Phosphatidylinositol-3-phosphate regulates response of cells to proteotoxic stress 
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Highlights: 
1. Human Nedd4w4 in yeast causes excessive ubiquitination and proteotoxic stress. 
2. Proteins accumulate in deposits containing actin filaments, Hsp42 and Hsp104. 
3. Toxicity of Nedd4w4 depends on Atg14 subunit of PI3K, Atg18, and Atg2 fragments.
4. Atg2-C fragment contains APT1 domain and this domain binds PI3P. 
5. PI3P regulates proteotoxic stress.
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Abstract
Human Nedd4 ubiquitin ligase, or its variants, inhibit yeast cell growth by disturbing the actin cytoskeleton organization and dynamics, and lead to an increase in levels of ubiquitinated proteins. In a screen for multicopy suppressors which rescue growth of yeast cells producing Nedd4 ligase with an inactive WW4 domain (Nedd4w4), we identified a fragment of ATG2 gene encoding part of the Atg2 core autophagy protein. Expression of the Atg2-C1 fragment (aa 1074-1447) improved growth, actin cytoskeleton organization, but did not significantly change the levels of ubiquitinated proteins in these cells. The GFP-Atg2-C1 protein in Nedd4w4-producing cells primarily localized to a single defined structure adjacent to the vacuole, surrounded by an actin filament ring, containing Hsp42 and Hsp104 chaperones. This localization was not affected in several atg deletion mutants, suggesting that it might be distinct from the phagophore assembly site (PAS). However, deletion of ATG18 encoding a phosphatidylinositol-3-phosphate (PI3P)-binding protein affected the morphology of the GFP-Atg2-C1 structure while deletion of ATG14 encoding a subunit of PI3 kinase suppressed toxicity of Nedd4w4 independently of GFP-Atg2-C1. Further analysis of the Atg2-C1 revealed that it contains an APT1 domain of previously uncharacterized function. Most importantly, we showed that this domain is able to bind phosphatidylinositol phosphates, especially PI3P, which is abundant in the PAS and endosomes. Together our results suggest that human Nedd4 ubiquitinates proteins in yeast and causes proteotoxic stress and, with some Atg proteins, leads to formation of a perivacuolar structure, which may be involved in sequestration, aggregation or degradation of proteins.



1. Introduction
In all environmental and stress conditions the cells need to maintain a balance between protein synthesis and degradation, a state referred to as proteostasis. There are two main routes of protein degradation, autophagy and the ubiquitin proteasome pathway (UPS). Proteins are also degraded in the vacuole when directed there from the plasma membrane via endocytosis or from the Golgi apparatus via the Golgi-to-vacuole pathway (Belgareh-Touze et al., 2008; Lauwers et al., 2010). Proteotoxic stress caused by defects of the proteasome, production of aggregation-prone proteins or malfunction in autophagy leads to formation of protein aggregates, deposits or sequestering bodies, disturbs cell functions and is associated with various pathologies in humans, including neurodegenerative diseases and cancer (Ciechanover, 2013). Mechanisms of abnormal protein sequestering body formation are not well understood.
In the UPS and endocytosis pathways, proteins destined for degradation are marked by a small protein ubiquitin. Ubiquitin, or ubiquitin chains, are attached to these proteins by the consecutive action of a ubiquitin activating enzyme, ubiquitin conjugating enzymes, and ubiquitin ligases. The Nedd4 family of ligases has a C2-WW(1-4)-HECT domain structure, with the C2 domain binding phospholipids, the WW domains interacting with proteins, and the catalytic HECT domain. Human Nedd4 ubiquitin ligase is involved in the endocytic regulation of plasma membrane transporters and receptors (Rotin and Kumar, 2009). Similarly in yeast, the Rsp5 ligase from Nedd4 family regulates numerous cellular processes (Kaliszewski and Zoladek, 2008), including endocytosis and multivesicular body sorting (Lauwers et al., 2010). Moreover, Rsp5 in yeast and Nedd4 in mammalian cells are also involved in the ubiquitination and degradation of misfolded cytosolic proteins upon heat shock (Fang et al., 2014). Nedd4 is associated with several human pathologies by ubiquitination of tumor suppressor proteins (Boase and Kumar, 2015), and α-synuclein, which accumulates in neurons of patients suffering from Parkinson’s disease (PD) (Tofaris et al., 2011). Expression of Nedd4 or its variants with mutant WW1 or WW4 domains inhibits yeast cell growth (Gajewska et al., 2003). Growth defect of Nedd4w1-producing cells results from the block of expression of essential OLE1 gene encoding desaturase of fatty acids (Shcherbik et al., 2002). Growth defect of Nedd4w4-producing cells is caused, at least partially, by a disturbance of actin cytoskeleton organization and dynamics (Stawiecka-Mirota et al., 2008). Both, overproduced Rsp5 and ectopically produced Nedd4w4, affect the level of Las17, an activator of the Arp2/3 actin nucleating complex in yeast (Kaminska et al., 2011; Stawiecka-Mirota et al., 2008).
Autophagy is the other mechanism involved in proteostasis. It delivers bulk cytosol, superfluous or damaged organelles and abnormal protein aggregates to the vacuole for degradation (Klionsky and Ohsumi, 1999; Mizushima et al., 2011). Autophagy is a key in the cell response to stress, in cell differentiation, and contributes to pathogen defense (Lee and Iwasaki, 2008; Sanjuan and Green, 2008) and tumorigenesis (Chen and Debnath, 2010; Mizushima et al., 2008). In yeast the autophagic machinery is quite well known, with 41 proteins encoded by autophagy related genes (ATG) identified (Wen and Klionsky, 2016). Several of these proteins, including Atg2, a peripheral membrane protein (Shintani et al., 2001; Wang et al., 2001), form a core machinery which is needed for all types of autophagy and localize to the preautophagosomal structure or phagophore assembly site (PAS) (Suzuki and Ohsumi, 2010). Efficient localization of Atg2 to the PAS is dependent on a membrane protein Atg9 and a lipid-binding protein Atg18 (Suzuki et al., 2001; Suzuki et al., 2007; Wang et al., 2001). Atg2 forms a complex with Atg18 (Obara et al., 2008) which recently have been shown to localize to the growing edge of the phagophore emerging from the PAS (Suzuki et al., 2013). Atg2-Atg18 complex binds autophagic membranes via phosphatidylinositol-3-phosphate PI3P (Watanabe et al., 2012). PI3P is required for autophagy and is synthesized by the Vps34 PI3 kinase complex which contains the Atg14 subunit recruiting it to the PAS (Obara and Ohsumi, 2011). In addition to the non-selective bulk autophagy induced by starvation, selective autophagic pathways operate in various conditions. Recent studies have identified ubiquitination signals for some types of selective autophagic degradation and specific receptors linking the ubiquitinated cargo and components of the PAS (Johansen and Lamark, 2011; Shaid et al., 2013). Trafficking pathways use several protein complexes for effective clustering of selected cargo to a defined localization in the cell, for example chaperones, which bind misfolded proteins, direct them for proteasomal or autophagic degradation (Khaminets et al., 2015). 
To dissect the mechanism of the Nedd4w4 toxicity in yeast and to gain insight into how cells deal with proteotoxic stress, we screened a yeast genomic library for multicopy suppressors restoring growth of NEDD4w4-expressing cells. Among other genes we found a fragment of the ATG2 which encodes Atg2, a core autophagy protein. Further, we studied how deletion of several other ATG genes or overexpression of chaperone genes affects Nedd4w4 toxicity. We have found that PI3P is important in regulation of protein ubiquitination and degradation or sequestration through formation of perivaculoar or cytoplasmic structures. 

