should alter the NEB event frequency. To investigate this, the proteasome was inhibited using two
242 different methods. First, we treated pdr5A cells (65), deficient in a drug efflux pump with the MG132
243 drug which is known to partially inhibit proteasomal activity (66). This treatment led to an observed
244 NEB frequency of 7% (n=200), a significant increase compared to the control group (2.5%, n=200)
245 (Figure 3c). In order to achieve a stronger proteasomal inhibition, the Rpn4 transcriptional activator
246  of genes encoding proteasomal subunits (43, 67) was deleted and the derived strain was prepared
247 for analysis. Inhibition of the proteasome was confirmed by performing western blots against
248 ubiquitin, since decreased proteasome activity will result in an increase of ubiquitinated proteins
249  (Figure 3d). Most of the observed NEB events (11 out of 15) in the rpn4A cells had a distinct
250 electron dense appearance and no obvious membrane surrounded this electron dense material

251 (Figure 3e). In comparison to wild type cells which displayed a NEB frequency of 2.4% (n=337),
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252 rpn4A cells had NEB events in 15% of the sections (n=100) (Figure 3c). These results suggest that
253 NEB pathway is an alternative to the ubiquitin proteasome system.

254

255

256 NEB structures contain Hsp104-GFP

257 To probe for the presence of aggregated proteins within NEB, we performed immuno-EM in heat
258 shocked cells (38°C for 30 minutes) with an anti-GFP antibody in cells expressing Hsp104-GFP.
259 Even though Hsp104 is not an aggregate per se, it is a well-characterized chaperone which
260 localizes to aggregated proteins in the nucleus and the cytoplasm, where it acts as a disaggregase,
261 (68-70) and supports the degradation of ubiquitinated membrane proteins in the ER-associated
262 degradation pathway(71). In comparison to the negative control (lipid droplets, 1.7 gold/ um2), NEB
263 events were highly labeled by gold particles (122 gold/um?) comparable to the positive control
264 (EDC, 144 gold/um?) (Figure 3f-g). This finding is consistent with either a function of NEB in
265 transporting misfolded nuclear proteins to the cytoplasm, or INM proteins to the ER for degradation.
266 NEB structures are not misassembled NPCs

267 It has been suggested the NEB events are misassembled NPCs (54, 72). When certain key genes
268 required for NPC assembly are deleted, herniations of the nuclear envelope similar to NEB events
269 are observed (73, 74). These types of herniations have a distinct morphology with a ‘neck
270 resembling’ formation between the vesicle and the INM which was revealed to be a defective NPC
271 by subtomogram averaging (75). These NPC-exposing herniae are then degraded by autophagy
272 (75, 76). In addition, NPCs assemble via an inside-out mechanism during which the INM evaginates
273 slightly, although functional NPC assembly does not resemble NEB (77).

274

275  Toclarify if our observed NEB could also be misassembled NPCs, we performed immuno-EM using
276 an antibody that recognizes four NPC components (Nup62, Nup153, Nup214 and Nup358) on both
277 undisturbed S. cerevisiae cultures as well as the aged cells. In the undisturbed culture , the majority
278 (67%) of NPCs observed were labeled by gold particles (positive control; n = 95) (Figure 4a, 4e)
279 and only 16.7% of lipid droplets (negative control; n=82). Only in one case was a NEB event labeled
280 (16.6%, n=6) (Figure 4c) whereas all other NEB events were unlabeled (Figure 4b-c, 4e). In the
281 old yeast cells, 81% of the observed NPCs were labeled by gold particles (positive control; n=100)
282 (Figure 4d-e) whereas only 8% of lipid droplets were labeled (negative control; n=100) (Figure 4e).
283 In contrast, only one atypical NEB event was labelled by a gold particle (10%; n= 10) (Figure 4e).
284

285 To further support this distinction between NEB and herniation, a comparison of the detailed
286 morphology of NEB events with the previously reported herniations was accomplished through

287  dual-axis electron tomography of the nuclear envelope in S. cerevisiae. This analysis showed that

9
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288  the selected NEB event was completely enveloped in a lipid bilayer and wedged in between the
289  two nuclear membranes (Figure 4f-g). Moreover, the 3D reconstruction revealed that the vesicle
290 contained between the lipid membranes was complete and was not attached to either nuclear
291 membrane by a ‘neck’ with only the outer nuclear membrane extending towards the cytoplasm. As
292 such this morphology was strikingly different to that previously identified as associated with the
293 misassembly of NPCs (77). It is also noteworthy that the 3D reconstruction did not show an obvious
294 connection of the NEB events with the ER, separating these two compartments. A different
295 morphology of a nuclear envelope-ER connection in comparison with the NEB events can also be
296 seen in the acquired thin sections of nuclei (Figure S5). As such, both the immuno-EM results and
297  the 3D morphology of NEB events suggest that the partial or incomplete assembly of NPC and
298 NEB are distinct structures. However, the possibility that a small fraction of the protrusions
299 quantified as NEB events in this study may be better assigned NPC related structures remains.
300

301 The NEB pathway is part of normal cellular function from humans to protists

302 To gain insights into the evolutionary conservation of NEB we imaged and quantified NEB events
303 in thin sections of nuclei in human mast cells (HMC-1), C. elegans nematodes, two yeast species
304 S. cerevisiae and S. pombe, as well as the parasitic protozoan T. brucei using electron microscopy
305 (Figure 5a). Since the HMC-1 nucleus has a diameter of ~8 uym (Figure 5b) we chose to examine
306  sections corresponding to a little more than one nuclear volume (8 um/70 nm thick sections = 114
307 serial sections/nucleus). By the same logic, the number of thin sections examined corresponded to
308 approximately four total nuclear volumes of T. brucei and S. pombe and five nuclear volumes of C.
309 elegans and S. cerevisiae cells. For C. elegans, images of nuclei were acquired from intestinal cells
310 and oocytes.

