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Abstract

:

Yeast cells are equipped with different nutrient signaling pathways that enable them to sense the availability of various nutrients and adjust metabolism and growth accordingly. These pathways are part of an intricate network since most of them are cross-regulated and subject to feedback regulation at different levels. In yeast, a central role is played by Sch9, a protein kinase that functions as a proximal effector of the conserved growth-regulatory TORC1 complex to mediate information on the availability of free amino acids. However, recent studies established that Sch9 is more than a TORC1-effector as its activity is tuned by several other kinases. This allows Sch9 to function as an integrator that aligns different input signals to achieve accuracy in metabolic responses and stress-related molecular adaptations. In this review, we highlight the latest findings on the structure and regulation of Sch9, as well as its role as a nutrient-responsive hub that impacts on growth and longevity of yeast cells. Given that most key players impinging on Sch9 are well-conserved, we also discuss how studies on Sch9 can be instrumental to further elucidate mechanisms underpinning healthy aging in mammalians.
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1. Introduction


Proper coordination between nutrient availability and cell growth is needed in all organisms to guarantee a successful adaptation to environmental changes. In the budding yeast Saccharomyces cerevisiae, several signal transduction pathways are involved in nutrient sensing, regulation of cell growth, and cell cycle progression. Among them, the TORC1 signaling pathway plays a key role in nitrogen sensing and signaling [1,2,3,4,5]. Responding to nutrient cues allows TORC1 to promote growth by regulating catabolic and anabolic processes [6]. The TORC1 structure is well-conserved in eukaryotes and in budding yeast. It consists of a multimeric complex that consists of the serine/threonine protein kinase catalytic subunit (Tor1 or Tor2) and three regulatory subunits (Kog1, Tco89, and Lst8) [7]. By phosphorylating its main target Sch9 [8], TORC1 regulates ribosome biogenesis, translation initiation, protein synthesis, sphingolipid metabolism, cell cycle progression, cell size, stress response, and autophagy in response to nutrient availability [9,10,11,12,13,14]. SCH9 (for Scott Cameron HindIII library clone number 9; Takashi Toda; personal communication) has been initially identified as a multicopy suppressor of the growth defect caused by a temperature-sensitive cdc25 allele [15], hinting at a connection with the Ras/PKA signaling pathway. Sch9 belongs to the family of AGC protein kinases, and it is localized both in the cytosol and on vacuolar membranes [11,16,17], from where it is dispersed into the cytosol when cells are limited for carbon sources [18]. Full activation of Sch9 requires phosphorylation of different amino acid residues by various protein kinases (Figure 1a). These include the paralogous Pkh1, Pkh2, and Pkh3 kinases, which themselves are stimulated [19,20,21] or not [22] by phytosphingosine (PHS) (see [23] for a detailed discussion) and which phosphorylate Thr570 in the activation loop of Sch9 [8,19,24,25]. In addition, TORC1 phosphorylates multiple residues in the C-terminal region of Sch9 [8], and the cyclin-dependent protein kinases (CDKs) Bur1 and Pho85 phosphorylate Thr723 and Ser726, both originally considered TORC1 target residues [26,27]. In contrast, Sch9 can also be inhibited through phosphorylation of Ser288 by SNF1 when cells are starved for carbon [28,29,30]. In line with its role as a central signaling node, Sch9 regulates a large number of downstream effectors, such as the glucose-responsive protein kinase A (PKA) [31], which is encoded by the paralogous TPK1, TPK2, and TPK3 genes [32]. Interestingly, in this context, Sch9 exhibits a target profile that partially overlaps with the one of PKA [12,33]. In addition, Sch9 is important for stress response regulation through its effects on the activity of various protein kinases and transcription factors [34,35]. Moreover, Sch9 impacts the proteasomal and autophagic degradative systems, and loss of Sch9 causes an extension of lifespan in yeast cells [36,37,38].



In this review, we recapitulate the functions of the protein kinase Sch9, which serves as a hub that integrates inputs from different pathways, to modulate growth-related adaptations to nutrient changes, including stress response, autophagy, and longevity. We will additionally focus on the regulation of Sch9 by other signaling pathways and via lipid binding. Furthermore, a specific section will be devoted to exploring how regulatory events might affect Sch9 structure and function.




2. Structure of Sch9 and Confirmed Phosphosites


Although the experimental structure of Sch9 remains unresolved, the release of the Alphafold2 predicted protein structure database [39,40] provides high-accuracy models (Figure 1a) that, when combined with the known structural and functional characteristics of similar kinases, such as the yeast Ypk1 or the mammalian AKT1 and S6K1, can offer valuable insights (Figure 1b; Table 1). Based on these predicted structures and previous sequence analyses [8,42], Sch9 can be divided into four main regions: the disordered N-terminal region; the C2 domain; the kinase domain; and the C-terminal region.



The regions outlined in Table 1 and illustrated in Figure 1a–c have been defined based on the predicted structure of Sch9, Ypk1, S6K1, and AKT1. The N-terminal regions (PH + linker for AKT1) extend from the start of the protein to either the C2 domain (Sch9 and Ypk1) or the kinase domain (S6K1 and AKT1). The C2 domains were defined as starting with the first amino acid of the initial predicted β-strand (β1) and ending with the last amino acid of the final β-strand (β8), forming the β-sandwich. The kinase domains comprise the kinase core and the adjacent non-catalytic regions that are structurally aligned among the four analyzed kinases. These include the highly conserved activation loops and end with the hydrophobic motifs (HM) [43]. The C-terminal regions, consisting of all the amino acids following the HM, are predicted to have substantial structural variation among these kinases.



The N-terminus of Sch9 (amino acids: 1–183) is involved in membrane binding, and its structure is poorly predicted, indicating a predominantly disordered nature. In contrast, the N-terminus of AKT1 is well-folded and forms the PH (pleckstrin homology) domain (Figure 1b rightmost panel, purple) [44], which also engages in lipid binding [45,46,47]. Additionally, The PH domain of AKT1 fulfills an autoinhibitory role by binding to the kinase domain and shielding the activation loop [44]. Interestingly, although a part of the N-terminal region of Sch9 (spanning residues 55 to 105) exhibits a low average pLDDT (predicted Local Distance Difference Test) score, this region has a low Predicted Aligned Error (PAE) relative to the kinase domain, which indicates that it is likely positioned above the activation loop. This region of Sch9 could potentially play a role analogous to the PH domain of AKT1, keeping the activation loop buried while in its inactive form. Likewise, the N-terminal regions of Ypk1 and S6K are also predicted to be in proximity to the active site and may sterically occlude it as well (Figure 1a,c).



The first well-folded domain of Sch9 is a C2 domain of type II topology, which is characterized by the positioning of the N- and C-termini at the bottom of the β-barrel. Some C2 domains have been shown to coordinate Ca2+ on the loops between the β-sheets, which subsequently generates a binding surface that interacts with negatively charged lipids on the top of the C2 domain [48]. In contrast to Ypk1, which possesses α-helical structures in place of those loops, Sch9 has the potential to coordinate Ca2+ using the following amino acids: D201 (between β1 and β2), D353 (between β5 and β6); and D386/E387 (between β7 and β8). This mechanism could potentially stabilize the membrane tethering of Sch9 or enable Sch9 to bind to membranes with varying lipid compositions, although the membrane binding capacity of this particular C2 domain is so far questionable [16] (see also the next section). Unlike a typical C2 domain, Sch9 features an extended loop between β3 and β4. Importantly, this loop hosts Ser288, which is phosphorylated by SNF1 to promote the inactivation of Sch9 [28]. In addition to the functionally relevant loops, the C2 domain was hypothesized to assist the N-terminus in inhibiting the kinase domain by imposing a conformational constraint due to its close proximity [49], which would explain the constitutive and TORC2-independent activity observed in Ypk1 (D242A) and Ypk2 (D239A) mutants [50,51,52,53]. These mutations are located at the interface between the C2 domain and the kinase domain, potentially weakening the interaction between the two domains. Consequently, the C2 domain could provide an additional autoinhibitory mechanism to the steric occlusion of the active site by the N-terminus.



The spatial relationship between the C2 domain and the kinase domain could be regulated by the phosphorylation of the kinase domain at amino acid Thr737, which activates the Sch9 [8]. This phosphorylation has also been shown to reorder the hydrophobic motif [54]. Hypothetically, the negative charge of pThr737 could electrostatically interact with Arg405, bending the linker and connecting the C2 domain to the kinase domain. This would tilt the C2 domain away from the kinase domain, allowing for a catalytically competent conformation, as modeled in Figure 1c. The equivalent residue Arg144 of AKT1 was reported to drastically decrease its catalytic activity when mutated to alanine [55]. However, more recent research has challenged these findings, observing no effect resulting from the R144A mutation [44]. In the context of Sch9 and Ypk1, the linker between the two domains is shorter, suggesting that this mutation could have a more significant impact. Recently, the kinase domain was found to contain phosphorylation sites for the cyclin-dependent kinases Bur1 and Pho85 as well (Figure 1a), and especially the Pho85-mediated phosphorylation at Ser726 was shown to prime Sch9 for its subsequent activation by TORC1 [26,27]. Hence, it is tempting to speculate that this priming could also influence the spacing of the C2 domain and the kinase domain to relieve the occlusion by the N-terminus.




3. Lipid-Dependent Regulation of Sch9


Sch9 localizes throughout the cytoplasm, with a significant enrichment on the cytoplasmic surface of the vacuolar membrane [8,11]. The vacuolar localization is required for its activation through phosphorylation by TORC1, which resides on the same membrane [8,26,56]. The vacuolar targeting of Sch9 is mediated by the physical interaction between its N-terminal domain (1–183 amino acid residues; hereafter, Sch91–183) with the membrane lipid phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2) [16,17,57]. As mentioned, Sch91–183 is predicted to be largely disordered, unlike many other known phosphoinositide-binding domains that have defined configurations [58,59]. It is, therefore, unclear how exactly Sch91–183 interacts with PI(3,5)P2.



Other domains of Sch9 also influence its membrane targeting. As mentioned in the previous section, Sch9 has a C2 domain (184–402 residues), a typical lipid-binding motif [60]. Surprisingly, however, the addition of this domain partially compromises the membrane recruitment of the Sch91–183 fragment, suggesting rather a negative role [16]. The underlying mechanism of this inhibitory effect is so far unknown. Another clue is provided by the comparison between the localization pattern of the full-length Sch9 and that of the Sch91–183 alone. While the full-length Sch9 exclusively localizes to the cytoplasm with enrichment at the vacuolar membrane, Sch91–183 alone is additionally found at signaling endosomes [16]. Since PI(3,5)P2 is enriched on both vacuoles and signaling endosomes, this observation suggests that the non-N-terminal region of Sch9 biases the binding preference toward the vacuolar membrane. The underlying mechanism is again unknown but may involve the interaction of the 184–824 residues with other lipids or proteins residing uniquely on the vacuolar membrane. Alternatively, different physical properties of the two organelles, for example, the membrane curvature (as the vacuoles are significantly larger than signaling endosomes), may account for the altered preference. Of note, both Sch9 and AKT1 contain a motif upstream of the activation loop that closely resembles the proposed consensus sequence for the PI(3,5)P2 binding [41]. However, the significance of this motif for the phosphoinositide interaction of Sch9 and AKT1 remains to be established.



Membrane targeting of Sch9 is dynamically regulated in response to environmental changes. For example, glucose starvation and oxidative stress cause Sch9 to detach from the vacuolar membrane [11,18,61]. The underlying mechanisms for the regulated (de)localization of Sch9 are not fully understood, but recent observations have shown that these also involve alterations in the amount or the subcellular distribution of PI(3,5)P2. Indeed, evidence exists that PI(3,5)P2 responds to various cellular stresses and nutrient availability. Osmotic stress, for instance, stimulates PI(3,5)P2 production in a manner dependent on the cyclin-dependent kinase Pho85 [62,63]. Mechanistically, Pho85 activates, in association with the Pho80 cyclin, the lipid kinase complex that converts PI3P into PI(3,5)P2 by direct phosphorylation of the catalytic phosphatidylinositol-3-phosphate 5-kinase subunit Fab1 and its regulatory subunit Vac7 [63]. Moreover, TORC1 phosphorylates Fab1 as well, thereby stimulating PI(3,5)P2 production on signaling endosomes [16]. Upon fusion of the signaling endosome to the vacuole, PI(3,5)P2 is delivered to the vacuolar membrane, which is required to recruit TORC1 and its substrate Sch9 [16,26,57]. Interestingly, TORC1 and Fab1 form a positive feedback loop [16]. These facts indicate that PI(3,5)P2 acts as an important signaling lipid that links nutrient/stress-responsive pathways, such as Pho85 and TORC1 pathways, to downstream effectors, including Sch9 [26]. Notably, the research on PI(3,5)P2 has been hampered by the lack of visualization tools. The use of GFP-fused Sch91–183 as a PI(3,5)P2 biosensor may therefore be helpful in advancing the research in this area [16].



Another vacuolar membrane client that requires PI(3,5)P2 and that influences the activation of Sch9 is the V-ATPase, the vacuolar proton pump, whose assembly and activity are dependent on glucose availability [64,65]. Initial studies suggested that the V-ATPase plays an important role in cellular stress responses by promoting the activities of the PKA and TORC1 pathways through an interaction with the Arf1 and Gtr1 GTPases, respectively [66,67]. The connection between V-ATPase and TORC1 activation was recently proposed to be mediated by the Ccr4-Not complex, which is a known downstream effector of TORC1 for ribosomal RNA biogenesis and transcription of stress-responsive genes [68,69], but which also acts upstream of TORC1 as a regulator of V-ATPase assembly and vacuolar acidification [70]. Interestingly, Sch9 is known to influence the activity of the V-ATPase as well since it facilitates V-ATPase disassembly upon glucose starvation, thus providing a possible feedback route [18]. How Ccr4-Not and Sch9 control the V-ATPase assembly/disassembly state is not known, but one suggested possibility involves the ubiquitylation and stability of one or more V-ATPase subunits [70,71]. In addition, the V-ATPase was proposed to act as a sensor of cytosolic pH [72]. This reconciles with data showing that also proton influx at the plasma membrane, which is catalyzed by amino-acid/H+ symporters and driven by the H+-ATPase Pma1, influences the TORC1 activation [73]. Since Sch9 is required to maintain normal Pma1 activity and extracellular acidification [18], it likely influences this plasma membrane symport of protons and amino acids as well.



