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25 Abstract

26 Mitophagy removes defective or superfluous mitochondria via selective autophagy. In yeast, the
27  pro-mitophagic protein Atg32 localizes to the mitochondrial surface and interacts with the
28 scaffold protein Atgll to promote degradation of mitochondria. Although Atg32-Atgll
29  interactions are thought to be stabilized by Atg32 phosphorylation, how this posttranslational
30  modification is regulated remains obscure. Here we show that cells lacking the guided entry of
31  tail-anchored proteins (GET) pathway exhibit reduced Atg32 phosphorylation and Atg32-Atgl1
32 interactions, which can be rescued by additional loss of the ER-resident Ppgl-Far complex, a
33 multi-subunit phosphatase negatively acting in mitophagy. In GET-deficient cells, Ppgl-Far is
34  predominantly localized to mitochondria. An artificial ER anchoring of Ppgl-Far in GET-
35  deficient cells significantly ameliorates defects in Atg32-Atgll interactions and mitophagy.
36 Moreover, disruption of GET and Mspl, an AAA-ATPase that extracts non-mitochondrial
37  proteins localized to the mitochondrial surface, elicits synthetic defects in mitophagy. Collectively,
38 we propose that the GET pathway mediates ER targeting of Ppgl-Far, thereby preventing
39 dysregulated suppression of mitophagy activation.

40

41 Introduction

42 Mitochondria-specific autophagy, named mitophagy, is one of the membrane trafficking pathways
43 conserved from yeast to humans. In this process, mitochondria are sequestrated by flattened
44 double-membrane structures called isolation membranes and transported to the lysosome (in
45 mammals) or the vacuole (in yeast), a lytic compartment, for degradation (Onishi and Okamoto,
46 2021; Onishi et al., 2021; Palikaras et al., 2018). In the budding yeast Saccharomyces cerevisiae,
47  the outer mitochondrial membrane (OMM)-anchored protein Atg32 is phosphorylated in a

48 manner dependent on casein kinase 2 (CK2) under mitophagy-inducing conditions (Aoki et al.,


https://doi.org/10.1101/2021.09.20.461067

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.20.461067; this version posted September 21, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

49 2011; Kanki et al., 2013; Kanki et al., 2009; Kondo-Okamoto et al., 2012; Okamoto et al., 2009).
50  This posttranslational modification increases the affinity of Atg32 for Atgll1, a scaffold protein
51 for assembly of core autophagy-related (Atg) proteins required for formation of autophagosomes
52 encapsulating mitochondria (He et al., 2006; Mao et al., 2013). Conversely, Atg32
53 dephosphorylation is mediated by Ppgl, a PP2A-like phosphatase (Furukawa et al., 2018). Ppgl
54  interacts with the Far complex that acts in a cooperative manner to suppress Atg32
55  phosphorylation, Atg32-Atgl1 interactions, and mitophagy (Furukawa et al., 2018). Together, the
56  phosphorylation-dephosphorylation switch for Atg32 is likely to be a key regulatory step to
57  initiate selective degradation of mitochondria.

58 Appropriate targeting of membrane proteins to correct subcellular destinations is critical to
59 maintain functional compartments within cells (Barlowe and Miller, 2013). Tail-anchored (TA)
60  proteins, which harbor a single transmembrane (TM) domain at the very C-terminus, are post-
61  translationally inserted into the membranes of mitochondria, peroxisomes, and ER, acting in a
62 myriad of cellular processes such as vesicular trafficking, protein import, and organelle dynamics
63 (Barlowe and Miller, 2013). In budding yeast, multiple TA proteins are targeted to the ER via the
64  guided entry of TA proteins (GET) pathway (Denic, 2012; Denic et al., 2013; Farkas and
65  Bohnsack, 2021). Prior to insertion into the ER membrane, the TM domains of TA proteins are
66  shielded by the cytosolic ATPase Get3 (Bozkurt et al., 2009; Mateja et al., 2015; Mateja et al.,
67  2009; Suloway et al., 2009; Yamagata et al., 2010). Then, the Get3-TA protein complexes are
68  recruited to the ER membrane-embedded Getl/2 insertase complex (McDowell et al., 2020;
69 Schuldiner et al., 2008; Stefer et al., 2011; Wang et al., 2014; Wang et al., 2011). Successful
70  interactions between Getl/2 and Get3 drive detachment of TA proteins from Get3, enabling their
71 insertion into the ER membrane by the Getl/2 complex. Upon disruption of the GET pathway,

72 several TA proteins are not properly localized to the ER, but instead, targeted to mitochondria
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73 (Jonikas et al., 2009; Schuldiner et al., 2008). These ER-resident TA proteins on the OMM are
74 removed by Mspl, a mitochondrial surface-anchored AAA-ATPase that extracts inappropriately
75 targeted non-mitochondrial TA proteins and thus maintains mitochondrial membrane integrity
76  (Chen et al., 2014; Okreglak and Walter, 2014; Wang et al., 2020; Wohlever et al., 2017; Zhang
77 etal, 2011).

78 Our previous findings reveal a previously unappreciated role for Getl/2 in promoting
79 mitophagy during prolonged respiratory growth (Onishi et al., 2018). In contrast to severely
80  impaired mitophagy, other selective and bulk autophagy pathways are only slightly affected,
81  indicating that the common core autophagy machinery itself is rarely altered in the absence of
82 Getl/2 (Onishi et al., 2018). Although it is likely that the Getl/2 complex serves a specialized
83  function in mitophagy, how this ER-resident TA protein insertase acts in degradation of
84  mitochondria remains uncertain. In this study, we demonstrate that Atg32 phosphorylation and
85  Atg32-Atgll interactions are compromised in cells lacking Get components. Notably,
86  perturbation of Ppgl-mediated Atg32 dephosphorylation mostly recovers Atg32-Atgll
87  interactions and mitophagy in get//2-null cells. Moreover, the Ppgl-Far complex is localized to
88  the ER in a manner dependent on the GET pathway, and loss of the Get components leads to
89  targeting of this phosphatase complex to mitochondria. Artificial ER localization of the Far
90  complex in the absence of Get1/2 significantly restores Atg32-Atgl1 interactions and mitophagy.
91  In addition, disruption of Mspl extractase activity in GET-deficient cells causes an exacerbation
92 in mitophagy defects. Taken together, our data suggest that the GET pathway serves to promote
93 appropriate targeting of the Ppgl-Far complex to the ER, thereby contributing to Atg32 activation
94 at the initial stage of mitophagy.

95

96 Results
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97  Atg32 phosphorylation and Atg32-Atgll interactions are reduced in cells lacking Get
98  components

99 Inyeast, mitophagy initiation consists of three main steps, expression, mitochondrial localization,
100 and phosphorylation of Atg32. Based on our previous results that Get components are not critical
101 for Atg32 expression and mitochondrial localization (Onishi et al., 2018), we sought to test if loss
102 of Get components affects Atg32 phosphorylation in the early phase of mitophagy. Atg32 is
103 phosphorylated when wild-type cells are grown in respiratory media containing non-fermentable
104 carbon sources such as glycerol (Gly) (Kondo-Okamoto et al., 2012). Under these mitophagy-
105 inducing conditions, putative phosphorylated Atg32 molecules appeared as multiple upper bands
106  (Fig. 1 A) that were diminished by treatment with a protein phosphatase (Fig. 1 B). In contrast,
107 these mobility shifts seemed to be reduced in getl/get2/get3-null cells, indicating that Get
108 components are important for efficient phosphorylation of Atg32 (Fig. 1 A).

109 As Atg32 phosphorylation is thought to be a key regulatory step for stabilizing Atg32-Atgl1
110 interactions (Aoki et al., 2011; Kondo-Okamoto et al., 2012), we next investigated whether loss
111 of Get components impinges this protein-protein interaction for mitophagy. To address this issue,
112 we applied the NanoBiT (NanoLuc Binary Technology, Promega) system, a luminescence-based
113 assay for protein-protein interactions, to quantitative monitoring of Atg32-Atgl1 interactions in
114 live cells. When yeast cells expressing chromosomally integrated LgBiT-tagged Atg32 and
115 SmBiT-tagged Atgll were grown under respiratory conditions, the Atg32-Atgll interaction
116 brings the LgBiT and SmBiT subunits into close proximity, resulting in reversible reconstitution
117 of an active luciferase that generates a luminescent signal in the presence of its substrate
118 furimazine (Dixon et al., 2016) (Fig. S1 A). This system, which efficiently drives mitophagy (80%
119 compared to wild-type cells) without overexpression, enables us to measure the resulting

120 luminescent signals by a microplate reader and relatively quantify Atg32-Atgl] interactions in
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121 vivo. Our NanoBiT system detected lower luminescent signals in cells lacking Getl, Get2, or Get3
122 (3-5-fold reduction compared to wild-type cells) under respiratory conditions (Fig. 1 C),
123 indicating that Get components are required for promoting Atg32-Atgl1 interactions.