311

312

313 In HMC-1 cells, three morphologically different categories of NEBs were observed (Figure 5a). The
314 most commonly observed morphology was outwards protruding buds, occurring in 7.3% of nuclear
315 sections (n = 9; Figure 5a-b), which will hereafter be referred to as type 1 NEB. In a few cases of
316 type 1 NEB events, both the outer and inner membranes expand towards the cytoplasm with
317 electron dense material partially wrapped by the nuclear envelope bud and the protrusion is open
318 to the nucleoplasm (Figure 5b). In most of the type 1 NEB events however (n= 6), the electron
319 dense material is clearly located between the two membranes with only the outer membrane
320 expanding towards the cytoplasm. The second type of NEB events observed had the inner nuclear
321 envelope expanding towards the nucleoplasm. These were termed type 2 NEB events, and
322 occurred in 3.3% of sections. Finally, for type 3 NEB events the transported material is situated

323 between the nuclear membranes with no clear protrusion in either direction. This occurred in 2.5%

10
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324  of sections. Some thin sections of nuclear envelopes contained more than one bud, revealing that
325 NEB can occur at multiple sites on the same nucleus (Figure S1).

326

327 NEB events are observed to occur in all five organisms examined (Figure 5a) but with varying
328 frequency. The lowest frequency of NEB events was in S. cerevisiae (2.5%, n=161 sections),
329 followed by S. pombe (6.9%, n=101 sections), T. brucei (8.4%, n=119 sections), C. elegans (11.6%,
330 n=138 sections) and most frequently in HMC-1 cells (13.1%, n=122). Only type 1 NEB events were
331 identified in all organisms other than HMC-1 (Figure 5b-e), except for a single event in S. pombe
332 that we classified as type 3 (Figure 5f). The morphology of the NEB events varied between and
333  within species, with some buds being small and having indistinct electron dense material whereas
334  other events were large and had a membrane surrounding the material. The average size of the
335 NEB events did not show a large variation between species except for HMC-1 cells, which yielded
336  distinctly larger buds (Figure S6).

337

338 The morphology of NEB was compared in more detail through electron tomography reconstructions
339  of NEB events from both S. pombe and T. brucei. In S. pombe, one event of type 1 NEB was
340  visualized (Figure 6a-c) whereas two type 1 NEB events were reconstructed from T. brucei (Figure
341 6d-h). The NEB event that appeared to have progressed the furthest had distinct regions of higher
342 electron density surrounding the base of the bud (Figure 6g, black arrow). For both S. pombe and
343 T. brucei the cargoes of the NEB events were found between, and fully separated from, the nuclear
344 membranes, and were similar to what was observed in S. cerevisiae (Figure 4g). Moreover, the
345 NEB event observed for S. pombe clearly displayed the presence of a lipid bilayer that completely
346 enveloped the cargo (Figure 6b). However, a clear bilayer surrounding the transported material
347 could not be ascertained in the T. brucei tomographic reconstruction. Since in many cases the
348 transported material appeared to have a vesicle-like structure, we tested for an involvement of the
349  ESCRT pathway known to facilitate the formation of cellular vesicles, and already implicated in the
350 formation of morphologically similar protrusions of the nuclear envelope (78, 79). However, ESCRT
351 components did not appear to contribute to the formation of NEB events in our experiments (S7).
352

353 We conclude that NEB was observed in all species examined in this study. Our findings combined

354  with previous published observations are summarized into a phylogenetic tree (Figure 7),
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355 illustrating how the NEB pathway is evolutionarily conserved among eukaryotes and is part of
356 normal cellular function in an evolutionarily diverse sampling of species.

357

358

359

360 Discussion

361

362 Nuclear envelope budding (NEB) has been observed since 1955 as nuclear herniations across a
363 diverse range of organisms and at different developmental stages. This phenomenon is well

364 studied with regards to its role in virus infection and the detailed structure of NEB events have
365 been revealed using cryo-electron tomography of infected cells (11). Yet, NEB remains viewed as
366 an irregularity rather than a normal route for transport over the nuclear envelope in healthy

367 mature cells. We present here three different lines of evidence that NEB is a widely conserved,
368 physiologically normal cellular process that increases in frequency due to cellular stress and is
369 specifically activated by an increase in protein aggregation. Firstly, we observed that five distinct
370 stress conditions: heat shock; hydrogen peroxide; arsenite; proteasome inhibition and AZC

371 treatment, all led to an increase in the frequency of NEB, with the AZC treatment most

372 prominently activating the NEB pathway among all stressors. Secondly, immuno-EM revealed the
373 presence of ubiquitin and Hsp104, a protein disaggregase, in the cargo of the buds, which

