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SUMMARY

Wilson and colleagues use electron tomography and time-lapse fluorescence
microscopy to observe that mitochondrial-derived compartments (MDCs) are generated
from outer mitochondrial membrane extensions that repeatedly elongate, coalesce, and

invaginate to secure membrane cargo and cytosol within a distinct, protected domain.

ABSTRACT

Preserving the health of the mitochondrial network is critical to cell viability and longevity.
To do so, mitochondria employ several membrane remodeling mechanisms, including the
formation of mitochondrial-derived vesicles (MDVs) and compartments (MDCs) to
selectively remove portions of the organelle. In contrast to well-characterized MDVs, the
distinguishing features of MDC formation and composition remain unclear. Here we used
electron tomography to observe that MDCs form as large, multilamellar domains that
generate concentric spherical compartments emerging from mitochondrial tubules at ER-
mitochondria contact sites. Time-lapse fluorescence microscopy of MDC biogenesis
revealed that mitochondrial membrane extensions repeatedly elongate, coalesce, and
invaginate to form these compartments that encase multiple layers of membrane. As
such, MDCs strongly sequester portions of the outer mitochondrial membrane, securing
membrane cargo into a protected domain, while also enclosing cytosolic material within
the MDC lumen. Collectively, our results provide a model for MDC formation and describe
key features that distinguish MDCs from other previously identified mitochondrial

structures and cargo-sorting domains.
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INTRODUCTION

Mitochondrial architecture is continuously remodeled to support the functional demands
of the organelle and to preserve homeostasis. In actively growing cells, mitochondria form
a dynamic, tubular network that is separated from the cytosol by two membranes. The
outer mitochondrial membrane (OMM) creates an initial barrier and establishes
connections with other organelles, while the inner mitochondrial membrane (IMM) creates
an impervious barrier that protects the multitude of metabolic reactions occurring in the
mitochondrial matrix (Pfanner et al., 2019; Harper et al., 2020). The IMM also dynamically
invaginates to form cristae, which are imperative for efficient energy production and in the
establishment of several distinct aqueous and membrane subdomains within
mitochondria (lovine et al., 2021). Because of the critical role mitochondria perform in cell
metabolism, several investigations have analyzed the remodeling of mitochondria that
occurs to match metabolic demand (Hackenbrock et al., 1966; Davies et al., 2012;
Kondadi et al., 2020a; Kondadi et al., 2020b). Mitochondria also reorganize their
architecture in response to diverse cellular stressors, and the formation of aberrant
mitochondrial structures represent a hallmark phenotype of disease states and aging
(Youle and van der Bliek, 2012; Hughes et al., 2012). Indeed, the failure to prune the
mitochondrial network by removing impaired or damaged portions of the organelle can
actively contribute to the progression of many neurodegenerative disorders (Palikaras et
al., 2018; Killackey et al., 2020). Currently, the extent of remodeling mechanisms
mitochondria use to respond to different stress conditions and to preserve mitochondrial

health remains incompletely understood.
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Various abiotic and biotic stressors can induce mitochondrial damage, leading to the
separation and degradation of whole mitochondria through a variety of selective
mitophagic processes (Killackey et al., 2020; Onishi et al., 2021). Mitophagy through the
PINK1-Parkin pathway monitors mitochondrial health, in part by sensing deterioration of
the mitochondrial membrane potential, which leads to the accumulation of PTEN-induced
putative kinase 1 (PINK1) at the OMM. PINK1 subsequently recruits the E3 ligase Parkin,
and together these proteins initiate a phosphorylation and ubiquitylation signaling
cascade that marks mitochondria for mitophagic turnover (Lazarou et al., 2012;
Kondapalli et al., 2012; Pickles et al., 2018). Conversely, receptor-mediated mitophagy
uses distinct autophagic receptors localized on the mitochondrial surface to initiate
mitophagy in response to diverse stress conditions, including starvation and hypoxia, or
to remove mitochondria during development and cell differentiation (Schweers et al.,
2007; Kanki and Klionsky, 2008; Zhang et al., 2008; Esteban-Martinez et al., 2017). In
yeast, a reduction in metabolic demand and a switch to nitrogen starvation conditions
leads to the expression and phosphorylation of the OMM-anchored mitophagy receptor
Atg32 (Kanki et al., 2009; Okamoto et al., 2009; Aoki et al., 2011; Kanki et al., 2013),
which in turn recruits autophagy machinery to initiate phagophore assembly and also
recruits the yeast dynamin-related GTPase, Dnm1, so that portions of the mitochondrial
network can be removed to facilitate mitochondrial turnover (Mao et al., 2013; Abeliovich

etal., 2013).

Rather than reorganizing the entire mitochondrial network, some stress conditions induce

mitochondria to sort cargo into distinct, membrane-bound domains leading to the
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97 piecemeal degradation of select mitochondrial cargo (Sugiura et al., 2014; Hughes et al.,
98 2016). As a means for both steady-state turnover and in response to mild stress
99 conditions, mitochondria form small vesicles (mitochondrial-derived vesicles, MDVs)
100 approximately 50-160 nm in diameter that form by budding away from the mitochondrial
101 network, encapsulating cargo from just the OMM or inclusive of both mitochondrial
102 membranes and proteins from multiple mitochondrial subdomains (Soubannier et al.,
103  2012a; Soubannier et al., 2012b; Konig et al., 2021). In response to mild oxidative stress,
104 the formation of MDVs also involves the PINK1-Parkin pathway but occurs kinetically
105 faster than full mitophagy (McClelland et al., 2016), and in some instances can
106 compensate for the loss of mitophagy (Towers et al., 2021), all together suggesting that
107 MDVs may act to preserve mitochondrial health prior to removal of whole mitochondria.
108 Recently, a study that followed mitochondrial responses to Toxoplasma gondii infection
109 observed that the targeting of the pathogen protein TgMAF1 to the OMM induced
110 mitochondria to shed their OMM. However, rather than forming small OMM-derived
111  MDVs, large (several microns in diameter) OMM-derived ring-shaped structures formed,
112  called structures positive for the outer membrane (SPOTSs), that robustly accumulated
113  some OMM proteins while excluding intramitochondrial proteins (Li et al., 2022).

114

115 Previously, in the budding yeast, Saccharomyces cerevisiae, we identified a
116  mitochondrial quality control pathway that also involves the selective sorting of
117 mitochondrial proteins into a distinct domain called the mitochondrial-derived
118 compartment (MDC). In old-aged yeast cells and in response to several acute stressors,

119 mitochondria form large, spherical compartments that robustly sequester only a minor
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120 portion of the mitochondrial proteome (Hughes et al., 2016; Schuler et al., 2021). These
121 MDCs are generated from a dynamic remodeling of mitochondrial membranes that
122 rearrange at sites of contact with the ER and eventually form distinct spherical structures
123  that contain resolvable lumens (English et al., 2020). Subsequently, MDCs are removed
124  from mitochondria and delivered to yeast vacuoles for degradation, suggesting that MDCs
125 act as a piecemeal autophagic mechanism that is induced to remodel or segregate select
126  cargo from mitochondria (Hughes et al., 2016). Intriguingly, the primary cargo proteins
127  identified within MDCs all include mitochondrial membrane proteins restricted to the OMM
128 (Hughes et al., 2016; Wilson et al., 2023 preprint). However, the nature of MDC
129  morphogenesis, the mechanisms involved in MDC formation, and the features of MDCs
130 that distinguish them from other mitochondrial remodeling pathways all remains
131  unresolved.

132

133 In this study, we used transmission electron microscopy and electron tomography to
134  determine the ultrastructural morphogenesis of MDCs. We observed that MDCs form as
135 large, multilamellar spherical compartments that frequently encase four membrane
136  bilayers, all of which strongly labeled for the OMM protein Tom70. Using time-lapse
137  fluorescence microscopy, we demonstrate that MDCs form through OMM extensions that
138 repeatedly elongate, coalesce, and invaginate to create these compartments with layers
139  of entrapped membrane. In doing so, MDCs engulf both OMM and cytosolic content,
140  securing cargo into a distinct, protected domain, and thus provide evidence for how MDCs

141  can robustly sequester certain cargo proteins from the OMM. Collectively, these results
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142 provide a model for MDC formation and define key features that distinguish MDCs from
143  other previously identified mitochondrial structures and cargo-sorting domains.

144

145 RESULTS

146 Rapamycin treatment induces yeast to produce mitochondrial-derived
147  multilamellar structures

148  Previously, we demonstrated that the inhibition of the mechanistic target of rapamycin
149 (mTOR) robustly induces the formation of mitochondrial-derived compartments (MDCs)
150 (Schuler et al., 2021). MDCs are novel mitochondrial subdomains characterized by their
151  strong enrichment of a select portion of the mitochondrial proteome (Hughes et al., 2016).
152  For example, in haploid yeast cells treated with rapamycin for two hours, we observe that
153 ~60% of cells form an MDC, demonstrated by the sequestration of the mitochondrial
154 import receptor Tom70 into a large domain emerging from mitochondria that
155 simultaneously excludes Tim50, an essential subunit of the Tim23 inner membrane
156  translocase complex (Fig. 1, A and B, Hughes et al., 2016). In haploid yeast cells, MDCs
157  typically resolve into large spherical domains, ~400nm in mean diameter, that contain a
158 resolvable lumen (Fig. 1, A and C). While these aspects of MDC formation have been
159 previously characterized (English et al., 2020), the ultrastructural morphogenesis of
160 MDCs remains unknown.