Besides being recruited to the vacuolar membrane via phosphoinositide PI(3,5)P2-binding, the Sch9 function is also fine-tuned by the long chain base (LCB) phytosphingosine (PHS), an intermediate of the sphingolipid metabolic pathway [19,74]. Here, a key role is played by protein kinases Pkh1, Pkh2, and Pkh3, the orthologues of the mammalian 3-phosphoinositide dependent kinase-1, PDK1, which are known to be involved in the maintenance of cell wall integrity and the control of eisosome dynamics [21,23,75]. These PDK1 orthologs phosphorylate the Sch9 activation loop at Thr570 (Figure 1a), an event that occurs independently of the C-terminal Sch9 phosphorylation by TORC1 and that is required to obtain a full Sch9 activity [8,25]. Interestingly, the Pkh-Sch9 axis appears to establish a feedback loop since, as depicted in Figure 2, sphingolipid metabolism is itself regulated by Sch9 at the level of the ceramide synthases Lac1 and Lag1, the ceramidases Ydc1 and Ypc1, as well as the inositol phosphosphingolipid phospholipase C, Isc1 [76]. The latter translocates from the endoplasmic reticulum to mitochondria during the diauxic shift and hydrolyzes the complex sphingolipids IPC, MIPC, and M(IP)2C back into dihydro-/phytoceramides, which contribute to the normal functioning of mitochondria [77]. This Isc1 translocation to mitochondria is dependent on Sch9, explaining at least in part the requirement of Sch9 to properly traverse the diauxic shift [76,78].



Sphingolipids are important components of membranes that, beyond their structural role, also fulfill additional specific functions in several fundamental cellular processes. For instance, the dynamic balance between the different sphingolipid metabolites, especially LCBs, their phosphorylated derivatives (LCBPs), ceramides, and complex sphingolipids, have been shown to accompany stress responses, mitochondrial functioning and oxidative phosphorylation, cell wall synthesis and repair, autophagy, endocytosis, and actin cytoskeleton dynamics, thereby affecting the growth and longevity of yeast cells [74,79,80]. In general, LCBPs have been shown to act as pro-growth signals, while ceramides mainly act as antiproliferative signals [81]. The role of complex sphingolipids is less well-understood since they appear to be dispensable for yeast cell survival. Nonetheless, IPC has been associated with the regulation of cellular Ca2+ homeostasis [82,83] and autophagy [80]. As compared to wild-type cells, sch9Δ mutant cells display enhanced levels of the long-chain bases PHS and dihydrosphingosine (DHS) and their phosphorylated derivatives, decreased levels of several (phyto)ceramide species, and altered ratios of complex sphingolipids, a profile that is believed to contribute to the increased chronological lifespan of the mutant cells [76]. However, the relationship between sphingolipid metabolism and longevity is not straightforward, and other factors are at play as well. One such factor is Sit4, the catalytic subunit of a PP2A-type protein phosphatase that is down-regulated by TORC1 but up-regulated by ceramides [84,85]. Besides Sch9, there are also other kinases targeted by the yeast PDK1 orthologues to regulate sphingolipid metabolism. Indeed, Pkh1 and Pkh2 also control the activity of the protein kinases Ypk1 and Ypk2, which upon heat shock, boost the de novo biosynthesis of sphingoid bases by phosphorylating and relieving the inhibition exerted by the two ER-localized tetraspanins Orm1 and Orm2 [86]. In addition, Ypk1 promotes the production of complex sphingolipids through activation of the Lac1 and Lag1 ceramide synthases [87]. Hence, Sch9 and Ypk1/2 share common targets to regulate sphingolipid homeostasis. Full activation of Sch9 requires TORC1 at the vacuolar membrane to signal nutrient availability. Instead, the full activation of Ypk1 and Ypk2 depends on the phosphorylation in their hydrophobic motif by the TORC2 complex, which localizes at the plasma membrane and signals membrane perturbation and stress [23,51]. Thus, Sch9, Ypk1, and Ypk2 also share a similar mode of activation. Finally, Pho85 and SNF1 were also shown to be involved in the regulation of sphingolipid metabolism. Pho85, together with one of the redundant cyclins Pcl1 and Pcl2, phosphorylates the long-chain base kinase Lcb4 thereby marking this kinase for degradation [88]. Consistently, pho85Δ cells are characterized by reduced LCB levels and markedly increased LCBP levels [89]. An exact target for SNF1 has not been determined, but a strain lacking the catalytic subunit Snf1 was shown to display significantly increased IPC and MIPC levels but decreased M(IP)2C levels [90]. This would suggest that SNF1 could either directly or indirectly activate the inositol phosphotransferase Ipt1. Moreover, the constitutive active snf1G53R mutant was shown to rescue the nitrogen starvation-induced cell death of a strain lacking Csg2, an enzyme required for mannosylation of IPC to produce MIPC [91]. Given that both Pho85 and SNF1 phosphorylate and fine-tune the TORC1-dependent activation of Sch9, it would be interesting to further analyze their interplay with respect to the metabolism of sphingolipids.




4. The Role of Sch9 in Metabolic Reprogramming and Stress Responses


As TORC1 and Sch9 are central players in the nutrient-controlled signaling network of yeast, it is not surprising that they have a crucial role in controlling growth, stress responses, and longevity (Figure 2). For instance, to support exponential fermentative growth, the TORC1-Sch9 pathway cooperates with the Ras-cAMP-PKA pathway to enhance protein synthesis by boosting the translation capacity of yeast cells. As such, both Sch9 and PKA stimulate ribosome biogenesis by hyperphosphorylating and influencing the subcellular localization of the transcription repressors Stb3, Dot6, and Tod6 [9,92,93] and the RNA polymerase III repressor Maf1 [94]. In addition, both kinases have a significant impact on cell cycle progression through the regulation of different downstream effectors, such as the ubiquitin-conjugating enzyme Cdc34, which controls the degradation of cyclins and cyclin-dependent kinase inhibitors [95]. Note that Sch9 was recently shown to be directly targeted by at least two cyclin-dependent kinases i.e., Pho85 and Bur1 [26,27], and these may provide cell cycle-dependent feedback given their roles in the elongation of telomeres [96,97].



TORC1 and Sch9 are intimately linked to the metabolic reprogramming during the diauxic shift transition and the proper entry of yeast cells into the non-dividing quiescent state (G0) [98]. Here, the highly conserved energy sensor SNF1 plays an opposing role to TORC1 by promoting stress responses [99]. In order to guarantee energy homeostasis, SNF1 tunes down TORC1 activity, particularly during glucose starvation [100,101]. In our recent study [28], we performed a SNF1 phosphoproteomic analysis, which allowed us to identify direct SNF1 substrates. This demonstrated that SNF1 not only acts directly on the TORC1 complex itself, as previously shown [102], but that SNF1 also directly phosphorylates Sch9-Ser288, thereby contributing to the inhibition of the TORC1 signaling pathway [28]. In addition, recent studies confirmed that reduced TORC1 activity drives cells into the quiescent state by unlocking signaling by several kinases, including Atg1, Gcn2, Npr1, Rim15, Yak1, and Mpk1/Slt2 [34,35,103]. In connection to the TORC1-Sch9 axis, previous data revealed that it cooperates with the Ras-cAMP-PKA pathway to control the cytoplasmic sequestration of the Greatwall protein kinase Rim15 via association with the 14-3-3 protein Bmh2, thereby preventing its activation when nutrients are plentifully available [12,104,105,106]. Importantly, the TORC1-Sch9 axis is itself a regulator of PKA activity as it prevents the phosphorylation and activation of Bcy1, the negative regulatory subunit of PKA, via the cell wall integrity MAPK Mpk1/Slt2 [31]. Moreover, Sch9 also indirectly controls, through Yak1 and the retention factor Zds1, the carbon source-dependent nucleocytoplasmic distribution of Bcy1, the stability and nucleocytoplasmic distribution of the PKA catalytic subunit Tpk2, and regulates the phosphorylation of the Ras GAP Cdc25 [107,108]. It is intriguing that Mpk1/Slt2 was also reported to inhibit TORC1 under conditions of ER stress [109] as it raises the possibility that Sch9 may also provide feedback to TORC1 via the MAPK. Once at the diauxic shift, the inhibitory actions of TORC1-Sch9 and PKA on Rim15 are relieved, and the kinase translocates into the nucleus to activate such transcription factors as Msn2/4 and Hsf1, thereby inducing the expression of genes that contain a stress-responsive or heat shock-responsive element in their promoter, respectively [12,104,110]. In addition, Rim15 indirectly controls the activity of the transcription factor Gis1 via the endosulfines Igo1/2 and PP2A-Cdc55 phosphatase and, as such, allows for the induction of genes containing the post-diauxic shift promoter element [111,112,113,114]. Interestingly, the nuclear retention of Rim15 is regulated by the Pho85-Pho80 CDK-cyclin pair, which phosphorylates Rim15 to dictate its nuclear export [115,116]. Hence, Pho85-Pho80 maintains a feed-forward system since, besides priming Sch9 for full activation by TORC1 [26], the CDK-cyclin pair directly controls the nucleocytoplasmic translocation of Rim15 to adjust the execution of the Rim15-dependent G0 program response to phosphate availability. In parallel to Rim15, TORC1 and PKA signaling similarly maintain inactive Yak1 in the cytoplasm by tethering this kinase to the cytoplasmic 14-3-3 anchor proteins Bmh1/2 [117,118]. Once this inhibition is relieved at the diauxic shift, Yak1 becomes nuclear and impacts Msn2/4-, Hsf1-, and Gis1-mediated transcription as well [119,120]. Here, Sch9 plays a dual role since one study suggested that Sch9 not only phosphorylates Yak1 but that it also controls the stability of Yak1 during growth and stationary phase [108]. Notably, glucose starvation further stimulates Yak1 to phosphorylate the Ccr4-Not subunit Pop2, which is essential to arrest the cell cycle at G1 and to ensure proper entry into the stationary phase [121]. Yak1 also phosphorylates the transcriptional co-repressor Crf1, which inhibits the transcription of ribosomal genes [122]. Moreover, consistent with its role as a potential Sch9 substrate, Crf1 controls the nucleocytoplasmic distribution of Bcy1 as well [123]. Besides Rim15 and Yak1, there is a third kinase that has been proposed to act downstream of the TORC1-Sch9 axis for the entry into the quiescent state, namely, the GSK-3 homolog Mck1 [34,124]. Mck1 was originally identified as a downstream effector of the Pkc1-Mpk1/Slt2 cell wall integrity pathway that affects the subcellular redistribution of Bcy1 in response to heat stress [125,126]. Given the involvement of Mpk1/Slt2, it is not surprising that later studies confirmed Mck1 to be under negative control of the TORC1-Sch9 axis to coordinate reserve carbohydrates metabolism [127], the repression of ribosomes and tRNA synthesis [128], and the expression of different stress-induced and post-diauxic genes [129,130,131] in response to nutrient limitation. Moreover, this link between Mck1 and Sch9 is further corroborated by the observation that loss-of-function mutations or deletion of MCK1 partially suppress the growth defects of sch9Δ cells under fermentative and respiratory conditions [132]. In line with these observations, our own phosphoproteomic analysis suggested that TORC1 inhibits the quiescence program in part via the Sch9-dependent inhibition of Mck1 [34].



Finally, SNF1 also has a profound impact on stress responses. Indeed, Msn2/4 and Gis1 were originally retrieved as multicopy suppressors of SNF1 defects [133,134], and although active SNF1 acts as an inhibitor of Sch9 [28], it also directly phosphorylates Msn2 and Hsf1, thereby constraining the nuclear localization of these factors and adapting the transcriptional stress response during glucose starvation [135,136,137]. Notably, SNF1 is also a negative regulator of PKA since it phosphorylates adenylate cyclase, thereby lowering cAMP levels [138].




5. The Involvement of Sch9 in Proteasomal Degradation and Autophagy


For optimal growth, the timely degradation of proteins to maintain proteostasis is essential. Different studies indicate that protein degradation is also used by yeast cells to adjust metabolic programming and fine-tune stress responses. For instance, TORC1 signaling is known to control the multivesicular body (MVB) pathway-driven degradation of plasma membrane proteins and lipids [139,140,141,142]. In addition, several transcription factors are known to be under the control of TORC1, such as Gcn4, Gln3, or Gat1, involved in amino acid biosynthesis and nitrogen catabolite repression, but also the stress-responsive factors Msn2/4, Gis1, and Hsf1, have all been shown to be subject of proteasomal degradation, thereby leading to the adjustment of their transcriptional responses [120,143,144,145]. In fact, one of these studies demonstrated that the proteasome is not only required to prevent activation of starvation-specific genes during exponential growth, but it is also essential for yeast cells to adapt to reduced TORC1 activity [120]. Interestingly, proteasome abundance and proteasome assembly are themselves regulated by TORC1 signaling [120,146,147,148]. It is likely that Sch9 is also involved since proteasome abundance is managed via the transcription of genes encoding proteasomal subunits through the transcription factor Rpn4, which itself is induced by the Hsf1 [149]. Furthermore, proteasome assembly is regulated by the translation of proteasome regulatory particle assembly chaperones (RPACs), which is under the control of Mpk1/Slt2 [147]. In cooperation with SNF1, Mpk1/Slt2 further controls the formation of proteasome storage granules upon the inhibition of mitochondrial function and the drop in ATP levels following carbon starvation [150,151]. These granules represent reversible cytosolic proteasome condensates that serve to protect cells against stress, as they are believed to shield the proteasome from autophagic degradation or proteophagy, which, besides SNF1 and Mpk1/Slt2, also involves TORC1 [152,153,154]. Upon exit from quiescence and resumption of cell proliferation, the proteasome storage granules rapidly resolve, and proteasomes reenter the nucleus [150].