374 supports our hypothesis that this pathway is involved in protein degradation. Thirdly, NEB events
375  were detected in every species examined, from T. brucei to human cell line HMC-1. Collectively,
376  these results suggest a role of the NEB pathway in protein quality control and highlight its

377 evolutionary conservation. These observations shed light on the cell’s mechanism to cope with
378 proteotoxic stress and identify a new module of the nuclear quality control system. Moreover,

379 since the NEB pathway is evolutionarily conserved and is also present in human cells, this work
380 provides a new perspective for studying cellular stress response related human diseases (80).
381

382 Nuclear budding and the protein quality control system

383 Although chaperones and the ubiquitin-proteasome system are known to clear misfolded proteins
384  from the nucleus (81, 82), the nuclear protein quality control system is not as well characterized
385 as the cytosolic and the ER systems (39). Various cellular events and pathways have been

386 described whereby aggregated proteins and chaperones are imported from the cytosol and into
387 the nucleus and these pathways are consistent with observations that 80% of the proteasomes at
388 steady state are located within the nucleus (83, 84). An alternative pathway, however, has also

389 been reported for which ubiquitinated proteins in mammalian cells and in the nematode C.
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390 elegans are transported from the nucleus to the cytosol via a ubiquitin-associated domain-

391 containing protein (UBIN) (85).

392

393 Some proteins that exceed the size limit of the NPCs may nevertheless enter the complex after a
394 reversible conformational change in their tertiary structure (86). Although large aggregates could
395 potentially be transported in a similar manner, it stands to reason that under conditions of cellular
396 stress, the transportation of many aggregates through NEB events would provide a more efficient
397  and therefore advantageous gateway into or out of the nucleus. In support of the above

398 supposition, a process called “piecemeal microautophagy of the nucleus” has been described in
399 S cerevisiae in which nuclear envelope buds are released directly into the vacuole lumen for
400  degradation (49).

401

402 Our observations that NEB increases during five different cellular stresses (heat shock, hydrogen
403 peroxide, arsenite, proteasome inhibition and AZC exposure) in S. cerevisiae strongly implicate
404 that NEB is related to the protein quality control system. Aging has been previously shown to
405 influence the formation of NEB-like events in the perinuclear space (54), with an apparent

406 increased in replicatively aged cells of about 17% when compared to the remaining young

407 population (stated as mixed population). Though the isolation method we used in this study

408 involved a higher number of isolation steps in comparison with the aforementioned literature, we
409 were unable to reproduce the difference in NEB frequency between the old and young population.
410 There is a significant increase in both isolated cell groups with a stronger effect on the aged cells.
411 Possible reasons for the inability to reproduce what has been shown before could be due to the
412 differences in the isolation process. Conclusions that can be safely extracted are that mechanical
413 stress is also able to increase NEB frequency and aging most likely creates a further stressful
414 environment for the cells.

415 The presence of ubiquitin and Hsp104 in the NEB events lends further support for this

416  functionality due to the fact that ubiquitin is involved in many protein quality control pathways

417 including the ubiquitin-proteasome system and macroautophagy, and Hsp104 is known to

418 mediate disaggregation of misfolded proteins (87-89). The large increase in NEB events due to
419 the AZC treatment reinforces this putative role of NEB as a cellular stress response. Since AZC
420 acts upon protein conformational stability directly without influencing other parameters such as
421 the external temperature or membrane fluidity, these experiments constitute a more targeted

422 challenge for the protein quality control system. Additionally, in a previous study where

423 aggregated proteins were identified after cellular stress induced by AZC, arsenite and hydrogen

424 peroxide treatment, AZC had the largest number of affected proteins among the stressors (58). A
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425 strong effect of AZC on the folding of proteins could explain why NEB is more prominent in the
426 AZC-induced stress response when compared to the cellular response to other stressors.

427 Finally, the connection between proteasomal activity and NEB frequency supports the association
428  with the protein quality control system. Inhibition of proteasomal activity showed a clear increase
429 in NEB events which could be translated as a cellular attempt to cope with a large number of

430 misfolded proteins or proteins which are normally degraded by the proteasome. Most of the NEB
431 events recorded in the rpn4A strain, had a distinct morphology compared to NEB events triggered
432 by other stressors. This observation may reflect a difference in the nature and composition of the
433 transported material, indicating that NEB may well be involved in more than one cellular activity.
434  The distinction between NEB events and defective NPCs

435 Deleting key genes required for NPC assembly can induce nuclear envelope “herniations” that
436 appear somewhat similar in structure to NEB events (73-76, 90, 91). These herniations are

437 believed to arise from the outer nuclear membrane sealing above the defective NPC, thereby
438 capturing the transported material between the NPC and the nuclear envelope and creating a
439 bulge resembling a budding vesicle. If this phenomenon underpinned our observed NEB events,
440  the intermembrane vesicle should be connected to the INM where the defective NPC is located. A
441 connection between the INM and intermembrane vesicle resembling a “neck” would also be a
442 plausible intermediate state in the formation of a vesicle from the INM that encloses nuclear