161

162  To elucidate the structural characteristics of MDCs, we used thin-section transmission
163  electron microscopy (TEM) to survey the ultrastructural morphogenesis of mitochondria

164 in the same yeast strain that was analyzed in Fig. 1, A-C. Yeast were grown to log-phase,
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165 treated with DMSO (vehicle control) or 200 nM rapamycin for two hours, and then
166 processed for TEM analyses by cryo-immobilization through high-pressure freezing
167 followed by freeze-substituted fixation, a process that has been demonstrated to preserve
168 membrane structure and limit fixation artifacts (West et al., 2011). In cell profiles from
169 yeast treated with DMSO or rapamycin, mitochondria are readily observable as double-
170 membrane bound organelles that form elongated tubules (longitudinal section) or small
171  spherical organelles (cross section) with a darker luminal contrast compared to the yeast
172 cytosol (yellow arrows, Fig. 1, D-F). Intriguingly, in cell profiles from yeast treated with
173  rapamycin, we observed the formation of large (300-500 nm in diameter), spherical-
174  shaped, multilamellar structures emerging or adjacent to mitochondrial tubules (Fig. 1, F
175 and G). These mitochondrial-associated multilamellar structures were always observed
176  in close proximity to or appeared directly attached to mitochondrial tubules. However,
177 these structures appeared distinct from typical mitochondria because they contained
178 multiple (>2) membrane bilayers and had a lighter luminal contrast (Fig. 1, F and G).
179  These multilamellar structures appeared in ~2% of cell sections surveyed (out of >800
180 cell profiles) near our expected frequency (~3%) for capturing a putative MDC structure
181 by thin-section electron microscopy. We confirmed that these structures were derived
182 from mitochondria as they labeled specifically with antibodies conjugated to 10-nm
183  colloidal gold particles that targeted Tom70-GFP (Fig. 1, H-J). The labeling specificity of
184 these antibodies is demonstrated by the high frequency by which we observed gold
185 particles at mitochondria compared to other membrane-rich organelles, such as the ER
186 and nucleus (Fig. 1 J). Together, these results demonstrate that rapamycin treatment

187  induces yeast to produce mitochondrial-derived multilamellar structures.
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188

189 Initially, we characterized the formation of MDCs in aged yeast cells and in yeast treated
190 with the Vacuolar H*-ATPase inhibitor, Concanamycin A (ConcA), which mimics the
191  alkalinization of vacuoles that occurs during yeast aging (Hughes et al., 2016; Hughes et
192  al,, 2012). While treating cells with 500 nM ConcA induces MDC formation, MDCs are
193 less frequent (forming in ~40% of cells) and resolve into spherical domains that are
194  slightly smaller (~360nm in mean diameter) than those produced after rapamycin
195 treatment (Fig. S1, A-C; Schuler et al., 2021). Despite this reduction in MDC formation
196  upon ConcA treatment compared to rapamycin treatment, we also observed the formation
197  of mitochondrial-associated multilamellar structures in cell profiles derived from yeast that
198 had been treated with 500nM ConcA for two hours (Fig. S1 D). These multilamellar
199  structures were also mitochondrial-derived as immunolabeling demonstrated that they
200 contained Tom70-GFP (Fig. S1, D and E). Considering the mitochondrial network is
201 preserved in rapamycin-treated cells, and that MDCs form more frequently upon
202 rapamycin treatment, we focused the rest of our EM analyses on yeast treated with
203  rapamycin.

204

205 Mitochondrial-derived multilamellar structures enrich for Tom70-GFP and exclude
206 Tim50-mCherry

207 A defining feature of MDCs is the exclusion of most mitochondrial proteins, including the
208 inner membrane protein, Tim50 (Fig. 1 A). Notably, a dual-labeled immunoelectron
209 analysis demonstrated that while the rapamycin induced mitochondrial-derived

210  multilamellar structures labeled strongly for Tom70-GFP, they were largely devoid of
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211 Tim50-mCherry (Fig. 2). A serial-section reconstruction derived from thin-section TEM
212 images of a dual immuno-labeled multilamellar structure revealed that this structure
213 formed an elongated, spherical compartment that appeared to be enclosing at two
214  tapered ends (Fig. 2, A-E; and Video 1). Other than the two tapered ends, this structure
215 appeared completely enclosed. However, we cannot exclude the possibility that small
216  (~10-30nm) openings exist, and we did not capture the entirety of this mitochondrial-
217  derived multilamellar structure (Fig. 2, A-E; and Video 1). The outer compartment was
218 ~520nm in diameter and was bound by two closely-apposed membrane bilayers that
219 surrounded a second compartment (~490nm in diameter) also formed by two closely-
220 apposed membrane bilayers (Fig. 2, A-C; and Video 1). Additionally, this mitochondrial-
221  derived multilamellar structure appeared to be directly adjacent to a mitochondria-ER
222  contact site, as the ER was identified based on the size and contrast staining that were
223 consistent with prior observations for ER membranes (Fig. 2, D and E, ER is colored in
224  yellow; and Video 1; West et al., 2011), and near an additional double-membrane
225  vesicular structure that labeled strongly for Tom70-GFP (Fig. 2, D and E, labeled in green,;
226 and Video 1).

227

228  Antibodies conjugated to 6-nm colloidal gold particles that targeted Tom70-GFP could be
229  observed throughout the reconstructed multilamellar structure, including within the interior
230 (cyan-labeled dots), between and on both sets of double membrane compartments (cyan-
231 labeled dots), and externally on the surface of the larger compartment (green-labeled
232 dots) (Fig. 2, A and C-E; and Video 1). Conversely, antibodies conjugated to 10-nm

233 colloidal gold particles that targeted Tim50-mCherry were only observed along

10
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234 mitochondrial tubules and unenriched within the adjacent multilamellar compartment (Fig.
235 2 B-E; and Video 1). A larger dual-labeled immunoelectron analysis of 178 cell profiles
236 revealed that antibodies detecting Tim50-mCherry are consistently absent from these
237  mitochondrial-derived multilamellar structures (Fig. 2 F). The absence of Tim50-mCherry
238  within these domains cannot be attributed simply to the lower protein abundance of Tim50
239 compared to Tom70, as antibodies against either protein strongly labeled mitochondria
240  but Tim50 was more depleted in the multilamellar structures compared to the reduction
241  in labeling observed at mitochondria (Fig. 2 F).

242

243  Mitochondrial-derived multilamellar structures contain sets of paired membrane
244  Dbilayers

245  Prompted by our observations from thin-section TEM, we examined the ultrastructure of
246  mitochondria after rapamycin treatment by thick-section electron tomography. Electron
247  tomography from yeast treated with rapamycin for two hours revealed the formation of
248  spherical, multilamellar structures (labeled green) that were bound by two (Fig. 3 A-C;
249 and Video 2) or four membrane bilayers (Fig. 3 D-F; and Video 3) in contact with
250 mitochondrial tubules. All of these structures contained a lighter luminal contrast staining
251 distinct from the contrast staining observed in the adjacent mitochondrial tubules and
252  comparable to the surrounding cytosol (Fig. 3; and Videos 2 and 3). Measuring from the
253  limiting membrane, the smaller double-membrane structures were ~135 nm and ~170 nm
254  in diameter and were reminiscent of the smaller, double-membrane structure strongly
255 labeled with Tom70-GFP seen previously (compare Fig. 3 A-C to Fig. 2 D and E). Also

256  similar to the multilamellar compartment observed in Fig. 2, the larger, multilamellar

11
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257  structure was bound by a set of two closely-apposed membrane bilayers (~420 nm in
258 diameter) that surrounded an internal layer of closely-apposed paired membranes (~370
259 nm in diameter). The diameters of these larger, multilamellar structures are consistent
260  with our measurements of MDC diameter from super-resolution fluorescence microscopy
261 (Fig. 1 C). Noticeably, each of these multilamellar structures were near an ER-
262  mitochondria contact site or directly in contact with the ER, which was identifiable based
263  on the continuity of the ER membranes that also contained areas with bound ribosomes
264 (Fig. 2 and 3; and Videos 1-3; ER labeled in yellow). These observations are consistent
265  with results from a prior investigation that showed that MDCs form at ER-mitochondria
266  contact sites and also require ER-mitochondria contact sites for MDC biogenesis (English
267 et al., 2020). Interestingly, another serial-section reconstruction of a large (~720nm in
268 diameter) multilamellar structure that robustly labeled with antibodies targeting Tom70-
269 GFP showed extensive ER contact, potentially indicating that ER contact with MDCs
270 increases as these structures grow in size (Fig. S2 A-C; and Video S1). Altogether, the
271  results from our electron microscopy analyses support the interpretation that MDCs are
272 formed from multiple layers of mitochondrial membrane and contain luminal content
273  distinct from the mitochondrial matrix.

274

275  While autophagosomes frequently associate with mitochondria, and it has been reported
276 that mitochondrial membranes and ER-mitochondria contact sites support
277  autophagosome biogenesis (Hailey et al., 2010; Hamasaki et al., 2013), we considered it
278 unlikely that autophagosomal membranes were involved in generating the membrane-

279  enriched mitochondrial-derived compartments we observed in our EM analyses.