124

125 Perturbation of the Ppgl phosphatase restores Atg32-Atgll interactions and mitophagy in
126  getl/2-null cells

127 It is conceivable that a decrease in Atg32 phosphorylation causes suppression of Atg32-Atgll
128 interactions in cells lacking Get components (Fig. 1, A and C). Thus, we hypothesized that
129 augmentation of Atg32 phosphorylation could rescue the impaired protein-protein interactions for
130 mitophagy in GET-deficient cells. To test this possibility, we attempted to genetically increment
131 Atg32 phosphorylation by loss of Ppgl, a protein phosphatase acting in dephosphorylation of
132 Atg32 and suppression of Atg32-Atgll interactions (Furukawa et al., 2018). Accordingly, we
133 performed the NanoBiT assay and found that consistent with the previous report (Furukawa et al.,
134 2018), loss of Ppgl increased Atg32-Atgll interactions (2-3-fold compared to wild-type cells)
135 (Fig. 2 A). Remarkably, in getl/2 ppgi-double-null cells, Atg32 interacted with Atgll at near
136 wild-type levels, supporting the idea that reduced Atg32 phosphorylation in cells lacking Get1/2
137 is the primary cause of a defect in Atg32-Atgl] interactions (Fig. 2 A).

138 Next, we performed mitophagy assay using a mitochondrial matrix-localized DHFR-mCherry
139 (mito-DHFR-mCherry) probe (Calvelli et al., 2020). When mitochondria are transported to the
140 vacuole, DHFR-mCherry is processed by vacuolar proteases to generate free mCherry, enabling
141 semi-quantitative detection of mitochondrial degradation. We confirmed that loss of Ppgl
142 accelerated mitophagy (137% compared to wild-type cells) (Fig. 2, B and C). Strikingly,
143 getl/ppgl- and get2/ppgl-double-null cells exhibited mitophagy at near wild-type levels (112%

144 and 89%, respectively, compared to wild-type cells) (Fig. 2, B and C). Moreover, expression of a
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145 PPG1 HIIIN gene encoding a catalytically inactive phosphatase restored Atg32-Atgll
146 interactions and mitophagy in getl/2-null cells (Fig. S1, B-D). Together, these results suggest that
147 perturbation of Ppgl increased the affinity of Atg32 for Atgll in get//2-null cells, thereby
148 recovering mitophagy.

149 To exclude the possibility that restoration of mitophagy in getl/ppgi- and get2/ppgI-double-
150 null cells is caused indirectly by pleiotropic alterations in Ppgl substrate(s), we examined Atg32
151  variants lacking the amino acid residues 151-200 that are required for the Ppgl-Far complex to
152 interact with Atg32 (Furukawa et al., 2018; Innokentev et al., 2020). When this truncation was
153 introduced into the NanoBiT system, the Atg32 mutant (A151-200) interacted with Atgl1 14-18-
154 fold more strongly than the full-length protein in the presence of Getl, and at near wild-type levels
155 even in the absence of Getl (Fig. 2 D). Consistent with these results, mitophagy in get//2-null
156  cells were mostly restored by expression of the Atg32 mutant (A151-200) (Fig. 2, E and F),
157  supporting the idea that Ppgl-Far-mediated suppression of Atg32-Atgll interactions and
158 mitophagy is exacerbated in the absence of Getl/2.

159

160 The ER-resident Far complex predominantly targets to mitochondria in GET-deficient cells
161 How could Ppgl abrogate mitophagy in cells lacking Get1/2? It has been demonstrated that ER-
162 resident TA proteins localize to mitochondria in get//2-null cells (Jonikas et al., 2009; Schuldiner
163 etal., 2008). In addition, Ppgl interacts with the Far complex that acts in pheromone-induced cell
164 cycle arrest and the TORC2 signaling pathway (Furukawa et al., 2018; Kemp and Sprague, 2003;
165 Pracheil et al., 2012). Moreover, the Far complex contains the TA proteins Far9 and Far10, and is
166 anchored to the ER membrane in a manner dependent on their TA domains (Pracheil and Liu,
167 2013). Based on these findings, we hypothesized that disruption of the GET pathway may lead to

168  targeting of the ER-resident Ppgl-Far complex to the surface of mitochondria, thereby
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169  oversuppressing mitophagy. To test this idea, Far8, a component of the Far complex, was
170 functionally tagged with three copies of GFP, expressed from the chromosomal FARS locus
171 without overexpression, and observed using fluorescence microscopy. We found that Far§8-3xGFP
172 mostly colocalized with mCherry-tagged Sec63, an ER-anchored Hsp40/DnalJ family protein
173 (Feldheim et al., 1992) that exhibited peripheral and perinuclear patterns, in wild-type cells under
174 respiratory conditions (Fig. 3, A and B). By contrast, Far§-3xGFP predominantly localized to
175 mitochondria in get/-null cells (93% of cells lacking Getl and 9% of wild-type cells) (Fig. 3, C
176 and D). We also confirmed that loss of Get2 or Get3 greatly increased mitochondria-targeted Far8-
177 3XGFP (96% and 92% of get2- and get3-null cells, respectively) (Fig. S2 A).

178 To clarify whether the insertase activity of Getl/2 is required for Far8-3xGFP localization to
179 the ER, we generated yeast strains expressing an inactive Getl or Get2 variant with point
180  mutations in their conserved cytosolic domain (GetINRm: N72A, R73A, Get2RERRm: R14E,
181 E15R, R16E, R17E) (Wang et al., 2011), and found that expression of these insertase-inactive
182 mutants significantly disturbed ER localization of Far8-3xGFP (95% and 98% of cells expressing
183 GetINRm and Get2RERRm, respectively) (Fig. S2 B), further underscoring a primary role for
184 the GET pathway in ER targeting of the Ppgl-Far complex. In cells expressing these mutants,
185 mitophagy was moderately reduced (Fig. S2, C and D), indicating that the Getl/2 insertase
186 activity is required for efficient mitophagy.

187 Since targeting of ER-resident TA proteins to the mitochondrial surface requires their TA
188 domains (Farkas and Bohnsack, 2021), we assumed that loss of Far9 or Farl0 could diminish
189 mitochondrial localization of the Far complex in cells lacking Getl/2. In line with this idea, we
190  found that Far8-3xGFP was hardly localized to mitochondria, but instead mostly dispersed
191 throughout the cytoplasm (probably excluded from the vacuolar lumen) in far9/10-null, far9/get1-

192 and farl0/getl-double-null cells (Fig. 3, E and F), indicating that these TA proteins are
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193 indispensable for targeting of the Far complex to the ER in wild-type cells or mitochondria in
194 GET-deficient cells.

195 It has recently been reported that a fraction of the Far complex is localized to mitochondria
196 even in wild-type cells under fermentable conditions (Innokentev et al., 2020). Although we
197  barely found mitochondrial localization of Far§8-3xGFP under non-fermentable conditions (Fig.
198 3, A and C), it remained possible that a small fraction of the Far complex is localized to
199 mitochondria and degraded in a mitophagy-dependent manner. To clarify this issue, we performed
200  GFP-processing assays. Similar to mito-DHFR-mCherry, Far§-3xGFP localized to the ER and
201 mitochondria can be transported to the vacuole and processed to generate free GFP via ER-phagy
202 and mitophagy, respectively. Under respiratory conditions, generation of free GFP was reduced
203 by 50% in cells without mitophagy (atg32-null) or ER-phagy (atg39/40-double-null) (Mochida
204 etal.,2015) and 25% in cells without both events (atg32/39/40-triple-null) compared to wild-type
205 cells (Fig. S2, E and F). These results support the notion that a small fraction of the Ppgl-Far
206  complex escapes the GET pathway and localizes to the surface of mitochondria.

207

208  Loss of the Far9/10 TA proteins rescues mitophagic deficiencies in cells lacking Getl/2

209  Our observations that mitochondrial localization of the Far complex in get/-null cells was
210 diminished by loss of Far9 or Far10 (Fig. 3, E and F) led us to examine Atg32-Atgl1 interactions
211 and mitophagy in the absence of these TA proteins. Similar to the results obtained from ppg/-null
212 cells (Fig. 2, A-C), Atg32 interacted with Atgl1 2-3-fold more strongly in cells lacking Far9 than
213 wild-type cells (Fig. 4 A). In addition, consistent with the previous findings (Furukawa et al.,
214 2018), mitophagy under respiratory conditions was increased in far9-null cells (139% compared
215 to wild-type cells) (Fig. 4, B and C). Strikingly, Atg32-Atgl1 interactions and mitophagy were

216 restored at near wild-type levels in getl/far9- and get2/far9-double-null cells (Fig. 4, A-C).
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217 Next, we investigated cells lacking Far10 and found only a slight and no increase in Atg32-
218 Atgll interactions and mitophagy (1.2-fold and 98%, respectively, compared to wild-type cells)
219 (Fig. S3, A-C). Notably, getl/farl0- and get2/far10-double-null cells exhibited a partial recovery
220 in Atg32-Atgll interactions (0.7- and 0.4-fold, respectively, compared to wild-type cells) (Fig.
221 S3 A) and a substantial restoration in mitophagy (96% and 69%, respectively, compared to wild-
222 type cells) (Fig. S3, B and C). Collectively, these data suggest that the Ppgl-Far complex is
223 anchored to the mitochondrial surface via Far9/10 and acts in suppression of Atg32-Atgll
224 interactions and mitophagy.

