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ABSTRACT

The yeast PROPPIN Atg18 folds as a (-propeller with two binding sites for phosphatidylinositol-
3-phosphate (PtdIns3P) and PtdIns(3,5)P, at its circumference. Membrane insertion of an amphipathic
loop of Atg18 leads to membrane tubulation and fission. Atg18 has known functions at the PAS during
macroautophagy, but the functional relevance of its endosomal and vacuolar pool is not well under-
stood. Here we show in a proximity-dependent labeling approach and by co-immunoprecipitations
that Atg18 interacts with Vps35, a central component of the retromer complex. The binding of Atg18 to
Vps35 is competitive with the sorting nexin dimer Vps5 and Vps17. This suggests that Atg18 within the
retromer can substitute for both the phosphoinositide binding and the membrane bending capabilities
of these sorting nexins. Indeed, we found that Atg18-retromer is required for PtdIns(3,5)P,-dependent
vacuolar fragmentation during hyperosmotic stress. The Atg18-retromer is further involved in the
normal sorting of the integral membrane protein Atg9. However, Ptdins3P-dependent macroautophagy
and the selective cytoplasm-to-vacuole targeting (Cvt) pathway are only partially affected by the Atg18-
retromer. We expect that this is due to the plasticity of the different sorting pathways within the
endovacuolar system.

Abbreviations: BAR: bin/amphiphysin/Rvs; FOA: 5-fluoroorotic acid; PAS: phagophore assembly site;
PROPPIN: beta-propeller that binds phosphoinositides; Ptdins3P: phosphatidylinositol-3-phosphate;
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Introduction

Macroautophagy, afterward termed autophagy, plays
a crucial role in cellular homeostasis and is thus linked to
numerous diseases [1]. In S. cerevisiae it starts with the
formation of double-membraned autophagosomes [2-4].
In brief, a few vesicles from the trans-Golgi network carry-
ing the membrane protein Atg9 fuse at a scaffolding com-
plex containing the serine/threonine kinase Atgl to
a crescent-shaped phagophore. At the phagophore
PtdIns3P is generated, which leads to recruitment of the
PtdIns3P-binding proteins Atgl8 and Atg2l. Atg2l is
required for efficient coupling of Atg8 to phosphatidyletha-
nolamine by organizing the Atg8 lipidation machinery at
a contact site between the phagophore and the vacuole [5-
12]. Lipidated Atg8 interacts with cargo receptors on the
inside of the phagophore; on the outside, it is thought to be
part of a coat-like structure. For phagophore expansion,
Atgl8 organizes the Atg2-Atg9 complex at a contact site
between the ER and the phagophore. Atg2 delivers lipids
from the ER to the growing phagophore, while Atg9 acts as
a scramblase and transfers these lipids to the inner mem-
brane leaflet [13]. Eventually, the autophagosome is closed
and fuses with the vacuole. Atg9 is recycled back to its
trans-Golgi pool either during autophagosome maturation
or after fusion with the vacuole [14].

Here, we focus on the molecular functions of Atgl8. It
folds as a 7 bladed B-propeller, which contains at its circum-
ference two binding sites for PtdIns3P and PtdIns(3,5)P, [15-
19] and is thus termed PROPPIN for B-propeller that binds
phosphoinositides. S. cerevisiae contains with Atg21 and Hsv2
two additional homologous members of this protein family.
PROPPINS are well conserved and their four mammalian
counterparts are termed WIPI and WDR45 proteins [20].
Atgl8 not only localizes to the phagophore but also to the
vacuole and endosomes [21-23]. At the vacuolar membrane,
Atgl8 modulates the activity of the PtdIns3P 5-kinase Fabl
and interacts with Vacl4, a component of the Fabl-complex
[22,24,25]. Atgl8 is further required for PtdIns(3,5)P,-
dependent vacuolar fragmentation upon hyperosmotic stress
and retrograde vacuolar transport of the artificial cargo RS-
ALP [21,22,26]. Atgl8 contains an amphipathic loop between
its two phosphoinositide binding sites. Membrane insertion of
this loop leads to membrane tubulation and fission, which is
required for its role in vacuole fragmentation [27].
Interestingly, also the mammalian orthologue WIPI1 shares
this ability and has been shown to mediate retrograde traffick-
ing from endosomes [28].

To get deeper insight into the molecular function of Atgl8,
we characterized in a proximity labeling approach the Atgl8
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microenvironment in living cells and identified the retromer
component Vps35 as an Atgl8 interactor. Our work shows
competitive binding of the SNX-BAR proteins Vps5 and
Vpsl7 and Atgl8 with retromer and uncovers the role of
Atgl8-retromer for vacuole fragmentation upon hyperosmo-
tic stress. Further experiments support a role of Atgl8-
retromer in Atg9 sorting.

Results

Determination of the Atg18 microenvironment by
proximity labeling

To better understand the molecular function of Atgl8, we
aimed to identify interacting proteins. To overcome problems
with the stability of protein complexes upon cell lysis, we used
the proximity-dependent labeling BioID approach [29,30].
This system allows the characterization of protein complexes
in living cells. In brief, the E. coli biotin ligase BirA is fused to
the protein of interest, which results in the biotinylation of
neighboring proteins. After cell lysis and isolation of the
biotinylated proteins with a biotin-affinity column, they can
be identified by mass spectrometry. To assure promiscuous
biotinylation BirA*, a mutated version of the biotin ligase, is
used.

We generated both MYC-BirA*-Atgl8 and Atgl8-MYC-
BirA* and found them to be biologically active and expressed
(Fig. S1A-C). Next, we checked if the known interaction of
Atgl8 with Atg2 can be detected with these two constructs.
Indeed, Atg2-3xHA was bound to StrepTactin biotin-affinity
beads, when either MYC-BirA*-Atgl8 or Atgl8-MYC-BirA*
was expressed, but not with MYC-BirA* alone (Figure 1A).
Because MYC-BirA*-Atgl8 showed fewer degradation bands,
we used this construct for the BioID approach. To quantita-
tively identify proteins biotinylated by MYC-BirA*-Atgl8, but
not BirA*, we used a previously established stable isotope
labeling by amino acids in cell culture (SILAC) protocol
[30]. Here cells expressing MYC-BirA*-Atgl8 are grown in
medium containing arginine and lysine with light isotopes,
while cells expressing MYC-BirA* are grown with amino acids
with medium weight isotopes and cells carrying an empty
plasmid with heavy isotopes (Figure 1B). The harvested cells
were then pooled and biotinylated proteins were isolated by
affinity chromatography from their crude extracts. After tryp-
tic digestion the isolated proteins were identified by LC-MS
and ranked according to their enrichment compared to the
controls. Determination of the known Atgl8 interactors
Vacl4, Fabl and Atg2 together with Atgl8 self biotinylation
confirmed the wvalidity of our approach (Table 1).
Interestingly, we further identified with Vps35 and Snx3 two
components of the retromer complex.