12
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280 Previously, we demonstrated that both the core autophagy machinery and the yeast
281 mitophagy receptor Atg32 are not required for MDC formation (Hughes et al., 2016).
282  Furthermore, when we analyzed the localization of rapamycin-induced GFP-Atg8 foci
283 compared to MDCs to assess if MDCs are bound by autophagosomal membranes, we
284  observed that GFP-Atg8 foci did not co-localize with MDCs and were only within close
285 proximity to MDCs about 15% of the time (orange arrows, Fig. S2, D-F). We also
286 frequently observed MDCs near the cell periphery, while autophagosomes form and are
287  often observed in close proximity to the vacuole (Fig. S2, G-J; Suzuki et al., 2013), and
288 by electron tomography, autophagosomes often contained internal vesicles, which we
289 have yetto see inside MDCs (Fig. S2, G-J, autophagosome labeled in orange). Moreover,
290  ourimmunolabeling experiments for Tom70-GFP demonstrated that Tom70-GFP is found
291 at both the surface and within internal membranes of MDCs, altogether indicating that
292  MDCs are not additionally bound by autophagosomal membranes.

293

294  Mitochondrial-derived compartments form through membrane extension
295 intermediates

296 To investigate how mitochondria rearrange to form MDCs and capture the layers of
297 membrane we observed in our ultrastructural analyses, we followed MDC biogenesis
298 using time-lapse imaging of live yeast cells by fluorescence microscopy. Yeast expressing
299 Tom70-GFP alone or Tom70-GFP and Tim50-mCherry were imaged every minute over
300 a two-hour time course after MDC formation was induced via treatment with 200 nM
301 rapamycin. Often within the first twenty minutes, we observed a membrane extension

302 containing only Tom70-GFP that would extend along or emerge from mitochondria and

13
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303 subsequently fold back on itself to create a bright, spherical focus enriched for Tom70-
304 GFP (Fig. 4 A-C; and Videos 4 and 5). Through seven separate experiments that captured
305 52 rapamycin-induced MDC biogenesis events, we observed that 43 of the MDC forming
306 events (~83%) began through a membrane extension intermediate that subsequently
307 coalesced into a Tom70-GFP focus with greater fluorescent intensity than Tom70-GFP
308 on the mitochondrial tubule (Fig. 4 B). Sometimes these bright Tom70-GFP foci would
309 grow into large spherical domains with resolvable lumens that we have been defining as
310 MDCs. However, frequently we found that the Tom70-GFP foci would repeat the process
311 described above, continuing to grow and extend, creating bright, elongated extensions
312 that invaginated prior to resolving into a large spherical compartment with a resolvable
313 lumen (Fig. 4 C and Video 5; Fig. S3 A; and Video S2). These examples of Tom70-GFP
314 positive membranes that appear to repeatedly extend and fold inward provide an
315 explanation for how MDCs contain layers of membrane as observed by our ultrastructural
316 analyses. This process of MDC formation also provides a potential explanation for how
317 proteins trapped in MDCs become strongly enriched within these domains because they
318 would be additionally captured within the internal membrane layers of MDCs.

319

320 Because our time-lapse imaging demonstrated that MDCs form through dynamic
321 rearrangements of mitochondrial membranes that frequently but not always resolve into
322 large spherical compartments, we quantitatively assessed the structural diversity of
323 MDCs at the two-hour time point post rapamycin treatment. We binned the MDC
324  morphologies that we observed into four categories: large spherical compartments with a

325 resolvable lumen (compartment), bright spherical foci without a resolvable lumen (large

14
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326  spheres), bright membrane extensions (BME), or MDCs that formed as amorphous
327  structures we defined as irregular-shaped Tom70-GFP-enriched clusters (ISC) (Fig. 4 D).
328 From this quantitative analysis we observed that most MDCs resolved into large spherical
329 domains with (~33%) or without (~28%) resolvable lumens, consistent with our prior
330 definition of MDCs (Fig. 4 E; Hughes et al., 2016; English et al., 2020). However, the final
331 third of MDC structures were evenly split between BME and ISC morphologies,
332 demonstrating that either MDCs continue to form over a long time period or that they do
333  not always form clear compartment-like structures (Fig. 4 E). In support, we occasionally
334 observed multiple MDCs forming in one cell (Fig. S3 A; and Video S2) and also captured
335 multiple MDCs with diverse morphologies, all within one cell at the two-hour time point
336 post rapamycin treatment (Fig. S3 B). While rare, we also observed MDCs with clear,
337 resolvable, internal membrane invaginations (Fig. S3 C). These observations further
338 supported our results that MDCs encapsulate layers of membrane and demonstrated that
339 this feature of MDCs can be observed in a steady-state analysis of MDC morphology.
340

341 Tom70-GFP-lIAA7 is protected within MDCs from the auxin-degron system

342  Ourtime-lapse imaging experiments support our ultrastructural analyses that MDCs form
343  as multilamellar compartments through repeated engulfment of the OMM. These results
344  suggest that outer membrane proteins enclosed within the limiting membrane of MDCs
345 should be protected from cytosolic degradation machinery. To assess this hypothesis
346  experimentally, we fused an auxin-inducible degron to the C-terminus of Tom70-GFP
347 (Tom70-GFP-IAA7; Nishimura et al., 2009). In cells treated with 1 mM indole-3-acetic acid

348  (auxin), Tom70-GFP-IAA7 was rapidly degraded within the first thirty minutes (Fig. 5 A).
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349 While Tom70-GFP-IAA7 was rapidly degraded after auxin treatment, auxin had no
350 detectable effect on the protein levels of several mitochondrial proteins, including the
351 Tom70 paralog, Tom71, demonstrating that the auxin-induced degradation of Tom70-
352 GFP-IAAT is selective (Fig. 5 A). In diploid yeast cells expressing Tom70-GFP-IAA7 from
353 one endogenous locus and Tom70-mCherry from the other locus, auxin treatment led to
354 the near complete depletion of Tom70-GFP-IAA7 throughout the entire mitochondrial
355 network while Tom70-mCherry remained unaffected (Fig. 5 B). Rapamycin treatment led
356 to arobust sequestration of both Tom70-GFP-IAA7 and Tom70-mCherry into MDCs (Fig.
357 5 C, top panels), demonstrating that the auxin-inducible degron did not alter the
358 recruitment of Tom70-GFP into MDCs. Intriguingly, when we treated with rapamycin for
359 two-hours to establish MDCs prior to auxin addition, we observed a nearly complete
360 depletion of Tom70-GFP-IAA7 throughout the mitochondrial tubule (Fig. 5 C, yellow
361 arrows in Rap + Auxin panels), while Tom70-GFP-IAA7 remained protected within MDCs
362 (Fig. 5 C, white arrows in Rap + Auxin panels). The protection of Tom70-GFP-IAA7 could
363 also be observed in whole-cell lysates analyzed via western blot as Tom70-GFP-IAA7
364 was degraded at a slower rate in cells treated with rapamycin prior to auxin treatment
365 compared to those treated with a vehicle control prior to auxin treatment (Fig. 5 D).

366

367 To further analyze the impact of MDC sequestration on the auxin-induced degradation of
368 Tom70-GFP-IAA7, we performed a time-course experiment, capturing the fluorescence
369 intensities of Tom70-GFP-IAA7 and Tom70-mCherry in cells that were either pre-induced
370  oruninduced for MDC formation two-hours prior to treatment with either auxin or a vehicle

371  control. Upon auxin or vehicle treatment, we captured live-cell images on large cell
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372 populations (n>100 cells) every 45 minutes for three hours. A plot providing the ratio of
373 the mean fluorescence intensity of Tom70-GFP-IAA7 found within the mitochondrial
374  tubule after auxin treatment compared to the vehicle control demonstrates the rapid and
375 near complete removal of Tom70-GFP-IAA7 by the 45-minute time-point. Furthermore,
376  the levels of Tom70-GFP-IAA7 in the mitochondrial tubule remained nearly undetectable
377 throughout the entirety of the three-hour time-course experiment (Fig. 5 E). In
378 comparison, the levels of Tom70-mCherry remained unaffected by auxin treatment
379 highlighted by a fluorescence intensity ratio that consistently hovered around one (Fig. 5
380 E). In contrast to the rapid auxin-induced degradation of Tom70-GFP-IAA7 in
381 mitochondrial tubules, Tom70-GFP-IAA7 sequestered in MDCs was protected from
382 auxin-induced degradation, illustrated by the slower depletion of Tom70-GFP-IAA7
383 fluorescence intensity within MDCs (Fig. 5 F). By the end of the three-hour time course,
384 the amount of Tom70-GFP-IAA7 observed within MDCs had diminished to a quarter of
385 its initial fluorescence intensity but never dropped to the nearly undetectable levels
386 caused by auxin-induced degradation within mitochondrial tubules (Fig. 5 F). While these
387 results further demonstrate that Tom70-GFP-IAA7 is protected within MDCs, they also
388 suggest that a significant portion of Tom70-GFP-IAA7 can still be degraded within MDCs
389 orthat Tom70-GFP-IAA7 within MDCs can escape back into mitochondrial tubules where
390 it is subsequently degraded. Because the fluorescence intensity ratios plotted were
391 derived from different cell populations captured over the time-course experiment, some
392  of the reductions in Tom70-GFP-IAA7 levels observed in MDCs could also be attributed
393 to the formation of MDCs that occur after Tom70-GFP-IAA7 has already been degraded.