225

226  Artificial ER anchoring of the Far complex increases Atg32-Atgll interactions and mitophagy
227 in getl/2-null cells

228  Based on our findings that loss of Get1/2 leads to excess mitochondrial localization of the Ppgl-
229 Far complex (Fig. 3, A-D; and Fig. S2 A), we asked whether Get1/2-independent ER localization
230 of the Ppgl-Far complex ameliorates mitophagy deficiencies in cells lacking Get1/2. To this end,
231 the TA domain of Far9 was replaced with the TM domain (TM*®) of Sec12, a single-pass ER
232 membrane protein consisting of an N- and C-terminal domains facing the cytosol and ER lumen,
233 respectively (d'Enfert et al., 1991). We confirmed that expression of Far9-TM™® does not cause
234 significant alterations in ER shape and Far8-3xGFP localizations (Fig. 5, A and B). As expected,
235 Far8-3xGFP in cells expressing Far9-TM"® was localized to the ER even in getl/2-null cells (Fig.
236 5, A and B; and Fig. S4, A and B). In addition, expression of Far9-TM*™® in cells lacking Get1/2
237  restored Atg32-Atgl] interactions at near wild-type levels (Fig. 5 C). Moreover, mitophagy was
238 increased in get/- and get2-null cells (70% and 80%, respectively compared to wild-type cells)
239 (Fig. 5, D and E), suggesting that ER retention of the Ppgl-Far complex is critical for efficient

240  mitophagy.

10
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241

242 Artificial mitochondrial anchoring of the Far complex partially reduces mitophagy

243 As excess accumulation of the Far complex on the mitochondrial surface by loss of Get1/2 seems
244 to perturb mitophagy, we sought to test if artificial targeting of the Far complex to mitochondria
245 may suppress mitophagy without disrupting Getl/2 functions. The TA domains of Far9 and Far10
246 were replaced with those derived from Geml (Frederick et al., 2004), an OMM protein
247 (Far9/Far10-TAM'™). We confirmed that Far8-3xGFP almost exclusively localizes to
248 mitochondria in cells expressing Far9/Far10-TAM™ (Fig. 6, A and B). In these cells, mitophagy
249 under respiratory conditions was partially reduced (70% compared to wild-type cells) (Fig. 6, C

250 and D). Importantly, this reduction was mostly abrogated in cells expressing Ppgl"''™,

a
251 catalytically inactive mutant (Fig. S5, A and B), suggesting that mitophagy suppression by the
252 OMM-anchored Far complex requires Ppgl phosphatase activity.

253

254 Mspl is required for efficient mitophagy in cells lacking Get3

255 Previous studies demonstrate that Msp1, an OMM-anchored AAA-ATPase acting as an extractase,
256 is important to remove non-mitochondrial TA proteins from the surface of mitochondria in the
257  absence of Get components (Chen et al., 2014; Okreglak and Walter, 2014; Wang et al., 2020).
258 Accordingly, we asked whether loss of Msp1 exacerbates mitophagy deficiencies in cells lacking
259 the GET pathway. As double knockout of Mspl and Getl/2 elicited extremely severe growth
260  defects under respiratory conditions, we performed fluorescence microscopy and mitophagy
261 assays for msp1/get3-double-null cells that could grow slowly with relatively mild phenotypes in
262 liquid non-fermentable medium. Single knockout of Msp1 and Get3 slightly affected mitophagy

263 (85% and 93%, respectively, compared to wild-type cells), whereas loss of these two proteins

264 significantly compromised mitophagy (48% compared to wild-type cells) (Fig. 7, A and B). In

11
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265  addition, loss of Get3 in cells expressing Msp1®'**? (Msp1EQ, an ATPase-inactive mutant) also
266 synergistically disturbed degradation of mitochondria (51% compared to wild-type cells) (Fig. 7,
267 A and B). These results suggest that Mspl ATPase activity is critical to prevent mitophagy
268 suppression in GET-deficient cells.

269 Next, we performed fluorescence microscopy and found that loss of Msp1 did not significantly
270 affect ER localization of Far8-3xGFP (Fig. 7, C and D). By contrast, Far§8-3xGFP localized to
271 mitochondria in get3-null and mspi/get3-double-null cells (Fig. 7, C and D). Based on these
272 observations, we investigated if loss of Ppgl affects mitophagy in mspi/get3-double-null cells,
273 and found that msp1/get3/ppgI-triple-null cells significantly restored mitophagy (81% compared
274 to wild-type cells) (Fig. 7, E and F). Similarly, expression of Atg32(A151-200), a deletion mutant
275 lacking a domain required for Ppgl-mediated dephosphorylation, also increased mitophagy in
276 cells lacking Get3 and Msp1 (60% compared to wild-type cells) (Fig. S5, C and D). Collectively,
277 these results support the idea that the GET pathway and Mspl cooperatively act to prevent
278 suppression of mitophagy by the Ppgl-Far complex.

279

280  Discussion

281  In the present study, we show that the GET pathway contributes to Atg32 phosphorylation by
282 promoting localization of the Ppgl-Far phosphatase complex to the ER (Fig. 8). Loss of Get1/2
283  (ER membrane-anchored insertase), or Get3 (cytosolic ATPase), partially reduces Atg32
284  phosphorylation, thereby abrogating Atg32-Atgl1 interactions in the early phase of respiratory
285 growth (Fig. 1, A and C). Consistent with this observation, mitophagy is severely compromised
286 in getl/2-null cells under prolonged respiration (Onishi et al., 2018). However, cells lacking Get3
287  exhibit only minor defects in mitophagy (Onishi et al., 2018), raising the possibility that in the

288 prolonged phase of respiratory growth, Getl1/2 may have unappreciated additional function(s) to

12
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289  promote mitophagy independently of its insertase activity (Fig. S2, B-D), or that unknown
290  protein(s) may exert a Get3-related compensatory role in promoting mitophagy.

291 Evidently, Atg32-Atgll interactions and mitophagy in cells lacking Getl/2 can mostly be
292 restored by additional loss of Ppgl, a phosphatase that dephosphorylates Atg32 (Fig. 2, A-F),
293 suggesting that Ppgl is likely to be the primary cause of reduced Atg32 phosphorylation in get//2-
294 null mutants. Consistent with these findings, loss of Far9, a component of the Far complex that
295 binds to Ppgl and acts in a cooperative manner to dephosphorylate Atg32, also increased Atg32-
296  Atgll interactions and mitophagy in Getl/2-deficient cells (Fig. 4, A-C). Far9 is an ER-resident
297  TA protein of the Far complex (Pracheil and Liu, 2013), and loss of the Get1/2 insertase activity
298  perturbs ER localization of the Far complex (Fig. 3, A-D; and Fig. S2, A and B), supporting the
299 idea that the GET pathway promotes insertion of the Far TA proteins to the ER membrane.

300 Although disruption of the GET pathway leads to targeting of multiple ER-resident TA proteins
301 to mitochondria (Jonikas et al., 2009; Schuldiner et al., 2008), how these ectopically targeted
302 proteins impact events on the mitochondrial surface remains enigmatic. Upon loss of Get
303  components, the Far complex predominantly targets to mitochondria (Fig. 3, A-D; and Fig. S2, A
304 and B) in a manner dependent on the TA proteins Far9 and Farl0 (Fig. 3, E and F). Anchoring to
305  the mitochondrial surface seems to be critical for the Far complex to efficiently abrogate Atg32-
306  Atgll interactions and mitophagy, since cytosolic diffusion or GET-independent ER anchoring
307  of the Far complex leads to restoration of those processes in getl/2-null cells (Fig. 4, A-C; and
308 Fig. S3, A-C; and Fig. 5, C-E). Based on the observations from us (Fig. S2, E and F) and others
309  (Innokentev et al., 2020) that a fraction of the Far complex localizes to mitochondria even in wild-
310 type cells, we favor a hypothetical model that dynamic changes in the GET pathway (e.g.
311 expression level, insertase activity, and substrate affinity) could affect the number of Ppgl-Far

312 complex targeted to the ER or mitochondria, thereby serving as a regulatory process for
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313 mitophagy (Fig. 8). Further studies are needed to test this hypothesis.