Atg18 coprecipitates with the retromer component
Vps35, but not with Snx3

Next, we wanted to confirm the putative interaction of Atgl8
with Vps35 and Snx3 in co-immunoprecipitation experi-
ments. To avoid artifacts caused by non-endogenous expres-
sion levels, Vps35 was chromosomally tagged at its carboxy-
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terminus with 6xHA and Atgl8-GFP was expressed from its
endogenous promotor. Indeed, Vps35-6xHA precipitated with
Atgl18-GFP, but not with GFP alone (Figure 2A), as a control,
the known Atgl8 interactor Atg2 was included. Since we
could not detect an interaction between Atgl8 and Snx3
under these conditions, GFP-Atgl8 was further expressed
with the MET17 promotor in the presence of 0.3 pM methio-
nine. Again, the interaction of Atgl8 with Vps35 was clearly
detectable (Figure 2B). Furthermore, the interaction of GFP-
Atgl8 with Vacl4-6xHA could be confirmed, which was pre-
viously only detectable using the yeast two-hybrid system
[25]. However, again no interaction between GFP-Atgl8 and
Snx3-6xHA could be seen under these conditions. Also, after
starvation of the cells for 2 h in a nitrogen-free SD-N medium
only interaction of Atgl8 with Vps35, but not with Snx3 was
detectable. Together, this suggests that Snx3 is not an inter-
actor of Atgl8, but it might be present in its vicinity.

Membrane association of Atgl8 depends on the binding to
two PtdIns3P molecules via a conserved FRRG motif, accord-
ingly a mutated Atgl8-FTTG variant localizes to the cytosol.
Co-immunoprecipitation of GFP-Atgl8 with Vps35-6xHA
was significantly reduced with Atgl8-FITTG but still pre-
served, suggesting that the interaction is favored by mem-
brane association, but can also occur in the cytosol
(Figure 2C,D). The reduced but still clearly detectable coim-
munoprecipitation of GFP-Atgl8 with Vps35-HA in vps30A
cells, lacking the autophagy specific PtdIns 3-kinase complex,
strengthen this view (Figure 2E,F). In line with an interaction
of Atgl8 and Vps35, fluorescence microscopy showed that
30% of the Atgl8-GFP puncta colocalized with chromoso-
mally expressed Vps35-mcherry (Figure 2G).

Cross talk between Atg18-retromer and Vps5-Vps17-
retromer

In S. cerevisiae the retromer complex recycles proteins and
lipids from the endosome to the Golgi. It contains the cargo
selection complex or simply retromer, which consists of
Vps26, Vps29 and Vps35 and forms arch-like structures
(Figure 3A) [31,32]. Retromer further interacts with
a dimeric complex of SNX-BAR sorting nexins such as Vps5
and Vpsl7. Vps5 and Vpsl7 bind via their PX domain to
PtdIns3P-positive membranes and induce membrane bending
with their BAR domain. This leads to the assembly of a spiral
coat and is thought to induce membrane tubulation and the
formation of endosomal transport carriers.

Remarkably, the amount of Vps35-6xHA co-
immunoprecipitating with GFP-Atgl8 was more than two-
fold higher in the absence of either Vps5 or Vpsl7
(Figure 3B,D), suggesting competitive binding of Atgl8 and
the sorting nexins to retromer. Indeed, overexpression of
Atgl8 from the strong GPDI-promotor significantly lowered
the coimmunoprecipitation of Vps35-HA and Vps5-GFP after
starvation for 2 h (Figure 3G,I). However, overexpression of
Vps5 had no further inhibiting effect on the interaction of
Vps35 with Atgl8, suggesting that normal Vps5 levels are
sufficient to balance the formation of the different retromer
complexes (Figure 3H,]).
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Figure 1. Characterization of the Atg18 microenvironment. (A) A small-scale proximity-dependent labeling BiolD approach was performed to test the functionality of
the biotin ligase (BirA*) fusion constructs of Atg18 with the known interactor Atg2. Cells expressing the BirA* constructs together with Atg2-3xHA were grown in
selection medium supplemented with biotin, harvested and lysed. Biotinylated proteins were purified with Strep-Tactin columns and visualized in Western blots with
antibodies against HA and MYC. (B) Workflow for the BiolD assay. WCG atg184 arg4A lys1A strains expressing under the control of a MET17 promotor either MYC-BirA*
-Atg18, MYC-BirA* or an empty plasmid were grown in selection medium supplemented with methionine, biotin and isotope labeled arginine and lysine. Pooled
cultures were then lysed and biotinylated proteins purified using Strep-Tactin columns. After SDS-PAGE the proteins were digested with trypsin and analyzed using

mass spectrometry.

We further analyzed whether or not the interaction of
Atgl8 with Vps35 depends on the presence of the other
retromer subunits. Well in line with the important role of
Vps29 in retromer assembly [32], in the absence of Vps29
almost no Vps35-6xHA coprecipitated with GFP-Atgl8, while
approximately half of it was still bound in theabsence of
Vps26 (Figure 3C, D). Further co-immunoprecipitation
experiments showed that Vps26-6xHA is bound by GFP-
Atgl8, but only in the presence of Vps35 (Figure 3E). For
Vps29-6xHA we could not detect an interaction with GFP-
Atgl8 (Figure 3F). Taken together, our findings suggest the

formation of an Atgl8-retromer complex, and competitive
binding of retromer by either Atgl8 or Vps5 and Vpsl7.

Hyperosmotic vacuole fragmentation depends on
Atg18-retromer

One of the best characterized retromer functions is the
intracellular trafficking of endosomal cargo proteins such
as Kex2 and Earl [31,33]. Retromer defects typically lead
to mislocalization of the cargos to the vacuole. Indeed,
compared to wild-type cells wvps35A cells showed



Table 1. Identification of Atg18 interactors with the BiolD approach.
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Intensity Ratio Enrichment
Gene Replicate light medium heavy light/ light/ light/ light/
(BirA*-Atg18) (BirA*) (empty) medium heavy medium heavy
Atg18 1 2,783,100,000 225,250,000 99,951,000 12.36 12 27.84 79 92% 91% 96% 97%
2 4,149,700,000 464,070,000 212,590,000 8.94 19.52 89% 95%
3 2,996,400,000 191,760,000 15,710,000 15.63 190.73 94% 99%
Vac14 1 19,347,000 480,700 751,380 40.25 32 25.75 100 98% 94% 96% 98%
2 22,695,000 464,110 95,253 48.90 238.26 98% 100%
3 38,807,000 5,002,400 1,087,700 7.76 35.68 87% 97%
Fab1 1 - - - n.a. - n.a. - 91% - 100%
2 982,570 0 0 n.a. (6) n.a. (156) 100% 100%
3 1,895,500 323,500 12,140 5.86 156.14 83% 99%
Atg2 1 2,221,700 108,290 51,979 20.52 n.a. 42.74 n.a. 95% 98% 98% 99%
2 1,452,800 0 0 na. @n na. (43) 100% 100%
3 1,966,800 0 0 n.a. n.a. 100% 100%
Vps35 1 4,604,000 790,540 96,105 5.82 9 4791 n.a. 83% 88% 98% 99%
2 14,455,000 1,298,800 0 11.13 n.a. (48) 91% 100%
3 9,986,000 906,900 0 11.01 n.a. 91% 100%
Snx3 1 1,411,000 0 0 n.a. n.a. n.a. n.a. 100% 85% 100% 100%
2 1,844,400 611,410 24,183 3.02 (6) 76.27 (76) 67% 99%
3 2,603,300 320,970 0 8.1 n.a. 88% 100%

intensity (light) — intensity (medium or heavy)

Enrichment =

x 100%

intensity (light)

drastically increased vacuolar localization of Ear1-GFP and
Kex2-GFP, which was not the case for atgIl8A atg2IA
hsv2A cells or cells overexpressing Atgl8 (Figure 4A,B).
We used cells lacking all three yeast PROPPINs to exclude
the possibility that lack of Atgl8 might be masked by one
of the other homologues. We conclude that Atgl8-
retromer might have functions distinct from Vps5/Vpsl7-
retromer and Snx3-retromer.