394
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395 The MDC lumen contains cytoplasmic material

396  Next, we wanted to determine the nature of the material within the MDC lumen. Based on
397 the appearance of the MDC lumen in our electron micrographs, we hypothesized that
398 cytoplasm is engulfed within the MDC interior. We began by testing if cytoplasmic material
399 is excluded from MDCs as it is from mitochondria. To do so, we expressed GFP in cells
400 also expressing Tom70-mCherry and induced MDC formation with rapamycin treatment.
401 Inthese cells, GFP filled the entire cytoplasm and nucleoplasm but was clearly excluded
402  from the interior of yeast vacuoles and mitochondrial tubules (Fig. 6 A, yellow arrows). In
403 contrast, we could distinguish neither an exclusion of cytoplasmic GFP from MDCs nor
404  an enrichment of cytoplasmic GFP within MDCs (Fig. 6 A, white arrows), demonstrating
405 that MDCs can be infiltrated with cytoplasmic material. Furthermore, as a comparison, we
406  used an auxin-induced degron system to acutely dissolve the ER-mitochondria encounter
407  structure (ERMES), which resulted in the appearance of swollen mitochondrial tubules
408 and spheres as previously reported (John Peter et al., 2022). Even though mitochondrial
409 architecture was lost in these cells, cytoplasmic GFP was still strongly excluded from the
410 lumen of these aberrant mitochondria (Fig. 6 B, yellow arrows). Altogether, these results
411  are consistent with our TEM analyses on MDC morphogenesis, as we observed a lighter
412  luminal electron density within MDCs distinct from staining observed in adjacent
413  mitochondria and comparable to the surrounding cytosol.

414

415  While our results demonstrate that cytoplasmic GFP is not excluded from MDCs, it
416 remained unclear if MDCs contained openings to the cytoplasm or if MDCs could fully

417  entrap cytoplasmic material. To distinguish between these possibilities, we fused the
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418 auxin-induced degron to cytoplasmic GFP (GFP-IAA7), induced MDC formation, and
419 subsequently treated cells with vehicle control or auxin. In vehicle-treated cells, we
420 similarly observed that cytoplasmic GFP-IAA7 was not excluded from the interior of MDCs
421  (Fig. 6 C). Strikingly, upon auxin treatment, we often observed that the only GFP-IAA7
422  signal that remained came from the interior of MDCs, demonstrating that MDCs could
423  encase cytoplasmic GFP-IAA7 and protect it from auxin-induced degradation (Fig. 6 D,
424  white arrow). We observed that cytoplasmic GFP-IAA7 was protected in both the large
425  spherical MDCs (40% of MDCs) and in the bright, membrane extensions (10% of MDCs,
426 Fig. 6 D) demonstrating that these bright extensions are elongated compartments with
427  captured cytoplasmic GFP-IAA7. Importantly, we also found that in ~50% of cases, MDCs
428 could not protect cytoplasmic GFP-IAA7 from degradation (Fig. 6 D, bottom panels),
429  suggesting that either these MDCs formed after GFP-IAA7 was degraded, or that in some
430 instances, openings exist to allow exchange with the cytoplasm. Collectively, these
431 results demonstrate that MDCs are a distinct reorganization of OMM, capable of
432  entrapping layers of OMM and cytoplasmic content.

433

434  The mitochondrial fission and fusion machinery perform competing roles in MDC
435 formation

436  Our results suggest that MDCs form through the repeated elongation and closure of
437 OMM-derived membrane extensions, suggesting that membrane remodeling machinery
438 is involved in MDC biogenesis. To test whether the mitochondrial fission and fusion
439  machinery is involved in MDC formation, we began by determining the localization of the

440 mitochondrial fission and fusion GTPases, Dnm1 and Fzo1, respectively, compared to
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441  MDCs (Fig. 7 A-C). Consistent with previous observations, we observed that GFP-Dnm1
442  remains punctate on mitochondrial tubules but also strongly associates with the majority
443  of MDCs upon MDC induction (Fig. 7, A and C; Hughes et al., 2016). Conversely, GFP-
444  Fzo1 becomes robustly incorporated in 98% of observed MDCs and is present throughout
445 the MDC structure (Fig. 7, B and C), providing evidence that the mitochondrial fusion
446  machinery could be involved in forming MDCs. Because removal of Fzo1 (fzo1A)
447  generates hyper-fragmented mitochondria (Hermann et al., 1998), we assessed the
448 requirement of Fzo1 in MDC formation by analyzing MDC biogenesis in strains lacking
449 DNM1, dnm1A and dnm71Afzo1A yeast, which maintains a tubular mitochondrial
450 morphology. Surprisingly, dnm1Afzo1A yeast still robustly formed MDCs in response to
451  both ConcA and rapamycin treatment (Fig. 7 D) and to a similar extent as was observed
452  in wild-type and dnm1A cells. The continued formation of MDCs in dnm1A yeast matched
453  our previous observations that the mitochondrial fission machinery is not required for
454  MDC formation (Hughes et al., 2016). Furthermore, in assessing the structural diversity
455  of MDCs in dnm1A cells we observed more MDCs resolving into large spherical domains
456 and compartments compared to wild-type yeast (Fig. 7 E), indicating that Dnm1 may
457  antagonize MDC formation by constricting or severing OMM proliferations before they
458  round into spherical compartments. In dnm1Afzo1A cells, the structural diversity of MDCs
459 resembled what we observed in wild-type cells, except that there was greater proportion
460 of MDCs that formed bright membrane extensions (Fig. 7 E). While these results
461 demonstrate that Fzo1 is not strictly required for MDC formation, they also implied that
462  the role the mitochondrial fusion machinery performs in MDC formation might be masked

463 by the complete absence of Dnm1 activity. Thus, we also assessed MDC formation in
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464  wild-type, fzo1A, and dnm1Afzo1A yeast that all ectopically expressed a temperature-
465  sensitive version of Fzo1 (fzo71-1; Hermann et al., 1998). Notably, MDC formation was
466  strongly impaired in fzo1A pfzo1-1 cells after an acute one-hour shift to the non-
467  permissive temperature of 37°C but not at the permissive temperature of 30°C (Fig. 7, F-
468 H). Importantly, MDC formation still occurred in wild-type yeast expressing fzo7-1 at 37°C,
469 although we noted that MDC formation was consistently reduced at the higher
470 temperatures overall because fewer MDCs also formed in control cells ectopically
471 expressing wild-type Fzo1 (pFZOf7; Fig. 7, F-H). Rather than forming MDCs, we
472  frequently observed puncta containing only Tom70-GFP throughout the cell in fzo71A
473  pfzo1-1 cells treated with rapamycin at 37°C (Fig. 7 G , yellow arrows). These Tom70-
474  GFP puncta did not appear enriched for Tom70-GFP as they were the same fluorescent
475 intensity as that observed for the Tom70-GFP that remained in the fragmented
476  mitochondria. Similar to our observations of MDC formation in dnm1Afzo1A cells, MDC
477  formation was restored in dnmiAfzo1A pfzo1-1 cells at 37°C (Fig. 7 H). Thus, the
478 mitochondrial fusion machinery is not absolutely required for MDC formation, but
479  performs a distinct role counter-acting the activity of the mitochondrial fission machinery
480 to allow MDCs to form from OMM proliferations.

481

482 DISCUSSION

483  Mitochondria structurally reorganize to meet metabolic demands and, in times of stress,
484 to preserve organelle homeostasis. Defects in mitochondrial dynamics and the
485 observance of aberrant mitochondrial structures are hallmarks of disease states and a

486  phenotype of aging cells (Youle and van der Bliek, 2012; Hughes et al., 2012). Previously,
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487  we identified a new structural domain of mitochondria, the MDC, that forms in aged yeast
488  cells and mammalian cell culture in response to several acute stressors (Hughes et al.,
489 2016; Schuler et al., 2020 preprint; Schuler et al., 2021). Here we used transmission
490 electron microscopy and electron tomography to determine the ultrastructure of MDCs.
491 We observed that MDCs form as large, multilamellar spherical compartments that
492  frequently encase four membrane bilayers, whereby two closely-apposed membrane
493  bilayers form an internal compartment that is surrounded by a second layer of closely-
494  apposed double membrane bilayers. We demonstrate that MDCs form through OMM
495 extensions that repeatedly elongate, coalesce, and engulf part of itself to create these
496 compartments with layers of entrapped membrane. In doing so, MDCs engulf both OMM
497 and cytosolic content, securing cargo into a distinct, protected domain. Overall, these
498 results provide evidence of key features that distinguish MDCs from other previously
499 identified mitochondrial structures and cargo-sorting domains.

500

501 Mitochondria form an elaborate architecture constructed of two membranes that are
502 organized into several subdomains. While the OMM establishes the limiting membrane
503 of mitochondria, the IMM surrounds the mitochondrial matrix and invaginates to create
504 cristae, establishing several distinct aqueous and membrane subdomains (lovine et al.,
505 2021). Several membrane components and protein complexes embedded in the IMM are
506 required to establish IMM architecture (Klecker and Westermann, 2021). Notably, the
507 sharp-angled dimerization and oligomerization of F1Fo-ATP synthase complexes within
508 the IMM facilitates the generation and maintenance of mitochondrial cristae (Paumard et

509 al., 2002; Davies et al., 2012). In the absence of ATP synthase dimerization, the IMM
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510 forms membrane sheets traversing the mitochondrial matrix, creating “onion-like”
511 mitochondria as observed by electron microscopy (Paumard et al., 2002; Giraud et al.,
512 2002; Davies et al., 2012). These mitochondria can form swollen spheres that are still
513  delimited by the OMM (Paumard et al., 2002) but can appear to encase cytosol if they
514 form depressed cup-like structures (Klecker and Westermann, 2021). As observed by
515 EM, mitochondria can also form “onion-like” structures at sites of curved IMM septa
516 (Harner et al., 2016) and in the absence of key organizational complexes, including the
517 mitochondrial contact site and cristae organizing system (MICOS) and ERMES
518 complexes (Stephan et al., 2021; Hobbs et al., 2001). Importantly, the “onion-like”
519  structures observed in all of these scenarios with alterations of IMM architecture are still
520 surrounded by a single OMM, contain layers of IMM, and still encase mitochondrial matrix.
521 In contrast, the multilamellar compartments we observed forming upon MDC induction
522 contain layers of OMM and are clearly capable of engulfing cytoplasmic content.
523  Moreover, our previous analyses and observations within an accompanying manuscript
524  all demonstrate that MDCs exclude content from the mitochondrial matrix, the IMM, and
525 the intermembrane space (Hughes et al., 2016; Wilson et al., 2023 preprint), which is
526  consistent with our observations of MDC ultrastructure and formation. Thus, while MDCs
527  appear similar to mitochondria with aberrant IMM organization, they are actually a distinct
528 remodeling of the OMM.

