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ABSTRACT 

English 

The central dogma of molecular biology as first proposed by Francis Crick in 1958 states the route of 

genetic information in a cell as the “transfer of sequential information” from DNA to RNA and then to 

protein (Crick, 1958). Accordingly, messenger RNAs (mRNAs) carry out a major role in transferring 

the information from DNA to protein. Thus, regulation of the fate of an mRNA once transcribed from 

DNA is crucial for the steady-state gene expression levels in the cell. Following its transport from 

nucleus into cytoplasm, there are various paths waiting for an mRNA; translation, degradation, and 

storage. 

The Target Of Rapamycin (TOR) pathway is a central regulator of cell growth in response to various 

environmental and cell intrinsic cues. TOR signaling has already been implicated in the regulation of 

translation. With the aim of addressing the role of TOR in mRNA degradation, we focused on how 

Ccr4, the major deadenylase in budding yeast, is regulated by TOR complex 1 (TORC1). We showed 

that Ccr4 was a phosphoprotein whose phosphorylation levels were highly responsive to nutrient 

depletion and TORC1 activity. We hypothesized that phosphorylation of Ccr4 might influence global 

mRNA turnover but we obtained no evidence to support this idea. We pinpointed a number of 

kinases which mediated the phosphorylation of Ccr4, giving us future directions on which specific 

processes might be affected by this phosphorylation event.  

Ribosomal protein S6 (Rps6) was shown to be a phosphoprotein more than three decades ago. Yet, 

one fundamental question still remains to be elucidated: What is the physiological role of this 

phosphorylation? To address this question, we characterized the major players of the pathway 

signaling to Rps6 in Saccharomyces cerevisiae. We showed that phosphorylation of two highly 

conserved sites on Rps6 were differentially regulated downstream of TOR complexes 1 and 2. We 

characterized the novel TORC1 effector Ypk3 and bona fide TORC2 effectors Ypk1 and Ypk2 as S6 

kinases in budding yeast. Moreover, Glc7/Shp1 emerged as the phosphatase branch which 
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antagonized the Rps6 phosphorylation. We explored a role for Rps6 phosphorylation in global 

translation and translation decoding but such functions were not apparent. Currently, we are 

working to unveil the mystery of physiological function of Rps6 phosphorylation in the cell taking 

advantage of the novel players of this pathway which we have identified.  

Altogether, our study provides further insights into the mechanisms by which both TORC1 and TORC2 

contribute to posttranscriptional regulation of gene expression in Saccharomyces cerevisiae.       
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Français 

En 1958, Francis Crick instaura pour la première fois le dogme central de la biologie moléculaire, qui 

établit le cheminement de l’information génétique dans une cellule comme un “transfert 

d’informations séquentielles” de l’ADN à l’ARN, puis aux protéines (Crick, 1958). En conséquence, les 

ARN messagers (ARNm) ont un rôle majeur dans le transfert de l’information de l’ADN aux protéines. 

Ainsi, la régulation du devenir d’un ARNm issu de la transcription de l’ADN est cruciale pour le niveau 

basal d’expression des gènes dans une cellule. Après son transport du noyau au cytoplasme, 

plusieurs voies possibles existent pour un ARNm : traduction, dégradation et stockage.  

La voie de signalisation Target Of Rapamycin (TOR) est un régulateur central de la croissance 

cellulaire répondant à divers signaux environnementaux et intracellulaires. TOR est aussi impliquée 

dans la régulation de la traduction d’ARNm en protéines. Dans le but d’établir le rôle de TOR dans la 

dégradation des ARNm, nous nous sommes concentrés sur Ccr4, la déadénylase majeure de la levure 

S. cerevisiae, et sa régulation par le complexe TOR 1 (TORC1). Nous avons montré que Ccr4 était une 

phosphoprotéine dont les niveaux de phosphorylation répondaient fortement aux niveaux de 

nutriments disponibles ainsi qu’à TORC1. Nous avons alors proposé que la phosphorylation de Ccr4 

pourrait influencer le recyclage des ARNm, mais nous n’avons obtenu aucune preuve confirmant 

cette idée. Nous avons identifié un certain nombre de kinases qui jouent un rôle dans la 

phosphorylation de Ccr4, nous permettant d’envisager plusieurs directions dans lesquelles 

poursuivre nos recherches concernant les processus spécifiques engendrés par cette 

phosphorylation. 

La protéine ribosomale S6 (Rps6) a été identifiée comme étant une phosphoprotéine il y a plus de 

trente ans. Néanmoins, une question fondamentale reste à élucider : quel est le rôle physiologique 

de cette phosphorylation? Afin de répondre à cette question, nous avons caractérisé les principaux 

acteurs de la voie de signalisation régulant Rps6 chez S. cerevisiae. Nous avons démontré que la 

phosphorylation de deux résidus très conservés dans Rps6 était régulée différemment, en aval des 
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complexes TORC1 et TORC2. Nous avons caractérisé Ypk3, un nouvel effecteur de TORC1, ainsi que 

Ypk1 et Ypk2, deux effecteurs bona fide de TORC2, en tant que S6 kinases dans la levure. De plus, les 

protéines Glc7/Shp1 sont apparues comme le complexe de phosphatases antagonisant la 

phosphorylation de Rps6. Nous avons également exploré le rôle de la phosphorylation de Rps6 dans 

la traduction en général, ainsi que dans l’étape de décodage, mais aucun rôle n’a pu être mis en 

évidence. Actuellement, nous continuons à travailler sur le rôle physiologique de la phosphorylation 

de Rps6 dans la cellule, ceci grâce aux nouveaux acteurs que nous venons d’identifier. 

Dans l’ensemble, notre étude nous fournit des connaissances plus précises des mécanismes par 

lesquels TORC1 et TORC2 contribuent à la régulation post-transcriptionnelle de l’expression des 

gènes chez la levure S. cerevisiae.  
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Introduction 

The Target Of Rapamycin Signaling Pathway in Saccharomyces cerevisiae 

Cells sense changes in their environment and adapt to these changes. This adaptation is crucial for 

their survival. The Target Of Rapamycin (TOR) signaling pathway plays an important role in this 

process by linking environmental cues as well as cell-intrinsic cues to the major cellular processes 

which regulate growth. Specifically, Tor controls cell growth by regulating gene transcription, 

translation, ribosome biogenesis, lipid synthesis and actin polarization. In yeast, there are two TOR 

genes, TOR1 and TOR2, while there is only one in higher eukaryotes. Tor kinases are found in two 

functionally and structurally distinct multiprotein complexes, Tor Complex 1 (TORC1) and Tor 

Complex 2 (TORC2) (Figure 1). In Saccharomyces cerevisiae, TORC1 contains either Tor1 or Tor2 in 

addition to Kog1, Tco89 and Lst8. Only Tor2 is found in TORC2 together with Avo1, Avo2, Avo3, Lst8, 

Bit2 and Bit61. Both TORCs perform essential functions. Rapamycin, an anti-fungal and 

immunosuppressant drug, inhibits TORC1, but not TORC2. On the other hand, a newly characterized 

drug, BHS345 (BHS) inhibits both of the complexes in Saccharomyces cerevisiae (Shimada et al, 2013). 

TORC1 is localized at the vacuolar membrane, whereas TORC2 is mainly associated with the plasma 

membrane through its Avo1 component (Berchtold & Walther, 2009).   

Tor kinases belong to the family of phosphatidylinositol 3-kinase-related kinases (PIKK) (Rubenstein & 

Schmidt, 2007). They share common domains with the other members of the family: FAT (FRAP-

ATM-TRRAP), PRD (PIKK regulatory domain) and FATC domains. The FAT domain follows HEAT 

repeats found at the N-terminal part of the Tor kinases. The tandem HEAT (Huntington, Elongation 

factor 3, PR65/A, TOR) repeats mediate protein-protein interactions. Between the FAT domain and 

the central kinase domain, there is the FRB domain (FKBP12-rapamycin binding domain). FKBP12, a 

proline isomerase, is also the “receptor” of rapamycin and binding of the FKBP12-rapamycin 

heterocomplex to the FRB domain inhibits the enzymatic activity of Tor in the context of TORC1 

(Heitman et al, 1991; Koltin et al, 1991). 
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Figure 1. TORC1 and TORC2 signaling pathways in Saccharomyces cerevisiae 

Although rapamycin still remains as the only specific inhibitor of TORC1 in budding yeast, many other 

compounds are known to strongly affect the activity of Tor kinases. Caffeine emerged as another 

TORC1 inhibitor although its specificity remains rather questionable as it also inhibits other PIKK 

family members in mammalian cells (Reinke et al, 2006; Sarkaria et al, 1999; Wanke et al, 2008). 

Wortmannin, a phosphatidylinositol kinase inhibitor, inhibits both TORC1 and TORC2 activities in 

vitro and in vivo in budding yeast (Chen et al, 2012; Liu et al, 2012). On the other hand, the 

translation elongation inhibitor cycloheximide hyperactivates both of the TOR complexes; 

presumably by elevating the intracellular amino acid concentration (Beugnet et al, 2003; Urban et al, 

2007), (Loewith Lab, unpublished data). In mammalian cells, there are many commonly used Tor 

inhibitors including pp242 and Torin1 (Feldman et al, 2009; Thoreen et al, 2009). Characterization of 

these two inhibitors paved the way to the elucidation of rapamycin-resistant functions of TORC1 in 

mammalian cells. Inhibition of mTORC1 with either pp242 or Torin1 has a more profound effect on 

cap-dependent translation and autophagy compared to rapamycin. So far, evidence for rapamycin-

resistant TORC1 activity is still lacking in yeast.   
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AGC Kinases as Effectors of TOR 

In yeast as well as in higher eukaryotes, the best characterized substrates of Tor are members of the 

AGC family of kinases. The AGC kinases propagate the signal from Tor and regulate a wide range of 

targets in the cell. In human, there are 63 members of this family, whereas in budding yeast there 

are only 20 (Jacinto & Lorberg, 2008).The mammalian TORC1 (mTORC1) substrate, S6 kinase and the 

mammalian TORC2 (mTORC2) substrates Akt and Sgk1 are among the members of the AGC kinase 

family. Similarly, in yeast, the bona fide effectors of TOR complexes (Sch9, Ypk1 and Ypk2) belong to 

the same family. AGC kinases share common motifs which are important for their activity and 

regulation. One of these motifs is the highly conserved hydrophobic motif (HM) at the carboxyl-

terminus. The HM motif is critical for the AGC kinase activity (Jacinto & Lorberg, 2008). The motif 

often bears a phosphorylatable Ser/Thr residue. In many cases, phosphorylation of the HM triggers 

the phosphorylation of another common motif, the turn motif (TM) prompting the full activation of 

the kinase (Jacinto & Lorberg, 2008). Tor targets the HM of its targets as well as the TM (Oh et al, 

2010). Beside these motifs, Tor also phosphorylates Ser/Thr residues followed by proline at the C-

terminal domain of its substrates (Brunn et al, 1997; Urban et al, 2007). Another important 

phosphorylation site on AGC kinases is located in the activation loop (T-loop) of the kinase domain. 

PDK1 in higher eukaryotes and Pkh1/2/3 kinases in yeast are responsible for the phosphorylation of 

this site. Mutations of the T-loop completely impair the enzymatic activity of the kinases, 

emphasizing the significant role of this site in the activity of the AGC kinases (Roelants et al, 2004). In 

turn, the AGC kinases recognize their substrates through a consensus recognition motif (RxRxxS/T or 

RxxS/T) (Pearce et al, 2010).   

The TORC1 Signaling Pathway 

TORC1 in Saccharomyces cerevisiae propagates its signal through two major effectors; Tap42 and 

Sch9. Tap42 is a regulator of Type 2A phosphatase (PP2A) and PP2A-related phosphatases such as 

Sit4. Association of Tap42 with these phosphatases is regulated by nutrients via TORC1 (Di Como & 
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Arndt, 1996; Jiang & Broach, 1999). Another component of this branch is the Tap42-interacting 

protein, Tip41. Tip41 is thought to interact with Tap42 leading to inhibition of the association 

between Tap42 and the phosphatases in a TORC1-dependent manner (Jacinto et al, 2001). Although 

major players of this branch are conserved in higher eukaryotes, the mode of regulation of the 

pathway seems to differ from that in yeast (Nakashima et al, 2013). TORC1 coordinates translation 

initiation, activity of nutrient permeases and stress-activated transcription via the Tap42-branch 

(Loewith, 2010).  

Another major effector of TORC1 is Sch9, which is an AGC kinase family member (Urban et al, 2007). 

Via Sch9, TORC1 regulates translation initiation and transcription (Huber et al, 2009; Huber et al, 

2011; Urban et al, 2007). TORC1-dependent inhibitory phosphorylation of Gcn2, a Ser-Thr kinase, 

leads to accumulation of the non-phosphorylated form of the alpha subunit of the translation 

initiation factor eIF2, subsequently promoting global translation initiation (Cherkasova & Hinnebusch, 

2003; Urban et al, 2007). Both the Tap42 and Sch9 branches are involved in the regulation of 

translation initiation via Gcn2. However, the details of this regulation remain to be elucidated.  

Considering its role in translation and its ability to phosphorylate ribosomal protein S6 in vitro, Sch9 

was proposed to be the functional ortholog of S6 kinase in higher eukaryotes (Urban et al, 2007). 

Sch9 activity also has global effects not only on translation, but also on transcription through the 

regulation of all three RNA polymerases (Figure 2). Maf1 transmits the signal from Sch9 to RNA 

polymerase III, while Stb3, Dot6 and Tod6 in collaboration with the histone deacetylase complex 

RPD3L regulate ribosomal protein (RP) and ribosome biogenesis (Ribi) gene expression in response to 

TORC1-dependent Sch9 activity (Huber et al, 2009; Huber et al, 2011). In parallel to Sch9, a 

transcription factor, Sfp1, contributes to the regulation of RP and Ribi gene expression downstream 

of TORC1 (Lempiainen et al, 2009; Marion et al, 2004). Direct phosphorylation of Sfp1 by TORC1 

prompts its nuclear translocation, where it enhances gene expression (Lempiainen et al, 2009). 

Moreover, Sch9 modulates entry into G1 arrest via phosphorylation of a PAS kinase Rim15 (Pedruzzi 
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et al, 2003). Following inactivation of TORC1, Rim15 becomes hypophosphorylated and accumulates 

in the nucleus where it phosphorylates targets required for proper entry into stationary phase.  

Expression of a phosphomimetic allele of SCH9 and the temperature-sensitive allele of TAP42 (tap42-

11) is sufficient to restore growth of cells lacking TORC1 function. This ability to bypass TORC1 

supports the idea that these are the two major branches downstream of TORC1 (Huber et al, 2009). 

Yet, there are other elements engaged in TORC1-dependent regulation of cell growth. For instance, 

Kns1 and Mck1, highly conserved kinases from the LAMMER/Cdc-like and GSK3 families respectively, 

function downstream of TORC1 to regulate ribosome and transfer RNA (tRNA) synthesis under a 

variety of stress conditions (Lee et al, 2012; Roelants et al, 2004). Atg13 is another known substrate 

of TORC1. Direct phosphorylation of Atg13 by TORC1 hinders its association with the Atg1 kinase 

complex, thereby inhibiting the autophagy under normal conditions (Kamada et al, 2010).    

 

Figure 2. Regulation of transcription by TORC1 (Loewith, 2010) 

The TORC2 Signaling Pathway 

TORC2 is in charge of polarized cell growth, actin cytoskeleton organization, and ceramide and 

sphingolipid synthesis, mainly via the redundant AGC kinases, Ypk1 and Ypk2 (Aronova et al, 2008; 

Berchtold et al, 2012; Kamada et al, 2005; Niles et al, 2012). Expression of a hyperactive allele of 
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YPK2 (YPK2D239A) rescues the lethality of inhibition of TORC2, suggesting that Ypk1/2 kinases are the 

major downstream elements of this pathway. Individual deletion of YPK1 and YPK2 is not lethal 

whereas the combinatorial deletion of these genes is inviable. Given that Ypk1 is more abundant 

than Ypk2, and ypk1 cells are much sicker than ypk2 cells, Ypk1 is thought to be the predominant 

kinase among these two.  

Redundant proteins Slm1 and Slm2 were also shown to be phosphorylated in a TORC2-dependent 

manner, suggesting that Slm proteins function downstream of TORC2 (Audhya et al, 2004). Slm1 and 

Slm2 are phosphoinositide PI(4,5)P2-binding proteins. Recently, Slm proteins were found to 

contribute to the regulation of TORC2 activity towards Ypk1/2 kinases in response to plasma 

membrane stress, eventually modulating the sphingolipid synthesis pathway (Berchtold et al, 2012).   

Ypk1/2 is not only phosphorylated by TORC2, but also by Fpk1 and Fpk2 on its N-terminus (Roelants 

et al, 2010). Phospholipid flippase kinases Fpk1/2 are redundant kinases which phosphorylate 

phospholipid translocases called flippases (Nakano et al, 2008). Phosphorylation of Ypk1/2 by Fpk1/2 

has an inhibitory effect on its enzymatic activity (Roelants et al, 2010). On the other hand, Fpk1/2 

proteins are also phosphorylated and inhibited by Ypk1/2, indicating a negative feedback loop which 

regulates the activity of both sets of kinases.  

Ypk1 was shown to interfere with eIF4G protein levels in yeast and thereby to inhibit translation 

initiation (Gelperin et al, 2002). The synthesis of sphingoid base was implicated in the regulation of 

translation initiation under heat stress conditions affecting the stability of eIF4G in a similar way to 

inactivation of Ypk1 (Meier et al, 2006). Considering the role of Ypks in sphingolipid synthesis, these 

findings point at a role for Ypk kinases, and possibly TORC2, in translation regulation. However, the 

mechanism so far remains obscure.  
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Phosphoproteomic Analysis of TOR Signaling Pathways 

Analysis of rapamycin- and BHS-sensitive phosphoproteomes in combination with large-scale studies 

investigating the localization changes of GFP-tagged proteins in response to rapamycin treatment has 

extended our understanding of cellular processes regulated by TOR signaling pathway (Table 1) 

(Huber et al, 2009; Shin et al, 2009), (Loewith Lab, unpublished data). 

Intriguingly, multiple factors which are involved in the main mRNA degradation pathway in yeast 

were found to be rapamycin-sensitive phosphoproteins such as Ccr4, Not3 and Pat1, thereby 

suggesting that TORC1 regulates mRNA degradation (Table 1). Moreover, many ribosomal proteins 

and translation initiation factors, including Rps6 which is a well-established target of mammalian 

TORC1 (Meyuhas, 2008), came out as TORC1- and TORC2-dependent phosphoproteins. Another 

interesting candidate identified is Shp1, which is a positive regulator of the catalytic subunit of Type 1 

protein phosphatase Glc7 and an interacting partner of the AAA ATPase Cdc48. 
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Table 1. Factors whose phosphorylation/localization is affected by the inhibition of TOR complexes (Adapted 

from (Loewith, 2010))  
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Glc7 and Shp1 

Glc7 is the essential catalytic subunit of the highly conserved Type 1 protein phosphatase (PP1) which 

regulates a wide range of processes in the cell including ion homeostasis, glycogen metabolism, 

septin organization and chromosome segregation (Bharucha et al, 2008; Francisco et al, 1994; Tan et 

al, 2003; Williams-Hart et al, 2002). Its function and substrate specificity are strictly regulated by 

various regulatory proteins. To date, 17 regulatory subunits of Glc7 have been characterized in 

budding yeast with Shp1 being one of these accessory proteins (Table 2). 

Table 2. Regulatory subunits of protein phosphatase type-1 in Saccharomyces cerevisiae (Adapted from 

Saccharomyces Genome Database) 

 

Attempts to identify suppressors of the lethality due to GLC7 overexpression paved the way to the 

characterization of Shp1 as a regulatory subunit of Glc7 (Zhang et al, 1995). Deletion of the SHP1 

gene resulted in lower activity of Glc7 in vitro suggesting that Shp1 is a positive regulator of Glc7. 

Shp1 contains three characteristic domains; the C-terminal ubiquitin regulatory X (UBX), a central SEP 

domain and the N-terminal ubiquitin-binding UBA domain (Schuberth & Buchberger, 2008). The UBX 
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domain mediates the interaction between Shp1 and Cdc48 ATPase, whereas the UBA domain is the 

ubiquitin-associated domain. Cdc48 is a member of the AAA (ATPases Associated with diverse 

cellular Activities) ATPase family (Lupas & Martin, 2002). Cdc48 functions by binding to its cofactors 

Ufd1-Npl4 and Shp1 in a mutually exclusive manner (Schuberth & Buchberger, 2008). Cdc48-Shp1 

complex has so far been implicated in chromosome positioning, autophagosome biogenesis, protein 

degradation by the 26S proteasome and cell cycle progression (Bohm & Buchberger, 2013; Cheng & 

Chen, 2010; Krick et al; Schuberth et al, 2004). The role of Shp1 in these processes is mostly linked to 

its ability to regulate Glc7 (Bohm & Buchberger, 2013; Cheng & Chen, 2010). For instance, in the case 

of regulation of the spindle assembly checkpoint, the Shp1/Cdc48 complex is required for 

accumulation of Glc7 in nucleus (Cheng & Chen). Proper assembly of kinetochores during mitosis is 

assured by the activity of the Ipl1 kinase (the yeast homolog of Aurora B). The role of Glc7 in this 

process is to balance Ipl1 activity and to promote the bipolar attachment of chromosomes. 

Furthermore, mutations in GLC7, SHP1 and the TORC1 component TCO89 suppress the growth defect 

of a temperature sensitive allele of IPL1, thereby attributing a role to all these components in 

chromosome segregation and mitosis (Robinson et al, 2012). A recent study shows that the toxicity 

of GLC7 overexpression can be partially rescued by several mutants of SHP1 as well as its deletion 

(Bohm & Buchberger, 2013). More interestingly, the ability of Shp1 mutants to rescue the lethality 

due to GLC7 overexpression correlates with its ability to interact with Cdc48, linking the Glc7- and 

Cdc48-dependent functions of Shp1. Yet, the details of the crosstalk between Cdc48/Shp1 and 

Glc7/Shp1 complexes still remain to be elucidated.  

Strains deleted for SHP1 share phenotypes with strains carrying a loss-of-function allele of GLC7. 

Both strains are deficient in glycogen accumulation and cell cycle progression (Zhang et al, 1995). 

Moreover, Glc7 and three of its regulatory subunits Reg1, Shp1 and Glc8 were shown to function in 

fructose-1,6-bisphosphatase (an enzyme involved in gluconeogenesis) trafficking and degradation in 

the vacuole upon glucose stimulation (Cui et al, 2004). Glc7 is highly responsive to glucose levels in a 

Shp1- and Reg1-dependent manner (Castermans et al, 2012). Accordingly, absence of Shp1 activity 
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abolished the glucose-induced activity of Glc7. In addition, deletion of the SHP1 gene resulted in high 

levels of SUC2 expression compared to wild type cells. Suc2 is an invertase enzyme which is 

responsible for the catalysis of di-/tri-saccharides. Several attempts to elucidate how Shp1 regulates 

Glc7 activity suggested that Shp1 promotes nuclear accumulation of Glc7 (Cheng & Chen, 2010; Hu et 

al, 2012). However, the effect of Shp1 activity on Glc7 localization is blurred by conflicting results 

(Bohm & Buchberger, 2013; Zhang et al, 1995). As an alternative model, Shp1 was recently shown to 

inhibit the interaction between Glc7 and Glc8, another regulatory subunit of Glc7 (Bohm & 

Buchberger, 2013).  

Shp1, itself, and its function as an accessory protein of Cdc48 is conserved in higher eukaryotes. In 

fact, p47, the mammalian homolog of Shp1 is one of the first characterized binding partners of 

p97/VCP, the mammalian Cdc48 homolog (Kondo et al, 1997). One of the first cellular roles 

attributed to p97 was the regulation of disassembly and reassembly of Golgi stacks during mitosis, 

and later p47 was found to regulate the ATPase activity of p97/VCP during this process (Meyer et al, 

1998; Rabouille et al, 1995). Later on, the role of p47/p97 in the regulation of membrane fusion was 

extended to other organelles like the endoplasmic reticulum (ER) (Uchiyama et al, 2002). Similarly, 

Cdc48 is involved in the self-fusion of ER membranes in budding yeast (Latterich et al, 1995). In 

addition, phosphorylation of p47 by Cdc2 kinase on Ser140 in a cell cycle-dependent manner is 

crucial for its role in Golgi membrane fusion (Uchiyama et al, 2003). During interphase, p47 has a 

nuclear localization but retains a small cytoplasmic population (Uchiyama et al, 2003). The role of 

Shp1 in the proteasomal degradation pathway is also conserved in mammalian cells. Recently, p47 

was shown to inhibit the IκB kinase complex by binding to a polyubiquitinated subunit of the complex 

and targeting the subunit for lysosomal degradation (Shibata et al, 2012).    