314 During the course of this study, we noticed that our several results seem to be somewhat
315 different from the recently reported data on localization and function of the Ppgl-Far complex
316 (Innokentev et al., 2020). First, we demonstrate that the Far complex is mostly localized to the
317 ER in cells during non-fermentable growth (Fig. 3 A-D), whereas it has been shown that the Far
318 complex is distributed almost equally to both mitochondria and the ER in cells during fermentable
319 growth (Innokentev et al., 2020). These distinct features might be due to different growth
320 condition (mitophagy-inducing or -noninducing). Second, cells containing the GET-
321 independently ER-localized Far complex exhibit mitophagy at near wild-type levels under

322 prolonged respiration (Fig. 5, D and E), whereas cells containing the Far9-Cyb5™

-dependently
323 ER-localized Far complex have been shown to accelerate mitophagy at the early stationary phase
324 (Innokentev et al., 2020). These differences might result from TM segments (one derived from
325 the non-TA protein Secl2 or TA protein Cyb5) and/or mitophagy assay time points (72 h or 40 h
326  in non-fermentable medium). Third, we show that Gem1 TA-dependent artificial targeting of the
327  Far complex to mitochondria causes a partial defect in mitophagy under prolonged respiration
328 (Fig. 6, C and D), whereas it has been demonstrated that mitochondria-targeted Far complex by
329 Tom5 TA strongly diminishes mitophagy at the early stationary phase (Innokentev et al., 2020).
330 This phenotypic difference might be attributed to TA domains used for mitochondrial anchoring
331 and/or mitophagy assay time points (72 h or 40 h in non-fermentable medium). Nevertheless, it
332 seems possible that the mitochondria-anchored Ppgl-Far complex could suppress stationary-
333 phase mitophagy more effectively at the early phase than the late phase.

334 Expression of the Getl/2 insertase-inactive mutants leads to extensive accumulation of the

335  Ppgl-Far complex on the mitochondrial surface, while mitophagy is only partially decreased in

336 these mutant cells (70% compared to wild-type cells) (Fig. S2, B-D). Notably, these phenotypes
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337 are similar to those in ger3-null cells (Fig. 7, A-D) (Onishi et al., 2018), which is in agreement
338 with the previous finding that the Get1/2 insertase-inactive mutants cannot recruit Get3 to the ER
339 (Wangetal.,, 2011). In addition, artificial targeting of the Ppgl-Far complex to mitochondria only
340  partially reduces mitophagy under prolonged respiration (70% compared to wild-type cells) (Fig.
341 6, C and D). Together, these findings raise the possibility that Getl/2 may be a bifunctional
342 complex acting as a general insertase for ER-resident TA proteins, and serving as a pro-
343 mitophagic factor independently of its insertase activity.

344 Finally, our data reveal a potential role of the OMM-anchored AAA-ATPase Mspl in
345  mitophagy. Consistent with the previous reports that Mspl extracts non-mitochondrial TA
346 proteins from the mitochondrial surface upon loss of Get components (Chen et al., 2014; Okreglak
347 and Walter, 2014; Wang et al., 2020; Wohlever et al., 2017), cells lacking both Get3 and Msp1
348 display synthetic defects in mitophagy that can be rescued by loss of Ppgl or expression of an
349 Atg32 variant defective for interaction with the Ppgl-Far complex (Fig. 7, A and B, E and F; and
350  Fig. S5, C and D). Thus, although ER localization of the Far complex seems to be hardly altered
351 in cells lacking Mspl (Fig. 7, C and D), it remains possible that this OMM-anchored extractase
352 may act in removal of non-mitochondrial TA proteins, such as Far9 and Farl0, thereby
353 contributing to Atg32 phosphorylation, Atg32-Atgl1 interactions, and mitophagy (Fig. 8). How
354 the GET pathway and Msp1 coordinately act in activation of Atg32-mediated mitophagy awaits
355  further investigations.

356

357  Materials and methods

358 Yeast strains and plasmids used in this study

359 Yeast strains and plasmids used in this thesis are listed in Table S1 and S2. Standard genetic and

360  molecular biology methods were performed for generating yeast strains.
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361

362 Growth conditions of yeast

363 Yeast cells were incubated in YPD medium (1% yeast extract, 2% peptone and 2% dextrose),
364 synthetic medium (0.17% yeast nitrogen base without amino acids and ammonium sulfate, 0.5%
365  ammonium sulfate) with 0.5% casamino acids and either 2% dextrose (SDCA), or 0.1% dextrose
366 plus 3% glycerol (SDGCA), supplemented with the necessary amino acids. For mitophagy assay
367  under respiratory conditions, cells grown to mid-log phase in SDCA were transferred to SDGCA
368 and incubated at 30°C.

369

370 Protein phosphatase treatment assays

371 For protein phosphatase assays, cells were pre-grown in SDCA, and transferred to SDGCA. 2.0
372 ODsgo units of cells were collected and subjected to alkaline lysis and TCA (Trichloroacetic acid)
373 precipitation. The pellet was resuspended in a reaction buffer (50 mM Tris-HCI pH 7.5, 100 mM
374 NaCl,2 mM DTT, 0.5 mM EDTA, 0.01% Brij-35, 2 mM MgCl2), treated with or without lambda
375  protein phosphatase (A-PPase) in the presence or absence of PPase inhibitor at 30°C for 1 h.
376 Samples corresponding to 0.2 ODsoo units of cells were loaded per lane

377

378  Structured illumination microscopy

379  Live yeast cells expressing Far8-3xGFP were observed using a structured illumination
380  microscopy (Stefer et al.). Differential interference contrast (DIC) and fluorescence images were
381  obtained under a KEYENCE BZ-X810 system equipped with a 100x objective lens (CFI
382 Apochromat TIRF 100XC Oil, Plan-APO TIRF 100, NA: 1.49; Nikon), filter sets for GFP and
383 mCherry (BZ-X filter GFP and BZ-X filter TRITC, respectively; KEYENCE). Cell images were

384  captured using acquisition and analysis software (BZ-X800 Analyzer; KEYENCE).
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385

386 Western blotting

387  Samples corresponding to 0.1-0.4 OD600 units of cells were separated by SDS-PAGE followed
388 by western blotting and immunodecoration with primary antibodies raised against mCherry
389 (1:2,000, Abcam ab125096), Pgkl (1:10,000, Abcam, ab113687), GFP (1:1000, Roche,
390 13921700), HA (1:5,000, Sigma, A2095). After treatment with the secondary antibodies,
391  horseradish peroxidase (HRP)-conjugated rabbit anti-mouse IgG (H + L) for mCherry, GFP, HA,
392 Pgkl, followed by the enhanced chemiluminescence reagent Western Lightning Plus-ECL
393 (PerkinElmer, 203-19151) or ImmunoStar LD (Wako, PTJ2005), proteins were detected using a
394 luminescent image analyzer (FUSION Solo S; VILBER). Quantification of the signals was
395  performed using FUSION Solo S (VILBER).

396

397  Bioluminescence assay for protein-protein interactions

398  For quantitative analysis of Atg32-Atgll interactions using NanoLuc Binary Technology
399  (NanoBiT, Promega), Atg32 fused to 3 copies of GFP and Large BiT (LgBiT; 17.6 kDa), and
400  Atgll fused to Small BiT (SmBiT; 11 amino acids) were expressed endogenously (constructed
401 by Yang Liu, Osaka University, Japan). Upon interaction of Atg32 and Atgll with each other,
402 SmBIT and LgBiT are brought into close proximity, leading to structural complementation and
403 generation of a luminescent signal. For the assay, cells were grown in glycerol media (SDGCA).
404 1.0 OD600 units of cells were collected in the early phase of respiration (OD600: 1.4~1.6) and
405 washed with 400 ul PBS. After washing, cells were dissolved in 40 ul PBS and applied to a 96
406 well plate. The detection reagent was prepared by diluting the Nano-Glo Live Cell Substrate
407  (Promega, 0000360026) with the Nano-Glo LCS Dilution Buffer (Promega, 0000333050) to

408  make the Nano-Glo Live Cell Reagent. 10 pul diluted detection reagent was added onto the 96 well
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409  plate and mixed with the cells. Then, cells were incubated at 37°C for 1 hour. After incubation,
410  the luminescent signal was detected by the microplate reader (Fluoroskan Ascent FL; Thermo
411 Fisher Scientific) (exposure time: 1,000 ms). For the detection of the GFP fluorescent signal
412 derived from Atg32, 1.0 ODsgo units of cells were collected at the same time point, and dissolved
413 in 100 pl SDGCA media, applied to the 96 well plate. GFP signal was measured by microplate
414 reader (Fluoroskan Ascent FL; Thermo Fisher Scientific) (excitation: 485 nm, emission: 538 nm,
415 exposure time: 1,000 ms), and used to normalize the luminescence intensity.

416

417  Statistical analysis

418  Results are presented as means including + standard deviation. Statistical analyses were
419 performed with Excel for Mac (Microsoft) and GraphPad Prism 9 (GraphPad Software), using
420  two-tailed Student’s #-test and one-way ANOVA followed by Tukey’s or Dunnett’s multiple
421 comparison test. All the statistical tests performed are indicated in the figure legends.

422

423 Online supplemental material

424 Fig. S1 shows a schematic description on the NanoBiT assays for Atg32-Atgl1 interactions, and
425  the results on Atg32-Atgll interactions and mitophagy in getl/2-null cells expressing a
426  catalytically inactive Ppgl mutant. Fig. S2 contains the data from microscopic imaging,
427  mitophagy assay, and processing assay for cells expressing Far8-3xGFP and mito-DHFR-
428 mCherry. Fig. S3 shows the results on Atg32-Atgll interactions and mitophagy in get//2-null
429  cells lacking Far10. Fig. S4 contains the data from microscopic imaging for get//2-null cells
430  expressing an artificially ER-anchored Far9. Fig. S5 shows the results on mitophagy in cells
431  expressing a catalytically inactive Ppgl mutant and an ectopically mitochondria-targeted Far9/10.