529

530 Our observations provide a model for how MDCs form through a membrane proliferation
531 that is derived entirely from the OMM (Fig. 7 1). In this model, the generation of MDCs

532  begins with an OMM extension that eventually rounds up and connects to create an initial
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533 double-membrane compartment that has engulfed cytosol. This compartment can
534  continue to grow, elongate, and inwardly engulf part of itself and cytosol to create a
535 compartment with layers of OMM encased in a concentric spherical compartment, where
536 each compartment is bound by two closely-apposed membrane bilayers. In considering
537 this model for MDC biogenesis, it was surprising to discover that Fzo1 is not strictly
538 required for MDC formation because we predicted that Fzo1 activity may be necessary
539 to either bring the membranes together or drive fusion. This result may indicate that the
540 OMM proliferations do not fuse but instead form tight connections that we could not clearly
541 resolve in our EM analyses. Alternatively, the topology of an OMM extension that
542 encloses and subsequently forms an invaginated internal compartment may require a
543 membrane scission event rather than membrane fusion (Zhen et al., 2021). It is also
544  conceivable that MDCs form from an OMM extension that repeatedly folds back on itself
545 to create karmellae on the mitochondrial surface. The formation of karmellae is a feature
546  of membrane proliferations derived from the ER during ER microautophagy, which also
547 appear as bright membrane extensions when visualized via fluorescence microscopy
548 (Koning et al., 1996; Schafer et al., 2019), and these ER-derived karmellae can round into
549 large, spherical, multilamellar whorls (Wright et al., 1987; Schuck et al., 2014). Notably,
550 we have not identified mitochondrial karmellae in our ultrastructural analyses and we also
551 observed that the bright membrane extensions that appear during MDC biogenesis are
552 capable of capturing cytoplasmic content (Fig. 6 D), suggesting that elongated
553 compartments. However, we cannot fully exclude the possibility that MDCs form through
554  multiple methods, including OMM-derived karmellae, which may be resolved with future

555 studies that investigate the molecular mechanisms of MDC formation.
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556

557 There are notable similarities between the MDC pathway and ER microautophagy. ER
558 microautophagy can be induced by the overexpression of some resident ER membrane
559 proteins, by ER stress, or by the aberrant retention of membrane proteins within the
560 organelle (Wright et al., 1988; Schuck et al., 2009, Schafer et al., 2020). The accumulation
561 of these membrane proteins induces a dramatic proliferation of ER membranes that stack
562 together as paired membrane doublets around the nucleus or in the cell periphery and
563 also round into multilamellar whorls (Wright et al., 1988; Koning et al., 1996; Schuck et
564 al., 2014). Subsequently, this distinct ER domain is degraded in vacuoles/lysosomes in a
565 manner that does not rely on the core autophagy machinery or ER-specific autophagy
566 receptors (Schuck et al.,, 2014). Prompted by these similarities, we observed in an
567 accompanying manuscript that MDCs are also induced by the overexpression of many
568 OMM proteins, and by the mistargeting of tail-anchored proteins to the OMM (Wilson et
569 al., 2023 preprint). Here we show that MDCs, similar to ER microautophagy, form from a
570 mitochondrial OMM proliferation to create a distinct membrane domain formed by closely-
571 apposed, paired membrane bilayers, indicating that mitochondria can also generate
572 dramatic membrane proliferations as a means to facilitate piecemeal autophagic turnover
573  of the organelle.

574

575 Extensions, protrusions, and vesicles derived from the OMM have been observed in
576  multiple cell types under both steady-state and pathological conditions (Soubannier et al.,
577 2012a; Yao et al, 2021; Yamashita et al., 2016). Under mild stress conditions,

578 mitochondria can release small vesicles that contain only the OMM or both mitochondrial
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579 ~membranes, delivering damaged protein cargoes, including intramitochondrial protein
580 cargoes, to lysosomes for degradation (Soubannier et al., 2012a). Thus far, we have
581 considered mitochondrial-derived compartments (MDCs) to be distinct from MDVs based
582  on their size, mechanism of formation, and cargo proteins sequestered. The observations
583 presented here further support that distinction, highlighted by our results showing that
584 MDCs are OMM-enriched multilamellar compartments that engulf both OMM and cytosol.
585 It seems possible that MDCs may provide cells a mechanism to sequester portions of the
586 OMM or other cellular content that cannot be achieved by creating MDVs that are still
587 delimited by the OMM. Interestingly, a recent study demonstrated that upon Toxoplasma
588 gondii infection, the targeting of the pathogen protein TgMAF1 to the OMM induced
589 mitochondria to shed their outer membrane, creating large (several microns in diameter)
590 ring-shaped structures, called SPOTs. These SPOTs robustly incorporated some OMM
591 membrane proteins, while excluding intramitochondrial proteins, and included internal
592 invaginations that were also morphologically reminiscent of ER whorls (Li et al., 2022).
593  While it is currently unclear how SPOTSs form, it would be interesting if they also form by
594 invaginating OMM extensions and engulfing cytoplasmic material, similar to what we
595 observed for MDC biogenesis. Altogether, it is clear that the remodeling of the OMM is a
596 key mechanism by which cells preserve mitochondrial homeostasis. Understanding the
597 heterogenous molecular mechanisms of this remodeling may provide new avenues to
598 target pathological states that disrupt mitochondrial architecture.

599

600 EXPERIMENTAL MODEL AND SUBJECT DETAILS

601 Yeast Strains and Plasmids
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602 All yeast strains are derivatives of Saccharomyces cerevisiae S288C (BY) (Brachmann
603 etal.,, 1998) and are listed in Table S1. Deletion strains were created by one-step PCR-
604 mediated gene replacement using the previously described pRS series of vectors
605 (Brachmann et al., 1998; Sikorski and Hieter, 1989) and oligo pairs listed in Table S2.
606 Correct gene deletions were confirmed by colony PCR across the chromosomal insertion
607 site. Strains expressing proteins with attached C-terminal fluorescent proteins were
608 created by one step PCR-mediated C-terminal endogenous epitope tagging using
609 standard techniques and oligo pairs listed in Table S2. Plasmid templates for fluorescent
610 epitope tagging were from the pKT series of vectors (Sheff and Thorn, 2004). Strains
611 containing auxin-inducible degrons were constructed as described in the Auxin-Induced
612  Protein Degradation section below. For all strains, correct integrations were confirmed by
613 a combination of colony PCR across the chromosomal insertion site and correctly
614 localized expression of the fluorophore by microscopy. Strains expressing proteins with
615 attached N-terminal fluorescent proteins were derived from the SWAp-Tag library
616 described in Weill et al., 2018 and were a gift from Maya Schuldiner. The plasmids used
617 in this study are list in Table S3.

618

619 METHOD DETAILS

620 Yeast Cell Culture and Growth Assays

621 Yeast cells were grown exponentially for 15-16 hours at 30°C to a final optical (wavelength
622  600nm) density of 0.5 - 1 before the start of all experiments. This period of overnight log-
623 phase growth was carried out to ensure vacuolar and mitochondrial uniformity across the

624  cell population and is essential for consistent MDC formation. Unless otherwise indicated,
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625 cells were cultured in YPAD medium (1% yeast extract, 2% peptone, 0.005% adenine,
626 2% glucose). Otherwise, cells were cultured in a synthetic defined (SD) medium that
627 contained the following unless specific nutrients were removed to select for growth or
628 plasmid retention: 0.67% yeast nitrogen base without amino acids, 2% glucose,
629 supplemented nutrients 0.072 g/L each adenine, alanine, arginine, asparagine, aspartic
630 acid, cysteine, glutamic acid, glutamine, glycine, histidine, myo-inositol, isoleucine, lysine,
631 methionine, phenylalanine, proline, serine, threonine, tryptophan, tyrosine, uracil, valine,
632 0.369g/L leucine, and 0.007 g/L para-aminobenzoic acid. Unless otherwise indicated,
633 rapamycin, concanamycin A, and indole-3-acetic acid (auxin) were added to cultures at
634 final concentrations of 200 nM, 500 nM, and 1 mM, respectively.