Regulation of mRNA Fate by TOR Signaling 

Gene expression levels are determined by the balance between transcription, translation, mRNA and 

protein decay rates. Messenger RNAs (mRNAs) are the critical players of this multi-step process 
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which carry the genetic information from DNA to protein. Once transcribed, an mRNA can be 

translated, stored in processing bodies (P-bodies) and stress granules, or degraded (Figure 3). 

Extrinsic elements, such as mRNP complexes, as well as intrinsic elements, such as the 5’-N7-methyl 

guanosine cap and the 3’-poly(A) tail, are the major determinants of which path an mRNA will follow. 

The 5’-cap promotes translation of the mRNA while protecting the mRNA from 5’-to-3’ degradation, 

whereas shortening of the poly(A) tail marks the mRNA for degradation.   

 

Figure 3. mRNA cycle in budding yeast (Parker, 2012) 

Translation      

Ribosomes are large ribonucleoprotein (RNP) complexes composed of two main subunits: 40s and 

60S in eukaryotes. The large subunit (60S) of a yeast ribosome is composed of 25S, 5.8S and 5S 

ribosomal RNAs (rRNA) and 46 ribosomal proteins, whereas the small subunit is composed of 18S 

rRNA in complex with 33 ribosomal proteins. Ribosome biogenesis begins in the nucleolus and 



23 
 

continues in the cytoplasm. Each subunit is synthesized and transported into the cytoplasm 

separately. Every single step of ribosome maturation is under tight control of numerous trans-acting 

factors. Once maturation of the ribosome is completed in the cytoplasm, the ribosomes are ready to 

be employed for translation.  

Translation is a complex process that requires the concerted activity of numerous factors. Formation 

of a ternary complex composed of eIF2, GTP and the initiator methionyl-tRNA (Met-tRNAi) is the 

initial step of translation initiation. Next, the ternary complex associates with eIF1, eIF1A, eIF3, eIF5 

and a 40S ribosomal subunit to form a pre-initiation complex (PIC). Target mRNA marked by binding 

of the eIF4F complex (composed of the RNA helicase eIF4A, the cap-binding protein eIF4E and 

eIF4G), eIF4B, eIF3 and the poly(A)-binding protein (PABP) is recruited to the PIC. The PIC scans the 5’ 

untranslated region of the mRNA until recognition of a start codon. Start codon recognition leads to 

dissociation of eIF1 and conversion of eIF2·GTP to eIF2·GDP by eIF5 activity and the scanning stops. 

Dissociation of eIF2·GDP and eIF5 is followed by recruitment of the 60S large ribosomal subunit to 

the mRNA by eIF5B GTPase resulting in formation of the 80S initiation complex. GTP hydrolysis by 

eIF5B occurs, eIF1A and eIF5B dissociate from the complex and translation elongation starts.  

Translation elongation requires three factors: eEF1A, eEF2, and eIF5A. Binding of aminoacyl-tRNA to 

the A-site of the ribosome and translocation of the peptidyl-tRNA from the A-site to the P-site are 

mediated by eEF1A and eEF2, respectively. eIF5A has a rather specific role in translation elongation: 

it promotes the translation of proline repeats (Doerfel et al, 2013; Gutierrez et al, 2013; Ude et al, 

2013). eRF1 and eRF3 are factors required for the termination step of translation.  

As mentioned before, TORC1 regulates translation initiation mainly via the control of Gcn2 activity. 

Accordingly, rapamycin treatment results in a rapid inhibition of translation initiation as reflected by 

an increase in the 80S monosome-to-polysomes ratio (Urban et al, 2007). In mammalian cells, TORC1 

directly phosphorylates two translational components: S6 kinases (S6K1 and S6K2) and 4E-BP1 (Ma & 

Blenis, 2009). S6 kinases were identified as kinases responsible for the phosphorylation of ribosomal 
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protein S6 (Rps6), a small ribosomal subunit component (Erikson & Maller, 1985). 4E-BP1 is an 

inhibitor of eukaryotic initiation factor 4E. 4E-BP1 and eIF4G competitively bind eIF4E. 

Phosphorylation of 4E-BP1 by mTORC1 inhibits its association with eIF4E, promoting translation 

initiation. In the absence of mTORC1 activity, hypophosphorylated 4E-BP1 has higher affinity for 

eIF4E, leading to diminished interaction between eIF4E and eIF4G and thereby to decreased 

translation initiation.  

Interestingly, recent studies showed that mTORC2 associates with ribosomes to cotranslationally 

phosphorylate some of its targets such as Akt and an RNA-binding protein IMP1 (Dai et al, 2013; Oh 

et al, 2010). In addition, association of mTORC2 with ribosomes was found to promote mTORC2  

activity (Zinzalla et al, 2011).  

Ribosomal Protein S6 Phosphorylation 

Phosphorylation of Rps6 is a highly conserved event from yeast to mammalian cells. In higher 

eukaryotes, there are five phosphorylation sites on its C-terminal end, while only two of these sites 

(Ser232 and Ser233) corresponding to Ser235 and Ser236 in higher eukaryotes are conserved in yeast 

(Figure 4). Rps6 is one of the first ribosomal proteins to be found to undergo phosphorylation 

(Gressner & Wool, 1974; Kabat, 1970). Following its discovery, Rps6 phosphorylation was shown to 

be highly sensitive to nutrients, hormones, growth factors and a variety of stress conditions 

(Meyuhas, 2008). S6 kinases, S6K1 and S6K2 are the major kinases phosphorylating Rps6 in an 

mTORC1-dependent manner on several sites (S235/S236/S240/S244) (Pende et al, 2004). Yet, RSKs 

(90kDa ribosomal protein S6 kinases) also play a role in MAP kinase pathway-dependent 

phosphorylation of Rps6 specifically targeting the S235/S236 residues (Roux et al, 2007). Recently, 

members of casein kinase I kinase family were found to phosphorylate Rps6 on Ser247 in response to 

mitogenic stimuli (Hutchinson et al, 2011). Intriguingly, not only TORC1, but also TORC2 is involved in 

Rps6 phosphorylation in fission yeast (Du et al, 2012). Current data suggest that Rps6 

phosphorylation in fission yeast is dependent on Psk1 (the ortholog of Ypk3 in budding yeast) and 
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Gad8 (the ortholog of Ypk1/2 in budding yeast) (Du et al, 2012; Nakashima et al, 2012). On the other 

hand, the type 1 protein phosphatase (PP1) appears to antagonize Rps6 phosphorylation in mammals 

(Belandia et al, 1994; Hutchinson et al, 2011). 

 

Figure 4. Rps6 phosphorylation from budding yeast to mammals (Meyuhas, 2008)    

Multiple reports indicate that the phosphorylation of Rps6 on multiple sites in higher eukaryotes 

takes place in an ordered fashion (Flotow & Thomas, 1992; Martin-Perez & Thomas, 1983; 

Radimerski et al, 2000; Wettenhall et al, 1992). Ser236 is the first site to be phosphorylated and this 

phosphorylation event is followed by phosphorylation of Ser235, Ser240, Ser244 and Ser247 

sequentially (Martin-Perez & Thomas, 1983; Wettenhall et al, 1992). Accordingly, phosphorylation of 

Ser247 requires residues Ser240/244 to be phosphorylated (Hutchinson et al, 2011). More 

interestingly, mutation of Ser247 partially abolishes the phosphorylation of Ser240/244, pointing at a 

crosstalk between these sites.   

After years of research, the physiological role of Rps6 phosphorylation still remains mysterious. Rps6 

knock-in mice carrying the alanine-substituted non-phosphorylatable version of Rps6 exhibited 

severe phenotypes like reduced size, glucose intolerance and muscle weakness (Ruvinsky et al, 2005). 

Conflicting results on the role of Rps6 phosphorylation in global protein synthesis prompted the idea 

that rather than being a general regulator of translation, Rps6 phosphorylation could be regulating 

the translation of a subset of mRNAs. Accordingly, Rps6 phosphorylation was proposed to promote 

the translation of mRNAs with 5’-terminal oligopyrimidine tracts, so called TOP mRNAs (Fumagalli, 

2000). TOP mRNAs often encode ribosomal proteins and elongation factors (Iadevaia et al, 2008; 

Levy et al, 1991). However, following studies weakened the role of Rps6 phosphorylation in TOP 
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mRNA translation while further supporting the contribution of mTORC1 in this process: analyses of 

the mRNAs interacting with actively translating ribosomes following inhibition of mTORC1 revealed 

that TOP mRNAs are major targets of translation regulation by mTORC1 (Hsieh et al, 2012; Tang et al, 

2001; Thoreen et al, 2012). On the other hand, cells isolated from knock-in mice expressing non-

phosphorylatable Rps6 displayed no observable defect in TOP mRNA translation (Ruvinsky et al, 

2005; Tang et al, 2001). Considering the lack of TOP mRNAs in yeast, it seems plausible to claim that 

phosphorylation of Rps6 has other functional roles in the cell. 

Earlier studies in yeast suggested that Rps6 phosphorylation had no observable effect on the growth 

of cells under different conditions (Johnson & Warner, 1987; Tang et al, 2001). However, mammalian 

studies showed that cells from S6K-double knockout mice and Rps6 knock-in mice had a significantly 

reduced size compared to wild type cells, suggesting a role for Rps6 phosphorylation in cell growth 

(Ohanna et al, 2005; Pende et al, 2004; Ruvinsky et al, 2005). Recently, S6 kinases and Rps6 

phosphorylation were shown to regulate the synthesis of ribosome biogenesis factors during feeding 

following starvation (Chauvin et al, 2013).  

Biochemical crosslinking assays proposed that Rps6 lies on the surface of the 40S subunit at the 

interface between the 40S and 60S subunits and in close proximity to the decoding center (Metspalu 

et al, 1978; Nygard & Nika, 1982; Takahashi & Ogata, 1981). However, recent structural studies 

confuted these ideas and showed that Rps6 is located far away from the decoding center. In fact, one 

of the most recently reported structures of eukaryotic ribosomes suggested that Rps6 is located in 

the close vicinity to the binding site for eIF4G (Ben-Shem et al, 2011). In addition, the C-terminal 

domain of Rpl24 and Rps6 strongly interact according to this structure. Translation of polycistronic 

mRNAs require efficient reinitiation, which depends upon the retention of eIF3 on actively scanning 

40S, and the C-terminal domain of Rpl24 is crucial for the retention of eIF3 (Zhou et al, 2010). Taking 

all these findings together, it seems feasible to suggest that Rps6 phosphorylation may play a role in 

the recruitment of regulatory factors involved in initiation/re-initiation events as suggested in the 



27 
 

paper despite the fact that the last 10 amino acids of Rps6 where the phosphorylation sites are 

located in were missing in that structure (Ben-Shem et al, 2011).  

S6 Kinases 

In mammals, there are two S6K genes: S6K1 and S6K2. Both S6K1 and S6K2 have multiple isoforms 

with kinase activities (p31/p70/p85 and p54/p56, respectively). Just like other AGC kinases, S6 

kinases bear functionally important domains: an acidic N-terminal domain, the kinase domain, a 

linker domain and a basic C-terminal domain (Magnuson et al, 2012). The N-terminus of S6 kinases 

contains a TOR signaling motif, called a TOS motif, with the sequence of FDIDL. This TOS motif is also 

shared by another target of mTORC1, 4E-BP1 (Schalm & Blenis, 2002). The TOS motif is thought to be 

important for the interaction with Raptor, an mTORC1 component and Kog1 homolog. Mutation of 

this motif impairs S6K activity. Other critical motifs in relation to S6 kinase activity are the HM and 

the TM which lie in the linker region between the kinase domain and the C-terminal domain of the 

protein. Phosphorylation of the HM (Thr389 on S6K1 and Thr 388 on S6K2) by mTORC1 promotes 

kinase activity. A phosphorylatable TM (Ser371 on S6K1 and Ser370 on S6K2) is also crucial for S6 

kinase activity. However, the role of mTORC1 in this phosphorylation event remains rather confusing. 

Although some reports showed that rapamycin affected the levels of phosphorylation of this site, the 

correlation between phosphorylation of the TM and mTORC1 activity remained rather weak 

compared to that of the HM and mTORC1 activity (Ferrari et al, 1993; Saitoh et al, 2002). S6 kinases 

are also phosphorylated on the T-loop as well as on multiple proline-directed sites on their C-

terminal end. Ordered phosphorylation of all these sites contribute to the full activation of S6 

kinases.  

Subcellular localization of S6 kinases has so far remained controversial. Both S6 kinases are thought 

to contain a nuclear localization signal (NLS) suggesting that these proteins shuttle between the 

nucleus and the cytoplasm (Magnuson et al, 2012). In accordance with this idea, p70 isoform of S6K1 

was recently shown to localize both to nucleus and to cytoplasm. More interestingly, inhibition of 
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mTORC1 activity triggered the cytoplasmic accumulation of p70 (Rosner & Hengstschlager, 2011; 

Rosner et al, 2012). On the other hand, the p85 isoform was found to be predominantly cytoplasmic, 

while p31 was nuclear without refuting the possibility that they also shuttle between the cellular 

compartments under different conditions (Rosner & Hengstschlager, 2011). 

Beside its well-established target Rps6, S6 kinases have a wide range of translation-related substrates 

such as eIF4B and eEF2 kinase. Phosphorylation of eIF4B by S6K1 enhances its interaction with eIF4A 

and eIF3 (Raught et al, 2004). In addition, S6K1 triggers the degradation of an eIF4A inhibitor, PDCD4 

through phosphorylation, thereby promoting translation initiation (Dorrello et al, 2006). S6 kinases 

are not only involved in the regulation of initiation but also in the elongation step. S6K1 fosters 

elongation via phosphorylating and inactivating eEF2 kinase, which inhibits eEF2 activity by 

phosphorylation (Wang et al, 2001). 

S6 kinases contribute to translation regulation partly, via regulation of ribosome biogenesis. S6K1 

stimulates the rRNA transcriptional program in response to growth factors via phosphorylation of the 

rDNA transcription factor UBF (Hannan et al, 2003). Moreover, S6K1 is able to promote RNA 

polymerase I-dependent transcription in vitro (Mayer et al, 2004). Lastly, in a recent study, S6Ks were 

clearly shown to be indispensable for the proper transcription of about 75% of genes encoding 

ribosome biogenesis factors after feeding (Chauvin et al, 2013). 

Mammalian TORC1-regulated S6K activity has been linked to numerous cellular processes besides 

translation and ribosome biogenesis. For instance, they contribute to DNA damage response by 

modulating Mdm2 activity downstream of nutrient availability (Lai et al, 2010). Moreover, S6Ks 

promote cell survival via phosphorylation and inhibition of pro-apoptotic proteins (Harada et al, 

2001).     

The RSK (90 kDa ribosomal protein S6 kinase) Family of Protein Kinases 

The kinases responsible for the RAS/MAPK-dependent phosphorylation of Rps6 are the RSKs. 

Mammalian cells carry four isoforms: RSK1-4. S6K-double knockout cells still display residual 
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phosphorylation on Ser235 and Ser236 (Pende et al, 2004). Later, RSKs were found to be the kinases 

which phosphorylate these sites in vitro and in vivo (Roux et al, 2007).  Interestingly, RSKs contain 

two separate kinase domains, one at the C-terminus and the other at the N-terminus of the protein. 

The N-terminal kinase domain resembles the AGC kinase domain, whereas the C-terminal kinase 

domain is similar to the CAMK (Ca2+/ calmodulin-dependent protein kinase) family kinase domain. 

The N-terminal kinase domain appears to be the major functional kinase domain as it is required for 

the phosphorylation of all known substrates of RSKs (Romeo et al, 2012). All four isoforms of RSKs 

are primarily cytoplasmic just like S6 kinases. However, RSK1-3 are able to shuttle between the 

cytoplasm and nucleus in a stimuli-dependent manner (Chen et al, 1992; Zhao et al, 1995). RSK4 is 

the only isoform which does not translocate into the nucleus but rather remains cytoplasmic even 

upon mitogenic stimulation (Dummler et al, 2005). RSKs regulate various cellular processes such as 

transcriptional regulation, cell cycle progression, cell growth and survival by targeting a wide range of 

substrates (Romeo et al, 2012). The role of RSKs in translational regulation is partly due to 

phosphorylation of Rps6. RSK-dependent phosphorylation of Rps6 was implicated in cap-dependent 

translation (Roux et al, 2007). Accordingly, the recruitment of ribosomes to the 5’-cap complex is 

boosted by the phosphorylation of Rps6 on Ser235/236 by RSKs.       

Ypk3 

In budding yeast, Rps6 phosphorylation is conserved. However, the pathways signaling to Rps6 are 

still not elucidated. As mentioned earlier, Sch9 was proposed to be the S6K in yeast based on its 

ability to phosphorylate Rps6 in vitro (Urban et al, 2007). Nonetheless, in vivo evidence is still 

missing. In the meantime, phylogenetic analyses of TOR signaling pathway recently suggested that 

Ypk3 is the S6 kinase ortholog in Saccharomyces cerevisiae (van Dam et al). Besides, Psk1, the Ypk3 

ortholog in fission yeast, was recently shown to phosphorylate Rps6 in a rapamycin-sensitive manner 

(Nakashima et al, 2012). Ypk3 is a poorly characterized member of the AGC kinase family in budding 

yeast. The understanding of how Ypk3 is regulated remains limited. High-throughput studies 

supported by in vitro experiments revealed that Ypk3, itself, is a phosphoprotein which is targeted by 
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PKA (cAMP-dependent protein kinase A) (Budovskaya et al, 2005; Ptacek et al, 2005). Furthermore, it 

was shown that phosphorylation of Ypk3 by PKA was dependent on TORC1 in vivo (Soulard et al). The 

kinase domains and C-terminal domains of AGC kinases are highly conserved. Accordingly, there is 

42% homology between the kinase domains of Ypk1/2 and Ypk3, and 20% homology between their 

C-terminal domains. On the other hand, the N-terminal domains of Ypk3 and Ypk1/2 are rather 

divergent. Similarly, the kinase domains of Ypk3 and Sch9 share a 37% homology, while their C-

terminal domains have a 24% homology.  

Regulation of Translation Efficiency 

Wobble Decoding 

The universal genetic code is composed of 61 codons encoding for 20 amino acids and 3 termination 

codons, suggesting that some of the tRNAs recognize more than one codon. This is achieved by a so-

called wobble interaction of the first base of the anti-codon with multiple bases at the third position 

of the codon (Crick, 1966). tRNAs are post-transcriptionally modified at the wobble position by the 

Elongator complex to enable this interaction. In yeast, the Elongator complex consists of six major 

components, Elp1-6 in addition to other accessory components (Versees et al, 2010). Wobble 

decoding influences translation efficiency and fidelity as the repeats of the codons which require a 

wobble interaction on the third base can be “strongly inhibitory” to translation (Letzring et al, 2010). 

Moreover, it was recently shown that proper tRNA modifications and the wobble interactions at the 

codon-anticodon pairs were crucial for translational reprogramming and for survival under stress 

conditions (Fernandez-Vazquez et al, 2013).   

Tandem Amino Acid Repeats 

Another determinant of the translation efficiency is the amino acid repeats. Tandem amino acid 

repeats are common among eukaryotic proteins and enriched in transcription factors, DNA-binding 

proteins and signaling proteins (Alba & Guigo, 2004; Green & Wang, 1994; Mar Alba et al, 1999). The 

length of the repeats was proposed to affected translation efficiency (Feng et al, 1995; Usdin, 2008). 
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Moreover, in a recent study, Thomas Dever and his colleagues investigated how repeats of each 

amino acid affect the translation efficiency and showed that the repeats of arginine, cysteine and 

histidine impair translation, whereas glutamine and phenylalanine repeats enhances the translation 

rates (Gutierrez et al, 2013). The same study also revealed that the efficient translation of proline 

repeat motifs required a specific elongation factor, eIF5A. The role of eIF5a in translation elongation 

appeared to be conserved in prokaryotes (Doerfel et al, 2013; Ude et al, 2013).  In accordance, a 

recent study which analyzed a previous ribosome profiling dataset to identify what stalls ribosomes 

during translation concluded that repeats of positively charged residues (Arg, His and Lys) are the 

major players influencing the rate of translation (Charneski & Hurst, 2013).   

Reinitiation 

About 50% of mammalian mRNAs, 30% of plant mRNAs and 13% of yeast mRNAs contain at least one 

short upstream open reading frame (uORF) on their N-terminal ends (Jackson et al, 2010; Zhou et al, 

2010). Efficiency of translation of the downstream ORFs is very low in eukaryotes under normal 

conditions. However, the presence of short uORFs can be a means of regulation of translation of a 

downstream ORF under different conditions. To translate the downstream ORF, ribosomes initiate 

translation normally; however, the 40S subunit remains associated with the mRNA even after 

termination and continues scanning to resume translation on the following start codon. Availability 

of the ternary complex and the distance between the open reading frames are the main parameters 

affecting the efficiency of reinitiation. One well-studied example of reinitiation is the translation of 

GCN4 mRNA in yeast. Gcn4 is a transcription factor which is required for the transcription of amino 

acid biosynthetic genes upon amino acid starvation. The GCN4 mRNA contains four short upstream 

ORFs in its 5’-region. The first two uORFs are permissive for reinitiation, whereas the last two are 

inhibitory. Therefore, under normal conditions, the GCN4 ORF is not translated. In response to amino 

acid starvation, the increase in eIF2α phosphorylation leads to lower ternary complex concentration. 

Thus, the 40S subunit scans through the inhibitory uORFs and initiates translation on GCN4 ORF. 

Gcn2 is the primary regulator of eIF2α activity and thereby ternary complex availability in yeast. eIF3, 
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eIF4A and eIF4G have so far been characterized as the factors which permit efficient reinitiation 

(Poyry et al, 2004; Szamecz et al, 2008).    

Ribosomal Frameshifting 

Proper maintenance of the reading frame during protein synthesis is crucial for the fidelity of 

translation of genetic information into proteins. However, under special conditions, active ribosomes 

can be driven to shift by one base in 5’ (+1) or 3’ (-1) direction in response to specific cis-acting 

sequences on mRNA, a process called programmed ribosomal frameshifting (PRF) (Dinman, 2012). 

PRF is widely used by a variety of viruses as a mechanism to fine-tune the synthesis of multiple viral 

proteins. Recent studies suggest that PRF is also employed in regulation of gene expression in 

eukaryotes. Genome-wide analysis of putative PRF signals in yeast indicated that cellular PRF-

inducing signals frequently direct the ribosomes to a premature termination codon targeting the 

mRNAs for degradation via non-sense mediated mRNA decay or no-go decay pathways (Belew et al, 

2011; Jacobs et al, 2007). The translation elongation inhibitor anisomycin, which occupies the A-site, 

inhibits -1 PRF, whereas another inhibitor sparsomycin promotes it (Dinman et al, 1997). 

mRNA Degradation 

The major mRNA decay pathway in yeast begins with deadenylation of mRNAs, which is carried out 

by the Ccr4-Not complex. The Ccr4-Not complex is considered as the main deadenylase complex in 

yeast (Daugeron et al, 2001; Tucker et al, 2001).  Ccr4 and Pop2 are the two nuclease components of 

the complex with Ccr4 being the predominant one (Chen et al, 2002; Tucker et al, 2002). The other 

deadenylase complex in yeast is the Pan2/Pan3 complex, which is mostly involved in the proper 

adjustment of the length of poly(A) tails of newly synthesized mRNAs (Brown & Sachs, 1998). 

Deadenylation was proposed to be the rate-limiting step of this pathway (He & Parker, 1999), 

thereby suggesting that regulation of mRNA deadenylation can be an important means of regulating 

mRNA degradation. The deadenylation step is followed either by 3’→5’ decay by the exosome or by 

the decapping step. Decapping is mediated by the decapping enzymes Dcp1 and Dcp2 with the help 
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of several accessory proteins such as Sm-like (Lsm) proteins, Edc proteins, the DExD/H-box RNA 

helicase Dhh1 and Pat1 (Mrt1) (LaGrandeur & Parker, 1998; Parker & Song, 2004). Subsequently, 

deadenylated and decapped mRNAs are degraded by the 5’→3’ exonuclease Xrn1 (Figure 5). 