432 Table S1 contains a list of yeast strains used in this study. Table S2 shows a list of plasmid used
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in this study.
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577  Figure legends

578  Figure 1. Atg32 phosphorylation and Atg32-Atgll interactions are reduced in cells lacking
579  Get components. (A) Wild-type, getiA, get24, and get3A cells containing a plasmid encoding
580  Atg32-3HAn (p-ATG32-3HAn) grown in fermentable dextrose medium (Dex) were cultured in
581  non-fermentable glycerol medium (Gly), collected at the indicated ODsoo points, and subjected to
582 western blotting. All strains are pep4/prbl/atg32-triple-null derivatives defective in vacuolar
583  degradation of Atg32-3HAn via mitophagy. Atg32 is phosphorylated at the early stages of
584  respiratory growth, and phosphorylated Atg32 molecules are detected as multiple upper protein
585  bands. Orange arrowheads and dots indicate putative phosphorylated Atg32. Pgk1l was monitored
586  as aloading control. (B) pep4A prbiA atg32A and pep4A prbIA atg32A getlA cells containing a
587  plasmid encoding Atg32-HAn were grown in glycerol medium, collected at the ODgoo = 2.5 point,
588  and subjected to alkaline lysis and TCA precipitation. The pellet was resuspended in a reaction
589  buffer, treated with or without lambda protein phosphatase (A-PPase) in the presence or absence
590  of PPase inhibitor. (C) Wild-type, get/A, get2A and get3A cells expressing Atg32 internally
591  tagged with 3xGFP plus Large BiT (LgBiT) and Atgll C-terminally tagged with Small BiT
592 (SmBIT) or wild-type cells expressing Atg32 and Atgl1 (negative control, N.C.), were grown in
593 glycerol medium, collected at the ODggo = 1.4 point, incubated with substrates, and subjected to
594  the NanoBiT-based bioluminescence assay. Data represent the averages of all experiments, with
595  bars indicating standard deviations (n = 5 independent cultures). Data were analyzed by one-way
596  analysis of variance (ANOVA) with Dunnett’s multiple comparison test.

597

598  Figure 2. Perturbation of the Ppgl phosphatase restores Atg32-Atgll interactions and
599  mitophagy in getl/2-null cells. (A) Wild-type, ppgiA, getlA, get?A, getlA ppglA, and get2A

600  ppglA cells expressing Atg32-3HA-3xGFP-3FLAG-LgBiT and Atgl1-HA-SmBIT, or wild-type
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601 cells expressing Atg32 and Atgl1 (negative control, N.C.) were grown in glycerol medium (Gly),
602 collected at the ODsoo = 1.4 point, incubated with substrates, and subjected to the NanoBiT-based
603  bioluminescence assay. Data represent the averages of all experiments, with bars indicating
604  standard deviations (n = 3 independent cultures). (B) Wild-type, ppgIA, getiA, get2A, getiA
605  ppglA, get2AppglA, and atg32A cells expressing mitochondrial matrix-targeted DHFR-mCherry
606  (mito-DHFR-mCherry) were grown in glycerol medium (Gly), collected at the indicated time
607  points, and subjected to western blotting. Generation of free mCherry indicates transport of
608  mitochondria to the vacuole. (C) The amounts of free mCherry in cells analyzed in (B) was
609  quantified in three experiments. The signal intensity value of free mCherry in wild-type cells at
610  the 72 h time point was set to 100%. Data represent the averages of all experiments, with bars
611  indicating standard deviations (# = 3 independent cultures). (D) Wild-type and getiA cells
612 expressing Atgll-HA-SmBiT and Atg32-3HA-3xGFP-3FLAG-LgBiT or (A151-200)-3HA-
613  3xGFP-3FLAG-LgBIiT, or wild-type cells expressing Atg32 and Atgll (negative control, N.C.)
614  were grown in glycerol medium (Gly), collected at the ODsoo = 1.4 point, incubated with
615  substrates, and subjected to the NanoBiT-based bioluminescence assay. Data represent the
616  averages of all experiments, with bars indicating standard deviations (z = 3 independent cultures).
617  (E) Wild-type, getIA, and get2A cells expressing chromosomally integrated 47G32 wild-type or
618  ATG32 (4151-200) were grown in glycerol medium (Gly), collected at the indicated time points,
619  and subjected to western blotting. (F) The amounts of free mCherry in cells analyzed in (E) was
620  quantified in four experiments. The signal intensity value of free mCherry in wild-type cells at
621  the 72 h time point was set to 100%. Data represent the averages of all experiments, with bars
622 indicating standard deviations (n = 4 independent cultures). Data were analyzed by two-tailed
623 Student’s ¢ test (A, C, D, F).

624
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625  Figure 3. The ER-resident Far complex predominantly targets to mitochondria in GET-
626  deficient cells. (A) Representative images of wild-type and get/A cells expressing Sec63-
627  mCherry and Far8-3xGFP grown for 24 h in glycerol medium (Gly) and observed by structured
628  illumination microscopy. Arrowheads indicate Far8-3xGFP localized to mitochondria. Scale bar,
629 2 um. DIC, differential interference contrast. (B) Cells analyzed in (A) were quantified in three
630  experiments. Data represent the averages of all experiments, with bars indicating standard
631  deviations (n = 3 independent cultures). (C) Representative images of wild-type and get/A cells
632 expressing mito-DHFR-mCherry and Far8-3xGFP grown for 24 h in glycerol medium (Gly) and
633 observed by structured illumination microscopy. Scale bar, 2 um. (D) Cells analyzed in (C) were
634  quantified in three experiments. Data represent the averages of all experiments, with bars
635  indicating standard deviations (n = 3 independent cultures). (E) Representative images of wild-
636 type, far9A, farlOA, getlA, getlA far9A, and getIA farl0A cells expressing Sec63-mCherry and
637  Far8-3xGFP3 grown for 24 h in glycerol medium (Gly) and observed by structured illumination
638 microscopy. Scale bar, 2 pm. (F) Cells analyzed in (E) were quantified in three experiments. Data
639  represent the averages of all experiments, with bars indicating standard deviations. Data were
640  analyzed by two-tailed Student’s ¢ test (B, D).

641

642 Figure 4. Loss of the Far9/10 TA proteins rescues mitophagic deficiencies in cells lacking
643  Getl/2. (A) Wild-type, far9A, getiA, get2A, getlA far9A, and get2A far9A cells expressing
644  Atg32-3HA-3xGFP-3FLAG-LgBiT and Atgl1-HA-SmBIT, or wild-type cells expressing Atg32
645  and Atgl1 (negative control, N.C.) were grown in glycerol medium (Gly), collected at the ODggo
646 = 1.4 point, incubated with substrates, and subjected to the NanoBiT-based bioluminescence assay.
647  Data represent the averages of all experiments, with bars indicating standard deviations (n = 3

648  independent cultures). (B) Wild-type, far9A, getIA, get2A, get1 A far9A, get2A far9A, and atg32A
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649  cells expressing mito-DHFR-mCherry were grown in glycerol medium (Gly), collected at the
650  indicated time points, and subjected to western blotting. (C) The amounts of free mCherry in cells
651 analyzed in (B) was quantified in three experiments. The signal intensity value of free mCherry
652  in wild-type cells at the 72 h time point was set to 100%. Data represent the averages of all
653  experiments, with bars indicating standard deviations (n = 3 independent cultures). Data were
654  analyzed by two-tailed Student’s ¢ test (A, C).

655

656  Figure 5. Artificial ER anchoring of the Far complex increases Atg32-Atgl1 interactions and
657  mitophagy in get1/2-null cells. (A) Representative images of wild-type, get/A, and get2A cells
658  expressing the endogenous Far9 or a variant whose TA domain was replaced with the Sec12 TM
659  domain (FAR9-TM™) grown for 24 h in glycerol medium (Gly) and observed by structured
660  illumination microscopy. All strains were derivatives expressing Sec63-mCherry and Far8-3xGFP.
661 Scale bar, 2 um. (B) Cells analyzed in (A) were quantified in three experiments. Data represent
662  the averages of all experiments, with bars indicating standard deviations (n = 3 independent
663 cultures). (C) Derivatives of cells analyzed in (D) expressing Atg32-3HA-3xGFP-3FLAG-LgBiT
664  and Atgl1-HA-SmBIT, or wild-type cells expressing Atg32 and Atgll (negative control, N.C.),
665  were grown in glycerol medium (Gly), collected at the ODsoo = 1.4 point, incubated with
666  substrates, and subjected to the NanoBiT-based bioluminescence assay. Data represent the
667  averages of all experiments, with bars indicating standard deviations (n = 4 independent cultures).
668 (D) Wild-type, getIA, get2A and atg32A cells expressing mito-DHFR-mCherry and wild-type
669  FAR9 or FAR9-TM"™® were grown in glycerol medium (Gly), collected at the indicated time points,
670  and subjected to western blotting. (E) The amounts of free mCherry in cells analyzed in (D) were
671  quantified in three experiments. The signal intensity value of free mCherry in wild-type cells at

672 the 72 h time point was set to 100%. Data represent the averages of all experiments, with bars
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673  indicating standard deviations (n = 3 independent cultures). Data were analyzed by two-tailed
674  Student’s ¢ test (B, C, E).