2. Materials and Methods
2.1. Strains, media and genetic manipulations
E. coli strain DH5αwas used for plasmid propagation and BL21(DE3) (Millipore) for protein production. The yeast Saccharomyces cerevisiae strains used in this study are: INV (Invitrogen), PJ69-4A (James et al., 1996), MHY501 (Chen et al., 1993), YYM4 (Stawiecka-Mirota et al., 2008), BY4741, BY4742, BY4741 atg2Δ BY4741 atg13Δ, BY4741 atg14Δ, BY4741 atg18Δ (Open Biosystems), BY4741 LAS17-GFP (Invitrogen), CRY2040 HSP104-yTagRFP-T and CRY2041 HSP42-yTagRFP-T (Malcova et al., 2016).
Yeast media used were YPD (1% yeast extract, 1% peptone, 2% glucose), SC synthetic complete medium (0.67% yeast nitrogen base without amino acids, 2% glucose) with desired supplements (adenine, uracil, amino acids (aa)); SCgal contains 2% galactose, and SCraf contains 2% raffinose instead of glucose. 
To compare the growth of strains, middle-log phase cultures were diluted with water to have 1 OD600 equivalents/ml. Aliquots of five-fold serial dilutions of these cell suspensions were spotted onto the medium and incubated as indicated.
Multicopy suppressor screen for DNA fragments restoring growth of yeast cells bearing pYES-NEDD4w4 (with URA3 marker) (Gajewska et al., 2003) was performed using a yeast genomic library from ura3 strain on the YEp351 multicopy plasmid (gift of M. Wysocka-Kapcinska, IBB PAS). 

2.2.  Plasmids and plasmid construction
Plasmids used and plasmids constructed in this study are described in supplementary data.

2.3.  Western blot analysis 
Protein extracts were prepared by alkaline lysis (Gajewska et al., 2003) or glass beads metod (Kaminska et al., 2002). Samples were analyzed by Western blotting using mouse monoclonal anti-HA (12CA5, Covance), anti-GFP (Roche), anti-ubiquitin (FK2, Millipore; P4D1, Santa Cruz Biotechnology, Inc.), and anti-3-phosphoglycerate kinase (Pgk1, Thermo Fisher Scientific) antibodies, rabbit polyclonal anti-Nedd4 WW2 domain (No. 07-049, Millipore) and anti-Ape1 (gift of D. Klionsky), anti-glutathione-S-transferase (GST) peroxidase-cojugated (Sigma-Aldrich) and secondary anti-mouse or anti-rabbit IgG horseradish peroxidase-conjugated antibody (Dako) was followed by enhanced chemiluminescence (Millipore or Thermo Fisher Scientific). Proteins were quantified by Image Quant and analyzed statistically by Student t test.