 

Figure 5. The major mRNA degradation pathway in budding yeast (Tourriere et al, 2002) 

Like many other cellular processes, the mRNA decay pathway is also responsive to changes in the 

extracellular environment. As an example, mRNA decay rates change depending on the availability of 

glucose in yeast (Jona et al, 2000). More specifically, the stability of yeast ribosomal protein mRNAs is 

affected by both mild heat shock and glucose (Herruer et al, 1988; Yin et al, 2003). Exposure of the 

cells to stress conditions such as heat shock or hyperosmolarity inhibits mRNA degradation in 

mammalian cells as well (Gowrishankar et al, 2006).  

The Ccr4-Not Complex  

The Ccr4-Not complex is a conserved, essential, multi-functional complex, which is composed of nine 

core proteins (Not1, Not2, Not3, Not4, Not5, Ccr4, Pop2, Caf40 and Caf130) in yeast (Figure 6) (Chen 
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et al, 2001; Collart & Panasenko, 2012; Liu et al, 1998). Not1 is the scaffold protein of the complex 

(Maillet et al, 2000). Despite the fact that all these proteins are found in the same complex, different 

subunits play diverse roles in the regulation of gene expression. The first role attributed to the 

complex was in transcription. Whole genome microarray analysis indicated that deletion of CCR4, 

POP2, NOT3, NOT4, NOT5, CAF40 or CAF130 had a global effect on mRNA expression (Cui et al, 

2008). In fact, Ccr4 was first identified as a transcription factor involved in the expression of the 

glucose-repressible alcohol dehydrogenase II (ADHII) (Denis, 1984). Similarly, Not proteins were 

initially defined as transcriptional repressors (Collart & Struhl, 1994; Oberholzer & Collart, 1998). 

More recently, the Ccr4-Not complex was linked to the promotion of transcription elongation (Kruk 

et al, 2011). However, although the first impression created by all these findings was that the 

complex was a global transcription regulator, versatile roles have been ascribed to the individual 

proteins found in the complex during the following years. For instance, Ccr4 and Pop2 were found to 

be “the major cytoplasmic mRNA deadenylases” in budding yeast (Tucker et al, 2001). The roles of 

Ccr4 and Pop2 are also conserved in higher eukaryotes (Bianchin et al, 2005; Yamashita et al, 2005). 

Ccr4 and Pop2 turned out to be members of the ExoIII family and the RNaseD family of nucleases, 

respectively (Daugeron et al, 2001; Dlakic, 2000).  However, rather than being an active nuclease in 

the cell, Pop2 mostly functions as the link between Ccr4 and the rest of the complex (Tucker et al, 

2002). Deletion of the CCR4 gene produces a variety of phenotypes such as a strong defect in 

deadenylation, an increase in cell size, hypersensitivity to rapamycin, caffeine, SDS, and high/low 

temperatures (Coller et al, 2001; Huber et al, 2009; Manukyan et al, 2008). Deletion of POP2 results 

in similar phenotypes such as temperature-sensitive growth, caffeine sensitivity and extended 

survival in stationary phase (Moriya et al, 2001). Beside its role in global deadenylation, Ccr4 plays 

various roles in specific processes in the cell by regulating deadenylation rates of specific mRNAs. For 

instance, a genome-wide analysis of mRNA decay rates revealed that although Ccr4 is a global 

regulator of mRNA stability, it shows some preference towards the mRNAs encoding ribosome 

biogenesis factors (Grigull et al, 2004). Moreover, Ccr4 was shown to contribute to septin 
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organization presumably via regulating the length of poly(A) tails of mRNAs encoding proteins 

involved in septin assembly (Traven et al, 2009). In accordance with this role, cells deleted for the 

CCR4 gene exhibit defects in septin morphology in a Cdc28-inhibitory kinase Swe1-dependent 

manner. Ccr4 also modulates the half-life of Whi5 mRNA, which encodes for a repressor of G1 

transcription, thereby affecting cell size-dependent cell cycle progression (Manukyan et al, 2008).  

 

Figure 6. Composition of Ccr4-Not complex in Saccharomyces cerevisiae (Collart & Panasenko, 2012)   

The question of how specific mRNAs are targeted by Ccr4 leads us to the RNA-binding proteins. One 

of the RNA-binding protein families whose members are known to recruit the Ccr4-Not complex to 

mRNAs is the evolutionary conserved Pumilio (PUF) family. In budding yeast, there are six members 

of this family. PUF proteins bind to the 3’-untranslated region of mRNAs so as to regulate their 

stability (Wickens et al, 2002). More specifically, Puf2, Puf4 and Puf5 recruit the Ccr4-Not complex 

through their direct interaction with Pop2 (Goldstrohm et al, 2006; Goldstrohm et al, 2007; Hook et 

al, 2007).   

Pop2 was shown to be engaged in cell cycle progression. Under conditions where cells were starved 

for glucose, Pop2 was found to be phosphorylated on residue Thr 97 by Yak1 promoting G1 arrest 

(Manukyan et al, 2008). In the absence of glucose, Yak1 is localized in the nucleus suggesting that 

phosphorylation of Pop2 under this condition takes place in nucleus. In mammalian cells, the human 
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homolog of Pop2, hCAF1 was found to shuttle between the cytoplasm and the nucleus in a cell cycle-

dependent manner (Morel et al, 2003). Altogether, these findings suggest that regulation of Pop2 

localization might be a means of regulating its activity. There is no evidence to imply that Ccr4 also 

shuttles between the cytoplasm and the nucleus in a similar manner to Pop2. However, Ccr4 was also 

implicated in proper cell cycle progression in previous studies (Liu et al, 1997). Expression of CCR4 

and POP2 seemed to be modulated through the cell cycle. Moreover, Ccr4 and Pop2 were found to 

interact with a cell cycle-regulated kinase Dbf2 in vivo (Liu et al, 1997).   

Beyond deadenylation, the Ccr4-Not complex has also been found to possess ubiquitin ligase activity. 

The first clue for a role of the Ccr4-Not complex in protein ubiquitination came from mammalian 

studies where the human ortholog of Not4, CNOT4 was shown to function as an E3 ubiquitin ligase 

(Albert et al, 2002). Subsequently, E3 ligase activity of Not4 in budding yeast was also proven in vitro 

and in vivo (Mulder et al, 2007a; Mulder et al, 2007b; Panasenko et al, 2006). Lastly, functions of 

other Ccr4-Not components remain to be fully described. Not2, Not4 and Not5 seemed to be 

required for the efficient decapping of EDC1 mRNA (Muhlrad & Parker, 2005). However, the 

mechanism of this regulation requires further investigation. Not2 has a conserved role in the 

maintenance of the structural integrity of the Ccr4-Not complex (Ito et al, 2011a; Russell et al, 2002). 

The specific roles of Caf40 and Caf130 in cell remain to be elucidated. 

How the Ccr4-Not complex is regulated has so far remained nebulous. As mentioned before, Pop2 is 

phosphorylated by the Yak1 kinase upon glucose starvation (Moriya et al, 2001). In addition to Pop2, 

Not3 and Not5 are phosphoproteins which become hyper-phosphorylated in a Rim15/Yak1/PKA-

dependent manner when cells are depleted for glucose (Lenssen et al, 2005). Mass spectrometry 

analysis of the Ccr4-Not complex revealed phosphorylation sites on Not1, Pop2 and Not4 (Lau et al, 

2010). However, the functional significance of these phosphorylation events is still not understood.        
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Processing Bodies and Stress Granules 

Attempts to characterize specific sites for mRNA degradation in the cell led to the characterization of 

processing bodies (P-bodies). Parker and his group defined P-bodies as “discrete cytoplasmic foci” 

where mRNA decapping and 5’-to-3’ degradation take place (Sheth & Parker, 2003). The core of P-

bodies consists of Ccr4, Pop2 and the decapping enzymes Dcp1/Dcp2 together with Edc3, Pat1, 

Dhh1, the Lsm1-7 complex, and Xrn1 (Balagopal & Parker, 2009). mRNAs and Nonsense Mediated 

Decay-related proteins are also found in P-bodies. In yeast, Edc3 is used as a marker of P-bodies 

given that a self-interaction domain of Edc3 is important for the assembly of P-bodies as well as an 

asparagine-glutamine rich domain of Lsm4 (Decker et al, 2007). P-bodies are not visible under the 

microscope under normal conditions. However, their assembly is strongly induced under a variety of 

stress conditions such as glucose deprivation, salt and heat stress (Balagopal & Parker, 2009; Shah et 

al, 2013). Although P-bodies were initially defined as the sites of mRNA degradation, mRNA 

degradation seemed to continue without any observable defect in the absence of P-bodies. These 

findings suggest that P-bodies are more likely to play specific roles under different stress conditions.  

Stress granules are another well-studied cytoplasmic RNP complex. In addition to proteins which are 

shared with P-bodies, stress granules contain a number of translation initiation factors, the 40S 

ribosomal subunit and Pab1, the poly(A) binding protein (Anderson & Kedersha, 2008). Stress 

granules were proposed to be the sites for mRNA storage (Yamasaki & Anderson, 2008). Similarly to 

P-bodies, stress granules are induced in response to various stresses as well as to inhibition of 

translation initiation.    

Recently, Protein Kinase A (PKA) was found to be the major regulator of P-body formation partly via 

its role in the phosphorylation of Pat1 (Ramachandran et al, 2011; Shah et al, 2013). TORC1 did not 

seem to be involved in this process as neither rapamycin nor nitrogen-source deprivation induced P-

body formation (Ramachandran et al, 2011). Neither PKA nor TORC1 affect the assembly of stress 

granules (Shah et al, 2013). In accordance with the findings in yeast, rapamycin treatment does not 
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induce stress granule formation in mammalian cells (Brown et al, 2011). However, inhibition of 

mTORC1 with ATP-competitive inhibitors like Torin1 and pp242 as well as with siRNAs directed to 

mTOR or Raptor led to the formation of stress granules in an eIF4E pathway-dependent manner 

(Fournier et al, 2013). Furthermore, treatment of mammalian cells with wortmannin efficiently 

promoted stress granule formation through the inhibition of another PIKK family member SMG1 

(Brown et al, 2011). In yeast, phosphorylation of the decapping enzyme Dcp2 by Ste20 was shown to 

be required for the recruitment of Dcp2 to P-bodies and efficient assembly of stress granules under 

stress conditions (Yoon et al, 2010). Even though evidence to support the role of TORC1 in stress 

granule formation in yeast is still missing, a recent study proposed that stress granules regulate 

TORC1 activity. Interestingly, TORC1 was found to be sequestered in stress granules induced by heat 

stress (Takahara & Maeda, 2012). Recruitment of TORC1 into stress granules appears to be a means 

of suppressing TORC1 activity and delaying its reactivation during recovery, eventually contributing 

to the protection of the cells from heat stress-dependent cellular damage. Intriguingly, this 

mechanism is conserved in higher eukaryotes. The dual specificity kinase DYRK3, putative homolog of 

Yak1 kinase, plays a crucial role in the sequestration of mTORC1 in stress granules in mammalian cells 

(Wippich et al, 2013). Another recently identified negative regulator of mTORC1 called Astrin was 

also shown to be involved in the recruitment of Raptor to the stress granules (Thedieck et al, 2013). 

Yet, the details of the mechanisms responsible for regulation of P-bodies and stress granules, and the 

functional importance of these mRNP complexes require further investigation.  

Research Project 

The major goal of this study is to reach a better understanding of the events downstream of 

TORC1/2. More specifically, we wanted to address how the fate of mRNA in the cell is regulated by 

the TOR complexes. To achieve this goal, we focused on the regulation of the major deadenylase 

Ccr4 and the small ribosomal subunit protein S6 through phosphorylation in a TORC1- and/or TORC2-

dependent manner.  
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Article and Results 

Section I. Regulation of Stb3, Dot6 and Tod6 by Sch9 

Analysis of the rapamycin-responsive phosphoproteome had revealed Stb3, Dot6 and Tod6 as Sch9-

dependent TORC1 effectors (Huber et al, 2009). In this follow-up story, we elucidated the mechanism 

by which Sch9 regulates ribosome biogenesis via these three transcriptional repressors. 

Dot6 and Tod6 were previously characterized as Myb-like HTH transcription factors, which preferably 

bind to the PAC (Polymerase A and C) element commonly found in Ribi gene promoters (Lippman & 

Broach, 2009; Wade et al, 2006; Zhu et al, 2009). Stb3, on the other hand, binds to RRPE (rRNA 

processing elements) elements enriched again in Ribi gene promoters (Liko et al, 2007; Wade et al, 

2006). Here, we demonstrated that Dot6/Tod6 abrogates the Ribi gene expression by recruiting the 

RPD3L histone deacetylase complex, whereas, Stb3 repressed not only the expression of Ribi genes 

but also the expression of RP genes, also by recruiting RPD3L. Moreover, Sch9 contributed to this 

process by inhibiting these three transcription factors via direct phosphorylation, and thereby 

promoting ribosome biogenesis.  

Altogether, these data helped us to further understand the complex mechanisms by which TORC1 

and Sch9 regulate ribosome biogenesis. 

Personal contributions to the article: 

Figure S5A: Protein extraction and analysis of protein levels of HA-tagged Stb3 by western blotting 

Figure S6C: Protein extraction and analysis of protein levels of HA-tagged Dot6 and Tod6 proteins by 

western blotting   
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Section II. Characterization of Ccr4 as a Downstream Effector of TORC1 

TORC1-dependent Phosphorylation of Ccr4 and Pop2 

In various large-scale studies, deletion strains of some components of the mRNA decay pathway such 

as Ccr4, Pop2, Dhh1 or Pat1 were found to be hypersensitive to rapamycin (Dudley et al, 2005; Huber 

et al, 2009; Xie et al, 2005). To probe this further, we compared the growth phenotypes of these 

strains in the presence of rapamycin or at different temperatures. The results showed that ccr4, pop2 

and pat1 strains exhibit similar sensitivities to rapamycin and cold temperature, whereas the dhh1 

strain is relatively resistant, but still more sensitive to stress conditions than the wild type strain 

(Figure 7A). In contrast to the other strains, the pop2 strain showed hypersensitivity to high 

temperature suggesting that different components of the mRNA degradation pathway have both 

related and distinct roles in the cell. Furthermore, we showed that overexpression of Ccr4 and Pop2 

also render the cells hypersensitive to rapamycin (Figure 7B) implying that fine-tuned levels of these 

proteins are important for proper cellular functioning.                                                                                   

 

Figure 7. Phenotypes associated with deletion and overexpression of CCR4 and POP2.  

(A-B)Ten-fold dilutions of the indicated strains were spotted on YPD or YPGal with or without 

rapamycin and grown for 2-3 days. 

 

In a recent study published by our laboratory, phosphoproteomes of rapamycin- and vehicle-treated 

cells were compared with the aim of finding novel downstream elements of TORC1-signaling 



54 
 

pathway (Huber et al, 2009).  In this study, two rapamycin-responsive phosphopeptides were 

mapped to Ccr4 and Pat1. For further investigation of the rapamycin effect on these proteins, we 

analyzed their electrophoretic mobility in SDS-PAGE gel and showed that Ccr4 tagged with three HA-

epitopes migrated as one slower band on the gel upon rapamycin and wortmannin treatments which 

inhibit TORC1. Cycloheximide treatment, which activates TORC1, resulted in a collapse into one 

faster migrating band (Figure 8A). However, we did not detect any change in the migration pattern of 

Pat1 (Yıldız Koca & Michael Stahl, unpublished data). That the changes in the electrophoretic mobility 

of Ccr4 were indeed due to the changes in its phosphorylation status was further confirmed by 

abolishment of the effect following phosphatase treatment (Figure 8B). 

 

Figure 8. Rapamycin-sensitive phosphorylation of Ccr4 and Pop2 

(A) Wild type cells expressing the indicated tagged proteins were grown in YPD to exponential 

phase and treated with either rapamycin (Rap), wortmannin (WN), cycloheximide (CHX) or 

sodium chloride (NaCl) for 20min. Anti-HA antibody was used for the detection of HA-tagged 

proteins. (B) Following the native preparation of the total extract, HA-tagged Ccr4 was 

immunoprecipitated using an anti-HA antibody. Three aliquots were prepared and were 

treated with either water, lambda phosphatase (PP) or lambda phosphatase with 

phosphatase inhibitor mix (PPi). 

 

The deadenylation step was proposed to be the rate-limiting step of mRNA decay (He & Parker, 

1999), suggesting that regulation of mRNA deadenylation can be an important means of regulation of 

gene expression.  Taking all these into account, we decided to focus on the regulation of Ccr4 and 

Pop2 by TORC1. Pop2 displayed a very similar migration pattern to that of Ccr4 on the gel; 

hyperphosphorylation upon rapamycin and wortmannin, and dephosphorylation after cycloheximide 

treatment (Figure 8A). A time course of rapamycin treatment showed that hyperphosphorylation of 

Ccr4 was stable for up to two hours; however the protein, itself, was not (Figure 9A).  Interestingly, 
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the phosphorylation status of Pop2 seemed to change throughout the time course (Figure 9A). Given 

that TORC1 is regulated by a variety of nutrient sources, we investigated whether Ccr4 and Pop2 

phosphorylation levels were responsive to changes in nutrient levels. As expected, both proteins 

became hyperphosphorylated under carbon- and nitrogen-source starvation conditions (Figure 9B-C).   

 

Figure 9. Phosphorylation of Ccr4 and Pop2 is regulated by rapamycin and nutrients. 

(A) Exponentially growing cells were treated with 200nM rapamycin for the indicated time 

points. (B-C) Prototroph strains were grown in YNB(-N) with 2% glucose and 0.2% glutamine. 

First samples were collected as cells entered exponential growth phase. The rest of the cells 

were spun down, washed once and resuspended in YNB(-N) with either 0.2% glutamine or 2% 

glucose. Samples were collected following 20 minutes of incubation at 30°C. The rest of the 

cultures were split into two and treated with water or 2% glucose / 0.2% glutamine. After 20 

minutes of incubation, all the samples were collected and treated with TCA to freeze 

metabolism prior to protein extraction.    

 

Besides their well-defined roles in mRNA deadenylation, Ccr4 and Pop2 are known to be a part of a 

larger protein complex, the Ccr4-Not complex. Next, we wanted to see whether other proteins in the 

complex possessed rapamycin-dependent phosphorylation as well. Not4 and Not5 also displayed 

slower migration on the gel upon rapamycin treatment just like Ccr4 and Pop2 suggesting that the 

complex, itself, could be a target of TORC1 signaling pathway (Figure 10). 
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Figure 10. The Ccr4-Not complex as a target of TORC1 

Exponentially growing cells with the indicated tagged-proteins were treated with 200nM 

rapamycin for 20 minutes. 

 

Identification of the Components of TORC1 Pathway Involved in Ccr4/Pop2 Regulation 

To further investigate the mechanism by which TORC1 controls Ccr4 and Pop2, we started to seek 

other components involved in this regulation. We first checked whether Ccr4 or Pop2 regulation was 

downstream of the known effectors of TORC1. Thus, we benefited from the SCH9DE allele which 

renders the protein able to function independently from TORC1 (Urban et al, 2007), and the tip41 

strain which partially overcomes the rapamycin-dependency of Tap42-branch of TORC1 signaling 

pathway (Jacinto et al, 2001). We showed that rapamycin-dependent phosphorylation of Pop2 was 

mediated by Sch9 (Figure 11A). However, Sch9 dependency of Ccr4 phosphorylation upon rapamycin 

was only partial. Thereafter, we followed a biased approach to address the other kinases responsible 

for the phosphorylation of Ccr4 and Pop2. Thus, we focused on the kinases which were previously 

implicated in either TORC1 signaling or the Ccr4-Not complex function such as Yak1 (Moriya et al, 

2001), Hsl1 (Traven et al, 2009), Dbf2 (Liu et al, 1997), Mck1, Kns1 (Lee et al, 2012) and Rim15 (Wei 

et al, 2008). We compared the electrophoretic mobility of Ccr4 and Pop2 in the deletion backgrounds 
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of the aforementioned kinases before and after rapamycin treatment. The absence of Rim15 resulted 

in the abolishment of rapamycin-dependent phosphorylation of Pop2 (Figure 11B) suggesting that 

Rim15 mediates the signal from TORC1 to Pop2. However, whether Rim15 is the kinase which 

directly phosphorylates Pop2 following the inhibition of TORC1 activity requires further investigation. 

No effect was detected in the deletion backgrounds for any other proteins tested (data not shown). 

We could confirm the role of Yak1 in phosphorylation of Pop2 upon glucose deprivation as published 

before but found no role for Yak1 upstream of Ccr4 (Figure 11C) (Moriya et al, 2001). Glucose-

dependent phosphorylation of Ccr4 or Pop2 did not seem to be dependent on Sch9 suggesting that 

independent pathways regulating these phosphorylation events under different conditions (Figure 

11D). Similarly, salt-dependent phosphorylation of Ccr4 was not mediated by Sch9 leaving open the 

question of which physiological condition regulates TORC1-dependent hyper-phosphorylation of 

Ccr4/Pop2 (Figure 11E).   
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Figure 11. Sch9 contributes to rapamycin-dependent phosphorylation of both Ccr4 and Pop2. 

(A-B) Indicated strains were treated with 200nM rapamycin or vehicle for 20 minutes. (C-D) 

When the cells reached exponential growth phase in YPD, the first set of samples were 

collected and treated with TCA. Following washing, cells were resuspended in YP and 

incubated for 20 minutes, and then cells were treated with 2% glucose and incubated for 

another 20 minutes. (E) Indicated strains were treated with 0.5M sodium chloride for 10 or 30 

minutes.  

 

Identification of the Rapamycin-sensitive Phosphorylation Sites on Ccr4 and Pop2 

Next, we mapped the phosphorylation sites in TAP-tagged Ccr4 and Pop2 purified from rapamycin- or 

vehicle-treated samples by mass spectrometry.  Three rapamycin-responsive phosphorylation sites 

were identified in Ccr4, whereas only one phosphorylation site was found in Pop2 (Figure 12A). The 

three sites in Ccr4 were found to be in close proximity to the central domain which includes several 

tandem copies of a leucine-rich-repeat domain (Malvar et al, 1992). This domain was proposed to be 

required for the interaction with Pop2, other components of the Ccr4-Not complex and also other 

potential binding partners (Draper et al, 1995; Liu et al, 2001) suggesting that TORC1-dependent 

phosphorylation of Ccr4 may be regulating its interaction with its binding partners. The single 

phosphorylation site in Pop2 was found to reside in the N-terminus of the protein.  
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Conversion of serine 278 to alanine abolished the phosphorylation of Ccr4, but we still observed a 

very slight response to rapamycin (Figure 12B). Therefore, we also mutated two more residues which 

came out in the mass spectrometry analysis, and are in close proximity to serine 278. In this case, 

Ccr4 appeared to lose all the phosphorylation under normal conditions, and also its 

hyperphosphorylation upon rapamycin (Figure 12B).  

 

Figure 12. Rapamycin-sensitive phosphorylation sites on Ccr4 and Pop2 

(A) TAP-tagged Ccr4 and Pop2 strains were treated with 200nM rapamycin for 20 minutes 

once they reached the exponential growth phase. Subsequently, proteins were extracted and 

tagged proteins were immunoprecipitated using IgG-coupled beads. Immunoprecipitated 

proteins were separated by SDS-PAGE gel and stained with coomassie. The bands 

corresponding to TAP-tagged Ccr4 and Pop2 were cut out and sent to Gustav Ammarer’s 

laboratory in Vienna for mass spectrometric analysis of the phosphorylation sites.  (B) The 

relevant phosphosites on Ccr4 were substituted with alanine using PCR-based techniques. The 

cells bearing the indicated plasmids were treated with 200nM rapamycin or 25μg/ml 

cycloheximide for 20 minutes.  

 

However, this non-phosphorylatable version of Ccr4 (Ccr43A) seemed to function like the wild-type 

protein upon rapamycin since the expression of Ccr43A was able to rescue the rapamycin-

hypersensitive phenotype of ccr4 strain (Figure 13). We also mutated these 3 phosphorylation sites 

into glutamate so as to obtain a phosphomimetic form of the protein and we sought out growth 
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phenotypes of these mutants under a variety of conditions. Deletion of CCR4 rendered the cells 

hypersensitive to rapamycin, cycloheximide, low temperature and use of raffinose as a carbon 

source; however, all these sensitivities could be rescued by the expression of either of wild type, 

non-phosphorylatable or phosphomimetic alleles of CCR4, suggesting that phosphorylation of Ccr4 

has no clear role in these conditions (Figure 13). 

 

Figure 13. Ccr4 phosphomutants behave like the wild type under different stress conditions. 

