Mimicking the phosphorylation of Rsp5 in PKA site T761 affects its function and cellular localization 
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Abstract
Rsp5 ubiquitin ligase belongs to the Nedd4 family proteins, which affect a wide variety of processes in the cell. [  ] Here we document that Rsp5 shows several phosphorylated variants of different mobility and the migration of the phosphorylated forms of Rsp5 was faster for a tpk1tpk3 mutant devoid of two alternative catalytic subunits of protein kinase A (PKA), indicating that PKA possibly phosphorylates Rsp5 in vivo. We demonstrated by immunoprecipitation and Western blot analysis of GFP-HA Rsp5 protein using an anti-PKA-phosphopeptide antibody that Rsp5 is phosphorylated in PKA sites. [  ] Rsp5 contains the sequence 758-RRFTIE-763 in the catalytic domain and four other sites with consensus RXXS/T, which might be phosphorylated by PKA. The strain bearing the T761D substitution in Rsp5 which mimics phosphorylation grew more slowly at 28oC, and did not grow at 37oC and showed defects in pre-tRNA processing and protein sorting. The rsp5-T761D strain also demonstrated a reduced ability to form colonies, an increase in the level of reactive oxygen species (ROS) and hypersensitivity to ROS-generating agents. These results indicate that PKA may downregulate many functions of Rsp5, possibly affecting its activity. Rsp5 is found in the cytoplasm, nucleus, multivesicular body and cortical patches. The rsp5-T761D mutation led to a strongly increased cortical localization while rsp5-T761A causes mutant Rsp5 to locate in internal spots. Rsp5-T761A protein is phosphorylated or not depending on the growth conditions. Thus, Rsp5 is phosphorylated by PKA in T761 and other site(s) and mimicking phosphorylation in T761 affects its localization and function. [  ]
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Introduction
Rsp5 is the only yeast member of the Nedd4 family of ubiquitin ligases, which have a common C2-WW-HECT modular structure with C2 calcium and a lipid-binding domain, three WW protein-binding domains and a catalytic HECT domain. Rsp5 ubiquitin ligase participates in several cellular functions, including the endocytosis of transporters and receptors, multivesicular body sorting of proteins transported to the vacuole and RNA metabolism (Belgareh-Touze et al., 2008; Kaliszewski and Zoladek, 2008). Rsp5 is also important for actin polymerization in vitro and actin dynamics in vivo (Kaminska et al., 2011). This function is mediated, at least in part, by the ubiquitination of actin cytoskeleton-associated proteins (Gupta et al., 2007; Lu et al., 2008; Stamenova et al., 2004). Actin cytoskeleton functions in yeast cells have previously been linked with oxidative stress response, production of reactive oxygen species (ROS) and apoptosis (Gourlay et al., 2004; Gourlay and Ayscough, 2005). This remains in line with the observation that rsp5 mutants are hypersensitive to oxidative stress (Hoshikawa et al., 2003). Studies have also found that the overexpression of RSP5 can alleviate the growth defect caused by oxidative stress in cells lacking End3, an actin-associated protein (Gourlay and Ayscough, 2005; Kaminska et al., 2002).
In mammalian cells, ubiquitin ligases from the Nedd4 family control cell growth and proliferation by affecting cellular signaling and regulation of plasma membrane transporters and receptors. Defective regulation of cell processes attributed to Nedd4 family malfunction has been associated with various pathologies (Bernassola et al., 2008; Rotin and Kumar, 2009). Human Nedd4, when expressed in yeast, influences actin cytoskeleton organization and dynamics (Stawiecka-Mirota et al., 2008). Nedd4, Smurf2 and Itch ligases from the Nedd4 family are post-translationally modified by phosphorylation and these modifications regulate their function 
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(Debonneville et al., 2001; Edinger et al., 2009; Gallagher et al., 2006; Hallows et al., 2010; Morales et al., 2007; Persaud et al., 2014; Snyder et al., 2004)
. Rsp5 contains 59 possible sites of phosphorylation which match consensus sequences recognized by protein kinase A (PKA), protein kinase C, casein kinase I and several other kinases (Net.phos2.0 at www.cbs.dtu.dk/sevices/NetPhos). Phosphorylation of several sites of Rsp5 has been found in studies of the yeast phosphoproteome (Beltrao et al., 2009; Bodenmiller et al., 2008; Breitkreutz et al., 2010; Gnad et al., 2009; Holt et al., 2009; Soufi et al., 2009; Yachie et al., 2011), but the significance of these phosphorylation is still unknown. In the network of interactions of kinases and phosphatases, Rsp5 is placed in PKA interactome with the Tpk1 catalytic subunit of PKA as interacting partner and in the target of rapamycin complex 1 (TORC1) kinase interactome as a partner of downstream effector, Npr1 kinase (Breitkreutz et al., 2010). Moreover, it has been shown that Rsp5 can be phosphorylated in vitro by Tpk1 and several other kinases (Ptacek et al., 2005). PKA-dependent signaling is important for the regulation of growth in response to glucose, in the regulation of mitochondrial functions and autophagy (Graef and Nunnari, 2011; Kim et al., 2013; Leadsham et al., 2009; Stephan et al., 2009). PKA is also implicated in stress response, since transcription factor Skn7, which has a unique role in oxidative stress response, is negatively regulated by PKA (Charizanis et al., 1999). 
Here, we studied the phosphorylation of Rsp5 by following the migration of various forms of Rsp5 by Phos-tag electrophoreses and the effects on cell functions of mutations in the PKA consensus site in the HECT domain of Rsp5 ubiquitin ligase. Phenotypes of the phosphomimetic rsp5-T761D mutant and the rsp5-T761A mutant in which phosphorylation was prevented were compared with the most highly studied rsp5-1 mutant carrying an L733S substitution within the catalytic HECT domain. Localization of wild type and mutant Rsp5 ligases was also studied. Results indicate that Rsp5 is phosphorylated by PKA in vivo and mimicking phosphorylation in the PKA site in the HECT domain affects its localization and downregulates function.
Materials and methods
1. Strains, media and growth conditions
The Saccharomyces cerevisiae strains used are listed in Table 1. Mutant rsp5-TA, rsp5-TD and rsp5-1 alleles were integrated into the genome of MHY501 as described (Cholbinski et al., 2011). [  ]
Yeast strains were grown in YPD (1% yeast extract, 1% peptone, 2% glucose), YPRaf with 2% raffinose, YPGal with 2% galactose, YPE with 2% ethanol, YNB (0.67% yeast nitrogen base with ammonium sulphate without amino acids (MPBio), 20-40 mg/l of required amino acids) and SC (0.68% yeast nitrogen base with ammonium sulphate without amino acids, 0.59 g/L of CSM-ADE-HIS-LEU-TRP-URA (MPBio) and 20-40 mg/l of the required amino acids) with either 2% glucose, raffinose or galactose as a carbon source. Sporulation medium (Sherman, 2002) was also used. Reagents such [  ] as brij35, cumene hydroperoxide, tertbutyl hydroperoxide and menadione (2-methyl-1,4-naphtoquinone, also known as vitamin K3) (all Sigma-Aldrich) were added to YPD as indicated. Yeast cells were grown at 28oC or at the temperatures indicated.
To compare the growth of strains, middle-log phase cultures were diluted with water to have 1 OD600 equivalents/ml. Three-microliter aliquots of five- or ten-fold serial dilutions of these cell suspensions were spotted onto the appropriate medium and incubated for 2-3 days at the temperature indicated.