635

636 MDC Assays

637 For MDC assays, overnight log-phase cell cultures were grown in the presence of
638 dimethyl sulfoxide (DMSO) or the indicated drug for two hours. For MDC assays with cells
639 containing plasmids, overnight log-phase yeast cultures grown in selective SD medium
640  were back-diluted to an ODepo=0.1-0.2 in YPAD medium and allowed to grow for at least
641 4 hours prior to MDC induction. For the temperature-sensitive MDC assays, cultures were
642 shifted to the indicated temperatures 1 hour prior to MDC induction. Prior to visualization,
643 cells were harvested by centrifugation, washed once, and resuspended in 100mM
644 HEPES containing 5% glucose. Subsequently, yeast were directly plated onto a slide at
645 small volumes to allow the formation of a monolayer and optical z-sections of live yeast
646 cells were acquired with a ZEISS Axio Imager M2 or for super-resolution confocal

647 fluorescence microscopy images a ZEISS LSM800 with Airyscan was used. The percent
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648 cells with MDCs were quantified in each experiment at the two-hour time point. All
649 quantifications show the mean + standard error from three biological replicates with
650 n =100 cells per experiment. MDCs were identified as Tom70-positive, Tim50-negative
651  structures that were enriched for Tom70 versus the mitochondrial tubule. In MDC
652  colocalization assays, MDCs were identified as large, Tom70-enriched, spherical
653  structures prior to assessing the co-localization of different proteins of interest.

654

655 Fluorescence Microscopy

656 Fluorescence microscopy was performed as described in English et al., 2020. In brief,
657  optical z-sections of live yeast cells were acquired with a ZEISS Axio Imager M2 equipped
658  with a ZEISS Axiocam 506 monochromatic camera, 100x oil-immersion objective (plan
659 apochromat, NA 1.4) or 63x oil-immersion objective (plan apochromat, NA 1.4) or a
660 ZEISS LSM800 equipped with an Airyscan detector, 63x oil-immersion objective (plan
661 apochromat, NA 1.4). Time-lapse fluorescence microscopy imaging was also performed
662 as described in English et al., 2020. Briefly, overnight log-phase cultures were treated
663  with 1 yM rapamycin for 15 minutes, harvested by centrifugation, resuspended in SD
664 medium, and pipetted into flow chamber slides as previously described (English et al.,
665 2020). Optical z-sections of live yeast cells were acquired with a ZEISS Airyscan LSM880
666 equipped with an environmental chamber set to 30°C. Widefield images were acquired
667  with ZEN (Carl Zeiss) and processed with Fiji (Schindelin et al., 2012). Time-lapse images
668 and super-resolution images were acquired with ZEN (Carl Zeiss) and processed using
669 the automated Airyscan processing algorithm in ZEN (Carl Zeiss) and Fiji. Individual

670 channels of all images were minimally adjusted in Fiji to match the fluorescence
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671 intensities between channels for better visualization. Line-scan analysis was performed
672  on non-adjusted, single z-sections in Fiji.

673

674 Transmission Electron Microscopy and Electron Tomography

675 Yeast cells were high-pressure frozen and freeze-substituted as previously described
676  (Wilson et al., 2021). Liquid cultures of yeast cells were harvested at mid-logarithmic
677 phase, vacuum-filtered on 0.45-um millipore paper, loaded into 0.5-mm aluminum hats,
678 and high pressure frozen with a Wohlwend HPF (Wohlwend, Switzerland). Cells were
679 freeze-substituted in an Automated Freeze-Substitution machine (AFS, Leica Vienna,
680 Austria) at -90°C in anen bloc preparation of 0.1% uranyl acetate and 0.25%
681 glutaraldehyde in anhydrous acetone. Samples were then washed in pure anhydrous
682 acetone, embedded in Lowicryl HM20 resin (Polysciences, Warrington, PA), UV
683  polymerized at -60°C warming slowly over 4 days to room temperature (RT). The sample
684 blocks were then stored at —20°C. These methods preserve membrane and protein
685  structure and provide consistent en bloc staining for immuno-EM membrane identification
686  (Giddings, 2003).

687

688 A Leica UC6 Ultra-Microtome was used to cut and place serial sections on Formvar-
689 coated rhodium-plated copper slot grids (Electron Microscopy Sciences). 80 to 90-nm
690 serial sections were cut for transmission electron microscopy (TEM) and immuno-EM
691 experiments and 200-nm thick serial sections were cut for dual-axis tomography. For
692 immunolabeling experiments, grids were exposed to sequential 50 pL droplets:

693  Nonspecific antibody binding was blocked by incubation with 1% PBS + 1% dry milk
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694  (blocking solution) for 20 minutes at RT, then exposed to primary antibodies overnight at
695 4°C (1:500 anti-GFP) in blocking solution, washed at RT in 1% PBS with 3 sequential 50
696 pL drops, labeled with a secondary anti-rabbit or anti-mouse gold (depending on the
697 primary antibody used) at RT for 1 hour (1:200 goat-anti-rabbit or goat-anti-mouse,
698 Electron Microscopy Sciences), washed in 1% PBS with 3 sequential 50 pyL drops, and
699 finally washed in distilled water with 2 sequential 50 yL drops.

700

701  Thin cell sections were imaged with a FEI Tecnai T12 Spirit electron microscope equipped
702  with a 120kV LaB6 filament and AMT (2 k x2 k) CCD. TEM of hundreds of cells per
703  strain were used to quality control freezing, embedding, and staining. Thick sections
704 were labeled with fiduciary 15-nm colloidal gold (British Biocell International) on both
705 sides and tilt imaged with a Tecnai 30 (f-30, 300 kV; FEI-Company, Eindhoven, the
706  Netherlands) with dual-tilt series images collected from +60° to —60° with 1.5° increments
707 using a Gatan US4000 4k x 4k charge-coupled device camera (Abingdon, United
708 Kingdom). The tilt series were imaged primarily at 19,000% magnification and repeated
709  with a 90° rotation for dual-axis tomography (Mastronarde 1997). Tomograms were built
710 and modeled using the IMOD software package (Kremer et al., 1996) using an iMac
711 (Apple). MDC, mitochondria, and ER membrane models from dual-axis electron
712 tomograms and immuno-tomograms were manually assigned from the outer leaflet every
713 5 nm. Immuno-gold was modeled at the same size as secondary gold (6-nm anti-mouse
714  and 10-nm anti-rabbit, Electron Microscopy Sciences) and colored similarly to the closest
715 membrane as indicated in the Figure Legends. Videos were made using IMOD and

716  QuickTime Pro (Apple). Data were analyzed and graphed using Prism 9 (GraphPad).
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717

718  Protein Preparation and Immunoblotting

719 For western blot analysis of protein levels, yeast cultures were grown to log-phase
720  (ODeoo= 0.5-1) and 2 ODeoo cell equivalents were isolated by centrifugation, washed with
721  dH20 and incubated in 0.1 M NaOH for five minutes at RT. Subsequently, cells were
722  reisolated by centrifugation at 16,000 x g for ten minutes at 4°C and lysed for five minutes
723 at 95°C in lysis buffer (10 mM Tris pH 6.8, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1%
724  SDS and containing cOMPLETE protease inhibitor cocktail (Millipore Sigma)). Upon lysis,
725 samples were denatured in Laemmli buffer (63 mM Tris pH 6.8, 2% SDS, 10% glycerol,
726 1 mg/ml bromophenol blue, 1% B-mercaptoethanol) for five minutes at 95°C. To separate
727  proteins based on molecular weight, equal amounts of protein were subjected to SDS
728 polyacrylamide gel electrophoresis and transferred to nitrocellulose membrane (Millipore
729  Sigma) by semi-dry transfer. Nonspecific antibody binding was blocked by incubation with
730  Tris buffered saline + 0.05% Tween-20 (TBST) containing 10% dry milk (Sigma Aldrich)
731 for one hour at RT. After incubation with the primary antibodies at 4°C overnight,
732 membranes were washed four times with TBST and incubated with secondary antibody
733  (goat-anti-rabbit or donkey-anti-mouse HRP-conjugated,1:5000 in TBST + 10% dry milk,
734  Sigma Aldrich) for 1 hour at RT. Subsequently membranes were washed twice with TBST
735 and twice with TBS, enhanced chemiluminescence solution (Thermo Fisher) was applied
736  and the antibody signal was detected with a BioRad Chemidoc MP system. All blots were
737  exported as TIFFs and cropped in Adobe Photoshop CC.

738

739  Auxin-Induced Protein Degradation
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740  Auxin-induced protein degradation was performed essentially as described in Shetty et
741  al., 2019 except 3-indole acetic acid (auxin) was added to a final concentration of 1 mM
742  at the O-time point in all experiments. All yeast strains containing the auxin-inducible
743  degron, IAA7, were generated by endogenous C-terminal integration of yEGFP-IAA7
744  PCR amplified from a plasmid created for this study (Table S3) by removing 3V5 from the
745  plasmid describe in Eng et al., 2014 by cutting with Pac1/Xba1 and replacing with yEGFP
746  cut with similar restriction enzymes. Except Mdm12, which was C-terminally fused to AID’-
747 6xFLAG from the constructs described in Morawska and Ulrich, 2013. Subsequently,
748 GPD1-OsTIR1 was integrated into the LEUZ2 locus, using the plasmid pNH605-pGPD1-
749 osTIR1 digested with Swa1 as described in Chan et al., 2018. Auxin-induced protein
750 degradation was followed by both immunoblotting from whole cell extracts and
751 fluorescence microscopy as described above.

752

753  QUANTIFICATION AND STATISTICAL ANALYSIS

754  The number of replicates, what n represents, and dispersion and precision measures are
755 indicated in the Figure Legends. In general, quantifications show the mean * standard
756  error from three biological replicates with n = 100 cells per experiment. In experiments
757  with data depicted from a single biological replicate, the experiment was repeated with
758  the same results.