Growth abilities of the indicated strains under different conditions were analyzed with spot 

assay. The plates were kept for 2-3 days at 30°C (if not indicated otherwise). 

 

Regulation of Ccr4 by the Casein Kinase I isoform, Yck1 

The phosphorylation site Ser281 which we mapped on Ccr4 is found in a recognition motif for Casein 

Kinase I; S(P)XXS* (S(P) stands for a phosphoserine whereas S* is the residue targeted by the kinase.) 

(Kennelly & Krebs, 1991; Stark et al, 2010). Thus, we tested whether Casein Kinase I has a role in Ccr4 

phosphorylation. In budding yeast, there are three isoforms of casein kinase I: Yck1, Yck2 and Yck3. 

Combinatorial deletion of YCK1 and YCK2 is lethal suggesting that Yck1 and Yck2 share redundant 
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functions (Wang et al, 1992).  However, we observed that deletion of YCK1 - but not that of YCK2 or 

YCK3 (data not shown) - led to a decrease at the phosphorylation level of Ccr4 (Figure 14A). Casein 

kinase I was previously shown to alter septin assembly (Robinson et al, 1999). Similarly, Ccr4 

regulates the stability of a number of proteins involved in septin assembly, thereby contributing to 

proper septin organization (Traven et al, 2009). Thus, we asked the question whether kinases 

involved in septin organization such as Elm1 and Swe1 also affected the levels of Ccr4 

phosphorylation. We found that deletion of SWE1 gene abolished the rapamycin-dependent 

phosphorylation of Ccr4 (Figure 14A). In contrast, the deletion of ELM1 resulted in constitutive 

hyperphosphorylation of Ccr4. Our observation was in accordance with the previous studies which 

had characterized Elm1 as a negative regulator of Swe1 (Ma et al, 1996; Sreenivasan & Kellogg, 

1999). Accordingly, Elm1 is responsible for the hyper-phosphorylation of Swe1 in a mitosis-specific 

manner (Sreenivasan & Kellogg, 1999). Given the role of casein kinase 1, Swe1 and Elm1 in septin 

organization and cell cycle progression, we checked whether the phosphorylation of Ccr4 was 

regulated in a cell-cycle dependent manner. Preliminary experiments showed that levels of Ccr4 

phosphorylation changed through one cycle of mitotic division (Figure 14B). Next, we investigated for 

any possible role for the phosphorylation of Ccr4 in cell cycle progression. However, the cells 

expressing wild type, non-phosphorylatable or phosphomimetic CCR4 allele did not exhibit any 

difference in the cell cycle progression as assessed by the FACS analysis of the DNA content upon 

release from G1 arrest by alpha factor (data not shown). 
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Figure 14. Rapamycin-dependent phosphorylation of Ccr4 is mediated by Swe1, Yck1 and Elm1. 

(A) Indicated strains were treated with 200nM rapamycin or vehicle for 20 minutes prior to 

the TCA treatment and western analysis. (B) Exponentially growing cells were treated with 

mating factor alpha for 4hours to arrest the cell cycle in G1. Then, the cells were gently 

washed and resuspended in fresh medium to release the cells from the cell cycle arrest. 

Following release, samples were collected at the indicated time points. Samples were also 

collected for FACS analysis to follow the progression of the cell cycle. 

 

Ccr4 Phosphorylation and Its Role in the Regulation of the Stability of Ribosomal Protein 

mRNAs 

It is well documented that TORC1 regulates ribosome biogenesis through the control of transcription 

of ribosomal protein (RP) mRNAs (De Virgilio & Loewith, 2006). Considering that mRNA levels are 

controlled by both transcription and mRNA decay rates, we hypothesized that TORC1 may also 

regulate the stability of RP mRNAs. Based on the previous observations showing that under stress 

conditions Ccr4 has a preference for transcripts encoding ribosome biogenesis factors and ribosomal 

proteins (Grigull et al, 2004), we speculated that the regulation of RP mRNA stability by TORC1 may 

be mediated by Ccr4. To test this hypothesis, we focused on a number of RP mRNAs (Rps4, Rpl3 and 

Rpl21a) which were shown to be stabilized by glucose (Yin et al, 2003). We also tested mating 

pheromone a-factor (Mfa2) and 3-phosphoglycerate kinase (Pgk1) mRNAs, whose stability are not 

affected by rapamycin treatment for short-time points that we used (Albig & Decker, 2001). To test 

the deadenylation levels of our candidate mRNAs, we decided to perform the ligation- mediated 
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poly(A)-test (LM-PAT), which is an RT-PCR-based method (Salles & Strickland, 1995).  In this assay, 

the product size is a direct reflection of the length of poly(A) tail length of specific mRNAs. Our 

results showed that, as anticipated, poly(A) tail lengths of both Mfa2 and Pgk1 mRNAs were not 

responsive to rapamycin, but highly sensitive to deletion of CCR4 or POP2. Strikingly, all three RP 

mRNAs that we tested were highly sensitive to rapamycin in view of the rapid deadenylation of these 

mRNAs upon rapamycin (Figure 15). However, this response did not seem to be dependent on Ccr4.  

 

Figure 15. RP mRNAs become deadenylated upon rapamycin in a Ccr4-independent manner. 

Poly(A) tail lengths of the indicated mRNAs were analyzed with LM-PAT technique using 

specific primers.   

 

TORC1 was proposed to regulate transcription of ribosomal proteins via a corepressor Crf1 (Martin et 

al, 2004). We compared the deadenylation rates of Rps4, Rpl3 and Rpl21a mRNAs following inhibition 

of TORC1 in wild type and crf1Δ strains in order to ensure that deadenylation of these mRNAs upon 

rapamycin is not an indirect effect due to inhibition of their transcription. None of the poly(A) tails 

which we tested showed any shortening difference between the wild type and the crf1Δ strains 

(Figure 16A). However, deletion of the CRF1 gene did not block the repression of RP gene 
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transcription as assessed by quantitative real time-PCR in contrast to what was reported before (data 

not shown). 

Rpd3 histone deacetylase was also shown to be required for TORC1-dependent repression of RP 

transcription (Huber et al, 2011; Humphrey et al, 2004).  Thus, we compared the deadenylation of 

Rpl3 upon rapamycin in wild type, rpd3Δ and sds3Δ strains. Sds3 is a component of the RPD3L 

deacetylase complex (Carrozza et al, 2005). In the deletion strains, rapamycin-dependent 

deadenylation of Rpl3 mRNA was repressed in a manner correlating with the extent of loss of 

transcription (Figure 16B-C). With these results, we concluded that deadenylation of the RP mRNAs 

upon inhibition of TORC1 is an indirect consequence of repression of their transcription.          

 

Figure 16. Shortening of poly(A) tails of RP mRNAs upon rapamycin is due to inhibition of transcription. 

(A-B) Exponentially growing cells were treated with 200nM rapamycin and samples were 

collected at the indicated time-points. Following RNA extraction and cDNA synthesis, 

deadenylation of the indicated mRNAs were analyzed with LM-PAT. (C) Total mRNA levels 

were measured with quantitative Real Time-PCR using the same cDNA samples used for LM-

PAT analysis.  

 

Aro4 is an enzyme involved in the catalysis of the initial step of aromatic amino acid biosynthesis. 

Aro4 mRNA is destabilized in a rapamycin-dependent manner due to the accelerated shortening of 

the poly(A) tail (Albig & Decker, 2001).  We confirmed that Aro4 mRNA was deadenylated upon 

rapamycin, however, in a Ccr4-independent manner (Figure 17A). Thereafter, we employed a 
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tetracycline-dependent activator/repressor dual system to inhibit expression of the ARO4 gene and 

to measure the half-life of Aro4 mRNA (Belli et al, 1998). In this system, addition of tetracycline 

promotes the binding of a repressor to the ARO4 promoter and also suppresses the binding of an 

activator, thereby providing an acute and specific inhibition of transcription of the gene of interest 

(Figure 17B). Thus, we tested whether Aro4 mRNA levels were sensitive to rapamycin as previously 

reported. In contrast to what was proposed, we found that treatment of the cells with rapamycin led 

to an extension of the Aro4 mRNA half-life (Figure 17C). Similarly, deletion of the CCR4 gene resulted 

in an increase of its half-life. Deletion of CCR4 and rapamycin treatment had additive effect on 

stabilization of Aro4 mRNA, suggesting that rapamycin-dependent increase is independent of Ccr4. 

This experiment led us to propose that TORC1 plays a role in the Aro4 mRNA stability, but the 

mechanism of this regulation still remains to be elucidated. 
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Figure 17. Half-life of Aro4 mRNA is sensitive to rapamycin treatment. 

(A) The indicated strains were treated with 200nM rapamycin or vehicle. LM-PAT was 

performed to analyze poly(A) tail lenghts of the mRNA with specific primers. (B) The cartoon 

depicts the dual-tet system which we employed to inhibit the transcription of the gene of 

interest so as to study the mRNA half-lives. tTA: the tetracycline transactivator; tetR’-Ssn6: 

the tetracycline repressor fused to the yeast repressor protein Ssn6; tetO7: the tetracycline 

operator sequence. (C) Prior to inhibition of transcription with doxycycline (5μg/ml), the 

indicated strains were treated with 200nM rapamycin or the vehicle for 30 minutes. mRNA 

levels at specific time-points were determined with qRT-PCR using specific primers. Aro4 

mRNA levels were normalized to Pgk1 mRNA levels. 

 

  

We also measured the mRNA levels of a number of candidate genes during rapamycin treatment in 

cells expressing either wild type, phosphomutant or phosphomimetic alleles of CCR4. Rps2, Rpl3 and 

Aro4 mRNA levels decreased in response to rapamycin with the same kinetics in all three strains 

(Figure 18). On the contrary, Hsp26 levels increased following inhibition of TORC1. However, again, 
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no significant difference was observed in the mutant cells compared to the wild type cells, suggesting 

that Ccr4 phosphorylation has no obvious role in the regulation of these specific mRNAs. 

 

Figure 18. Rapamycin-dependent changes in Hsp26, Rps2, Rpl3 and Aro4  mRNA levels are not affected by 

Ccr4 phosphorylation.  

Cells with plasmids expressing wild type or mutant alleles of CCR4 were treated with 

rapamycin and the samples were collected at the indicated time-points. Following phenol-

extraction of RNA and cDNA synthesis, mRNA levels of the indicated mRNAs were measured 

with qRT-PCR. 

   

Ccr4 Phosphorylation and P-body Formation 

Next, we investigated a potential role for Ccr4 phosphorylation in the formation of P-bodies. Edc3 is a 

non-essential protein involved in the decapping step of the mRNA decay pathway and is used as a 

marker of P-bodies (Balagopal & Parker, 2009). We induced P-body formation by starving the cells for 

glucose. Although we observed the localization of Edc3 into cytoplasmic foci, expression of different 

CCR4 alleles had no clear effect on this process (Figure 19A). In our hands, we could not detect the 
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formation of the stress granules under these conditions even in wild type cells. Therefore, the 

question of whether Ccr4 phosphorylation affects stress granule formation remains to be further 

investigated. As shown before (Ramachandran et al, 2011), rapamycin did not induce P-body 

formation and different forms of Ccr4 had no effect on this observation (Figure 19B). We also 

localized Ccr4 in cells grown under glucose-rich and glucose-starved conditions by GFP tagging. Ccr4 

seemed to disperse throughout the cytoplasm and the nucleus, and starvation for glucose did not 

significantly alter this localization neither in wild type nor in mutant cells (data not shown).  

 

Figure 19. Phosphorylation status of Ccr4 does not affect the P-body formation. 

(A) The indicated strains were grown to exponential growth phase in synthetic media with 2% 

glucose. Then, the cultures were split into two cultures containing or lacking glucose and 

incubated further for 20 minutes.  Following formaldehyde fixation (4%, 20min), P-body 

formation was analyzed by using a Zeiss AXIOZ1 microscope. (-) 10μm  

 

P-bodies are known to be important for cells survival at stationary phase (Shah et al, 2013). Hence, in 

parallel, we investigated whether Ccr4 phosphorylation influences the survival of long-term 

quiescent cells. We kept the cells in stationary phase for a number of days and finally, compared 

their abilities to resume growth upon glucose addition. The cells deleted for the CCR4 gene seemed 

to have a diminished ability to regrow after staying in stationary phase for around 7 days (Figure 20). 

Cells expressing the phosphomutant allele of CCR4 also exhibited altered survival after spending 12 
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days in stationary phase, thereby suggesting that Ccr4 phosphorylation may be playing a role in 

stationary phase cell survival. However, further confirmation and the repetition of this preliminary 

result will be required to confirm that Ccr4 phosphorylation is required to cope better with 

stationary–phase arrest and subsequent revival.    

 

Figure 20. Phosphorylation of Ccr4 affects survival of cells following stationary-phase arrest.  

The cells were grown in synthetic media for the indicated number of days. On the day of the 

assay, cells were diluted and grown in synthetic media for 2 hours. Cell numbers were 

normalized and serial dilutions were plated on synthetic media. The plates were kept at 30°C 

for 3 days before the pictures were taken.   

 

Identification of Rapamycin-sensitive Interactome of Ccr4/Pop2 

We hypothesized that TORC1 could be regulating the interaction between Ccr4/Pop2 and their 

partners. With the aim of identifying the rapamycin-sensitive interactome of Ccr4/Pop2, we did a 

mass spectrometry analysis of TAP-tagged Ccr4 or Pop2 immunoprecipitates before and after 

rapamycin treatment (Figure 21A). As expected, we identified all the known members of the Ccr4-

Not complex as binding partners of both Ccr4 and Pop2 (Figure 21B). However, interactions between 

Ccr4/Pop2 and the rest of the complex did not seem to be affected by rapamycin treatment. This 



70 
 

analysis let us to identify novel interacting partners of Ccr4 and Pop2, which are involved in various 

cellular processes (Figure 21B). CCR4 was previously shown to genetically interact with NAM7 and 

PAB1, and POP2 with CDC14 and PAB1 in large-scale studies (Mostafavi et al, 2008). All these 

candidate proteins appeared to interact with both Ccr4 and Pop2, whereas only the interaction with 

Pop2 was sensitive to TORC1-inhibition. Next, we attempted to confirm these interactions by means 

of co-immunoprecipitation and western blotting. Despite the fact that we managed to reproduce the 

interactions, none of the interactions was altered in response to rapamycin in these low-throughput 

assays (data not shown). 
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Figure 21. Ccr4/Pop2 interactome 

(A) Immunoprecipitation of Tap-tagged proteins from cells treated with vehicle or rapamycin 

were performed as mentioned before. The proteins were run into a 7.5% resolving gel until 

there was no samples left in the wells. The bands were cut out of the coomassie-stained gel 

and sent to Ammarer Laboratory in Vienna for the mass spectrometric analyses. 

(B) List of the proteins found to interact with Ccr4 and Pop2. (↗) the interaction altered more 

than two fold upon rapamycin.    

 

TORC1-dependent Regulation of Puf Proteins 

Puf family proteins are well-characterized RNA-binding proteins. In yeast, there are six PUF proteins 

which recruit the Ccr4-Not complex to specific mRNAs and regulate their stability. Puf2 came out in 

our analysis of the rapamycin-dependent interactome of Pop2. Although we could not confirm the 

TORC1-dependency of this interaction, we found that Puf2, itself, is another rapamycin-responsive 

phosphoprotein (Figure 22A). Puf2 become hyper-phosphorylated upon rapamycin treatment just 
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like Ccr4 and Pop2. Similarly, another member of Puf family Puf4 appeared to display a slower 

migration pattern in response to rapamycin, suggesting that the phosphorylation status of Puf4 is 

altered in a TORC1-dependent manner (Figure 22B). Intriguingly, the absence of PUF2 or PUF4 genes 

rendered cells resistant to low concentrations of rapamycin (Figure 22C). Rpl3 and Rps4 mRNAs were 

suggested to bear putative Puf4-binding sites on their C-terminal ends (Foat et al, 2005). Thus, we 

decided to investigate a possible role for Puf4 in the regulation of poly(A) tail lengths of Rpl3, Rpl21a 

and Rps4 mRNAs. However, we did not detect any significant, reproducible changes in poly(A) tail 

length before or after rapamycin treatment in puf4 versus wild type cells (Figure 22D). One well-

established mRNA target for Puf proteins in yeast is the Cox17 mRNA which is regulated specifically 

by Puf3 (Olivas & Parker, 2000). Employing an RNA-immunoprecipitation assay, we explored whether 

the interaction of Puf3 with Cox17 mRNA is affected by rapamycin – it is not (Figure 22E). In addition, 

no interaction between Puf3 and Rpl3 or Pgk1 mRNAs was observed. Altogether, the current data fail 

to illuminate the role of Puf family proteins in the TORC1-signaling pathway.    
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Figure 22. Puf2 and Puf4 are rapamycin-sensitive phosphoproteins. 

(A-B) Exponentially growing cells expressing HA-tagged Puf2 or Puf4 were treated with 200nM 

rapamycin or 25μg/ml cycloheximide for 20 minutes. (C) Serial dilutions of the indicated 

strains were plated on YPD with rapamycin or vehicle. Pictures were taken following 

incubation at 30°C for 3 days. (D) mRNAs were extracted from the indicated strains following 

rapamycin treatment for 20 minutes. Poly(A) tail lengths were analyzed with LM-PAT. (E) 

Protein-RNA complexes were cross-linked with 1% formaldehyde (20min) prior to 

immunoprecipitation of TAP-tagged Puf3. The crosslink was reversed at 65°C for 1hour in the 

presence of 5M NaCl, and following RNA extraction and cDNA synthesis, mRNA levels were 

determined with PCR using specific primers.  
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Section III. Regulation and Function of Rps6 Phosphorylation in Saccharomyces cerevisiae 

The Tools to Study Rps6 Phosphorylation 

Rps6 is highly phosphorylated on its C-terminal end. In higher eukaryotes, there are five highly 

conserved phosphosites on this end, whereas in budding yeast only two of these sites are conserved. 

We started working on Rps6 by mutating these two phosphosites into alanine residues individually or 

in combination. With the aim of studying Rps6 phosphorylation intensively, we developed an 

antibody which binds total Rps6 protein. Taking advantage of the phosphomutant strains, we 

screened a number of commercially available antibodies which could recognize the phosphorylated 

form of Rps6 in different organisms. We found two antibodies which can bind differentially 

phosphorylated forms of Rps6 in Saccharomyces cerevisiae. The first phospho-antibody (we named 

as Rps6-PP) is able to recognize Rps6 only when both S232 and S233 residues are phosphorylated. 

The second antibody is an antibody against RXXS(T) motifs. Phosphorylation of S232 seemed to be 

sufficient for the recognition of Rps6 by the second phospho-antibody. However, as both serines are 

found in RXXS motifs, it is likely that this antibody binds either of the serines in a phosphorylated 

form. In relation to this, in our mutant strain in which only the first serine is mutated into alanine, we 

detected no signal with either of the phospho-antibodies suggesting that the phosphorylation of the 

first serine is a prerequisite for the phosphorylation of the second serine (Figure 23A).  

In addition, we replaced these two serine residues with aspartic acid hoping to have a 

phosphomimetic copy of Rps6. However, we observed that insertion of aspartic acid residues into 

the protein was lethal. To address whether the lethality was due to the phosphomimetic nature of 

Rps6 or the instability of the protein, we created a repressible system. In this system, the promoter 

of the wild type RPS6A allele was replaced by the Galactose-inducible GAL1 promoter, whereas the 

phosphomimetic version of RPS6B was under the control of its endogenous promoter (Figure 23B). 

On glucose, wild type RPS6A was not expressed as the Gal promoter was repressed leaving the 

phosphomimetic Rps6b as the only Rps6 copy in the cell. Under this condition, the cells did not grow, 

thereby confirming the lethal nature of the phosphomimetic allele of Rps6 (Figure 23C). To check if 
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the phosphomimetic Rps6 was stable, we switched the carbon source of the actively growing cells 

from galactose to glucose and followed the protein level of Rps6b in comparison to that of a 

reference protein, Hog1. We used the wild type and non-phosphorylatable alleles of RPS6B as 

controls. Accumulation of non-phosphorylatable Rps6b proved us that the system worked and the 

only copy of Rps6 at the time-points we chose was the Rps6b under the control of its endogenous 

promoter (Figure 23D). Under these conditions, we observed that the level of phosphomimetic 

Rps6b was much lower compared to the others, suggesting that the insertion of the aspartic acid 

residues rendered the Rps6 protein unstable.   

 

Figure 23. The phosphomimetic Rps6 is not stable. 

(A) Total protein extracts were prepared from strains expressing the S6 mutants under 

denaturing conditions and resolved by 10% SDS-PAGE gels. Following transfer, membranes 

were probed with rabbit anti-phospho-S6 ribosomal protein (S235/S236) (Rps6-PP), rabbit 

anti-phospho-Akt substrate (RXXS*/T*), guinea pig anti-total Rps6 and rabbit anti-Hog1. Then, 

the signals were detected with IRDye®800CW anti-guinea pig IgG and IRDye®680CW anti-

rabbit IgG. (B) Scheme illustrating the generation of the Rps6 repressible system. (C) Serial 

dilutions of the indicated strains were spotted on YP plates with 2% glucose or 2% galactose. 

(D) The indicated strains were grown in YPGal for two hours and transferred into YPD after 

wash. The samples were collected at the time-points indicated and processed for Western 

analyses.    

   

Dynamics of Rps6 Dephosphorylation 

Rps6 phosphorylation is sensitive to growth factors, mitogens and starvation for nutrients (Meyuhas, 

2008). We employed the antibodies which recognized differentially phosphorylated forms of Rps6 to 
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investigate the dynamics of Rps6 dephosphorylation under a variety of conditions in budding yeast. 

Serine 233 residue of Rps6 was highly responsive to all the conditions we tested. Ser233 became 

dephosphorylated following rapamycin, caffeine, BHS treatments, and starvation for carbon and 

nitrogen sources (Figure 24A-C). On the other hand, Ser232 phosphorylation seemed to be resistant 

to rapamycin and caffeine treatments. Both BHS and nutrient starvation led to the 

dephosphorylation of both sites, however, with different kinetics. In all cases, dephosphorylation of 

the second site was followed by the dephosphorylation of the first site suggesting a hierarchy 

between these two sites (Figure 24B-C). Given that BHS and nutrient starvation result in the 

inhibition of both of the TOR complexes, the results suggested that the first site was a target of either 

TORC2 or both TORC1 and TORC2, whereas the second site was a TORC1 target only.  
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Figure 24. Rps6 phosphorylation is highly responsive to TORC1 and TORC2 inhibition. 

(A) Exponentially growing wild type cells were treated with 200nM rapamycin, 10mM caffeine 

or 100μM BHS. Following treatment, the cells were collected at the indicated time-points and 

processed under denaturing conditions. (B) Prototroph wild type cells were grown in SD 

medium with 0.2% glutamine and 2% glucose until exponential growth phase, then filtered 

and transferred to medium with 2% galactose as the sole carbon source. Following 1 hour of 

carbon-source downshift, the cells were re-fed with 2% glucose and samples were taken at 

the indicated times. The graph represents the quantification of the western blot. (C) 

Prototroph wild type cells growing in SD media with 2% glucose and 0.2% glutamine were 

filtered and transferred into fresh medium without a nitrogen source. After 1 hour, 0.2% 

glutamine was added back onto the cells. The experiment was performed by Madeleine 

Meusburger.    

 

The Role of Rps6 Phosphorylation in Cell Growth 

We compared the growth rates of cells expressing either wild type Rps6 or the phosphomutant copy 

and found that the expression of the RPS6AA allele resulted in an almost 30% decrease in the 

proliferation rate (Figure 25A-B). In accordance with the defect in cell proliferation, the RPS6AA cells 
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also had lower protein content compared to the wild type cells as assessed by FITC staining and FACS 

analysis (Figure 25C-D). 

 

Figure 25. RPS6
AA

 cells are defective in cell growth. 

(A) Indicated strains were grown in rich medium in 96-well plates at 30°C and the OD600nM of 

the cells was recorded every 15min for 16 hours. (B) Quantification of the six-independent 

growth assays with wild type and RPS6
AA

 cells. (C) Protein content of exponentially growing 

cells was measured by FACS analysis. (D) Quantification of the FACS analysis results obtained 

in three independent experiments. One of the experiments was performed by Madeleine 

Meusburger.  