2. Plasmids and plasmid constructions
The plasmids used in this study are listed in Table 2. Mutations in the PKA consensus sequence were introduced by PCR mutagenesis of the pUC19-KK plasmid bearing the KpnI DNA fragment containing part of the RSP5 gene, and confirmed by sequencing. The fragment containing rsp5-1 was amplified using genomic DNA of the FW1808 strain. YIpHA-rsp5-T761A, YIpHA-rsp5-T761D and YIpHA-rsp5-1 were constructed by substituting the AgeI-MunI fragment of the YIpHA-RSP5 plasmid with fragments bearing rsp5-TA, rsp5-TD or rsp5-1 mutations, respectively. pRS414-PGAL1GFP-HA-rsp5 plasmids and were constructed by substituting the KpnI-NotI fragment of pRS414-PGAL1GFP-HA-RSP5 with a fragment bearing rsp5 mutations obtained by PCR amplification using YIpHA-rsp5-1, YIpHA-rsp5-T761A or YIp-HA-rsp5-T761D as a template. Plasmids pRS415-PGAL1GFP-HA-RSP5 and pRS415-PGAL1GFP-HA-rsp5-T761A were also constructed.
3. Western blotting and immunoprecipitation
Cells were grown at 28oC to OD600 of 0.4-0.6. Protein extracts were prepared after disrupting cells with glass beads (Gajewska et al., 2003) or by alkaline lysis (Kaminska et al., 2002). Western blot analyses were performed as described previously (Cholbinski et al., 2011). Mouse monoclonal anti-HA (12CA5, Covance), mouse monoclonal anti-GFP (Roche), rabbit polyclonal anti-Nedd4 WW2 domain recognizing Rsp5 (no 07-049, Millipore), mouse monoclonal anti-Pgk1 (Molecular Probes), and rabbit monoclonal anti-phospho-PKA substrate [RRXS/T; 100G7E] (no. 9624, Cell Signalling Technology), and rabbit polyclonal anti-Maf1 (Graczyk et al., 2011), anti-Pma1 (from R. Serrano), anti-Wbp1 (from H. Riezman) primary antibodies and secondary HRP-conjugated antibodies (DACO) were used and followed by Western Chemiluminescent HRP Substrate (Millipore, Biorad or Pierce). 
To detect phosphorylated forms of Rsp5, yeast was grown to log phase in [  ] YPD, [  ] cells were harvested and extracts were prepared for trichloroacetic acid (TCA) protein precipitation. Proteins were analyzed using 6% SDS-polyacrylamide gels with or without 50 M Phos-tag (Wako Chemicals) and anti-Nedd4 antibody.
To monitor the phosphorylation of PKA sites in vivo, the GFP-HA-Rsp5 protein was immunoprecipitated using an anti-GFP antibody or Rsp5 was immunoprecipitated using anti-Nedd4 antibodyn (Kaminska et al., 2002) with a mix of protease and PhosSTOP phosphatase inhibitors (Roche) present in all steps and Western blot was performed with the rabbit anti-phospho PKA substrate antibody (Cell Signaling Technology, #9624) and anti-Nedd4 antibody.
For fractionation cells were grown in YPD at 30oC to OD 0.5. Spheroplasts were, homogenized in Potter homogenizer, centrifuged 500 x g to remove unbroken cells. Supernatant was centrifuged 20 000 x g and pelet (P) and soluble fraction (S) was analyzed by Western blot. Pma1 is plasma membrane marker, Wbp1 is ER protein, Pgk1 is soluble cytoplasmic protein. 

Extract of wild type, rsp5-1, HA-rsp5-T761A, rsp5-T761D

5. Alkaline phosphatase treatment of protein extracts
Cell extracts were prepared by alkaline lysis, and proteins were suspended in SDS buffer (4%, 0.1M Tris-HCl [pH 6.8], 20% glycerol 2% 2-mercaptoethanol). Ten-microliter aliquot of this suspension was used to treat proteins with calf intestine alkaline phosphatase (CIAP, Promega) according to the manufacturer's instructions for 2 h at 37oC. Proteins were precipitated with 10% TCA, resuspended in 10 l of sample buffer and analyzed by immunoblotting.
6. Northern analysis
Cells from 20 ml of liquid culture grown to OD600 of 0.4-0.6 were harvested by centrifugation and resuspended in 50 mM sodium acetate, pH 5.3, 10 mM EDTA. Total RNA was isolated by heating and freezing the cells in the presence of SDS and phenol. RNA (10 µg/sample) was resolved by 8 M urea, 8% PAGE and transferred to a Hybond N+ membrane (Amersham Biosciences) with 0.5 X TBE by electroblotting and cross-linked by UV radiation (1200 mJ/cm2) (Ciesla et al., 2007). The membrane was prehybridized in 7% SDS, 0.5 M sodium phosphate, pH 7.2, 1 mM EDTA, pH 7.0, 1% BSA. Then, it was hybridized at 37°C in the same solution with oligonucleotide probes labeled with [γ32P] ATP and T4 polynucleotide kinase (New England Biolabs). The oligonucleotides tRNATyr: 5’-ACAGTCTTGCGCCTTAAACCAACTTG-3’, 5.8 S rRNA: 5'-GCGTTGTTCATCGATGC-3' and  tRNAVal: 5'-TGGTGATTTCGCCCAGGA-3' synthesized at the DNA Sequencing and Oligonucleotide Synthesis Laboratory IBB, PAS were used as the probes. After hybridization, blots were washed and exposed to phosphoimaging screen (Fujifilm). RNA was quantified using an FLA-7000 PhosphoImager (Fujifilm). Band intensities were quantified using Multi Gauge V3.0 Software.
7. Fluorescence microscopy
For GFP fluorescence, cells were grown at 28°C to logarithmic phase in SD-trp with 2% raffinose as a carbon source. Expression of GFP-HA-Rsp5 fusions from GAL1 promoter was induced for 2-6 hours by the addition of galactose to a final concentration of 2%. DNA was stained with Hoechst 33342 (final concentration 0.9 (g/ml, Invitrogen) for 10 min. Cells were placed on ice and treated with NaN3 (10 mM final) for 10 min and mounted on a slide. Cells were viewed with an Eclipse E800 (Nikon) fluorescence microscope equipped with a DS-5Mc (Nikon) camera. Images were collected using Lucia General 5.1 software (Laboratory Imaging Ltd.). Cells producing Sna3-GFP were grown in SC-ura, viewed with an EZ-C1 (Nikon) Eclipse TE2000-E confocal laser scanning microscope equipped with a Plan Apo 60X objective (NA 1.4). Images were collected with the EZ-C1 confocal V. 3.6 program (Nikon) and processed with EC1 Viewer 3.6 and Adobe Photoshop 8.0. Microscopy was performed in the Laboratory of Confocal and Fluorescence Microscopy, IBB PAS.
8. ROS assessment by flow cytometry 
To assess ROS, cells were grown overnight to stationary phase in the presence of 5 μg/ml 2′,7′-dichloro dihydrofluorescein diacetate (H2-DCFDA; Molecular Probes) and fluorescence detected with a BD FACScalibur using an FL-1 detector. 