759
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786 Figure 1. Rapamycin treated yeast produce mitochondrial-derived multilamellar
787  structures.

788  (A) Super-resolution confocal fluorescence microscopy images of DMSO or rapamycin
789 (Rap)-treated haploid yeast cells expressing Tom70-yEGFP and Tim50-mCherry. MDCs
790 are indicated by white arrows. Scale Bar= 1 um. Yellow line marks the position of the line-
791  scan fluorescence intensity profile shown on the right. Left and right Y axis correspond to
792 Tom70-GFP and Tim50-mCherry fluorescence intensity, respectively. Bracket denotes
793 MDC.

794  (B)Quantification of MDC formation in DMSO or rapamycin treated yeast. Error bars show
795 mean = standard error of three replicates, n = 100 cells per replicate.

796 (C) Scatter plot showing the diameter of rapamycin-induced MDCs. Black line indicates
797  the mean (0.41 ym) of n = 104 MDC:s.

798 (D-l) Thin-section TEM analysis of 80-nm cell sections from the same yeast strain
799 analyzed above. Yeast were treated with either DMSO (D and E) or 200 nM rapamycin
800 (F - 1). White dotted-line squares in D, F, and H indicate the region magnified and shown
801 in E, G, and |, respectively. Yellow arrows: mitochondria, white arrows: multilamellar
802  structures, N: Nucleus. Scale Bars= (D) 500 nm (E-I) 200 nm.

803 (H and I) Immunogold labeling with monoclonal antibodies targeting GFP and secondary
804 antibodies conjugated to 10-nm gold particles. White arrowheads in | point to gold
805 particles.

806 (J) Quantification of the total anti-GFP immunogold particles that labeled the indicated
807  cell structures from an analysis of >100 cell-sections.

808
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809 Figure 2. Mitochondrial-derived multilamellar structures are enriched for Tom70-
810 GFP and exclude Tim50-mCherry.

811 (A-E) Dual-immuno tomography obtained from five 90-nm cell sections of a yeast cell
812 expressing Tom70-yEGFP and Tim50-mCherry treated with 200 nM rapamycin.
813 Secondary antibodies conjugated to 6-nm or 10-nm gold particles targeted primary
814  antibodies for GFP or mCherry, respectively. Scale Bar= 200 nm. See related Video 1.
815 (A) Tomograph of the immune-reactive surface of the middle section (cell section #3).
816 White arrowheads point to 6-nm gold particles, red arrowheads point to 10-nm gold
817 particles.

818 (B) Tomograph of the mid-plane of the middle section (cell section #3). Yellow arrow:
819  mitochondria, white arrow: multilamellar structure.

820 (C) Model overlay of section 3. Purple labels mitochondria, green labels the outer layer
821 of doublet membranes, while cyan labels the internal layer of doublet membranes in the
822  mitochondrial-derived multilamellar structure.

823 (D) 3D model of the dual-immuno tomography described above. The mitochondrial-
824  derived multilamellar structure is wire-modeled with the limiting membrane of the outer
825 double-membrane labeled in green and the inner doublet membrane labeled in cyan.
826 6nm-gold particles appearing on the outer surface are overlayed with green spheres,
827  while 6nm-gold particles appearing within the multilamellar structure are overlayed with
828 cyan spheres. 10-nm gold particles are overlayed with red spheres. Mitochondria: purple,
829 ER:yellow.

830 (E) Same 3D model as shown in D rotated vertically 90°.
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831 (F) Quantification of the total anti-GFP 6-nm and anti-mCherry 10-nm immunogold
832 conjugated secondary antibodies that labeled the indicated cell structures from a thin-
833 section TEM analysis of 178 cell-sections from yeast expressing Tom70-yEGFP and
834  Tim50-mCherry that were treated with 200 nM rapamycin.

835

836 Figure 3. Mitochondrial-derived compartments contain sets of paired membranes.
837 (A -F) 2D cross sections and 3D models derived from 200-nm cell sections of yeast cells
838 treated with 200 nM rapamycin. Scale bar= 200 nm. See associated Videos 2 and 3.
839 (A) Tomograph of a small, putative MDC bound by a single double-membrane. Yellow
840 arrows: mitochondria, white arrow: MDC.

841 (B) Model overlay of the tomograph shown in A.

842 (C) 3D model of small, putative MDCs bound by a single double-membrane (labeled
843  green). Mitochondria: purple, ER: yellow. See associated Video 2.

844 (D) Tomograph of a larger, putative MDC bound by four membrane bilayers. Yellow
845  arrow: mitochondria, white arrow: MDC.

846 (E) Model overlay of the tomograph shown in D.

847 (F) 3D model of the larger, putative MDC bound by two closely-apposed paired
848 membranes. The limiting membrane of the outer doublet membrane is labeled green,
849  while the internal doublet membrane is labeled cyan. Mitochondria: purple, ER: yellow.
850 See associated Video 3.

851

852  Figure 4. Mitochondrial-derived compartments form through membrane extension

853 intermediates.
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854  (A) Super-resolution time-lapse images of rapamycin-induced MDC formation in yeast
855 cells expressing Tom70-yEGFP and Tim50-mCherry. Images were acquired over 120
856 minutes (min). White arrows mark MDC. Scale bar = 1 ym. See associated Video 4.

857 (B) Quantification of the initial morphology of Tom70-yEGFP structures during MDC
858 biogenesis. n= 52 events from 7 experiments

859 (C) Super-resolution time-lapse images of rapamycin-induced MDC formation in yeast
860 cells expressing Tom70-yEGFP. Images were acquired over 120 minutes (min). White
861 arrows mark MDC. Scale bar = 1 um. See associated Video 5.

862 (D) Representative super-resolution confocal fluorescence microscopy images of diverse
863 MDC morphologies observed in rapamycin treated haploid yeast expressing Tom70-
864 yEGFP and Tim50-mCherry. MDC structures are indicated by white arrows. Scale Bar=
865 1um. Yellow line marks the position of the line-scan fluorescence intensity profile shown
866 to the right. Left and right Y axis correspond to Tom70-yEGFP and Tim50-mCherry
867 fluorescence intensity, respectively.

868 (E) Quantification of the MDC morphologies shown in C as a percent of total MDCs. Error
869 bars show mean + standard error of three replicates, n > 60 MDCs per replicate.

870

871 Figure 5. Tom70-GFP-IAA7 is protected within MDCs from the auxin-degron
872  system.

873 (A) Immunoblots of whole-cell protein extracts from yeast expressing Tom70-yEGFP-
874  IAATY and probed for the indicated mitochondrial proteins or GFP. Extracts were obtained
875 attheindicated time points after treatment with either 1 mM auxin or an equivalent volume

876  of 70% ethanol (Vehicle).
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877 (B) Max projections of widefield fluorescence microscopy images of yeast cells
878  expressing Tom70-GFP-IAA7 and Tom70-mCherry. Images were taken 1.5 hours after
879 treatment with either 1 mM auxin (Veh + Aux) or an equivalent volume of 70% ethanol
880 (Veh + Veh), which were both added 2 hours after treatment with DMSO. Scale bar= 2
881 um

882 (C) Similar analysis as shown in B except yeast cells were treated with 200 nM rapamycin
883  two hours prior to treatment with either auxin (Rap + Aux) or an equivalent volume of 70%
884 ethanol (Rap + Venh). Yellow arrows indicate mitochondrial tubule, white arrows indicate
885 MDCs. *Panels showing an increased pixel intensity. Scale bar= 2 pym.

886 (D) Immunoblot of whole-cell protein extracts from yeast expressing Tom70-GFP-IAA7.
887  Extracts were obtained at the indicated time points around treatment with 1 mM auxin.
888  Auxin treatment occurred 2 hours after treatment with either 200 nM rapamycin or DMSO
889 (Vehicle) and a whole-cell protein extract sample was obtained prior to drug treatment (-
890 2). Pgk1 is provided as a loading control.

891 (E) An analysis comparing the fluorescence intensities elicited by either Tom70-mCherry
892 or Tom70-GFP-IAA7 within the mitochondrial tubule at the indicated time points.
893  Fluorescence intensity is shown as a ratio of emissions from mitochondrial tubules of
894  auxin-treated cells / vehicle-treated cells.

895 (F) A similar analysis as shown in E except the fluorescence intensity ratios were derived
896 from comparing emissions from MDCs of auxin-treated cells / vehicle-treated cells.

897

898 Figure 6. The MDC lumen contains cytoplasmic material.
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899 (A) Super-resolution confocal fluorescence microscopy images of rapamycin-induced
900 MDC formation in yeast expressing yEGFP and Tom70-mCherry. MDCs are indicated by
901 white arrows. Scale Bar= 1 ym. Yellow line marks the position of the line-scan
902 fluorescence intensity profile shown to the right. Left and right Y axis correspond to
903 yEGFP and Tom70-mCherry fluorescence intensity, respectively. *Panels showing an
904 increased pixel intensity to observe Tom70-mCherry marked mitochondrial tubules
905 indicated with a yellow arrow.