 

The Role of Sch9 in Regulation of Rps6 Phosphorylation 

When Sch9 was characterized as a direct effector of TORC1 (Urban et al, 2007), S6 kinase in 

mammalian cells was already known to be phosphorylated by mTORC1 (Burnett et al, 1998; Isotani et 

al, 1999). Considering that both Sch9 and mammalian S6 kinase belong to the AGC kinase family and 
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Sch9 phosphorylates Rps6 in vitro,  Sch9 was proposed to be the yeast ortholog of S6 kinase (Urban 

et al, 2007). However, in vivo experiments were missing to support this notion. Curiously, we could 

not detect any change at the levels of Rps6 phosphorylation in the absence of Sch9 itself or its kinase 

activity (Figure 26A). Sch9 is required for proper cell growth and its absence results in a slow growth 

phenotype. However, cells missing Sch9 activity are able to adapt. For the controllable and acute 

inhibition of Sch9, we employed the analog-sensitive allele of SCH9, an allele which bears a point 

mutation in the ATP-binding pocket, thereby sensitizing the kinase to a specific inhibitor (Bishop et al, 

2000). Rps6 phosphorylation, yet, remained constant even after the inhibition of Sch9 with the 

analog (Figure 26B). To ensure that the results were not due to the adaptation of the cells, we 

compared the growth abilities of the cells. As expected, the cells deleted for SCH9 or expressing the 

kinase-dead allele of SCH9 displayed a slow growth phenotype compared to the wild type cells 

(Figure 26C). Similarly, the growth of sch9as allele-expressing cells was impaired upon addition of the 

analog. On the other hand, the expression of the SCH9DE allele which uncouples Sch9 activity from 

TORC1 (Urban et al, 2007) intriguingly led to a delay in the Rps6 dephosphorylation upon rapamycin 

(Figure 26D).  



80 
 

 

Figure 26. Sch9 is not the S6 kinase in vivo. 

(A) Sch9 activity is dispensable for Rps6 phosphorylation. (B) Acute inhibition of Sch9 activity 

does not have a dramatic effect on Rps6 phosphorylation. (C) sch9Δ and sch9
kd

 cells display 

slow growth phenotypes. sch9
as

 cells are also defective in growth in the presence of the 

analog. (D) Expression of a rapamycin-insensitive allele of SCH9 delays the rapamycin-induced 

dephosphorylation of Rps6.   

 

Since lack of Sch9 activity had no effect on Rps6 phosphorylation, we hypothesized that Sch9 

indirectly affects the kinetics of Rps6 dephosphorylation via its role in the regulation of translation 

initiation upstream of Gcn2. In accordance with the hypothesis, Rps6 dephosphorylation following 

rapamycin treatment was also delayed in the cells deleted for GCN2 (Figure 27A). Furthermore, the 

hyperactive allele of GCN2 was able to suppress the delay in the dephosphorylation of Rps6 due to 

the expression of SCH9DE (Figure 27B). As expected, cells expressing the hyperactive allele of GCN2 

had higher levels of eIF2α phosphorylation compared to cells with the wild type GCN2 allele. 

However, we could still detect an increase at the phosphorylation level upon rapamycin, which could 

be explained by the presence of the wild type GCN2 copy in the cells. Based on these results, we 

hypothesized that Rps6 was not accessible to the phosphatase in the context of polysomes. In wild 

type cells, polysomes dissociate following rapamycin treatment as translation initiation is inhibited. 

However, in cells expressing SCH9DE, translation continues even after rapamycin treatment and 

polysomes remain intact. In this context, Rps6 is not easily accessible for dephosphorylation. 

However, hyperactive Gcn2 triggers the translation inhibition, promoting the polysome dissociation 
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and thereby suppressing the delay due to SCH9DE. Simultaneous treatment of cells with rapamycin 

and cycloheximide – a translation elongation inhibitor- resulted in a similar delay in Rps6 

dephosphorylation strongly corroborating that Rps6 dephosphorylation required the dissociation of 

polysomes (Figure 27C).         

 

Figure 27. Ongoing translation delays the rapamycin-induced dephosphorylation of Rps6. 

(A) Rps6 dephosphorylation upon rapamycin is delayed in cells deleted for GCN2. (B) 

Expression of the hyperactive allele of GCN2 suppresses the SCH9
DE

-dependent delay in Rps6 

dephosphorylation. (C) While cycloheximide treatment alone has no effect on Rps6 

phosphorylation, its presence delays rapamycin-induced dephosphorylation.  
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Characterization of Ypk3 as an S6 Kinase 

Phylogenetic analysis of the Tor pathway indicated that Ypk3 is the yeast ortholog of S6K (van Dam et 

al). Based on this observation, we hypothesized that Ypk3 could be the S6K. Accordingly, we found 

that Ypk3 was essential for phosphorylation of Rps6 on Ser233 in vivo (Figure 28A). Deletion of the 

gene itself or the abolishment of its kinase activity impaired the phosphorylation of Rps6 on Ser233. 

We obtained the kinase-dead allele of YPK3 by mutating the lysine 157 residue to alanine based on 

the conservation of the site in Ypk1 and Ypk2 proteins. Interestingly, the kinase-dead Ypk3 seemed to 

be less stable than the wild type protein. To further confirm the role of Ypk3 in S233 

phosphorylation, we shifted cells to a poor carbon source so that we could trigger dephosphorylation 

of Rps6. Subsequently, we re-fed the cells with glucose. Under these conditions, we could detect the 

re-phosphorylation of Rps6. However, this re-phosphorylation event seemed to be dependent on 

Ypk3 activity as Rps6 stayed hypophosphorylated in ypk3as cells treated with the ATP analog 1NM-

PP1 (Figure 28B). Intriguingly, Ypk3, itself, seemed to go through phosphorylation in a carbon-source 

sensitive manner as reflected by the changes in SDS-PAGE migration of Flag-tagged Ypk3. Moreover, 

inhibition of Ypk3 activity with the analog treatment abolished its phosphorylation, implying that 

Ypk3 catalyzed autophosphorylation. In the absence of YPK3, we could still detect phosphorylation of 

Ser232. However, the lack of Ypk3 activity rendered Ser232 sensitive to rapamycin suggesting a role 

for Ypk3 in the phosphorylation of both sites (Figure 28C).  
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Figure 28. Ypk3 activity is indispensable for Rps6 phosphorylation on Ser233. 

(A) Rps6 phosphorylation on Ser233 is impaired in cells lacking Ypk3 activity. (B) A ypk3
as

 

strain was grown in SD medium with 2% glucose, filtered and resuspended in SD with 2% 

galactose. Following 1 hour of incubation at 30°C, the culture was split into two: one 

supplemented with 2% glucose and DMSO and the other with 2% glucose and 500nM 1NM-

PP1. The experiment was performed by Madeleine Meusburger. (C) In the absence of Ypk3 

activity, Ser232 phosphorylation is sensitive to rapamycin. 

   

Like Sch9, Ypk1 and Ypk2, which are direct targets of TOR complexes, Ypk3 is a member of the AGC 

kinase family. Next, we wanted to address whether Ypk3 is likewise a target of TORCs. SDS-PAGE 

migration shift assay showed that Ypk3 was highly phosphorylated under normal conditions whereas 

it became hypophosphorylated under rapamycin-/BHS-treated and nutrient-limited conditions 

(Figure 29A-C) Rapamycin-dependent dephosphorylation of Ypk3 suggests that it is a TORC1 target. 

To see whether Ypk3 is a common target of TORC1 and TORC2, we employed an auxin-based degron 

system where TORC2 is specifically inhibited upon auxin treatment (Figure 29D). In this system, cells 

carry the E3 ubiquitin ligase SCF-TIR1 from plants and Avo1 tagged with auxin-interaction domain 

(AID). Treatment of these cells with auxin induces the interaction of the TIR complex with the AID 

tag, and eventually the degradation of the Avo1-AID fusion protein in the proteasome. We ensured 

that auxin treatment, itself, had no effect on either of the TOR complexes in wild type cells by 

showing that phosphorylation of the TOR-specific sites on Sch9 and Ypk1 were not influenced by the 

auxin treatment per se (Figure 29E). Auxin did not result in dephosphorylation of Ypk3 or Rps6 in the 
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Avo1-AID cells, although we could clearly see hypophosphorylation of Ypk1, the direct effector of 

TORC2, suggesting that inhibition of TORC2 is not sufficient to induce Ypk3 or Rps6 

dephosphorylation (Figure 29F). We also excluded Snf1, Sch9, Mck1 and Kns1 from being mediators 

of TORC1 signaling to Ypk3 since inhibition or deletion of any of these kinases did not suppress 

hypophosphorylation of Ypk3 following rapamycin treatment (Figure 29G-I).  
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Figure 29. Ypk3 is a rapamycin- and nutrient-responsive phosphoprotein. 

(A) The cells expressing Flag-tagged-Ypk3 were treated with 200nM rapamycin or 100μM BHS 

once they reached exponential growth phase. (B-C) Starvation experiments were performed 

as described previously with the cells carrying a plasmid which expresses Flag-tagged-Ypk3. 

(D) Scheme illustrating the Avo1-degron system. (E) Exponentially growing wild type cells with 

HA-tagged Sch9 were treated with wortmannin (WN), cycloheximide (CHX) or indole-3-acetic 

acid (IAA). Western analyses employed recognizing Sch9 phosphorylated on Ser737 or Ypk1 

phosphorylated on Ser662 or total Ypk1. Total Sch9 levels were assessed with an antibody 

against the HA epitope. (F) Specific inhibition of TORC2 by the auxin system led to the 

dephosphorylation of Ypk1 on the TORC2-target site but not to that of Ypk3 or Rps6. (G-H-I) 

The indicated strains were transformed with a plasmid expressing Flag-tagged Ypk3 and 

treated with rapamycin when they reached exponential growth phase. The membranes were 

probed with anti-Flag and anti-Hog1 antibodies. Hog1 was used as a loading control. 

 

PKA was proposed to be the kinase for Ypk3 mediating the signal from TORC1 (Soulard et al). We 

confirmed that inhibition of PKA led to the hypophosphorylation of Ypk3 (Figure 30A). However, 
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rapamycin-dependent dephosphorylation of Ypk3 was more drastic than PKA-dependent 

dephosphorylation suggesting that PKA could not be the only kinase for Ypk3 (Figure 30B). Moreover, 

we showed that Ypk3 interacted with TORC1 in a rapamycin-sensitive manner as well as with Rps6 

(Figure 30C). Thus, these results together strongly suggest that Ypk3 is likely to be a direct effector of 

TORC1.  

 

Figure 30. Ypk3 interacts with TORC1 and Rps6 in vivo. 

(A) Strains carrying the analog-sensitive alleles of all three isoforms of PKA (TPK1, TPK2 and 

TPK3) or that of SCH9 individually or in combination were treated with the analog at the 

exponential growth phase. (B) Inhibition of PKA and TORC1 simultaneously revealed that 

TORC1 has a more profound effect on Ypk3 phosphorylation. (C) The strain bearing N-

terminally tagged Tor1 and C-terminally tagged Ypk3 were grown in YPD. Total extracts were 

prepared under native conditions following 30 minutes of rapamycin treatment. Ypk3 was 

immunoprecipitated using IgG Dynabeads as described in the methods section.  

 

TOR targets a highly conserved hydrophobic motif at the C-terminal end of AGC kinases. Based on 

the homology among Ypk1, Ypk2 and Ypk3, we predicted Ser513 to be the hydrophobic motif of Ypk3 

and replaced this residue with alanine. Although the point mutation had little effect on the migration 
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of Ypk3, it did not affect the catalytic activity of the protein as reflected by Rps6 phosphorylation 

(Figure 31A). Substitution of the site with glutamic acid/aspartic acid to obtain a phosphomimetic 

Ypk3 did not suppress the rapamycin-induced hypophosphorylation of Rps6. To map other 

rapamycin-sensitive phosphorylation sites on Ypk3, we decided to do mass spectrometry analysis in 

collaboration with Gustav Ammarer’s Laboratory in Vienna. We immunoprecipitated Flag-tagged 

Ypk3 from untreated- and rapamycin-treated cells and sent this material for mass spectrometric 

analysis. The analysis revealed three rapamycin-sensitive sites on the N-terminus (S86, S92, S94) and 

three other sites on the C-terminus of the protein (S505, S517, S519) (Figure 31B). Alanine 

substitution of the residues S505, S513, S86, S92 and S94 alone or in combination did not usably alter 

the activity of Ypk3, despite the fact that phosphorylation of Ypk3 decreased due to the mutations as 

observed by changes in migration in SDS-PAGE (Figure 31C). However, alanine substitution of S517 

and S519 residues in combination with that of S505 and S513 greatly diminished the phosphorylation 

level of Rps6 to a comparable level to that observed in ypk3 cells (Figure 31D). Next, we substituted 

these four sites with aspartic acid and glutamic acid and wanted to see whether the phosphomimetic 

Ypk3 suppressed Rps6 dephosphorylation induced by rapamycin. However, this was not the case 

leading us to think that Ypk3 is not the only player which mediates the rapamycin-dependent 

regulation of Rps6 phosphorylation (Figure 31D).  
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Figure 31. Ypk3 is phosphorylated on at least four residues on its C-terminal end.  

(A) Substitution of only the hydrophobic motif with alanine, aspartic acid or glutamic acid 

affects neither phosphorylation of Ypk3 nor its function. (B) Schematic representation of the 

domains of Ypk3 and the mapped rapamycin-sensitive phosphorylation sites. (C) Alanine 

substitution of the turn motif and the hydrophobic motif individually or in combination does 

not impair Ypk3 activity. Similarly, mutation of the N-terminal phosphorylation sites does not 

abolish Ypk3 phosphorylation. (D) Substitution of the four phosphorylation sites on the C-

terminal end of Ypk3 with alanine impairs its activity. However, their substitution with 

aspartic acid does not lead to the suppression of rapamycin-induced dephosphorylation of 

Rps6.  

         

To gain insight into the role of Ypk3 and Rps6 phosphorylation in cells, we wanted to characterize the 

interactome of Ypk3. For this purpose, we again immunoprecipitated flag tagged-Ypk3 under 

rapamycin-treated and untreated conditions, cut out the bands detected with coomassie staining 

and sent them for identification by mass spectrometry. This analysis led us to the characterization of 

Rrp5, Rpg1 and Sup35 as Ypk3-interacting proteins (Figure 32A). More interestingly, Ypk3 interacted 

with ribosomal protein L3 in a TORC1 activity-dependent manner. Rrp5 is a component of the small 

subunit processosome (Dragon et al, 2002; Grandi et al, 2002) .  Rpg1 is a component of the eIF3 

complex involved in translation initiation, whereas Sup35 is a translation termination factor. Both 

factors are directly linked with translation, reinforcing the likelihood of a role for Ypk3 in the 
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ribosome system. Rpl3 was previously implicated in translation elongation (Meskauskas & Dinman, 

2007). Accordingly, several mutations in Rpl3 affected the anisomycin-sensitivity of cells. Anisomycin 

is a translation inhibitor specific for the A-site and is also known to alter the efficiency of -1 ribosomal 

frameshifting in the cell (Dinman et al, 1997). Thus, we investigated the anisomycin-sensitivity of cells 

deleted for YPK3 and found that loss of YPK3 yielded hypersensitivity to anisomycin (Figure 32B-C). 

However, RPS6AA mutants did not exhibit such strong growth phenotype in response to anisomycin 

(Figure 32D). The anisomycin phenotype of ypk3 mutants could therefore be more related to its 

ability to regulate Rpl3. However, this hypothesis remains to be investigated in the future.  
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Figure 32. Cells deleted for YPK3 are hypersensitive to anisomycin. 

(A) Strains with Flag-tagged Ypk3 were treated with vehicle or 200nM rapamycin for 30min 

prior to the preparation of total extracts. Ypk3 was immunoprecipitated and co-precipitated 

proteins were identified by mass spectrometry as described previously. (B) Cells deleted for 

YPK3 are not able to grow in the presence of anisomycin. (C-D) Quantification of the relative 

growth rates of the indicated strains under anisomycin-treated and untreated conditions 

obtained in three independent experiments.   

 

Given a role for Rpl3 in ribosomal frameshifting (Peltz et al, 1999), we investigated whether Ypk3 or 

Rps6 phosphorylation had any effect on this process. We employed a dual-luciferase assay system 

previously established to study ribosomal frameshifting in yeast (Harger & Dinman, 2003). In these 

reporters, programmed -1 ribosomal frameshifting signals derived from HIV-1 and L-A viruses  and 

programmed +1 ribosomal frameshifting signals derived from Ty-1 and Ty-3 viruses were replaced 

between the Renilla and firefly luciferase reporter genes. Thus, the ratio of firefly luciferase signal to 

the Renilla luciferase signal gives the efficiency of the translational decoding. Unfortunately, 
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preliminary experiments showed that neither the deletion of YPK3 nor the expression of RPS6AA 

exhibited any effect on the ribosomal frameshifting compared to the wild type cells (Figure 33A-B). 

Thus, we concluded that neither Rps6 phosphorylation nor Ypk3 had an obvious role in ribosomal 

frameshifting.     

 

Figure 33. Rps6 phosphorylation has no effect on ribosomal frameshifting efficiency. 

(A-B) Efficiency of frameshifting is represented as the ratio of firefly luciferase activity to 

Renilla luciferase activity.    

 

Characterization of Ypk1 and Ypk2 as S6 Kinases 

As mentioned earlier, BHS, an inhibitor of TORC1 and TORC2, triggers the dephosphorylation of both 

S232 and S233 on Rps6, whereas S232 phosphorylation is resistant to rapamycin treatment. As the 

inhibition of TORC2 by itself was not sufficient for the dephosphorylation of S232 (Figure 29F), we 

hypothesized that S232 could be a common target for TORC1 and TORC2. For further confirmation, 

we combined specific inhibition of TORC1 and TORC2 by employing rapamycin and the auxin-based 

degron system, respectively. We showed that simultaneous inhibition of both complexes led to the 

hypophosphorylation of Rps6 on S232 residue (Figure 34A). Ypk1 and Ypk2 are bona fide substrates 

of TORC2 and are also closely related to Ypk3 suggesting that all three kinases could redundantly be 

mediating Rps6 phosphorylation. Inhibition of Ypk1 and Ypk2 did not affect the phosphorylation 

levels of Rps6 (Figure 34B-C). However, inhibition of Ypk1 and Ypk2 in combination with rapamycin 

treatment induced hypophosphorylation of S232 (Figure 34D). Next, we combined the deletion of 

YPK3 gene with the deletion of YPK2 gene and analog-sensitive allele of YPK1. In the absence of the 
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activities of all three kinases, both S232 and S233 appeared to be dephosphorylated (Figure 34E). To 

see whether the activity of Ypk kinases was relevant for Rps6 phosphorylation under physiological 

conditions, we again starved the cells expressing the analog sensitive alleles of YPK1 and YPK3 in the 

absence of YPK2 gene for glucose. Upon re-addition of glucose, Rps6 became re-phosphorylated. Re-

phosphorylation of Rps6 under this condition was dependent on the activity of Ypk kinases as Rps6 

re-phosphorylation was abolished when these cells were treated with the analog (Figure 34F). 

 

Figure 34. Both TORC1 and TORC2 contribute to the phosphorylation of Ser232. 

(A) While inhibition of TORC1 and TORC2 individually has no strong effect on Ser232 

phosphorylation, simultaneous inhibition of both complexes leads to the dephosphorylation 

of the site. (B) Individual deletion of YPK1 and YPK2 does not influence Rps6 phosphorylation. 

(C) Absence of both Ypk1 and Ypk2 activities does not trigger any change at the Rps6 

phosphorylation levels. (D) Simultaneous treatment of ypk1-as ypk2 strains with rapamycin 

and the analog results in Rps6 dephosphorylation on both Ser232 and Ser233. (E) Ypk1 

inhibition in ypk2Δ and ypk3Δ triggers loss of Ser232 phosphorylation. (F) Rps6 

rephosphorylation upon glucose refeeding is dependent on the activity of the Ypk kinases.  
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Ypk1 and Ypk2 are redundant kinases as deletion of both genes is synthetically lethal (Casamayor et 

al, 1999). We observed that the deletion of YPK1 and YPK3 genes was also lethal suggesting that 

there is redundancy between these two Ypks (Figure 35). However, YPK2 and YPK3 were not 

synthetically lethal. Ypk1 is much more abundant than Ypk2 and Ypk3, so Ypk1 can be sufficient to 

compensate for the absence of both Ypk2 and Ypk3.  

 

Figure 35. YPK3 deletion is synthetic lethal with ypk1.  

Indicated strains were spotted on synthetic media with DMSO/ 500nM 1NM-PP1 and 

incubated for 3 days at 30 °C. 

 

As mentioned earlier, the deletion of YPK3 renders phosphorylation of the S232 residue of Rps6 

sensitive to rapamycin. Thus, we asked whether this hypophosphorylation event was due to the 

inhibition of Ypk1 and Ypk2 under these conditions. To answer this question, we tried to rescue the 

phenotype by expressing the hyperactive allele of YPK2, YPK2D239A. However, hypophosphorylation of 

S232 was unaffected by the expression of YPK2D239A allele (Figure 36A). Next, we investigated 

whether the regulation went through Sch9 and Tap42/Tip41 downstream branches of TORC1. We 

hypothesized that as the regulation is dependent on rapamycin, bypass of TORC1 signaling can 

suppress the hypophosphorylation. Therefore, we combined the deletion of YPK3 with the 
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expression of SCH9DE allele and/or the temperature-sensitive allele of TAP42, tap42-11. 

Unexpectedly, we observed that expression of SCH9DE led to lower levels of S232 phosphorylation 

and did not suppress the further hypophosphorylation upon rapamycin (Figure 36B). Similarly, 

expression of tap42-11 resulted in a decrease in the levels of S232 phosphorylation, and in an even 

more drastic decrease in combination with SCH9DE.  

 

Figure 36. Sch9/Tap42 regulate the rapamycin-sensitivity of Ser232 in the absence of Ypk3 activity. 

(A) Cells deleted for YPK3 were transformed with plasmids carrying either the wild type or 

the hyperactive allele of YPK2. (B) Indicated strains were grown in YPD at 25°C, treated 

with 200nM rapamycin and processed as explained before. 

  
 

Dephosphorylation of S233 upon rapamycin was not suppressed by the phosphomimetic allele of 

Ypk3 (Figure 31D). Similarly, dephosphorylation of S232 upon rapamycin in the ypk3Δ background 

was not suppressed by hyperactive Ypk2. Taken all the results together, we proposed that 

rapamycin-dependent regulation of Rps6 phosphorylation was not mediated solely by kinases, but 

also by phosphatases. 

Characterization of PP1 as the S6 Phosphatase 

Protein phosphatase 1 was recently proposed to mediate dephosphorylation of Ser-247 in Rps6 in 

mammalian cells (Hutchinson et al, 2011). Thus, we investigated the role of PP1 in Rps6 

dephosphorylation in yeast employing numerous loss-of-function mutants of Glc7, the catalytic 

subunit of yeast PP1 (Baker et al, 1997). We observed that Rps6 phosphorylation levels were much 

higher in strains with lower Glc7 activity (Figure 37A). We continued our study using the glc7-127 

mutant as the effect on Rps6 phosphorylation of this mutant was more pronounced than that of the 

other mutants. The glc7-127 allele contains two point mutations, K110A and K112A, and provokes 

phenotypes like defects in glycogen accumulation and elevated levels of phosphorylation of Histone 
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H3 (Baker et al, 1997). We showed that expression of the glc7-127 allele blocked entirely the 

hypophosphorylation of Rps6 in response to rapamycin and BHS treatments, and even led to higher 

phosphorylation levels compared to the wild type cells under normal conditions (Figure 37B).  

 

Figure 37. Rapamycin- and BHS-dependent dephosphorylation of Rps6 is mediated by Glc7. 

(A) Expression of loss-of-function mutants of GLC7 abolished the dephosphorylation of Rps6 

upon rapamycin. (B) The indicated strains were treated with 200nM rapamycin or 100μM BHS 

when they reached exponential growth phase. The glc7-127 allele suppressed both 

rapamycin- and BHS-induced dephosphorylation of Rps6. 

 

Calyculin A is a known inhibitor of protein phosphatase 1 and protein phosphatase 2A. However, it 

was reported to be a more potent inhibitor of PP1 rather than PP2A in yeast (Hoon et al, 2008). 