9. Mass spectrometry
The immunoprecipitation was performed using anti-HA antibody with extracts of the strain producing HA-Rsp5. The purified proteins were separated by SDS-PAGE and stained with a Silver Stain Kit (Thermo Scientific). A protein band of the expected molecular weight (approximately 96.5 kDa) was excised from the gel. Proteins were digested with trypsin (10 ng/ml), reduced with 100 mM dithiothreitol (DTT) for 30 min at 56°C and alkylated with iodoacetamide (IAM). The resulting peptide mixtures were analyzed by liquid chromatography coupled with mass spectrometry in the Laboratory of Mass Spectrometry, IBB PAS. Samples were concentrated and desalted on a RP-C18 pre-column (Waters), and further peptide separation was achieved on RP-C18 column (Waters, ACQUITY UPLC BEH130 C18 column) of a nanoACQUITY UPLC system, using a 45-min linear acetonitrile gradient. The column outlet was directly coupled to the ESI (Electrospray ionization) ion source of an Orbitrap Velos type mass spectrometer (Thermo), working in the regime of a data dependent MS to MS/MS switch. An electrospray voltage of 1.5 kV was used. Raw data files were pre-processed with Mascot Distiller software (version 2.3, www.matixscience.com). The obtained peptide masses and fragmentation spectra were matched to the National Center Biotechnology Information (NCBI) non-redundant database (17351384 sequences) with Saccharomyces cerevisiae filter 40073 sequences using the Mascot search engine (Mascot Daemon v. 2.3, Mascot Server v. 2.3.02, www.matixscience.com). Application of the enrichment method with titanium dioxide to digested purified protein complexes resulted in the identification of a significantly higher number of phosphopeptides as compared to the normal method (Mazanek et al., 2010). 
10. Computational analysis.
The non-redundant database at NCBI was scanned for sequences similar to the S121-Q220 amino acid fragment of Rsp5 using the PSI-Blast program (Altschul et al., 1997). Analysis revealed that R164-H175 of Rsp5 is homologous to R21-H33 of TrpG subunit of anthranilate synthase from Salmonella typhimurium with e-value of 1e-04, score 20.6. UniProt database was also searched for RX(3)HX(5)RXH pattern using MyHits server (http://myhits.isb-sib.ch/cgi-bin/pattern_search).
The structure of the HECT domain of Rsp5 (PDB entry 3OLM; (Kim et al., 2011)) was used as a template to construct a model of the HECT domain of mutant Rsp5 proteins. Structural models of mutant Rsp5 were obtained using the Sybyl-x 2.0 package (TRIPOS Inc.). To check changes of structures caused by introduced mutations model structures were subjected to energy minimization using the Amber FF99 force field as implemented in SYBYL-x2.0. 
Results
1. Rsp5, a substrate of PKA 
Rsp5 ubiquitin ligase is localized in many subcellular compartments: in the cytoplasm, cortical patches, multivesicular body and the nucleus (Cholbinski et al., 2011; Kaminska et al., 2011; Wang et al., 2001), and regulates various processes (Kaliszewski and Zoladek, 2008). Therefore, the activity of Rsp5 must be locally tightly regulated, possibly by post-translational modification. [  ] To verify if Rsp5 protein pool contains various phosphorylated forms, the migration of Rsp5 was assessed in gels with Phos-tag addition. Phos-tag binds phosphate groups and changes the gel mobility of phosphorylated proteins. Several migration forms of Rsp5 in cells grown in glucose rich medium were observed when analyzed via Phos-tag electrophoresis (Figure 1A). [..] Since Rsp5 is phosphorylated in vitro by Tpk1, the catalytic subunit of PKA (Ptacek et al., 2005), we considered the possibility that Rsp5 is also phosphorylated by PKA in vivo. Rsp5 contains a potential 758-RRFTI-762 PKA phosphorylation site in the catalytic HECT domain, located close to the active center cysteine, which conforms to the RRXS/TB consensus target sequence (X, any amino acid, B, basic amino acid) specifically recognized by PKA (Budovskaya et al., 2005). Other potential PKA phosphorylation sites, T113, S177, S222, are localized between the C2 and WW1 domain, and T288 is between the WW1 and WW2 domains, and these all match the PKA consensus sequence RXXS/T and have lower score than T761 (Group-based Prediction System, ver 2.1.2 freely available at: http://gps.biocuckoo.org) (Xue et al., 2008). Thus, we tested the migration of phosphorylated Rsp5 forms in double tpk1 tpk2, tpk1 tpk3 and tpk2 tpk3 mutants which produce only one out of the three alternative catalytic subunits of PKA, Tpk3, Tpk2 or Tpk1, respectively. Rsp5 phosphorylated forms of tpk1 tpk3 strain migrated faster in Phos-tag gel when compared with other mutants and wild type strain (Figure 1A), suggesting that Rsp5 is less phosphorylated in this strain and that the Tpk1 and Tpk3 catalytic subunits of PKA redundantly regulate the phosphorylation of Rsp5 in vivo. To further confirm phosphorylation of Rsp5 in PKA sites in vivo, we transformed all tpk mutants and wild type strain with plasmid expressing GFP-RSP5 from GAL promoter or empty vector and immunoprecipitated GFP-HA-Rsp5 by anti-GFP-antibody. Cells producing GFP-HA-Rsp5 were used since analysis of immunoprecipitates from cells producing HA-Rsp5 showed that they contain a protein of a molecular weight similar to that of HA-Rsp5, which unspecifically co-purifies and is phosphorylated at a PKA site(s) disturbing the analysis (not shown). Immunoprecipitates of GFP-HA-Rsp5 were analyzed by Western blot using the anti-phospho-PKA substrate antibody that specifically recognizes RRXS*/T* phosphorylated PKA sites (Li and Wang, 2013; Ramachandran and Herman, 2011; Soulard et al., 2010; Stephan et al., 2009) and weakly recognizes RXXS*/T* sites (Cell Signaling Technology). [-] Than the blot was stripped and analyzed using anti-Nedd4 antibody to observe the level of GFP-HA-Rsp5. GFP-HA-Rsp5 was more abundant in immunoprecipitates from tpk mutants when compared with the immunoprecipitate from wild type strain (Figure 1B) and this probably reflects differences in efficiency of immunoprecipitation. In immunoprecipitates from the wild type strain expressing GFP-RSP5 the GFP-Rsp5 protein was recognized by the anti-PKA phosphopeptide antibody, while no respective signal was observed in immunoprecipitates from the wild type strain bearing empty vector (Figure 1B). In all tpk double mutants the signal was less intensive, 5% in tpk1 tpk2, 1% in tpk1 tpk3 and 15% in tpk2 tpk3of the wild type indicating the all three Tpk catalytic subunits of PKA contribute in Rsp5 phosphorylation, with Tpk1 and Tpk3 beeing most important. This result suggests that Rsp5 is phosphorylated by PKA in vivo.