443 material. Such neck-like connections between the INM and contents of the bud were previously
444 observed in strains deficient in TorA, an ER protein with ATPase activity, and various Nups that
445 lead to defective NPCs (31, 73, 74). Furthermore, the size of the necks seen in NEB events after
446 hyperactivation of Chm7, a component of the ESCRT-III like complex, and misassembled NPCs
447 were compared previously and it was concluded that while appearing similar, both features were
448 morphologically distinct (79). Neck-like or NPC-like structures connecting the intermembrane

449 vesicles to the INM were not visible in any of our acquired tomograms, suggesting that our

450  tomograms contain buds in which the intermembrane vesicle or material has fully formed and
451 these buds are not the result of NPC malformation. In addition to these morphological differences
452 revealed by 3D tomographic reconstructions, the immuno-EM assay demonstrated that the NEB
453 events were not associated with NPCs since only two of the 16 observed events in this assay
454 were labeled for NPC proteins.

455

456  The evolutionarily conserved nature of NEB

457  We observed NEB events within the cells of all species we examined including animals, fungi and
458 protozoa. There is a thread stretching back through the scientific literature which shows that NEB
459 events have repeatedly been observed in animals, plants and protists (Table S1). The genetic

460  diversity of these observations is summarized in Figure 7, which presents a phylogenetic tree
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illustrating that NEB events have been observed for 18 different species within the eukaryotic
domain. Therefore, despite NEB not being widely recognized as a means of nuclear transport,
these observations combine to create a compelling argument that NEB is an evolutionarily

conserved phenomenon of eukaryotic cells.

From our sequence of experiments using the model systems S. cerevisiae we concluded that
NEB events facilitate the removal of aggregated proteins from the nucleus. This pathway could
potentially also support the co-transportation of other cellular components required for protein
degradation. Since NEB embodies an alternative route for transport over the nuclear envelope
that has been largely overlooked, our observations highlight an opportunity for discovery in
eukaryotic cell biology where a broad range of interconnected questions may emerge. It will be
necessary to determine if the frequency of NEB is also increased by cellular stressors in human
cells, and in particular additional cellular stress associated with aging. One issue is the important
role of protein aggregation within a variety of neurodegenerative diseases such as Alzheimer’s
and ALS (80, 92). Should NEB also be an underappreciated mechanism for the clearance of
protein aggregates in human neurons then this potentially has far-reaching neurological

implications.

Materials and Methods

Antibodies and reagents
Please refer to Supplementary tables 3 and 4 for a detailed information on antibodies, strains,

primers and reagents.

Experimental models

HMC-1 cells

Human mast cell line 1 (HMC-1; (93)) cells were cultured in Iscove’s modified Dulbecco’s medium
(IMDM). The cells were then treated with 10% exosome-depleted fetal bovine serum (FBS), 100
units/ml streptomycin, 100 units/ml penicillin, 2 mM L-glutamine, and 1.2 U/ml alpha-thioglycerol
in incubators kept at 37°C and 5% carbon dioxide (94, 95).

Trypanosoma brucei

Procyclic T. brucei strain 427 was cultured in SDM-79 media with 20% fetal bovine serum.
Cultures were prepared and maintained at a concentration of 5 x 105 and 1 x 107 cells per mL
(96-98).
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497 Schizosaccharomyces pombe
498 Logarithmically growing wild type fission yeast S. pombe were grown at 30°C in YE5S medium
499 (94,99, 100).
500 Caenorhabditis elegans
501 The C. elegans wild type reference strain was the Bristol N2 variety. The worms were cultured on
502 normal growing media plates (NGM plates) and the E. coli strain OP50 was used as a food
503  source. The worms were maintained at the optimal temperature of 25°C (101, 102). Adult worms
504  were used for electron microscopy.
505 Saccharomyces cerevisiae
506  Wild type cells of S. cerevisiae (BY4741) were cultured in YPD media at 30°C (103). A strain with
507 endogenous HSP104 C-terminally tagged with GFP (104) was used for old cell isolation, heat
508  shock and sodium arsenite experiments. The deletion mutants hsp7044 and rpn4A4 are from the
509  YKO collection (EUROSCAREF, Frankfurt, Germany). Strains used for investigating involvement of
510 the ESCRT-pathway in NEB and the pdr54 strain are from this study (see yeast strains list).
511 Transformations were performed following standard procedures (105), and gene deletions and
512 endogenous tags were integrated via homologous recombination (106). For the hydrogen
513 peroxide experiment, cells were grown in synthetic complete media (with yeast nitrogen base,
514  without amino acids, pH 5.5, complete supplement mixture of amino acids and 2% glucose).
515 High-pressure freezing for electron microscopy and tomography
516 All samples used in this study has been prepared using high-pressure freezing followed by freeze
517  substitution. HMC-1 cells were loaded into membrane carriers and were high-pressure frozen in a
518 Leica EM PACT1 (Leica microsystems, Wetzlar, Germany). T. brucei and S. pombe were loaded
519 into carriers and were high-pressure frozen in a Leica EM PACT2. C. elegans and S. cerevisiae
520 samples were loaded into aluminum specimen carriers and were high-pressure frozen in a
521 Wohlwend Compact 3 (M. Wohlwend GmbH, Sennwald, Switzerland). Yeast paste from wild type
522 S. cerevisiae cells was used as a cryoprotectant filling the space surrounding the worms.
523 For a summary of all high-pressure freezing and freeze substitution experiments see table 1. For
524 all samples (except S. pombe) a short freeze substitution protocol was applied, using 2% uranyl
525  acetate dissolved into acetone (UA; from 20% UA stock in methanol) for one hour (94, 97, 107).
526 To increase the penetration into intact worms, the UA solution was left on the samples for 14h (as
527  the temperature was increased to -50°C). The UA incubation was followed by two washes in
528 100% acetone for one hour each. Before embedding, the temperature was raised from -90°C to -
529 50°C overnight with a rate of 3°C/h. Samples were then embedded in K4M or HM20 resin in
530 increasing concentrations of 20%, 40%, 50%, 80% and finally three times in 100% plastic (2
531 hours per solution). Polymerization of the plastic occurred over 48h using UV light at -50°C
532 followed by 48h in room temperature. S. pombe cells were high-pressure frozen and fixed
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533 through freeze substitution (long protocol) with anhydrous acetone containing 0.25% UA, 0.1%
534  dehydrated glutaraldehyde and 0.01% osmium tetroxide (OsO4) (99, 100, 108, 109).