Intriguingly, we found that strains expressing RPS6AA exhibited resistance to calyculin A treatment 

compared to the wild type strains (Figure 38A). Calyculin A-sensitivity of the cells could be partially 

rescued by the overexpression of GLC7 supporting the notion that Glc7 is the target of this drug 

(Figure 38B). This observation linked Glc7 activity and Rps6 phosphorylation physiologically. On the 

other hand, ypk3 strains did not exhibit calyculin A resistance (Figure 38C). To ensure that the 

calyculin A-phenotype was due to non-phosphorylatable form of Rps6 rather than low levels of Rps6 

due to the mutations, we tested whether the cells deleted for either of RPS6A or RPS6B genes 

exhibited the same phenotype. The deletion strains did not show any resistance to calyculin A 

treatment (Figure 38D), thereby supporting that it is the non-phosphorylatable form of Rps6 that 

renders cells resistant to calyculin A. To further confirm the synthetic interaction between Glc7 and 

Rps6 phosphorylation, we combined the glc7-127 allele with RPS6AA. The strains expressing either of 

the alleles have a growth defect with similar growth rates. We did not detect any additional growth 

defect in the cells in which these two alleles were combined, suggesting that Glc7 activity and Rps6 



96 
 

phosphorylation were functionally linked (Figure 38E). However, it is difficult to conclude which one 

is downstream and which one is upstream based on these results.   

 

Figure 38. Cells expressing RPS6
AA 

exhibit slight resistance to calyculin A. 

(A) Indicated strains were grown in the presence of the vehicle (DMSO) or 5μM calyculin A for 

16 hours and their optical density was measured every 15min as explained in detail in the 

methods section. (B) Quantification of the relative cell division rates of RPS6
AA

 and wild type 

cells overexpressing, or not, GLC7. (C) Cells deleted for YPK3 have similar growth rates to wild 

type cells and are not resistant to calyculin A. (D) Cells deleted for either copy of RPS6 genes 

do not display a calyculin A-resistant phenotype. (E) glc7-127 and RPS6
AA

 cells have similar 

proliferation rates.  

 

Glc7 activity is regulated by numerous regulatory subunits. Next, we wanted to identify the 

regulatory subunit of Glc7 which played a role in Rps6 dephosphorylation. For this purpose, we 

screened all known non-essential proteins previously characterized as regulatory components of PP1 

for any effect on Rps6 phosphorylation levels. We pinpointed Shp1 as a protein required for the 

dephosphorylation of Rps6 upon rapamycin (Figure 39A). Furthermore, deletion of SHP1 suppressed 

the effect of rapamycin and BHS on Rps6 phosphorylation in a manner comparable to the expression 

of glc7-127 allele (Figure 39B), pointing at a pronounced role for Shp1 in Rps6 dephosphorylation.   
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Figure 39. Shp1 activity is indispensable for dephosphorylation of Rps6 upon rapamycin and BHS. 

(A) Cells deleted for genes which were previously implicated in the regulation of Glc7 activity 

were treated with 200nM rapamycin for 60min during exponential growth phase. Deletion of 

SHP1 impaired the dephosphorylation of Rps6 upon rapamycin treatment. (B) Treatment of 

the cells deleted for SHP1 with 200nM rapamycin or 100μM BHS failed to induce 

dephosphorylation of Rps6. 

   

To answer the question whether there is a synthetic genetic interaction between SHP1 and RPS6AA, 

we tested their growth abilities individually or in combination. However, we did not see any 

significant synthetic genetic interaction in contrast to what we observed between GLC7 and RPS6 

(Figure 40A). However, because the cells deleted for SHP1 were very sick, it was challenging to assess 

further effects on its growth abilities. Shp1 contains multiple functional domains: the UBA domain is 

required for its binding to ubiquitylated substrates, whereas the UBX and BS1 (binding site 1) 

domains function as Cdc48-binding sites (Figure 40B). In a recently published study, the effect of the 
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different domains of Shp1 on its activity was assessed (Bohm & Buchberger, 2013). Deletion of UBA 

domain did not have any impact on its ability to interact with Cdc48, whereas deletion of UBX 

domain completely abolished this interaction. Taking advantage of these mutants, we addressed the 

contribution of the different domains of Shp1 to the rapamycin sensitivity of Ser233. Interestingly, 

deletion of either of the UBA or UBX domains partially suppressed the rapamycin-induced 

dephosphorylation of Ser233 (Figure 40C). Furthermore, expression of these mutants partially 

suppressed the growth defect of RPS6AA cells (Figure 40D). The mutations in the UBX and BS1 

domains which completely blocked the interaction of Shp1 with Cdc48 completely abolished the 

rapamycin-sensitivity of the site. At this point, we wanted to investigate whether Cdc48 inhibition 

had any effect on Rps6 phosphorylation. Because Cdc48 is essential, we employed a temperature-

sensitive allele of CDC48, cdc48-3. Inhibition of CDC48 resulted in small suppression of Rps6 

dephosphorylation in response to rapamycin treatment (Figure 40E).  
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Figure 40. Full-length Shp1 is required for rapamycin-induced dephosphorylation of Rps6. 

 (A) Indicated strains were grown in YPD at 30°C and their growth rates were measured in a 

microplate reader as explained in in the methods section. (B) Schematic representation of the 

Shp1 domains. UBA: ubiquitin-associated domain, SEP: shp1, eyc and p47 domain, BS1: 

binding-site domain 1, UBX: a ubiquitin-like domain. (˅) putative phosphorylation sites found 

in RXXS motif. (C) Cells expressing the different mutants of SHP1 were tested for their abilities 

to mediate Rps6 dephosphorylation upon 200nM rapamycin. (D) shp1
ΔUBX

 and shp1
ΔUBA

 

mutants partially suppressed the proliferation defect of the RPS6
AA 

cells. (E)  Cells expressing 

wild type or a temperature-sensitive allele of CDC48 were grown in YPD at 25°C. Once they 

reached exponential growth phase, cultures were split into two and one of the cultures was 

transferred to 37°C while the other was kept at 25°C. Following 1 hour of incubation, the cells 

treated with 200nM rapamycin.  

  

As mentioned before, in the absence of Ypk3 activity, Ser232 is dephosphorylated upon rapamycin 

treatment. Based on the idea that the phosphatase branch mediates the regulation of Rps6 

phosphorylation under various conditions, we assumed that Glc7/Shp1 could be responsible for the 

rapamycin sensitivity of Ser232 in the cells deleted for the YPK3 gene. Accordingly, we found that 

expression of the glc7-127 allele or that deletion of SHP1 in combination with ypk3 deletion was 
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sufficient to suppress the dephosphorylation of Ser232 following rapamycin treatment (Figure 41A-

B).   

 

Figure 41. Rapamycin-sensitivity of Ser232 in the absence of Ypk3 activity is dependent on Glc7/Shp1. 

(A-B) Exponentially growing cells with the indicated genotypes were treated with 200nM 

rapamycin.  

   

To better understand the regulation of Glc7/Shp1, we investigated whether Shp1 is a rapamycin-

dependent phosphoprotein as suggested by a former phosphoproteomics study (Loewith Lab, 

unpublished data). The characterization of the rapamycin-sensitive phosphoproteome revealed two 

putative phosphorylation sites (Ser106 and Ser108) on Shp1 which could be targeted by TORC1 

(Huber et al, 2009). These phosphorylation sites were found in RXXS motifs. Using the anti-RXXS 

antibody, we detected the phosphorylation of Shp1 on this motif (Figure 42A). More intriguingly, this 

phosphorylation of Shp1 seemed to be sensitive to rapamycin. We substituted the Ser106 and 

Ser108 residues with alanine to see whether these were the relevant phosphorylation sites. 

However, these alanine substitutions did not abolish the phosphorylation of Shp1 detected with anti-

RXXS antibody (Figure 42A). We continued by mutating all putative phosphorylation sites found in 

RXXS motifs in Shp1 individually or in combination and thus, we mapped Ser210 as the target of this 

phosphorylation event (Figure 42B). None of these mutants appeared to be defective in cell division 

(Figure 42C). Next, we asked the question whether this phosphorylation event contributes to the 

regulation of Rps6 phosphorylation. None of the Shp1 mutants exhibited a defect in Rps6 

dephosphorylation upon rapamycin except for the S315A mutant (Figure 42D). Interestingly, 

expression of the S315A mutant of SHP1 accelerated the dephosphorylation of Rps6 in response to 

TORC1 activity. Currently, we are working on the role of the phosphomimetic mutants of Shp1 on 
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Rps6 phosphorylation to have a better insight into the function of Shp1 phosphorylation in the 

regulation of Rps6 phosphorylation. Moreover, we are investigating the roles of Ypk3 and Sch9 in the 

regulation of Shp1 phosphorylation and function.        

 

Figure 42. Shp1 is phosphorylated in a TORC1-dependent manner. 

(A) Following the TCA treatment of the cells expressing HA-tagged Shp1, we 

immunoprecipitated Shp1, and probed the elute with anti-HA and anti-RXXS antibodies as 

described in the methods section. (B) We mutated all the serine codons found in RXXS motifs. 

shp1Δ cells were transformed with plasmids carrying the wild type or the mutated SHP1 

genes. (C) The steady state growth rates of the indicated strains were measured in a 

microplate reader for 16 hours at 30 °C. (D) Exponentially growing cells harboring the HA-

tagged Shp1 plasmid with the indicated mutations were treated with 200nM rapamycin for 1 

hour.       

 

To address the role of Glc7 in translation, we compared the growth of wild type and glc-127 cells in 

the presence of various translation elongation inhibitors. Expression of glc7-127 rendered cells 

hypersensitive to hygromycin and paromomycin in a manner which could not be rescued by the 

expression of RPS6AA or the deletion of YPK3 (Figure 43A-B). However, similar mutants of GLC7 were 

previously shown to be sensitive to cationic drugs such as hygromycin and paromomycin due to the 

regulatory role of Glc7 in the electrochemical gradient of the plasma membrane (Williams-Hart et al, 
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2002). To see whether the drug sensitivity of the glc7-127 strains we observed was also an indirect 

effect, we employed cycloheximide which is not a cationic drug. However, in this case, all the strains 

we tested reacted to the drug just like the wild type (Figure 43C-D). Thus, these results suggested 

that sensitivity of the glc7-127 cells to translation inhibitors were most likely not due to translational 

defects.         

 

Figure 43. The glc7-127 strains are hypersensitive to paromomycin, albeit in a Rps6-phosphorylation 

independent manner.  

(A-D) Indicated strains were grown in YPD supplemented with 100μM paromomycin, 10ng/ml 

cycloheximide or the vehicle at 30°C for 16 hours. 

 

The Role of Other Kinases/Phosphatases in Rps6 Phosphorylation 

Phosphoproteomic analysis describing changes in phosphorylation events in cells deleted for various 

kinases/phosphatases revealed Rps6 as a target of numerous kinases and phosphatases including 

Ypk3 (Figure 44A) (Bodenmiller et al, 2010). We wanted to confirm the role of these proteins in Rps6 

phosphorylation (Figure 44B). Cka1 and Cka2 are catalytic subunits of casein kinase 2, which is a 
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Ser/Thr kinase playing important roles in cell growth. We did not detect any significant change in the 

levels of Rps6 phosphorylation in the absence of Cka1, whereas deletion of CKA2 seemed to delay 

rapamycin-dependent hypophosphorylation of S233 (Figure 44B). Pph21 and Pph22 are catalytic 

subunits of protein phosphatase 2A and are highly redundant. Deletion of PPH21 led to a similar 

phenotype to the deletion of YPK3 making S232 sensitive to rapamycin (Figure 44B). Despite the 

redundancy between Pph21 and Pph22, we found the opposite result with the deletion of PPH22. 

Psk1 and Psk2 are Ser/Thr kinases containing a PAS-domain, which regulate protein synthesis and 

carbohydrate metabolism. Deletion of PSK1 or PSK2 did not drastically change the levels of Rps6 

phosphorylation. If and how these kinases and phosphatases contribute to the regulation of Rps6 

phosphorylation remains to be further investigated. 

Hrr25 is a Ser/Thr kinase which is known to regulate small ribosomal subunit biogenesis through the 

phosphorylation of Rps3 (Schafer et al, 2006). Thus, we investigated a possible role for Hrr25 in Rps6 

phosphorylation. Hrr25 activity is essential for the survival of the cell. Therefore, we employed an 

analog-sensitive allele of HRR25 to specifically inhibit the kinase. First, we determined the optimum 

concentration of analog necessary to inhibit Hrr25 using a cell division assay (Figure 44C). However, 

inhibition of Hrr25 alone or in combination with rapamycin did not induce any change at the Rps6 

phosphorylation levels excluding Hrr25 in the regulation of Rps6 phosphorylation (Figure 44D).  
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Figure 44. Multiple kinases/phosphatases have an impact on Rps6 phosphorylation. 

(A) List of the kinases/phosphatases whose deletion leads to a change of more than two-fold 

in Rps6 phosphorylation (Bodenmiller et al, 2010). (B) Cells deleted for the indicated genes 

were treated with 200nM rapamycin for 60 min. (C) Cells deleted for HRR25 gene and 

harboring a plasmid carrying wild type or an analog-sensitive allele of HRR25 were grown in 

YPD supplemented with analog (3MB-PP1) or the vehicle (DMSO) at 30°C. (D)  Cells expressing 

the analog-sensitive allele of HRR25 were treated with rapamycin (200nM) and 3MB-PP1 

(1μM) individually or in combination. 

  

The Role of Rps6 Phosphorylation in Global Translation 

To explore the impact of Rps6 phosphorylation on global translation, we monitored the abundance 

of free 40S, 60S and 80S subunits in addition to the actively translating ribosomes (polysomes) in wild 

type and RPS6AA cells using sucrose gradient centrifugation. The ratio of 80S to polysomes seemed to 

be the same in these two strains, suggesting that RPS6AA had no general effect on translation in 

accordance with the previous results (Ruvinsky et al, 2005) (Figure 45A). On the other hand, the 
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mutant strains exhibited an elevated 60S peak indicating an imbalance between the free subunits. 

This phenotype is similar to what is observed in the absence of one of the two copies of the RPS6 

genes (Pachler et al, 2004). Yet, we wanted to see whether there was a defect in ribosome biogenesis 

in the absence of phosphorylatable Rps6 in the cells. Preliminary experiments showed that the 

RPS6AA cells were defective in pre-ribosomal rRNA processing (Figure 45B). However, the cells 

deleted for YPK3 did not display the same phenotype, which could be explained by the fact that in 

the absence of the Ypk3 activity only the second serine (Ser233) is in a non-phosphorylated form. 

Nonetheless, the role of Rps6 phosphorylation in ribosome biogenesis and pre-rRNA processing will 

require further investigation.  

 

Figure 45. The cells expressing RPS6
AA

 display an elevated 60S peak. 

Both of the experiments were performed by Madeleine Meusburger. (A) Exponentially 

growing cells with the indicated genotypes were treated with 20mg/ml cycloheximide prior to 

the ribosome extraction. Fractions corresponding to 10 OD260nM of the extracts were loaded 

on top of sucrose gradients. (B) rRNA synthesis/processing was assessed by the northern blot.  

 

To address whether the absence of the activity of the Rps6 kinases culminates in a similar polysome 

profile as the expression of the non-phosphorylatable Rps6, we starved cells deleted for all three 

YPKs, but expressing analog-sensitive alleles of YPK1 and YPK3 for glucose for 1 hour and refed them 

with glucose with or without the analog (1NM-PP1). Starvation for glucose led to the 

dephosphorylation of Rps6 and Ypk3, while refeeding triggered their rephosphorylation (Figure 46A).  
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However, treatment of cells with the analog and glucose in unison abrogated this rephosphorylation. 

Starvation for glucose induced a slower migration of Ypk1 in SDS-PAGE due to the inactivation of 

Ypk1 and consequent hyperactivation of Fpk1/2. Analysis of the abundance of the free subunits (40S 

and 60S), the monosomes (80S) and the polysomes collected after the refeeding with or without the 

analog revealed that inhibition of Ypks had no significant effect on the profiles under any of the 

conditions tested (Figure 46B). These results are in accordance with a recently published study which 

showed that the wild type and S6K1;S6K2¯/¯ liver polysome profiles did not exhibit any significant 

differences under starvation and refeeding conditions (Chauvin et al, 2013). Importantly, 

abolishment of the activities of the yeast Rps6 kinases did not induce a 60S peak as we observed with 

the Rps6 phosphomutant cells. Given that cells expressing only the RPS6AA allele and that cells 

bearing only one copy of the two RPS6 genes exhibit the same phenotype with regard to an increase 

in the 60S:40S ratio and that the inhibition of the S6 kinases do not result in the same profile, 

suggests that Rps6AA may not be as stable as the wild type protein.  

We repeated the starvation and refeeding experiment with the wild type and RPS6AA cells and again 

analyzed the polysome profiles under these conditions. Although the RPS6AA cells displayed an 

increase in the 60S peak in all the conditions we tested, we did not detect any other changes in the 

profiles compared to the wild type cells (data not shown).        
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Figure 46. Global protein synthesis is  not affected by the absence of the Ypk activity in the cell. 

(A-B) ypk1
as

 ypk2Δ ypk3
as

 cells were grown to exponential growth phase in SD media with 2% 

glucose. Samples were collected for TCA protein extraction and the polysome profiling. 

Following filtering, the cells were resuspended in SD media without any carbon source and 

incubated at 30°C for 1 hour. After sample collection, remaining cells were split into two and 

treated with 2% glucose with or without the analog. At the indicated time-points, samples 

were collected. The samples were processed according to the protocols explained in the 

methods section.  

 

The Role of Rps6 Phosphorylation in Reinitiation 

Provided that Rps6 phosphorylation did not affect global translation, we hypothesized that it might 

rather alter the translation efficiency in specific cases. One such mechanism utilized for gene-specific 

translational control is reinitiation. To investigate if Rps6 phosphorylation affects the efficiency of 

reinitiation, we used a GCN4-LacZ reporter. We treated cells with 3-aminotriazole (3-AT) to induce 

GCN4 expression. 3-AT is an inhibitor of HIS3 gene production and thus causes histidine starvation. 

We did not detect any significant difference in the levels of GCN4 expression between the Rps6-wild 

type and phosphomutant strains under 3-AT-treated or –untreated conditions (Figure 47A). We 
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argued that lack of a phenotype could be due to dephosphorylation of Rps6 upon 3-AT treatment. 

However, 3-AT treatment did not induce Rps6 dephosphorylation as shown by western blot (Figure 

47B). Moreover, expression of RPS6AA did not give any advantage/disadvantage in growth under 

conditions where cells were starved for amino acids (Figure 47C). Thus, we concluded that Rps6 

phosphorylation has no significant effect on reinitiation efficiency, at least not in the case of GCN4.   

 

Figure 47. Rps6 phosphorylation does not play a role in the translational reiniation of the Gcn4 mRNA. 

(A) Prototrophic strains with the indicated genotypes were transformed with reporter 

plasmids carrying the four Gcn4 upstream open reading frames (uORF), the first one or none. 

Relative β-galactosidase activities were assessed as the ratio of the reporter activity with the 

uORFs to the reporter activity in the absence of any uORFs. GCN4-LacZ expression was 

induced by treating cells with 30mM 3-aminotriazole for 5hours. (B) Exponentially growing 

wild type cells were treated with 30mM 3-AT up to 5hours to assess the effect of histidine 

starvation on Rps6 phosphorylation. (C) The indicated strains were grown in the presence of 

vehicle or 30mM 3-AT. The average and the standard deviation from three independent 

experiments are shown.   
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Synthetic Genetic Array to Identify the Function of Rps6 Phosphorylation 

To identify mutants possessing synthetic genetic interactions with RPS6AA, we performed a Synthetic 

Genetic Array (SGA) in collaboration with Charles Boone’s Laboratory in Toronto. The SGA is a 

method based on “systematic construction of double mutants” by crossing the strain of interest with 

a collection of deletion mutants and subsequently an analysis of growth abilities of acquired mutants 

(Tong et al, 2001). We used wild type- and phosphomutant-Rps6 strains for the array and a number 

of genes associated with ribosome biogenesis, translation and mRNA decay scored suggesting that 

Rps6 phosphorylation might be implicated in these processes (Figure 48A). Next, we wanted to 

confirm some of these genetic interactions by remaking the triple mutants in our background. 

However, we could not detect any synthetic genetic interactions at 30°C (Figure 48B). Exceptionally, 

deletion of HBS1 exhibited synthetic sickness with RPS6AA at lower temperatures (Figure 48C). Hbs1 is 

a GTPase which is required for ribosomal subunit dissociation and release of the peptidyl-tRNA under 

conditions of ribosomal stalling, and is thus implicated in no-go decay (Carr-Schmid et al, 2002; Doma 

& Parker, 2006). No-go decay is a specialized mechanism which targets mRNAs harboring stalled 

ribosomes for degradation. Hbs1, in collaboration with Dom34, triggers release of the mRNA so that 

the fragments of the mRNA can be degraded by the exosome or Xrn1 following an endonucleolytic 

cleavage (Harigaya & Parker, 2010). Thus, with the purpose of investigating a possible role of Rps6 

phosphorylation in no-go decay, we employed a previously established PGK1-SL reporter construct 

containing a stable stem loop which triggers elongation stalls (Doma & Parker, 2006). Unfortunately, 

wild type and RPS6AA cells did not display any difference in no-go decay efficiency (data not shown). 
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Figure 48. RPS6
AA

 and HBS1 display a synthetic genetic interaction at 20°C.  

(A) The list of hits which came out in the SGA analysis. (B-C) The growth rates of the indicated 

strains were measured over a 16 hour period at 30°C or 20°C. The growth rates of the mutant 

cells were normalized to that of the wild type. The assays performed at 20°C were done by 

Sedef Karayel. 

 

Uba4 is implicated in the wobble base pairing through its ability to activate Urm1 which is required 

for thiolation of cytoplasmic tRNAs (Goehring et al, 2003; Leidel et al, 2009). Even though we did not 

manage to confirm the synthetic genetic interaction between the RPS6AA and UBA4 strains as 

suggested by the SGA, additional large-scale analyses suggested genetic interactions between YPK3 

and components of the Elongator complex. This prompted us to look into a possible role for Rps6 

phosphorylation in wobble base pairing (Costanzo et al, 2010; Fiedler et al, 2009). To do so, we used 

a dual luciferase system in which arginine repeats were encoded with either AGA (translation 

permissive) or CGA (translation inhibitory) codons. The CGA codons require wobble decoding for 
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translation. The two sets of repeats were inserted between a Renilla and a firefly luciferase reporter 

(Figure 49A) (Letzring et al, 2010). Accordingly, the ratio between the Renilla and firefly luciferase 

signals gives the translation efficiency of the repeats. The strains bearing the non-phosphorylatable 

allele of RPS6 displayed a slight defect in translation of the CGA repeats compared to the wild type 

cells (Figure 49B). However, the mechanism by which Rps6 contributes to the wobble base pairing 

remains to be elucidated. 

 

Figure 49. Efficiency of wobble base pairing is lower in cells expressing RPS6
AA

. 

(A) Scheme illustrating the dual luciferase system. Adapted from (Letzring et al, 2010) (B) The 

Dual-Luciferase Reporter Assay System from Promega was used to assess the luciferase 

expression of the exponentially growing cells in synthetic medium.  

 

Localization of Rps6 Phosphorylation 

One question which we wanted to address was whether Rps6 phosphorylation is an early event 

occurring during small subunit biogenesis or a late one which takes place in cytoplasm. To answer 

this question, we collaborated with the Vikram Panse Laboratory at the ETH, Zurich. Following the 

purification of the small subunit at different stages of biogenesis using Noc4-, Enp1-, Rio2- or Asc1-

TAP tagged strains, we checked the phosphorylation level of Rps6 in these different contexts. Noc4 is 

a nucleolar protein which mediates the early steps of pre-40S maturation (Milkereit et al, 2003). 

Enp1 is another nucleolar protein, mostly interacting with the early 90S and intermediate pre-40S 
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particles (Chen et al, 2003). Rio2 and Asc1 are cytoplasmic proteins: Rio2 interacts with late 

cytoplasmic pre-40S particles, whereas Asc1 is a core component of the mature 40S and 80S (Gerbasi 

et al, 2004; Vanrobays et al, 2003). Rps6 seemed to be highly phosphorylated on Ser232 residue at 

every stage of the small subunit biogenesis we tested (Figure 50A). On the other hand, the 

phosphorylation of Ser233 appeared to be rather low in the context of immature 40S particles 

compared to the mature 40S. It is likely that the low levels of phosphorylation detected were due to 

contamination with abundant mature ribosomes. These results encouraged us to hypothesize that 

the phosphorylation of the two sites occurs in different compartments in the cell. Phosphorylation of 

Ser232 seemed to be a rather early event in 40S maturation, whereas Ser233 phosphorylation was 

likely to be a mature 40S-dependent event.  