2.4.  Actin staining, fluorescence and confocal microscopy 
For actin cytoskeleton staining, we employed a previously published procedure (Kaminska et al., 2002). Briefly, cells were grown, fixed and then stained with Alexa Fluor 546-conjugated phalloidin (Thermo Fisher Scientific) for 2 h. Three independent experiments were performed and at least 100 dividing cells of each strain were scored for actin cytoskeleton organization. For the observation of GFP fusion proteins, the cells were grown at 28°C to logarithmic phase in SC medium. Cells were viewed with an Eclipse E800 (Nikon, Tokyo, Japan) fluorescence microscope equipped with a DS-5Mc camera (Nikon). Images were collected using Lucia General 5.1 software (Laboratory Imaging Ltd.). The same fields were viewed by differential interference contrast (DIC) optics.
For FM4-64 (N-(3-Triethylammoniumpropyl)-4-(6-(4-(Diethylamino) Phenyl) Hexatrienyl) Pyridinium Dibromide; Thermo Fisher Scientific) dye uptake and Cell Tracker Blue CMAC (7-amino-4-chloromethylcoumarin; Thermo Fisher Scientific) staining the cells were grown overnight in SCraf-ura-leu, transferred to SCgal-ura-leu and incubated at 28°C for 2.5 h. After that time FM4-64 was added. Cells were incubated on ice for 30 min and washed and incubated at 28°C for 50 min. Then Cell Tracker Blue CMAC was added and cells were incubated for an additional 10 minutes. The uptake of FM4-64 was stopped with the sodium azide and sodium fluoride, cells were washed and viewed under a confocal laser scanning microscope EZ-C1 Eclipse TE2000-E (Nikon) equipped with a Plan Apo 60 × objective (NA 1.4). Images were collected with EZ-C1 confocal V. 3.6 program (Nikon). Images were processed with EC1 Viewer 3.6 and Adobe Photoshop 8.0. Image acquisition and processing were performed in the Laboratory of Confocal and Fluorescence Microscopy, IBB PAS.
Colocalization of GFP-Atg2-C1 and actin or vacuoles was studied in wild type and atg18Δ strains with use of a confocal microscope described above. 

2.5.  Purification of proteins from bacteria for PIP strip assays.
For PIP strip assays, the truncated versions of Atg2 were expressed as N-terminally GST-tagged recombinant proteins in E. coli BL21(DE3) propagated at 30°C in 2×LB medium supplemented with 50 mM HEPES pH 7.4 and 100 µg/ml carbenicillin (Sigma-Aldrich) for plasmid maintenance. Expression was induced at OD600 of 0.2 with 0.2 mM IPTG for 4-6 h. Cells were resuspended in phosphate-buffered saline (PBS) with protease inhibitor cocktail (Complete Mini, EDTA-free, Roche) and lysed by sonication. The homogenate was clarified by centrifugation at 20 000 × g for 15 min at 4°C, supplemented with 2% Triton X-100, 1 mM EDTA and 5 mM dithiothreitol (DTT), and incubated with glutathione magnetic beads (88821, Pierce) for 2‑3 h at 4°C. After washing as recommended by the supplier, the proteins were eluted with 20 mM reduced glutathione in buffer (100 mM Tris∙Cl pH 8.0, 150 mM NaCl, 2 mM EDTA, 2 mM DTT, 0.1% Tween 20) and the purity of eluted proteins was analyzed by SDS-PAGE followed by Coomassie Brilliant Blue staining.

2.6.  PIP strip assay
Membrane-immobilized lipids (PIP Strips, P‑6001, Echelon Biosciences Inc.) were blocked with 3% fatty acid-free BSA (Sigma-Aldrich) in PBS-T (PBS + 0.1% Tween‑20) and then separately incubated overnight at 4°C with 0.5‑1 µg/ml of desired GST-tagged protein or GST alone. Bound proteins were detected by immunoblotting with HRP-conjugated anti-GST antibodies (Sigma) using chemiluminescence (Millipore).

2.7.  Computation analyses 
The domains of Atg2 were characterized using the HHpred program from the Bioinformatics Toolkit at the LMU Munich (http://toolkit.lmb.uni-muenchen.de/hhpred) (Soding et al., 2005). Additional confirmation was obtained with the FFAS03 program (Jaroszewski et al., 2011). Solenoid structure of Atg2 was calculated with REPETITA (http://protein.bio.unipd.it/repetita/) (Marsella et al., 2009).

3. Results and discussion
3.1. Nedd4w4 affects the level of ubiquitinated proteins and fragments of ATG2 gene suppress Nedd4w4-dependent defects. 
Expression of human NEDD4w4 with a mutation inactivating the WW4 domain inhibits yeast cell growth and the toxicity of Nedd4w4 depends, at least in part, on its catalytic activity (Stawiecka-Mirota et al., 2008). We therefore hypothesized that Nedd4w4 produced in yeast cells could excessively ubiquitinate some proteins, cause overflow of cell degradation capacity and thus lead to protein accumulation and aggregation. To check this possibility, we tested the level of ubiquitinated proteins in cells producing Nedd4w4. In agreement with our prediction, cells producing Nedd4w4 showed an approximately 3.9-fold increase in the level of ubiquitinated proteins comparing with the control strain (Figure 1A). 
To learn more about Nedd4 action and how cells cope with proteotoxic stress and removal of excessive ubiquitinated proteins, we performed a multicopy suppressor screen using a yeast genomic library. Four different genomic regions were isolated as suppressors of the growth defect of Nedd4w4-producing cells, one of which contained a central part of the ATG2 gene encoding amino acids (aa) 313-1108 (Atg2-F) of Atg2, a core autophagy protein (Figure S1A). To learn if full-length ATG2 or other fragments of ATG2 could also suppress the Nedd4w4-dependent growth defect, multicopy plasmids bearing ATG2, ATG2-ΔN (encoding aa 321-1592), ATG2-ΔC (aa 1-1210), ATG2-ΔNΔC (aa 321-1210), ATG2-N (aa 1-320) or ATG2-C (aa 1105-1592) under the control of native ATG2 promoter were constructed (Figure 2) and tested. ATG2-ΔNΔC, that overlapps and in fact is longer than ATG2-F, restored the growth of Nedd4w4-producing cells, albeit rather poorly, suggesting that this additional sequence in this fragment is not vital to restore growth. ATG2-C was a more efficient suppressor of the Nedd4w4-dependent growth defect, while full-length ATG2 and the other fragments tested were inactive as suppressors (Figure 1B). 
Wild type cell show polarization of actin cytoskeleton, actin patches are concentrated in the bud and actin cables are oriented towards the bud (Figure 1C). Nedd4w4 causes defects in polarization of actin cytoskeleton in yeast cells (25% of polarized cells compared with 92% in the control strain; Figure 1C,D) in agreement with previous results (Stawiecka-Mirota et al., 2008) and expression of ATG2-ΔNΔC or ATG2-C fragment also increased the polarization of Nedd4w4-producing cells in each of four experiments (to about 54% and 52% of cells, respectively) but because of high variability these differences were not statistically significant (Figure 1C,D). On the other hand, ATG2-F did not affect nonselective autophagy in wild type strain (Figure S1B) and the other analyzed fragments of ATG2 did not restore autophagy in the atg2Δ strain (Figure S1C,D). These results show that ATG2-F and ATG-C fragments of Atg2 independently suppress the Nedd4w4-dependent growth defect, surprisingly through a mechanism not directly related to the role in autophagy. Lack of suppression by full-length Atg2 indicates that functions of Atg2 domains can be regulated. In further study we focused on analysis of ATG-C fragment.