To find in which sites Rsp5 is phosphorylated, mass spectrometric analysis was employed. Immunoprecipitation was used to isolate HA-Rsp5 from cells grown in YPD with or without rapamycin. The purified proteins were separated by SDS-PAGE and stained. A protein band of the expected molecular weight (approximately 96.5 kDa) was excised from the gel and processed for mass spectrometric peptide identification (Figure S3A). In addition to Rsp5, peptides derived from other proteins were identified which have similar molecular weight and bind Rsp5, for example Sla2 and Mga2, which are known substrates of Rsp5 (Gupta et al., 2007; Shcherbik et al., 2003), or Crm1 exportin, which is involved in Rsp5 nuclear transport (Cholbinski et al., 2011). Analysis of the Rsp5 peptides covering up to 68% of its amino acid sequence (Figure S3B) and analysis of phosphopeptides enriched using a titanium dioxide column both revealed the phosphorylation of serine and threonine residues in two peptides. The first peptide 138-LPSSSPHSQAPSGHTASSSTNTSSTTR-164 was monophosphorylated or diphosphorylated, and the second peptide 184-GTAQAVESTLQSGTTAATNTATTSHR-209 was only monophosphorylated. The mass spectrometric analysis showed the most probable phosphorylation sites to be S140, S141, S142, S145, S149, T152, S154, S155, S156, T157, T159 in the first peptide and T185, S191, T192, S195 in the second peptide (Figure S4A, B, C; S5A, B). [   ] Interestingly, all phosphorylation sites were found in the C2-WW1 linker region (Figure 2A) which is poorly, if at all, conserved among Nedd4-family ligases. Therefore, the similarity of the Rsp5 sequence in this region (amino acids 121-220) to other proteins with a solved crystal structure was examined. It was found that the sequence of amino acids R164-H175 is similar to a fragment R21-H33 of the TrpG subunit of Salmonella typhimurium antranilate synthase (Nichols et al., 1980) (Figure 2B), with e-value of 1e-04, score 20.6.). This sequence was named the ASH (antranilate synthase homology) motif. The ASH motif is located on the surface of the TrpG structure (Morollo and Eck, 2001) which interacts with the TrpE subunit of the enzyme. Thus, the ASH motif of Rsp5 (aa 154-175) can possibly bind other proteins. Moreover, ASH is part of the sequence rich in histidines (5 of 37 amino acids) which may potentially bind zinc ions (Maret and Li, 2009). Search of UniProt database for the RX(3)HX(5)RXH pattern revealed 620 fragments of proteins with that motif, among them more than 160 belonging to zinc finger proteins, which supports our prediction. Zinc can have ligands in protein interface and function in forming higher order structures and complexes (Maret and Li, 2009). It is therefore possible that zinc mediates binding C2-WW1 region of Rsp5 with other proteins or domains of Rsp5 and this binding is regulated by phosphorylation. Would be interesting test this hypothesis in furture. In the present study, no phosphorylated peptides mapping to the C2, WWs or catalytic HECT domains of Rsp5 were found. Unfortunately, none of the phosphorylation sites reported in Rsp5 correspond to predicted PKA sites, but some of the peptides containing these sites were not covered in our analysis.
2. Mimicking the phosphorylation of threonine T761 of Rsp5 affects the growth of the mutant cells and the structure of the mutant protein
To answer the question as to what could be the effect of the phosphorylation of Rsp5 at T761, in a strong PKA consensus site in the HECT domain, rsp5-T761A and rsp5-T761D mutations were introduced into the RSP5 gene to disrupt the PKA recognition site or mimic phosphorylation, respectively. Their effect on cell growth was tested. Plasmids bearing these mutant alleles complemented RSP5 deletion, as rsp5 [rsp5-T761A] and rsp5 [rsp5-T761D] strains were viable on YPD at 23oC (Figure S6A), while rsp5 did not grow in these conditions (Hein et al., 1995; Hoppe et al., 2000). However, the rsp5 [rsp5-T761D] strain was temperature sensitive and did not grow on YPD at 37oC, suggesting that the Rsp5-T761D protein might be unstable or otherwise unable to perform its function under these conditions. A similar steady state level of wild type and both mutant Rsp5 proteins at 28oC and a similar level of mutant Rsp5-T761A and wild type at elevated temperatures were observed. In contrast, the steady state level of the mutant Rsp5-T761D protein was lower when compared with the wild type Rsp5 at elevated temperatures (Figure S6B). This supports the notion that the Rsp5-T761D mutant protein might be unstable or degraded more efficiently at 37oC.
Next, rsp5 strains with chromosomal rsp5-T761A and rsp5-T761D mutant alleles were constructed and their growth was compared in various conditions with the wild type and the isogenic rsp5-1 strain bearing the L733S substitution in the HECT domain. rsp5-1 is impaired in the formation of a ubiquitin-thioester intermediate and ubiquitination of substrates in vitro (Wang et al., 1999). Phosphomimetic rsp5-T761D mutation resulted in a growth defect on rich glucose and ethanol medium at 28oC (Figure 3A). The rsp5-T761D strain was temperature-sensitive and did not grow on rich glucose, galactose and ethanol medium at 37oC, whereas the growth of rsp5-T761A was similar to the wild type at both 28oC and 37oC, in agreement with results obtained with rsp5 strain bearing the respective alleles on the plasmid (Figure S6A). The rsp5-1 strain was temperature-sensitive on glucose rich medium as reported (Wang et al., 1999). Curiously, the growth of rsp5-1 was not reduced when the strain was grown on rich galactose or on synthetic complete medium at 37oC. It was reported previously for rsp5-A401E mutant that its temperature sensitivity was observed only on a rich YPD medium, not on a synthetic minimal medium (Hoshikawa et al., 2003). On another site, the growth of all the mutants rsp5-T761A, rsp5-T761D and rsp5-1 was slower than the wild type on synthetic complete medium at 28oC (Figure 3A), suggesting that the dynamic phosphorylation and dephosphorylation of Rsp5 and full activity are needed under these conditions.
To check if mutations rsp5-T761A and rsp5-T761D cause changes in the enzyme structure and compare them with the effect of rsp5-1 (L733S) mutation, the structures of wild type and mutant Rsp5 were subjected to computer analysis. Neither rsp5-T761A nor rsp5-T761D substitutions induce significant differences in the main chain course, only changes in orientation of some residues located in the C-lobe of Rsp5 were observed. The most pronounced were rotations and translations caused by rsp5-T761D mutation, especially for C777 in the active center as well as residues in the vicinity of it, namely D704, T776, F778 and R780 (Figure 3B). D704, T776 and F778 were shown (Kamadurai et al., 2013) to be important for transfer of ubiquitin to the substrate. Possibly in this region conformation of residues may impact on ubiquitin or/and substrate positioning so one may expect that function of such enzyme could be disturbed. Amino acid substitution L733S does not change the structure of HECT domain main chain; only small changes of localization of  T776, F778 around active center and orientation of F736 in the neighborhood of L(S)733 as well as T804 on the surface of C-terminal helix were observed. It seems that among studied mutations T761D induces most changes in the protein structure.This suggests that the phosphorylation of T761 of Rsp5 may affect the conformation of the Rsp5 HECT domain and influence its activity.
3. Mutations in the PKA phosphorylation site of Rsp5 affect pre-tRNA processing and protein transport 
Various rsp5 mutants have previously been described as defective in ubiquitination and endocytic sorting of several proteins (Belgareh-Touze et al., 2008; Stawiecka-Mirota et al., 2007) and disturbed in the maturation and nuclear transport of tRNA (Kwapisz et al., 2005; Neumann et al., 2003; Shcherbik and Pestov, 2011). Therefore, we asked if the rsp5-T761A, rsp5-T761D and rsp5-1 mutants have any defect in tRNA processing. Northern blot analysis revealed that the level of pre-tRNATyr in rsp5-T761A cells was similar to that in wild type cells. In contrast, both rsp5-T761D and rsp5-1 cells accumulated an excessive amount of pre-tRNATyr (Figure 4), indicating that the function of Rsp5 with T761D substitution and Rsp5 with L733S substitution is similarly defective in tRNA metabolism. 