We were further interested, which of the previously
described Atgl8 functions depends on retromer. The role
of Atgl8 in regulating vacuolar morphology and especially
the fragmentation of vacuoles upon hyperosmotic stress is
well established [21,22,24,26,27,34]. We thus labeled the
vacuoles with the fluorescent dye FM 4-64 and counted in
the presence and absence of 0.4 M NaCl the percentage of
cells exhibiting fragmented vacuoles. In agreement with
published data, atgI8A showed a severe defect in vacuole
fragmentation compared to wild-type cells (Figure 5A,B).
Remarkably, the retromer defects in vps264, vps29A and
vps35A cells caused comparable defects in vacuolar frag-
mentation, suggesting a role of Atgl8-retromer in this
process. On the other side, deletion of either VPS5 or
VPS17 caused hyper-fragmentation of the vacuoles upon
hyperosmotic stress, while overexpression of Vps5 with
the strong GPDI-promotor blocked vacuole fragmentation
almost completely (Figure 5A,B). This observation
strengthens the crosstalk between the Atgl8- and the
Vps5/Vpsl7-retromer shown in Figure 3B,C. As expected,
snx3A cells showed normal vacuole fragmentation. vps5A
atgl8A double-deleted cells were still highly fragmented,
which might be due to compensatory effects of the other
PROPPINs or due to binding of the free CSC to Ypt7,
reducing its fusion activity. While Vps5-GFP under grow-
ing and starvation conditions showed a punctate

localization (Fig. S2), Atgl8-GFP showed an increased
punctate localization in growing and starved vps5A cells.

Atg9 interacts with Vps35 and is missorted in starved
vps35A4 cells

Atgl8 further acts during autophagy by organizing the com-
plex of Atg2 with Atg9, which delivers and distributes lipids
to the growing phagophore [13]. In addition, Atgl8 is
required for recycling of Atg9 to a post-Golgi pool [23]. We
wondered if Atgl8-retromer might be involved in these auto-
phagy related Atgl8 functions. To this end, we analyzed the
autophagic activity in vps35A cells. Maturation of prApel was
only slightly but significantly reduced in both growing and
nitrogen-starved vps35A cells (Figure 6A,B). To measure the
autophagy rate in immunoblots, we took advantage of the
accumulation of rather proteolysis resistant GFP inside the
vacuole [35]. Degradation of GFP-Atg8 was reduced to about
20% of the wild-type level after 4 hours in nitrogen-free SD-N
medium (Figure 6C,D), while the unselective autophagy mar-
ker Pgkl-GFP [36] was degraded with about 70% of the
normal rate (Figure 6E,F). As expected, vps5A and vpsi7A
cells showed significantly higher autophagy rates compared
to vps35A cells (Figure 6E,F). Together, our data indicate that
autophagy in SD-N medium is not blocked in the absence of
Vps35, but significantly reduced. This might either be due to
an indirect role of Vps35 in autophagy or the plasticity of the
endovacuolar system, where alternative transport routes can
probably compensate for defects of others.

We thus extended our analyses of the Atgl8 and Vps35
interactome onto Atg9 and Atg2. Co-immunoprecipitation of
Vps35 with Atgl8 was effective in cells lacking both Atg9 and
Atg2 (Figure 7A), accordingly the absence of Atg2 alone or
starvation for 2 hours in nitrogen-free medium did not abro-
gate the interaction (Figure 7B). More importantly, co-
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Figure 2. Vps35 interacts with Atg18. (A) Vps35 co-precipitates with endogenous levels of Atg18. Immunoprecipitations were performed with atg184 cells expressing
Atg2-3xHA or Vps35-6xHA together with GFP or Atg18-GFP. Atg2 was included as a known Atg18 interactor and could be detected in the bound fraction of Atg18-
GFP, but not GFP alone. (B) GFP-Atg18 overexpression increases co-immunoprecipitation. GFP-Atg18 was expressed from a MET17 promotor in the presence of
Vps35-6xHA, Vac14-6xHA and Snx3-6xHA, respectively. This increased the amount of Vps35-6xHA bound to GFP-beads, and also allowed detection of Vac14 in the
bound fraction of GFP-Atg18. No interaction between Snx3 and Atg18 could be seen. (C) Interaction with Vps35-6xHA is reduced for GFP-Atg18"¢, which due to
defective phosphoinositide binding localizes to the cytosol. (D) Quantification of the co-immunoprecipitation of GFP-Atg18 and GFP-Atg187™® with Vps35-6xHA. The
ratios were normalized to the ratio of GFP-Atg18. (E, F) Immunoprecipitation of Vps35 with Atg18 is reduced in the absence of Vps30. A Co-IP was performed with
either wildtype or vps30A cells expressing Vps35-6xHA and GFP-Atg18 or GFP as a control. At least three independent experiments were quantified and the ratio of
HA signal to GFP signal was normalized to the wildtype. Statistical relevance was determined using an unpaired two-tailed t-test, error bars indicate SEM, asterisks
indicate p-values. (G) Vps35 colocalizes with Atg18. Vps35 was chromosomally tagged with mCherry and its localization was analyzed compared to endogenously
expressed Atg18-GFP. White arrows indicate puncta positive for both Atg18 and Vps35. Scale bar: 5 um.
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Figure 3. Relationship between Atg18 and components of the retromer complex (A) Model of the retromer complex containing Vps35, Vps26 and Vps29 together
with the SNX-BAR proteins Vps5 and Vps17. (B) Co-precipitation of Vps35-6xHA with GFP-Atg18 was increased in the absence of either Vps5 or Vps17. Vps35-6xHA
was chromosomally expressed, while GFP-Atg18 was under the control of a MET17 promotor. (C) The amount of Vps35-6xHA bound to GFP-Atg18 is decreased in
a vps264 strain and no binding could be detected in a vps29A strain. (D) Quantification of at least three independent co-immunoprecipitation experiments. The ratio
of HA signal to GFP signal in the bound fraction was normalized to the wildtype. Statistical relevance was determined using an unpaired two-tailed t-test, error bars
indicate SEM, asterisks indicate p-values. (E,F) Vps26 co-precipitates with Atg18 in the presence of Vps35, while Vps29 does not. Either Vps26 or Vps29 were
chromosomally tagged with 6xHA and expressed together with GFP-Atg18 under a MET17 promotor control. (G,H) Vps5 competes with Atg18 for binding to Vps35
during nitrogen starvation. Vps35-6xHA was expressed chromosomally together with either GFP-Atg18 (G) or Vps5-GFP (H) under the control of a MET17 promotor.
Co-IPs were performed before and after 2 h of nitrogen starvation. Either Vps5 (G) or Atg18 (H) were deleted (-) or constitutively overexpressed under the control of
a GPD1 promotor (+++). (I,J) Quantification of at least three independent co-immunoprecipitation experiments. The ratio of HA signal to GFP signal in the bound