For further confirmation of the localization of Rps6 phosphorylation, we decided to do immune-cryo 

electron microscopy using the phospho-antibodies. This work was done in collaboration with the 

Olivier Gadal Laboratory in Toulouse, France. Unfortunately, we could not detect any signal with 

either of the antibodies we used (Figure 50B). As an alternative, we performed immunofluorescence 

with the phospho-antibodies. Immunofluorescence revealed that the signal detected with both Rps6-

PP and RXXS antibodies concentrated in cytoplasm in wild type cells (Figure 50C). In RPS6AA cells, no 

signal with either of the antibodies was detected suggesting that the signals in the wild type cells 

indeed reflected the phosphorylated form of Rps6. Surprisingly, we did not observe any signal with 

the strains in which only the second serine was substituted with alanine, either. This result could 

suggest that the RXXS signal we observed in wild type cells originated from the phosphorylated form 

of Ser233, rather than that of Ser232, thereby explaining why the signal was predominantly 

cytoplasmic in this case. However, there is also the possibility that absence of any clear phospho-

signal in the nucleus was due to shielding of Rps6 by ribosome biogenesis factors in the nucleus. 

Further investigation is required to address these possibilities.   
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Figure 50. Differentially phosphorylated forms of Rps6 are found in different compartments of the cell. 

(A) Rps6 phospho-signal from each TAP-purification was normalized to the signal from the 

corresponding input based on the observation that the phospho-signal weakens during the 

process of native protein extraction. (B) A range of concentrations from 1:50 to 1:5000 of the 

antibodies were tested for immune-cryo EM. However, no signal was detected under any 

conditions. Nhp2 is a nuclear protein and the antibody against Nhp2 protein was used as a 

positive control. (C) Spheroplasts prepared following paraformaldehyde fixation of the 

indicated strains were incubated with the indicated antibodies with a dilution of 1:50 from 

the original stocks.  Nuclei were stained with DAPI (in blue). The images were analyzed by 

ImageJ.    
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Discussion 

Characterization of Ccr4 as a Novel TORC1 Effector 

In this study, we characterized Ccr4 as a downstream effector of TORC1. Current data show that Ccr4 

is a phosphoprotein whose phosphorylation status is regulated according to nutrient availability and 

TORC1 activity. Moreover, we mapped the phosphorylation sites on Ccr4 by mass spectrometry and 

showed that the mutation of these sites into alanine abolished the rapamycin-dependent 

hyperphosphorylation of Ccr4 as well as its basal-level phosphorylation. However, we still cannot 

exclude the presence of additional sites which contribute to the phosphorylation-dependent 

regulation of Ccr4.  

Although we so far failed to pinpoint the kinase which phosphorylates Ccr4, we managed to identify 

some players of the pathway signaling from TORC1 to Ccr4. Sch9 seemed to partially mediate this 

signaling event. However, the physiological condition which triggers the Sch9-dependent 

phosphorylation of Ccr4 remains yet to be elucidated. We excluded carbon source depletion and salt 

stress. Given that both Ccr4 phosphorylation and TORC1 are highly responsive to nitrogen source-

depletion, it is feasible to test whether Sch9 participates in the regulation of Ccr4 in response to 

different nitrogen sources. On the other hand, hyperphosphorylation of Pop2 upon glucose 

starvation is dependent on Yak1 activity. However, its rapamycin-induced phosphorylation is 

mediated by the Sch9-Rim15 branch of TORC1 signaling. Again, the physiological conditions which 

activate this pathway require further investigation.  

Intriguingly, we revealed that Yck1, Swe1 and Elm1 kinases were involved in the rapamycin-

dependent hyperphosphorylation of Ccr4. Yck1 is a casein kinase I isoform. Despite the fact that Yck1 

and Yck2 are redundant and Yck2 is more abundant than Yck1 in the cells, YCK2 deletion did not 

result in any defect in the Ccr4 phosphorylation levels under untreated- and rapamycin-treated 

conditions, while YCK1 deletion did. The cells deleted for YCK1 were impaired in 

hyperphosphorylation of Ccr4 upon rapamycin treatment. Serine 281 which we mapped as one of 
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the rapamycin-responsive phosphorylation sites in Ccr4 is found in a casein kinase I recognition 

motif, thereby suggesting that Yck1 might be the kinase responsible for direct phosphorylation of 

Ccr4 upon inhibition of TORC1 activity. This hypothesis will require confirmation with an in vitro 

kinase assay. To date, no evidence for regulation of Yck1 by TORC1 has been reported, opening a 

new field of investigation for characterization of a novel effector of the TORC1 pathway. 

One target of Yck1 is the RNA-binding protein Khd1 (also known as Hek2). Systematical analysis 

found that Khd1 binds to hundreds of mRNAs with a bias for ones which encode membrane-

associated proteins (Hasegawa et al, 2008). One well-established target of Khd1 is the Ash1 mRNA 

(Irie et al, 2002). Ash1 is a transcription factor which plays a role in filamentous growth, in response 

to nutrient limitation as well as in mating-type switch by repressing expression of the HO 

endonuclease expression in daughter cells in late anaphase (Chandarlapaty & Errede, 1998; Sil & 

Herskowitz, 1996). The roles of Ash1 in both processes necessitate the asymmetric localization of 

Ash1 mRNA to daughter cells. Khd1 interacts with the Ash1 mRNA in mother cells and represses its 

translation initiation (Paquin et al, 2007). On the other hand, phosphorylation of Khd1 by Yck1 

hinders the interaction of Khd1 with the Ash1 mRNA, thereby freeing its translational repression and 

promoting the production of Ash1 protein on the bud tip. Ccr4 was also implicated in the regulation 

of the HO mRNA levels in a Puf4/5-dependent manner (Goldstrohm et al, 2007; Hook et al, 2007). 

Moreover, Khd1 targets the Flo11 mRNA and regulates its asymmetric localization during filamentous 

growth (Wolf et al, 2010). Another target of Khd1 is the Rom2 mRNA. More interestingly, regulation 

of the Rom2 mRNA by Khd1 is dependent on the presence of Ccr4 in the cell (Ito et al, 2011b). Rom2 

is a GDP/GTP exchange factor which is involved in the cell wall integrity pathway. In addition, 

combinatorial deletion of the CCR4/POP2 and KHD1 genes results in a severe synthetic growth 

defect. On the other hand, TORC1 was recently shown to interact with multiple proteins related with 

filamentous growth under nitrogen-deprivation conditions (Laxman & Tu, 2011). Furthermore, 

TORC1 impinges on the regulation of the Flo11 mRNA via the Gcn4 transcription factor upon amino 

acid starvation (Braus et al, 2003). Altogether, these data raise the possibility that Ccr4 
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phosphorylation might be involved in the regulation of mRNA repression/localization during 

filamentous growth or mating-type switching.   

Elm1 is a serine-threonine kinase which modulates various cellular processes including cellular 

morphogenesis and septin organization. In addition, absence of Elm1 activity promotes filamentous 

growth (Koehler & Myers, 1997). Elm1 also contributes to the mitotic signaling pathway by 

phosphorylating a number of components of the pathway including the Swe1 kinase (Sreenivasan & 

Kellogg, 1999). Elm1, itself, is localized to the bud neck during the mitosis till the end of anaphase 

(Bouquin et al, 2000). Swe1, on the other hand, is another serine-threonine kinase which plays a 

major role in the regulation of G2/M transition (Booher et al, 1993). In a manner similar to Elm1, 

Swe1 assists in the promotion of filamentous growth under a variety of stress conditions (La Valle & 

Wittenberg, 2001). Considering the contribution of these two kinases to Ccr4 phosphorylation, the 

roles which the Elm1 and Swe1 kinases play in the filamentous growth further bolsters the idea that 

Ccr4 phosphorylation may be involved in the regulation of this process.      

Septins are highly conserved proteins which form a structural scaffold during cytokinesis and bud 

formation. Swe1 and Elm1 kinases contribute to septin organization (Sreenivasan et al, 2003). 

Inhibition of Elm1 kinase activity at the G1 stage abolishes the proper polarization of septins. In 

parallel, Ccr4/Pop2 deadenylase activity contributes to the septin organization by regulating the 

stability of mRNAs encoding the proteins involved in the septin assembly including the Elm1 mRNA 

(Traven et al, 2009). Moreover, CCR4 and POP2 genes exhibit synthetic genetic sickness with ELM1, 

thereby provoking the question of whether Ccr4 phosphorylation is critical for the regulation of 

septin organization.         

Given that TORC1 regulates the transcription of ribosomal protein genes while Ccr4 modulates the 

degradation of ribosomal protein mRNAs, we hypothesized that TORC1 also contributes to the 

stability of RP mRNAs through the regulation of Ccr4. Our hypothesis-driven approach directed us to 

choose candidate RP mRNAs in addition to Aro4 and Hsp26 mRNAs to test. Unfortunately, we failed 
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to collect any evidence which would suggest such regulation. Yet, these results did not rule out the 

possibility for regulation of another specific subset of mRNAs by Ccr4 in a TORC1-dependent manner. 

The best approach to test this would be to measure changes at the levels of deadenylation in a 

transcriptome-wide manner in the presence of differentially phosphorylated forms of Ccr4. The 

technique is based on deep-sequencing (or microarray analysis) of mRNA populations classified 

based on the length of their poly(A) tails by “step-wise thermal elution” (Beilharz & Preiss, 2009).  

One intriguing observation is the mitosis-dependent regulation of Ccr4 phosphorylation. Arrest of 

cells in interphase with α-factor treatment and their subsequent release revealed that Ccr4 is 

hyperphosphorylated at G1 and S phases, with phosphorylation levels returning to the basal levels by 

G2-M phase (Figure 14B). Given that Swe1 is a well-established regulator of mitosis, mitotic 

regulation of Ccr4 phosphorylation is likely to be functionally relevant. Moreover, another major 

player of the mRNA degradation pathway, Dcp1 was recently found to be differentially 

phosphorylated throughout the mitotic cycle in human cells and phosphorylation of Dcp1 was shown 

to affect its association with the P-bodies (Aizer et al, 2013). In addition, P-bodies are responsive to 

different stages of the mitotic cycle. P-bodies are smaller during the early stages of S phase, they 

become larger as the cells approach the end of S phase and the G2 phase and finally, they dissemble 

following the entry into mitosis (Aizer et al, 2013; Yang et al, 2004). Although the phosphorylation of 

Ccr4 had no clear effect on the formation of P-bodies under glucose-limited conditions, it would be 

feasible to investigate whether Ccr4 phosphorylation plays a role in the regulation of P-body 

formation during the mitotic cycle or in the recruitment of Ccr4 itself into the P-bodies during this 

process. Preliminary data suggested that Ccr4 phosphorylation influences the survival of cells in 

stationary phase. Taking the significance of the P-body formation in stationary phase survival into 

account, the question of whether Ccr4 phosphorylation is involved in the regulation of P-bodies and 

the stress granules deserves further investigation. 
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Finally, although Ccr4 was first identified as a transcription factor, its well-studied function as the 

major deadenylase in the cell has left its possible roles as a transcription factor in the shade. It might 

be still worthwhile to investigate whether Ccr4 phosphorylation has any role in the transcription of 

alcohol dehydrogenase II, its proposed target (Denis, 1984).     

In this study, we mainly focused on the regulation and the function of phosphorylation of Ccr4, 

leaving unanswered the role of Pop2 phosphorylation in the cell. Considering that Pop2 is a highly 

conserved protein and has critical functions in glucose sensing in addition to its roles in Ccr4 

recruitment, the investigation of the physiological role of Pop2 phosphorylation might provide 

further insight into its significance in the cell.  

Regulation and Function of Rps6 Phosphorylation 

The physiological role of Rps6 phosphorylation has remained mysterious for the last four decades. 

Similarly, the pathways signaling to Rps6 in budding yeast has also remained ambiguous, although it 

is fairly well characterized in higher eukaryotes. In this study, we showed that two phosphorylation 

sites on the C-terminus of Rps6 are differentially regulated in the cell. The dephosphorylation of the 

second site (Ser233) seemed to precede the dephosphorylation of the first site (Ser232) in response 

to nutrient limitations. In accordance, the phosphorylation of Ser232 recovered faster than that of 

Ser233 upon re-addition of nutrients. Moreover, mutation of Ser232 into alanine caused loss of 

phosphorylation on Ser233. Taken altogether, the data suggested that similar to the situation in 

mammalian cells, there is a hierarchy in the phosphorylation of these two sites. 

Despite previous contention, here we show that Sch9 is not the S6 kinase in vivo, rather it 

contributes to the regulation of Rps6 phosphorylation only indirectly. The activity of Sch9 regulates 

translation initiation, and thereby the polysome abundance in the cell. We propose that Rps6 is not 

accessible to phosphatases in the context of polysomes. Hence, upon rapamycin treatment, Sch9 

inhibits translation initiation leading to an increase in the 80S monosomes and free subunits and 
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assisting in the exposure of Rps6 to phosphatases. Additionally, we are currently trying to address 

the question of whether Sch9 contributes to the Glc7/Shp1 activity.   

We characterized all three Ypks (Ypk1, Ypk2 and Ypk3) as S6 kinases in budding yeast. Despite the 

fact that we are still lacking the in vitro kinase assays, the dependency of Rps6 phosphorylation on 

the activity of these kinases, the interaction between Ypk3 and Rps6 and the strong homology 

between Ypks and S6K1/2 strongly suggest that Ypk kinases are the long missing S6 kinases of 

budding yeast.  

In this study, we also characterize Ypk3 as a novel direct effector of TORC1. We showed that Ypk3 

interacts with TORC1 in vivo in a TORC1 activity-dependent manner. We mapped four 

phosphorylation sites on the C-terminal end of the protein which are indispensable for its activity as 

an S6 kinase. In vitro kinase assays will be necessary to answer the question of which of these sites is 

directly phosphorylated by TORC1. AGC kinases are commonly phosphorylated by Pkh1/2/3 on their 

T-loop. Thus, it is plausible to suggest that the full activation of Ypk3 may also require the 

phosphorylation of its T-loop by the Pkh kinases. However, the regulation of Ypk3 by the Pkh kinases 

remains to be elucidated, as does its regulation by PKA.                

Snf1 is a highly conserved AMP-activated serine-threonine kinase which is activated in response to 

glucose deprivation. Cells deficient in Snf1 activity exhibit a delay in dephosphorylation of Rps6 upon 

nutrient deprivation (data not shown). The mechanism by which Snf1 contributes to the regulation of 

Rps6 phosphorylation requires further investigation. One interesting observation we made was that 

Ypk3 was less stable in the absence of SNF1 (Figure 29H). Moreover, Hinnebusch and his group had 

shown that Snf1 inhibits Glc7 activity in the absence of glucose (Cherkasova et al, 2010). Thus, we 

speculate that Snf1 signals to Rps6 via both the kinase and the phosphatase branches.  

Immunofluorescence analyses revealed that phosphorylated Rps6 is predominantly cytoplasmic. 

However, affinity purification of pre-40S particles at different steps of maturation suggested that 

Rps6 phosphorylated on Ser232 is both cytoplasmic and nucleolar while Rps6 phosphorylated on 
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both Ser232 and Ser233 sites is prevailingly cytoplasmic. A previous study suggested that 

phosphorylated Rps6 was observed both in the cytoplasm and the nucleus (Pende et al, 2004). Glc7 

was shown to be predominantly nucleolar and Shp1 contributes to the proper localization of Glc7 in 

the cell, even though these results were recently challenged (Bohm & Buchberger, 2013; Cheng & 

Chen, 2010; Hu et al, 2012). At this moment, it is particularly intriguing to investigate the cellular 

localization of Glc7 and Shp1 under different conditions which affect Rps6 phosphorylation. Our 

preliminary attempts to localize GFP-tagged Ypk3 suggested that Ypk3 is mainly cytoplasmic. 

However, we showed that Ypk3 interacts with a nucleolar protein Rrp5 suggesting that there might 

be a nucleolar pool of Ypk3.    

The physiological role of Rps6 phosphorylation in cells has remained as an enigma for the last four 

decades. We attempted to take advantage of the novel players of the pathway which we 

characterized in this study to shed light on the function of Rps6 phosphorylation. So far, we showed 

that Rps6 phosphorylation and the yeast S6 kinases had no impact on global translation. 

Nonetheless, this result does not rule out that Rps6 phosphorylation may be involved in the 

translational regulation of specific subsets of mRNAs. To explore such possibility and single out the 

mRNAs regulated in an Rps6 phosphorylation-dependent manner, we would like to follow-up with a 

ribosome profiling strategy. Ribosome profiling is a method “based on deep sequencing of ribosome-

protected mRNA fragments” which provides detailed information regarding which mRNAs are being 

actively transcribed (Ingolia et al, 2009). On the other hand, we excluded Rps6 phosphorylation from 

being an active player in translation reinitiation or ribosomal frameshifting. However, 

phosphorylatable Rps6 appeared to be required for efficient wobble decoding (Figure 49). Yet, the 

role of the Ypk kinases in this process and the mechanism by which Rps6 phosphorylation affects the 

wobble decoding remain to be elucidated.  

Earlier attempts to address the impact of Rps6 phosphorylation on the life cycle of Saccharomyces 

cerevisiae led to the conclusion that Rps6 phosphorylation had no observable effect on growth under 
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a variety of stress conditions or on sporulation (Johnson & Warner, 1987; Kruse et al, 1985). 

However, we showed that the RPS6AA cells had a lower proliferation rate and protein content 

compared to the wild type cells. In this study, we substituted both of the phosphorylatable serines of 

both RPS6A and RPS6B genes with alanine to obtain a phosphomutant Rps6 strain. Differently, in the 

previous study, one of the copies was deleted and the other copy was replaced with the 

phosphomutant allele (Kruse et al, 1985). Taking into consideration that deletion of one of the RPS6 

alleles already has phenotypic effects, it might not reflect the true nature of the cells defective in 

Rps6 phosphorylation. On the other hand, Meyuhas and his group created the first knock-in mice 

(rps6P-/-) where all five Rps6 phosphorylation sites were substituted with alanine (Ruvinsky et al, 

2005). The cells obtained from these mice displayed a decrease in cell size and defects in glucose 

homeostasis, albeit an increase in cell proliferation and amino acid incorporation into proteins. 

However, the question of which of these phenotypes are attributable to which specific sites still 

remains to be answered. Dissecting the specific roles of Ser240, Ser244 and Ser247 which are not 

conserved in yeast as well as those of Ser235 and Ser236 which are conserved in single-celled 

eukaryotes might help us to clarify the underlying reasons of the differences in the phenotypes which 

we observe. 

Ribosomal proteins with extra-ribosomal functions are rather prevalent from prokaryotes to higher 

eukaryotes. For instance, there is substantial amount of evidence suggesting that ribosomal proteins 

are involved in the regulation of their own synthesis, splicing or degradation (Lindstrom, 2009; 

Warner & McIntosh, 2009). Moreover, some of the ribosomal proteins participate in apoptosis via 

direct association with Mdm2, an inhibitor of a pro-apoptotic protein p53 (Warner & McIntosh, 

2009). More intriguingly, posttranslational modifications were shown to be a major regulator of the 

extra-ribosomal functions as in the example of Rpl13a in higher eukaryotes (Mazumder et al, 2003; 

Mukhopadhyay et al, 2008). Phosphorylation of Rpl13a triggers its dissociation from the ribosome 

and association with GAIT (interferon-Gamma-Activated Inhibitor of Translation) complex, which is a 

negative translational regulator of specific mRNAs (Mukhopadhyay et al, 2008). In this context, 
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Rpl13a interacts with eIF4G and inhibits the recruitment of the preinitiation complex (PIC) to target 

mRNAs, thereby contributing to the inhibition of translation in collaboration with the GAIT complex 

(Kapasi et al, 2007). As another example, phosphorylation of Rps3 promotes its translocation from 

the cytoplasm to the nucleus in response to DNA damage, where it plays versatile roles in DNA repair 

(Warner & McIntosh, 2009; Yadavilli et al, 2007). On the other hand, Rps6 was previously shown to 

interact with heat-shock protein 90 (Hsp90) in an Hsp90 activity-dependent manner; thus, the free 

pool of Rps6 is supposedly protected from the proteasomal degradation (Kim et al, 2006). In 

addition, S6 heterozygous embryos seemed to prompt the p53-dependent checkpoint leading to the 

apoptosis (Panic et al, 2006). However, the question of whether the role of Rps6 in this process is 

linked with defects in ribosome biogenesis or if Rps6 directly participates in p53 regulation like other 

ribosomal proteins will require further investigation. The fact that Rps6 is highly phosphorylated in 

the context of ribosomes encourages us to speculate that Rps6 phosphorylation plays a role in the 

ribosomal system. However, we cannot rule out extra-ribosomal features of Rps6 in the cell and a 

conceivable role for its phosphorylation in such functions.       
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Materials and Methods 

Yeast cultures and assays 

Saccharomyces cerevisiae strains and plasmids used in the study are listed in Table 3 and 4. Standard 

protocols were followed to obtain the strains. Cells were grown in YPD (1% yeast extract, 2% 

peptone, 2% glucose) at 30°C if not indicated otherwise. 

For the drug treatment assays, rapamycin was used at 200ng/ml, wortmannin at 10µg/ml, and 

cycloheximide at 25µg/ml concentrations.  

Cells for carbon starvation experiments were grown in YPD, gently pelleted (2 min 1100 x g, 30 °C) 

and resuspended in YP medium. 20min after the medium change, either 2% glucose or equal amount 

of water was added into the cultures. After incubation for 20min, final aliquots of the cells were 

collected for protein extraction. 

Cells for nitrogen starvation experiments were grown in YNB (-N) + 2 % Glc, 0.2 % Gln, gently pelleted 

(2 min 1100 x g, 30 °C) and resuspended in YNB (-N) + 2 % Glc. 20min later, either 0.2% glutamine or 

equal amount of water was added to the cell cultures. 