To further characterize the rsp5-T761A and rsp5-T761D mutants, some of the phenotypes related to protein transport processes were examined. Canavanine is a toxic arginine analog which enters the cell using the Can1 permease and the growth of strains on medium with canavanine is an indication of the activity and abundance of Can1 in the plasma membrane. Cells defective in endocytosis contain more Can1 permease in the plasma membrane and are more sensitive to canavanine than wild type cells (Lin et al., 2008; MacGurn et al., 2011). Endocytosis of Can1 depends on ubiquitination by Rsp5 and rsp5 mutants show Can1 enhanced plasma membrane localization and hypersensitivity to canavanine (Erpapazoglou et al., 2012; Lin et al., 2008). We compared the growth of the wild type and rsp5 mutants in the presence of canavanine. The rsp5-T761A strain grew similarly to the wild type, the rsp5-1 strain was slightly more sensitive and rsp5-T761D was hypersensitive to canavanine (Figure 5A). Thus, rsp5-T761D mutation probably causes a [  ] strong defect in Can1 endocytosis. Although differences in plasma membrane abundance of Can-GFP between wild type and mutant cells are too subtle to be visible in growth unstimulated condition, the lack of vacuolar localization of this transporter after stimulation of endocytosis by stressfull condition, such as cycloheximide treatment, in mutants can be easily observed (Lin et al 2008). In agreement with our prediction and in contrast to what had been shown for the wild type strain (Lin et al., 2008; MacGurn et al., 2011), in rsp5-T761D Can1-GFP was not internalized and directed to the vacuole in response to cycloheximide and a strong signal in the plasma membrane was observed (Figure 5B). Additionally, ubiquitination, sorting in the multivesicular body and transport to the vacuole of another Rsp5 substrate, the Sna3 membrane protein, was analyzed. We followed Sna3-GFP by fluorescence confocal microscopy observing its localization in the cell and by Western blot analysis probing the appearance of ubiquitinated forms and the accumulation of GFP, a degradation product. As shown in Figure 5C, sorting in the multivesicular body and transport to the vacuole of Sna3, as well as its ubiquitination and proteolytic processing in the rsp5-T761A mutant, were similar to that in the wild type cells. In contrast, all these processes were defective in rsp5-T761D cells: Sna3-GFP accumulated in punctate structures instead of the vacuole, its ubiquitinated forms were not detectable and its degradation to GFP was significantly diminished. It had been previously shown that several rsp5 mutants, including rsp5-1, demonstrated Sna3-GFP ubiquitination and sorting defects similar to those observed for rsp5-T761D (Cholbinski et al., 2011; Jarmoszewicz et al., 2012; Stawiecka-Mirota et al., 2007). The defect of Can1 trafficking and impairment of the ubiquitination and vacuolar degradation of Sna3 may indicate the lower catalytic activity of Rsp5-T761D. However, low local concentration of Rsp5 could explain the described phenotypes as well (Cholbinski et al., 2011). 
Therefore, the effect of rsp5-T761A and rsp5-T761D mutations on the subcellular localization of Rsp5 was examined. The localization of GFP-HA-Rsp5, GFP-HA-Rsp5-T761A and GFP-HA-Rsp5-T761D proteins expressed from the plasmid in wild type strain was studied. GFP-HA-Rsp5 was localized in the cytoplasm and nucleus, associated with cortical patches and accumulated in internal spots adjacent to the vacuole, as expected (Cholbinski et al., 2011; Kaminska et al., 2011; Wang et al., 2001). GFP-HA-Rsp5-T761A was localized less efficiently to cortical patches but more efficiently to internal spots adjacent to the vacuole, while GFP-HA-Rsp5-T761D was much more abundant in cortical patches and less abundant in the cytoplasm and internal spots when compared with the wild type Rsp5 (Figure 6). The enhanced localization [.] in cortical patches was previously reported [ ] for GFP-HA-Rsp5-1 and other mutant Rsp5 proteins defective in the ubiquitin ligase activity (Wang et al., 2001). In our control experiments this phenotype of rsp5-1 was confirmed but GFP-HA-Rsp5-1 cortical patches were clustered (Figure S5). All mutant proteins associated with membranes more efficiently than wild type and Rsp5-T761D in membrane fraction was most abundant (74% versus 55% in wild type) (Figure S6). Thus, some of the phenotypes of rsp5-T761D could be the result of the changed localization of mutant protein and its changed activity. [  ] High cortical abundance of Rsp5-T761D and rsp5-T761D mutant the defect of Can1-GFP endocytic internalization which takes place at the cell cortex supports the conclusion that activity of Rsp5-T761D must be lower than wild type.
4. The rsp5-T761D strain grown in glucose rich medium accumulates cells which are unviable, cells which do not form colonies and cells with increased levels of ROS
Since the rsp5-T761D strain grew more slowly than wild type and the two other rsp5 mutant strains on YPD medium at 28oC (Figure 3A), we analyzed cell viability. Cells were grown to the logarithmic phase, plated on glucose rich medium and the colony forming units (CFU) were counted. The ability to form colonies of rsp5-T671A was similar to the wild type (about 86.7% and 97%, respectively), while that of rsp5-1 was lower and rsp5-T761D was much lower (about 67.3 and 17.2 %, respectively) (Figure 7A). 
Apoptotic or necrotic cells are characterized by the accumulation of ROS (Farrugia and Balzan, 2012). To investigate ROS accumulation in the rsp5 mutant cells, we grew rsp5-T761A, rsp5-T761D and rsp5-1 alongside with the wild type strain in the presence of the ROS indicator dye H2DCFDA (Gourlay and Ayscough, 2005; Leadsham et al., 2013) and subjected them to flow cytometry. Two peaks of fluorescence representing populations with low (M1) and high (M2) ROS levels were observed (Figure 8B lower panel). Most of the wild type cells (>90%) were found within the M1 population and the same was observed for rsp5-T761A. The M2 population accumulating ROS was slightly increased in the rsp5-1 strain and represented about 20% of the cells, while it was dramatically increased in rsp5-T761D, where it constituted up to 45% of the cells (Figure 7B upper panel). Increased ROS production often correlates with increased sensitivity to hydrogen peroxide (Gourlay and Ayscough, 2005) and other oxidative stress generating agents (Skoneczna et al., 2007). The sensitivity of rsp5 mutants to hydrogen peroxide has previously been reported (Hoshikawa et al., 2003). In this work, the sensitivity of rsp5 mutants to ROS-generating compounds, such as cumene hydroperoxide, tertbutyl hydroperoxide and menadione was examined. Strain rsp5-T761D was hypersensitive to all these compounds, while the rsp5-T761A and rsp5-1 cells grew as well as the wild type strain (Figure 7C). Thus, Rsp5 contributes to cell defense against oxidative stress and phosphorylation in a PKA consensus site possibly disturbs this function. As rsp5-1 cells do not show increased sensitivity to oxidative stress generating drugs, this suggests that Rsp5-1 activity can be upregulated in these conditions.
5. Migration pattern of mutant Rsp5 proteins and phosphorylation of Rsp5-T761A by PKA.
We compared the gel mobility of Rsp5 forms in various conditions to test if rsp5 mutations affect patterns of migration when mutant cells are grown in glucose rich medium or after addition of rapamycin [  ]. When cell extracts were analyzed by 6% SDS-polyacrylamide gel electrophoresis with a modified 29:1 ratio of polyacrylamide to bis-acrylamide, we observed two forms of Rsp5 in each strain and a faster migrating form dominated in the wild type and all rsp5 mutants. This basal Rsp5 form in rsp5-1 and rsp5-T761A extracts migrated more slowly and in rsp5-T761D migrated faster than in the wild type. This may reflect differences in the modification status of Rsp5 in various rsp5 mutants, but it is also possible [  ] that the substitution of a single amino acid affects the migration of the Rsp5 protein. The distance of migration between the two forms of Rsp5 was similar in the wild type and rsp5-T761A, but smaller in rsp5-1 and rsp5-T761D (Figure 8) possibly reflecting the different post-translational modifications of Rsp5 in these strains. [  ] Upper forms of wild type and mutant Rsp5 do not represent protein modified by phosphorylation, since they did not disappear after alkaline phosphatase treatment (Figure S7). They could possibly be SUMOylated (Novoselova et al., 2013), ubiquitinated (Erpapazoglou et al., 2012) or modified by NEDD8 homolgue, Rub1 Rsp5 forms(Xie et al., 2014).