906 (B) Super-resolution confocal fluorescence microscopy images of swollen mitochondria
907 (yellow arrows) from yeast expressing yEGFP, Tom70-mCherry, Mdm12-AID-6xFLAG,
908 and OsTir1. Images were taken 3 hours after treatment with 1 mM auxin, which acutely
909 swelled mitochondria through auxin-induced degradation of Mdm12-AID-6xFLAG. Scale
910 Bar=1 um. Yellow line marks the position of the line-scan fluorescence intensity profile
911 shown to the right. Left and right Y axis correspond to yEGFP and Tom70-mCherry
912 fluorescence intensity, respectively.

913 (C and D) Representative super-resolution confocal fluorescence microscopy images of
914  yeast expressing YEGFP-IAA7 and Tom70-mCherry. After a two-hour treatment with 200
915 nM rapamycin, cells were subsequently treated with 70% ethanol (C; Rap + Veh) or 1 mM
916 auxin (D; Rap + Auxin). Yellow arrows mark mitochondria while white arrows mark MDCs.
917 Scale Bar=1 pm. Yellow line denotes the position of the line-scan fluorescence intensity
918  profile shown to the right. Left and right Y axis correspond to GFP and Tom70-mCherry
919 fluorescence intensity, respectively. The blue percentages next to the panels shown in D
920 indicate the frequency those results were observed from n=106 MDCs from four

921 experiments.
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922

923  Figure 7. The mitochondrial fission and fusion machinery perform competing roles
924 in MDC formation.

925 (A) Super-resolution confocal fluorescence microscopy images of yeast expressing
926 sfGFP-Dnm1 and Tom70-mCherry treated with either DMSO or 200 nM rapamycin (Rap).
927 MDCs are indicated by white arrows. Scale Bar=1 pym.

928 (B) Super-resolution confocal fluorescence microscopy images of yeast expressing
929 sfGFP-Fzo1 and Tom70-mCherry treated with either DMSO or 200 nM rapamycin (Rap).
930 MDCs are indicated by white arrows. Scale Bar=1 ym.

931 (C) Quantification of the frequency sfGFP-Dnm1 foci or sfGFP-Fzo1 were co-localized
932  with or closely associated to Tom70-mCherry-marked MDCs. Error bars show mean +
933  standard error of three replicates, n =2 100 cells per replicate.

934 (D) Quantification of MDC formation in the indicated yeast strains upon treatment with
935 either DMSO, concanamycin A (ConcA), or rapamycin (Rap). Error bars show mean +
936 standard error of three replicates, n =2 100 cells per replicate.

937 (E) Quantification of the MDC morphologies observed in the indicated yeast strains after
938 rapamycin treatment shown as a percent of total MDCs. Error bars show mean + standard
939 error of three replicates, n = 100 cells per replicate.

940 (F and G) Super-resolution confocal fluorescence microscopy images of wild-type (F) or
941 fzo1A (G) yeast cells expressing fzo1-1, Tom70-yEGFP, and Tim50-mCherry treated with
942 200 nM rapamycin (Rap) at the indicated temperatures. MDCs are indicated by white

943  arrows. Scale Bar=1 um.
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944  (H) Quantification of MDC formation in the indicated yeast strains upon treatment with
945 either DMSO or rapamycin at the indicated temperatures. Error bars show mean =+
946  standard error of three replicates, n =2 100 cells per replicate.

947 () Model of MDC biogenesis from an OMM extension that forms a double-membrane
948 compartment, elongating, and invaginating to form a multilamellar MDC.

949

950 Video 1 (related to Fig. 2). Mitochondrial-derived multilamellar structures are
951 enriched for Tom70-GFP and exclude Tim50-mCherry. z-series and 3D model of the
952 tomogram shown in Figure 2.

953

954 Video 2 (related to Fig. 3 A-C). Mitochondrial-derived compartments contain sets
955 of paired membranes. z-series and 3D model of the tomogram shown in Fig. 3 A-C.
956

957 Video 3 (related to Fig. 3 D-F). Mitochondrial-derived compartments contain sets of
958 paired membranes. z-series and 3D model of the tomogram shown in Fig. 3 D-F.

959

960 Video 4 (related to Fig. 4 A). Mitochondrial-derived compartments form through
961 membrane extension intermediates. Maximum intensity projections of yeast
962 expressing Tom70-yEGFP and Tim50-mCherry treated with rapamycin. Images were
963 taken every minute (min) and are shown at four frames per second.

964

965 Video 5 (related to Fig. 4 C). Mitochondrial-derived compartments form through

966 membrane extension intermediates. Maximum intensity projections of yeast
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967 expressing Tom70-yEGFP treated with rapamycin. Images were taken every minute (min)
968 and are shown at four frames per second.

969

970 SUPPLEMENTAL FIGURE LEGENDS

971 Figure S1. Concanamycin A (ConcA) treated yeast also produce mitochondrial-
972  derived multilamellar structures.

973  (A) Super-resolution confocal fluorescence microscopy images of haploid yeast
974  expressing Tom70-yEGFP and Tim50-mCherry treated with either DMSO or 500 nM
975 ConcA. MDCs are indicated by white arrows. Scale Bar= 1 ym. Yellow line marks the
976  position of the line-scan fluorescence intensity profile shown to the right. Left and right Y
977 axis correspond to Tom70-yEGFP and Tim50-mCherry fluorescence intensity,
978 respectively. Bracket marks MDC.

979  (B) Quantification of MDC formation in DMSO or ConcA treated yeast. Error bars show
980 mean = standard error of three replicates, n = 100 cells per replicate.

981 (C) Scatter plot showing the diameter of ConcA-induced MDCs. Black line indicates the
982 mean (0.36 um) of n = 49 MDCs.

983 (D) Thin-section TEM analysis of 80-nm cell sections from the same yeast strain analyzed
984 above treated with 500 nM ConcA. Sections were stained with monoclonal antibodies
985 targeting GFP and secondary antibodies conjugated to 10-nm gold particles. White arrow:
986  multilamellar structures, White arrowheads point to gold particles, M: mitochondria. Scale

987 Bar=200 nm.
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988 (E) Quantification of the total anti-GFP immunogold particles that labeled the indicated
989 cell structures from an analysis of >100 cell-sections from yeast expressing Tom70-
990 yEGFP that were treated with either DMSO (Vehicle) or 500 nM ConcA.
991
992 Figure S2. MDCs are not bound by autophagosomal membranes.
993 (A -C) 2D cross sections and a 3D model derived from 5 serial 90-nm cell sections of the
994 same yeast strain analyzed in Fig. 1. Sections were immunolabeled with antibodies
995 targeting GFP and secondary antibodies conjugated to 10-nm gold particles. Scale bar=
996 200 nm. See associated Video S1.
997 (A) Tomograph of a large, multilamellar structure strongly labeled with antibodies
998 targeting Tom70-yEGFP. Yellow arrow: mitochondria, white arrow: multilamellar
999 structure, white arrowheads point to gold particles.
1000 (B) Model overlay of the tomograph shown in A.
1001 (C) 3D model of a large, multilamellar structure bound by two closely-apposed paired
1002 membranes. The limiting membrane of the outer doublet membrane is labeled green,
1003  while the internal doublet membrane is labeled cyan. Mitochondria: purple, ER: yellow,
1004 and 10-nm gold particles are overlayed with green spheres.
1005 (D and E) Representative super-resolution confocal fluorescence microscopy images of
1006  yeast expressing Tom70-mCherry and sfGFP-Atg8 after a 2-hour treatment with 200 nM
1007 rapamycin. White arrow marks MDC, orange arrow marks sfGFP-Atg8 positive structures.
1008 The images shown in D are from the same cell but show different z-slices, which are

1009 labeled.
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1010 (F) Quantification of the frequency sfGFP-Atg8 foci were co-localized or closely
1011  associated to Tom70-mCherry-marked MDCs. Error bars show mean + standard error of
1012 three replicates, n = 100 MDCs per replicate.

1013  (G-J) 2D cross sections and 3D models from different views of the same tomogram shown
1014 in Fig. 3 A-C. Scale bars= 200 nm.

1015 (G and H) Two different 2D cross sections from a larger view of the same tomogram
1016  shown in Fig. 3 A-C. White arrow: MDC, yellow arrow: mitochondria, orange arrow:
1017  autophagosome.

1018  (l) Model overlay of the tomograph shown in G.

1019 (J) 3D model of a vacuole-associated autophagosome labeled in orange, MDC labeled in
1020 green, mitochondria labeled purple and the vacuole is labeled in red.

1021

1022  Figure S3. Mitochondrial-derived compartments form through membrane

1023  extension intermediates.

1024  (A) Super-resolution time-lapse images of rapamycin-induced MDC formation in yeast
1025 cells expressing Tom70-yEGFP. Images were acquired over 120 minutes (min). White
1026  and yellow arrows mark two different MDCs. Scale bar = 1 ym. See associated Video
1027 S2.

1028 (B) Representative super-resolution confocal fluorescence microscopy image of a cell
1029  with two MDCs with different morphologies. MDCs are marked by white arrows.

1030 (C) Representative super-resolution confocal fluorescence microscopy image of an

1031  MDC with resolvable layers of Tom70-yEGFP. MDC is marked by the white arrow.

1032
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1033 Video S1 (related to Fig. S2). Mitochondrial-derived compartments form through
1034 membrane extension intermediates. z-series and 3D model of the tomogram shown in
1035 Fig. S2 A-C.

1036

1037 Video S2 (related to Fig. S3 A). Mitochondrial-derived compartments form through
1038 membrane extension intermediates. Maximum intensity projections of yeast
1039  expressing Tom70-yEGFP treated with rapamycin. Images were taken every minute (min)
1040 and are shown at four frames per second.
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