As the master regulator controlling cell growth and metabolic activity, TORC1 plays a central role in the regulation of autophagy. Under nutrient-rich conditions, TORC1 is active, and general autophagy is inhibited. This inhibition is accomplished by the TORC1 pool localized at perivacuolar signaling endosomes and involves the phosphorylation of Atg13 to prevent its association with Atg1 and, thereby, the induction of macroautophagy [56,155,156]. In addition, TORC1 phosphorylates the Vps27 subunit of ESCRT-0 to antagonize cargo selection for microautophagy and the turnover of vacuolar membrane-resident and associated proteins through direct engulfment by the vacuolar membrane [56,157,158]. Interestingly, the trafficking of Vps27 to the vacuole and ESCRT-dependent microautophagy are also controlled by SNF1 under glucose-limiting conditions [159]. Whether Sch9 has a role in microautophagy is currently unknown. Nonetheless, Sch9 is clearly important for the inhibition of macroautophagy under nutrient-rich conditions, as the combined inactivation of Sch9 and PKA induces macroautophagy through a process that requires the Atg1-Atg13-Atg17 complex, Rim15, and Msn2/4 [14]. Consistent with this observation, Atg13 is also phosphorylated by PKA at residues that are distinct from those targeted by TORC1 [160]. A more recent study suggested that the induction of bulk autophagy at the diauxic shift occurs mainly via the inactivation of PKA and Sch9 and established that this is mediated by the cell wall integrity sensor Mtl1, which signals glucose limitation to Ras2 and Sch9 [161]. This pathway also controls the autophagic degradation of mitochondria when cells reach the stationary phase [161]. Indeed, most recent findings demonstrated that this type of glucose starvation-induced autophagy requires the recruitment of the DNA-damage sensor Mec1 to mitochondria, where it is phosphorylated by SNF1 and where it binds Atg1 and Atg13 to associate with the phagophore assembly site [162,163]. As for the roles of Rim15 and Msn2/4, several studies indicated that they control the transcription of several autophagy genes. Rim15 impacts on the expression of different ATG genes by relieving repression mediated by the histone demethylase protein Rph1 and the Ume6-Sin3-Rpd3 histone deacetylase complex [164,165,166]. Msn2/4, on the other hand, activates transcription of ATG genes, as shown, for instance, for ATG8 [167] and ATG39 [168]. Importantly, TORC1 signaling additionally controls the expression of ATG genes via the transcription factors Gln3, Gat1, and Gcn4 [166].



In contrast to SNF1, which inhibits both TORC1 and Sch9 once activated under nutrient-limiting conditions [28,102,169], the Pho85-Pho80 CDK-cyclin pair boosts Sch9 activity under nutrient-rich conditions by enhancing PI(3,5)P2 production and by priming Sch9 for its subsequent activation by TORC1 [26]. In addition, Pho85-Pho80, either directly or indirectly, enhances Atg13 phosphorylation [26] and antagonizes the nuclear accumulation of Rim15 under glucose-limiting conditions [115,116]. Hence, it is not surprising that Pho85-pho80 has been reported to be a negative regulator of autophagy [170,171]. However, the role of Pho85 in autophagy is more complex. Accordingly, other cyclins are involved as well, and Pho80, Clg1, and Pcl1 combined also positively control autophagy by promoting the degradation of Sic1, a cyclin-dependent kinase inhibitor involved in cell cycle regulation that seemingly also acts as a negative regulator of autophagy by targeting Rim15 [171].




6. The Role of Sch9 on Longevity Modulation


Sch9, as part of the TORC1 pathway, is a prime determinant of cellular aging. Loss of Sch9 function increases the survival of stationary non-dividing cells, i.e., chronological lifespan (CLS) [36], and enhances replicative lifespan (RLS), i.e., the number of daughters that a single mother cell can produce asexually [172,173]. Interestingly, Sch9 has also been reported to play a major role in pro-longevity effects promoted by caloric and dietary restriction [174,175,176,177,178]. The role of Sch9 on longevity seems to be more complex and diverse than previously anticipated, being implicated in different stress responses, including the interplay between oxidative and metabolic stresses.



Caloric restriction (CR), characterized by a 10–30% reduction in calories compared to an ad libitum diet, is a potent modulator of longevity in several species. Although the longevity mechanisms of CR are not completely uncovered, it is clear that its benefits are related to alterations in the metabolic rate and the accumulation of reactive oxygen species (ROS). Initial studies have implicated inhibition of the TORC1-Sch9 axis as the longevity pathway through which CR modulates lifespan. In RLS, CR-induced longevity is mediated by reduced signaling through TORC1, Sch9, and PKA, which results in the downregulation of ribosome biogenesis. This proposed model for CR effects during RLS is independent of sirtuin 2 (Sir2) but likely links the signaling network from nutrients to ribosome assembly and protein synthesis [173]. Regarding CLS, it was found that CR still promotes CLS extension in cells lacking SCH9, suggesting that inhibition of the TORC1-Sch9 axis represents only one of the mechanisms through which CR modulates the lifespan [179]. Downregulation of Sch9, as well as downregulation of Ras2, delays aging through pathways that only partially overlap with the CR-mediated extension of the lifespan [180,181]. CR and Sch9-mediated longevity share the common downstream target Rim15 [36]. In the Sch9-mediated longevity pathway, Rim15 acts, in part, through the stress response transcription factor Gis1 [182], which binds post-diauxic shift elements found in the promoters of genes of the stress-resistance systems, such as HSP26, HSP12, and SOD2 [183]. Consistent with this, the deletion of SOD2 abolishes lifespan extension in sch9Δ mutant [184].



In natural scenarios, yeast and other organisms experience periods of nutritional stress, and an appropriate and efficient metabolic adaptation is, therefore, essential to ensure cell survival. Sch9 is a key player in this metabolic adaptation and in the assembled response to nutrient availability. Sch9 receives many different inputs and executes its function accordingly. As introduced above, one of the most important upstream kinases is the TORC1 kinase that targets Sch9 under favorable growth conditions [8,185], but Sch9 also has TORC1-independent functions under multiple stress conditions. In agreement with this notion, it has been shown that reducing Sch9 activity extends lifespan when yeast cells are pre-grown under nutrient-rich conditions, but it shortens the lifespan when pre-grown under nutrient-poor conditions [186]. This indicates that pre-adaptations to respiratory metabolism and oxidative stress play a central role in determining cellular longevity. As such, the deletion of both TOR1 and SCH9 results in the increased respiratory capacity associated with a higher ratio of mitochondrial respiratory-chain enzymes per mass during active growth [187,188]. Although the underlying mechanisms are still poorly understood, the transcription factors Hcm1 and Hap4 have been implicated in the nuclear regulation of mitochondrial respiration. While Sch9 directly phosphorylates Hcm1 to inhibit its nuclear import, it indirectly regulates Hap4 through sphingolipids signaling [76,189].



The elevated respiratory capacity of tor1Δsch9Δ cells is, therefore, associated with increased ROS levels and increased longevity by a hormesis-like phenomenon [190]. The so-called hormesis effect mediates lifespan extension by an adaptative mitochondrial ROS signaling that, even under CR conditions, is independent of Rim15, which, as mentioned above, is a well-known target of Sch9 [191,191,192]. Nevertheless, when ROS levels are above a certain threshold, mitochondria can cause irreversible cellular damage, triggering regulated cell death and premature aging. This dichotomous function of mitochondria indicates that, as in other organisms, mitochondrial function is also a relevant hallmark of aging in yeast.



The TORC1-independent function of Sch9 on longevity seems to be mainly related to the activation of specific gene promoters and transcription factors. For example, as mentioned above, Sch9 regulates oxidative stress response by indirectly acting on the transcription factor Gis1 [182]. Sch9 can also crosstalk with the Hog1 MAP kinase via the Sko1 transcription factor, which activates stress gene expression upon a high osmolarity [8,185]. In addition to activating transcription factors, Sch9 can also affect gene expression through chromatin remodeling. Sch9 is required for the phosphorylation of the residue Thr11 of histone H3 under stress, and the loss of pThr11 prolongs CLS by altering the stress response at an early stage of the CLS [193]. Therefore, Sch9 also links nutritional stress to chromatin remodeling during aging.



Deletion of the SCH9 also significantly decreases the overall mutation frequency and DNA damage during CLS [194], resulting in reduced genomic instability [179,195]. The increased SOD2 expression and, consequently, reduced superoxide-induced DNA damage found in sch9Δ cells further contribute to the observed reduced genomic instability.



As previously referred, Sch9 acts on cell cycle regulation by promoting an efficient G1 arrest [196]. By inhibiting Rim15, Sch9 promotes the proteolysis of Sic1, a CDK inhibitor [95,196,197]. In accordance, the deletion of SIC1 results in S phase entry and reduction in CLS by increased superoxide generation [198,199], and the constitutive activation of Sch9 shortens the CLS by a defect in proper G1 arrest [95]. Importantly, the deletion of SCH9, but not CR, protects against the premature aging phenotype of yeast cells lacking the RecQ helicase Sgs1 (WRN and BLM homolog) by inhibiting error-prone recombination and preventing DNA damage and dedifferentiation [194]. It appears that enhanced cellular protection against stress, tighter G1 arrest, and reduced recombination errors are mechanisms by which the lack of Sch9 activity protects cells against genomic instability and dedifferentiation associated with accelerated aging when the Sgs1 is mutated [194].



Yeast aging is likely a suitable natural scenario to understand the role of Sch9 in the interplay between different stress responses and nutritional status, which can constitute, per se, a particular form of stress. Because of their differential participation in yeast longevity, the two main yeast aging models can provide valuable information regarding the signal transduction mediated by Sch9 in response to multiple inputs.




7. Conclusions and Future Directions


The investigation of the topology, regulation, and crosstalk of signaling pathways has proven invaluable in the dissection of the molecular mechanisms underlying pathophysiological processes [200,201,202]. During evolution, a rewiring of signaling cascades often occurred, reflecting the different environment of organisms, their uni- or multicellularity, and specialization. However, the use of regulation hubs, which integrate upstream inputs to conveniently control multiple downstream effectors at once, is a remarkably conserved system [203]. In this context, the yeast kinase Sch9 exemplifies the central node of a so-called bow-tie signaling network (Figure 2) [204].



In spite of the extensive studies which started to unravel the complex regulation and function of Sch9 and that are reviewed in depth above, recent findings hint at currently overlooked regulatory features. For instance, Sch9 was found to be phosphorylated by the CDK Bur1 at the Ser560, Thr568, Thr574, Thr575, Ser709, Thr710, Ser711, and Thr721 residues, in addition to the more deeply studied Thr723 and Ser726 residues [27]. Furthermore, at least 12 lysine residues of Sch9 were reported to be ubiquitinated in high-throughput studies [205,206], but the regulation of the possible conditional Sch9 ubiquitination and degradation has not been investigated to date. Thus, future studies focused on these post-translational modifications could pinpoint new Sch9 regulatory mechanisms.



Sch9 does not have a readily identifiable orthologue in mammals. However, it shares functional similarities with the mammalian AGC kinase family member AKT (also known as protein kinase B or PKB), which exists in three different isoforms, AKT1, AKT2, and AKT3 [207], in what concerns its role in cellular signaling and regulation of growth-related processes [208]. Notably, Sch9 has also been suggested to be functionally related to the homologous mammalian S6K, although it appears that the cellular roles of yeast Ypk3 may more closely overlap with the ones of S6K in mammals [209,210]. Based on our current knowledge, we deem it possible that the functional similarities between Sch9 and AKT may also be extended to the role of these kinases in regulating longevity. In this context, the role of AKT in longevity is complex and multifaceted, ranging from promoting cell growth and survival, which can have beneficial effects on tissue repair and maintenance that are important for healthy aging, to detrimental effects that are related to increased cellular senescence or cancer promotion (when AKT is hyperactive) [200]. Studies on Sch9 could, thus, help elucidate the evolutionary functional origin of AKT and shed light on some of its most important functions. While the direct translation of findings from Sch9 in yeast to AKT in mammals may not be straightforward, studying the conserved functional aspects of these pathways can provide valuable information and generate hypotheses for further investigation in mammalian systems. Even though, as abovementioned and extensively presented in the current review, several features of the regulation and the regulators of Sch9 suggest some degree of functional homology to AKT in higher eukaryotes, remarkable differences also highlight the divergence between these two important signaling effectors. For instance, the lack of PI(3,4,5)P3 in budding yeast [211] and the absence of a PH domain in Sch9 (Table 1) prevent its localization to the plasma membrane, the subcellular localization where AKT is activated and carries out its most studied functions [212].



Thus, it is important to consider the limitations and differences between yeast and mammalian biology, but utilizing Sch9 as a model can still contribute to our understanding of the broader principles and mechanisms involved in the regulation of pathophysiological processes. Specifically, investigation of the post-translational modifications and their impact on the structure and function of Sch9 may translate to equivalent findings regarding the biochemical regulation of AKT and related protein kinases. Moreover, as examined in depth in this review, Sch9 could serve as a case study for lipid-dependent regulation of signaling effectors, as well as a molecular tool to investigate the subcellular distribution of specific lipid species [16]. Finally, Sch9 shares upstream regulators with other AKT-like proteins [19,24,86], and it is thus likely that Sch9 regulation studies could help expand the understanding of signaling networks of cognate kinases.







Author Contributions


Conceptualization, M.C., B.S.-M., R.H., B.P., P.L., C.D.V., J.W. and R.N.; writing—original draft preparation, M.C., B.S.-M., R.H., B.P., P.L., C.D.V., J.W. and R.N.; writing—review and editing, M.C., B.S.-M., R.H., B.P., P.L., C.D.V., J.W. and R.N.; visualization, M.C., B.P., C.D.V. and J.W; funding acquisition, R.H., P.L., C.D.V. and J.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Canton of Fribourg and the Swiss National Science Foundation (310030_166474/184671) to C.D.V., the Fonds Wetenschappelijk Onderzoek (FWO)-Vlaanderen (G069413, G0C7222N) and KU Leuven (C14/17/063, C14/21/095) to J.W., Biotechnology and Biological Sciences Research Council (BB/V016334/1) to RH, and Portuguese National funds, through the Foundation for Science and Technology (FCT)—project UIDB/50026/2020 and UIDP/50026/2020 for P.L. and B.S.-M. B.S.-M. was funded by FCT, grant number DL 57/2016.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data sharing is not applicable to this article as no datasets were generated or analyzed in the course of the current study.