fraction was normalized to the 0 h sample of the wildtype. Statistical relevance was determined using an unpaired two-tailed t-test, error bars indicate SEM, asterisks
indicate p-values.
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Figure 4. Sorting of Ear1 and Kex2 appears unaffected by Atg18, Atg21 and Hsv2. Ear1 (A) and Kex2 (B) were C-terminally tagged with GFP and expressed from the
chromosome in either wildtype, the indicated deletion strains or, in case of Ear1, with overexpressed Atg18. FM 4-64 was used to stain the vacuolar membrane. Cells
with increased GFP signal inside the vacuole were counted and the ratio of cells with stained vacuole to total amount of cells was calculated. Scale bar: 5 pm.

immunoprecipitation also showed an interaction between
Vps35 and Atg9 in wild-type cells. In the absence of both
Atgl8 and Atg2 the interaction was clearly detectable
(Figure 7A,C). In line with the non-essential role of Atg2 for
the interaction of Vps35 with both Atgd and Atgl8, only
a weak interaction of Vps35 with Atg2 was detected in both
wild-type and atgl8A cells (Figure 7C). Additionally, we used
the split-ubiquitin system, which is similar to the 2-hybrid
system, but better suited to detect interactions of membrane
associated proteins [37]. We generated Vps35-Cub, tagged at
its C-terminus with the carboxyterminal domain of ubiquitin.
As a positive control we used Nub-Vps5, carrying the amino-
terminal domain of ubiquitin at its amino-terminus. Upon
interaction both ubiquitin domains come together and ubi-
quitin is removed by deubiquitinating enzymes, releasing
a destabilized variant of the Ura3 protein, which is then
rapidly degraded by the proteasome. Thus, interaction leads

to uracil-auxotroph cells unable to grow without uracil in the
medium. Additionally, growth on 5-fluoroorotic acid (5-FOA)
is analyzed, here cells auxotroph for uracil can grow. We
detected the known strong interaction of Vps35 with Vps5
(Figure 7D). Well in line with our co-immunoprecipitations,
also Atg9 showed a strong interaction. Atgl8 and Atg2
showed a weaker, but clearly detectable interaction. It
should be mentioned that lack of interaction in the split-
ubiquitin system might be due to steric reasons, since both
ubiquitin domains must come in close contact. Thus, nega-
tive results or weak interactions need verification by
coimmunoprecipitations.

Together our data would fit with the existence of an Atg18-
retromer complex containing Atg9, which might be involved
in the recycling of Atg9 to its trans-Golgi pool. We therefore
next analyzed in fluorescence microscopy the localization of
Atg9-GFP and mCherry-Atg8 in vps35A cells. Compared to
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incubated in YPD medium or shifted to hyperosmotic medium containing 0.4 M NaCl. After 1 h vacuolar fragmentation was inspected in fluorescence microscopy.

Scale bar: 5 um. (B) The percentage of cells containing fragmented vacuoles were
determined using an unpaired two-tailed t-test, error bars indicate SEM, asterisks i

wild-type cells vps35A cells showed after 0 and 2 hours in
a nitrogen-free medium a reduced number of Atg8 puncta,
which were also positive for Atg9 (Figure 8A,B). In contrast to
wild-type cells, vps35A cells showed the appearance of GFP
fluorescence in their vacuoles, with a maximum at 2 hours
after shifting to SD-N medium, while in vps5A cells only very
few vacuoles showed GFP fluorescence (Figure 8C,D). Since
Atg9-GFP is a membrane protein with its carboxy terminus
exposed to the cytosol this indicates its disturbed sorting in
vps35A cells, most likely leading to entry into the MVB-
pathway and its release into the vacuole.

determined in at least three independent experiments. Statistical relevance was
ndicate p-values.

We generated a plasmid expressing the vps35Arepeat6
mutant, which is defective in Ypt7 binding [38-40] and mea-
sured the mislocalization of Atg9-GFP to the vacuole lumen
in growing and starved cells. As shown in Figure 8D expres-
sion of vps35Arepeat6 reduced the Atg9 vacuolar mislocaliza-
tion rate to about 2/3 of that seen in vps35A cells, but not to
the level upon expression of Vps35. Interestingly, the auto-
phagy rate measured by breakdown of Pgkl-GFP (Figure 8E,
F) was comparable in vps35A cells and in cells expressing
Vps35Arepeat6, supporting a crucial role of Vps35 binding
to Ypt7 for autophagy. In sum, the data support the idea that
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Figure 6. Effect of retromer on autophagic activity. The level of prApe1 maturation was determined in immunoblots (A) and the percentage of mApe1 was calculated
(B). Autophagic breakdown of GFP-Atg8 (C, D) as well as a Pgk1-GFP assay to determine nonselective autophagy (E,F) was analyzed in immunoblots and the amount
of rather proteolysis stable GFP was quantified. Cells were nitrogen starved in SD-N and harvested for analysis. The prApel maturation rate was determined by
dividing the amount of mature Apel to the total amount of Ape1, while the ratio of free GFP to total GFP was calculated for both the GFP-Atg8 and Pgk1-GFP assay.
At least three independent experiments were quantified. Statistical relevance was determined using an unpaired two-tailed t-test, error bars indicate SEM, asterisks
indicate p-values.
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Cub/empty: negative control.

defects in Atg9 cycling lead to its uptake at endosomes into
MVB-vesicles, which cause its appearance in the vacuole.
Fluorescence microscopy showed that compared to wild-
type cells Atgl8-GFP exhibited in vps35A cells a reduced
number of puncta per cell, but an increased vacuolar

membrane localization (Figure 9A,C). This altered intracellu-
lar localization further supports an additional role of Atgl8-
retromer in protein trafficking.