535 For tomography, serial semi thick sections of about 210-250 nm (S. pombe) and 350 nm (T.

536 brucei and S. cerevisiae) were cut and samples were poststained with 2% UA in dH20 followed
537 by Reyonold’s lead citrate. Gold particles (15 nm) from British Bio Cell were applied to both sides
538  of the grid to be used as fiducial markers. (96, 97, 99).

539 All other samples were sectioned in 70 nm thin sections and placed on either copper slot or mesh
540  grids. Sections were stained with 2% UA for 5 minutes and Reynold’s lead citrate for 1 minute
541 (110). Washing steps after each staining were performed in dH20.

542 Immuno-electron microscopy

543 For the immuno-labeling experiments, the same high-pressure frozen samples embedded in

544  HM20 resin were used, a benefit of that short FS protocol (107). For a summary of these

545 experiments, see table 2. Grids with 70 nm thick sections were fixed in 1% paraformaldehyde
546  (PFA)in PBS for 10 minutes. After three PBS washes of 1 minute each, samples were blocked
547  with 0.1% fish skin gelatin and 0.8% BSA in PBS for 1 hour. For detection of NPC proteins, grids
548  were then incubated in a 1:50 dilution of mAb414 (BioLegend, San Diego, USA) for two hours,
549  followed by a 1:150 dilution of rabbit anti-mouse immunoglobulins (Agilent/Dako, Glostrup,

550  Denmark) for an hour, and then a 1:70 dilution of 10 nm gold-conjugated protein A (CMC UMC
551 Utrecht, The Netherlands) for 30 minutes. For labeling of ubiquitin, grids were incubated in a 1:20
552 dilution of antibody ab19247 (Abcam, Cambridge, UK) for 2 hours. Detection of GFP was

553 performed by using a 1:5, 1:10, or 1:30 dilution of ab6556 (abcam, Camebridge, UK) and

554  detection of Hsp104 by using a 1:100 dilution of ab69549 (abcam, Camebridge, UK) incubated
555 overnight. Goat-anti-Rabbit IgG 10 nm gold (Electron Microscopy Sciences, Hatfield PA, USA)
556  was then used at a 1:20 dilution for an hour. All incubations were performed at room

557 temperature, except for the primary antibody which was kept at 4°C. Three washing steps (20 min
558 in PBS) were carried out after incubations with each antibody. 2.5% glutaraldehyde was applied
559  to sections for 1 hour followed by three washes (1 min in dH20). Sections were then contrast
560 stained in 2% UA for 5 minutes (wash 3x 2 min in dH20) and 1 minute in Reynold’s lead citrate
561 (washed 5x 1 min in dH20).

562 Image acquisition and electron tomography

563  All thin sections were imaged at 120 kV either on a LEO 912 OMEGA (Zeiss, Krefeldt, Germany)
564 equipped with a 2k x 2k VELETA Olympus CCD camera or on a Tecnai T12 transmission

565 electron microscope equipped with a Ceta CMOS 16M camera (FEI Co., Eindhoven, The

566 Netherlands). Double axis tilt series of serial sections of T. brucei samples were acquired every
567  degree using the serialEM software (111) on a Tecnai TF30 300 kV IVEM microscope (FEI Co.,
568 The Netherlands) equipped with a Ultrascan 785 4k x 4k camera binned to 2k x 2k (pixel size 1
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569 nm). For S. pombe, digital images (Gatan Ultrascan 890 or 895 camera, pixel size 1.5 nm) single
570  axis tilt series were taken every 1.5° over a £60°-65° range operating a Tecnai TF20 electron
571 microscope (FEI Co., Eindhoven, The Netherlands) (99). For S. cerevisiae, double axis tilt series
572 of serial sections were acquired on a Tecnai TF30 300 kV microscope (FEI Co., The Netherlands)
573 equipped with a Gatan One View camera (pixel size 1.6 nm, increment 1.5° over a £60° range).
574 Tomograms were acquired with the use of serialEM (111). The tomographic reconstruction was
575 performed using of the IMOD software package (112).