Acknowledgments


We thank the editors Markus Proft and Amparo Pascual-Ahuir for their kind invitation to contribute this review to the special issue ‘Yeast Response to Stress’. We thank Marie-Pierre Péli-Gulli for critical reading of this manuscript. We would like to apologize to all the authors whose papers were not cited due to space constraints.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kingsbury, J.M.; Sen, N.D.; Cardenas, M.E. Branched-Chain Aminotransferases Control TORC1 Signaling in Saccharomyces cerevisiae. PLoS Genet. 2015, 11, e1005714. [Google Scholar] [CrossRef] [PubMed]

	



Péli-Gulli, M.-P.; Sardu, A.; Panchaud, N.; Raucci, S.; De Virgilio, C. Amino Acids Stimulate TORC1 through Lst4-Lst7, a GTPase-Activating Protein Complex for the Rag Family GTPase Gtr2. Cell Rep. 2015, 13, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Stracka, D.; Jozefczuk, S.; Rudroff, F.; Sauer, U.; Hall, M.N. Nitrogen Source Activates TOR (Target of Rapamycin) Complex 1 via Glutamine and Independently of Gtr/Rag Proteins. J. Biol. Chem. 2014, 289, 25010–25020. [Google Scholar] [CrossRef]

	



Tanigawa, M.; Maeda, T. An in Vitro TORC1 Kinase Assay That Recapitulates the Gtr-Independent Glutamine-Responsive TORC1 Activation Mechanism on Yeast Vacuoles. Mol. Cell. Biol. 2017, 37, e00075-17. [Google Scholar] [CrossRef] [PubMed]

	



Ukai, H.; Araki, Y.; Kira, S.; Oikawa, Y.; May, A.I.; Noda, T. Gtr/Ego-Independent TORC1 Activation Is Achieved through a Glutamine-Sensitive Interaction with Pib2 on the Vacuolar Membrane. PLoS Genet. 2018, 14, e1007334. [Google Scholar] [CrossRef]

	



González, A.; Hall, M.N. Nutrient Sensing and TOR Signaling in Yeast and Mammals. EMBO J. 2017, 36, 397–408. [Google Scholar] [CrossRef]

	



Wullschleger, S.; Loewith, R.; Hall, M.N. TOR Signaling in Growth and Metabolism. Cell 2006, 124, 471–484. [Google Scholar] [CrossRef]

	



Urban, J.; Soulard, A.; Huber, A.; Lippman, S.; Mukhopadhyay, D.; Deloche, O.; Wanke, V.; Anrather, D.; Ammerer, G.; Riezman, H.; et al. Sch9 Is a Major Target of TORC1 in Saccharomyces Cerevisiae. Mol. Cell 2007, 26, 663–674. [Google Scholar] [CrossRef]

	



Huber, A.; French, S.L.; Tekotte, H.; Yerlikaya, S.; Stahl, M.; Perepelkina, M.P.; Tyers, M.; Rougemont, J.; Beyer, A.L.; Loewith, R. Sch9 Regulates Ribosome Biogenesis via Stb3, Dot6 and Tod6 and the Histone Deacetylase Complex RPD3L. EMBO J. 2011, 30, 3052–3064. [Google Scholar] [CrossRef]

	



Jin, Y.; Weisman, L.S. The Vacuole/Lysosome Is Required for Cell-Cycle Progression. eLife 2015, 4, e08160. [Google Scholar] [CrossRef]

	



Jorgensen, P.; Rupeš, I.; Sharom, J.R.; Schneper, L.; Broach, J.R.; Tyers, M. A Dynamic Transcriptional Network Communicates Growth Potential to Ribosome Synthesis and Critical Cell Size. Genes Dev. 2004, 18, 2491. [Google Scholar] [CrossRef]

	



Roosen, J.; Engelen, K.; Marchal, K.; Mathys, J.; Griffioen, G.; Cameroni, E.; Thevelein, J.M.; De Virgilio, C.; De Moor, B.; Winderickx, J. PKA and Sch9 Control a Molecular Switch Important for the Proper Adaptation to Nutrient Availability. Mol. Microbiol. 2005, 55, 862–880. [Google Scholar] [CrossRef]

	



Swinnen, E.; Ghillebert, R.; Wilms, T.; Winderickx, J. Molecular Mechanisms Linking the Evolutionary Conserved TORC1-Sch9 Nutrient Signalling Branch to Lifespan Regulation in Saccharomyces Cerevisiae. FEMS Yeast Res. 2014, 14, 17–32. [Google Scholar] [CrossRef] [PubMed]

	



Yorimitsu, T.; Zaman, S.; Broach, J.R.; Klionsky, D.J. Protein Kinase A and Sch9 Cooperatively Regulate Induction of Autophagy in Saccharomyces Cerevisiae. Mol. Biol. Cell 2007, 18, 4180–4189. [Google Scholar] [CrossRef] [PubMed]

	



Toda, T.; Cameron, S.; Sass, P.; Wigler, M. SCH9, a Gene of Saccharomyces Cerevisiae That Encodes a Protein Distinct from, but Functionally and Structurally Related to, CAMP-Dependent Protein Kinase Catalytic Subunits. Genes Dev. 1988, 2, 517–527. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Z.; Malia, P.C.; Hatakeyama, R.; Nicastro, R.; Hu, Z.; Péli-Gulli, M.P.; Gao, J.; Nishimura, T.; Eskes, E.; Stefan, C.J.; et al. TORC1 Determines Fab1 Lipid Kinase Function at Signaling Endosomes and Vacuoles. Curr. Biol. 2021, 31, 297–309.e8. [Google Scholar] [CrossRef] [PubMed]

	



Novarina, D.; Guerra, P.; Milias-Argeitis, A. Vacuolar Localization via the N-Terminal Domain of Sch9 Is Required for TORC1-Dependent Phosphorylation and Downstream Signal Transduction. J. Mol. Biol. 2021, 433, 167326. [Google Scholar] [CrossRef] [PubMed]

	



Wilms, T.; Swinnen, E.; Eskes, E.; Dolz-Edo, L.; Uwineza, A.; Van Essche, R.; Rosseels, J.; Zabrocki, P.; Cameroni, E.; Franssens, V.; et al. The Yeast Protein Kinase Sch9 Adjusts V-ATPase Assembly/Disassembly to Control PH Homeostasis and Longevity in Response to Glucose Availability. PLoS Genet. 2017, 13, e1006835. [Google Scholar] [CrossRef]

	



Liu, K.; Zhang, X.; Lester, R.L.; Dickson, R.C. The Sphingoid Long Chain Base Phytosphingosine Activates AGC-Type Protein Kinases in Saccharomyces Cerevisiae Including Ypk1, Ypk2, and Sch9. J. Biol. Chem. 2005, 280, 22679–22687. [Google Scholar] [CrossRef]

	



Friant, S.; Lombardi, R.; Schmelzle, T.; Hall, M.N.; Riezman, H. Sphingoid Base Signaling via Pkh Kinases Is Required for Endocytosis in Yeast. EMBO J. 2001, 20, 6783–6792. [Google Scholar] [CrossRef]

	



Luo, G.; Gruhler, A.; Liu, Y.; Jensen, O.N.; Dickson, R.C. The Sphingolipid Long-Chain Base-Pkh1/2-Ypk1/2 Signaling Pathway Regulates Eisosome Assembly and Turnover. J. Biol. Chem. 2008, 283, 10433–10444. [Google Scholar] [CrossRef]

	



Roelants, F.M.; Baltz, A.G.; Trott, A.E.; Fereres, S.; Thorner, J. A Protein Kinase Network Regulates the Function of Aminophospholipid Flippases. Proc. Natl. Acad. Sci. USA 2010, 107, 34–39. [Google Scholar] [CrossRef] [PubMed]

	



Roelants, F.M.; Leskoske, K.L.; Martinez Marshall, M.N.; Locke, M.N.; Thorner, J. The TORC2-Dependent Signaling Network in the Yeast Saccharomyces Cerevisiae. Biomolecules 2017, 7, 66. [Google Scholar] [CrossRef] [PubMed]

	



Roelants, F.M.; Torrance, P.D.; Thorner, J. Differential Roles of PDK1- and PDK2-Phosphorylation Sites in the Yeast AGC Kinases Ypk1, Pkc1 and Sch9. Microbiol. Read. Engl. 2004, 150, 3289–3304. [Google Scholar] [CrossRef] [PubMed]

	



Voordeckers, K.; Kimpe, M.; Haesendonckx, S.; Louwet, W.; Versele, M.; Thevelein, J.M. Yeast 3-Phosphoinositide-Dependent Protein Kinase-1 (PDK1) Orthologs Pkh1-3 Differentially Regulate Phosphorylation of Protein Kinase A (PKA) and the Protein Kinase B (PKB)/S6K Ortholog Sch9. J. Biol. Chem. 2011, 286, 22017–22027. [Google Scholar] [CrossRef] [PubMed]

	



Deprez, M.-A.; Caligaris, M.; Rosseels, J.; Hatakeyama, R.; Ghillebert, R.; Sampaio-Marques, B.; Mudholkar, K.; Eskes, E.; Meert, E.; Ungermann, C.; et al. The Nutrient-Responsive CDK Pho85 Primes the Sch9 Kinase for Its Activation by TORC1. PLoS Genet. 2023, 19, e1010641. [Google Scholar] [CrossRef]

	



Jin, Y.; Jin, N.; Oikawa, Y.; Benyair, R.; Koizumi, M.; Wilson, T.E.; Ohsumi, Y.; Weisman, L.S. Bur1 Functions with TORC1 for Vacuole-Mediated Cell Cycle Progression. EMBO Rep. 2022, 23, e53477. [Google Scholar] [CrossRef]

	



Caligaris, M.; Nicastro, R.; Hu, Z.; Tripodi, F.; Hummel, J.E.; Pillet, B.; Deprez, M.-A.; Winderickx, J.; Rospert, S.; Coccetti, P.; et al. Snf1/AMPK Fine-Tunes TORC1 Signaling in Response to Glucose Starvation. eLife 2023, 12, e84319. [Google Scholar] [CrossRef]

	



Lu, J.-Y.; Lin, Y.-Y.; Sheu, J.-C.; Wu, J.-T.; Lee, F.-J.; Chen, Y.; Lin, M.-I.; Chiang, F.-T.; Tai, T.-Y.; Berger, S.L.; et al. Acetylation of Yeast AMPK Controls Intrinsic Aging Independently of Caloric Restriction. Cell 2011, 146, 969–979. [Google Scholar] [CrossRef] [PubMed]

	



Mudholkar, K.; Fitzke, E.; Prinz, C.; Mayer, M.P.; Rospert, S. The Hsp70 Homolog Ssb Affects Ribosome Biogenesis via the TORC1-Sch9 Signaling Pathway. Nat. Commun. 2017, 8, 937. [Google Scholar] [CrossRef]

	



Soulard, A.; Cremonesi, A.; Moes, S.; Schütz, F.; Jenö, P.; Hall, M.N. The Rapamycin-Sensitive Phosphoproteome Reveals That TOR Controls Protein Kinase A toward Some but Not All Substrates. Mol. Biol. Cell 2010, 21, 3475–3486. [Google Scholar] [CrossRef]

	



Galello, F.; Portela, P.; Moreno, S.; Rossi, S. Characterization of Substrates That Have a Differential Effect on Saccharomyces Cerevisiae Protein Kinase A Holoenzyme Activation. J. Biol. Chem. 2010, 285, 29770–29779. [Google Scholar] [CrossRef] [PubMed]

	



Plank, M. Interaction of TOR and PKA Signaling in S. Cerevisiae. Biomolecules 2022, 12, 210. [Google Scholar] [CrossRef]

	



Dokládal, L.; Stumpe, M.; Hu, Z.; Jaquenoud, M.; Dengjel, J.; De Virgilio, C. Phosphoproteomic Responses of TORC1 Target Kinases Reveal Discrete and Convergent Mechanisms That Orchestrate the Quiescence Program in Yeast. Cell Rep. 2021, 37, 110149. [Google Scholar] [CrossRef]

	



Smets, B.; Ghillebert, R.; De Snijder, P.; Binda, M.; Swinnen, E.; De Virgilio, C.; Winderickx, J. Life in the Midst of Scarcity: Adaptations to Nutrient Availability in Saccharomyces Cerevisiae. Curr. Genet. 2010, 56, 1–32. [Google Scholar] [CrossRef] [PubMed]

	



Fabrizio, P.; Pozza, F.; Pletcher, S.D.; Gendron, C.M.; Longo, V.D. Regulation of Longevity and Stress Resistance by Sch9 in Yeast. Science 2001, 292, 288–290. [Google Scholar] [CrossRef] [PubMed]

	



Sampaio-Marques, B.; Burhans, W.C.; Ludovico, P. Longevity Pathways and Maintenance of the Proteome: The Role of Autophagy and Mitophagy during Yeast Ageing. Microb. Cell Graz Austria 2014, 1, 118–127. [Google Scholar] [CrossRef]

	



Wei, M.; Fabrizio, P.; Hu, J.; Ge, H.; Cheng, C.; Li, L.; Longo, V.D. Life Span Extension by Calorie Restriction Depends on Rim15 and Transcription Factors Downstream of Ras/PKA, Tor, and Sch9. PLoS Genet. 2008, 4, e13. [Google Scholar] [CrossRef]

	



Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; Žídek, A.; Potapenko, A.; et al. Highly Accurate Protein Structure Prediction with AlphaFold. Nature 2021, 596, 583–589. [Google Scholar] [CrossRef]

	



Varadi, M.; Anyango, S.; Deshpande, M.; Nair, S.; Natassia, C.; Yordanova, G.; Yuan, D.; Stroe, O.; Wood, G.; Laydon, A.; et al. AlphaFold Protein Structure Database: Massively Expanding the Structural Coverage of Protein-Sequence Space with High-Accuracy Models. Nucleic Acids Res. 2022, 50, D439–D444. [Google Scholar] [CrossRef]

	



Lu, K.-Y.; Tao, S.-C.; Yang, T.-C.; Ho, Y.-H.; Lee, C.-H.; Lin, C.-C.; Juan, H.-F.; Huang, H.-C.; Yang, C.-Y.; Chen, M.-S.; et al. Profiling Lipid-Protein Interactions Using Nonquenched Fluorescent Liposomal Nanovesicles and Proteome Microarrays. Mol. Cell. Proteom. MCP 2012, 11, 1177–1190. [Google Scholar] [CrossRef] [PubMed]

	



Sobko, A. Systems Biology of AGC Kinases in Fungi. Sci. STKE Signal Transduct. Knowl. Environ. 2006, 2006, re9. [Google Scholar] [CrossRef] [PubMed]

	



Pearce, L.R.; Komander, D.; Alessi, D.R. The Nuts and Bolts of AGC Protein Kinases. Nat. Rev. Mol. Cell Biol. 2010, 11, 9–22. [Google Scholar] [CrossRef] [PubMed]

	



Truebestein, L.; Hornegger, H.; Anrather, D.; Hartl, M.; Fleming, K.D.; Stariha, J.T.B.; Pardon, E.; Steyaert, J.; Burke, J.E.; Leonard, T.A. Structure of Autoinhibited Akt1 Reveals Mechanism of PIP3-Mediated Activation. Proc. Natl. Acad. Sci. USA 2021, 118, e2101496118. [Google Scholar] [CrossRef] [PubMed]