In addition, we generated an atg27A vps35A double-deleted
strain and measured the autophagy rate using breakdown of
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Figure 8. Atg9 is mislocalized in vps35A cells. (A) Chromosomally tagged Atg9-GFP was expressed together with mCherry-Atg8 under the control of an
endogenous promotor in either wild-type or vps35A cells. Cells were grown to an ODggo of ~2 and transferred to SD-N to induce autophagy. Black scale
bar: 5 um. (B) Puncta positive for both Atg9-GFP and mCherry-Atg8 were counted and the percentage of colocalization in relation to the total number of
Atg8 puncta was calculated in at least three independent experiments. (C) Atg9-GFP mislocalizes to the vacuole in the absence of functional Vps35. Wild-
type, vps35A or vps5A cells expressing Atg9-GFP were nitrogen starved and stained with FM 4-64 to mark the vacuolar membrane. Deletion of repeat6 in
Vps35 affects Atg9 localization. White scale bar: 2.5 um. (D) Cells with increased GFP signal inside the vacuole were counted and the ratio of cells with
stained vacuole to the total number of cells was determined. (E, F) Effect of Vps35A6 on autophagic activity. Autophagic degradation of Pgk1-GFP was
analyzed after 0, 2, and 4 h of nitrogen starvation, and the ratio of free GFP to total GFP was calculated. Statistical relevance was determined using an
unpaired two-tailed t-test, error bars indicate SEM, asterisks indicate p-values.
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Figure 9. Atg18 accumulates at the vacuolar membrane in the absence of Vps35. (A) Wild-type or vps35A cells expressing Atg18-GFP under the control of an
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membrane. (B, C) Three independent experiments were analyzed for quantification. Statistical relevance was determined using an unpaired two-tailed t-test, error
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Pgkl-GFP. vps35A and atg27A cells both showed about half of
the wild-type autophagy rate, while autophagy in the atg27
vps35 double-deleted cells was almost blocked (Figure 10E,F).
Also, GFP-Atg8 breakdown (Figure 10C,D) and prApel
maturation (Figure 10A,B) showed are clear additive effect.
This shows that alternate routes for Atg9 cycling exist, which
underlines the plasticity of the endovacuolar sorting system.

Discussion

Our proximity-dependent labeling approach for Atgl8 iden-
tified besides the known interactors Vacl4, Fabl and Atg2
the retromer subunit Vps35 (Figure 1 and Table 1). Vps35
assembles together with Vps26 and Vps29 into the arch-like
cargo selective retromer complex often simply called retro-
mer (Figure 3A). At endosomes retromer further associates
with a dimeric complex of the sorting nexins Vps5 and
Vpsl7 into spiral-like structures. These sorting nexins bind
via their PX domains to PtdIns3P and induce with their BAR
domains membrane tubulation and finally scission of endo-
somal transport carriers. Our co-immunoprecipitations
showed that the interaction of Atgl8 with Vps35 requires
Vps29 suggesting that Atgl8 interacts with the assembled
arch-like retromer (Figure 3). Indeed, we observed binding
of Atgl8 to Vps26 only in the presence of Vps35. Based on
the significantly strengthened interaction of Atgl8 with
Vps35 in the absence of Vps5 or Vpsl7, we expect that
retromer can either associate with the dimeric sorting nexins

or with Atgl8. This is confirmed by the almost complete
block of vacuole fragmentation when Vps5 is overexpressed
(Figure 5A,B) and the significantly reduced interaction of
Vps35 with Vps5 after 2 h starvation in cells overexpressing
Atgl8 (Figure 3G,I). The typical cargos of Vps5/Vpsl7-
retromer, such as Earl and Kex2, are not mislocalized in
the absence of Atgl8 (Figure 4); underscoring the different
roles of these retromer complexes. Furthermore, Atgl8
shows features allowing it to functionally substitute for the
sorting nexins. As a PROPPIN Atgl8 does not contain a PX
domain but two binding sites for PtdIns3P and
PtdIns(3,5)P,. Instead of the BAR domain the loop CD in
blade 6 of Atgl8 can fold as an amphipathic helix, which
penetrates into the membrane and thus generates membrane
bending. It has been shown that Atgl8 and especially its loop
6 CD plays a crucial role in vacuolar fragmentation upon
hyperosmotic stress [21,26,27]. Since Vps26, Vps29 and
Vps35 are also required for efficient vacuolar fragmentation
during salt stress while deletion of VPS5 and VPS17 resulted
in hyper-fragmentation (Figure 5), we expect that Atgl8-
retromer acts during vacuolar fragmentation. It has been
proposed that the absence of Vps5 or Vpsl7 leads to the
increased interaction of the Rab-GTPase Ypt7 with retromer
and that Ypt7 is thus not available for vacuole fusion [38-
40]. Indeed, a vps35Arepeat6 mutant unable to bind Ypt7
was almost blocked in autophagy of Pgkl-GFP (Figure 8E,F)
and reduced Atg9 mislocalization to the vacuole lumen, but
not the level seen in cells expressing Vps35 (Figure 8C,D).
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Our proximity-dependent labeling approach further iden-
tified Snx3. However, in coimmunoprecipitations we could
not verify an interaction of Atgl8 with Snx3, even after
starvation and Atgl8 overexpression. This might be due to
the experimental conditions used; however, we can also envi-
sion an alternate scenario. The relation between Snx3-
retromer and Vps5-Vpsl7-retromer is not fully understood.
Since Snx3 only contains a PX-domain, it has been speculated
to act preferentially in cargo recognition [31,33]. One idea is
that one complex might act during cargo recognition, while
tubulation and scission of endosomal transport carriers are
mainly mediated by the other. For further studies, it should
also be taken into account that some Atgl8-retromer might
act in the proximity of Snx3-retromer.

The membrane deformation and scission activity of Atgl8
and mammalian WIPI1 depends on insertion of the amphi-
pathic helix formed by loop 6 CD into the membrane [27,28].
Mutations abrogating the formation of an amphipathic helix
abolished this function, without significantly affecting the
autophagic rate. This suggests that autophagy does not require
the fission activity of these proteins. For WIPII tubulation at
early endosomes was dependent on PtdIns3P, while fission
required PtdIns(3,5)P,. Similarly, in S. cerevisiae autophagy
requires PtdIns3P, while vacuolar fragmentation upon hyper-
osmotic stress depends on the PtdIns3P 5-kinase Fabl.

We were thus further interested if Atgl8-retromer plays
a role in autophagy and especially in the recycling of Atg9.
Atgl8 itself is required for autophagosome elongation and in
its absence Atg9 is restricted to the phagophore. We therefore
focused on the central retromer component Vps35. In vps354
cells, selective autophagy followed by maturation of prApel
was slightly but significantly reduced. Unselective macroauto-
phagy followed by Pgkl-GFP breakdown was reduced for
about 30% after 4 hours in a nitrogen-free medium and GFP-
Atg8 breakdown was reduced to ~20% of the wild type level
(Figure 6). In sum, retromer is required for efficient autopha-
gy, but not essential. Remarkably, the split-ubiquitin system
indicated an interaction of Vps35 with Atg9 (Figure 7D). Co-
immunoprecipitation experiments confirmed the interaction
of Vps35 with Atg9, which was still present in atg2A atgl8A
double-deleted cells (Figure 7A,C). Also, the interaction of
Atgl8 with Vps35 was independent of the presence of Atg9
and Atg2. This would fit with Atg9 being a cargo of Atgl8-
retromer. Indeed, fewer Atg8-puncta were also positive for
Atg9 and most interestingly after 2 h of nitrogen-starvation,
Atg9-GFP was missorted to the vacuolar lumen (Figure 8). In
addition, in vps35A cells less Atgl8-puncta, but increased
localization to the vacuolar membrane was detectable
(Figure 9). We cannot exclude that lack of Vps35 causes
general imbalances within the endovacuolar system, which
indirectly affect autophagy and Atg9 sorting. Based on the
observed interaction of Atg9 with Vps35, we however favor
another explanation. Retrograde transport from the vacuole to
endosomes and the Golgi is mediated by several pathways,
which can act in parallel and might partially compensate for
one another.