675

676 Figure 6. Artificial mitochondrial anchoring of the Far complex partially reduces mitophagy.
677  (A) Representative images of wild-type, getlA, and get2A cells expressing the endogenous
678  Far9/10 or a variant whose TA domains were replaced with the Gem1 TM domain (FAR9/FAR10-
679  TM™™) grown for 24 h in glycerol medium (Gly) and observed by structured illumination
680  microscopy. All strains were derivatives expressing mito-DHFR-mCherry and Far8-3xGFP. Scale
681  bar, 2 pm. (B) Cells analyzed in (A) were quantified in three experiments. Data represent the
682  averages of all experiments, with bars indicating standard deviations (n = 3 independent cultures).
683  (C) Wild-type, getiA, get?A, and atg32A cells expressing mito-DHFR-mCherry and the
684  endogenous Far9/10 or Far9/Far10-TAM'™ were grown in glycerol medium (Gly), collected at the
685  indicated time points, and subjected to western blotting. (D) The amounts of free mCherry in cells
686  analyzed in (C) were quantified in three experiments. The signal intensity value of free mCherry
687  in wild-type cells at the 72 h time point was set to 100%. Data represent the averages of all
688  experiments, with bars indicating standard deviations (# = 3 independent cultures). Data were
689  analyzed by one-way ANOVA with Dunnett’s multiple comparison test (B, D).

690

691  Figure 7. Mspl is required for efficient mitophagy in cells lacking Get3. (A) Wild-type, mspIA,
692 get3A, msplA get3A, the endogenous MSPI-expressing or MSPI E1930 (MSP1EQ)-expressing
693  get3A, and atg32A cells were grown in glycerol medium (Gly), collected at the indicated time
694  points, and subjected to western blotting. All strains were derivatives expressing mito-DHFR-
695  mCherry. (B) The amount of free mCherry in cells analyzed in (A) was quantified in three

696  experiments. The signal intensity value of free mCherry in wild-type cells at the 72 h time point
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697  was set to 100%. Data represent the averages of all experiments, with bars indicating standard
698  deviations (n = 3 independent cultures). (C) Representative images of wild-type, msplA, get3A,
699  and msplA get3A cells expressing mito-DHFR-mCherry and Far§8-3xGFP grown for 24 h in
700 glycerol medium (Gly) and observed by structured illumination microscopy. Scale bar, 2 um. (D)
701 Cells analyzed in (C) were quantified in three experiments. Data represent the averages of all
702 experiments, with bars indicating standard deviations (n = 3 independent cultures). (E) Wild-type,
703 ppglA, msplA, get3A, msplA ppglA, get3A ppglA, mspIA get3A, msplA get3A ppglA, and
704 atg32A cells expressing mito-DHFR-mCherry were grown in glycerol medium (Gly), collected
705 at the indicated time points, and subjected to western blotting. (F) The amount of free mCherry
706 in cells analyzed in (E) was quantified in three experiments. The signal intensity value of free
707 mCherry in wild-type cells at the 72 h time point was set to 100%. Data represent the averages of
708 all experiments, with bars indicating standard deviations (n = 3 independent cultures). Data were
709  analyzed by one-way ANOVA with Dunnett’s multiple comparison test (B), or two-tailed
710  Student’s ¢ test (F).

711

712 Figure 8. A hypothetical model for activation of Atg32-mediated mitophagy. (Upper panel)
713 Under mitophagy-noninducing (fermentable) conditions, a substantial fraction of the Ppgl-Far
714 complex escapes the GET pathway that may have reduced levels, activity, and/or affinity,
715 localizes to mitochondria, and suppress Atg32 phosphorylation and Atg32-Atgl] interactions.
716 Mitochondria-anchored Ppgl-Far can be extracted from the OMM via Mspl. (Lower panel)
717 Under mitophagy-inducing (non-fermentable) conditions, the GET pathway efficiently mediates
718 targeting of the Ppgl-Far complex to the ER, which in turn promotes Atg32 phosphorylation and
719 Atg32-Atgll interactions. Mspl-dependent extraction of mitochondria-anchored Ppgl-Far from

720 the OMM may be enhanced by unknown mechanisms, contributing to activation of mitophagy.

30


https://doi.org/10.1101/2021.09.20.461067

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.20.461067; this version posted September 21, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

25  Figure legends

26 Figure S1. Expression of a catalytically inactive Ppgl mutant restores Atg32-Atgll
27  interactions and mitophagy in get1/2-null cells. (A) A schematic illustration of the NanoBiT
28 system using cells expressing Atg32-3HA-3xGFP-3FLAG-LgBiT and Atgl1-HA-SmBiT. Upon
29  mitophagy induction, Atg32 interacts with Atgll1, bringing each luminescent subunit into close
30  proximity to form a functional unit that releases a luminescent signal, which is detected by a
31 microplate reader. (B) Derivatives of cells analyzed in (C) expressing Atg32-3HA-3xGFP-
32 3FLAG-LgBiT and Atgl1-HA-SmBIT, or wild-type cells expressing Atg32 and Atgl1 (negative
33 control, N.C.), were grown in glycerol medium (Gly), collected at the ODsoo = 1.4 point, incubated
34 with substrates, and subjected to the NanoBiT-based bioluminescence assay. Data represent the
35  averages of all experiments, with bars indicating standard deviations (r» = 3 independent cultures).
36 (C) Wild-type, getIA, and get2A cells containing chromosomally integrated wild-type PPGI or
37  PPGI HIIIN were grown in glycerol medium (Gly), collected at the indicated time points, and
38  subjected to western blotting. (D) The amounts of free mCherry in cells analyzed in (C) was
39 quantified in three experiments. The signal intensity value of free mCherry in wild-type cells at
40  the 72 h time point was set to 100%. Data represent the averages of all experiments, with bars
41 indicating standard deviations (n = 3 independent cultures). Data were analyzed by two-tailed
42 Student’s ¢ test (B, D).

43

44 Figure S2. ER localization of the Far complex is perturbed in GET-deficient cells. (A)
45  Representative images of wild-type, get2A, and get3A cells expressing mito-DHFR-mCherry and
46 Far8-3xGFP grown for 24 h in glycerol medium (Gly) and observed by structured illumination
47  microscopy. Scale bar, 2 um. The percentage of cells exhibiting mitochondria-localized Far8-

48 3xGFP is depicted. (B) Representative images of wild-type cells expressing the endogenous
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49 GETI/2, chromosomally integrated GETI NRm (N724, R73A4), or a GET2 RERRm (RI4E, EI5R,
50  RI6E, RI7E) grown for 24 h in glycerol medium (Gly) and observed by structured illumination
51 microscopy. All strains were derivatives expressing mito-DHFR-mCherry and Far8-3xGFP. Scale
52 bar, 2 um. The percentage of cells exhibiting mitochondria-localized Far8-3xGFP is depicted. (C)
53 Wild-type, getiA, get2A, or cells expressing chromosomally integrated GETI NRm or GET2
54 RERRm, and atg32A cells were grown in glycerol medium (Gly), collected at the indicated time
55  points, and subjected to western blotting. (D) The amounts of free mCherry in cells analyzed in
56 (C) was quantified in three experiments. The signal intensity value of free mCherry in wild-type
57  cells at the 72 h time point was set to 100%. Data represent the averages of all experiments, with
58  bars indicating standard deviations (n = 3 independent cultures). (E) Wild-type, atg32A, atg39A
59 atg40A, and atg32A atg39A atg40A cells expressing mito-DHFR-mCherry and Far8-3xGFP were
60  grown in glycerol medium (Gly), collected at the indicated time points, and subjected to western
61  blotting. Generation of free GFP indicates transport of Far§ to the vacuole. (F) The amount of
62  free GFP in cells analyzed in (E) was quantified in three experiments. The signal intensity value
63 of free GFP in wild-type cells at the 72 h time point was set to 100%. Data represent the averages
64  of all experiments, with bars indicating standard deviations (» = 3 independent cultures). Data
65  were analyzed by one-way ANOVA with Dunnett’s multiple comparison test (D) or Tukey’s
66  multiple comparison test (F).