	



Frech, M.; Andjelkovic, M.; Ingley, E.; Reddy, K.K.; Falck, J.R.; Hemmings, B.A. High Affinity Binding of Inositol Phosphates and Phosphoinositides to the Pleckstrin Homology Domain of RAC/Protein Kinase B and Their Influence on Kinase Activity. J. Biol. Chem. 1997, 272, 8474–8481. [Google Scholar] [CrossRef]

	



James, S.R.; Downes, C.P.; Gigg, R.; Grove, S.J.; Holmes, A.B.; Alessi, D.R. Specific Binding of the Akt-1 Protein Kinase to Phosphatidylinositol 3,4,5-Trisphosphate without Subsequent Activation. Biochem. J. 1996, 315 Pt 3, 709–713. [Google Scholar] [CrossRef]

	



Thomas, C.C.; Deak, M.; Alessi, D.R.; van Aalten, D.M.F. High-Resolution Structure of the Pleckstrin Homology Domain of Protein Kinase b/Akt Bound to Phosphatidylinositol (3,4,5)-Trisphosphate. Curr. Biol. 2002, 12, 1256–1262. [Google Scholar] [CrossRef]

	



Corbalan-Garcia, S.; Gómez-Fernández, J.C. Signaling through C2 Domains: More than One Lipid Target. Biochim. Biophys. Acta 2014, 1838, 1536–1547. [Google Scholar] [CrossRef]

	



Thorner, J. TOR Complex 2 Is a Master Regulator of Plasma Membrane Homeostasis. Biochem. J. 2022, 479, 1917–1940. [Google Scholar] [CrossRef]

	



Kamada, Y.; Fujioka, Y.; Suzuki, N.N.; Inagaki, F.; Wullschleger, S.; Loewith, R.; Hall, M.N.; Ohsumi, Y. Tor2 Directly Phosphorylates the AGC Kinase Ypk2 to Regulate Actin Polarization. Mol. Cell. Biol. 2005, 25, 7239–7248. [Google Scholar] [CrossRef]

	



Leskoske, K.L.; Roelants, F.M.; Martinez Marshall, M.N.; Hill, J.M.; Thorner, J. The Stress-Sensing TORC2 Complex Activates Yeast AGC-Family Protein Kinase Ypk1 at Multiple Novel Sites. Genetics 2017, 207, 179–195. [Google Scholar] [CrossRef] [PubMed]

	



Martinez Marshall, M.N.; Emmerstorfer-Augustin, A.; Leskoske, K.L.; Zhang, L.H.; Li, B.; Thorner, J. Analysis of the Roles of Phosphatidylinositol-4,5-Bisphosphate and Individual Subunits in Assembly, Localization, and Function of Saccharomyces Cerevisiae Target of Rapamycin Complex 2. Mol. Biol. Cell 2019, 30, 1555–1574. [Google Scholar] [CrossRef] [PubMed]

	



Roelants, F.M.; Breslow, D.K.; Muir, A.; Weissman, J.S.; Thorner, J. Protein Kinase Ypk1 Phosphorylates Regulatory Proteins Orm1 and Orm2 to Control Sphingolipid Homeostasis in Saccharomyces Cerevisiae. Proc. Natl. Acad. Sci. USA 2011, 108, 19222–19227. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Cron, P.; Thompson, V.; Good, V.M.; Hess, D.; Hemmings, B.A.; Barford, D. Molecular Mechanism for the Regulation of Protein Kinase B/Akt by Hydrophobic Motif Phosphorylation. Mol. Cell 2002, 9, 1227–1240. [Google Scholar] [CrossRef]

	



Chu, N.; Salguero, A.L.; Liu, A.Z.; Chen, Z.; Dempsey, D.R.; Ficarro, S.B.; Alexander, W.M.; Marto, J.A.; Li, Y.; Amzel, L.M.; et al. Akt Kinase Activation Mechanisms Revealed Using Protein Semisynthesis. Cell 2018, 174, 897–907.e14. [Google Scholar] [CrossRef]

	



Hatakeyama, R.; Péli-Gulli, M.P.; Hu, Z.; Jaquenoud, M.; Garcia Osuna, G.M.; Sardu, A.; Dengjel, J.; De Virgilio, C. Spatially Distinct Pools of TORC1 Balance Protein Homeostasis. Mol. Cell 2019, 73, 325–338.e8. [Google Scholar] [CrossRef]

	



Jin, N.; Mao, K.; Jin, Y.; Tevzadze, G.; Kauffman, E.J.; Park, S.; Bridges, D.; Loewith, R.; Saltiel, A.R.; Klionsky, D.J.; et al. Roles for PI(3,5)P2 in Nutrient Sensing through TORC1. Mol. Biol. Cell 2014, 25, 1171–1185. [Google Scholar] [CrossRef]

	



Lemmon, M.A. Phosphoinositide Recognition Domains. Traffic Cph. Den. 2003, 4, 201–213. [Google Scholar] [CrossRef]

	



Posor, Y.; Jang, W.; Haucke, V. Phosphoinositides as Membrane Organizers. Nat. Rev. Mol. Cell Biol. 2022, 23, 797–816. [Google Scholar] [CrossRef]

	



Lemmon, M.A. Membrane Recognition by Phospholipid-Binding Domains. Nat. Rev. Mol. Cell Biol. 2008, 9, 99–111. [Google Scholar] [CrossRef]

	



Takeda, E.; Jin, N.; Itakura, E.; Kira, S.; Kamada, Y.; Weisman, L.S.; Noda, T.; Matsuura, A. Vacuole-Mediated Selective Regulation of TORC1-Sch9 Signaling Following Oxidative Stress. Mol. Biol. Cell 2018, 29, 510–522. [Google Scholar] [CrossRef] [PubMed]

	



Dove, S.K.; Cooke, F.T.; Douglas, M.R.; Sayers, L.G.; Parker, P.J.; Michell, R.H. Osmotic Stress Activates Phosphatidylinositol-3,5-Bisphosphate Synthesis. Nature 1997, 390, 187–192. [Google Scholar] [CrossRef]

	



Jin, N.; Jin, Y.; Weisman, L.S. Early Protection to Stress Mediated by CDK-Dependent PI3,5P2 Signaling from the Vacuole/Lysosome. J. Cell Biol. 2017, 216, 2075–2090. [Google Scholar] [CrossRef] [PubMed]

	



Banerjee, S.; Clapp, K.; Tarsio, M.; Kane, P.M. Interaction of the Late Endo-Lysosomal Lipid PI(3,5)P2 with the Vph1 Isoform of Yeast V-ATPase Increases Its Activity and Cellular Stress Tolerance. J. Biol. Chem. 2019, 294, 9161–9171. [Google Scholar] [CrossRef] [PubMed]

	



Banerjee, S.; Kane, P.M. Regulation of V-ATPase Activity and Organelle PH by Phosphatidylinositol Phosphate Lipids. Front. Cell Dev. Biol. 2020, 8, 510. [Google Scholar] [CrossRef] [PubMed]

	



Dechant, R.; Saad, S.; Ibáñez, A.J.; Peter, M. Cytosolic PH Regulates Cell Growth through Distinct Gtpases, Arf1 and Gtr1, to Promote Ras/PKA and TORC1 Activity. Mol. Cell 2014, 55, 409–421. [Google Scholar] [CrossRef] [PubMed]

	



Dechant, R.; Binda, M.; Lee, S.S.; Pelet, S.; Winderickx, J.; Peter, M. Cytosolic PH Is a Second Messenger for Glucose and Regulates the PKA Pathway through V-ATPase. EMBO J. 2010, 29, 2515–2526. [Google Scholar] [CrossRef] [PubMed]

	



Laribee, R.N.; Hosni-Ahmed, A.; Workman, J.J.; Chen, H. Ccr4-Not Regulates RNA Polymerase I Transcription and Couples Nutrient Signaling to the Control of Ribosomal RNA Biogenesis. PLoS Genet. 2015, 11, e1005113. [Google Scholar] [CrossRef]

	



Lenssen, E.; Oberholzer, U.; Labarre, J.; De Virgilio, C.; Collart, M.A. Saccharomyces Cerevisiae Ccr4-Not Complex Contributes to the Control of Msn2p-Dependent Transcription by the Ras/CAMP Pathway. Mol. Microbiol. 2002, 43, 1023–1037. [Google Scholar] [CrossRef]

	



Laribee, R.N. Ccr4-Not as a Mediator of Environmental Signaling: A Jack of All Trades and Master of All. Curr. Genet. 2021, 67, 707–713. [Google Scholar] [CrossRef]

	



Qie, B.; Lyu, Z.; Lyu, L.; Liu, J.; Gao, X.; Liu, Y.; Duan, W.; Zhang, N.; Du, L.; Liu, K. Sch9 Regulates Intracellular Protein Ubiquitination by Controlling Stress Responses. Redox Biol. 2015, 5, 290–300. [Google Scholar] [CrossRef] [PubMed]

	



Dechant, R.; Peter, M. The N-Terminal Domain of the V-ATPase Subunit “a” Is Regulated by PH In Vitro and In Vivo. Channels 2011, 5, 4–8. [Google Scholar] [CrossRef]

	



Saliba, E.; Evangelinos, M.; Gournas, C.; Corrillon, F.; Georis, I.; André, B. The Yeast H+-ATPase Pma1 Promotes Rag/Gtr-Dependent TORC1 Activation in Response to H+-Coupled Nutrient Uptake. eLife 2018, 7, e31981. [Google Scholar] [CrossRef]

	



Ren, J.; Hannun, Y.A. Metabolism and Roles of Sphingolipids in Yeast Saccharomyces Cerevisiae. In Biogenesis of Fatty Acids, Lipids and Membranes; Geiger, O., Ed.; Handbook of Hydrocarbon and Lipid Microbiology; Springer: Cham, Switzerland, 2019; pp. 341–361. ISBN 978-3-319-43676-0. [Google Scholar] [CrossRef]

	



Roelants, F.M.; Torrance, P.D.; Bezman, N.; Thorner, J. Pkh1 and Pkh2 Differentially Phosphorylate and Activate Ypk1 and Ykr2 and Define Protein Kinase Modules Required for Maintenance of Cell Wall Integrity. Mol. Biol. Cell 2002, 13, 3005–3028. [Google Scholar] [CrossRef]

	



Swinnen, E.; Wilms, T.; Idkowiak-Baldys, J.; Smets, B.; De Snijder, P.; Accardo, S.; Ghillebert, R.; Thevissen, K.; Cammue, B.; De Vos, D.; et al. The Protein Kinase Sch9 Is a Key Regulator of Sphingolipid Metabolism in Saccharomyces Cerevisiae. Mol. Biol. Cell 2014, 25, 196–211. [Google Scholar] [CrossRef]

	



Matmati, N.; Hannun, Y.A. Thematic Review Series: Sphingolipids. ISC1 (Inositol Phosphosphingolipid-Phospholipase C), the Yeast Homologue of Neutral Sphingomyelinases. J. Lipid Res. 2008, 49, 922–928. [Google Scholar] [CrossRef]

	



Rego, A.; Cooper, K.F.; Snider, J.; Hannun, Y.A.; Costa, V.; Côrte-Real, M.; Chaves, S.R. Acetic Acid Induces Sch9p-Dependent Translocation of Isc1p from the Endoplasmic Reticulum into Mitochondria. Biochim. Biophys. Acta BBA-Mol. Cell Biol. Lipids 2018, 1863, 576–583. [Google Scholar] [CrossRef] [PubMed]

	



Dickson, R.C.; Sumanasekera, C.; Lester, R.L. Functions and Metabolism of Sphingolipids in Saccharomyces Cerevisiae. Prog. Lipid Res. 2006, 45, 447–465. [Google Scholar] [CrossRef] [PubMed]

	



Yamagata, M.; Obara, K.; Kihara, A. Sphingolipid Synthesis Is Involved in Autophagy in Saccharomyces Cerevisiae. Biochem. Biophys. Res. Commun. 2011, 410, 786–791. [Google Scholar] [CrossRef]

	



Hannun, Y.A.; Obeid, L.M. Principles of Bioactive Lipid Signalling: Lessons from Sphingolipids. Nat. Rev. Mol. Cell Biol. 2008, 9, 139–150. [Google Scholar] [CrossRef]

	



Beeler, T.J.; Fu, D.; Rivera, J.; Monaghan, E.; Gable, K.; Dunn, T.M. SUR1 (CSG1/BCL21), a Gene Necessary for Growth of Saccharomyces Cerevisiae in the Presence of High Ca2+ Concentrations at 37 Degrees C, Is Required for Mannosylation of Inositolphosphorylceramide. Mol. Gen. Genet. MGG 1997, 255, 570–579. [Google Scholar] [CrossRef] [PubMed]

	



Uemura, S.; Kihara, A.; Iwaki, S.; Inokuchi, J.; Igarashi, Y. Regulation of the Transport and Protein Levels of the Inositol Phosphorylceramide Mannosyltransferases Csg1 and Csh1 by the Ca2+-Binding Protein Csg2. J. Biol. Chem. 2007, 282, 8613–8621. [Google Scholar] [CrossRef] [PubMed]

	



Barbosa, A.D.; Osório, H.; Sims, K.J.; Almeida, T.; Alves, M.; Bielawski, J.; Amorim, M.A.; Moradas-Ferreira, P.; Hannun, Y.A.; Costa, V. Role for Sit4p-Dependent Mitochondrial Dysfunction in Mediating the Shortened Chronological Lifespan and Oxidative Stress Sensitivity of Isc1p-Deficient Cells. Mol. Microbiol. 2011, 81, 515–527. [Google Scholar] [CrossRef]

	



Teixeira, V.; Medeiros, T.C.; Vilaça, R.; Pereira, A.T.; Chaves, S.R.; Côrte-Real, M.; Moradas-Ferreira, P.; Costa, V. Ceramide Signalling Impinges on Sit4p and Hog1p to Promote Mitochondrial Fission and Mitophagy in Isc1p-Deficient Cells. Cell. Signal. 2015, 27, 1840–1849. [Google Scholar] [CrossRef]

	