Snx24 (Atg24), another SNX-BAR protein, acts in two
dimeric protein complexes either together with Snx41 or
Atg20 (Snx42) [41,42]. Atg27, which is involved in Atg9

trafficking is sorted Snx4-dependent from the vacuole to
endosomes and retromer-dependent from endosomes to the
Golgi and deletion of ATG27 leads to missorting of Atg9 to
the vacuole lumen [33,43,44]. In yeast, Atg9 sorting appears to
occur by Snx4 and in a redundant pathway by retromer
[45,46]. In higher eukaryotes, ATG9A traffic from endolyso-
somes to early endosomes requires SNX4, while its transit
from early endosomes to the Golgi is mediated by VPS35.
Reminiscent to the partial autophagy defect we found in
vps35A cells, silencing of VPS35 in higher cells only reduced
the starvation-induced protein degradation by ~40% [47]. The
importance of VPS35 for ATG9A trafficking is underscored
by sorting defects observed with VPS35”*°N. This mutated
variant was identified in patients with Parkinson disease [48].
Together, we thus expect that Atg9 recycling in the absence of
Atgl8-retromer might be bypassed to some extend by other
pathways. Indeed, vps35A and atg27A cells both showed about
half of the wild-type autophagy rate measured with Pgkl-
GFP, while autophagy in the atg27A vps35A double-deleted
cells was almost blocked (Figure 10).

At the moment it is not understood how the assembly of
Atgl8 into different protein complexes is regulated. Hints for
such a regulatory mechanism might come from a study
reporting the regulation of membrane association and
PtdIns(3,5)P,-binding by phosphorylation of the loop 6 CD
and blade 7 [49]. Further studies will be necessary to shed
light on those mechanisms.

Materials and methods
Strains, media and growth conditions

Yeast strains listed in Table 2 are derived from the WT strain
WCG4 MATa his3-11,15 leu2-3,112 ura3 [50] and BY MATa;
his3A1, leu2A0, metl15A0, ura3A0. Deletions and insertions
were generated using the method described by [51,52].

Yeast strains were cultivated at 30°C and 220 rpm in yeast
extract peptone dextrose medium (YPD, 1% yeast extract, 2%
peptone, 2% glucose, pH 5.5) or synthetic complete medium
(CM, 0.67% yeast nitrogen base w/o amino acids, 2% glucose,
pH 5.6, supplemented with 0.0117% of the appropriate amino
acids for auxotrophic selection). Autophagy was induced by
nitrogen starvation: yeast cells were incubated in synthetic
defined medium w/o nitrogen (SD-N, 0.17% yeast nitrogen
base w/o amino acids and ammonium sulfate, 2% glucose).

Chromosomal modifications of the yeast genome to intro-
duce C- or N-terminal tags, deletions or alternative promotors
were performed as described previously [51-54].

Plasmids

Plasmids used in this study are listed in Table 3. For the
construction of pUG36-MYC-BirA*-MCS the insert MYC-
BirA* was amplified lacking a stop codon and bracketed by
Xbal restriction sites. Amplification products as well as the
backbone pUG36 were digested with Xbal and ligated, repla-
cing the GFP of the backbone with MYC-BirA*. Atgl8 was
inserted into the MCS by digesting both vector and insert
with Xhol and Spel.
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Figure 10. Autophagic activity vps354 atg27A cells. The level of prApe1 maturation was determined in immunoblots (A) and the percentage of mApe1 was calculated
(B). Autophagic breakdown of GFP-Atg8 (C, D) as well as a Pgk1-GFP assay to determine nonselective autophagy (E,F) was analyzed in immunoblots and the amount
of rather proteolysis stable GFP was quantified. Cells were nitrogen starved in SD-N and harvested for analysis. The prApel maturation rate was determined by
dividing the amount of mature Apel to the total amount of Ape1, while the ratio of free GFP to total GFP was calculated for both the GFP-Atg8 and Pgk1-GFP assay.
At least two independent experiments were quantified. Statistical relevance was determined using an unpaired two-tailed t-test, error bars indicate SEM, asterisks
indicate p-values.

GFP tagged Atgl8 and Atg2 were generated by copying the pUG23 (J. H. Hegemann, Heinrich-Heine-University,
respective gene with its endogenous promotor from chromo- Duesseldorf, Germany).
somal DNA. Restriction sites EcoRI/Sacl for Atgl8 and Sall/ For Vps35Arepeat6 Vps35 was chromosomally tagged with
Spel for Atg2 were used for insertion into the backbone 6xHA and then copied including its promotor with oligos
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Table 2. Strains used.

strain genotype reference
BY atg18A vps17A Vps35-6xHA atg18A:hphNT1 vps17A:KAN VPS35-6xHA:NatNT2 This study
BY atg18A vps26A Vps35-6xHA atg18A:hphNT1 vps26A:KAN VPS35-6xHA::NatNT2 This study
BY atg18A vps29A Vps35-6xHA atg18A:hphNT1 vps29A:KAN VPS35-6xHA:NatNT2 This study
BY atg18A vps5A atg18A:KAN vps5A:natNT2 This study
BY atg18A vps5A Vps35-6xHA atg18A:hphNT1 vps5A:KAN VPS35-6xHA::NatNT2 This study
BY Pgppi-Vps5 natNT2:Pgppq-VPS5

BY vps35A atg27A vps35A:hphNT1 atg27A:KAN This study
WCG atg18A4 arg4A lys1A atg18A:KAN arg4A:hphNT1 lys1A:natNT2 This study
WCG atg18A Atg2-3xHA atg18A:KAN ATG2-3xHA:hphNT1 This study
WCG atg18A atg21A hsv2A Ear1-yeGFP atg18A:KAN atg21A:natNT2 hsv2A:His3 Ear1-yeGFP:hphNT1 This study
WCG atg18A atg21A hsv2A Kex2-GFP atg18A:KAN atg21A:natNT2 hsv2A:His3 Kex2-yeGFP:hphNT1 This study
WCG atg184 Snx3-6xHA atg18A:KAN SNX3-6xHA:natNT2 This study
WCG atg18A Vac14-6xHA atg18A:KAN VAC14-6xHA::natNT2 This study
WCG atg184 Vps26-6xHA atg184:KAN VPS26-6xHA::hphNT1 This study
WCG atg184 Vps29-6xHA atg18A:KAN VPS29-6xHA::hphNT1 This study
WCG atg184 vps30A Vps35-6xHA atg18A:KAN vps30A:hphNT1 Vps35-6xHA:natNT2 This study
WCG atg184 Vps35-6xHA atg18A:KAN VPS35-6xHA::NatNT2 This study
WCG atg18A Vps35-6xHA Pgppi-Vps5 atg18A:KAN VPS35-6xHA:hphNT1 natNT2::Pgpp;-VPS5 This study
WCG atg18A Vps35-6xHA Vps5-GFP atg18A:KAN VPS35-6xHA:natNT2 VPS5-yeGFP:hphNT1 This study
WCG atg184 Vps35-mCherry atg18A:KAN VPS35-mCherry:hphNT1 This study
WCG atg18A vps35A atg18A:KAN vps35A:hphNT1 This study
WCG atg18A vps354 Vps26-6xHA atg18A:KAN vps35A:His3 VPS26-6xHA:hphNT1 This study
WCG atg184 vps54 Vps35-6xHA atg18A:hphNT1 vps5A:KAN VPS35-6xHA::natNT2 This study
WCG atg2A atg94 atg18A Vps35-6xHA atg2A:hphNT1 atg9A:loxP atg18A:KAN VPS35-6xHA::natNT2 This study
WCG Atg9-GFP ATG9-yeGFP::hphNT1 This study
WCG Ear1-GFP EAR1-yeGFP::hphNT1 This study
WCG Ear1-GFP Pgppi-Atg18 Ear1-GFP:hphNT1 natNT2::Pcppi-ATG18 This study
WCG Kex2-GFP KEX2-yeGFP::hphNT1 This study
WCG Vps35-6xHA Vps5-GFP VPS35-6xHA::natNT2 VPS5-yeGFP::hphNT1 This study
WCG Vps35-6xHA Vps5-GFP Pgppi-Atg18 VPS35-6xHA::natNT2 VPS5-yeGFP::hphNT1 KAN::Pgppi-ATG18 This study
WCG vps354 Atg9-GFP vps35A:His3 ATG9-yeGFP:hphNT1 This study
WCG vps35A Ear1-GFP vps35A:His3 EAR1-yeGFP:hphNT1 This study
WCG vps35A Kex2-GFP vps35A::His3 KEX2-yeGFP:hphNT1 This study