Table 3. List of yeast strains used in this study 

Name Genotype Source Figure 

TB50a MATa; trp1 leu2 ura3 his3 rme1 wt 
Figure 7A-B; 17A; 
23A; 24A-C; 29E; 
32B-C; 33A; 45B 

TB50α MATa; trp1 leu2 ura3 his3 rme1 wt Figure 23A 

BY4741 MATa; his3 leu2 met15 ura3 wt Figure 14A; 29H 

SY33 MATa; ccr4Δ::KanMX6 [TB50] This study 
Figure 7A; 12B; 13; 
15; 17A; 18; 19A-B; 

20 

SY34 MATa; pop2Δ::KanMX6 [TB50] This study Figure 7A; 15 

SY47-a MATa; dhh1Δ::TRP1 [TB50] This study Figure 7A 

SY48-a MATa; pat1Δ::TRP1 [TB50] This study Figure 7A 

SY39-a MATa; CCR4-3HA[KanMX6] [TB50] This study 
Figure 8A-B; 9A-B; 

10,; 11A-E; 14B 

SY40-a MATa; POP2-3HA[KanMX6] [TB50] This study 
Figure 8A; 9A-B; 10; 

11A-D 

SY41 MATa; NOT2-3HA[KanMX6] [TB50] This study Figure 10 

SY42 MATa; NOT3-3HA[KanMX6] [TB50] This study Figure 10 

SY43 MATa; NOT4-3HA[KanMX6] [TB50] This study Figure 10 

SY44 MATa; NOT5-3HA[KanMX6] [TB50] This study Figure 10 

SY65 MATa; CAF40-3HA[KanMX6] [TB50] This study Figure 10 

SY66 MATa; CAF130-3HA[KanMX6] [TB50] This study Figure 10 
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SY140 
MATa; yck1Δ::KanMX6 CCR4-3HA [NatMX4]  
[BY4741] 

This study Figure 14A 

SY143 
MATa; swe1Δ::KanMX6 CCR4-3HA [NatMX4]  
[BY4741] 

This study Figure 14A 

SY144 
MATa; elm1Δ::KanMX6 CCR4-3HA [NatMX4]  
[BY4741] 

This study Figure 14A 

DM45-2C  MATa; crfΔ::KanMX6 [TB50] Martin et al., 2004. Figure 16A 

AH248 MATα; rpd3Δ::HphMX4 [TB50] Huber et al., 2011.  Figure 16B-C 

AH251 MATα; sds3Δ::HphMX4 [TB50] Huber et al., 2011.  Figure 16B-C 

SY73 
MATa; TetR’-Ssn6 tTA [URA3] TetO7-3HA-
ARO4[HIS3MX6] [TB50] 

This study Figure 17C 

SY74 
MATa; ccr4Δ::KanMX6 pAH346(Ura3) TetO7-
3HA-ARO4[HIS3MX6] [TB50] 

This study Figure 17C 

SY57-a MATa; CCR4-TAP[HIS3MX6]  [TB50] This study Figure 21 

SY58 MATa; POP2-TAP[HIS3MX6] [TB50] This study Figure 21 

MS073 MATa; SKY1-TAP[HIS3MX6] [TB50] Michael Stahl, Loewith Lab Figure 21 

SY5 MATa; PUF2-3HA[KanMX6] [TB50] This study Figure 22A 

SY45-a MATa; PUF4-3HA[KanMX6] [TB50] This study Figure 22B 

SY13 MATa; puf2Δ::KanMX6 [TB50] This study Figure 22C 

SY46-a MATa; puf4Δ::HIS3MX6 [TB50] This study Figure 22C-D 

SY20 MATa; PUF3-TAP[HIS3MX6] [TB50] This study Figure 22E 

AH111 
MATa; RPS6A

WT
::HphMX4 RPS6B

WT
::NatMX4 

[TB50] 
Alexandre Huber, Loewith 

Lab 

Figure 23A; 25A-D; 
32D; 33B; 38A-B; 

45A-B; 47A-C; 48B-
C; 49A; 50B-C 

AH114 
MATa; rps6a

AA
::HphMX4 rps6b

AA
::NatMX4 

[TB50] 
Alexandre Huber, Loewith 

Lab 

Figure 23A; 25A-D; 
32D; 33B; 38A-B; 

45A-B; 47A-C; 48B-
C; 49A; 50B-C 

MM121 
MATa; rps6a

AS
::HphMX4 rps6b

AS
::NatMX4 

[TB50] 
Madeleine Meusburger, 

Loewith Lab 
Figure 23A 

MM122 
MATα; rps6a

SA
::HphMX4 rps6b

SA
::NatMX4 

[TB50] 
Madeleine Meusburger, 

Loewith Lab 
Figure 23A; 50B-C 

SY121 
MATa; pGal1-RPS6A[KanMX6] RPS6B[NatMX4] 
[TB50] 

This study Figure 23C-D 

SY123 
MATa; pGal1-RPS6A[KanMX6] rps6b

AA
[NatMX4] 

[TB50] 
This study Figure 23D 

SY125 
MATa; pGal1-RPS6A[KanMX6] rps6b

DD
[NatMX4] 

[TB50] 
This study Figure 23C-D 

AH308 MATa; SCH9::TRP1 [TB50] Huber et al., 2009. 
Figure 26A-D; 27B-

C; 29G 

SY155 MATa; sch9as::TRP1 [TB50] This study Figure 26B-C; 29G 

SY158 MATa; sch9kd::TRP1 [TB50] This study Figure 26A-C 

SY161 MATa; sch9Δ::TRP1 [TB50] This study Figure 26A-C 

AH333 MATa; sch9DE::TRP1 [TB50] Huber et al., 2009. Figure 26D; 27B 

RL276-2B MATa; HIS3 [TB50] 
Robbie Loewith, Loewith 

Lab 
Figure 27A 

AH215 MATa; gcn2Δ::HIS3MX6 [TB50] 
Alexandre Huber, Loewith 

Lab 
Figure 27A 

SY106 MATa; ypk3Δ::HIS3MX6 [TB50] This study 
Figure 28A-C; 31A-
D; 32B-C; 33A; 45B 
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MM138 MATa; YPK3-3Flag::HIS3MX6 [TB50] 
Madeleine Meusburger, 

Loewith Lab 
Figure 29A-C 

  MATa; snf1Δ::KanMX6 [BY4741] Claudio De Virgilio Lab Figure 29H 

  MATa; mck1Δ::KanMX6 [BY4741] Yeast deletion collection Figure 29I 

  MATa; kns1Δ::KanMX6 [BY4741] Yeast deletion collection Figure 29I 

MS150 
MATa; pADH1-OsTIR1-9Myc::URA3 AVO1-
AID::KanMX6[TB50] 

Michael Stahl, Loewith Lab Figure 29F; 34A 

AH477 MATa; RPC82-TAP::HIS3MX6 [TB50] 
Alexandre Huber, Loewith 

Lab 
Figure 30A 

AH478 MATa; sch9-as RPC82-TAP::HIS3MX6 [TB50] 
Alexandre Huber, Loewith 

Lab 
Figure 30A 

AH479 
MATa; tpk1-as tpk2-as tpk3-as RPC82-
TAP::HIS3MX6 [TB50] 

Alexandre Huber, Loewith 
Lab 

Figure 30A-B 

AH480 
MATa; sch9-as tpk1-as tpk2-as tpk3-as RPC82-
TAP::HIS3MX6 [TB50] 

Alexandre Huber, Loewith 
Lab 

Figure 30A 

MM153 MATa; YPK3-TAP::HIS3MX6 3HA-TOR1 [TB50] 
Madeleine Meusburger, 

Loewith Lab 
Figure 30C 

MM125 MATa; YPK3-TAP::HIS3MX6 [TB50] 
Madeleine Meusburger, 

Loewith Lab 
Figure 32A 

RL276-5B MATa; TRP1 [TB50] 
Robbie Loewith, Loewith 

Lab 
Figure 34B; 38C; 

39B 

SY132 MATa; a ypk3Δ::TRP1 [TB50] This study 
Figure 34B; 36A; 

38C; 41B 

MP14 MATa; a ypk1Δ::KanMX6 TRP1 [TB50] 
Manuele Piccolis, Loewith 

Lab 
Figure 34B 

MP15 MATa; a ypk2Δ::HIS3MX6 [TB50] 
Manuele Piccolis, Loewith 

Lab 
Figure 34B 

MP57 
MATa; a ypk1Δ::KanMX6 ypk2Δ::HIS3MX6 
YPK1::URA3 [TB50] 

Manuele Piccolis, Loewith 
Lab 

Figure 35 

MP58 
MATa; a ypk1Δ::KanMX6 ypk2Δ::HIS3MX6 
ypk1as::URA3 [TB50] 

Manuele Piccolis, Loewith 
Lab 

Figure 34C-D; 35 

SY210 
MATa; ypk1Δ:: KanMX6 ypk2Δ:: HIS3MX6 
ypk3Δ::TRP1 YPK1::URA3 [TB50] 

This study Figure 35 

SY212 
MATa; ypk1Δ:: KanMX6 ypk2Δ:: HIS3MX6 
ypk3Δ::TRP1 ypk1as::URA3 [TB50] 

This study 
Figure 34E-F; 35; 

46A-B 

SY214 MATa; ypk2Δ:: HIS3MX6 ypk3Δ::TRP1 [TB50] This study Figure 35 

SY216 
MATa; ypk1Δ:: KanMX6 ypk3Δ::TRP1 
YPK1::URA3 [TB50] 

This study Figure 35 

SY226 
MATa; ypk1Δ:: KanMX6 ypk3Δ::TRP1 
ypk1as::URA3 [TB50] 

This study Figure 34E; 35 

SY239 
MATa; ypk3Δ::HIS3MX6 SCH9::TRP1 
tap42Δ::HphMX4 pRS415::TAP42 [TB50] 

This study Figure 36B 

SY240-a 
MATa; ypk3Δ::HIS3MX6 sch9DE::TRP1 
tap42Δ::HphMX4 pRS415::TAP42 [TB50] 

This study Figure 36B 

SY241 
MATα; ypk3Δ::HIS3MX6 SCH9::TRP1 
tap42Δ::HphMX4 pRS415::tap42-11 [TB50] 

This study Figure 36B 

SY242-a 
MATa; ypk3Δ::HIS3MX6 sch9DE::TRP1 
tap42Δ::HphMX4 pRS415::tap42-11 [TB50] 

This study Figure 36B 

JC482 MATα; leu2 ura3-52 his3 Baker et al., 1997. Figure 37A 

KT1623  MATα; glc7-127 [JC482] Baker et al., 1997. Figure 37A 

KT1639  MATα; glc7-132 [JC482] Baker et al., 1997. Figure 37A 

KT2968 MATα; glc7-L71S [JC482] Baker et al., 1997. Figure 37A 

SY251 MATa; HIS3 GLC7::LEU2 [TB50] This study Figure 37B 
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SY259 MATa; HIS3 glc7-127::LEU2 [TB50] This study Figure 37B 

MM48 MATa; rps6aΔ::KanMX6 [TB50] 
Madeleine Meusburger, 

Loewith Lab 
Figure 37D 

MM49 MATa; rps6bΔ::KanMX6 [TB50] 
Madeleine Meusburger, 

Loewith Lab 
Figure 37D 

SY255 
MATa; GLC7::LEU2 RPS6A::HphMX4 
RPS6B::NatMX4 [TB50] 

This study 
Figure 37E; 42A; 

42C 

SY257 
MATa; GLC7::LEU2 rps6a

AA
::HphMX4 

rps6b
AA

::NatMX4 [TB50] 
This study 

Figure 37E; 42A; 
42C 

SY263 
MATa; glc7-127::LEU2 RPS6A::HphMX4 
RPS6B::NatMX4 [TB50] 

This study 
Figure 37E; 42A; 

42C 

SY265 
MATa; glc7-127::LEU2 rps6a

AA
::HphMX4 

rps6b
AA

::NatMX4 [TB50] 
This study 

Figure 37E; 42A; 
42C 

SY116 MATa; shp1Δ::TRP1 [TB50] This study 
Figure 39B; 40C; 

42A-D 

SY228 
MATa; TRP1 RPS6A::HphMX4 RPS6B::NatMX4 
[TB50] 

This study Figure 40A 

SY230 
MATa; TRP1 rps6a

AA
::HphMX4 rps6b

AA
::NatMX4 

[TB50] 
This study Figure 40A 

SY247 
MATa; shp1Δ::TRP1 RPS6A::HphMX4 
RPS6B::NatMX4 [TB50] 

This study Figure 40A 

SY249 
MATa; shp1Δ::TRP1 rps6a

AA
::HphMX4 

rps6b
AA

::NatMX4 [TB50] 
This study Figure 40A 

RJD360  
MATa; can1‐100, leu2‐3,‐112, his3‐11,‐15, trp1‐
1, ura3‐1, ade2‐1 

Bohm et al., 2013. Figure 40D 

RJD3411  
MATa; cdc48‐3, leu2‐3, his3‐11,‐15, trp1‐1, 
ura3‐1, ade2‐1 

Bohm et al., 2013. Figure 40D 

SY251 MATa; HIS3 GLC7::LEU2 [TB50] This study 
Figure 41A; 42B; 

42D 

SY253 MATa; ypk3Δ::HIS3MX6 GLC7::LEU2 [TB50] This study 
Figure 41A; 42B; 

42D 

SY259 MATa; HIS3 glc7-127::LEU2 [TB50] This study 
Figure 41A; 42B; 

42D 

SY261 MATa; ypk3Δ::HIS3MX6 glc7-127::LEU2 [TB50] This study 
Figure 41A; 42B; 

42D 

SY243 MATa; HIS3 shp1Δ::TRP1 [TB50] This study Figure 41B 

SY245 MATa; ypk3Δ::HIS3 shp1Δ::TRP1 [TB50] This study Figure 41B 

RL343-F0 
MATa; a hrr25Δ::KanMX6 HRR25::URA3 
[BY4741] 

Joerg Urban, Loewith Lab Figure 44C-D 

RL343-F1 
MATa; a hrr25Δ::KanMX6 hrr25

I82G
::URA3 

[BY4741] 
Joerg Urban, Loewith Lab Figure 44C-D 

MM46 
MATa; hbs1Δ::HIS3MX6 RPS6A::HphMX4 
RPS6B::NatMX4 [TB50] 

Madeleine Meusburger, 
Loewith Lab 

Figure 48B-C 

MM47 
MATa; hbs1Δ::HIS3MX6 rps6a

AA
::HphMX4 

rps6b
AA

::NatMX4 [TB50] 
Madeleine Meusburger, 

Loewith Lab 
Figure 48B-C 

MM128 
MATa; sac3Δ::HIS3MX6 RPS6A::HphMX4 
RPS6B::NatMX4 [TB50] 

Madeleine Meusburger, 
Loewith Lab 

Figure 48B-C 

MM129 
MATa; sac3Δ::HIS3MX6 rps6a

AA
::HphMX4 

rps6b
AA

::NatMX4 [TB50] 
Madeleine Meusburger, 

Loewith Lab 
Figure 48B-C 

MM132 
MATa; ycr016wΔ::HIS3MX6 RPS6A::HphMX4 
RPS6B::NatMX4 [TB50] 

Madeleine Meusburger, 
Loewith Lab 

Figure 48B-C 

MM133 
MATa; ycr016wΔ::HIS3MX6 rps6a

AA
::HphMX4 

rps6b
AA

::NatMX4 [TB50] 
Madeleine Meusburger, 

Loewith Lab 
Figure 48B-C 
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MM135 
MATa; uba4Δ::HIS3MX6 RPS6A::HphMX4 
RPS6B::NatMX4 [TB50] 

Madeleine Meusburger, 
Loewith Lab 

Figure 48B-C 

MM142 
MATα; uba4Δ::HIS3MX6 rps6a

AA
::HphMX4 

rps6b
AA

::NatMX4 [TB50] 
Madeleine Meusburger, 

Loewith Lab 
Figure 48B-C 

 

Table 4. List of plasmids used in this study 

Name Vector::Insert Source Figure 

pRS416     Figure 13; 19A; 20; 24; 31C-D; 35; 

pRS426     Figure 38B 

pJU450 pRS415::TRP1 HIS3 Joerg Urban, Loewith Lab Figure 24 

pSY22 pRS416::CCR4-6HA This study Figure 12B 

pSY23 pRS416::CCR4
3A

-6HA This study Figure 12B 

pSY30 pRS416::CCR4 This study Figure 13;18; 19A-B; 20 

pSY31 pRS416::CCR4
3A

 This study Figure 13;18; 19A-B; 20 

pSY32 pRS416::CCR4
3E

 This study Figure 13;18; 19A-B; 20 

 pRP1574  EDC3-mCherry Buchan et al., 2008.  Figure 19A 

pAH138 pRS416::GCN2 Alexandre Huber, Loewith Lab Figure 27B 

pHQ1253 pRS316::GCN2
T882A T887A

 Qui et al., 2002. Figure 27B 

pSY56 pRS416::YPK3-3Flag This study Figure 28A-C; 29A-I; 30A-B; 31A; 31C-D; 35 

pMM105 pRS416::YPK3
L231G

-3Flag Madeleine Mesuburger, Loewith Lab Figure 28B 

pSY63 pRS416::YPK3
K157A

-3Flag This study Figure 28C 

pSY57 pRS416::YPK3
S513D

-3Flag This study Figure 31A 

pSY58 pRS416::YPK3
S513E

-3Flag This study Figure 31A 

pSY59 pRS416::YPK3
S513A

-3Flag This study Figure 31A; 31C; 

pSY71 pRS416::YPK3
1A

-3Flag This study Figure 31C 

pSY72 pRS416::YPK3
2A

-3Flag This study Figure 31C 

pSY73 pRS416::YPK3
3A

-3Flag This study Figure 31C 

pSY78 pRS416::YPK3
4A

-3Flag This study Figure 31D 

pSY90 pRS415::YPK3
4D

-3Flag This study Figure 31D 

pSD375 pYDL Harger and Dinman, 2003. Figure 33 

pSD376 pYDL-LA Harger and Dinman, 2003. Figure 33 

pSD377 pYDL-Ty1 Harger and Dinman, 2003. Figure 33 

pSD378 pYDL-HIV1 Harger and Dinman, 2003. Figure 33 

pSD379 pYDL-Ty3 Harger and Dinman, 2003. Figure 33 

  YEp352::YPK2 Loewith Lab Figure 36A 

  YEp352::YPK2
D239A

 Loewith Lab Figure 36A 

pSY75 pRS426::GLC7 This study Figure 38B 

pAB855 YCplac111::SHP1 Böhm et al., 2013. Figure 40C 

pAB1845 YCplac111::shp1-a1 Böhm et al., 2013. Figure 40C 

pAB856 YCplac111::shp1
UBAΔ

 Böhm et al., 2013. Figure 40C 

pAB857 YCplac111::shp1
UBXΔ

 Böhm et al., 2013. Figure 40C 

pMS93 pRS415::SHP1-5HA Michael Stahl, Loewith Lab Figure 42A 

 
pSY79 

 
pRS415::SHP1

S106AS108A
-

5HA 

 
This study 

 
Figure 42B-D 
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pSY102 pRS415::SHP1
S128130A

-5HA This study Figure 42B-D 

pSY103 pRS415::Shp1
S120A

-5HA This study Figure 42B-D 

pSY104 pRS415::Shp1
S210A

-5HA This study Figure 42B-D 

pSY105 pRS415::Shp1
S315A

-5HA This study Figure 42B-D 

B180 YCp50::GCN4-lacZ Grant et al., 1994. Figure 47A 

B4163 YCp50::GCN4
ORF1

-lacZ Grant et al., 1994. Figure 47A 

pDL202 
pRS425::pPGK1-Fluc-Rluc  
(RF) 

Letzring et al., 2010. Figure 49B 

pDL221 pRS425::RF-ArgAGA10 Letzring et al., 2010. Figure 49B 

pDL230 pRS425::RF-ArgCGA10 Letzring et al., 2010. Figure 49B 

 

Denaturing Protein extraction 

PPi: 10 mM NaF, 10 mM p-nitrophenylphosphate, 10 mM Na2P2O4, and 10 mM β-glycerophosphate; 

PI: 1× Roche protease inhibitor cocktail and 1 mM PMSF. 

Protein extraction was performed based on TCA-Urea extraction method as previously described 

(Urban et al, 2007). 

Immunoprecipitation and lambda phosphatase treatment 

Ccr4 tagged with HA-epitope was precipitated and treated with lambda phosphatase based on the 

procedure as described in a previous study (Berset et al, 1998).  

Tandem affinity purification for mass spectrometry analysis 

3L cultures of the strains with TAP-tagged proteins were grown to OD600 0.8 and treated with either 

rapamycin or the vehicle for 20min. Native protein extracts were prepared as previously described 

(Berset et al, 1998). Protein concentrations were normalized. 107 magnetic beads (Epoxy M270 

Dynabeads, Invitrogen) covalently coated with purified rabbit IgG were added to the samples and 

bound for 2h at 4°C. Beads were washed four times with lysis buffer without Tween-20 and 

suspended in SDS-PAGE sample buffer. Samples were run in 7.5% SDS-PAGE gel. The gel was washed 

in distilled water for 30min, incubated in Coomassie stain (Bio-RAD) for 1h. Following the wash in 

distilled water for another 30min, the bands corresponding to the proteins of interest were cut out 

with a clean razor. The bands were sent for mass spectrometry analysis.     

RNA Extraction and Reverse Transcription 

For total RNA extraction, a previously published method was followed (Urban et al, 2007). cDNA was 

synthesized using BioRad’s iScript system.  



129 
 

Quantitative PCR 

The Roche LightCycler 480 system was used for qPCR. 10μl reaction per well was prepared in 384-

well plates according to the manufacturer’s instructions.   

Ligation-mediated Poly(A) Test 

LM-PAT assay was performed as described previously (Beilharz & Preiss, 2009). The gene –specific 

forward primers are: 5’-CGATCACCACTGCTTCCACAC-3’ for Mfa2, 5’-GGAATTATTGGAAGGTAAGG-3’ 

for Pgk1, 5’-GAGATTCTAAGCTTGTTGTC-3’ for Rps4, 5’-CATGGGTACTTTGAAGAAGG-3’ for Rpl3 and 5’-

TCATCTAATTTACCCGATGC-3’ for Rpl21a. Finally, the PCR product was run on 2.5% agarose gel with 

ethidium bromide for visualization.  

Spot Assay 

Cells grown overnight were diluted to an OD600nM of 0.1 and grown to exponential phase. 1:10 serial 

dilutions were spotted following the normalization of the cell numbers. The plates were incubated 

for 2-3days at 30°C if not indicated otherwise. 

Microscopy  

Saturated cells were diluted to an OD600nM of 0.1 and grown to exponential phase in synthetic media. 

Following the indicated treatments, the cells were fixed with formaldehyde with a final concentration 

of 3.7% for 20min at room temperature and then, washed twice with water. The cells were observed 

under Zeiss AXIOZ1. P-body formation was induced and analyzed with ImageJ according to the 

protocol by Parker Lab (Nissan & Parker, 2008). 

RNA Immunoprecipitation 

RNA immunoprecipitation was performed according to a previously described protocol (Gilbert & 

Svejstrup, 2006).  

Growth Assay   

Exponentially growing cells were diluted to an OD600nM of 0.005 in the indicated media. 200μl cells 

with 2% treatment per well were dispensed in 96-well plates and the OD600nM of the cells was 

recorded every 15min for 16 to 24 hours at 30°C if not indicated otherwise. The average and 

standard deviation values were obtained from at least three independent experiments if not 

indicated otherwise. 

Β-Galactosidase Assay 
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β-galactosidase activity in the indicated cells was assayed using the Beta-Glo System (E4720) from 

Promega. According to the manufacturer’s instructions, Beta-Glo reagent was mixed with 

exponentially growing cell with ratio of 1:1 in 96-well plates. Following 30min of incubation, 

luminescence was measured in Relative Luminescence Units (RLU) using a luminometer with a 10-sec 

shake, 2-sec delay and a 5-sec measurement.  

Dual-Luciferase Reporter Assay 

Luciferase assays were conducted as described previously using the Dual-Luciferase Reporter Assay 

System (E1910) from Promega (Letzring et al, 2010). The average values shown are from at least 

three independent experiments.   

Sucrose Density Gradient Centrifugation 

Exponentially growing cells were treated with 20mg/ml cycloheximide. After 10min of incubation, 

cells were harvested, washed and lysed with lysis buffer (10mM Tris-HCl pH 7.4, 100mM NaCl, 30mM 

MgCl2, 100ug/ml CHX, 200ug/ml Heparin). The extract was centrifuged for 10min at 13000rpm at 4°C. 

OD260 of 1:100 dilutions of the supernatant were measured. Following the addition of glycerol with 

the final concentration of 10%, the samples were stored at -70°C. 10 OD260 of the supernatant was 

loaded on top of a 7-50% sucrose gradient prepared in Gradient Buffer (50mM Tris-AcO pH 7.0, 

50mM NH4Cl, 12mM MgCl2, 1mM DTT). Gradients were ultracentrifuged for 3.5 hours at 35000 rpm 

and the UV profile was recorded using an IG gradient fractionator.   

Immunofluorescence 

Following the fixation of cells with paraformaldehyde, cell wall was digested with Zymolase to 

prepare spheroplasts. The samples were incubated with primary antibodies, rabbit anti-phospho-S6 

ribosomal protein (S235/S236) 4858S from Cell Signaling, and rabbit anti-phospho-Akt substrate 

(RXXS*/T*) 9614S from Cell Signaling for 2 hours at room temperature. Following washing step, the 

samples were further incubated with a second antibody conjugated to a green fluorochrome Alexa 

488 (Alexa Fluor 488 Goat anti-Rabbit IgG) for 1 hour at room temperature. Then, the samples were 

mounted between glassslide and coverslip. The pictures taken were analyzed with ImageJ.  
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Abbreviations 

mRNA messenger RNA 

rRNA ribosomal RNA 

tRNA transfer RNA 

TOR Target Of Rapamycin 

TORC TOR Complex 

FAT FRAP-ATM-TRRAP 

PRD PIKK regulatory domain 

PIKK Phosphatidyl Inositol Kinase-like Kinase 

FATC FAT C-terminus 

HEAT Huntingtin, Elongation factor 3, PR65/A, TOR 

FRB FKBP12-binding 

FKBP12 FK506-Binding Protein 12 kDa 

mTOR mammalian Target Of Rapamycin 

HM Hydrophobic motif 

TM Turn motif 

PP1 Type-1 protein phosphatase 

PP2A Type-2A protein phosphatase 

UBA Ubiquitin-associated domain 

SEP Shp1, Eyc, p47 

UBX Ubiquitin-like domain 

 BS1  Binding-site 1 

 AAA  ATPases associated with diverse cellular activities 

 ER  Endoplasmic reticulum 

RPS Ribosomal Protein of the Small Subunit 

RPL Ribosomal Protein of the Large Subunit 

CHX Cycloheximide 

DNA Deoxyribonucleic Acid 

RNA Ribonucleic acid 

eIF eukaryotic Initiation Factor 

ORF Open Reading Frame 

PCR Polymerase Chain Reaction 

qPCR quantitative PCR 

rDNA ribosomal DNA 

Ribi Ribosome biogenesis 

RP Ribosomal Protein 
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