3.2. GFP-Atg2-C1 localizes to the structure surrounded by actin filaments in NEDD4w4-expressing cells 
The strong positive effect of Atg2-C on growth and actin cytoskeleton organization in Nedd4w4-producing cells prompted us to define in more detail the region responsible for the suppression. First we analyzed the domain structure of Atg2 in silico. At the very N terminus, a fragment of 102 aa is similar to the Chorein-N domain (Figure 2) (http://pfam.sanger.ac.uk/family/PF12624). Next is a region of similarity to mitochondrial protein Fmp27 (aa 112-776) which is predicted to form a solenoid structure and the ATG2-CAD domain (aa 784-921), which contains the CAD motif, but its function remains elusive (PF13329). Then we have found region (aa 1122-1328) similar to the APT1 domain. This domain was originally identified in the Golgi apparatus protein Apt1 of maize, involved in the growth of pollen tubes (PF10351) (Xu and Dooner, 2006). The C terminus of Atg2 also contains a region of homology with human homologs hAtg2A and hAtg2C (Romanyuk et al., 2011). It is composed of two ATG-C domains (PF09333) of unknown function. The first domain is truncated and lacks the distal part, while the second one is intact (Figure 2). According to this analysis, the Atg2 fragment which suppresses the Nedd4w4-dependent growth defect (Atg2-C) contains the APT1 domain and two ATG-C domains. 
To determine which of these domains is responsible for suppression, three plasmids encoding protein fusions, GFP-Atg2-C1 (aa 1074-1447), GFP-Atg2-C2 (aa 1435-1592) and GFP-Atg2-C3 (aa 1074-1592) (Figure 3A) were constructed and tested. The cells expressing GFP-ATG2-C1 or GFP-ATG2-C3 grew better, although the effect was less pronounced than with a plasmid bearing fragment ATG2-C (Figure 3B, compare with Figure 1B) possibly due to the presence of the GFP moiety or different levels of expression (ATG2 versus GPD promoter) while a plasmid bearing GFP-ATG2-C2 had no effect. These results support the notion that APT1 and the first ATG-C domains of Atg2 are responsible for suppression of Nedd4w4-dependent defects.
To determine whether the level of ubiquitination correlates with toxicity and suppression, we also studied the level of ubiquitinated proteins in cells producing Nedd4w4, GFP-Atg2-C1 or both. We found that in the presence of Nedd4w4 and GFP-Atg2-C1 the level of ubiquitinated proteins was highly variable and not significantly different from that in Nedd4w4-producing cells (Figure 3C). We also compared the level of ubiquitinated proteins in Nedd4w4-producing strain to that producing wild type Nedd4 which is toxic to yeast only when cells are grown at elevated temperature of 37oC (Stawiecka-Mirota et al., 2008). The effect of GFP-Atg2-C1 was also compared. In this set of experiments, which were performed using different method of protein extraction to better solubilize the ubiquitinated proteins, the results were more reproduciblr and clearly show that the presence of wild type Nedd4 causes a significant elevation in the level of ubiquitinated proteins, comparable to that of Nedd4w4 (Figure S2). The presence of GFP-Atg2-C1 did not affect the level of ubiquitination. Thus, toxicity and suppression are not correlated with respect to changes in total ubiquitination level, and other mechanisms must be considered. On the other hand, the subset of Nedd4-dependent ubiquitinated proteins may be different from that of Nedd4w4 because WW domains are involved in substrate recognition. 
We have found that the localization of the GFP-Atg2-C1, GFP-Atg2-C2 and GFP-Atg2-C3 fusion proteins in wild type cells correlated with their suppression ability, since both, GFP-Atg2-C1 and GFP-Atg2-C3, localized to punctate structures in the cytoplasm in most cells but GFP-Atg2-C2 was exclusively diffused in the cytoplasm in all cells (Figure 3D). What is more, the observed GFP-Atg2-C1-containing structures were not the PAS, since their localization was not affected in atg deletion mutants, atg13Δ, atg14Δ and atg18Δ in which the localization of GFP-Atg2 in the PAS or PAS formation is disturbed (Suzuki et al., 2013; Suzuki et al., 2007) (Figure 3E). Additionally, GFP-Atg2-C1 did not affect nonselective autophagy in NEDD4w4-expressing cells (Figure S3). The conclusion that the structure in question is unlikely to be the PAS is also supported by our previous finding that Atg2 N-terminal region seems to be sufficient for localization to the PAS (aa 1-1187) (Romanyuk et al., 2011) as well as interaction with Atg18 (Atg2-N3 (aa 1-933) and Atg2-ΔC (aa 1-1210); Figure 3F). 
Confocal microscopy analysis of cells producing GFP-Atg2-C1 and Nedd4w4 stained with CMAC (labeling the vacuole interior) and FM4-64 (labeling the vacuolar membrane) revealed that 1-5 punctate structures containing GFP-Atg2-C1 were present per cell and at least one of them, usually the largest one, was located perivacuolarly (Figure 4A). Interestingly, we also found that in NEDD4w4-expressing cells the GFP-Atg2-C1 foci were often surrounded by an actin filament ring (Figure 4B). Moreover, Las17, an activator of actin polymerization, tagged with GFP also localized to these actin structures in Nedd4w4-producing cells (Figure 4C) suggesting that actin filaments observed are Las17-dependent. Finally, GFP-Atg2-C1 foci also contained Nedd4w4 N-terminally tagged with mCherry (Figure 4D) indicating the possibility that GFP-Atg2-C1 may affect Nedd4w4 directly. However, mCherry-Nedd4w4 variant was not toxic to yeast (Figure S4). In conclusion, GFP-Atg2-C1 marks a punctate structure which is present in most wild type cells, while in cells producing Nedd4w4 several Atg2-C1-containing structures are associated with actin filaments (clumps) and the actin polymerization-promoting factor Las17. It is known that actin cytoskeleton modulates the aggregation and toxicity of prion proteins and it has been proposed that cytoskeletal structures provide a scaffold for generation of large aggregates promoting prion formation (Ganusova et al., 2006). Thus, the structure we observe may contain aggregated proteins which cannot be degraded. The mechanism of suppression might be related to the ability to build this structure.