67

68  Figure S3. Loss of Far10 significantly ameliorates mitophagic deficiencies in the absence of
69  Getl/2. (A) Wild-type, farl0A, getiA, get?A, getIA farl0A, and get2A farl0A cells expressing
70 Atg32-3HA-3xGFP-3FLAG-LgBiT and Atgl1-HA-SmBIT, or wild-type cells expressing Atg32
71 and Atgll1 (negative control, N.C.) were grown in glycerol medium (Gly), collected at the ODsgo

72 = 1.4 point, incubated with substrates, and subjected to the NanoBiT-based bioluminescence assay.
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73 Data represent the averages of all experiments, with bars indicating standard deviations (n = 3
74 independent cultures). (B) Wild-type, fari0A, getIA, get2A, getIA farlOA, get2?A farl0OA, and
75 atg32A cells expressing mito-DHFR-mCherry were grown in glycerol medium (Gly), collected
76 at the indicated time points, and subjected to western blotting. (C) The amount of free mCherry
77 in cells analyzed in (B) was quantified in six experiments. The signal intensity value of free
78 mCherry in wild-type cells at the 72 h time point was set to 100%. Data represent the averages of
79 all experiments, with bars indicating standard deviations (z = 6 independent cultures). Data were
80  analyzed by two-tailed Student’s ¢ test (A, C).

81

82 Figure S4. Artificial ER anchoring of the Far complex in getl/2-null cells. (A) Representative
83  images of wild-type, get/A, and get2A cells expressing the endogenous Far9 or a variant whose
84  TA domain was replaced with the Sec12 TM domain (FAR9-TM"®) grown for 24 h in glycerol
85 medium (Gly) and observed by structured illumination microscopy. All strains were derivatives
86  expressing mito-DHFR-mCherry and Far8-3xGFP. Scale bar, 2 um. (B) Cells analyzed in (A)
87  were quantified in three experiments. Data represent the averages of all experiments, with bars
88  indicating standard deviations. Data were analyzed by two-tailed Student’s # test (B).

89

90  Figure S5. Suppression of mitophagy by artificially mitochondria-anchored Ppgl-Far and
91 restoration of mitophagy in ge#3/mspI-double-null cells expressing a Atg32 variant defective
92 in Ppgl-Far interaction. (A) Wild-type cells expressing the endogenous FAR9 and PPGI or
93 chromosomally integrated FARY/FARI0O-TA™™® and PPGI HIIIN were grown in glycerol
94  medium (Gly), collected at the indicated time points, and subjected to western blotting. (B) The
95  amounts of free mCherry in cells analyzed in (A) were quantified in three experiments. The signal

96 intensity value of free mCherry in wild-type cells at the 72 h time point was set to 100%. Data
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97  represent the averages of all experiments, with bars indicating standard deviations (n = 3
98  independent cultures). Data were analyzed by two-tailed Student’s ¢ test (B). (C) Wild-type,
99  msplA, get3A, and msplIA get3A cells expressing the endogenous ATG32 or chromosomally
100 integrated ATG32(4151-200) were grown in glycerol medium (Gly), collected at the indicated
101 time points, and subjected to western blotting. (D) The amounts of free mCherry in cells analyzed
102 in (C) were quantified in three experiments. The signal intensity value of free mCherry in wild-
103 type cells at the 72 h time point was set to 100%. Data represent the averages of all experiments,
104  with bars indicating standard deviations (z = 3 independent cultures). Data were analyzed by two-

105 tailed Student’s ¢ test (B and D).
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Table S1. Yeast strains used in this study

Strain name Genotype Source

BY4741 his3A1 leu2A0 met15A0 ura3A0 (1)

KOY1387 BY4741 TEF’-mito-DHFR-mCherry::CgHIS3

KOY1422 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 atg32::kanMX6

KOY2928 BY4741 TEF"-mito-DHFR-mCherry::CgHIS3 get2::natNT2

KOY4146 BY4741 TEF"-mito-DHFR-mCherry::CgHIS3 getl ::natNT2

KOY4594 BY4741 TEF"-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3
atg32::ATG32-3HA

KOY4860 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 mspl::natNT2

KOY5408 BY4741 pep4::kanMX6 prbl::hphNTI atg32::zeoNT3

KOY5558 BY4741 pep4::kanMX6 prbl::hphNTI1 atg32::zeoNT3 getl::natNT2
[pRS316-ATG32-3HA]

KOY5560 BY4741 pep4::kanMX6 prbl::hphNTI atg32::zeoNT3 get2::natNT2
[pRS316-ATG32-3HA]

KOY5562 BY4741 pep4::kanMX6 prbl::hphNTI1 atg32::zeoNT3 get3::natNT2
[pRS316-ATG32-3HA]

KOY6288 BY4741 TEF"-mito-DHFR-mCherry.::CgHIS3 get3::natNT2 msp1::KIURA3

KOY6872 BY4741 TEF’-mito-DHFR-mCherry::CgHIS3 ppgl.::hphNTI

KOY6875 BY4741 TEF’-mito-DHFR-mCherry::CgHIS3 getl::natNT2 ppgl : -hphNTI

KOY6878 BY4741 TEF’-mito-DHFR-mCherry::CgHIS3 get2::natNT2 ppgl : -hphNT1

KOY6996 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 ATG11-HA-
SmBIiT::hphNT1 ATG32-3HA-3*xmGFP-3FLAG-LgBiTn

KOY 7491 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 ATG11-HA-
SmBIiT::hphNT1 ATG32-3HA-3 *xmGFP-3FLAG-LgBiTn getl::natNT2

KOY7494 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 ATG11-HA-
SmBIiT::hphNT1 ATG32-3HA-3 *xmGFP-3FLAG-LgBiTn get2::natNT2

KOY7497 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 ATG11-HA-
SmBiT::hphNT1 ATG32-3HA-3 xmGFP-3FLAG-LgBiTn ppgl::natNT2

KOY7619 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 ATG11-HA-
SmBiT::hphNT1 — ATG32-3HA-3xmGFP-3FLAG-LgBiTn  getl::natNT2
ppgl::kanMX6

KOY7622 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 ATG11-HA-
SmBiT::hphNT1  ATG32-3HA-3xmGFP-3FLAG-LgBiTn  get2::natNT2
ppgl::kanMX6
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KOY7629 BY4741 TEF’-mito-DHFR-mCherry::CgHIS3 far9::hphNTI

KOY7632 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 getl::natNT2 far9::hphNTI

KOY7635 BY4741 TEF’-mito-DHFR-mCherry::CgHIS3 get2: :natNT2 far9::hphNTI

KOY7794 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 ATG11-HA-
SmBIiT::hphNT1 ATG32-3HA-3 *xmGFP-3FLAG-LgBiTn far9::KIURA3

KOY7797 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 ATG11-HA-
SmBiT::hphNT1  ATG32-3HA-3xmGFP-3FLAG-LgBiTn  getl::natNT2
far9::KIURA3

KOY7805 | BY4741 TEF"-mito-DHFR-mCherry::CgHIS3 FARS-3xGFP::hphNTI

KOY7807 BY4741  TEF"-mito-DHFR-mCherry::CgHIS3  getl::natNT2  FARS-
3XGFP::hphNTI

KOY7809 BY4741  TEF"-mito-DHFR-mCherry::CgHIS3  get2::natNT2  FARS-
3XGFP::hphNTI

BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 ATG11-HA-
SmBIiT::hphNT1 ATG32-3HA-3 *xmGFP-3FLAG-LgBiTn get3::natNT2

KOY7816

KOY7821 BY4741 SEC63-mCherry::KIURA3 FARS-3 xGFP::hphNT1I

KOY7823 BY4741 SEC63-mCherry::KIURA3 getl::natNT2 FARS-3XGFP::hphNT1

KOY7825 BY4741 SEC63-mCherry::KIURA3 get2::natNT2 FARS-3XGFP::hphNT1

KOY7853 BY4741  TEF'-mito-DHFR-mCherry::CgHIS3 ~ FAR8-3xGFP::hphNTI
atg32::natNT2

KOY7862 BY4741 TEF"-mito-DHFR-mCherry::CgHIS3 getl::KIURA3 GETI FARS-
3XGFP::hphNTI

KOY7864 BY4741 TEF"-mito-DHFR-mCherry::CgHIS3 getl::KIURA3 GETI(N72A4,
R734) FARS-3xGFP::hphNT1

KOY7866 BY4741 TEF"-mito-DHFR-mCherry::CgHIS3 get2::KIURA3 GET2 FARS-
3XGFP::hphNTI

KOY7884 BY4741 TEF"-mito-DHFR-mCherry::CgHIS3 get2::KIURA3 GET2(RI4E,
EI5R, RIGE, RI7E) FARS-3xGFP::hphNTI

KOY7905 BY4741 TEF’-mito-DHFR-mCherry::CgHIS3 ppgl::KIURA3 PPG1

KOY7907 BY4741 TEF"-mito-DHFR-mCherry::CgHIS3 ppgl::KIURA3
PPGI(HIIIN)

KOY7973 BY4741 TEF"-mito-DHFR-mCherry::CgHIS3  ppgl::KIURA3 PPGI
getl::natNT2

KOY7976 BY4741 TEF"-mito-DHFR-mCherry::CgHIS3 ppgl::KIURA3
PPGI(HIIIN) getl::natNT2
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KOY7979 BY4741  TEF"-mito-DHFR-mCherry::CgHIS3  ppgl::KIURA3 PPGI
get2::natNT2

KOY7982 BY4741 TEF"-mito-DHFR-mCherry::CgHIS3 ppgl::KIURA3
PPGI(HIIIN) get2::natNT2