576 Isolation of old yeast cells

577 Isolation of old yeast cells was performed according to Smeal et al. with some modifications in
578  order to reduce mechanical stress and improve the cell morphology for electron microscopy (56).
579 In brief, the cell surface of exponentially growing cells was labeled with biotin by incubating the
580 cells with 0.5 mg/ml Sulfo-NHS-LC biotin (#21335, Thermo Fisher scientific) for 20 min at room
581 temperature. Cells were grown in YPD, harvested prior saturation of culture, and washed in PBS
582 + 0.5% glucose. Biotinylated cells were labeled with 17.5 ug/ml Streptavidin magnetic beads

583 (#21344, Thermo Fisher scientific) for 1.5 hours followed by 3 x 15 min magnetic sorting with PBS
584  + 0.5% glucose washes in between. Another two rounds of growth, streptavidin-labeling, and
585 sorting was performed. The old cells and their unbound daughters were recovered in YPD for 4
586 hours before high-pressure freezing.

587  Stress treatments of S. cerevisiae

588 Cells were grown at 30°C to mid exponential phase. For mild heat shock, the culture was shifted
589  to 38°C and samples were collected after 0, 5, 15, 30, 45, and 90 minutes (113). The more

590 severe heat shock was performed at 42°C for 30 min. For hydrogen peroxide, sodium arsenite,
591 and AZC treatments the culture was split into two, one kept as unstressed control and one treated
592  with the stressor. Cells were exposed to 0.6 mM hydrogen peroxide for 90 minutes, 0.5 mM

593  sodium arsenite for 60 minutes, or 1 mg/mL AZC for 30 and 90 minutes (corresponding control
594 culture was grown for 60 minutes after mid exponential phase). Cells were harvested by filtration
595 followed by high-pressure freezing.

596 Proteasome inhibition

597 The rpn4A4 strain and a wild type control was grown to mid exponential phase and prepared for
598 high-pressure freezing. The pdr54 strain was grown to mid exponential phase prior addition of
599 either 50 uM MG132 (#C2211, Sigma-Aldrich) dissolved in DMSO or an equivalent volume of
600 DMSO. A 60 min incubation at 30°C followed before cells were prepared for high-pressure

601 freezing.

602

603  Analysis of polyubiquitination
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Cells were cultured and treated as described above. Mid-exponentially grown yeast
corresponding to ODeoo = 20 was harvested, washed once in distilled water and resuspended in 1
ml lysis buffer (100 mM Tris pH 7.5, 100 mM NaCl, 5 mM ethylenediaminetetraacetic acid, 1 mM
dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 20 mM N-ethylmaleimide). Homogenisation
was conducted via an Avestin Emulsiflex C-15, applying a homogenization pressure of 18 000
psi. Samples were cleared from cell debris and unlysed cells by centrifugation for 5 min at 3500
rcf and 4°C. 100 pl of cleared lysate was mixed with the same volume of 2x Laemmli buffer (100
mM Tris pH 6.8, 4% SDS, 20% glycerol, 0.2% bromophenol blue, 200 mM 2-mercaptoethanol)
and incubated for 15 min at 95°C. The samples were then applied for SDS-PAGE and
immunoblotting following standard protocols. Equal loading was controlled via Ponceau S staining
directly after wet electrotransfer on PVDF membranes and blots were decorated with an anti-
ubiquitin antibody (1:1000, HRP-conjugated, P4D1, sc8017, Santa Cruz). Clarity Western ECL
Substrate (BIO-RAD, 1705060) and a ChemiDoc XRS+ Imaging System (BIO-RAD, 1708265)

were used for detection

Analysis of cell death

Loss of membrane integrity was assessed with propidium iodide (PI) staining as previously
described (114). Briefly, cells were harvested in 96-well plates after the respective stressor/mock
treatment and resuspended in 250 yl of PI solution (100 ug/l Pl in phosphate buffered saline PBS;
25 mM potassium phosphate, 0.9% NaCl; adjusted to pH 7.2). After 10 min incubation in the dark,
cells were washed with 250 pl of PBS and analysed via flow cytometry (Guava easyCyte 5HT;

Merck group). 5000 events were recorded per strain and condition using InCyte software (3.1).

Confocal microscopy

For visualization of nuclei, yeast cells were harvested and resuspended in DRAQS staining
solution (5 yM DRAQS in PBS). After 10 min incubation in the dark, cells were washed once with
PBS and immobilized on agar slides. Specimen were analyzed with a ZEISS LSM700 microscope
using ZEISS ZEN blue software control. Plan-Apochromat 63x/1.40 Oil M27 objective was
employed. Appropriate filter settings were used to visualize GFP and DRAQS5. Micrographs were
analyzed and processed with the open-source software Fiji (115). To reduce image noise,
Gaussian filtering (o = 1) was applied, followed by background subtraction (rolling ball radius =

100 pixels). Pictures within an experiment were captured and processed in the same way.

Phylogenetic tree
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A phylogenetic tree was constructed showing all the organisms where NEB events have been
observed. The tree was generated based on the NCBI taxonomy browser for scientific names and

visualized by the EvolView online software (http://www.evolgenius.info/evolview/).