3.3. Structure containing GFP-Atg2-C1 also contains chaperones Hsp42 and Hsp104.
Our finding that human Nedd4 promotes growth arrest and causes formation of perivacuolar structures in yeast cells led us to think that these structures could be similar to the formation of insoluble protein deposits (IPOD), or to stress bodies which are formed when cells are exposed to heat (Miller et al., 2015; Saarikangas and Barral, 2015). Damaged or aggregated proteins amassed in the stress bodies for repair, refolding or degradation, are also sequestered in stress bodies to control protein synthesis (Cherkasov et al., 2015) or in the IPOD to prevent their delivery to the daughter cell during cell division (Spokoini et al., 2012). Hsp104 is involved in the formation and solubilization of protein aggregates (Glover and Lindquist, 1998; Saibil, 2013), specifically those located in the IPOD and stress bodies, therefore Hsp104 is a marker of these structures (Miller et al., 2015; Spokoini et al., 2012). Another marker of stress bodies is the small chaperone Hsp42, which was not found in IPOD marked by amyloid protein Rnq1 (Specht et al., 2011). To identify the Nedd4w4-dependent structures, strains producing Hsp104-RFP or Hsp42-RFP were used (Malcova et al., 2016) and colocalization of GFP-Atg2-C1 with those makers was observed by confocal microscopy. All the GFP-Atg2-C1 punctate structures colocalized with Hsp42-RFP-containing structures and, when more than a single GFP-Atg2-C1 spot was visible, some, always including the largest one, also colocalized with Hsp104-RFP (Figure 5A). These results suggest that the Nedd4w4-dependent structures are not identical in all cells; they possibly evolve over time. Initially, they all contain Hsp42 and later, when they get larger, Hsp104 becomes associated. This observation supports that idea that the Nedd4-dependent structures have characteristics similar to the recently described protein aggregates where misassembled mutant proteasome subunits are stored (Peters et al., 2015). 
Finding the chaperones in Nedd4w4-dependent structures prompted us to test HSP104 and other chaperone genes for multicopy suppression of the Nedd4w4-dependent growth defect. HSP104, but not SSB1 which encodes a chaperone involved in the folding of newly-made polypeptides and curing yeast prions (Chacinska et al., 2001), turned out to be a potent multicopy suppressor of the NEDD4w4-dependent growth defect (Figure 5B). This result again suggests that aggregation of proteins is a major reason of the observed growth defect and that HSP104 expression promotes growth presumably via aggregate solubilization. 
Collectively, these results suggest that Nedd4w4 expression causes accumulation of protein aggregates which are surrounded by actin filaments, and that Atg2-C1 fragment, which is present in these structures, affects toxicity of these aggregated proteins. 