KOY8036 BY4741  TEF"-mito-DHFR-mCherry::CgHIS3 ~ FARS-3xGFP::natNT2
farl0::kanMX6

KOY&8039 BY4741  TEF"-mito-DHFR-mCherry::CgHIS3  getl::natNT2  FARS-
3XGFP::hphNTI farl0::kanMX6

KOY8045 BY4741 TEF"-mito-DHFR-mCherry.::CgHIS3 atg32::KIURA3 atg32(A151-

200)-3HA

KOY&8046 BY4741 TEF"-mito-DHFR-mCherry::CgHIS3 getl::natNT2
atg32::KIURA3 ATG32-3HA

KOY8047 BY4741 TEF"-mito-DHFR-mCherry::CgHIS3 getl::natNT2
atg32::KIURA3 atg32(A151-200)-3HA

KOY8049 BY4741 TEF"-mito-DHFR-mCherry::CgHIS3 get2::natNT2
atg32::KIURA3 ATG32-3HA

KOY8050 BY4741 TEF"-mito-DHFR-mCherry::CgHIS3 get2::natNT2

atg32::KIURA3 atg32(A151-200)-3HA

KOY8051 BY4741  TEF"-mito-DHFR-mCherry::CgHIS3 ~ FARS-3xGFP::natNT2
far9::KIURA3

KOY8054 BY4741  TEF"-mito-DHFR-mCherry::CgHIS3  getl::natNT2  FARS-
3XGFP::hphNTI far9::KIURA3

KOY8066 BY4741 TEF’-mito-DHFR-mCherry::CgHIS3 farl0::KIURA3

KOY8069 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 getl::natNT2 farl0::natNT2

KOY&8072 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 get2::natNT2 farl0::natNT2

KOY8075 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 ATG11-HA-
SmBIiT::hphNT1 ATG32-3HA-3xmGFP-3FLAG-LgBiTn ppgl::KIURA3
PPGI

KOY8076 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 ATG11-HA-
SmBIiT::hphNT1 ATG32-3HA-3xmGFP-3FLAG-LgBiTn ppgl::KIURA3
PPGI(HIIIN)

KOY8077 BY4741 TEF’-mito-DHFR-mCherry::CgHIS3 FARS-3 xGFP: :kanMX6

KOY8079 BY4741  TEF"-mito-DHFR-mCherry::CgHIS3  getl::natNT2  FARS-
3xGFP::kanMX6

KOY&8081 BY4741  TEF"-mito-DHFR-mCherry::CgHIS3  get2::natNT2  FARS-
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3XGFP::kanMX6

KOY8092 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 ATG11-HA-
SmBIiT::hphNT1 ATG32-3HA-3xmGFP-3FLAG-LgBiTn ppgl::KIURA3
PPGI getl::natNT2

KOY8095 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 ATG11-HA-
SmBIiT::hphNT1 ATG32-3HA-3xmGFP-3FLAG-LgBiTn ppgl::KIURA3
PPGI get2::natNT2

KOY8098 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 ATG11-HA-
SmBiT::hphNT1 ATG32-3HA-3xmGFP-3FLAG-LgBiTn ppgl::KIURA3
PPGI(HIIIN) getl::natNT2

KOY8101 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 ATG11-HA-
SmBiT::hphNT1 ATG32-3HA-3xmGFP-3FLAG-LgBiTn ppgl::KIURA3
PPGI(HIIIN) get2::natNT2

KOY8107 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 ATG11-HA-
SmBIiT::hphNT1 ATG32-3HA-3 *xmGFP-3FLAG-LgBiTn farl0::KIURA3

KOY8110 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 ATG11-HA-
SmBiT::hphNT1  ATG32-3HA-3xmGFP-3FLAG-LgBiTn  getl::natNT2
farl0::KIURA3

KOY8113 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 ATG11-HA-
SmBiT::hphNT1  ATG32-3HA-3xmGFP-3FLAG-LgBiTn  get2::natNT2
farl0::KIURA3

KOYS8115 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 ATG11-HA-
SmBIiT::hphNT1 ATG32-3HA-3*xmGFP-3FLAG-LgBiTn  far9::KIURA3
get2::natNT2

KOY8179 BY4741  TEF"-mito-DHFR-mCherry::CgHIS3 ~ FARS-3xGFP::hphNTI
FAR9-TM™®: :kanMX6

KOY8181 BY4741  TEF"-mito-DHFR-mCherry::CgHIS3  getl::natNT2  FARS-
3XGFP::hphNTI FAR9-TM™: :kanMX6

KOY8183 BY4741  TEF"-mito-DHFR-mCherry::CgHIS3  get2::natNT2  FARS-
3XGFP::hphNTI FAR9-TM™: :kanMX6

KOY&8192 BY4741 TEF"-mito-DHFR-mCherry::CgHIS3 mspl::KIURA3
MSPI(E1930Q)

KOY8235 BY4741  TEF"-mito-DHFR-mCherry::CgHIS3  get3::natNT2  FARS-
3xGFP::kanMX6

KOY8347 BY4741 TEF"-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 ATG32-3HA
mspl::natNT2
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KOY8350 BY4741 TEF"-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 atg32(A4151-
200)-3HA msp1::natNT2

KOY8353 BY4741 TEF"-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 ATG32-3HA
get3::natNT2

KOY8356 BY4741 TEF-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 atg32(A4151-
200)-3HA get3::natNT12

KOY8386 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 mspl::natNT2 ppgl : :zeoNT3

KOY8389 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 get3::natNT2 ppgl::zeoNT3

KOY8392 BY4741 TEF"-mito-DHFR-mCherry.::CgHIS3 get3::natNT2 msp1::KIURA3
ppgl::zeoNT3

KOY8401 BY4741 TEF"-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 ATG32-3HA
mspl::natNT2 get3::zeoNT3

KOY&8404 BY4741 TEF"-mito-DHFR-mCherry.::CgHIS3 atg32::KIURA3 atg32(A151-
200)-3HA msp1::natNT2 get3::zeoNT3

KOY8440 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 ATG11-HA-
SmBiT::hphNTI ATG32-3HA-3xmGFP-3FLAG-LgBiTn FARY-
TM™®: :kanMX6

KOY8442 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 ATG11-HA-
SmBiT::hphNT1 — ATG32-3HA-3xmGFP-3FLAG-LgBiTn  getl::natNT2
FAR9-TM™::kanMX6

KOY8444 BY4741 TEF'-mito-DHFR-mCherry::CgHIS3 atg32::KIURA3 ATG11-HA-
SmBiT::hphNT1  ATG32-3HA-3xmGFP-3FLAG-LgBiTn  get2::natNT2
FAR9-TM™::kanMX6

KOY8446 BY4741  TEF’-mito-DHFR-mCherry::CgHIS3  mspl::natNT2  FARS-
3XGFP::kanMX6

KOY8554 BY4741  TEF"-mito-DHFR-mCherry::CgHIS3 ~ FARS-3 XxGFP::kanMX6
atg39::KIURA3 atg40::zeoNT3

KOY8557 BY4741  TEF-mito-DHFR-mCherry::CgHIS3 ~ FARS-3xGFP::hphNTI
atg32::natNT2 atg39::KIURA3 atg40.:zeoNT3

KOY8568 BY4741  TEF"-mito-DHFR-mCherry::CgHIS3 ~ FARS-3xGFP::natNT2
FAR9-TAM™::hphNTI FAR10-TAM™: :kanMX6

KOY8570 BY4741 TEF"-mito-DHFR-mCherry::CgHIS3 ppgl::KIURA3 PPG1 FARS-
3XGFP::natNT2 FAR9-TA™™::hphNTI FAR10-TA™™: :kanMX6

KOY8572 BY4741 TEF"-mito-DHFR-mCherry::CgHIS3 ppgl::KIURA3
PPGI(HIIIN) FARS-3xGFP::natNT2 FAR9-TAM™::hphNTI ~ FARI10-
TAMC: :kanMX6
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KOY8719 BY4741 TEF"-mito-DHFR-mCherry::CgHIS3 mspl::KIURA3
MSPI(E193Q) get3::natNT2

KOY8793 BY4741  SEC63-mCherry::KIURA3  FARS-3XGFP::hphNTI  FARY-
TMER: :kanMX6

KOY8795 BY4741 SEC63-mCherry::KIURA3 getl::natNT2 FARS-3xGFP::hphNTI
FAR9-TM™®: :kanMX6

KOY9095 BY4741 SEC63-mCherry::KIURA3 get2::natNT2 FARS-3 xGFP::kanMX6
FAR9-TM™®::hphNT1

1. Brachmann, C.B., Davies, A., Cost, G.J., Caputo, E., Li, J., Hieter, P. and Boeke, J.D. (1998).
Designer deletion strains derived from Saccharomyces cerevisiae S288C: a useful set of strains

and plasmids for PCR-mediated gene disruption and other applications. Yeast 14, 115-132.

Table S2. Plasmid used in this study

Plasmid number Name Relevant characteristics

KOB71 pRS316-ATG32-3HAn | CEN URA3 580 bp 5"-UTR & 744 bp 3"-UTR from ATG32
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