Statistics and reproducibility

The frequency of NEB events was achieved by counting the number of events present in
approximately 100-200 thin sections of nuclei. The percentage of sections containing events in
each organism was presented as a bar graph. For the NPC immuno-EM assay, different cell
compartments (NPCs, NEBs and lipid droplets) were categorized as labeled or not labeled based
on the presence or absence of gold particles. Similarly, the percentage of labeled compartments
was presented as a bar graph. For the statistical analysis, different statistical tests were
examined but a non-parametric Wilcoxon test was performed as our data represent frequencies
and the numerical values are not following a normal distribution nor are continuous variants
(values were considered as 0 for the absence of events and 1 for the presence of events).. The
test was performed using the MATLAB multi-paradigm programming language. For further details
on the examined statistic tests see Supplementary table 2. . For the ubiquitin and Hsp104-GFP
immuno-EM, the area and number of gold particles of different cell compartments were measured

using IMOD (https://bio3d.colorado.edu/imod/). The amount of gold particles per area was

presented as bar graph. For cell death analysis,

results are displayed either as dot plots (if n < 5) where mean (square), median (centre line) and
s.e.m. are depicted, or as box plots (if n > 5) with mean (square) and median (centre line) as well
as whiskers presenting minima and maxima within 2.2 interquartile range (IQR). Outliers were
defined by the 2.2-fold IQR labelling rule. Normal distribution of data was examined with a
Shapiro-Wilk's test and homogeneity of variances was evaluated with a Levene's test. A student's
t-test was used to compare between two groups and displayed significances are two-sided, and a
one-way ANOVA with a Bonferroni post hoc test was applied to compare between three and
more groups. Significances are indicated with asterisks: ****p<.0001, ***p< .001, **p < .01, *p <
.05, n.s. not significant. Further information on sample size can be found in the respective figure

legends. All figures were processed with Origin Pro 2017 or Adobe lllustrator CS6 (Adobe).

Data availability
Links to the online library for the 2D electron microscopy pictures acquired during this study:

http://cellimagelibrary.org/groups/50813

http://cellimagelibrary.org/images/50818

http://cellimagelibrary.org/groups/50832

http://cellimagelibrary.org/groups/50841

http://cellimagelibrary.org/groups/50849
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967 Figures and Tables

968

969

970

971

972 Figure 1. NEB increases in frequency during heat shock in S. cerevisiae. (a) Percentage of

973 nuclei exhibiting NEB (left axis, black bars) and EDC (right axis, grey bars) as a function of time
974 after cells have been subjected to heat shock (38 °C, n=63-337). NEB peaked at a level of 10.3%
975 after 30 minutes and EDC exhibited a stable plateau of about 81% between 15 and 45 minutes.
976 (b) Thin section containing NEB and EDC in heat shocked S. cerevisiae cells. Black arrow

977 indicates NEB event, where the outer nuclear membrane clearly protrudes outwards and a
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978 particle resides within the perinuclear space. (c) Labeling density of gold particles between

979  untreated and heat shocked cells (38 “C for 30 minutes) using an anti-GFP antibody. Both

980 Hsp104-GFP and guk1-7-GFP were preferentially localized at the EDC areas compared to the

981 rest of the nucleoplasm. (d) Labeling density of Hsp104 using an anti-Hsp104 antibody in wild

982 type and hsp704A cells subjected to heat shock at 38 °C for 45 minutes. No gold particles were

983 detected in the mutant strain showing the specificity of the antibodies. (e-g) Representative

984 images and respective models of the immuno-stained samples quantified in ¢ and d. Hsp104 and

985 guk1-7 are significantly localized to the EDC area whereas only one gold is detected in the EDC

986  of the hsp104A mutant. Scale bars: 300 nm (b) and 500 nm (e, f, g). Abbreviations: NEB, nuclear

987 envelope budding; EDC, electron dense content; N, nucleus; V, vacuole; . *P<.05,

988 **P<.01,"*P<.001 vs. zero time point or control group; ns no significant differences between

989 groups.

990

991 Figure 2. Four different cellular stressors increase NEB frequency in S. cerevisiae cells.

992  Thin sections containing NEB events in (a) old cells (b) cells subjected to oxidative stress with

993 H202 (c) cells exposed to sodium arsenite . (d) Percentage of nuclei containing NEB events in

994 cells in each stress condition compared to control cultures grown under normal conditions.

995 Young cells were also examined after separation from old cells and show an increase in NEB

996 compared to the control, but to a lesser extent than old cells. Cells exposed to H202 were grown

997 in different media than the other cultures, and therefore were compared to a different control

998 culture . n is equal to the number of examined sections. (e) Thin section containing a NEB event

999 in cells treated with AZC, a chemical which causes proteotoxic stress. (f) Percentage of nuclei
1000 containing NEB events before as well as 30 and 90 minutes after treatment with AZC . Cells
1001 exhibited a higher percentage of NEB (22%) after 90 minutes of exposure to AZC than in any
1002 other condition tested. All scale bars 200 nm. Abbreviations: NEB, nuclear envelope budding;
1003 N, nucleus; black arrows indicate NEB events. *P<.05, **P<.01, ***P<.001 vs. control; ns no
1004  significant differences between groups.
1005