To test if putative T761 site of Rsp5 is the only site phosphorylated by PKA we analyzed phosphorylation of Rsp5-T761A by immunoprecipitation and Westen blot analysis. To different experiments were performed. First wild type, HA-rsp5-T761 and rsp5 strains were grown in YPD to log phase, Rsp5 was immunoprecipitated using anti-Nedd4 antibody and analyzed by Western blot using anti-phospho PKA substrate antibody. After stripping, the anti-Nedd4 antibody was used again to control the level of Rsp5 on this blot. We did not observe phosphorylation of HA-Rsp5-T761A by PKA suggesting that T761 is phosphorylation site in this condition. Moreover, we transformed wild type and rub1 strain, devoid of Rub1 ubiquitin-like protein which modifies Rsp5(Xie et al., 2014), with plasmids expressing GFP-HA-RSP5 or GFP-HA-rsp5-T761A from GAL1 promoter. Strains were grown in complete medium with raffinose, galactose was added for 4 hours and than glucose was added for 20 min to increase activity of PKA. Cell extracts were subjected to immunoprecipitation by anti-GFP antibody and Western blot analysis was performed by anti-phospho PKA substrate antibody followed by anti-GFP antibody to control the level of GFP-HA-Rsp5. In this condition GFP-HA-rsp5-T761A protein was similarly phosphorylated as wild type form documenting that other phosphorylated PKA sites with RXXS*/T*must be recognized. In fact supplier reports that anti-phospho PKA substrate antibody weakly recognizes RXXS*/T* sites. In this experiment phosphorylation of Rsp5 was independent on Rub1 modification but we observed slower migrating protein which was strongly phosphorylated in rub1 and not phosphorylated in the presence of GFP-HA-rsp5-T761A (Figure 8C). There is a possibility that this protein represents modified form of Rsp5 by other modifier than Rub1/Nedd8 which is phosphorylated in T761 site. Concluding, depending on the growth conditions PKA phosphorylates T761 and/or other site(s) of Rsp5. 
Discussion 
Rsp5 ubiquitin ligase ubiquitinates many substrates and affects numerous vital cellular functions, but surprisingly little is known about its regulation by post-translational modification. It has been reported that Rsp5 is self-ubiquitinated in vitro (Wang et al., 1999) and ubiquitinated in vivo (Erpapazoglou et al., 2012; Ziv et al., 2011) at K78, 258 (Starita et al., 2012). SUMOylation of Rsp5 five lysines (K44, 45, 137, 577, 749) has also been discovered which resulted in its lower catalytic activity in vitro (Novoselova et al., 2013). As reported recently Rsp5 is also modified by Rub1, homologue of Nedd8 (Xie et al., 2014). Several phosphorylation sites have been identified in studies of yeast phosphoproteome (Beltrao et al., 2009; Bodenmiller et al., 2008; Breitkreutz et al., 2010; Gnad et al., 2009; Holt et al., 2009; Soufi et al., 2009; Yachie et al., 2011), but the significance of these phosphorylations has not yet been analyzed. Here, we report that [  ] Rsp5 is phosphorylated by PKA in vivo. We confirm phosphorylation of several phosphorylation sites which were identified recently in global proteomic studies, however, none of them is located in PKA consensus sites. Most importantly, we found that mimicking phosphorylation in PKA site T761, downregulates many processes dependent on Rsp5, reduces cell viability and affects Rsp5 localization. Mutation rsp5-T761A prevents phosphorylation in some conditions suggesting that T761 and other site(s) are pohosphorylated.
[  ] We have found that the migration of phosphorylated forms of Rsp5 [  ] was changed in tpk1 tpk3 mutant devoid of two alternative catalytic subunits of PKA; phosphorylated forms migrated faster than in the wild type, suggesting that some phosphorylation is lacking. This experiment, together with the immunoprecipitation of Rsp5 and Western blot analysis using anti-phospho PKA substrate antibody, showed that PKA (mainly Tpk1 and Tpk3 subunits) phosphorylates Rsp5 in vivo. However, we were unable to confirm the phosphorylation of any of the PKA sites of Rsp5 by mass spectrometry analysis in cells grown in glucose rich medium [  ]; peptides containing PKA sites were not identified or were not phosphorylated. A recent proteomic study of phosphorylation and ubiquitination changes in rapamycin treated cells has revealed extensive changes which converged on Rsp5, Rsp5 adaptors and Rsp5 targets indicating a key role of Rsp5 system in response to rapamycin (Iesmantavicius et al., 2014). Permeases and transporters which are often ubiquitinated by Rsp5 are biased for reduced ubiquitination, suggesting a lower activity of adaptors and/or Rsp5 ligase upon rapamycin treatment. Moreover, six putative ubiquitination sites (K45, 79, 411, 432, 764, 773) in Rsp5 ligase have been identified (Iesmantavicius et al., 2014). Ubiquitination of T764, which is close to T761 and may possibly block its phosphorylation by PKA, is downregulated after a short rapamycin treatment and upregulated later (Iesmantavicius et al., 2014). It is therefore probable that T761 can be transiently phosphorylated to deactivate Rsp5 in response to rapamycin. Thus, the interplay between ubiquitination and phosphorylation may exist to regulate Rsp5 activity. However, this has not been directly shown, since no phosphorylation of Rsp5 was found in the study by Iesmantavicius et al., (2014). These results are consistent with earlier data placing Rsp5 in TOR signaling pathway (Kabir et al., 2005) and TOR interactome (Breitkreutz et al., 2010).In our study we did not observe by mass spectroscopy essential changes in phosphorylation of Rsp5 in resposnse to rapamycin (not shown).
Our mass spectrometry analysis identified two phosphopeptides with several possible phosphorylation sites in the region (S140- S195) between the C2 and WW1 domains of Rsp5. Peptides located in this region have previously been found to be phosphorylated in global yeast phosphoproteome analyses (Beltrao et al., 2009; Bodenmiller et al., 2008; Breitkreutz et al., 2010; Gnad et al., 2009; Holt et al., 2009; Soufi et al., 2009; Yachie et al., 2011) and most probable phosphorylation sites indicated were the same as in our analysis [  ]. These two clusters of phosphorylation sites flank the ASH motif which may possibly bind zinc and proteins, and this motif is very close to S177 which is a putative PKA phosphorylation site. Therefore, we hypothesize that the phosphorylation of the region between C2 and WW1 may affect the binding of proteins to this site of Rsp5. Some phosphoproteome studies have also identified phosphorylation sites S6 and Y16 in the C2 domain (Yachie et al., 2011) and T623 in the HECT domain (Beltrao et al., 2009). The phosphorylation of T761 of Rsp5 has not been demonstrated so far by the mass spectrometry [ ]. Recently, the regulation was discovered of the WW2 domain of Rsp5 by the phosphorylation of threonine T357, which is conserved in the Nedd4 family, (Sasaki and Takagi, 2013). T357A substitution in Rsp5 resulted in constitutive downregulation of four proline permeases (Gap1, Put4, Agp1 and Gnp1) in cells grown in medium with poor nitrogen source leading to tolerance for toxic proline analog L-azetidine-2-carboxylate, while rsp5-T357D showed hypersensitivity to this compound. A model has been proposed that the phosphorylation of T357 inactivates Rsp5 for Gap1 permease ubiquitination and downregulation, and dephosphorylation results in Rsp5 activation (Sasaki and Takagi, 2013). However, the kinase involved in T357 phosphorylation remains unknown. 