Sun, Y.; Miao, Y.; Yamane, Y.; Zhang, C.; Shokat, K.M.; Takematsu, H.; Kozutsumi, Y.; Drubin, D.G. Orm Protein Phosphoregulation Mediates Transient Sphingolipid Biosynthesis Response to Heat Stress via the Pkh-Ypk and Cdc55-PP2A Pathways. Mol. Biol. Cell 2012, 23, 2388–2398. [Google Scholar] [CrossRef] [PubMed]

	



Muir, A.; Ramachandran, S.; Roelants, F.M.; Timmons, G.; Thorner, J. TORC2-Dependent Protein Kinase Ypk1 Phosphorylates Ceramide Synthase to Stimulate Synthesis of Complex Sphingolipids. eLife 2014, 3, e03779. [Google Scholar] [CrossRef]

	



Iwaki, S.; Kihara, A.; Sano, T.; Igarashi, Y. Phosphorylation by Pho85 Cyclin-Dependent Kinase Acts as a Signal for the down-Regulation of the Yeast Sphingoid Long-Chain Base Kinase Lcb4 during the Stationary Phase. J. Biol. Chem. 2005, 280, 6520–6527. [Google Scholar] [CrossRef] [PubMed]

	



Prieto, J.A.; Estruch, F.; Córcoles-Sáez, I.; Del Poeta, M.; Rieger, R.; Stenzel, I.; Randez-Gil, F. Pho85 and PI(4,5)P2 Regulate Different Lipid Metabolic Pathways in Response to Cold. Biochim. Biophys. Acta BBA-Mol. Cell Biol. Lipids 2020, 1865, 158557. [Google Scholar] [CrossRef] [PubMed]

	



Borklu Yucel, E.; Ulgen, K.O. Assessment of Crosstalks between the Snf1 Kinase Complex and Sphingolipid Metabolism in S. cerevisiae via Systems Biology Approaches. Mol. Biosyst. 2013, 9, 2914–2931. [Google Scholar] [CrossRef]

	



Knupp, J.; Martinez-Montañés, F.; Van Den Bergh, F.; Cottier, S.; Schneiter, R.; Beard, D.; Chang, A. Sphingolipid Accumulation Causes Mitochondrial Dysregulation and Cell Death. Cell Death Differ. 2017, 24, 2044–2053. [Google Scholar] [CrossRef]

	



Guerra, P.; Vuillemenot, L.-A.P.E.; van Oppen, Y.B.; Been, M.; Milias-Argeitis, A. TORC1 and PKA Activity towards Ribosome Biogenesis Oscillates in Synchrony with the Budding Yeast Cell Cycle. J. Cell Sci. 2022, 135, jcs260378. [Google Scholar] [CrossRef] [PubMed]

	



Lippman, S.I.; Broach, J.R. Protein Kinase A and TORC1 Activate Genes for Ribosomal Biogenesis by Inactivating Repressors Encoded by Dot6 and Its Homolog Tod6. Proc. Natl. Acad. Sci. USA 2009, 106, 19928–19933. [Google Scholar] [CrossRef] [PubMed]

	



Huber, A.; Bodenmiller, B.; Uotila, A.; Stahl, M.; Wanka, S.; Gerrits, B.; Aebersold, R.; Loewith, R. Characterization of the Rapamycin-Sensitive Phosphoproteome Reveals That Sch9 Is a Central Coordinator of Protein Synthesis. Genes Dev. 2009, 23, 1929–1943. [Google Scholar] [CrossRef] [PubMed]

	



Cocklin, R.; Goebl, M. Nutrient Sensing Kinases PKA and Sch9 Phosphorylate the Catalytic Domain of the Ubiquitin-Conjugating Enzyme Cdc34. PLoS ONE 2011, 6, e27099. [Google Scholar] [CrossRef]

	



Askree, S.H.; Yehuda, T.; Smolikov, S.; Gurevich, R.; Hawk, J.; Coker, C.; Krauskopf, A.; Kupiec, M.; McEachern, M.J. A Genome-Wide Screen for Saccharomyces Cerevisiae Deletion Mutants That Affect Telomere Length. Proc. Natl. Acad. Sci. USA 2004, 101, 8658–8663. [Google Scholar] [CrossRef]

	



Connelly, C.J.; Vidal-Cardenas, S.; Goldsmith, S.; Greider, C.W. The Bur1 Cyclin-Dependent Kinase Regulates Telomere Length in Saccharomyces Cerevisiae. Yeast Chichester Engl. 2022, 39, 177–192. [Google Scholar] [CrossRef]

	



Zaragoza, D.; Ghavidel, A.; Heitman, J.; Schultz, M.C. Rapamycin Induces the G0 Program of Transcriptional Repression in Yeast by Interfering with the TOR Signaling Pathway. Mol. Cell. Biol. 1998, 18, 4463–4470. [Google Scholar] [CrossRef]

	



Sanz, P. Snf1 Protein Kinase: A Key Player in the Response to Cellular Stress in Yeast. Biochem. Soc. Trans. 2003, 31, 178–181. [Google Scholar] [CrossRef]

	



Hughes Hallett, J.E.; Luo, X.; Capaldi, A.P. State Transitions in the TORC1 Signaling Pathway and Information Processing in Saccharomyces cerevisiae. Genetics 2014, 198, 773–786. [Google Scholar] [CrossRef]

	



Zhang, J.; Vaga, S.; Chumnanpuen, P.; Kumar, R.; Vemuri, G.N.; Aebersold, R.; Nielsen, J. Mapping the Interaction of Snf1 with TORC1 in Saccharomyces Cerevisiae. Mol. Syst. Biol. 2011, 7, 545. [Google Scholar] [CrossRef]

	



Hughes Hallett, J.E.; Luo, X.; Capaldi, A.P. Snf1/AMPK Promotes the Formation of Kog1/Raptor-Bodies to Increase the Activation Threshold of TORC1 in Budding Yeast. eLife 2015, 4, e09181. [Google Scholar] [CrossRef] [PubMed]

	



De Virgilio, C. The Essence of Yeast Quiescence. FEMS Microbiol. Rev. 2012, 36, 306–339. [Google Scholar] [CrossRef]

	



Cameroni, E.; Hulo, N.; Roosen, J.; Winderickx, J.; De Virgilio, C. The Novel Yeast PAS Kinase Rim 15 Orchestrates G0-Associated Antioxidant Defense Mechanisms. Cell Cycle 2004, 3, 462–468. [Google Scholar] [CrossRef] [PubMed]

	



Pedruzzi, I.; Dubouloz, F.; Cameroni, E.; Wanke, V.; Roosen, J.; Winderickx, J.; De Virgilio, C. TOR and PKA Signaling Pathways Converge on the Protein Kinase Rim15 to Control Entry into G0. Mol. Cell 2003, 12, 1607–1613. [Google Scholar] [CrossRef] [PubMed]

	



Reinders, A.; Bürckert, N.; Boller, T.; Wiemken, A.; De Virgilio, C. Saccharomyces Cerevisiae CAMP-Dependent Protein Kinase Controls Entry into Stationary Phase through the Rim15p Protein Kinase. Genes Dev. 1998, 12, 2943–2955. [Google Scholar] [CrossRef]

	



Zhang, A.; Shen, Y.; Gao, W.; Dong, J. Role of Sch9 in Regulating Ras-CAMP Signal Pathway in Saccharomyces Cerevisiae. FEBS Lett. 2011, 585, 3026–3032. [Google Scholar] [CrossRef]

	



Zhang, A.; Gao, W. Mechanisms of Protein Kinase Sch9 Regulating Bcy1 in Saccharomyces Cerevisiae. FEMS Microbiol. Lett. 2012, 331, 10–16. [Google Scholar] [CrossRef]

	



Sánchez-Adriá, I.E.; Sanmartín, G.; Prieto, J.A.; Estruch, F.; Randez-Gil, F. Slt2 Is Required to Activate ER-Stress-Protective Mechanisms through TORC1 Inhibition and Hexosamine Pathway Activation. J. Fungi 2022, 8, 92. [Google Scholar] [CrossRef]

	



Lee, P.; Kim, M.S.; Paik, S.-M.; Choi, S.-H.; Cho, B.-R.; Hahn, J.-S. Rim15-Dependent Activation of Hsf1 and Msn2/4 Transcription Factors by Direct Phosphorylation in Saccharomyces Cerevisiae. FEBS Lett. 2013, 587, 3648–3655. [Google Scholar] [CrossRef]

	



Bontron, S.; Jaquenoud, M.; Vaga, S.; Talarek, N.; Bodenmiller, B.; Aebersold, R.; De Virgilio, C. Yeast Endosulfines Control Entry into Quiescence and Chronological Life Span by Inhibiting Protein Phosphatase 2A. Cell Rep. 2013, 3, 16–22. [Google Scholar] [CrossRef]

	



Sarkar, S.; Dalgaard, J.Z.; Millar, J.B.A.; Arumugam, P. The Rim15-Endosulfine-PP2ACdc55 Signalling Module Regulates Entry into Gametogenesis and Quiescence via Distinct Mechanisms in Budding Yeast. PLoS Genet. 2014, 10, e1004456. [Google Scholar] [CrossRef] [PubMed]

	



Talarek, N.; Bontron, S.; De Virgilio, C. Quantification of MRNA Stability of Stress-Responsive Yeast Genes Following Conditional Excision of Open Reading Frames. RNA Biol. 2013, 10, 1299–1308. [Google Scholar] [CrossRef]

	



Talarek, N.; Cameroni, E.; Jaquenoud, M.; Luo, X.; Bontron, S.; Lippman, S.; Devgan, G.; Snyder, M.; Broach, J.R.; De Virgilio, C. Initiation of the TORC1-Regulated G0 Program Requires Igo1/2, Which License Specific MRNAs to Evade Degradation via the 5’-3’ MRNA Decay Pathway. Mol. Cell 2010, 38, 345–355. [Google Scholar] [CrossRef] [PubMed]

	



Swinnen, E.; Rosseels, J.; Winderickx, J. The Minimum Domain of Pho81 Is Not Sufficient to Control the Pho85-Rim15 Effector Branch Involved in Phosphate Starvation-Induced Stress Responses. Curr. Genet. 2005, 48, 18–33. [Google Scholar] [CrossRef] [PubMed]

	



Wanke, V.; Pedruzzi, I.; Cameroni, E.; Dubouloz, F.; De Virgilio, C. Regulation of G0 Entry by the Pho80-Pho85 Cyclin-CDK Complex. EMBO J. 2005, 24, 4271–4278. [Google Scholar] [CrossRef]

	



Lee, P.; Paik, S.-M.; Shin, C.-S.; Huh, W.-K.; Hahn, J.-S. Regulation of Yeast Yak1 Kinase by PKA and Autophosphorylation-Dependent 14-3-3 Binding. Mol. Microbiol. 2011, 79, 633–646. [Google Scholar] [CrossRef]

	



Schmelzle, T.; Beck, T.; Martin, D.E.; Hall, M.N. Activation of the RAS/Cyclic AMP Pathway Suppresses a TOR Deficiency in Yeast. Mol. Cell. Biol. 2004, 24, 338–351. [Google Scholar] [CrossRef]

	



Lee, P.; Cho, B.-R.; Joo, H.-S.; Hahn, J.-S. Yeast Yak1 Kinase, a Bridge between PKA and Stress-Responsive Transcription Factors, Hsf1 and Msn2/Msn4. Mol. Microbiol. 2008, 70, 882–895. [Google Scholar] [CrossRef]

	



Zhang, N.; Quan, Z.; Rash, B.; Oliver, S.G. Synergistic Effects of TOR and Proteasome Pathways on the Yeast Transcriptome and Cell Growth. Open Biol. 2013, 3, 120137. [Google Scholar] [CrossRef]

	



Moriya, H.; Shimizu-Yoshida, Y.; Omori, A.; Iwashita, S.; Katoh, M.; Sakai, A. Yak1p, a DYRK Family Kinase, Translocates to the Nucleus and Phosphorylates Yeast Pop2p in Response to a Glucose Signal. Genes Dev. 2001, 15, 1217–1228. [Google Scholar] [CrossRef]

	



Martin, D.E.; Soulard, A.; Hall, M.N. TOR Regulates Ribosomal Protein Gene Expression via PKA and the Forkhead Transcription Factor FHL1. Cell 2004, 119, 969–979. [Google Scholar] [CrossRef] [PubMed]

	



Griffioen, G.; Branduardi, P.; Ballarini, A.; Anghileri, P.; Norbeck, J.; Baroni, M.D.; Ruis, H. Nucleocytoplasmic Distribution of Budding Yeast Protein Kinase a Regulatory Subunit Bcy1 Requires Zds1 and Is Regulated by Yak1-Dependent Phosphorylation of Its Targeting Domain. Mol. Cell. Biol. 2001, 21, 511–523. [Google Scholar] [CrossRef] [PubMed]

	



Quan, Z.; Cao, L.; Tang, Y.; Yan, Y.; Oliver, S.G.; Zhang, N. The Yeast GSK-3 Homologue Mck1 Is a Key Controller of Quiescence Entry and Chronological Lifespan. PLoS Genet. 2015, 11, e1005282. [Google Scholar] [CrossRef] [PubMed]

	



Griffioen, G.; Swinnen, S.; Thevelein, J.M. Feedback Inhibition on Cell Wall Integrity Signaling by Zds1 Involves Gsk3 Phosphorylation of a CAMP-Dependent Protein Kinase Regulatory Subunit. J. Biol. Chem. 2003, 278, 23460–23471. [Google Scholar] [CrossRef]

	



Mizunuma, M.; Hirata, D.; Miyaoka, R.; Miyakawa, T. GSK-3 Kinase Mck1 and Calcineurin Coordinately Mediate Hsl1 down-Regulation by Ca2+ in Budding Yeast. EMBO J. 2001, 20, 1074–1085. [Google Scholar] [CrossRef]

	



Cao, L.; Tang, Y.; Quan, Z.; Zhang, Z.; Oliver, S.G.; Zhang, N. Chronological Lifespan in Yeast Is Dependent on the Accumulation of Storage Carbohydrates Mediated by Yak1, Mck1 and Rim15 Kinases. PLoS Genet. 2016, 12, e1006458. [Google Scholar] [CrossRef]

	



Hirata, Y.; Andoh, T.; Asahara, T.; Kikuchi, A. Yeast Glycogen Synthase Kinase-3 Activates Msn2p-Dependent Transcription of Stress Responsive Genes. Mol. Biol. Cell 2003, 14, 302–312. [Google Scholar] [CrossRef]

	