3.4. Atg18 affects the shape of Atg2-C1-actin structures and, together with Atg14, regulates Nedd4w4 toxicity. 
Based on the observation that the GFP-Atg2-C1 punctate structures were larger in atg18Δ and in some other atgΔ compared to those in the wild type cells we studied the shape of the structures and their colocalization with actin filaments by confocal microscopy in atg18Δ cells expressing NEDD4w4. Interestingly, the lack of Atg18 by itself did not affect the formation of ring-like actin structures in NEDD4w4-expressing cells but perturbed them when GFP-Atg2-C1 was also present: instead of a ring-like structure, claw-like actin assemblies were observed and GFP-Atg2-C1 formed similar claws instead of a dot (Figure 6A). We noted that atg18Δ mutant cells, similarly to isogenic wild type BY4741 cells, both expressing NEDD4w4, were larger when GFP-ATG2-C1 was co-expressed and that effect was not observed in another genetic background (INV strain) (compare Figures 1C and 6A). Thus, lack of Atg18 together with GFP-Atg2-C1 affects the shape of the structure marked by GFP-Atg2-C1 in NEDD4w4-expressing cells. We considered that the altered organization of perivacuolar structures in these conditions may have a cytoprotective function, therefore we further tested how deletions of ATG18 and other selected ATG genes affect growth and actin cytoskeleton organization upon expression of NEDD4w4 with or without GFP-ATG2-C1. Deletion of atg13Δ a gene encoding a protein important in an early stage of PAS formation, (Suzuki et al., 2007) had no effect on the toxicity of NEDD4w4 nor on its suppression by GFP-ATG2-C1 (Figure 6B). In contrast, the atg14Δ and atg18Δ mutations individually suppressed the Nedd4w4 toxicity and cell growth was slightly slower in the presence of GFP-ATG2-C1 (Figure 6B). The actin cytoskeleton organization generally reflected the growth of the analyzed strains, although the atg14Δ and atg18Δ mutants expressing NEDD4w4, or not, which grew similarly as the wild type control, had a lower number of cells with well-organized actin cytoskeleton (Figure 6C and Figure S5). Atg13, Atg14 and Atg18 are all located in the PAS and are required for autophagy. Since only atg14Δ and atg18Δ mutations were helpful for growth of Nedd4w4 producing cells, thus not blocking autophagy per se but their effect on aggregation of proteins is important.
The effect of atg deletions on the level of ubiquitinated proteins was also studied. The atg13, atg14Δ and atg18Δ strains showed a significantly higher level of ubiquitinated proteins when Nedd4w4 was produced compared with the respective strains bearing empty vector, similarly as wild type strain. Expression of GFP-ATG2-C1 together with NEDD4w4 did not significantly affect the level of ubiquitinated proteins in atg13Δ and atg18Δ but decreased it in atg14Δ, when compared with respective strains expressing NEDD4w4 alone (Figure 7). This latter decrease might be related to the lower level of Nedd4w4 observed in the presence of GFP-Atg2-C1 in atg14Δ in these experiments (Figure 7 and S6). These results show again that the elevated level of ubiquitinated proteins does not correlate with growth defect. Possibly growth depends on the aggregation and sequestration of excessive ubiquitinated proteins in the perivacuolar structure, likely IPOD.
Atg14 and Atg18, i.e., a subunit of PI3 kinase responsible for production of PI3P in the PAS (Obara and Ohsumi, 2011) and a PI3P-binding protein (Watanabe et al., 2012), respectively, appear to be critical for Nedd4w4 toxicity. This indicates that phospholipids, especially PI3P, could be engaged in the action of Nedd4w4 in yeast cells. Both Nedd4 and Rsp5 carry the C2 domain, which in Rsp5 has been found to bind PI and all its phosphate derivatives (Dunn et al., 2004). Recently, it was found that the activity of Nedd4 is controlled through an autoinhibitory interaction, and that PI(1,4,5)P3 and Ca2+ compete with the HECT domain for binding to the C2 domain (Escobedo et al., 2014; Mari et al., 2014). Thus, binding of lipids by C2 domain could up-regulate Nedd4 activity. However, phosphorylated derivatives of PI are not only the structural components of biological membranes, but also play a role in signaling via their recruitment to proteins containing phosphoinositide-binding domains (Strahl and Thorner, 2007). PI3P also serves as a precursor for PI(3,5)P2 synthesis. This is a less abundant but important signaling molecule regulating numerous pathways. Several putative protein effectors of PI(3,5)P2 have been identified in yeast (Lu et al., 2012) and Atg18 also binds PI(3,5)P2 (Dove et al., 2004) and is a key component of the PI(3,5)P2 signaling network (Efe et al., 2007). Therefore, it is possible that PI(3,5)P2 is also an important lipid in the context of Nedd4w4 toxicity and may regulate IPOD formation.

3.5. APT1 domain of Atg2 binds phospholipids 
Since Atg18 and Atg14, both involved in PI3P metabolism, influence toxicity of Nedd4w4 and the shape of GFP-Atg2-C1 punctate structure surrounded by actin filaments we reasoned that PI3P might be a regulator of Nedd4w4-dependent aggregation process, and that GFP-Atg2-C1 might bind lipids. Although, the in silico analysis did not show classical lipid-binding motifs, we decided to test this hypothesis. We found that recombinant GST-Atg2-C purified from bacteria sedimented with liposomes obtained from bovine brain (Figure S7). To confirm this result and test specificity of this binding we examined the binding of GST-Atg2-C to PIP strips, an immobilized array of common cellular phospholipids (Figure 8). GST-Atg2-C bound strongly and specifically to PI3P. A shorter fragment GST-Atg2-C4, containing only the APT1 domain (aa 1074-1348) fused to GST, bound to PI3P and with lower affinity to PI(3,5)P2 and PI(4,5)P2 (Figure 8B). The Atg2-C4 fragment fused to GFP also suppressed growth defect of Nedd4w4-producing cells (Figure 8C).These results validated our hypothesis that GFP-Atg2-C binds membrane lipids and established the APT1 domain of Atg2 as a new PI3P-binding domain. The APT 1 domain is present at the C-terminus of a family of proteins conserved in Eukaryota from yeasts to humans. According to the Pfam database, proteins containing APT1 (686 sequences from 455 species) can be divided into 41 different families on the basis of protein architecture, including two families containing yeast proteins: Fmp27 and Ypr117w. Our analysis has added Atg2 and its homologs to this group of proteins and suggests that these proteins also might bind PI3P. 
The ability of APT1 domain of Atg2 to bind PI3P also suggests that one possible mechanism of suppression of the Nedd4w4-mediated toxicity by Atg2-C1 is by titration of this lipid and downregulation of Nedd4w4 activity. Binding of PI3P by Atg2-C1 may also help in formation of protein aggregates which sequester ubiquitinated proteins and this has a cytoprotective effect. The drop in PI3P level in an endosomal system was already linked to enhancement in amyloidogenic processing of amyloid precursor protein (Morel et al., 2013). Finding that APT1 domain of Atg2 binds PI3P has also important implications in the understanding the mechanism of autophagy, where Atg2 protein plays an essential function. 