Phenotypic analysis has revealed that T761D substitution in Rsp5 downregulates several functions of Rsp5, including pre-tRNA maturation, Can1 endocytosis, Sna3 ubiquitination and sorting to the vacuole, similarly to the L733S substitution present in the rsp5-1 mutant which is defective in catalytic activity (Wang et al., 1999), while T761A substitution causes little or no effect. Moreover, T761D substitution causes changes in GFP-Rsp5 localization with more cortical and less cytoplasmic abundance and this may additionally affect some of the functions. It has been shown recently that GFP-Rsp5 is more abundant in the cell cortex when endocytosis is blocked by a lack of endocytic protein (Weinberg and Drubin, 2014). Since we have shown that the endocytosis of Can1 is defective in the rsp5-T761D strain while cortical localization of Rsp5-T761D is more abundant, this collectively supports the view that mimicking the phosphorylation of T761 deactivates the Rsp5 ligase and downregulates endocytosis. This is also supported by our computer modeling of mutant HECT domain structures which shows that T761D substitution induces more changes than L733S substitution that may negatively affect catalytic activity. Unlike the rsp5-T761D mutant, which showed defects in all conditions and processes studied, the rsp5-1 mutant showed defects in pre-tRNA processing and canavanine hypersensitivity, but neither defects in growth on rich galactose or synthetic complete media at elevated temperature nor on media with ROS generating agents. This is surprising since Rsp5-1(L733S) is very defective in catalytic activity in vitro (Wang et al., 1999) and may suggest that the activity of this mutant ligase can be upregulated in vivo in some conditions, while the activity of Rsp5-T761D cannot.
Results showing a decreased viability of rsp5-T761D correlate with increased cellular levels of ROS and hypersensitivity to ROS generating agents. This suggests that Rsp5 is involved in oxidative stress defense, possibly by several mechanisms. ROS generating agents, such as menadione, which induces superoxide production (Thor et al., 1982), activate detoxification genes for hemeproteins such as catalase and cytochrome c peroxidase (Zhu et al., 2013), but also cause a broader response that involves numerous cellular pathways. This adaptive response is cell protective (Jamieson, 1998; Morano et al., 2012). Rsp5 could be involved in these response processes; for example, by ubiquitination of thioredoxin Trx1 and heme biosynthetic enzyme Hem12, which has been shown to be ubiquitnated by Rsp5 in vitro (Gupta et al., 2007). Rsp5 monoubiquitinates Hem12 in vivo and affects its function, but not degradation (Chelstowska et al, submitted). Recent results demonstrate the importance of iron assimilation in fungal oxidative stress response, since increased iron transport sensitizes cells to menadione (Zhu et al., 2013). Rsp5 ubiquitinates and regulates the endocytosis and plasma membrane abundance of several transporters, including siderophore transporter Sit1 which contributes to iron transport (Erpapazoglou et al., 2008). Thus, oxidative stress defense is at least partially regulated at a post-translational level by Rsp5-dependent ubiquitination of oxidative stress protecting proteins, proteins affecting redox homeostasis or heme biosynthetic enzymes. 
Rsp5 ubiquitin ligase, together with Rsp5-interacting adaptor proteins, have recently emerged as being very important in the response of cells to changes in environmental conditions. Regulation of Rsp5 activity by the PKA-dependent phosphorylation of the HECT domain could be an additional mechanism, which together with TORC1 regulation of Rsp5 adaptors works to fine-tune the cell response to nutrients, rapamycin, oxidative stress and other factors.
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Figure legends
Figure 1. Rsp5 ubiquitin ligase is phosphorylated in PKA site(s) and phosphorylation pattern changes in tpk1 tpk3 mutants. [-] A, Western blot analysis of Rsp5 in tpk mutants. Wild type strain and double mutants tpk1 tpk2, tpk1 tpk3 and tpk2 tpk3 were grown in YPD medium, whole cell extracts were prepared and loaded on 7% SDS-polyacrylamide gel with addition of Phos-tag to observe band shift and analyzed by using anti-Nedd4 antibody. The same samples were also analyzed by regular SDS gel electrophoresis. Pgk1 is a loading control. B, Effect of tpk mutations on phosphorylation of Rsp5. Wild type strain and double mutants tpk1 tpk2, tpk1 tpk3 and tpk2 tpk3 were transformed with plasmid expressing GFP-HA-RSP5 from GAL1 promoter or with empty vector. Transformants were grown in selective medium with 2% raffinose to the logarythmic phase, than galactose was added to 2% for 4 hours and after that glucose was added to 1% for 20 min. Protein extracts were prepared and subjected to immunoprecipitation by anti-GFP antibody. Immunoprecipitates were analyzed by Western blot using anti-phospho PKA substrate antibody. The antibody was stripped and anti-GFP antibody was used to control GFP-HA Rsp5 level. Phospho-GFP-HA-Rsp5 was quantified and normalized to GFP-HA-Rsp5 level.
Figure 2. Phosphorylated residues identified in Rsp5 are located in two clusters in the C2-WW1 linker close to the ASH motif. A, Schematic representation of Rsp5 domain structure: lipid-binding C2 domain is black, protein-binding WW domains are grey and catalytic HECT domain is white. Possibly phosphorylated residues identified in this work are underlined. B, Similarity of the R164-H175 amino acid sequence containing ASH motif of Rsp5 to the R21-H33 amino acid fragment of antranilate synthase TrpG according to BLAST (Altschul et al., 1997) is shown.  sheet in TrpG structure is indicated.
Figure 3. The rsp5-T761D strain shows defects of growth on media containing various carbon sources and changes in Rsp5 structure. A, Growth of strains on rich YPD, YPGal, YPE or complete glucose medium SC at temperatures indicated. Isogenic wild type, rsp5-T761A, rsp5-T761D and rsp5-1 strains were tested by a drop test (10-fold dilutions). B, Comparison of the structures of wild type and T761D mutated Rsp5 (upper panel) or wild type and L733S mutated Rsp5 (rsp5-1, lower panel) in the region of the greatest changes. Residues of wild type protein are shown in blue and those of mutant in red or purple, respectively.
Figure 4. The rsp5-T761D strain is defective in tRNA processing. A, Northern blot of rsp5 mutant strains. Wild type, rsp5-T761A, rsp5-T761D and rsp5-1 cells were grown in YPD at 28oC and shifted to 37oC for 2 or 4 hours, and maturation of tRNATyr was analyzed by Northern blot using specific probe. Mature tRNAVal and 5.8S rRNA are also shown. B, Ratio of primary tRNATyr transcript to end-matured intron-containing tRNATyr (P/I) is presented. 
Figure 5. The rsp5-T761D strain is defective in protein sorting. A, Growth of wild type, rsp5-T761A, rsp5-T761D and rsp5-1 on YNB and YNB with canavanine (0.4 g/ml). B, Effect of rsp5 mutations on endocytosis of Can1-GFP upon cycloheximide treatment. Wild type (wt), rsp5-1, rsp5-T761A and rsp5-T761D strains transformed with plasmid encoding Can1-GFP were grown on minimal YNB medium Cycloheximide (50 g/ml) was added (+CHX) or not (-CHX) to the culture for 3.5 hours to induce Can1 endocytosis. Can1-GFP localization was then examined by fluorescence microscopy. C, Sna3-GFP is not delivered to the vacuole and ubiquitination and degradation of Sna3-GFP is defective in rsp5-T761D cells. Wild type, rsp5-T761A and rsp5-T761D transformants expressing SNA3-GFP from the plasmid were grown in SC-ura at 28oC and observed by fluorescence microscopy or DIC optics. Bar represents 2 M. D, Extracts from cells as in C were also analyzed by Western blot using anti-GFP antibody. Ub, ubiquitinated forms of Sna3-GFP.  