Gutin, J.; Joseph-Strauss, D.; Sadeh, A.; Shalom, E.; Friedman, N. Genetic Screen of the Yeast Environmental Stress Response Dynamics Uncovers Distinct Regulatory Phases. Mol. Syst. Biol. 2019, 15, e8939. [Google Scholar] [CrossRef]

	



Lee, J.; Moir, R.D.; McIntosh, K.B.; Willis, I.M. TOR Signaling Regulates Ribosome and TRNA Synthesis via LAMMER/Clk and GSK-3 Family Kinases. Mol. Cell 2012, 45, 836–843. [Google Scholar] [CrossRef]

	



Zhang, N.; Cao, L. Starvation Signals in Yeast Are Integrated to Coordinate Metabolic Reprogramming and Stress Response to Ensure Longevity. Curr. Genet. 2017, 63, 839–843. [Google Scholar] [CrossRef]

	



Peterson, P.P.; Liu, Z. Identification and Characterization of Rapidly Accumulating Sch9Δ Suppressor Mutations in Saccharomyces Cerevisiae. G3 Genes 2021, 11, jkab134. [Google Scholar] [CrossRef]

	



Balciunas, D.; Ronne, H. Yeast Genes GIS1-4: Multicopy Suppressors of the Gal- Phenotype of Snf1 Mig1 Srb8/10/11 Cells. Mol. Gen. Genet. MGG 1999, 262, 589–599. [Google Scholar] [CrossRef] [PubMed]

	



Estruch, F.; Carlson, M. Two Homologous Zinc Finger Genes Identified by Multicopy Suppression in a SNF1 Protein Kinase Mutant of Saccharomyces Cerevisiae. Mol. Cell. Biol. 1993, 13, 3872–3881. [Google Scholar] [CrossRef] [PubMed]

	



De Wever, V.; Reiter, W.; Ballarini, A.; Ammerer, G.; Brocard, C. A Dual Role for PP1 in Shaping the Msn2-Dependent Transcriptional Response to Glucose Starvation. EMBO J. 2005, 24, 4115–4123. [Google Scholar] [CrossRef] [PubMed]

	



Hahn, J.-S.; Thiele, D.J. Activation of the Saccharomyces Cerevisiae Heat Shock Transcription Factor under Glucose Starvation Conditions by Snf1 Protein Kinase. J. Biol. Chem. 2004, 279, 5169–5176. [Google Scholar] [CrossRef]

	



Mayordomo, I.; Estruch, F.; Sanz, P. Convergence of the Target of Rapamycin and the Snf1 Protein Kinase Pathways in the Regulation of the Subcellular Localization of Msn2, a Transcriptional Activator of STRE (Stress Response Element)-Regulated Genes. J. Biol. Chem. 2002, 277, 35650–35656. [Google Scholar] [CrossRef]

	



Nicastro, R.; Tripodi, F.; Gaggini, M.; Castoldi, A.; Reghellin, V.; Nonnis, S.; Tedeschi, G.; Coccetti, P. Snf1 Phosphorylates Adenylate Cyclase and Negatively Regulates Protein Kinase A-Dependent Transcription in Saccharomyces Cerevisiae. J. Biol. Chem. 2015, 290, 24715–24726. [Google Scholar] [CrossRef]

	



Dauner, K.; Eid, W.; Raghupathy, R.; Presley, J.F.; Zha, X. MTOR Complex 1 Activity Is Required to Maintain the Canonical Endocytic Recycling Pathway against Lysosomal Delivery. J. Biol. Chem. 2017, 292, 5737–5747. [Google Scholar] [CrossRef]

	



Dobzinski, N.; Chuartzman, S.G.; Kama, R.; Schuldiner, M.; Gerst, J.E. Starvation-Dependent Regulation of Golgi Quality Control Links the TOR Signaling and Vacuolar Protein Sorting Pathways. Cell Rep. 2015, 12, 1876–1886. [Google Scholar] [CrossRef]

	



Jones, C.B.; Ott, E.M.; Keener, J.M.; Curtiss, M.; Sandrin, V.; Babst, M. Regulation of Membrane Protein Degradation by Starvation-Response Pathways. Traffic 2012, 13, 468–482. [Google Scholar] [CrossRef]

	



MacGurn, J.A.; Hsu, P.-C.; Smolka, M.B.; Emr, S.D. TORC1 Regulates Endocytosis via Npr1-Mediated Phosphoinhibition of a Ubiquitin Ligase Adaptor. Cell 2011, 147, 1104–1117. [Google Scholar] [CrossRef]

	



Durchschlag, E.; Reiter, W.; Ammerer, G.; Schüller, C. Nuclear Localization Destabilizes the Stress-Regulated Transcription Factor Msn2. J. Biol. Chem. 2004, 279, 55425–55432. [Google Scholar] [CrossRef]

	



Irniger, S.; Braus, G.H. Controlling Transcription by Destruction: The Regulation of Yeast Gcn4p Stability. Curr. Genet. 2003, 44, 8–18. [Google Scholar] [CrossRef]

	



Zhang, N.; Oliver, S.G. The Transcription Activity of Gis1 Is Negatively Modulated by Proteasome-Mediated Limited Proteolysis. J. Biol. Chem. 2010, 285, 6465–6476. [Google Scholar] [CrossRef] [PubMed]

	



Rousseau, A.; Bertolotti, A. Regulation of Proteasome Assembly and Activity in Health and Disease. Nat. Rev. Mol. Cell Biol. 2018, 19, 697–712. [Google Scholar] [CrossRef] [PubMed]

	



Rousseau, A.; Bertolotti, A. An Evolutionarily Conserved Pathway Controls Proteasome Homeostasis. Nature 2016, 536, 184–189. [Google Scholar] [CrossRef]

	



Williams, T.D.; Cacioppo, R.; Agrotis, A.; Black, A.; Zhou, H.; Rousseau, A. Actin Remodelling Controls Proteasome Homeostasis upon Stress. Nat. Cell Biol. 2022, 24, 1077–1087. [Google Scholar] [CrossRef] [PubMed]

	



Hahn, J.-S.; Neef, D.W.; Thiele, D.J. A Stress Regulatory Network for Co-Ordinated Activation of Proteasome Expression Mediated by Yeast Heat Shock Transcription Factor. Mol. Microbiol. 2006, 60, 240–251. [Google Scholar] [CrossRef]

	



Laporte, D.; Salin, B.; Daignan-Fornier, B.; Sagot, I. Reversible Cytoplasmic Localization of the Proteasome in Quiescent Yeast Cells. J. Cell Biol. 2008, 181, 737–745. [Google Scholar] [CrossRef]

	



Waite, K.A.; Roelofs, J. Proteasome Granule Formation Is Regulated through Mitochondrial Respiration and Kinase Signaling. J. Cell Sci. 2022, 135, jcs259778. [Google Scholar] [CrossRef]

	



Karmon, O.; Ben Aroya, S. Spatial Organization of Proteasome Aggregates in the Regulation of Proteasome Homeostasis. Front. Mol. Biosci. 2019, 6, 150. [Google Scholar] [CrossRef] [PubMed]

	



Marshall, R.S.; McLoughlin, F.; Vierstra, R.D. Autophagic Turnover of Inactive 26S Proteasomes in Yeast Is Directed by the Ubiquitin Receptor Cue5 and the Hsp42 Chaperone. Cell Rep. 2016, 16, 1717–1732. [Google Scholar] [CrossRef] [PubMed]

	



Waite, K.A.; Burris, A.; Vontz, G.; Lang, A.; Roelofs, J. Proteaphagy Is Specifically Regulated and Requires Factors Dispensable for General Autophagy. J. Biol. Chem. 2022, 298, 101494. [Google Scholar] [CrossRef] [PubMed]

	



Hatakeyama, R.; De Virgilio, C. A Spatially and Functionally Distinct Pool of TORC1 Defines Signaling Endosomes in Yeast. Autophagy 2019, 15, 915–916. [Google Scholar] [CrossRef] [PubMed]

	



Kamada, Y.; Yoshino, K.-I.; Kondo, C.; Kawamata, T.; Oshiro, N.; Yonezawa, K.; Ohsumi, Y. Tor Directly Controls the Atg1 Kinase Complex to Regulate Autophagy. Mol. Cell. Biol. 2010, 30, 1049–1058. [Google Scholar] [CrossRef]

	



Hatakeyama, R.; De Virgilio, C. TORC1 Specifically Inhibits Microautophagy through ESCRT-0. Curr. Genet. 2019, 65, 1243–1249. [Google Scholar] [CrossRef]

	



Morshed, S.; Sharmin, T.; Ushimaru, T. TORC1 Regulates ESCRT-0 Complex Formation on the Vacuolar Membrane and Microautophagy Induction in Yeast. Biochem. Biophys. Res. Commun. 2020, 522, 88–94. [Google Scholar] [CrossRef]

	



Li, J.; Hochstrasser, M. Selective Microautophagy of Proteasomes Is Initiated by ESCRT-0 and Is Promoted by Proteasome Ubiquitylation. J. Cell Sci. 2022, 135, jcs259393. [Google Scholar] [CrossRef]

	



Stephan, J.S.; Yeh, Y.-Y.; Ramachandran, V.; Deminoff, S.J.; Herman, P.K. The Tor and PKA Signaling Pathways Independently Target the Atg1/Atg13 Protein Kinase Complex to Control Autophagy. Proc. Natl. Acad. Sci. USA 2009, 106, 17049–17054. [Google Scholar] [CrossRef]

	



Montella-Manuel, S.; Pujol-Carrion, N.; de la Torre-Ruiz, M.A. The Cell Wall Integrity Receptor Mtl1 Contributes to Articulate Autophagic Responses When Glucose Availability Is Compromised. J. Fungi 2021, 7, 903. [Google Scholar] [CrossRef]

	



Yao, W.; Li, Y.; Chen, Y.; Chen, Y.; Zhao, P.; Zhang, Y.; Jiang, Q.; Feng, Y.; Yang, F.; Wu, C.; et al. Mec1 Regulates PAS Recruitment of Atg13 via Direct Binding with Atg13 during Glucose Starvation-Induced Autophagy. Proc. Natl. Acad. Sci. USA 2023, 120, e2215126120. [Google Scholar] [CrossRef]

	



Yi, C.; Tong, J.; Lu, P.; Wang, Y.; Zhang, J.; Sun, C.; Yuan, K.; Xue, R.; Zou, B.; Li, N.; et al. Formation of a Snf1-Mec1-Atg1 Module on Mitochondria Governs Energy Deprivation-Induced Autophagy by Regulating Mitochondrial Respiration. Dev. Cell 2017, 41, 59–71.e4. [Google Scholar] [CrossRef] [PubMed]

	



Bartholomew, C.R.; Suzuki, T.; Du, Z.; Backues, S.K.; Jin, M.; Lynch-Day, M.A.; Umekawa, M.; Kamath, A.; Zhao, M.; Xie, Z.; et al. Ume6 Transcription Factor Is Part of a Signaling Cascade That Regulates Autophagy. Proc. Natl. Acad. Sci. USA 2012, 109, 11206–11210. [Google Scholar] [CrossRef] [PubMed]

	



Bernard, A.; Jin, M.; González-Rodríguez, P.; Füllgrabe, J.; Delorme-Axford, E.; Backues, S.K.; Joseph, B.; Klionsky, D.J. Rph1/KDM4 Mediates Nutrient-Limitation Signaling That Leads to the Transcriptional Induction of Autophagy. Curr. Biol. 2015, 25, 546–555. [Google Scholar] [CrossRef] [PubMed]

	



Lei, Y.; Huang, Y.; Wen, X.; Yin, Z.; Zhang, Z.; Klionsky, D.J. How Cells Deal with the Fluctuating Environment: Autophagy Regulation under Stress in Yeast and Mammalian Systems. Antioxidants 2022, 11, 304. [Google Scholar] [CrossRef] [PubMed]

	



Vlahakis, A.; Lopez Muniozguren, N.; Powers, T. Stress-Response Transcription Factors Msn2 and Msn4 Couple TORC2-Ypk1 Signaling and Mitochondrial Respiration to ATG8 Gene Expression and Autophagy. Autophagy 2017, 13, 1804–1812. [Google Scholar] [CrossRef]

	



Mizuno, T.; Irie, K. Msn2/4 Transcription Factors Positively Regulate Expression of Atg39 ER-Phagy Receptor. Sci. Rep. 2021, 11, 11919. [Google Scholar] [CrossRef]

	



DeMille, D.; Badal, B.D.; Evans, J.B.; Mathis, A.D.; Anderson, J.F.; Grose, J.H. PAS Kinase Is Activated by Direct SNF1-Dependent Phosphorylation and Mediates Inhibition of TORC1 through the Phosphorylation and Activation of Pbp1. Mol. Biol. Cell 2015, 26, 569–582. [Google Scholar] [CrossRef]

	



Ebrahimi, M.; Habernig, L.; Broeskamp, F.; Aufschnaiter, A.; Diessl, J.; Atienza, I.; Matz, S.; Ruiz, F.A.; Büttner, S. Phosphate Restriction Promotes Longevity via Activation of Autophagy and the Multivesicular Body Pathway. Cells 2021, 10, 3161. [Google Scholar] [CrossRef]

	



Yang, Z.; Geng, J.; Yen, W.-L.; Wang, K.; Klionsky, D.J. Positive or Negative Roles of Different Cyclin-Dependent Kinase Pho85-Cyclin Complexes Orchestrate Induction of Autophagy in Saccharomyces Cerevisiae. Mol. Cell 2010, 38, 250–264. [Google Scholar] [CrossRef]

	



Fabrizio, P.; Pletcher, S.D.; Minois, N.; Vaupel, J.W.; Longo, V.D. Chronological Aging-Independent Replicative Life Span Regulation by Msn2/Msn4 and Sod2 in Saccharomyces Cerevisiae. FEBS Lett. 2004, 557, 136–142. [Google Scholar] [CrossRef] [PubMed]

	



Kaeberlein, M.; Powers, R.W.; Steffen, K.K.; Westman, E.A.; Hu, D.; Dang, N.; Kerr, E.O.; Kirkland, K.T.; Fields, S.; Kennedy, B.K. Regulation of Yeast Replicative Life Span by TOR and Sch9 in Response to Nutrients. Science 2005, 310, 1193–1196. [Google Scholar] [CrossRef]

	



Mirisola, M.G.; Taormina, G.; Fabrizio, P.; Wei, M.; Hu, J.; Longo, V.D. Serine- and Threonine/Valine-Dependent Activation of PDK and Tor Orthologs Converge on Sch9 to Promote Aging. PLoS Genet. 2014, 10, e1004113. [Google Scholar] [CrossRef] [PubMed]