4. Conclusions
We have shown that expression of Nedd4w4 in yeast causes excessive ubiquitination of proteins and proteotoxic stress. These proteins accumulate in deposits which contain actin filaments and chaperones, initially Hsp42 and later also Hsp104. Some of these deposits are located perivacuolarly. Toxicity of ubiquitinated protein aggregates depends on the abundance of PI3P synthesized by autophagy specific PI3 kinase complex containing Atg14 subunit, PI3P-binding protein Atg18, Atg2 fragment containing APT1 domain which also binds PI3P and Atg2 fragments, other than APT1, might also play an important role. It is intriguing that Atg14 and Atg18 collaborate with Nedd4 and with the actin cytoskeleton in building these structures to sequester aggregated ubiquitinated proteins that cannot be degraded. These structures could possibly derive from the endosomes or multivesicular body where ubiquitinated proteins are arrested on their way to the vacuole. In human cells, Nedd4 ubiquitinates α-synuclein, an abundant brain protein which accumulates in intraneuronal inclusions in PD patients (Tofaris et al., 2011). Nedd4-dependent ubiquitination specifies the fate of exogenous and endogenous α-synuclein by targeting it to endosomes. An excessive amount of Nedd4 appears to restrict the transport of extracellularly derived α-synuclein from the endosome to the lysosome because Nedd4 over-expression significantly increases occurrence and size of α-synuclein positive inclusions surrounded by endosomal structures (Sugeno et al., 2014). Elevated levels of Nedd4 were observed in neuroblastoma cells producing α-synuclein and that correlated with increased Nedd4-dependent ubiquitination and degradation of HSF1 master transcription factor controlling expression of genes encoding chaperones (Kim et al., 2016) adding more complexity to the understanding of Nedd4 role in the prototoxic stress and cell response to this stress. Moreover, Nedd4 is a component of α-synuclein inclusions, Lewy bodies, in a cellular model of PD and PD brain lesions (Sugeno et al., 2014). Thus, expression of Nedd4 in yeast cells may be viewed as a useful model to studytheformation of inclusions composed of aggregated proteins, in addition to the PD yeast models with ectopic expression of α-synuclein (Sere et al., 2010; Tardiff et al., 2013; Wijayanti et al., 2015) which power of yeast genetics may add important informations. Unraveling the contribution of lipids and signaling pathways in formation of perivacuolar structure containing protein aggregates may help to understand better how protein homeostasis is controlled in eukaryotes and provide further insight into the mechanism of protein ubiquitination and aggregation in humans suffering from diverse neurodegenerative diseases.
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Figure captions

Figure 1. Nedd4w4 affects the level of ubiquitinated proteins and fragments of ATG2 gene suppress Nedd4w4-dependent defects
A. Wild type (BY4741) cells transformed with empty plasmid or plasmid carrying NEDD4w4 were grown at 28oC in SCraf and transferred to SCgal for 3.5 h to induce expression of NEDD4w4. Protein extracts were prepared by alkaline lysis. Western blots were developed with anti-ubiquitin, anti-Nedd4 and anti-Pgk1 antibodies. Pgk1 is a loading control. 
B. Growth of wild type strain (YYM4) transformed with plasmid bearing NEDD4w4 and empty plasmid or plasmids bearing indicated versions of ATG2 on SC (Glucose) and SCgal (Galactose) after incubation at 30oC for 3-7 days. Strain bearing two empty vectors was used as a control.
C. Wild type strain (INV) transformed with plasmid bearing NEDD4w4 and with empty vector [-] or plasmids expressing ATG2, ATG2-N, ATG2-ΔNΔC or ATG2-C was grown on SCraf medium, shifted to SCgal medium for 4 hours, fixed, stained for actin with labeled phalloidin and viewed for fluorescence and by DIC optics. 
D. Quantification of results of four experiments performed as in C. 
Figure 2. Atg2 is a multidomain protein.
Schematic representation of Atg2 domains and Atg2 deletion variants studied. Atg2 contains Chorein-N domain (black), Fmp27 homology domain (white), ATG-CAD domain (striped), APT1 domain (gray) and ATG-C domains (intact and truncated) (dotted). Atg2 fragments expressed from plasmids are shown as black lines. Ability to suppress Nedd4w4-dependent growth defect is also shown. NT, not tested.

Figure 3. Fragment Atg2-C1 suppresses Nedd4w4-dependent defects, localizes to a punctate structure in wild type and atg mutant cells and is not required for interaction of Atg2 with Atg18 in two-hybrid system. 
A. Schematic representation of GFP-Atg2-C1-3 fusion proteins is shown. Domains are as in Figure 2.
B. Wild type cells were transformed with plasmids p415-GFP-ATG2-C1, p415-GFP-ATG2-C2 or p415-GFP-ATG2-C3 and with plasmid carrying NEDD4w4 or empty vector. Growth of transformants was tested on SC (Glucose) and SCgal (Galactose) after incubation at 30oC for 4 days. 
C. Wild type (YYM4) cells transformed with empty plasmids or plasmids carrying NEDD4w4 or GFP-ATG2-C1 were grown at 28oC in SCraf and transferred to SCgal for 3.5 h to induce expression of NEDD4w4. Protein extracts were prepared by alkaline lysis. Western blots were developed with anti-ubiquitin, anti-Nedd4, anti-GFP and anti-Pgk1 antibodies. Pgk1 is a loading control. Quantification of results obtained in three independent experiments is shown in lower panel. The value obtained for wild type strain bearing empty vector was set to 1.
D. Localization of Atg2 fragments in wild type transformants bearing plasmids encoding GFP fusions with indicated Atg2 fragments shown in A, assessed by fluorescence microscopy and by DIC optics.
E. Localization of GFP-Atg2-C1 in cells devoid of various indicated ATG genes, assessed by fluorescence microscopy and DIC.
F. Atg2-N3 and Atg2-ΔC interact with Atg18 in two-hybrid system. Two-hybrid tester strain (PJ69-4A) was co-transformed with plasmids expressing DNA binding-domain (BD)-fused Atg2 or Atg2 N-terminal fragments (see Figure 2) and Atg18 fused with activating domain (AD) or with empty vectors. Interaction was monitored by the ability of cells to grow on plates lacking histidine and containing 10 mM 3-aminotriazole (SC-his) after 7 days. 