WCG vps54 Atg9-GFP

vps5A:natNT2 Atg9-yeGFP::hphNT1

Table 3. Plasmids used.

Plasmid genotype reference
GFP-Atg18 pUG36 PMET17—GFP—ATG18—'1[IC o [22]
GFP-Atg187T™® pUG36 Pyer17-GFP-ATG18™ C-Teycy [22]
MYC-BirA*-Atg18 pUG36 Pyeri7-MYC-BirA*-ATG18-Tcycy This study
MYC-BirA* pUG36 Pper17-MYC-BirA*-Teycq This study
GFP-Atg8 PRS316 Parge-GFP-ATG8-Tatcs [55]
Pgk1-GFP PRS316 Ppgi-PGK1-GFP-Tap: [36]
Ath'GFP pUGZ3 PMET17'ATGZ'GFP‘TCYC1 This Study
GFP-Atg9 Pmer17-GFP-ATGY-Teycy [56]
Atg18-GFP Patg18-ATG18-GFP-Tcycq This study
Vps35-6xHA Pyps35-VPS35-6XHA-Teyc This study
Vps3506-6xHA Pyps35-VPS35A6-6XHA-Teycy This study
Vps35-Cub-RURA Pmer17-VPS35-Cub-RURA3 This study

containing restriction sites for Sacl and Smal. The PCR pro-
duct was then inserted into the backbone pUG36 replacing
GFP and the MET17 promotor. The NEBuilder® HiFi DNA
Assembly Cloning Kit (NEB, E5520S) was used to delete
repeat 6 of Vps35: oligos sharing complementary ends were
designed to bind to both sites of the deletion sites and copy
the whole plasmid. The overlapping ends were then annealed
to form a plasmid coding for Vps35Arepeat6-6xHA.

To generate Vps35-Cub-RURA3 Vps35 was amplified
from the chromosome with oligos containing the restriction
sites for EcoRI and Sall and ligated in pRS313-MET17-Cub-
RURA3.

Western blot analysis

Two OD600 units of yeast cells were pelleted (3,000 x g, 5 min)
and incubated for 10 min on ice in 1 ml alkaline lysis buffer
(0.28 M NaOH, 1.125% [v:v] p-mercaptoethanol). Proteins were

precipitated with trichloroacetic acid (TCA) in a final concentra-
tion (f.c.) of 7.5% (v:v), pelleted (18,000 x g, 10 min, 4°C), washed
twice with ice cold acetone, dried and resuspended in 2x Limmli
buffer (117 mM Tris, pH 8, 3.4% [w:v] SDS, 12% [w:v] glycerol,
0.004% [w:v] bromophenol blue, 0.016% [w:v] p-
mercaptoethanol). The proteins were then analyzed using SDS-
PAGE and western blotting, with rabbit anti-Apel antibodies [57]
in a dilution of 1:5,000 and mouse anti-GFP monoclonal anti-
bodies (Roche Diagnostics, 11814460001) in a dilution of
1:10,000. Goat anti-rabbit (ThermoFisher Scientific, G-21234)
and goat anti-mouse monoclonal antibodies conjugated to horse-
radish peroxidase (Dianova, 115-035-166) were used as second
antibodies, respectively, and detected with either Pierce™ ECL
Plus Western Blotting Substrate (ThermoFisher Scientific, 32132)
or Amersham™ ECL Western-Blotting Detection Reagents (GE
Healthcare, RPN2106).

Biotin ligation (BiolD) approach

Strains expressing either MYC-BirA*-Atgl8, MYC-BirA* or
an empty plasmid were cultivated individually in CM supple-
mented with 10 uM D-biotin (Sigma-Aldrich, 2031-1 GM)
and the appropriate amino acids including 50 mg/l of stable
isotope labeled amino acids (Silantes GmbH, "*C4-L-arginine
HCI [201203902], ’C¢ '°Ny,-L-arginine HCl [201603902],
4,4,5,5-Dy-L-lysine  HCl [211103913], '"*C¢-L-lysine HCI
[211203902]). Cells were grown overnight to an ODgyo of
approximately 3 and 200 ODggo units were harvested (720
X g 5 min, 4°C) and washed twice in 15 ml ice cold 10 uM



HEPES, pH 7.9. The three cell suspensions were pooled in
a 1:1:1 ratio according to the optical densities of the cultures,
centrifuged (720 x g, 10 min, 4°C) and resuspended in lysis
buffer (10 mM HEPES, pH 7.9, 10 mM KCI, 1.5 mM MgCl,,
1 mM PMSF [Roth, 6367.1], 1x 25x cOmplete, EDTA free
[Roche Diagnostics, 34044100], 0.5 mM DTT). Glass beads
were added and cells were vortexed for 30 min at 4°C to break
the cell wall. SDS was added to a final concentration of 4% (w:
v) and the samples were incubated for 10 min at 65°C. Glass
beads and cell debris were removed by centrifugation (3,000
X g 5 min, room temperature). Biotinylated proteins were
isolated with Strep-Tactin  Sepharose Columns (iba
Lifesciences, 2-1202-051) according to the protocol estab-
lished by Opitz et al. [30] and modified by Schmitt &
Valerius [58]. Proteins were concentrated using TCA precipi-
tation (f.c. of 10% [w:v] TCA) and resuspended in 2x Limmli
buffer (117 mM Tris, pH 8, 3.4% [w:v] SDS, 12% [w:v]
glycerol, 0.004% [w:v] bromophenol blue, 0.016% [w:v] PB-
mercaptoethanol). Biotinylated proteins were then separated
by size using SDS-PAGE, stained with Coomassie Brilliant
Blue [59,60] . The gel was divided into ten sections and
proteins were digested in-gel with trypsin. Samples were
then purified using C18 (3 M) stop and go extraction (stage)
tips and dried before subjecting to LC-MS analysis [58,61].