1006  Figure 3. Association of NEB pathway and protein quality control system.. (a) Immuno-gold
1007 labeling with an anti-ubiquitin antibody (ab19247) was quantified as the amount of gold particles
1008 per square micrometer for five different cellular structures. Lipid droplets (n=42) served as a
1009 negative and autophagosomes (n=13) as a positive control. EDC (n=192) and NEB events

1010 (n=12) exhibited an increase in labeling compared to lipid droplets and the nucleoplasm (n=42)
1011 which was defined as area within the nucleus not containing EDC. (b) Thin sections labeled with
1012 the anti-ubiquitin antibody ab19247. To the bottom of each micrograph a model is drawn to help

1013 distinguish gold particles. Two labeled NEB events are shown in the first two panels and an EDC
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1014 containing gold particles is shown in the third panel . (c-e) Proteasomal inhibition triggered a
1015 significant increase in NEB events with 73% of them having a distinct electron dense appearance.
1016 (f-g) Immuno-gold labeling of an anti-GFP antibody of an Hsp104-GFP strain was quantified as
1017 the amount of gold particles per square micrometer. Lipid droplets (negative control; n=41) and
1018 EDC (positive control; n=50). NEB events (n=10) exhibited an increase labeling density in

1019 comparison to the negative control. All scale bars 200 nm. Abbreviations: NEB, nuclear

1020 envelope budding; N, nucleoplasm; EDC; electron dense content; LD, lipid droplet; APS,

1021 autophagosomes; white arrow indicates NEB.

1022

1023 Figure 4. NEB structures are not misassembled NPCs. Immuno-gold labeling, with the

1024 Mab414 antibody which recognizes four different NPC proteins, was performed on thin sections
1025  of cells grown under normal conditions (a-c) and old cells (d). To the right of each micrograph, a
1026 model is drawn to help distinguish the locations of gold particles. (e) Percentage of labeled NPCs
1027  (positive control), lipid droplets (negative control) and NEB events are plotted. Data for

1028 unstressed cells is shown in black, and for old cells in grey. Lipid droplets and NEB events were
1029 rarely labeled in contrast to the highly labeled NPCs. (f) 25 nm thick slice of NEB in a

1030  tomographic reconstruction of S. cerevisiae. Both nuclear membranes are clearly visible

1031 surrounding a vesicle within the perinuclear space. In all slices of the tomogram, the membrane
1032 of this vesicle is complete and not continuous with either nuclear membrane. (g) 3D model of the
1033 NEB event contained in f. Nuclear membranes are presented in orange color and the transporting
1034  material in pink. n is equal to the number of examined structures. Scale bars: 200 nm (a-d), 100
1035 nm (f-g). Abbreviations: NEB, nuclear envelope budding; N, nucleus; LD, lipid droplet; APS,
1036 autophagosomes; NPC, nuclear pore complex; black arrows indicate NEB events, asterisks

1037 indicate NPCs. *P<.05, ***P<.001 vs. NPCs (positive control).

1038

1039  Figure 5. The NEB pathway is part of normal cellular function from humans to protists.
1040  Thin sections containing nuclei were examined for the presence of NEB events in five different
1041 organisms in wild type cells grown under normal conditions. (a) Percentage of nuclei containing
1042 NEB events. NEB events were either outwards protruding (type 1), inwards protruding (type 2),
1043 or did not protrude more in either direction but clearly contained a particle in the perinuclear

1044  space (type 3). NEB was observed in (b) HMC-1 cells (n=122) (c) C. elegans (n=138) (d) T.
1045 brucei (n=119) (e) S. cerevisiae (n=161) and (f) S. pombe (n=101) by electron microscopy. Scale
1046  bars: 2 ym (b), 200 nm (c, f), 500 nm (d), and 300 nm (e). Abbreviations: NEB, nuclear envelope

1047 budding; HMC-1, human mast cell line 1; N, nucleus; black arrows indicate NEB events.

1048
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Figure 6. 3D architecture of NEB events of S. pombe and T. brucei visualized with electron
tomography. (a, d) 1.5 nm thick slices of S. pombe and T. brucei tomographical reconstructions
showing NEB events (black boxes). A second NEB event in T. brucei, not clearly visible in the
presented tomographic tilt, is located on the left lower part of the nucleus (dashed black box). (b,
e) 15 nm thick zoomed-in views of the NEB events in S. pombe and T. brucei. In S. pombe a lipid
bilayer is surrounding the transported material whereas in T. brucei the density is surrounded by
the nuclear membranes only. (g) Second NEB event of T. brucei (acquired at the tomographic tilt
that allowed best visualization of this NEB event). Electron dense particles are observed around
the neck of the bud (black arrow). (c, f, h) Reconstructed 3D models of the NEB events. Nuclear
membranes are presented in orange color and the transporting material in pink. Scale bars: 500

nm (a, d) and 100 nm (b-c, e-h). Abbreviations: NEB, nuclear envelope budding; N, nucleus;

Figure 7. Phylogenetic tree of the species where NEB events have previously been
observed. The phylogenetic relationships between the species are presented as a horizontal
cladogram with the root to the left. Species indicated with blue color are from this study.
References presented from 1 to 13 respectively: (17), (18), (14), (16), (15), (29), (19, 26, 28),
(25), (21), (20), (23), (24), (22). All sketches are drawn by the author and are not subject to

copyright protection.
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Figure 7
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