	



Lyu, Z.; Gao, X.; Wang, W.; Dang, J.; Yang, L.; Yan, M.; Ali, S.A.; Liu, Y.; Liu, B.; Yu, M.; et al. MTORC1-Sch9 Regulates Hydrogen Sulfide Production through the Transsulfuration Pathway. Aging 2019, 11, 8418–8432. [Google Scholar] [CrossRef] [PubMed]

	



Picazo, C.; Orozco, H.; Matallana, E.; Aranda, A. Interplay among Gcn5, Sch9 and Mitochondria during Chronological Aging of Wine Yeast Is Dependent on Growth Conditions. PLoS ONE 2015, 10, e0117267. [Google Scholar] [CrossRef]

	



Santos, J.; Leitão-Correia, F.; Sousa, M.J.; Leão, C. Ammonium Is a Key Determinant on the Dietary Restriction of Yeast Chronological Aging in Culture Medium. Oncotarget 2015, 6, 6511–6523. [Google Scholar] [CrossRef]

	



Wu, Z.; Liu, S.Q.; Huang, D. Dietary Restriction Depends on Nutrient Composition to Extend Chronological Lifespan in Budding Yeast Saccharomyces Cerevisiae. PLoS ONE 2013, 8, e64448. [Google Scholar] [CrossRef]

	



Fabrizio, P.; Gattazzo, C.; Battistella, L.; Wei, M.; Cheng, C.; McGrew, K.; Longo, V.D. Sir2 Blocks Extreme Life-Span Extension. Cell 2005, 123, 655–667. [Google Scholar] [CrossRef]

	



Kennedy, B.K.; Smith, E.D.; Kaeberlein, M. The Enigmatic Role of Sir2 in Aging. Cell 2005, 123, 548–550. [Google Scholar] [CrossRef]

	



Longo, V.D.; Finch, C.E. Evolutionary Medicine: From Dwarf Model Systems to Healthy Centenarians? Science 2003, 299, 1342–1346. [Google Scholar] [CrossRef]

	



Pedruzzi, I.; Bürckert, N.; Egger, P.; De Virgilio, C. Saccharomyces Cerevisiae Ras/CAMP Pathway Controls Post-Diauxic Shift Element-Dependent Transcription through the Zinc Finger Protein Gis1. EMBO J. 2000, 19, 2569–2579. [Google Scholar] [CrossRef] [PubMed]

	



Bitterman, K.J.; Medvedik, O.; Sinclair, D.A. Longevity Regulation in Saccharomyces Cerevisiae: Linking Metabolism, Genome Stability, and Heterochromatin. Microbiol. Mol. Biol. Rev. MMBR 2003, 67, 376–399. [Google Scholar] [CrossRef]

	



Fabrizio, P.; Liou, L.-L.; Moy, V.N.; Diaspro, A.; Valentine, J.S.; Gralla, E.B.; Longo, V.D. SOD2 Functions Downstream of Sch9 to Extend Longevity in Yeast. Genetics 2003, 163, 35–46. [Google Scholar] [CrossRef] [PubMed]

	



Pascual-Ahuir, A.; Proft, M. The Sch9 Kinase Is a Chromatin-Associated Transcriptional Activator of Osmostress-Responsive Genes. EMBO J. 2007, 26, 3098–3108. [Google Scholar] [CrossRef]

	



Piper, P.W.; Harris, N.L.; MacLean, M. Preadaptation to Efficient Respiratory Maintenance Is Essential Both for Maximal Longevity and the Retention of Replicative Potential in Chronologically Ageing Yeast. Mech. Ageing Dev. 2006, 127, 733–740. [Google Scholar] [CrossRef]

	



Bonawitz, N.D.; Chatenay-Lapointe, M.; Pan, Y.; Shadel, G.S. Reduced TOR Signaling Extends Chronological Life Span via Increased Respiration and Upregulation of Mitochondrial Gene Expression. Cell Metab. 2007, 5, 265–277. [Google Scholar] [CrossRef]

	



Lavoie, H.; Whiteway, M. Increased Respiration in the Sch9Delta Mutant Is Required for Increasing Chronological Life Span but Not Replicative Life Span. Eukaryot. Cell 2008, 7, 1127–1135. [Google Scholar] [CrossRef] [PubMed]

	



Cowart, L.A.; Shotwell, M.; Worley, M.L.; Richards, A.J.; Montefusco, D.J.; Hannun, Y.A.; Lu, X. Revealing a Signaling Role of Phytosphingosine-1-Phosphate in Yeast. Mol. Syst. Biol. 2010, 6, 349. [Google Scholar] [CrossRef] [PubMed]

	



Ludovico, P.; Burhans, W.C. Reactive Oxygen Species, Ageing and the Hormesis Police. FEMS Yeast Res. 2014, 14, 33–39. [Google Scholar] [CrossRef]

	



Mesquita, A.; Weinberger, M.; Silva, A.; Sampaio-Marques, B.; Almeida, B.; Leão, C.; Costa, V.; Rodrigues, F.; Burhans, W.C.; Ludovico, P. Caloric Restriction or Catalase Inactivation Extends Yeast Chronological Lifespan by Inducing H2O2 and Superoxide Dismutase Activity. Proc. Natl. Acad. Sci. USA 2010, 107, 15123–15128. [Google Scholar] [CrossRef]

	



Pan, Y. Mitochondria, Reactive Oxygen Species, and Chronological Aging: A Message from Yeast. Exp. Gerontol. 2011, 46, 847–852. [Google Scholar] [CrossRef] [PubMed]

	



Oh, S.; Suganuma, T.; Gogol, M.M.; Workman, J.L. Histone H3 Threonine 11 Phosphorylation by Sch9 and CK2 Regulates Chronological Lifespan by Controlling the Nutritional Stress Response. eLife 2018, 7, e36157. [Google Scholar] [CrossRef] [PubMed]

	



Madia, F.; Gattazzo, C.; Wei, M.; Fabrizio, P.; Burhans, W.C.; Weinberger, M.; Galbani, A.; Smith, J.R.; Nguyen, C.; Huey, S.; et al. Longevity Mutation in SCH9 Prevents Recombination Errors and Premature Genomic Instability in a Werner/Bloom Model System. J. Cell Biol. 2008, 180, 67–81. [Google Scholar] [CrossRef] [PubMed]

	



Fabrizio, P.; Battistella, L.; Vardavas, R.; Gattazzo, C.; Liou, L.-L.; Diaspro, A.; Dossen, J.W.; Gralla, E.B.; Longo, V.D. Superoxide Is a Mediator of an Altruistic Aging Program in Saccharomyces Cerevisiae. J. Cell Biol. 2004, 166, 1055–1067. [Google Scholar] [CrossRef]

	



Moreno-Torres, M.; Jaquenoud, M.; De Virgilio, C. TORC1 Controls G1-S Cell Cycle Transition in Yeast via Mpk1 and the Greatwall Kinase Pathway. Nat. Commun. 2015, 6, 8256. [Google Scholar] [CrossRef]

	



Moreno-Torres, M.; Jaquenoud, M.; Péli-Gulli, M.-P.; Nicastro, R.; De Virgilio, C. TORC1 Coordinates the Conversion of Sic1 from a Target to an Inhibitor of Cyclin-CDK-Cks1. Cell Discov. 2017, 3, 17012. [Google Scholar] [CrossRef]

	



Weinberger, M.; Mesquita, A.; Caroll, T.; Marks, L.; Yang, H.; Zhang, Z.; Ludovico, P.; Burhans, W.C. Growth Signaling Promotes Chronological Aging in Budding Yeast by Inducing Superoxide Anions That Inhibit Quiescence. Aging 2010, 2, 709–726. [Google Scholar] [CrossRef]

	



Zinzalla, V.; Graziola, M.; Mastriani, A.; Vanoni, M.; Alberghina, L. Rapamycin-Mediated G1 Arrest Involves Regulation of the Cdk Inhibitor Sic1 in Saccharomyces Cerevisiae. Mol. Microbiol. 2007, 63, 1482–1494. [Google Scholar] [CrossRef]

	



Hers, I.; Vincent, E.E.; Tavaré, J.M. Akt Signalling in Health and Disease. Cell. Signal. 2011, 23, 1515–1527. [Google Scholar] [CrossRef]

	



Liko, D.; Hall, M.N. MTOR in Health and in Sickness. J. Mol. Med. 2015, 93, 1061–1073. [Google Scholar] [CrossRef]

	



Carling, D. AMPK Signalling in Health and Disease. Curr. Opin. Cell Biol. 2017, 45, 31–37. [Google Scholar] [CrossRef] [PubMed]

	



Kitano, H. Biological Robustness. Nat. Rev. Genet. 2004, 5, 826–837. [Google Scholar] [CrossRef] [PubMed]

	



Friedlander, T.; Mayo, A.E.; Tlusty, T.; Alon, U. Evolution of Bow-Tie Architectures in Biology. PLoS Comput. Biol. 2015, 11, e1004055. [Google Scholar] [CrossRef] [PubMed]

	



Mayor, T.; Graumann, J.; Bryan, J.; MacCoss, M.J.; Deshaies, R.J. Quantitative Profiling of Ubiquitylated Proteins Reveals Proteasome Substrates and the Substrate Repertoire Influenced by the Rpn10 Receptor Pathway. Mol. Cell. Proteom. MCP 2007, 6, 1885–1895. [Google Scholar] [CrossRef]

	



Swaney, D.L.; Beltrao, P.; Starita, L.; Guo, A.; Rush, J.; Fields, S.; Krogan, N.J.; Villén, J. Global Analysis of Phosphorylation and Ubiquitylation Cross-Talk in Protein Degradation. Nat. Methods 2013, 10, 676–682. [Google Scholar] [CrossRef] [PubMed]

	



Gonzalez, E.; McGraw, T.E. The Akt Kinases: Isoform Specificity in Metabolism and Cancer. Cell Cycle 2009, 8, 2502–2508. [Google Scholar] [CrossRef]

	



Bos, J.L. Molecular Mechanisms of Signal Transduction; IOS Press: Amsterdam, The Netherlands, 2000; ISBN 978-1-58603-016-2. [Google Scholar]

	



González, A.; Shimobayashi, M.; Eisenberg, T.; Merle, D.A.; Pendl, T.; Hall, M.N.; Moustafa, T. TORC1 Promotes Phosphorylation of Ribosomal Protein S6 via the AGC Kinase Ypk3 in Saccharomyces Cerevisiae. PLoS ONE 2015, 10, e0120250. [Google Scholar] [CrossRef]

	



Yerlikaya, S.; Meusburger, M.; Kumari, R.; Huber, A.; Anrather, D.; Costanzo, M.; Boone, C.; Ammerer, G.; Baranov, P.V.; Loewith, R. TORC1 and TORC2 Work Together to Regulate Ribosomal Protein S6 Phosphorylation in Saccharomyces Cerevisiae. Mol. Biol. Cell 2016, 27, 397–409. [Google Scholar] [CrossRef]

	



Odorizzi, G.; Babst, M.; Emr, S.D. Phosphoinositide Signaling and the Regulation of Membrane Trafficking in Yeast. Trends Biochem. Sci. 2000, 25, 229–235. [Google Scholar] [CrossRef]

	



Fu, W.; Hall, M.N. Regulation of MTORC2 Signaling. Genes 2020, 11, 1045. [Google Scholar] [CrossRef]








[image: Jof 09 00787 g001 550] 





Figure 1. Structural properties of Sch9. (a) Schematic domain architecture of Sch9. Red dots represent residues that are phosphorylated by the indicated protein kinases (green numbers refer to the phospho-residues within Sch9). NT, N-terminus; C2, C2 domain; AL, activation loop; TM, turn motif; HM, hydrophobic motif; CT, C-terminus. (b) Side-by-side comparison of the Alphafold2 [39,40] predicted structures of Sch9 (AF-P11792-F1_v4.pdb), Ypk1 (AF-P12688-F1_v4.pdb), S6K1 (AF-P23443-F1_v4.pdb), and AKT1 (AF-P31749-F1_v4.pdb). The structural information is represented in cartoon style, and the domains (see Table 1) are colored as follows: N-terminus in orange; pleckstrin homology (PH) + linker in purple; C2 domain in blue; kinase domain in green; hydrophobic motif (HM) in grey (with side chains); and C-terminus in teal. The labeled phosphosites of the activation loop, the HM, and the C2 extended loop are displayed as balls and colored in red. The amino acids that could potentially coordinate Ca2+ on the top of the C2 domain of Sch9 are labeled, displayed as balls, and colored in yellow. The arginines corresponding to the Arg144 residue of AKT1 are labeled, and the side chains are represented as sticks. (c) Model depicting the spatial relationship of the kinase domain with the N-terminal region and the C2 domain and kinase domain of Sch9 in its inactive and active configuration, including the steric occlusion of the active site by the N-terminus in inactive Sch9 and the electrostatic interaction between Arg405 and pThr737 in the active configuration. (d) Proposed consensus sequence for PI(3,5)P2 binding [41] and the corresponding motifs upstream of the activation loop in Sch9 and AKT1. 
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Figure 2. Model of the Sch9 signaling network. Protein kinases, transcription factors, and various other proteins are colored green, orange, and blue, respectively. The lipid kinase Fab1 is colored turquoise. Arrows and bars refer to direct (full line) or indirect (dashed line) activating and inhibitory interactions, respectively. See main text for more details. 
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Table 1. Structural domains of Sch9 and close homologues.
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Yeast

	
Mammalian




	
Region

	
Sch9

	
Ypk1

	
S6K1

	
AKT1






	
N-terminus

	
1–183

	
1–117

	
1–83

	
See PH domain




	
PH + Linker

	
-

	
-

	
-

	
1–141




	
C2 domain

	
184–402

	
118–336

	
-

	
-




	
C2 extended loop

	
221–325

	
-

	
-

	
-




	
Kinase domain

	
403–738

	
337–663

	
84–413

	
142–474




	
Activation loop

	
570–574 (TFCGT)

	
504–508 (TFCGT)

	
252–256 (TFCGT)

	
308–312 (TFCGT)




	
Hydrophobic motif

	
733–738 (FAGFTF)

	
658–663 (FGGWTY)

	
408–413 (FLGFTY)

	
469–474 (FPQFSY)




	
C-terminus

	
739–824

	
664–680

	
414–525

	
475–480
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