A small-scale approach was performed to test the function
of the fusion proteins with known interaction partners. For
this experiment non labeled amino acids were added to the
medium and isolated biotinylated proteins were analyzed with
SDS-PAGE and western blotting. GFP and HA were detected
with mouse anti-GFP antibodies (Roche Diagnostics,
1181460001) diluted 1:1000 and mouse anti-HA monoclonal
antibodies (Santa Cruz Biotechnology, sc-7392) diluted
1:10,000, respectively. Second antibodies were horseradish
peroxidase linked goat anti-mouse antibodies (Dianova,
112-035-003) detected with Pierce™ ECL Plus Western
Blotting Substrate (ThermoFisher Scientific, 32132).

Liquid Chromatography-Mass spectrometry (LC-MS)
analysis

Dried peptide samples were reconstituted in 20 ul LC-MS
sample buffer (2% acetonitrile, 0.1% formic acid). Four pl of
each sample were subjected to reverse phase liquid chromato-
graphy for peptide separation using an RSLCnano Ultimate
3000 system (ThermoFisher Scientific). Therefore, peptides
were loaded on an Acclaim PepMap 100 pre-column
(100 pum x 2 cm, C18, 5 um, 100 A; ThermoFisher Scientific,
164750) with 0.07% trifluoroacetic acid at a flow rate of 20 pL/
min for 3 min. Analytical separation of peptides was done on
an Acclaim PepMap RSLC column (75 pm x 50 cm, C18,
2 pm, 100 A; ThermoFisher Scientific) at a flow rate of 300
nL/min. The solvent composition was gradually changed
within 94 min from 96% solvent A (0.1% formic acid) and
4% solvent B (80% acetonitrile, 0.1% formic acid) to 10%
solvent B within 2 minutes, to 30% solvent B within the
next 58 min, to 45% solvent B within the following 22 min,
and to 90% solvent B within the last 12 min of the gradient.
All solvents and acids had Optima grade for LC-MS
(ThermoFisher Scientific). Eluting peptides were on-line
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ionized by nano-electrospray (nESI) using the Nanospray
Flex Ion Source (ThermoFisher Scientific) at 1.5 kV (liquid
junction) and transferred into a Q Exactive HF mas
s spectrometer (ThermoFisher Scientific). Full scans in
a mass range of 300 to 1650 m/z were recorded at
a resolution of 60,000 followed by data-dependent top 10
HCD fragmentation at a resolution of 15,000 (dynamic exclu-
sion enabled). LC-MS method programming and data acqui-
sition was performed with the XCalibur 4.0 software
(ThermoFisher Scientific).

Data analysis

Protein and biotin-site identification as well as SILAC-based
quantification was performed with the MaxQuant 1.5.1.0 soft-
ware (Max Planck Institute of Biochemistry) against an
UniProt-derived S. cerevisiae specific database (http://www.
uniprot.org, Proteome ID UP000002311, download 2019).
The parameters were set according to Schmitt & Valerius
(2019), with a maximum number of missed cleavage sites set
to two [58]. Generated data were then further processed and
filtered with the Perseus software. Additionally, the Proteome
DiscovererTM 2.2 software (ThermoFisher Scientific) was also
used to identify candidates. The SequestHT and Mascot algo-
rithms were used for database searches against a database
specific for S. cerevisiae (SGD, 6110 entries, including com-
mon contaminants, S288C_ORF_database release version
2011, Stanford University).

Coimmunoprecipitation

The ptMACS (magnetic activated cell sorting) System from
Miltenyi Biotec was used for Co-IPs according to the manu-
facturer’s protocol (WMACS™ GFP Isolation Kit, Miltenyi
Biotec, 130-091-125). Buffers were adjusted for optimal
results: lysis buffer - 50 mM Tris HCl, pH 7.5, 100 mM
NaCl, 1 mM EDTA, 0.5% (w:v) Tween-20 (Sigma-Aldrich,
7949), 1 mM PMSF, 1x 25x cOmplete, 0.1% (w:v) aprotinin
(Merck, 616370), 0.1% (w:v) pepstatin (Merck, 516481), 0.1%
(w:v) leupeptin (Merck, 108975), 0.1% (w:v) chymostatin
(Merck, 230790); wash buffer 1-50 mM Tris HCl, pH 7.5,
100 mM NaCl, 0.025% (w:v) SDS; wash buffer 2-50 mM Tris
HCI, pH 7.5. Yeast cultures expressing GFP-tagged bait and
HA-tagged prey were grown to ODgoo 2-3, 200 ODgqo units
were harvested for the Co-IP. Cells were washed once with
wash buffer 2, resuspended in lysis buffer with 400 ul glass
beads and harshly shaken for 30 min at 4°C. Cell debris was
removed (10,000 x g, 10 min, 4°C) and the supernatant was
incubated with 50 pl GFP magnetic beads (Miltenyi Biotec,
130-091-125) for 30 min on ice. Beads were then isolated and
washed three times with lysis buffer, once with wash buffer 1
and once with wash buffer 2. Proteins were eluted with in 2x
Liammli buffer as described above. Co-IPs were then analyzed
by SDS-PAGE and western blotting. GFP and HA were
detected as described above.
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Fluorescence microscopy

Fluorescence microscopy was performed with a DeltaVision
microscope (Olympus IX71, Applied Precision, Issaquah,
USA) equipped with the UPlanSApo x100,1.4 numerical aper-
ture (NA), oil immersion objective, a CoolSNAPHQ2TM cou-
ple-charged device (CCD) camera and different filter sets
specific for GFP and mCherry. Imaging occurred with
a 100x objective and 2 x 2 binning. At least 20 focal planes
along the z-axis with a distance of 0.2 um were captured and
the resulting images were deconvolved using softWoRxTM
Version 5.5.0 release 9 (Applied Precision, Issaquah, USA)
and further processed with Fiji [62].

Split-ubiquitin assay

One ODyggy of cells was diluted 1:10, 1:100, 1:1,000 and
1:10,000 in sterile ddH,O, 4 pl were dropped on selection
plates, on plates with 50 pg/ml wuracil (Sigma-Aldrich,
U1128) and 1 mg/ml 5-FOA (Fermentas, R0812). With the
exception of the first plate, all were supplemented with
250 uM methionine and 100 uM CuSO,. Plates were grown
up to 5 days at 30°C [5,37].

Statistical analysis

Blots were quantified using the free software Fiji [62].
Statistical analyses for Western blots as well as fluorescence
microscopy were performed wusing GraphPad Prism
(GraphPad Software, USA). Graphs were plotted using the
mean value together with the standard error of the mean
(SEM). Statistical relevance was determined using the
unpaired two-tailed t-test and is indicated in the graphs as
follows: not significant (n.s. or no asterisk) for p > 0.05, * for
p < 0.05 ** for p < 0.01, *** for p < 0.001 and **** for
p < 0.0001.

Hyperosmotic vacuole fragmentation and FM 4-64
staining

We followed the previously established protocol as detailed in
[21]. FM™ 4-64 was purchased from Invitrogen (T3166).
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