Figure 6. Cellular localization of GFP-HA-Rsp5-T761A and GFP-HA-Rsp5-T761D. Plasmids pRS414 bearing PGAL1-GFP-HA-RSP5, PGAL1-GFP-HA-rsp5-TA or PGAL1-GFP-HA-rsp5-TD were transformed into MNY7. Transformants were grown overnight at 28oC in selective medium with raffinose and expression of GFP fusions was induced by addition of galactose to a final concentration of 2% for 4 hours. Cells were viewed by fluorescence microscopy and DIC optics (A). Cells indicated in A by arrows were scanned and plotted. Intensity profiles of the subcellular distribution of GFP-HA-Rsp5, GFP-HA-Rsp5-T761A and GFP-HA-Rsp5-T761D in four independent cells of each strain are shown (B). 

Figure 7. The rsp5-TD strain accumulates inviable cells, which are not able to form colonies and cells which accumulate reactive oxygen species, and is hypersensitive to oxidative stress. A, Wild type, rsp5-TA, rsp5-TD and rsp5-1 strains were grown in YPD at 28oC (to OD ~0.3), cells were serially diluted, plated to YPD and incubated at 28oC for 3 days to count colony forming units (CFU). Result of four experiments and ±SD is shown. B, Wild type, rsp5-TA, rsp5-TD and rsp5-1 strains were grown in YPD in the presence of the ROS indicator dye H2DCF-DA at 28oC and the fluorescence of cells was analyzed by flow cytometry. ROS accumulation was measured in triplicate and standard error was obtained and error bars are presented. Data were also plotted on histograms and divided into M1 and M2 regions reflecting small and large ROS populations, respectively. Representative fluorescence profiles are shown. C, Drop test of wild type, rsp5-T761A, rsp5-T761D and rsp5-1 cells. Cells were grown in YPD to log phase, serially diluted 5-fold and spotted on YPD, YPD containing detergent brij (0.5%), brij and cumene hydroperoxide (CHP, 0.13 M), tertbutyl hydroperoxide (TBHP, 1.3 mM) or menadione (0.4 M).

Figure 8. Rapamycin affects growth of rsp5-T761D cells but not migration of Rsp5. A, Wild type, rsp5-T761A, rsp5-T761D and rsp5-1 were grown in YPD at 30oC [  ], whole cell extracts were prepared and loaded on the 6% SDS-polyacrylamide gel of 29:1 acrylamide to bis-acrylamide ratio and analyzed by using monoclonal anti-Nedd4 antibody. Pgk1 is a loading control. B, Wild type (MHY501, RSP5), HA-rsp5-T761A (ZL5) and rsp5 (Y0753) strains were grown on YPD to log phase, mutant or wild type Rsp5 were immunoprecipitated by anti-Nedd4 antibody. Western blot analysis was performed using anti-phospho-PKA substrate antibody and after stripping with anti-Nedd4 antibody. C, Wild type (BY), and rub1 strains were transformed with plasmid expressing GFP-HA-RSP5 or GFP-HA rsp5-T761A, or empty vector. Transformants were grown in SC-trp with raffinose, galactose was added to 2% for 4 hours to induce expression of gene fusions and than glucose to 1% was added for 20 min. Protein extracts were prepared and immunoprecipitation was performed by anti-GFP antibody. Immunoprecipitates were analyzed by Western blot using anti-phospho PKA substrates antibody and after stripping with anti-GFP antibody. 
Figure S1. Identification of Rsp5 phosphorylated residues. Yeast cells expressing integrated copy of HA-RSP5 (MK1) were grown to log phase in YPD. [  ] HA-Rsp5 was isolated by immunoprecipitation with anti-HA antibody. Purified proteins were analyzed by SDS-PAGE and silver stained, the protein band migrating above 95 kDa marker was cut out and subjected to mass spectrometric phosphorylation mapping. Experiment was repeated several times. A, Silver-stained protein gel. Protein band which was cut out is marked by a rectangle. B, Rsp5 sequence with peptide sequence coverage (bold) and putative phosphorylated serines and threonines (underlined). 
Figure S2. Mass spectrum of phosphorylated peptide 138-LPSSSPHSQAPSGHTASSSTNTSSTTR-164. A, Spectrum with S154 phosphorylated (bold), in the spectrum were also observed peaks indicating the possibility of phosphorylation of other sites in this peptide: S155, S156, T157, T152, S145, T159. B, Spectrum with two phosphorylation sites, on S145 and S149 (bold). C, Spectrum with S140 phosphorylated (bold), in the spectrum peaks were also observed indicating the possibility of phosphorylation of other sites in this peptide: S141 and/or S142
Figure S3. Mass spectrum of phosphorylated peptide 184-GTAQAVESTLQSGTTAATNTATTSHR-209. A, Spectrum with T185 phosphorylated (bold). B, Spectrum with T192 phosphorylated (bold), in the spectrum peaks were also observed indicating the possibility of phosphorylation of other sites in this peptide: S191and/or S195.
Figure S4. Complementation of rsp5 by mutant rsp5-TA and rsp5-TD alleles and steady state level of mutant Rsp5-T761A and Rsp5-T761D proteins. A, Growth of spore clones, derived from tetrads obtained from RSP5/rsp5 [rsp5-T761A] and RSP5/rsp5 [rsp5-T761D] strains, on YPD at 23oC, 37oC and on YPD+G418 (200 g/ml) at 28oC. B, Wild type, rsp5 [SPT231-686] (bearing plasmid which supports viability), rsp5 rsp5-T761A], and rsp5 rsp5-T761D] strains were grown in YPD at 28oC, shifted or not to 37oC for 2 hours, cellular extracts were prepared and analyzed by Western blot by using anti-Nedd4 (recognizing Rsp5) and anti-Pgk1 antibodies. Pgk1 is a loading control. 
Figure S5. Slower migrating forms of Rsp5 are not phosphorylated. A, Wild type (wt), rsp5-1, rsp5-T761A and rsp5-T761D strains were grown on YPD medium. Cells were collected [  ] and crude cell extracts were treated or not with calf intestine alkaline phosphatase (CIAP), loaded on 6% SDS-polyacrylamide gel of 29:1 acrylamide to bis-acrylamide ratio and immunoblotted with anti-Nedd4 and anti-Pgk1 antibodies. B, Strain MHY501 (wt) was grown in YPD. Cells were collected before and after rapamycin treatment (rap, 200 ng/ml) which results in dephosphorylation of Maf1 (Lee et al., 2009). Crude extracts were prepared and treated as in A. Cell extracts were loaded on 8% SDS-polyacrylamide gel of 33.5:0.3 acrylamide to bis-acrylamide ratio and immunoblotted with anti-Maf1 antibody to control the activity of CIAP.
Figure S6. Membrane association of mutant and wild type Rsp5 proteins. 

Wild type, rsp5-1, HA-rsp5-T761A and rsp5-T761D cells were grown in YPD at 30oC to OD 0.5. Spheroplasts were, homogenized in Potter homogenizer, centrifuged 500 x g to remove unbroken cells. Supernatant was centrifuged 20 000 x g and pelet (P) and soluble fraction (S) was analyzed by Western blot. Pma1 is plasma membrane marker protein, Wbp1 is ER protein, Pgk1 is soluble cytoplasmic protein. 
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