Figure 4. Localization of GFP-Atg2-C1 and Las17-GFP in wild type cells expressing NEDD4w4. 
A. Wild type (BY4741) cells transformed with plasmids expressing NEDD4w4 and GFP-ATG2-C1 were grown on SCraf, shifted to SCgal medium for 3.5 h, stained with CMAC and FM4-64 to visualize vacuoles, and observed by confocal microscopy.
B. Wild type (BY4741) cells were transformed with plasmids expressing NEDD4w4 or empty vector and GFP-ATG2-C1 or empty vector. Transformants were grown on SCraf medium, shifted to SCgal medium for 3.5 h, fixed, stained with labeled phalloidin, and viewed by confocal microscopy and by DIC optics. Scale bar: 5 m. Arrows indicate actin ring-like structures.
C. Strain expressing LAS17-GFP from chromosomal locus was transformed with plasmid carrying NEDD4w4 or empty vector. Transformants were grown and stained as in B, and viewed by fluorescence microscopy and DIC. Arrows indicate Las17-GFP signal in abnormal actin structures. 
D. Wild type cells were transformed with plasmids expressing mCherry-NEDD4w4 and GFP-ATG2-C1 or empty vector. Experiment was performed as in B. Scale bar: 10 m.

Figure 5. Hsp42 and Hsp104 colocalize with GFP-Atg2-C1 in NEDD4w4-expressing cells and HSP104 suppresses of NEDD4w4-dependent growth defect.
A. Strains producing Hsp42-RFP (CRY2041) or Hsp104-RFP (CRY2040) transformed with both NEDD4w4 and GFP-ATG2-C1 carrying plasmids were grown as in Figure 4A and observed by confocal microscopy.
B. Wild type (YYM4) cells were transformed with empty plasmids or plasmids carrying NEDD4w4 and HSP104 or SSB1. Growth of transformants on SC (Glucose) and SCgal (Galactose) after incubation at 30oC for 4 days was tested. 

Figure 6. The atg18Δ mutation affects shape of Nedd4w4-dependent structure and together with atg14Δ mutation both affect growth and organization of actin cytoskeleton in NEDD4w4-expressing cells.
A. Mutation atg18Δaffects the structure of actin clumps and localization of GFP-Atg2-C1 in NEDD4w4-expressing BY4741 cells. The atg18Δ cells transformed with plasmid bearing NEDD4w4 or empty vector and GFP-ATG2-C1 or empty vector were grown as in Figure 4B, stained with labeled phalloidin and viewed by confocal microscopy. Arrows indicate claws-like actin structures.
B. Wild type, atg13Δ, atg1Δ and atg18Δ mutant cells (BY4741 background) were transformed with plasmid bearing NEDD4w4 or empty vector and GFP-ATG2-C1 or empty vector. Growth of transformants was tested on SC (Glucose) and SCgal (Galactose) after incubation at 30oC for 4 days. 
C. The same transformants as in B were grown as in 4B, stained with labeled phalloidin, and viewed by fluorescence microscopy. Quantification of results is shown. 

Figure 7. The atg13Δ, atg14Δ and atg18Δ mutations do not affect protein ubiquitination in cells expressing NEDD4w4.
Wild type, atg13Δ, atg14Δ and atg18Δ strains (in BY4741 background) transformed with empty plasmid or plasmids carrying NEDD4w4 or GFP-ATG2-C1 were grown as in Figure 3C. Protein extracts were prepared by glass beads method. Three independent experiments were performed. Blots were quantified and analyzed statistically, and relative levels of ubiquitinated proteins normalized to Pgk1 are shown. Statistical significances: *, p < 0.05; **, p < 0.005.

Figure 8. APT1 domain of Atg2 binds PI3P.
A. Atg2-C subfragments were produced and isolated in native conditions from E. coli as GST fusion proteins. Purity and yield of obtained proteins were checked by SDS-PAGE and Coomassie Brilliant Blue staining (left panel). Schematic representation of purified proteins; the domains are marked as in Figure 2 (right panel). 
B. Membranes with immobilized lipids (PIP Strips) were incubated with purified GST-Atg2-C variants or with GST alone as a negative control. Bound proteins were detected using HRP-conjugated anti-GST antibodies. LPA, lysophosphatidic acid; LPC, lysophosphatidylcholine; PI, phosphatidylinositol, PI3P, PI3-phosphate; PI4P, PI4-phosphate; PI5P, PI5-phosphate; PE, phosphatidylethanolamine; PC, phosphatidylcholine; S1P, sphingosine 1-phosphate; PI(3,4)P2, PI(3,4)-bisphosphate; PI(3,5)P2, PI(3,5)-bisphosphate; PI(4,5)P2, PI(4,5)-bisphosphate; PI(3,4,5)P3, PI(3,4,5)-trisphosphate; PA, phosphatidic acid; PS, phosphatidylserine.
C.Growth of wild type strain (BY4741) transformed with plasmid bearing NEDD4w4 and empty plasmid or plasmids bearing GFP-Atg2-C4 on SC (Glucose) and SCgal (Galactose) after incubation at 30oC for 3-5 days. Strain bearing two empty vectors was used as a control.
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